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Polyoxometalates and electron transfers: thermodynamic and
environmental effects

A. Proust, F. Volatron, G. Izzet

IPCM, Sorbonne Université, 4 place Jussieu, 75005 Paris anna.proust@sorbonne-universite.fr

Abstract

Polyoxometates (POMs) are endowed with remarkable redox properties which pave the way to
numerous applications in energy-related fields. The high tunabilty of redox potentials is the first
lever to improve the efficiency of POM-based systems and materials. However, environmental
effects such as the reorganization of the counter ions accompanying the electron transfers are
also to take into account. From selected examples we will show: (i) how the redox behavior of
POMSs as known in solution translates in solid POM-based molecular junctions and how the
nature of the counter cations also impact the electron transport;[1] (ii) how bulky
tetrabutyammonium cations probably hinder the reversibility of the resistive switching in POM-
based film; (iii) that the photo-induced electron transfer from a bodipy sensitizer to the POMs

can be triggered both by the thermodynamics and the environment.[2]

C-AFM {l} &
<&

(1) Electron transport in POM-based nano junctions (ii)) WORM type memory ;
(ii1) photo-induced electron transfer in POM-bodipy hybrids

1. (a) Laurans, M.; Dalla Francesca, K.; Volatron, F.; Izzet, G.; Guerin, D.; Vuillaume, D.;
Lenfant, S.; Proust, A. Nanoscale 2018, 10 (36), 17156—-17165; (b) Laurans, M.; Trinh, K.;
Dalla Francesca, K.; Izzet, G.; Alves, S.; Derat, E.; Humblot, V.; Pluchery, O.; Vuillaume, D.;
Lenfant, S.; Volatron, F.; Proust, A. ACS Appl. Mater. Interfaces 2020, 12 (42), 48109—48123.

2. (a) Toupalas, G.; Karlsson, J.; Black, F. A.; Masip-Sanchez, A.; Lopez, X.; Ben M’Barek,
Y.; Blanchard, S.; Proust, A.; Alves, S.; Chabera, P.; Clark, 1. P.; Pullerits, T.; Poblet, J. M.;
Gibson, E. A.; Izzet, G. Angew. Chem. Int. Ed. 2021, 60 (12), 6518-6525; (b)Benazzi, E.;
Karlsson, J.; Ben M’Barek, Y.; Chabera, P.; Blanchard, S.; Alves, S.; Proust, A.; Pullerits, T.;
Izzet, G.; Gibson, E. A. Inorg. Chem. Front. 2021, 8 (6), 1610-1618
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Dynamic Supramolecular Assembly of Redox-active Superstructures based
on Organofunctionalised Hybrid Polyoxotungstates

Graham Newton

Carbon Neutral Laboratories for Sustainable Chemsitry, School of Chemistry, University of
Nottingham, Nottingham, NG7 2TU, UK

Abstract

The direct organofunctionalisation of polyoxometalates is an accessible, modular approach to
prepare molecular metal oxide clusters with bespoke structural, electronic and photochemical
properties. Preparation of such ‘hybrid POMs’ with long hydrophobic alkyl chain pendant
groups allows the isolation of amphiphilic systems that can undergo spontaneously self-
assembly into solvent environment-dependent superstructures.[1] Controlling this process, and
understanding how the physical properties of the molecular building blocks can be translated

to the supramolecular material are key challenges in the field.

Our group has recently explored the synthesis, physical properties and supramolecular
chemistry of symmetric and asymmetrically functionalised organophosphonate hybrid
POMs.[2][3] Here, we present our findings on the controlled self-assembly of redox-active

superstructures based on hybrid POMs and consider the opportunities offered by such systems.

An asymmetric hybrid POM bearing two different organic moieties and its self-assembly.

1. Cameron, J. M. et al Chem. Soc. Rev. 2022, 51, 293-328; 2. Hampson, E. et al Angew. Chem.
Int. Ed. 2019, 58, 18281-18285; 3. Martin, C. et al Angew. Chem. Int. Ed. 2020,59,14331-14335
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Self-assembly, supramolecular chemistry and reactivity of metal-
functionalized polyoxovanadates

Carsten Streb

Department of Chemistry, Johannes Gutenberg University Mainz, Duesbergweg 10-14, 55128
Mainz, Germany, carsten.streb@uni-mainz.de, www.strebgroup.net

Abstract

Polyoxovanadates are a molecular metal oxides with unique structure and reactivity.!*]
Groundbreaking studies were focused on structure and magnetism, while current research is
focused on understanding correlations between polyoxovanadate structure and function, e.g., in
the fields of catalysis or energy storage.?!

Over the last decade, systematic studies have focused on functionalization of polyoxovanadates
with organic ligands or metal cations to tune stability and reactivity.®! In this contribution, the
structural and reactivity consequences of metal-functionalization of polyoxovanadates will be
discussed. Predetermined cluster functionalization — similar to lacunary chemistry known for
polyoxomolybdates and -tungstates — will be reported,[ and electrochemical and
photochemical consequences of metal introduction will be described. Finally, an unusual
synthetic approach using a highly reactive “universal” polyoxovanadate precursor will be
described.!

{V,,Cl}

{M2V,Cl}

Controlled metal-funcationalization of dodecavanadate clusters.

[1] W. G. Klemperer, T. A. Marquart, O. M. Yaghi, Angew. Chem. Int. Ed. 1992, 31, 49-51.

[2] M. Anjass, G. A. Lowe, C. Streb, Angew. Chem. Int. Ed. 2021, 60, 7522—7532.

[3] S. Chakraborty, B. E. Petel, E. Schreiber, E. M. Matson, Nanoscale Adv. 2021, 3, 1293-1318.

[4] K. Kastner, J. Forster, H. Ida, G. N. Newton, H. Oshio, C. Streb, Chem. Eur. J. 2015, 21, 7686-7689.

[5] S. Greiner, J. Hettig, A. Laws, K. Baumgartner, J. Bustos, A.-C. Péppler, A. H. Clark, M. Nyman, C.
Streb, M. Anjass, Angew. Chem. Int. Ed. 2022, 61, €202114548.
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Surface-Confined Multi-Bit Polyoxometalates for Data Storage and
Computer Processing

Kirill Yu. Monakhov*

Leibniz Institute of Surface Engineering (IOM), Permoserstr. 15, 04318 Leipzig, Germany
email: kirill.monakhov@iom-leipzig.de

Abstract

Polyoxometalates (POMs) have emerged as a highly promising class of molecular memristors
[1]. The POM structures containing vanadium centers as electron charge and spin carriers can
be transferred as memristive single particles directly from solution [2] or via the gas phase using
electrospray [3] on technologically relevant surfaces. For example, Lindqvist-type POM with a
redox-active, diamagnetic {VsO19} core stores 2 bits of information for its 4 electrically
generated logic states at room temperature and low potentials below 2 volts [1,3]. POM charge-
balancing cations can mediate electron transfer between the POM anions that act as physical
multi-state switches [4,5]. The charge stabilization of the latter on conducting surfaces can be
enabled by their supramolecular self-assembly with macrocyclic ligands such as cyclodextrins
[3]. Integration into gold/DNA-origami hybrid assemblies allows spatially controlled
positioning of these POM memristors with sub-nm-level precision into biologically relevant
environments [6].

Our POM-based technology is based on a spatially controlled and dimensionally up-scalable
molecular nanoengineering approach that is reconfigurable and biocompatible. POMs
containing vanadium are able to store multiple different, potential-induced logic states at room
temperature [7]. The external electrical contacting of POM-functionalized heterostructures
remains a challenge that opens up exciting possibilities for studying surface-confined POMs in
neuromorphic and in-memory computing applications.

Acknowledgments

The author acknowledges the support from the Deutsche Forschungsgemeinschaft through the
Emmy Noether programme, the Leibniz Association through the Leibniz Collaborative
Excellence funding programme, and the Boehringer Ingelheim Foundation through the
Exploration Grant programme.
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Counterion-dependence and surface characterization of POM water
oxidation catalysts

Meilin Liu, Ben Yin, Ting Cheng, Fengyi Zhao, Xinlin Lu, Djamaladdin G. Musaev, Lianquan
Lin, Craig L. Hill

Department of Chemistry, Emory University, Atlanta, GA 30322 U.S.A.

Abstract

3d-Metal-substituted POMs are promising as catalysts for the multi-electron processes needed
in solar fuel production but also as homogeneous, modifiable models for metal oxide surfaces
that are used as both photosentizers and catalysts.! We have made and structurally characterized
several different cation-derivatives of the Co-containing and Co-based POM water oxidation
catalysts (WOCs), including 4 different salts of the acid-compatible and fast WOC,
[Coo(H20)s(OH)3(HPO4)2(PW9034)3]'¢ (Co9). The structures and catalytic water oxidation
activities of these different Cog derivatives have been correlated with the nature of counter-
cations and their locations. We will also report results on development of needed methods to
characterize POM WOCs on semiconductor surfaces. While an ensemble of methods that
convincingly characterize small molecules on POM surfaces have been developed, additional
methods to characterize POM catalysts on semiconductor surfaces, particularly methods that
facilitate correlation of POM properties with WOC activity, are needed. We will present

findings in the latter area.

' Yin, Q.; Geletii, Y. V.; Lian, T.; Musaev, D. G.; Hill, C. L. “Polyoxometalate Systems to Probe Catalyst
Environment and Structure in Water Oxidation Catalysis” Advances in Inorganic Chemistry, 2022, 79, 351-372
https://doi.org/10.1016/bs.adioch.2021.12.009
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(Iso)porphyrins and Polyoxometalate Scaffolds

Laurent Ruhlmann

Institut de Chimie, UMR 7177, Université de Strasbourg, Strasbourg, France

Abstract
The development of hybrid matarials
incorporating polyoxometalates " e B

(POMs) is a promising approach to
elaborate new functional materials. To
expand the practical applications, their i
association to a  visible-light #
photosensitizer is needed. The ¥ e = " P

combination of  porphyrins or ' ﬁ‘ { Er u} ﬁ '

isoporphyrins with POMs has greatly . -

enlarged its field of applications over Figure 1 Various type of porphyrin-POM systems.

the last decades. In particular, the

development of hybrid polymers incorporating POMs is a promising approach to elaborate new
functional materials. Different strategies has been developped and explored. One approach
consists in the entrapment of POMs in polymeric networks or the sandwiching of POMs
between cationic polymers in layer-by-layer assemblies. In a second approach, coordination
polymers were formed from polyoxometalates and organic ligands to yield new oxide materials
with various structures, such as 1D chains, 2D networks, and 3D frameworks. In the third
approach, we have developed a method of electropolymerization of POMs based on
nucleophilic attack onto the electrogenerated porphyrin radical cation or dications [1]. The
formation of hybrid POM-porphyrin copolymeric films (Fig. 1bd) can be obtained by the
electro-oxidation of porphyrin in the presence of the POM bearing two pyridyl groups (Py-
POM-Py) [2]. This process is feasible for various type of POMs [3-6] or cluster [7] such as
Dawson, Lindqvist, Anderson or Keggin type POMs. Stable isoporphyrin — POM copolymers
have been also develop recently showing interesting efficiency even upon the NIR illumination.
Such materials will be compared with other porphyrin-POM compounds using various type of
POMs (Fig. 1a). A second methodology is also proposed to form hybrid POM-porphyrin films:
first the formation of cationic polyporphyrin electropolymer. Then, by metathesis reaction, the
(partial) exchange onto the surface of the initial counter ions by the POM™ [8] or by the
nanoparticles stabilized with POM™ [9]. The photovoltaic performances of these hybrid
materials have been investigated under visible-light illumination [9-11] given by now good
efficiency. The impedance as well as photochemical properties of such hybrid material under
visible or NIR illumination will be also discussed. Finally, the photocatalytic properties of these
films for the reduction of noble metallic ions as well as the generation of the 'O, singlet oxygen
will be also presented.

[1] L. Ruhlmann, A. Schulz, A. Giraudeau, J.-H. Fuhrhop, J. Am. Chem. Soc., 1999, 121, 6664. [2] D. Schaming, L.
Ruhlmann et al, Langmuir, 2010, 26, 5101. [3] . Azcarate, |. Ahmed, R. Farha, M. Goldmann, X. Wang, H. Xu, B.
Hasenknopf, E. Lacbte, L. Ruhlmann, Dalton Trans. 2013, 42, 12688. [4] Z. Huo, |. Azcarate, R. Farha, M.
Goldmann, H. Xu, B. Hasenknopf, E. Lacbte, L. Ruhimann, J. solid State Electrochemistry, 2015, 19, 2611. [5] Z.
Huo, D. Zang, S. Yang, R. Farha, M. Goldmann, B. Hasenknopf, H. Xu, L. Ruhimann, Electrochimica Acta, 2015,
179, 326. [6] Z. Huo, S. Yang, D. Zang, R. Farha, M. Goldmann, H. Xu, B. Antoine, G. Izzet, A. Proust, L. Ruhimann
Electrochimica Acta, 2021, 368, 137635. [7] Y. Liang, M. N. Sokolov, M. A. Mikhaylov, H. lIbrahim, M. Goldmann,
S. Choua, N. Le Breton, C. Boudon, V. Badets, A. Bonnefont, L. Ruhimann, Electrochimica Acta, 2021, 138493. [8]
Z. Huo, A. Bonnefont, C. Bucher, L Ruhlmann, Electrochimica Acta, 2018, 274, 177.[9] Z. Huo, Y. Liang, Y. Lv, F.
Melin, P. Hellwig, H. Ibrahim, M. Goldmann, C. Boudon, V. Badets, A. Bonnefont, L. Ruhimann, Chem. Comm.
2021, 57, 1482-1485. [10] I. Ahmed, R. Farha, M. Goldmann, L. Ruhimann, Chem. Comm. 2013, 49, 496. [11] .
Azcarate, Z. Huo, R. Farha, M. Goldmann, H. Xu, B. Hasenknopf, E. Lacéte, L. Ruhimann, Chem. Eur. J. 2015, 21,
8271.
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Non-Aqueous and Solvent-Free POM Chemistry:
Recent Insights, New Paradigms.

R. John Errington

Chemistry, School of Natural & Environmental Sciences,
Newcastle University, NE1 7RU, UK

Abstract

Recent refinements to our non-aqueous methods for the synthesis of reactive POMs' enable
large-scale synthesis of '"O-enriched {MWs}! Lindqvist-type derivatives. For example,
(TBA)3[(‘PrO)TiWs01s] can be prepared in batches of > 20 g, which provides ready access to
a range of derivatives, including dimeric [(TiWsO1s)2]* with the structure shown below. A
series of analogous protonated structures [(MW5sO1sH)2]> has been obtained from
(TBA)2[W6O19] for the first row M?* transition metals, where M = Mn, Fe, Co,?> Ni and Zn, and
some indicative reactivity of these dimeric species will be described.

Detailed W NMR investigations have provided a deeper understanding of tungstate
speciation and structural dynamics during non-aqueous base degradation of (TBA)2[WeO19]
and revealed the structure of [W7024H]>", which has evaded structural characterisation since
our first report of its '83W NMR spectrum in 1993.?

We are exploring solvent-free, mechanochemical POM synthesis and reactivity to avoid
limitations due to solvent reactivities. Some initial observations will be reported, including

super-reduction with Li metal.

[(TiW5018)2]* [W7024H]>

1. W. Clegg, M. R. J. Elsegood, R. J. Errington and J. Havelock, J. Chem. Soc., Dalton Trans., 1996,
681-690.

2. R.J. Errington, G. Harle, W. Clegg, and R. W. Harrington, Eur. J. Inorg. Chem. 2010, 5241-5246.

3. R.J. Errington, M. D. Kerlogue and D. Richards, Chem. Commun. 1993, 11, 650-651.
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Magnetic polyoxometalates for quantum technologies

Eugenio Coronado

ICMol. Univ. Valencia

Abstract

Spins provide one of the simplest platforms to encode a quantum bit (qubit), the elementary
unit of future quantum computers. A challenge in this topic is to control the quantum
decoherence in these spin qubits by minimizing the sources of decoherence (dipolar spin-spin
interactions, hyperfine interactions and spin-phonon interactions). This loss of quantum
information by interaction with the environment can be quantified by the phase memory time
T>. Here, Here, I will show that magnetic polyoxometalates can provide an ideal platform to
design robust molecular quantum spin systems [1, 2] showing enhanced decoherence,
allowing to manipulate the spin state through an external electric field [3], or hosting more
than one spin qubit in order to implement quantum logic gates [4].

1. Gaita-Arifio, A.; Hill, S.; Luis, F.; Coronado, E.; Nat. Chem. 2019, 11, 301-309.

2. Coronado, E.; Nat. Rev. Mater. 2020, 5, 87-104.

3. Liu, J.; Mrozek, J.; Ullah, A.; Duan, Y.; Baldovi, J. J.; Coronado, E.; Gaita-Arifio, A.;
Ardavan, A.; Nat. Phys. 2021, 17, 1205-1209.

4. Jenkins, M. D.; Duan, Y.; Diosdado, B.; Garcia-Ripoll, J. J.; Gaita-Arifo, A.; Giménez-
Saiz, C.; Coronado, E.; Luis, F.; Phys. Rev. B 2017, 95, 064423.
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What is the fate of the Keplerate {Mo132}?

Tomoji Ozeki, Yuichi Shiokawa, Ryuichi Morikawa

Department of Chemistry, College of Humanities and Sciences, Nihon University
3-25-40 Sakurajosui, Setagaya-ku, Tokyo 156-8550, Japan
ozeki@chs.nihon-u.ac.jp

Abstract

Dark-brown aquous solution of the Keplerate {Moi32} anion,
[MoY72Mo0V600372(CH3CO0)30(H20)72]*",! loses its color upon standing in ambient
conditions. This phenomenon can naturally be interpreted as the air oxidation of the mixed-
valent (+5 and +6) species into fully oxidized oxomolybdate(s). It indicates that the Keplerate
{Moi32} is unstable in the presence of O, but its behavior in the absence of oxidizing reagents
is unknown. Based on the time-dependent UV-vis measurements under N2, we revealed that
the Keplerate {Moi32} transforms into a blue {Moio2+} Keplerate via an undetermined
intermediate. It is noteworthy that the average oxidation state of the resultant blue {Mo1o2+.}

Keplerate is approximately the same as the starting {Mo132} Keplerate.

Polyhedral representation of the Keplerate [Mo"Y'72Mo"600372(CH3CO0)30(H20)72]**" anion.

1. Miiller, A.; Krickemeyer, E.; Bogge, H.; Schmidtmann, M.; Peters, F., Angew. Chem. Int.
Ed., 1998, 37, 3360-3363.
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POMs-Mediated Electrocatalysts for Hydrogen Evolution Reaction
Fei-Yang Yu, Zhong-Ling Lang, Yong-Hui Wang, Hua-Qiao Tan*, Yang-Guang Li"
Key Laboratory of Polyoxomealate and Reticular Material Chemistry of Ministry of Education,
Institute of Functional Material Chemistry, Faculty of Chemistry, Northeast Normal University,
Changchun, China Email: tanhq870@nenu.edu.cn liyg658@nenu.edu.cn

Abstract

A hot topic in the field of hydrogen energy development is to explore efficient and inexpensive
electrocatalysts for hydrogen evolution reaction (HER) and reveal its electrocatalytic reaction
mechanism. Polyoxometalates (POMs), as one of unique inorganic metal-oxo clusters with
abundant elemental composition and defined structural feature, exhibit special advantages in
the design of new HER electrocatalysts. On the one hand, POMs can be used as an ideal
molecular pre-assembly platform to construct multi-interfacial nano-composite electrocatalysts
to improve the HER performance. On the other hand, POMs provide an available metal/metal-
oxide structural model to explore the mechanism of hydrogen evolution at the molecular level.
The most important of all, POMs can be employed to develop co-generation hydrogen
production technology, providing a feasible and practical path for hydrogen energy
development -],
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Electrocatalytic hydrogen evolution reaction based on POMs

1.Ma, Y. Y.; Wu, C. X,; Feng, X. J.; Tan, H. Q.; Yan, L. K.; Liu, Y.; Kang, Z. H.; Wang, E. B.; Li, Y. G. Energy Environ.
Sci., 2017, 10, 788;
2.Ma, Y Y.; Lang,Z L.; Yan, L. K.; Wang, Y. H.; Tan, H. Q.; Feng, K.; Xia, Y. J.; Zhong, J.; Liu, Y.; Kang, Z. H.; Li, Y. G.
Energy Environ. Sci., 2018, 11, 2114;
3.Yu, F.Y.;Lang, Z. L.; Yin, L. Y.; Feng, K.; Xia, Y. J.; Tan, H. Q.; Zhu, H. T.; Zhong, J.; Kang, Z. H.; Li, Y. G. Nature
Commun., 2020, 11, 490-1-7,
4.Yu, F.Y.; Lang, Z. L.; Zhou, Y. J.; Feng, K.; Tan, H. Q.; Zhu, H. T.; Zhong, J.; Lee, S. T.; Kang, Z. H.; Li, Y. G. ACS
Energy Lett., 2021, 6, 4055;
5. Zhang, L.-N,, Li, R., Zang H.-Y., Tan, H.-Q.*, Kang, Z.-H.*, Wang, Y.- H.; Li, Y.-G.*, Energy Environ. Sci., 2021, 14,
6191-6210;
6. Abdulwahab Salah, Lu-Nan Zhang, Hua-Qiao Tan, Fei-Yang Yu, Zhong-Ling Lang*, Nabilah Al-Ansi, Yang-Guang Li*,
Adv. Energy Mater., 2022, 2200332-1-12.
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Atomistic Insight into the Supramolecular Assembly and Catalysis of
Polyoxometalates in Solution via Dynamic Simulations

Jorge J. Carbo

Universitat Rovira 1 Virgili, Departement de Quimica Fisica i Inorganica, Tarragona, Spain

Abstract

Polyoxometalates (POMs) have been widely applied in catalysis due to their tunable
Brensted/Lewis acidity and redox properties, combined with their ability to accommodate other
transition metals. In addition, they give rise to unusual solution behavior that have found
applications in biotechnology and supramolecular chemistry. This behavior has been recently
conceptualized as a chaotropic effect that becomes more effective for large ions and can be
referred as superchaotropic effect (an extension beyond the classical Hofmeister scale).! Low
charge density anions are weakly hydrated and consequently have propensity to assemble with
organic moieties and biomolecules.

The supramolecular assembly of POMs and their catalytic properties are not only dependent on
POM nature, but also on macroscopic properties such as the solvent, pH, ionic force,
concetration, or the counter-ions. We have approached to the atomistic modeling of those
collective properties via classical Molecular Dynamics (MD) and Car-Parrinello (CPMD)
simulations.? Also we are devolping machine-learned reactive force fields, which fill the gap
between the static description of POM structures by MD (no bond forming/breaking), and the
low-scale systems available in CPMD simulations. Here we present the insigt obtained from
atomistic dynamic simulations on selected examples of POM self-assembly and aggregation

with biomolecules that have implications in catalysis.

! Assaf, K. I.; Werner M. Nau, W. N. Angew. Chem. Int. Ed. 2018, 57, 13968.
2 See for example: Nat. Chem. 2017, 9, 369; b) Inorg. Chem. 2017, 56, 4148; c) Chem. Eur. J. 2020, 26, 5799; d)
J. Am. Chem. Soc. 2022, 144, 8951.
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Discovering the Origin of Life and Aliens using POMS

Leroy (Lee) Cronin, School of Chemistry, University of Glasgow, Glasgow, UK. Email:
Lee.Cronin@Glasgow.ac.uk; www.croninlab.com

We have theorised that living things are unified by the ability to produce ‘unnatural’
or complex objects from molecules to space craft. By applying a new mathematical
approach to finding complex systems, we are able to show that complex molecules
cannot be formed by chance, and must be made by a living process or machine. In this
talk I will explain how we have validated the method by monitoring existing efforts
to make life in the laboratory in Glasgow and looking at the change in complexity of
the molecules from the bottom up (chemicals to biology) as well as by going from the
top down (biological cells to chemicals), see Figurel. I will also explain how this
approach can be used to find life in the solar system and beyond.

Life in the Lab Machine

0 . - - ] =
>R 1emisthy %HRESHOLDSE Biology ' -© e
u‘.;d 4 - : L 3.“ - ipﬂ

Reverse Synthetic Biolog

0-1-2-3-4-5-6-7-8-9-10-11-12-13-14-15-16-17-18-19-20-21-22-23-24-25-26-27-28-29-30
Pathway Assembly Complexity Number

Figure 1. Graph showing pathway assembly complexity number spanning dead
chemistry to living biology and the bottom up (life in the lab) and top down (reverse
synthetic biology) approaches to developing our measurement system.

References

1. P. C. W. Davies, C. H. Lineweaver, Astrobiology, 2000, 5, 154.

2.S.A.Benner, K. G. Devine, L. N. Matveeva, D. H. Powell, Proc. Natl. Acad. Sci. USA, 2000, 97, 2425.
3.S. M. Marshall, A. Murray, L. Cronin, Phil. Trans. R. Soc. A., 2017, 375

4. E.Dorn, K. H. Nealson, and C. Adami, J. Mol. Evol., 2011, 72, 283.
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Identify gel and coacervate phases and their critical transition conditions in
dilute aqueous solutions of molecular clusters

Tianbo Liu

School of Polymer Science & Polymer Eng., University of Akron, Akron, OH 44325 USA.

Abstract

It is our common understanding that inorganic salts demonstrate two major stats in dilute
aqueous solution: soluble and insoluble (precipitation/crystallization). 1-5 nm-size macroions
represented by metal oxide molecular clusters are found to have more complex behaviors due
to the noticable counterion association and the consequent counterion-mediated attraction.

Collaborated with Burns’ and Zang's groups separately, we identified two other phases in
the aqueous solutions of nanoscale anionic clusters: gel and coacervate. The gel phase was
observed in both highly charged macroions, e.g., uranyl peroxides {Uso}®" and {UnspP12}*",
and weakly charged {Mo7024}%, in the presence of multivalent countercations. In the first case,
the counterion-mediated attraction leads to their formation of 2-D sheets (high charge cluster
case). Due to the strong attraction from the multivalent cations, the 2-D sheets cannot bend and
enclose to form the well-studied blackberry type structures, but stay as standalone sheets in
solution. Their large excluded volume leads to the gelation in low concentrations (0.5 mg/mL),
similar to the graphene gelation mechanism. In the second case, electrostatic interaction leads
to 1-D linear chains and form gels similar to the gelation of polymer chains.

Coacervate phase has been broadly identified and covers a broad range in the phase
diagrams. It is also highly fascinating because its formation mechanism is different from the
commonly known coacervates formed by the strong interaction between positively and
negatively charged polyelectrolytes. Positively charged macroions are missing from the current
system. A new model is presented to explain their formation and features. The amount and the
type of counterions are critical for such transitions. From our experimental data, we can identify
multiple critical conditions required for the solution-gel, gel-coacervate, coacervate-
precipitation transitions. Those rules are appliable for several different types of clusters.

Overall, we demonstrate that when soluble ions reach the scale of nanometer scale, they
would possess very unique and complex features such as multiple macrophase transitions in
dilute aqueous solution.
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Trimetal Substituted Polyoxometalates and Guest-Host Keplerate
Supramolecules as Inorganic Functional Mimics of Redox Metalloenzymes

Ronny Neumann

Department of Molecular Chemistry an Materials Science, Weizmnn Institute of Science,
Rehovot, Israel 76000

Abstract

The activation of small molecules will play an important role to towards more sustainable
chemical transformations. Furthermore, renewable solar and wind resources can provide the
energetic driving for such reactions, leading to electrocatalytic transformations. In this talk, first
I will present our research on the cathodic, reductive activation of Oz, N2 and CO» trimetal
substituted polyoxometalates as active site functional mimics of redox metalloenymes. Second,
I will present out ideas on the use of metal guest-Keplerate host supramolecules as inorganic
analogs of redox metalloenyme assemblies.

Cathodic activation of Oj: Paradoxically, nature’s monooxygenase enzymes activate O:
typically via a two-electron reductive pathway. Both Fe and Cu-based catalysis using reducing
agents under protic conditions is known, but surprisingly, cathodic electrocatalysis using H.O
as a proton and electron source is almost unreported. Recently, we found that iron Keplerates,
{Fe3oW72} can be used as electrocatalysts for the oxidation of light alkanes and alkenes in water.
Mechanistic studies have revealed that reaction intermediates have reactivity profiles similar to
those observed for Compound I of cytochrome P-450. More recently, we have also found that
tetra-Cu Weakley polyoxometalates also are also very efficient electrocatalysts for the cathodic
activation of O and show reactivity profiles similar to those of the iron Keplerates.

Reduction of CO; to CO: The removal of CO; from the atmosphere through is capture or
sequestration is a feasible technology, however, is not sustainable due to the high cost of the
process and the low value of captured CO; requiring the transformation of CO: to a higher
valued products. Therefore, we have prepared a series of trimetallo substituted
polyoxometalates that on the one hand can catalyze the reversible reduction of CO> and
oxidation of CO, and on the other hand can be tuned to reduce CO> with very low overpotentials.

Reduction of N> to NHs: The electrification of ammonia synthesis is a key target for its
decentralization and toward lowering the impact of chemical processes on atmospheric carbon
dioxide concentrations. Using catalyst a tri-iron substituted polyoxotungstate, {SiFesWo} in the
presence of either Li" or Na* cations as promotors through their binding to {SiFesWo} we show
that in an undivided cell electrolyzer, rates of NH3 formation was at up to 1.15 nmol sec™! cm™
2 with moderate faradaic efficiencies of ~25%. Based on an assumption of arbitrary 10%
catalyst coverage on a Cu foil cathode, a TOF of 64 sec™! was calculated.

Iron-nickel guest-{MogW72} host supramolecules as an inorganic functional mimic of a
hydrogenase enzyme: Can soluble inorganic metal oxides and the related guest-host complexes
with encapsulated transition metals incorporated through assembly reactions, act as functional
analogues of redox metalloenzymes that carry out multielectron transformations of small
molecules? Here we show, that Fe-Ni assemblies bound to mercaptopropionate lignads within
{MosoW72} acts as a hydrogenase enzyme complex electro- and photoelectrochemically (PEC)
forming hydrogen from protons and electrons. Reactions rate comparable to those found in the
wild type enzyme are observed with very high faradaic efficiency under PEC conditions.
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Decoupled Electrolysis with Soluble Redox Mediators for Energy Storage and Beyond

Mark D. Symes

School of Chemistry, University of Glasgow, UK
Abstract

There has been much interest recently in electrocatalytic water splitting for storing intermittent, renewably-
generated power (e.g. solar) as chemical fuels such as hydrogen.[1] Conventional electrolysers usually require
stable power inputs in order to operate effectively and safely and so may be unsuited to harnessing renewable
power, which is often intermittent and diffuse. Decoupled electrolysis [2] using suitable redox mediators [3]
allows oxygen and hydrogen production to be separated in both space and time (see Figure). The advantages
of this approach for harnessing intermittent power sources will be explained, with a special focus on the use
of soluble redox mediators. Advantages include the production of ultra-pure product gases [4,5] and the
potential to use such a system in a more diffuse, solar-driven hydrogen production platform.[6,7] The
application of this technology to redox flow batteries with remarkably high energy densities [8,9] and to the
electrochemical production of key feedstock chemicals [10-12] will also be discussed.

Schematic representation of decoupled electrolysis

Decoupled rates,
times and places

1. I Roger, M. A. Shipman, M. D. Symes, Nat. Rev. Chem. 2017, 1, 0003.

2. P.J. McHugh, A. D. Stergiou, M. D. Symes, Adv. Energy Mater. 2020, 2002453.

3. A.G. Wallace, M. D. Symes, Joule, 2018, 2, 1390.

4. M. D. Symes, L. Cronin, Nature Chem. 2013, 5, 403.

5. B. Rausch, M. D. Symes, G. Chisholm, L. Cronin, Science, 2014, 345, 1326.

6. L. G. Bloor, R. Solarska, K. Bienkowski, P. J. Kulesza, J. Augustynski, M. D. Symes, L. Cronin, J. Am.
Chem. Soc. 2016, 138, 6707.

7. G. Chisholm, L. Cronin, M. D. Symes, Electrochim. Acta, 2020, 331, 135255.

8. 1. J. Chen, M. D. Symes, L. Cronin, Nature Chem. 2018, 10, 1042.

9. A.Paul, M. D. Symes, Curr. Opin. Green Sustain. Chem. 2021, 29, 100453.

10. L. MacDonald, B. Rausch, M. D. Symes, L. Cronin, Chem. Commun. 2018, 54, 1093-1096.

11. A.D. Stergiou, M. D. Symes, Cell Rep. Phys. Sci. 2022, 3, 100914

12. A. D. Stergiou, D. H. Broadhurst, M. D. Symes, ACS Org. Inorg. Au, 2022, DOI:
10.1021/acsorginorgau.2c¢00047
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Porous Ionic Crystals Based on Metal-Oxo Clusters
as a Tunable Platform for Functional Solid-State Materials

Sayaka UCHIDA

School of Arts and Sciences, The University of Tokyo, Tokyo 153-8902, Japan

Abstract

Porous crystalline materials such as zeolites and metal-organic frameworks (MOFs) have
attracted wide attention due to their well-defined porous structures and high surface area, which
are useful in gas storage and separation, ion exchange and conduction, and heterogeneous
catalysis. Metal-oxo clusters are defined as inorganic multi-metal molecular complexes with
water (H20), hydroxide (OH"), or oxide (O?) ligands and possess unique catalytic,
electrochemical, magnetic, and luminescent properties stimulating research in broad fields of
science. We have reported that the complexation of metal-oxo clusters with counter ions of
appropriate elements, charges, sizes, symmetry, ligands, etc., results in the formation of porous
ionic crystals (PICs) with voids and channels in the crystal lattice. The properties of PICs can
be summarized as follows. (a) Reversible redox properties of the metal-oxo clusters lead to the
formation of “redox-active” PICs. (b) Guest binding and catalytically active sites can be
incorporated beforehand into the ionic components. These functions can be maintained and
utilized in the PICs since the ionic components still exist as discrete molecules in the crystal
lattice. (c) metal-oxo cluster anions (polyoxometalates, POMs) can transport protons as counter
cations efficiently because the negative charge of POMs is smeared over the external oxygen
atoms decreasing the effective surface charge density. These properties lead to interesting
functions in selective ion-uptake/exchange, proton conduction, heterogeneous -catalysis,
formation of luminescent mixed-valence metal clusters, etc., which are unique to PICs.!!~1%
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Ion-exchange: 1) ACIE, 2016, 55, 3987. 2) Chem. Mater., 2015, 27, 2092. Proton conduction: 3)
Nanoscale, 2021, 13, 8049. 4) ACS Appl. Mater. Interfaces, 2021, 13, 19138. 5) Commun. Chem. 2019,
2, 9. Catalysis: 6) JACS, 2022, 144, 2980. 7) Nanoscale, 2021, 13, 18451. 8) Chem. Commun., 2021,
57, 8893. 9) ChemCatChem 2019, 11, 3745. Metal clusters: 10) Small, 2023, in press.
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Recent Developments in Noble Metal-Oxo Cluster Chemistry:
Synthesis, Structure and Catalysis

Ulrich Kortz

School of Science, Constructor University, Campus Ring 1, 28759 Bremen, Germany

Polyoxometalates (POMs) based exclusively on Pd'" ions (polyoxopalladates, POPs) were
discovered in 2008.[1 The area of POP chemistry has developed rapidly ever since due to the
fundamentally novel structural and compositional features of POPs resulting in unprecedented
electronic, spectroscopic, magnetic, and catalytic properties.[l In recent years efforts were
made to modulate the POP structures along with their associated charges in order to try and
control the structure-property relationship. This pursuit has led to the discovery of neutral
palladium(11)-oxo clusters (POCs).El Recently the synthesis of the first examples of cationic
POCs has been reported.[* Besides the synthesis and structural characterization of POPs and
POCs in the solid state and in solution their catalytic properties were also investigated. Here we

report on some recent devlopments in noble metal-oxo cluster chemistry.[®!

1. E. V. Chubarova, M. H. Dickman, B. Keita, L. Nadjo, M. Mifsud, I. W. C. E. Arends, U. Kortz,
Angew. Chem. Int. Ed. 2008, 47, 9542.

2. (a) P. Yang, U. Kortz, Acc. Chem. Res. 2018, 51, 1599-1608; (b) N. V. Izarova, M. T. Pope, U.
Kortz, Angew. Chem. Int. Ed. 2012, 51, 9492.

3. (a) S. Bhattacharya, U. Basu, M. Haouas, P. Su, M. F. Espenship, F. Wang, A. Solé-Daura, D. H.
Taffa, M. Wark, J. M. Poblet, J. Laskin, E. Cadot, U. Kortz, Angew. Chem. Int. Ed. 2021, 60, 3632;
(b) S. Bhattacharya, X. Ma, A. S. Mougharbel, M. Haouas, P. Su, M. F. Espenship, D. H. Taffa, H.
Jaensch, A.-J. Bons, T. Stuerzer, M. Wark, J. Laskin, E. Cadot, U. Kortz, Inorg. Chem. 2021, 60,
173309.

4. S. Bhattacharya, A. Barba-Bon, T. A. Zewdie, A. B. Miuller, T. Nisar, A. Chmielnicka, I. A.
Rutkowska, C. J. Schiirmann, V. Wagner, N. Kuhnert, P. J. Kulesza, W. M. Nau, U. Kortz, Angew.
Chem. Int. Ed. 2022, €202203114.

5. (a) X. Ma, S. Bhattacharya, T. Nisar, A. B. Muller, V. Wagner, N. Kuhnert, U. Kortz, Chem.
Commun. 2023, DOI: 10.1039/D2CC05699B; (b) P. Yang, M. Elcheikh Mahmoud, Y. Xiang, Z. Lin,
X. Ma, J. H. Christian, J. K. Bindra, J. S. Kinyon, Y. Zhao, C. Chen, T. Nisar, V. Wagner, N. S.
Dalal, U. Kortz, Inorg. Chem. 2022, 61, 18524; (c) A. Rajan, M. Elcheikh Mahmoud, F. Wang, S.
Bhattacharya, A. S. Mougharbel, X. Ma, A. B. Miiller, T. Nisar, D. H. Taffa, J. M. Poblet, N.
Kuhnert, V. Wagner, M. Wark, U. Kortz, Inorg. Chem. 2022, 61, 11529.
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Near-infrared photothermally enhanced catalysis of polyoxometalate
complexes

Xiaofei Chen, Gengxin Wang, Lixin Wu*

College of Chemistry, Jilin University, Changchun 130012, Jilin, P. R. China

Abstract

Near infrared (NIR) absorption and photothermal conversion of inorganic metal nanoparticles,
metal oxides and sulfides, are generated from non-radiative relaxation of plasmon resonance
transition during returning to the ground state. Similarly, those reductive polymetallic oxygen
clusters also show the near infrared absorption in the long wavelength region and have a good
photothermal conversion ability. Therefore, we envisage that the near infrared light absorption
and its conversion to the heat from polyoxometalates and other nanomaterials are possible to
be used in enhancing catalytic properties. In addition, although photothermal catalysis of metal
nanoparticles has been reported, such a process has not been realized in the system of
polyanionic clusters. Apparently, this combination will be more conducive to the catalytic
characteristics of polyoxometalate clusters. In targeting this purpose, we selected a series of
POM complexes bearing NIR center including the cluster itself, graphene oxide, charge transfer
complex, metal nanoparticles. The systematic investigations confirmed the practicability of the
strategy in enhancing the performance of POMs.!=® The oxidation conversion in the presence
of oxygen or hydroperoxide under the NIR photothermal conditions can be found to increase
doubly or even higher with respect to the case without the use of NIR radiation. The catalytic
center and photothermal center can be either integrated or separated while the catalytic
efficiency enhancement of POMs did not show apparent difference. The mechanism study
indicated that it is the locally raised temperature rather than that photo induced electron transfer
contribute mostly to the enhanced catalysis. We believe that this strategy can be easily extended

to develop other catalytic types of POMs with more efficient conversions and selectivity.

1. Chen, X.; Zhang, G.; Li, B.; Wu, L. Sci. 4dv. 2021, 7, eabf8413

2. Chen, X.; Wei, M.; Yang, A.; Jiang, F.; Li, B.; Kholdeeva, O. A.; Wu, L. ACS Appl. Mater.
Interfaces 2022, 14, 5194-5202.

3. Chen, X.; Yang, A.; Wang, G.; Wei, M.; Liu, N.; Li, B.; Wu, L. Chem. Eng. J. 2022, 446,
137134.
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CHAOTROPIC EFFECT AS AN ASSEMBLY MOTIF IN POLYOXOMETALATE
SUPRAMOLECULAR CHEMISTRY

Soumaya Khlifi,* Clément Falaise,' Mohamed Haouas ' Nathalie Leclerc,* Pierre Bauduin?
and Emmanuel Cadot,*

LILV, UVSQ, Université Paris-Saclay, Versailles, France
2 |CSM, CEA, CNRS, ENSCM, Université Montpellier, 34199 Marcoule, France

Abstract. The ability of biochemical

substances such as phospholipids, glycans, or

proteins to interact with discrete inorganic 20

species is essential for some biological | UsuaL ATFRACTIVE
functions. Then, designing supramolecular

hybrid architectures including dynamics and ' EFFECT

CHAOTROPIC

responsive behavior requires a fine balance

between the conglomerate of weak forces such as electrostatic, ion-dipole, dipole-dipole,

hydrogen-bonding, dispersion, etc., that drives the aggregation processes. Recent reports

highlight the intriguing properties of certain inorganic polynuclear anions, such as

polyoxometalates (POMs) or polynuclear clusters for their extremely high propensity to

interact strongly in aqueous solution with non-ionic organic components such as macrocycles

or surfactants.>** This striking driving force has been identified as a strong solvent effect

arising from chaotropic nature of the polyoxometalates in aqueous solution. In this

communication, we will highlight the origin of this effect by proposing a classification of the

chaotropic character of a large series of polyoxometalates, ranging from the Keggin type ions

to the large nanoscopic ring-shape molybdenum blue. However, we will give some relevant

examples showing how the chaotropic effect can be used to monitor supramolecular hybrid

assemblies such as molecular core-shell, supramolecular MOFs or POM-containing bilayer

type membrane.

(1]
[2]
(3]
[4]

Zhong, W.; Alexeev, D.; Harvey, |.; Guo, M.; Hunter, D. J. B.; Zhu, H.; Campopiano, D. J.; Sadler, P. J.. Angew.
Chem. Int. Ed. 2004, 43 (44), 5914-5918.

Assaf, K. |.; Ural, M. S.; Pan, F.; Georgiev, T.; Simova, S.; Rissanen, K.; Gabel, D.; Nau, W. M. Angew. Chem. Int. Ed.
2015, 54 (23), 6852-6856.

Moussawi, M. A.; Haouas, M.; Floquet, S.; Shepard, W. E.; Abramov, P. A; Sokolov, M. N.; Fedin, V. P.; Cordier, S.;
Ponchel, A.; Monflier, E.; Marrot, J.; Cadot, E. J. Am. Chem. Soc. 2017, 139 (41), 14376-14379.

Falaise, C.; Khlifi, S.; Bauduin, P.; Schmid, P.; Shepard, W.; lvanov, A. A.; Sokolov, M. N.; Shestopalov, M. A.;
Abramov, P. A.; Cordier, S.; Marrot, J.; Haouas, M.; Cadot, E. Angew. Chem. Int. Ed. 2021, 60 (25), 14146-14153.
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Solid-State  Heat-promoted Synthesis and Acid-promoted Synthesis of
Polyoxomolybdate from Methylammonium Monomolybdate

Ndaru C. Sukumana, Sugiarto, Masahiro Sadakane

Graduate School of Advanced Science and Engineering, Hiroshima University

We are interested in synthesis of isopolyoxomolybdates because their structure and
counteraction are important as precursor of Mo-based oxides|[ 1] and staining reagents for
TEM (transmission electron microscopy) virus observation|[2].

Acid-addition to monomolybdate is a most common method to produce
polyoxomolybdates by dehydrative condensation [3]. We would like to present solid-state
heating of methylammonium monomolybdate ((CH3NH3)2[MoOs4]) produces several
polyoxomolybdates depend on the heating temperature (Fig. 1) [4]. In some cases,
structures made by solid-state heating are different from those made by acid-addition.

Furthermore, we present applications of these polyoxomolybdates as Mo-precursor of

Mo-V based metal oxides and negative staining reagents for SARS-CoV-2 observation.

(CH;NH;)5[Mo,,0,,] ] (CH;NH,)s[Mo0,0,,]
Solid-state '

Heat-treatment
h-Igo0, - CH,NH,

- Hzo

(CH,NH}),[M00,]
+ DMF

Mo0O, + CH;NH, + H,0 s (CH,NH,),[M00,] |
Solution

Fig. 1 Polyoxomolybdates prepared by solid-state heating of methylammonium
monomolybdate, (CH3NH3)2[MoO4], and TEM image of SARS-CoV-2 using
(CH3NH3)s[M07024].

[1] S. Ishikawa, T. Murayama, S. Ohmura, M. Sadakane, W. Ueda, Chem. Mater. 2013, 25, 2211.

[2]Y. Kawato, T. Mekata, T. Nishioka, I. Kiryu, T. Sakai, T. Maeda, S. Miwa, K. Koike, M.
Sadakane, K. Mori, Virology, 2021, 559, 120.

[3] N. I. Gumerova and A. Rompel, Chem. Soc. Rev. 2020, 49, 7568.

[4] N. C. Sukumana, Sugiarto, J. Shinogi, T. Kojima, A. Yamamoto, A. Higashiura, T. Sakaguchi,
M. Sadakane, Chem. Lett. accepted.
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Covalent hybrid polyoxometalates, versatile platforms for the
elaboration of self-assembled nano-architectures.

Guillaume Izzet

I[PCM, Sorbonne Université, 4 place Jussieu, 75005 Paris guillaume.izzet(@sorbonne-
universite.fr

Abstract

Owing to their nanoscale size, their structural complexity, their sensitivity to various types of
interactions and their electron accepting properties, POMs are attractive molecular building
units for the elaboration of complex molecular assemblies with synergistic or even emergent or
properties.! In this context, we are interested in synthesizing supramolecular assemblies of
organo-functionalized hybrid polyoxometalates.? The approach relies on the synthesis of POM-
based building blocks bearing remote self-assembling functions. Selected examples will be
herein presented including hierarchical nanostructures formed by coordination driven self-
assembly®~ and photoactive mesomorphic materials.® An important emphasis will be devoted

to the control of the shape of the hierarchical nano-organization.

Photoactive mesogen hybrid and its self-assembled nanoorganization in the solid state

intermingling electron and hole conduction channels.

(1) Cameron, J. M.; Guillemot, G.; Galambos, T.; Amin, S. S.; Hampson, E.; Mall Haidaraly,
K.; Newton, G. N.; Izzet, G. Chem. Soc. Rev. 2022, 51 (1), 293-328.

(2) Izzet, G.; Volatron, F.; Proust, A. Chem. Rec. 2017, 17 (2), 250-266.

(3) Izzet, G.; Abécassis, B.; Brouri, D.; Piot, M.; Matt, B.; Serapian, S. A.; Bo, C.; Proust, A.
J. Am. Chem. Soc. 2016, 138 (15), 5093-5099.

(4) Piot, M.; Abécassis, B.; Brouri, D.; Troufflard, C.; Proust, A.; Izzet, G. Proc. Natl. Acad.
Sci. U. S. A. 2018, 115 (36), 8895-8900.

(5) Centellas, M. S.; Piot, M.; Salles, R.; Proust, A.; Tortech, L.; Brouri, D.; Hupin, S.;
Abecassis, B.; Landy, D.; Bo, C.; Izzet, G. Chem. Sci. 2020, 11 (40), 11072—11080.

(6) Zhu, X.; Hessin, C.; Salame, A.; Sosa-Vargas, L.; Kreher, D.; Adachi, C.; Proust, A.;
Mialane, P.; Marrot, J.; Bouchet, A.; Sliwa, M.; Mery, S.; Heinrich, B.; Mathevet, F.; [zzet,
G. Angew. Chem.-Int. Ed. 2021, 60 (15), 8419-8424.
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Three different roles of polyoxometalates in photocatalytic events

Pierre Mialane

Institut Lavoisier de Versailles (ILV), UMR 8180, Université Paris-Saclay, Université de Versailles Saint-
Quentin en Yvelines, 45 Avenue des Etats-Unis, 78035 Versailles cedex, France. E-mail:
pierre.mialane@uvsq.fr

Due to their high tunability, stability and optical and redox properties, POMs can be used in a
very wide range of photocatalytic reactions (oxidation of organic substrates, HER (Hydrogen
Evolution Reaction), OER (Oxygen Evolution Reaction),...).[1] In this type of process, POMs
act as catalysts in the vast majority of cases, but they can also play other roles.

In this presentation, we will first present a classical case where a Keggin-type POM capped
by fourteen nickel centers acts as catalyst for the HER.[2] In a second part, we will show that
Lindgvist POMs can be used for switching from UV to visible the polymerization activity of
organic photoinitiators.[3] Finally, we will evidence that POMs can be efficiently used as
electron relay in the photocatalytic carbon dioxide reduction reaction (CO2RR).[4]
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1. a) Streb, C. et al., Phys. Sci. Rev. 2019, 20170177; b) Mialane, P. et al., Chem. Soc. Rev.
2021, 50, 6152.

2. G. Paille et al., Chem. Commun. 2019, 55, 4166.

3. El Hajj, Z. et al., Unpublished work.

4. a) Benseghir et al., J. Am. Chem. Soc. 2020, 142, 20, 9428; b) A. Solé-Daura et al., ACS
Catal., 2022, 12, 9244.
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Computational Study of the Staircase Molecular Conductivity of
Polyoxovanadates Adsorbed on Au(111)

Xavier Lépez,” Almudena Notario-Estévez," Coen de Graaf “*

# Departament de Quimica Fisica i1 Inorganica, Universitat, Rovira i Virgili, Marcel-1i
Domingo 1, 43007 Tarragona, Spain. ® Institucié Catalana de Recerca i Estudis Avancats

(ICREA). Passeig Lluis Companys 23, 08010 Barcelona, Spain

Abstract

Continuing with the research on POM systems with multiple resistive states,[1] this
computational study presents the molecular conduction properties for derivatives of VsO19 and
V18042 frameworks,[2] which were targeted as possible successors of the materials that are
currently used in complementary metal-oxide semiconductor technology. Conductivity
calculations on the Lindqvist-type adsorbed on Au(111) shows a staircase conductivity vs. a
bias voltage, which depends directly on the oxidation state of the POM. After these proof-of-
principle calculations we explored VigO4, a larger system featuring many more easily
accessible redox states —hence, supposedly more interesting from the multiple-state resistive
(memristive) viewpoint. Calculations suggest that the latter molecule does not possess staircase
conductivity due to the large number of unpaired electrons in the resting state.
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Model system in the conductivity calculations (left), electronic transmission and current-
voltage behavior (right) for the functionalized VsO19 derivative.

1. O.Linnenberg, M. Moors, A. Notario-Estévez, X. Lopez, C. de Graaf, S. Peter, C. Bacumer,
R. Waser, K. Y. Monakhov, J. Am. Chem. Soc. 2018, 140, 16635-16640.
2. Notario-Estévez, X. Lopez, C. de Graaf, Dalton Trans. 2021, 50, 5540-5551.
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Using polyoxometalates as multifunctional coatings, scaffolds, and
supramolecular self-assembly tools

Scott G. Mitchell
Instituto de Nanociencia y Materiales de Aragon (INMA-CSIC/UNIZAR), Consejo Superior
de Investigaciones Cientificas (CSIC)-Universidad de Zaragoza (UNIZAR), Zaragoza, Spain.

Abstract

Organo-functionalisation of polyoxometalates represents an effective approach to obtain
diverse structures and arrays of practical materials with tailored surface chemistry, charge,
polarity, and redox properties. POMs also possess excellent biological activity: they can cross
lipid membranes, interact with proteins and are producers of reactive oxygen species. Together,
this combination of physical properties with biological activity makes them suitable for a
variety of end uses. I will show how we use POMs as multifunctional coatings, scaffolds, and
supramolecular self-assembly tools that can be used for catalytic, biomedical, and
environmental applications. I will discuss the preparation of POM-peptide hybrids for catalytic,
adhesive, and biomedical applications,[1-3] POM-IL composites for universal pollutant
removal[4,5] and multifunctional surface coatings,[6,7] with a particular focus on the activity

of these materials against model microorganisms, including algae, bacteria, and moulds.[8,9]
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Modular POM-IL materials act as precision biocides with anticorrosive properties that meet
the requirements of heritage conservation (left); “on-POM polymerization” of N-

carboxyanhydrides as a platform to design antimicrobial POMIlymer materials (right).
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[1] Soria-Carrera, H.; Franco-Castillo, I.; Romero, P.; Martin, S.; M. de la Fuente, J.; Mitchell,
S. G.; Martin-Raptn, R. Angew. Chem. Int. Ed., 2020, 60, 3449-3453.

[2] Soria-Carrera, H.; Atrian-Blasco, E.; Mitchell, S. G.; Martin-Raptn, R. Nanoscale 2022,
14, 5999-6006.

[3] Soria-Carrera, H.; Atrian-Blasco, E.; Martin-Raptn, R.; Mitchell, S. G. Chemical Science,
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Polym. Mater. 2022, 4, 4144-4153.
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2022, 173, 105459.
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Nucleation Mechanisms and Redox Profiles of Polyoxovanadate-
Alkoxides Clusters

Pere Mir6

Polyoxovanadate-alkoxide (POV-alkoxide) clusters are a class of electroactive species with redox
properties that can be tuned via heterometallic functionalization during their synthesis. However,
their formation mechanism and structure-redox relationships remain largely unknown, thus
limiting the rational design of new clusters with the desired redox properties. Here, we present a
computational study on the nucleation pathways of two POV-alkoxides, one containing only
vanadium centers, [(VV6.nV'V1O6)(0)(O-CH3)12]“"* and another including an heterometallic iron
[(VV5-:nVIV405)(OCH3)12(0)(Fe™ C1)] @)%, We also studied the structure-redox relationships in the
redox profiles of POV-alkoxides functionalized with one or more early first row transition metals.
These studies will bring us closer to understanding the structure-redox relationships of POV-
alkoxides and identifying new synthetic targets with improved redox properties.
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The superchaotropic property of polyoxometalates as an opportunity in
polymer, surfactant and colloid science

M. Hohenschutz,? P. Schmid,*? P. Bahadur,* A. Pfitzner,® O. Diat! and P. Bauduin*
1ICSM, CEA, CNRS, ENSCM, Univ. Montpellier, Marcoule, France pierre.bauduin@cea.fr
?Institute of Physical Chemistry, RWTH Aachen University, Aachen, Germany
3Institute of Inorganic Chemistry, University of Regensburg, Regensburg, Germany
“Department of Chemistry, Veer Narmad South Gujarat University, India

Abstract

In 2015, the chaotropic nature of nanometer sized ions (nano-ions) with low charge density,
such as some polyoxometalates and ionic boron clusters, has been identified.[1] The
chaotropicity of nano-ions is evidenced by their strong binding with non-ionic organic matter,
such as surfactants, macrocycles and co-solvents, in water. In the present contribution, recent
findings on the effect of Keggin polyoxometalates on water soluble polymers will be
presented.[2,3] A focus will also be made on the effect of POM counterions on hybrid organic-
inoganic molecular assembly.[4] We will show that the superchaotropic property of POMs
offers many opportunities to tailore of polymer/surfactants properties in solution, such as their

gelation,[2] molecular assembly[3,4] and foaming behavior.[5]
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Figure 1 (a) Keggin POMs induce the cross-linking and hydrogel formation of polymeric cellulose
ethers [2] (b) Small angle neutron scattering spectra of polyethoxy-polypropoxy-polyethoxy polymer
(Pluronic P84®) showing strong adsorption of POM at the surface P84 micelles. (c) Sketch of the
effect of POM counterion on the POM-di-propoxypropylether (CsP,) co-assembly.

[1] (a) Naskar, B.; Diat, O.; Nardello-Rataj, V.; Bauduin, P., J. Phys. Chem. C 2015, 119,
20985-20992. (b) Assaf, K. I.; Ural, M. S.; Pan, F.; Georgiev, T.; Simova, S.; Rissanen, K.;
Gabel, D.; Nau, W. M., Angew. Chem. Int. Ed. 2015, 54 (23), 6852-6856.

[2] Hohenschutz, M.; Bauduin, P.; Lopez, C. G.; Forster, B.; Richtering, W., Angew. Chem. Int.
Ed. 2023, 62 (3), e202210208.

[3] Schmid, P.; Gral3, X.; Bahadur, P.; Grillo, I.; Diat, O.; Pfitzner, A.; Bauduin, P., Colloids
and Interfaces 2022, 6 (1), 16.

[4] Schmid, P.; Hohenschutz, M.; GraR, X.; Witzmann, M.; Touraud, D.; Diat, O.; Pfitzner, A.;
Bauduin, P., J. Mol. Lig. 2022, 359, 119214.

[5] Hohenschutz, M.; Grillo, I.; Dewhurst, C.; Schmid, P.; Girard, L.; Jonchere, A.; Diat, O.;
Bauduin, P., J. Colloid Interface Sci. 2021, 603, 141-147.
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Guest Transition Metals in Host Keplerate Nanocapsules- Towards Inorganic
Functional Mimics of Redox Metalloenzymes?

Eynat Haviv, Bo Chen, Raanan Carmieli, Lothar Houben, Hagai Cohen, Gregory
Leitus, Liat Avram, and Ronny Neumann

Department of Molecular Chemistry and Materials Science, Weizmann
Institute of Science, Rehovot 76100, Israel

Abstract

Host-guest solution chemistry with wide range of organic and organometallic hosts is an
important and established research area, while the use of inorganic hosts is a more nascent area
of research. In the recent past in a few cases, Keplerate-type molybdenum-oxide based porous,
spherical clusters, shorthand notation {Moi32}, have been used as hosts for organic guests. In a
previous publication! we demonstrated a procedure to encapsulate transition metal cations,
from an organic solvent, by design into a Keplerate capsule. By this methodology three first
row transition metal cations (M2"=Mn?", Fe*", Co*") were encapsulated as guests into a porous
Keplerate inorganic host, {Moi32} containing phosphate ligands. Different from previous
research?, the methodology allows control by design of the average number of guest cations
introduced into the capsule, in the range of 1-10 guests cations per capsule.

An additional development of our methodology was recently achieved, and allows the
encapsulation process from aqueous solution based on the affinity of transition metal cations to
different functional groups, such as thiols and carboxylic acids. Thus, by changing the ligands
inside the capsule we can achieve variety of host guest systems with different properties.

Here, we will present the preparation and characterization of Keplerate guest host complexes
based on {Moi32} and (WY72MoVeo} inorganic capsules and demonstrate early results of their
application as a functional enzyme model.

CH; + O, + 2H* + 2e~ N, + 6H* + 6~

N,O + 2H* + 2¢~

CHy0H + H,0
2H,0
. + i
Np + HyO P _ 0, + 4H* + 4e
’ b % R CO + H:0
CO, + 2H" + 2~ 4/

1. Eynat Haviv, Bo Chen, Raanan Carmieli, Lothar Houben, Hagai Cohen, Gregory Leitus,
Liat Avram, and Ronny Neumann, J. Am. Chem. Soc. 2020, 142, 14504-14512.

2. Achim Muller, Samar K. Das, Sergei Talismanov, Soumyajit Roy, Eike Beckmann,
Hartmut Bogge, Marc Schmidtmann, Alice Merca, Alois Berkle, Lionel Allouche, Yunshan
Zhou and Lijuan Zhang, Angew. Chem., Int. Ed, 2003, 42, 5039-5044.
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Parameter affecting the
mass transport of polyoxometallates through vertically oriented
mesoporous silica films

Mbomekallé Israél @, Vila Neus ©
@ Institut de Chimie Physique, UMR 8000, CNRS-Université Paris Saclay, Orsay, France.
® Laboratoire de Chimie Physique et Microbiologie pour les Matériaux et I’Environnement,

UMR 7564, CNRS-Université de Lorraine, France.

isracl.mbomekalle(@universite-paris-saclay.fr

Abstract

Diffusion of polyoxometallate (POM) units through vertically-aligned mesoporous silica films
(MSFs) with monodisperse size (2.1 -2.9 nm) prepared by the electrochemically assisted self-
assembly (EASA) method has been studied in aqueous media. [1] As expected, a strong
resistance to mass transport of the bulky POM anions was observed, due to electrostatic
repulsions arising from the negatively-charged silica surface. [2] Ionic strength and pH are key
parameters allowing to modulate and enhance the mass transport properties of POMs through
MSFs. Thus, the presence of MSFs onto an ITO electrode greatly influenced the voltammetric
response of POMs in acidic media. In particular, at pH 0.3 the silica surface is positively-
charged and thus more suitable to accumulate POM anions favoring their ingress through the
mesochannels, considerably enhances their electrochemical response with respect to the less
acidic medium (Fig. 1). Overall, the main experimental parameters that affected voltammetric
currents, determined from our studies are: (a) the membrane pore size, (b) the POM probe
charge and size, (c) the solution pH influencing the surface density of charge of silica and the
corresponding accumulation of POM via electrostatic interactions, and (d) the ionic strength of
the solution.
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Fig. 1. (A) Polyhedral representation of the KEGGIN structure. (B) Typical TEM imaging of
an oriented mesoporous silica film generated by EASA (top view). (C) Cyclic voltammograms
of [SiW12040]* recorded on ITO bare electrode and on MSF onto ITO electrode.

[1] Vila, N.; de Oliveira, P.; Walcarius, A.; Mbomekallé, 1. Electrochim. Acta 2019, 309, 209-
218.
[2] Karman, C.; Vila, N.; Walcarius, A. ChemElectroChem 2016, 3, 2130-2137.
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Protonation of reduced polyoxotungstates : towards the understanding of
H: release onto a hybrid SiloxPOM

Ludivine K/Bidi, Alix Desjonqueres, Geoffroy Guillemot

Sorbonne Université, CNRS, Institut Parisien de Chimie Moléculaire, F-75005 Paris, France

Abstract

The accumulation of multiple reduction equivalents at a single site remains a key step towards
the development of innovative catalytic materials capable of addressing environmental and
energy challenges.[1] Due to their ability to behave as electron and proton acceptors,
polyoxometalates are ideal candidates in these areas, particularly in photocatalyzed hydrogen
production.[2] Despite numerous works over the years, the mechanism leading to hydrogen
evolution onto polyoxometalates is rather undefined. We thus came interested in studying the
reaction of protons on reduced species of polyoxotungstates and in particular on hybrids that
we synthesize in our group.[3,4] Our results and perspectives will be presented in this

communication.[5]

(H)/ @ H* /

A possible scenario for the release of hydrogen onto reduced SiloxPOM derivatives.

[a—

. Hammarstrom, L; Acc. Chem. Res. 2015, 48, 840—850.

2. Matt, B.; Fize, J.; Moussa, J.; Amouri, H.; Pereira, A.; Artero, V.; Izzet, G.; Proust, A.
Energy Environ. Sci. 2013, 6, 1504— 1508.

3. Zhang, T.; Solé-Daura, A.; Hostachy, S.; Blanchard, S.; Paris, C.; Li, Y.; Carbo, J. J.;
Poblet, J. M.; Proust, A.; Guillemot, G. J. Am. Chem. Soc. 2018, 140, 14903—-14914.

4. Solé-Daura, A.; Zhang, T.; Fouilloux, H.; Robert, C.; Thomas, C. M.; Chamoreau, L.-M.;
Carbo, J. J.; Proust, A.; Guillemot, G.; Poblet, J. M. ACS Catal. 2020, 10, 4737-4750

5. K/Bidi, L.; Desjonqueéres, A.; Izzet, G.; Guillemot, G. Inorg. Chem. 2022.

doi.org/10.1021/acs.inorgchem.2c01741. (Forum article)
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Development of a Method for Predicting the Aqueous Speciation and Self-
Assembly of Polyoxometalates

Enric Petrus,® Mireia Segado,® Jordi Buils,*” and Carles Bo “’

 Institute of Chemical Research of Catalonia (ICIQ), The Barcelona Institute of Science and
Technology, Av. Paisos Catalans 16, 43007 Tarragona, Spain. (epetrus@jiciq.es)

b Departament de Quimica Fisica i Inorganica, Universitat Rovira i Virgili, Marcel-li
Domingo s/n, 43007 Tarragona, Spain.

Abstract

The self-assembly of polyoxometalates (POMs) is governed by several parameters: pH, ionic
force, temperature, and total concentration. Despite that POMs have successfully been applied
to catalysis and materials, the formation mechanism of these molecular clusters still is rather
unclear.! To tackle this issue, we have developed POMSimulator, a method which not only
identifies the reaction mechanism, but also provides speciation models. The method has its
foundations on three major theories: quantum mechanics (QC), graph theory, and chemical
equilibria.? Hitherto, we have applied it successfully to five isopolyoxometalates: -molybdates,
-tungstanates, -vanadates, -niobates, and -tantalates.>* Figure 1A shows a chemical reaction
network that has been generated automatically for describing the self-assembly process.
Additionally, Figure 1B shows a speciation phase diagram for polyoxoniobates. The plot shows
the potential of the method, as it allows the characterization of formation constants that have
been elusive so far. Finally, we have found that it exists an excellent linear scaling between
theoretical and experimental data. This evidence can potentially unlock the determination of
several hundreds of unreported formation constants. Recent kinetic results of the self-assembly
processess will be presented as well.
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Figure 1. (A) Chemical reaction network for the self-assembly mechanism (B) Speciation
phase diagram for polyoxoniobates.

1. Gumerova, N. I.; Rompel, A. Chem. Soc. Rev. 2020, 49, 21, 7568-7601.
2. Petrus, E.; Segado, M.; Bo, C. Chem. Sci. 2020, 11, 32, 8448—-8456.

3. Petrus, E.; Bo, C. J. Phys. Chem. A. 2021, 125, 23, 5212-5219

4. Petrus, E; Segado, M; Bo, C. Inorg. Chem., 2022, 61, 35, 13708-13718
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POM synthetic chemists benefit from computational chemistry
Laia Vila-Nadal

School of Chemistry, The University of Glasgow, Glasgow, G12 8QQ, UK
Abstract

For over 20 years, Density Functional Theory (DFT) calculations have been critical in
understanding the properties of polyoxometalates (POMs) based on their electronic structure.
Together with my team we propose to go one step further and computationally explore the space
generated by the self-assembly of known molecular metal oxides to predict new structures.'!
Material scarcity and rising energy costs demands better planning and a more focused search
strategy to find new materials. Inverse design can aid in the discovery of: a specific catalyst for
a zero-carbon fertiliser fuel,””! a new porous materials based in POMs building-blocks,?! and

polyoxometalate based single atom catalysts (SACs).!*!
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Proposed workflow for achieving inverse design in metal oxides is described. The known
molecules' coordinates are used to generate their ground-state electron density using density
functional theory (DFT) methods.

1. Vila-Nadal, A.; Int. J. Quantum Chem. 2021, 121, 5, €26493. Doi: 10.1002/qua.26493

2. Gonzalez-Cabaleiro, R.; Thompson, J. A.; Vila-Nadal, L.; Front. Chem., 2021, 9, 1-7.
Doi: 10.3389/fchem.2021.742565

3. Malcolm D, Vila-Nadal L. . ChemRxiv 2022. Doi: 10.26434/chemrxiv-2022-db0z9

4. Thompson, J.; Gonzalez-Cabaleiro, R.; Vila-Nadal, L. ChemRxiv 2022.
Do0i:10.26434/chemrxiv-2022-mr2mr
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Aryl-Imido Polyoxometalates for Photonics: Towards Switchable Devices

John Fielden

Address: Department of Chemistry, Lancaster University, Lancaster, LA1 4YB, United
Kingdom.

Abstract

Arylimido polyoxometalate (POM) hybrid materials show strong electronic coupling between
POMs and organic subunits. This has enabled synthesis of POM-based charge-transfer
chromophores with high non-linear optical (NLO) activity, high transparency, and in some

cases reversibly redox-switchable NLO responses (Figure 1a).[1,2]
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Figure 1 (a) Electrochemically switched NLO response in an arylimido POMophore. (b)

Elemental map of an arylimido-POM/polypyrrole film.

This talk will discuss the development of redox switchable POMophores based on the
hexamolybdate, extension of the work to polyoxotungstates, and approaches to surface
functionalization with imido-POMs [3] (Figure 1b) — a challenging and critical step for

application in devices.

1. Al-Yasari, A.; Van Steerteghem, N.; Kearns, H.; El Moll, H.; Faulds, K.; Wright, J. A.;
Brunschwig, B. S.; Clays, K.; Fielden, J. Inorg. Chem. 2017, 56, 10181.

2. Hood, B. R.; De Coene, Y. ; Torre Do Vale Froes, A. V. ; Jones, C. F. ; Beaujean, P. ;
Liégois, V. ; MacMillan, F. ; Champagne, B. ; Clays, K. ; Fielden, J. Angew. Chem. Int. Ed.
2023, €2022215537.

3. Alshehri, S. A.; Al-Yasari, A.; Marken, F. ; Fielden, J. Macromolecules 2020, 53, 11120.
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Fatty acid capped, metal oxo clusters as the smallest conceivable nanocrystal
prototypes

Dietger Van den Eynden,*® Rohan Pokratath,® Jikson Pulparayil Mathew,® Eline Goossens,”® Klaartje De
Buysser’ and Jonathan De Roo**

? Department of Chemistry, University of Basel, Mattenstrasse 24a, 4058 Basel, Switzerland
® Department of Chemistry, University of Ghent, Krijgslaan 281, 9000 Ghent, Belgium

Abstract

Metal oxo clusters of the type MsO4(OH)4(OOCR)12 (M = Zr or Hf) are valuable building blocks for materials
science.

Here,[1] we synthesize a series of zirconium and hafnium oxo clusters with ligands that are typically used to
stabilize oxide nanocrystals (fatty acids with long and/or branched chains). The fatty acid capped oxo clusters
have a high solubility but do not crystallize, precluding traditional purification and single-crystal XRD
analysis. We thus develop alternative purification strategies and we use X-ray total scattering and Pair
Distribution Function (PDF) analysis as our main method to elucidate the structure of the cluster core. We
identify the correct structure from a series of possible clusters (Zr3, Zra, Zrs, Zr12, Zr10, and Zrz). Excellent
refinements are only obtained when the ligands are part of the structure model. Further evidence for the cluster
composition is provided by nuclear magnetic resonance (NMR), infrared spectroscopy (FTIR),
thermogravimetry analysis (TGA), and mass spectrometry (MS). We find that hydrogen bonded carboxylic
acid is an intrinsic part of the oxo cluster. Using our analytical tools, we elucidate the conversion from a Zrs
monomer to a Zri2 dimer (and vice versa), induced by carboxylate ligand exchange. Finally, we compare the
catalytic performance of Zrjz-oleate clusters with oleate capped, 5.5 nm zirconium oxide nanocrystals in the
esterification of oleic acid with ethanol. The oxo clusters present a five times higher reaction rate, due to their
higher surface area.

Since the oxo clusters are the lower limit of downscaling oxide nanocrystals, we present them as appealing
catalytic materials, and as atomically precise model systems. In addition, the lessons learned regarding PDF
analysis are applicable to other areas of cluster science as well, from semiconductor and metal clusters, to
polyoxometalates.

1. Van den Eynden, D.; Pokratath, R.; Mathew, J. P.; Goossens, E.; De Buysser, K.; De Roo, J.
Chemical Science 2022 accepted.
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Unlocking the role of anion solvation sphere in supramolecular chemistry of
metal-oxo clusters

Mireia Segado-Centellas, Enric Petrus, Carles Bo
msegado@icig.es

The anionic character of polyoxometalates combined with their size gives them unique
properties when interacting with cations and neutral molecules. These properties make POMs
ideal systems for building multi-functional materials with applications in catalysis, electronics,
and biology. The solubility of POMs with alkali cations shows opposing trends based on the
size and charge of the anion. By means of molecular dynamics simulations, we were able to
define two different aggregation patterns for high- and low-charge density POMs (Fig. a).
Aggregation depends on the strength of the ionic interaction, the ability of the POM to
destabilize the cation's solvation sphere, and the POM's solvation sphere.! We expanded this
study by combining quantum descriptors with machine learning (ML) methods to develop a
predictive solubility trend model that is applicable to a wide range of POMs and inorganic salts
(Fig. b), and we discovered a new amphoteric behavior.? On the other hand, the supramolecular
chemistry of POMs with neutral molecules, such as y-cyclodextrin, also strongly depends on
the POM's charge density. * Simulation results show a correlation between the structure of the

POM's solvation sphere and what is called the chaotropic effect (Fig. c).
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a) Normal Solubility (low-charge POMs) and Anomalous (high charge POMs). b) Neural network and sigma-
profiles: normal (blue), amphoteric (red) i anomalous (green). ¢) Snapshot of a molecular dynamics simulation of

Keggin-cyclodextrine; SDF isosurfaces plot of water molecules in the first solvation shell.

I'm. Segado-Centellas, M. Nyman, C. Bo. J. Phys. Chem. B. 2019, 123, 49, 10505-1051.

2 T. Rahman, E. Petrus, M. Segado, N. P. Martin, L. N. Palys, M. A. Rambaran, C. Andre Ohlin, C. Bo and M. Nyman, Angew. Chem. Int. Ed.
2022, 61, €202117839.

3 S. Yao, C. Falaise, A. A. Ivanov, N. Leclerc, M. Hohenschutz, M. Haouas, D. Landy, M.A. Shestopalov, P. Bauduin, E. Cadot. Inorg. Chem.
Front., 2021,8, 12-25.
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Moving electrons AND protons in photosynthetic systems
for oxygen evolution

Andrea Sartorel®, Mirco Natali®, Marcella Bonchio®

“Dept. Chemical Sciences, University of Padova, Italy. "University of Ferrara, Italy.
andrea.sartorel@unipd.it

The reactivity in natural and artificial photosynthetic schemes occurs through the exchange of
electrons AND protons.[1,2] The mechanistic comprehension of these processes is pivotal in
maximizing the efficiency of charge separation, ultimately feeding the synthetic catalytic
routines. In this contribution, the proton-coupled electron transfer (PCET) reactivity of metal-
aquo sites embedded in polyoxometalates within light activated systems for oxygen evolution
will be presented.[3,4] The role of both the photogenerated oxidant and of the base will be

discussed, in particular for systems embedded onto regenerative photoelectrode surfaces.[3,4]

PCET events in photosynthetic systems dealing with transition metal substituted
polyoxometalates.[3,4]

1. Agarwal, R.G.; Coste, S. C.; Groff, B. D.; Heuer, A. M.; Noh, H.; Parada, G. A.; Wise, C.
F.; Nichols, E. M.; Warren, J. J.; Mayer, J. M. Chem. Rev. 2022, 122, 1-49.

2. Savéant, J. M. Annu. Rev. Anal. Chem. 2014, 7, 537-560.

3. Volpato, G. A.; Marasi, M.; Gobbato, T.; Valentini, F.; Sabuzi, F.; Gagliardi, V.; Bonetto,
A.; Marcomini, A.; Berardi, S.; Conte, V.; Bonchio, M.; Caramori, S.; Galloni, P.; Sartorel, A.
Chem. Commun. 2020, 56, 2248-2251.

4. Rigodanza, F.; Marino, N.; Bonetto, A.; Marcomini, A.; Bonchio, M.; Natali, M.; Sartorel,
A. ChemPhysChem 2021, 22, 1208-1218.
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Mechanochemical Approach to Super-reduced Polyoxometalates

Magda Pascual-Borras,! Elisabetta Arca,” Thomas Penfold,l Hirofumi Yoshikawa® and R.
John Errington’

!Address: School of Natural & Environmental Sciences, Chemistry, Newcastle University,
NE1 7RU, Newcastle Upon Tyne, UK

2Address: School of Mathematics, Statistics and Physics, Newcastle University, NE1 7RU,
Newcastle Upon Tyne, UK

3Address: Deparment of Materials Science, Kwansei Gakuin University, Sanda, Hyogo 669-
1330, Japan

Abstract

The constantly growing demand in renewable energy sources brings the need of new methods
to store this energy that can be released when demand exceeds generating capacity. Storage of
energy as electrical charge in batteries and storage of energy via the conversion into chemical
fuels are the two most promising solutions to this challenge. Polyoxometalates (POMs) often
called ‘electron/ion sponges’ are ideal candidates in this regard due to their ability to
reversibility accept multiple electrons with no change in their structure, making them excellent
models to study mechanisms of electrochemical nature.

Although a various number of works have reported charge storage and conversion materials
based on electron-rich POMs,! the formation of ‘super-reduced’ POMs by chemical reduction
has hardly been investigated.

This prompted us to explore the step-wise mechanochemical reduction of the Keggin-type
POM, TBA3[PMo012040], in order to provide better fundamental understanding of the reactivity
and the electronic properties of the resulting electron-rich nanoscale metal oxides.

The resulting products of the reductions have been analysed by NMR, FTIR, XPS, XAS and
electrochelectrochemical methods in order to investigate the formation of ‘super-reduced’
POMs.

The results have demonstrated that is possible to inject electrons mechanochemically into
TBA;3[PMo012040], confirming the reduction from Mo"! up to Mo'Y. Moreover, when higher
amounts of reducing agent are used the formation of an extra Mo chemical environment is
observed, which is proposed to be Mo>C.
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Visual representation of the chemical reduction of Keggin-type POM, [PMo012040]>

!'Wang H.; Hamanaka, S.; Nishimoto, Y ; Itle, S.; Yokoyama,T.; Yoshikawa,H; and Awaga, K. J. Am. Chem. Soc.,
2012, 134, 4918.
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Speciation of polyoxometalates in aqueous solutions

Nadiia I. Gumerova

Universitidt Wien, Fakultét fiir Chemie, Institut fiir Biophysikalische Chemie, Josef-Holaubek-
Platz 2, 1090 Wien, Austria, https://www.bpc.univie.ac.at; E-mail:
nadiia.gumerova@univie.ac.at

Polyoxometalates (POMs) are generally characterized in the solid state prior to dissolution, and
this structural information is used as the framework on which the solution chemistry is
developed. After dissolution in aqueous media, POM anions, like many other compounds can
be protonated, hydrolyzed, and sometimes even undergo redox processes, all of which affect
the presence of the active species [1]. With the growing number of successful and promising
applications of POMs in aqueous solutions, understanding speciation in solution based on pH,
temperature, incubation time, the type of buffer solution, the presence of a reducing or chelating
agent, and the effect of ionic strength is of paramount importance and attributes the activity to
the POM species actually present in solution.

In this contribution, the speciation atlas of POMs commonly used in catalytic and biological
applications in aqueous solutions will be discussed. Each of the ten POMs is described under
54 conditions characterized using a quantitative NMR spectroscopy-based approach, the most
readily available method for understanding processes in solution. The speciation atlas of

polyoxometalates sets a new benchmark in the study of metal oxides in solution.
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Fig. 1. a. Polyhedral representation of Wells-Dawson [0—P2W18062]°~ ({WOs}, purple) and [o2—
P2W17061]'® ({WOs}, green). b. Concentration curves of PaWis (purple) and P2Wi7 (green)
before (solid line, blue dot in the middle) and after incubation for 24 h at 37 °C (dash line, red
dot in the middle) in K¢[a-P2W18Oe62] (10 mM) 0.1 M citric acid — sodium citrate solutions in
the pH range from 3 to 6.

1. Gumerova, N. L., Rompel, A. Chem. Soc. Rev. 2020, 49, 7568-7601.
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Exploring the application of Path Metadynamics to determine acidity
constants of polyoxometalates

Albert Solé-Daura “ and Bernd Ensing ¢

“ Van’t Hoff Institute for Molecular Sciences, University of Amsterdam, Amsterdam, The Netherlands
» Department de Quimica Fisica i Inorganica, Universitat Rovira i Virgili, Tarragona, Spain

Abstract

The protonation of polyoxometalates (POMs) has a strong impact on their electronic structure,
influencing in turn their redox properties and reactivity. Thus, determining the protonation
states that prevail under experimental conditions is essential to attain an accurate description of
POMs’ properties using computational methods. However, static DFT calculations with
implicit solvation models usually fail at predicting acidity constants of POMs in a quantitative
manner because they cannot capture neither the variations in the hydrogen bonding network
around the POM during the acid-base process, nor the dynamic nature of the proton in solution
that describes the deprotonated state.

In this talk, I will discuss the potential of first-principles molecular dynamics (MD) simulations
(DFT-based MD) in combination with the Path Metadynamics (PMD) enhanced sampling
techniquel!! to accurately predict acidity constants of POMs using explicitly solvated systems.
Then, I will cover preliminary results obtained thus far regarding the application of DFT-MD
and PMD methods to two different POM systems of increasing complexity, which aim to unveil
the nature of the protonation sites and to reproduce (and predict) the pKa values of their

protonated counterparts (see Figure).
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Figure. Pictorial representation of the free-energy landscape along a (de)protonation event.

[1] a) Diaz Leines, G.; Ensing, B. Phys. Rev. Lett. 2012, 109, 020601; b) Pérez de Alba Ortiz,
A. Tiwari, A.; Puthenkalathil, R. C.; Ensing, B. J. Chem. Phys. 2018, 149, 072320
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Synthesis and Catalytic Properties of
Atomically Precise Silver Nanoclusters with Polyoxometalates

Kosuke Suzuki
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7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656, Japan
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Abstract

Atomically precise metal nanoclusters have attracted increasing interest in diverse fields owing
to their diverse properties and applications that are strongly dependent on their structures,
electronic states, and supporting ligands.!'! Polyoxometalates (POMs) are bulky anionic metal-
oxo clusters possessing unique structures and properties, such as acidity/basicity, electronic
states, and redox properties. We have recently developed synthetic methods for metal-oxo
clusters and inorganic—organic hybrids using lacunary POMs in organic solvents.*! Here, we
present a new strategy for synthesizing atomically precise Ag nanoclusters using lacunary
POMs as multidentate inorganic ligands.[*") In particular, we envisaged that unique properties
of POMs make them attractive ligands for Ag nanoclusters with the potential to impart novel
catalytic, photocatalytic, and other properties. For example, {Ag>7}!7" and {Ag7}>" nanoclusters
were synthesized by using a lacunary POM [SiWoO34]'"". These molecular hybrids of Ag
nanoclusters and POMs showed high stability, synegestic unique reactivity with H», and

catalytic properties, which differ from Ag nanoclusters synthesized using organic ligands.
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Synthesis and reactivity of molecular hybrids of Ag nanoclusters and POMs.

[1] Jin, R.; Zeng, C.; Zhou, M.; Chen, Y. Chem. Rev. 2016, 116, 10346. [2] Li, C.; Mizuno, N.; Yamaguchi, K.;
Suzuki, K. J. Am. Chem. Soc. 2019, 141, 7687. [3] Minato, T.; Salley, D.; Mizuno, N.; Yamaguchi, K.; Cronin,
L.; Suzuki, K. J. Am. Chem. Soc. 2021, 143, 12809. [4] Yonesato, K.; Ito, H.; Itakura, H.; Yokogawa, D.; Mizuno,
N.; Yamaguchi, K.; Suzuki, K. J. Am. Chem. Soc. 2019, 141, 19550. [5] Yonesato, K.; Ito, H.; Yokogawa, D.;
Yamaguchi, K.; Suzuki, K. Angew. Chem. Int. Ed. 2020, 59, 16361. [6] Yonesato, K.; Yamazoe, S.; Yokogawa,
D.; Yamaguchi, K.; Suzuki, K. Angew. Chem. Int. Ed. 2021, 60, 16994. [7] Yonesato, K.; Yanai, D.; Yamazoe,

S.; Yokogawa, D.; Kikuchi, T.; Yamaguchi, K.; Suzuki, K. manuscript under revision.
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Serendipity in chemistry. When an “old” [M0.0.]-based complex can
contribute to the safeguard of the honeybees.
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Bees are experiencing a worrying decline around the world. Beyond this decline, 20,000 species
of plants are also affected by their disappearance and nearly 40% of our diet. Molybdenum is
an essential trace element for life. Found in over fifty enzymes, Mo plays an important role in
plants and in animals. For several years we are developing molecular complexes based on Mo
for applications in biology.[1,2] In particular, very simple coordination complexes have proved
to be very active in beekeeping. Non-toxic, these molecules seem to stimulate the immune
system of bees, which become more resistant to temperature variations, parasites and bee
diseases and therefore provoke a significant decrease of the colonies mortality. A first part of
this talk will be focus on the choice of the complexes and their effects in beehives in different
conditions and different countries.[3] A second part will be dedicated to understanding of the
role played by these complexes within the bees’ organism, thanks to many techniques such as
ICP-MS, X-Ray Fluorescence experiments performed on Synchrotron SOLEIL or XPS studies.
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Localization of molybdenum within the head of a bee fed with a Mo-complex

[1] A. Fuior, A. Hijazi, O. Garbuz, V. Bulimaga, L. Zosim, D. Cebotari, M. Haouas, |. Toderas, A. Gulea and S.
Floquet, Journal of Inorg. Biochem., 2022, 226, 111627.

[2] A. Fuior, D. Cebotari, M. Haouas, J. Marrot, G. Minguez Espallargas, V. Guérineau, D. Touboul, R. Rusnac,
A. Gulea and S. Floquet, ACS Omega, 2022, https://doi.org/10.1021/acsomega.2c00705

[3] A. Fuior, S. Floquet, V. Cebotari, D. Cebotari, A. Gulea, I. Toderas. « Food supplement based on molybdenum
for bees ». Patent deposited in France on 07/23/2020 (FR2007784). Extended PCT and Argentina on 07/19/2021
(W02022/018009).
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HARVESTING THE INTERACTIONS BETWEEN HYBRID-POMS AND

PROTEINS
Mhamad Aly MOUSSAWI,' David E. SALAZAR MARCANO," Sarah LENTINK," Tatjana N.
PARAC-VOGT!

Address: Laboratory of Bioinorganic Chemistry, KU Leuven Department of Chemistry,
Celestijnenlaan 200F, 3001 Leuven, Belgium

Abstract

Oxidative modifications of proteins and the ability of these proteins to interact with
organic/inorganic species are crucial for several applications in biotechnology. Thus, designing
organic-inorganic hybrid species that can selectively bind and modify certain regions of
proteins is a key in understanding the nature and effect of these interactions on the structure
and function of target proteins. Polyoxometalates (POMs), an exceptional class of metal-oxo
anionic clusters displaying outstanding physical and chemical properties combined with vast
structural diversity that can be further expanded through the covalent attachment of organic
moieties onto the cluster to form hybrid POMs (HPOMs).[1,2] Generally, POMs are renowned
for their applications in numerous fields such as catalysis, sorbents, sensors... Moreover, POMs
are known to interact with biological matter, such as proteins, resulting in promising
antibacterial, antiviral and anticancer properties.[3] Although the exact mechanism behind this
biological activity is not yet fully understood, our recent results highlight the nature of
interactions between HPOMs and proteins. These interactions involve a conglomerate of weak
non-specific interactions, mainly through a fine balance between electrostatic and hydrophobic
effects, with hydrogen bonding or ion-dipole contacts ensuring a specific recognition process
mediated by the nature of the organic ligand attached onto the inorganic POM core.[4]
Therefore, a better understanding of these non-covalent interactions that govern the associations
of HPOMs and proteins will provide invaluable insights for the development of HPOMs as
possible therapeutic agents and for their use in the formation of novel biomaterials. For this
purpose, the interaction between a series of POMs based on the derivatives of archetypal
Anderson-Evans [ XMsO24]" and Lindqvist [MsO19]" anions and proteins was investigated.

1. Cronin, L.; Miiller, A.; Chem. Soc. Rev. 2012, 41, 7333.

2. Anyushin, A.; Kondisnki, A.; Parac-Vogt, T. N.; Chem. Soc. Rev, 2020, 49, 382.

3. Absillis, G.; Cartuyvels, E.; Van Deun, R.; Parac-Vogt, T. N.; J. Am. Chem. Soc. 2008,
130, 17400.

4. Lentink S.; Salazar Marcano D. E.; Moussawi M. A.; Parac-Vogt T. N.; Faraday
Discuss. 2022, (doi.org/10.1039/D2FD00161F).

5. Vandebroek, L.; Mampaey, Y.; Antonyuk, S.; Van Meervelt, L.; Parac-Vogt. T. N.; Eur.
J. Inorg. Chem., 2019, 506-511.
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A Titanium(IV)-Containing Sandwich-Type Molybdogermanate

Santiago Reinoso, Beatriz Rosales-Reina, Guillermo Cruz-Quesada, Maialen Espinal-Viguri,
Julian J. Garrido

Departamento de Ciencias & Instritute for Advanced Materials and Mathematics INAMAT?),
Universidad Publica de Navarra (UPNA), Campus de Arrosadia, 31006 Pamplona, Spain

Abstract

The current catalog of transition metal-substituted heteropolymolybdates is still very much
underdeveloped compared to the vast number of heteropolytungstate counterparts reported to
date. The new titanium(IV)-containing molybdogermanate [Ti2(HGeMo0702s)2]'" has been
obtained as different alkaline metal salts in moderate-to-high yield from simple one-pot
synthetic procedures at mild bench conditions. Its structure comprises a central {Ti2O10} edge-
sharing fragment sandwiched between two {MoO-}-monocapped hexalacunary a-Keggin-type
molybdogermanate moieties. This species represents the fourth example known to date of
water-soluble titanium(I'V)-containing heteropolymolybdates and, among those with sandwich-
type structure, the first one in which the heteroatom does not show any lone pair [1]. The title
anion is solution-stable at moderate acidic conditions but dismantles in solutions with pH values
below 2, from which the peculiar [{(GeMo10Ti2037)20} {M0207(OH2):}(GeO4)]'*~ assembly
comprising Ti(IV)-disubstituted Keggin subunits can be isolated [2].

pH<2

Structures of [Ti2(HGeM0702s)2]'* and [{(GeMo1¢Ti2037)20} {M0207(OHz)2} (GeO4)]'%".

1. Xu, M. et al. Chem. Commun. 2020, 56, 1097-1100; Xu, W. et al. Inorg. Chem. Front. 2020,
7,3667-3673
2. Financial Support. MICINN-Government of Spain (project PID2020-113558RB-C42)
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Tuning the Water Oxidation Catalytic Activity of Polyoxometalates via
Molecular Engineering

Joaquin Soriano-L06pez
Instituto de Ciencia Molecular (ICMol), Universidad de Valencia, Catedratico José Beltran
Martinez, 2, 46980 Paterna, Spain.

Abstract

Water is considered the ultimate energy vector from which we can obtain the necessary
reducing equivalents for storing energy in the form of Hz via the hydrogen evolution reaction
(HER).[1] Within the water splitting scheme, the oxygen evolution reaction (OER) is a
bottleneck that limits the development of this technology due to the high thermodynamic
requirements and sluggish kinetics. Hence, the discovery of cost-effective, efficient, and
durable OER catalytic materials with enhanced kinetics for oxygen production while alleviating
the high energetic requirements is of utmost importance.[2] In this respect, polyoxometalates
(POMs) have attracted significant interest during the last decade due to their intrinsic redox
stability, synthetic molecular amenability, and processability.[3] Particularly cobalt-containing
POMs (Co-POMs) are nowadays known to represent genuine molecular catalysts that display
high catalytic activity and excellent stability characteristics in the solid state as part of modified
working electrodes.[4] Efforts to improve the catalytic properties of Co-POMSs systems through
modification of their components facilitated unique insights into the mechanistic aspects that
govern the water oxidation process. These structure-reactivity relationships highlight the impact
of molecular modifications, leading to systems with improved performance characteristics.[5]
In spite of these efforts, the relations between the POM structure and reactivity are yet to be
comprehensively understood. Under this purview, it is somewhat surprising that the role of the
inner, coordinatively saturated metal ions, located in the central oxo-belt of the Weakley
sandwich, remains unclear; and their influence on the catalytic activity is yet to be fully
understood.[6] In this talk, I will present the heterogeneous OER activity of a novel mixed-
metal Co-Fe Weakley POM [Co';(H20)Fe'";(B-a-Co'"Wg034)2]* (Co2Fe2-WS). The strong
influence of the coordinatively saturated metal ions in the central belt on the OER activity is
demonstrated, where CozFe2-WS shows improved OER performance compared to that of the
parent [Co''4(H20)2(B-a-PYWy034)2]** (Cos-WS) system. The underlying principle is further
exemplified by [Co'"2(H20)2C0"WV!(B-a-C0'"Wg034)2]*2~ (CosW-WS) containing a central
WV!ion and which drastically decreases the catalytic activity of the POM.
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Structure-Reactivity Relationships

[Co,W-WS]

OER Catalytic Activity

1. Mazloomi, K.; Gomes, C. Renew. Sustain. Energy Rev. 2012, 16, 3024-3033.

2. Craig, M.J.; Coulter, G.; Dolan, E.; Soriano-L6pez, J.; Mates-Torres, E.; Schmitt, W.;
Garcia-Melchor, M. Nat. Commun., 2019, 10, 4993.

3. Gao, D.; Trentin, I.; Schwiedrzik, L.; Gonzélez L.; Streb, C. Molecules, 2020, 25, 1-20.

4. Blasco-Ahicart, M.; Soriano-Lépez, J.; Carbd, J.J.; Poblet, J.M.; Galan-Mascaros, J. R.
Nat. Chem., 2018, 10, 24-30.

5. Martin-Sabi, M.; Soriano-Lo6pez, J.; Winter, R.S.; Chen, J.-J.; Vila-Nadal, L.; Long, D.-
L.; Galan-Mascaros, J.R.; Cronin, L. Nat. Catal., 2018, 1, 208-213.

6. Tao, M.; Yin, Q.; Kaledin, A.L.; Uhlikova, N.; Lu, X.; Cheng, T.; Chen, Y.-S.; Lian,
T.; Geletii, Y.V.; Musaev, D.G.; Bacsa, J.; Hill, C.L Inorg. Chem., 2022, 61, 6252—
6262.
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Making Metal-Metal Bonds in Polyoxometalates by six-electron reduction
process

Clément Falaise, Gabrielle Mpacko Priso, Nathalie Leclerc, Mohamed Haouas, Emmanuel
Cadot

Institut Lavoisier de Versailles, CNRS, UVSQ, Université Paris-Saclay

Abstract. Pioneering works of Launay, Hervé and Pope showed that the reduction of Keggin
anions [XW12040]" with X = Hy, B or Si can lead to six-electron reduced entities in which 5d-
electrons are localized in three metal-metal bonds, forming a W'V based trinuclear cluster. [1-
3] Surprisingly, the chemistry of these Janus-like POMs containing an electron-rich clustered
triad remains largely unexplored while these entities can be formed when POMs are used as
molecular electron reservoirs in electrochemical energy-storage systems. In this
communication, we will report our recent findings about the six-electron reduced POMs.

First, we will present the electrochemical preparation of the first example of POM containing
heterometallic metal-metal bonds between addenda centers. Its structure (see figure) has been
elucidated using multinuclear NMR and X-ray diffraction studies. Then, we will show that the
formation of metal-metal bonded triad in POMs is not limited to the Keggin-structure, but can
be also extended to 18-tungstate hetero-polyanions. Finally, we will demonstrate that reduction-
induced aquation of the POMs strongly affect their supramolecular behavior, cancelling their
ability to interact with non-ionic organic moieties. This last point clearly demonstrates that

superchaotropism of POMs is not only about a matter of the “shape, size and charge”.

Clustering

»>1 WV-W" bond
>2 WV-OH,
»>1 Mo"-0H,

[Si(WY',M0Y'0,)(WV';0,,)5]* [Si(W";M0"0,(H,0)3)(W"';0,,);]*

Schematic representation showing the formation of SiW11Mo-VI’ induced by the six-electron
reduction of molybdenum mono-substituted a-Keggin type silicotungstate SiW11Mo-0.

1. G. Hervé C. R. Acad. Sc. Paris 1966, 263, 1297
2. J. P Launay J. Inorg. Nucl. Chem. 1976, 38 (4), 807-816
3. K. Piepgrass and M. T. Pope. J. Am. Chem. Soc. 1987, 109 (5), 15861587
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POM-Assisted MXenes for green sustainable energy
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*Institute of Chemical Research of Catalonia (ICIQ), The Barcelona Institute of Science and
Technology, Av. Paisos Catalans 16 — 43007 Tarragona.
3Department of Inorganic Chemistry, University of Chemistry and Technology Prague,
Technicka5, 166 28 Prague 6, Czech Republic

Abstract

The need to reduce our carbon footprint has reached a critical point. This can be achieved either
by switching from fossil to green fuels (H») or by carbon sequestration, involving both storage
and utilization. As part of the utilization strategy, the photo/electrochemical reduction of CO,
(PEC-R) is an attractive method because it not only mitigates greenhouse gas emissions but
also provides CO; as a carbon source for generating value-added chemicals and fuels.[1]
However, the use of PEC-R is currently limited because ‘state-of-the-art’ electrocatalysts lack
stability, efficiency, and selectivity towards a single PEC-R product at low overpotentials.
While 2D materials and their hybrids with polyoxometalates (POMs) have shown great
potential in hydrogen generation and energy conversion reactions and some of them even as
electrocatalysts for PEC devices, very little research has focused on POM-2D-material hybrids
beyond graphene.[2, 3] We focused to synthesize novel POM-MXene hybrids as
photo/electrocatalysts for hydrogen generation and CO> conversion. Characterization and
analytical techniques have been provided a detailed understanding of the HER and CO»
reduction mechanism and possible reaction intermediates, thereby enabling re-engineering, and
thus enhancement of the photo/electrocatalyst activities.

POM-Assisted MXenes

1. Lukas Dékanovsky, Jan Plutnar, Jifi Sturala, Jiti Brus, Jifi Kosina, Jalal Azadmanjiri, David Sedmidubsky,
Zdengk Sofer, Bahareh Khezri, ACS Catal. 12 (2), 2022, 1558-1571.

2. Jalal Azadmanjiri, Thuniki Naveen Reddy, Bahareh Khezri, Luka§ Dékanovsky, Abhilash Karuthedath
Parameswaran, Bhupender Pal, Saced Ashtiani, Shuangying Wei, Zdenék Sofer, J. Mater. Chem. A (10),
2022, 4533- 4557.

3. Khalid Azmani, Maria Besora, Joaquin Soriano-Lépez, Meriem Landolsi, Anne-Lucie Teillout, Pedro de
Oliveira,Israél-Martyr Mbomekall¢, Josep M. Poblet and José-Ramén Galan-Mascaros Chem. Sci. (12), 2021,
8755-8766.
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Lanthanopolyoxometalate functionalization of reduced graphene oxide
mediated by surface-grafted ionic liquids

Maria J. Martins, Tito Trindade, Helena 1. S. Nogueira

Department of Chemistry, CICECO-Aveiro Institute of Materials, University of Aveiro,
3810-193 Aveiro, Portugal

Abstract

Polyoxometalates (POMs) show multi-advantages for photodriven applications, such as in
photoluminescent materials or as photocatalysts [1]. The possibility of heterogenization without
loss of properties, is a strong potential for the application of POM based nanocomposites. This
work aims to prepare new nanostructured materials based on lanthanide containing
polyoxometalate clusters supported in graphene. Graphene based substrates were prepared by
chemical derivatisation of graphene oxide (GO), aiming to achieve a better insertion of POMs
in terms of dispersion and chemical stability. The best method was by far, the functionalization
of GO with an ionic liquid cation. The final substrate properties are consistent with a GO
reduction in the process. Nanocomposites prepared by the insertion of [Ln(MsOis)2]* (Ln =
Eu’*, Tb*"; M = W, Mo) in the graphene based substrate (rGO-IL-LnM10 composites), show
interesting luminescent properties, that depend on the graphene modification. Raman imaging

and electron microscopy, show a very good distribution of POMS in the prepared substrates.

CCD et
o &0

Combined Raman images and spectra of the rGO-IL-EuW 10 nanocomposite.

1. Lopes, J.; Martins, M.; Nogueira, H. I. S.; Estrada, A.; Trindade, T. Environ. Chem. Lett.
2021, 19, 643-668.

Acknowledgments: Maria J. Martins thanks FCT for the PhD grant (SFRH/BD/131433/2017
and COVID/BD/151933/2021). This work was developed within the scope of the project
CICECO-Aveiro Institute of Materials, UIDB/50011/2020, UIDP/50011/2020 &
LA/P/0006/2020, financed by national funds through the FCT/MEC (PIDDAC).
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Polyoxometalate molecular junctions,
influence of the redox states and the counterions.

Dominique Vuillaume,’ Cécile Huez,! Florence Volatron,” Anna Proust’
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CNRS, University of Lille, Villeneuve d'Ascq, France.
2) Institut Parisien de Chimie Moléculaire (IPCM), CNRS,
Sorbonne Université, Paris, France

Abstract

Polyoxometalates (POMs) are nanometric molecular oxides with remarkable redox properties
that can be explored in the context of advanced molecular devices (MDs). However, the precise
relationship between the electrical conductance of the MDs, the redox state and the nature of
the counterions remains to be clarified. | Here, we demonstrate the reversible in situ

photoreduction of phosphomolybdate [PMo12040]>" monolayer self-assembled on Au
electrodes. The conductance (C-AFM measurements) is increased by ~ 10, and the analysis of
large current-voltage (I-V) datasets by unsupervised machine learning and clustering

algorithms allows us to correlate this increase with the evolution of the I-V shape (symmetric

vs. rectifying) and the energy of the molecular orbitals in the MDs: LUMO at 0.6-0.7 eV above

er for PMo12(0) vs. SUMO at ~0.3 eV for PMoi2(I).? We also synthesized a series of Preyssler

POMs [NacPsW300110]'* stabilized with four different counterions, HY, K", NH4" and

tetrabutylammonium (N(C4Ho)*" or TBA™). The low-bias conductance gradually increases over

two decades with changing the counterion in the order K, NH4*, H" and TBA". Albeit the
LUMO of the PsW3o (with respect of Au €f) increases from ~ 0.4 eV to 0.7 eV, the electrode
coupling energy evolves from ~ 0.05 to 1 meV depending on the nature of the counterion in

the order K, NH4*, H" and TBA" in correlation with the MD conductance.?® Underlying

possible physical reasons will be discussed.

'P. Lapham, L. Vila-Nadal, L. Cronin and V. P. Georgiev, J Phys Chem C 125 (6), 3599-3610 (2021); K. Y.
Monakhov, Comments on Inorganic Chemistry, 1-10 (2022); C. Busche, L. Vila-Nadal, J. Yan, H. N. Miras, D.
L. Long, V. P. Georgiev, A. Asenov, R. H. Pedersen, N. Gadegaard, M. M. Mirza, D. J. Paul, J. M. Poblet and L.
Cronin, Nature 515 (7528), 545-549 (2014).

2 C. Huez, D. Guérin, S. Lenfant, F. Volatron, M. Calame, M. L. Perrin, A. Proust and D. Vuillaume, Nanoscale
(14), 13790 (2022).

3 On the role of counterions in the electron transport properties of polyoxometalate nanodevices.

C. Huez, F. Volatron, A. Proust & D. Vuillaume. In preparation
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The Photoactivation of Borotungstate Keggin POMs

Nicole Tsang?, Kieran D. Jones?, Graham Newton?, Hon Wai Lam?®

“Carbon Neutral Laboratories, Jubilee Campus, Nottingham, NG7 2GA.
E-mail: pcynt@nottingham.ac.uk

Abstract

The design and synthesis of novel polyoxometalates (POMs) that exhibit vast compositional diversity
and excellent thermal stability, while also possessing tunable physical and chemical properties,
represents a significant and challenging endeavor in the field of inorganic material chemistry.! Through
rigorous research efforts, a diverse array of POMs with potential applications in water oxidation, CO2
reduction, and organic electro- and photocatalysis have been developed.>*

A particularly attractive feature of certain POM archetypes is the ability to modulate their properties
through the incorporation of various chemical elements, thereby enabling the enhancement of
functionality and the tuning of chemical properties. One such example of this is the incorporation of
organic moieties through hybridization onto inorganic POM structures.*

Here we report on the development of a novel family of boron-centered hybrid POMs that exhibit
photocatalytic activity in organic single electron transfer (SET) chemistry. The impact of
organofunctionalization and hybridization on the photoactivation of these POMs will be discussed, with
the performance trends being rationalized through an analysis of electronic structure, redox chemistry
and photocatalytic efficiency.

=B =P, As
Polyhedral representation of boron-centred hybrid POMs.

1. K. Suzuki, N. Mizuno and K. Yamaguchi, ACS Catal., 2018, 8, 10809-10825

2. A. Proust, R. Thouvenot and P. Gouzerh, Chem. Commun., 2008, 1837—1852.
S. Montanaro, D. Ravelli, D. Merli, M. Fagnoni and A. Albini, Org. Lett., 2012, 14, 4218—

4221.
4. J. M. Cameron, S. Fujimoto, K. Kastner, R.-J. J. Wei, D. Robinson, V. Sans, G. N. Newton
and H. H. Oshio, Chem. — A Eur. J., 2017, 23, 47-50.

[98)
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Strategies for the arylimidio functionalisation of tungsten polyoxometalates

Claire Jones, John Fielden

University of East Anglia, Norwich, NR4 7TJ, UK, claire jones@uea.ac.uk

Abstract

Arylimido functionalization of polyoxometalates gives rise to emergent properties not found in either
standalone subunit, such as the non-linear optical (NLO) behaviour of arylimido-polyoxomolybdates
(a-POMs) [1]. An arylimido organic group is chosen because imido functionalization achieves strong
electronic communication between the POM and the organic group through the conjugated imido bond
which is prerequisite for the hybrid to be a good NLO chromophore. Keggin anions are attractive targets
for redox switchable NLO chromophores [2] due to their multiple stable redox states, as well as being
more stable and more transparent than a-POMs.

Polyoxotungstates (POTs) (and even MoWs019[NBu4)]») unlike hexamolybdates are very difficult to
functionalise and there is no reliable synthetic route to these compounds. Here we outline the results of
synthetic work addressing the problems of arylimido functionalisation of Keggins; building on the work
of Duhacek and Duncan [3] who previously isolated [PW12039NPh]* as a cocrystal with [PW2040]*",
[PW1203NTol]* has been isolated, crystallised free of [PW12040]* and is fully characterised (see
Figure). The synthesis of [PW1,039NCsH4I]*- and post-functionalisation by Songashira coupling will
be discussed as this is the most promising route to N-donor NLO chromophores. The direct synthesis
of N-donor functionalized aryl-imido W(+6) monotungstate complexes is problematic due to the
nitrogen lone-pair. Results of a preliminary exploration of aryl-imido Keggins featuring alternative
donor groups such as S-donors, O-donors and metal-donors will be presented.
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Characterisation by IR, UV-Vis, NMR, CV and XRD of the [PW,039NTol]* anion

1. A. Al-Yasari, et al., Dalton Trans., 2016, 45, 2818, A. Al-Yasari, et al., Dalton Trans., 2018, 47, 10415

2. Hood, B. R.,de Coene, Y., Torre Do Vale Froes, A. V. Jones, C. F. Beaujean, P., Liégeois,
V., MacMillan, F., Champagne, B., Clays, K., Fielden, J., Angew. Chem. Int. Ed., 2022, €202215537

3. I C. Duhacek, D.C. Duncan, Inorg. Chem. 2007, 46, 7253
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Electrochemical investigations into non-aqueous carbon dioxide activation using metal-
substituted Keggin polyoxometalates

Abigail Seddon,” Ella Fidment,! John Errington’ Elizabeth Gibson'"

'School of Natural and Environmental Sciences, Bedson Building, Newcastle University, Newcastle upon
Tyne, NE1 7RU, UK
Abstract

Polyoxometalates (POMs) are famously tuneable allowing a wide reach of applications. Functionalisation of
common structures through a variety of synthetic routes allows for easy specification of favourable
properties such as size, redox capabilities, catalytic activity, and electron storage. CO> levels are ever-
increasing, and the atmospheric level is already over 400 ppm.!!! Therefore, its catalytic conversion is
essential to the supply of renewable energy, chemicals, and the mitigation of global warming.

Previous reports demonstrate POMs facilitating electron transfer as a redox mediator in the electrocatalysis
of COz into reduced species.!? Limitations to small molecule activation via this route include requiring a
catalytic species comprised of expensive or rare earth metals such as Au or Ag, or access to structures is
limited by complex syntheses.[*! Herein, we report a novel POM structure which allows the formation of
reduced CO; products electrocatalytically via the coordination of CO2 onto the surface of the POM studied
by various methods including photoelectrocatalytic studies.
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Figure 1. Electrochemical studies of a substituted Keggin POM - Pt wire counter electrode, GC working electrode, Ag/AgNOs reference with
0.1 M TBA PF6 in MeCN. (a) COz (solid line) argon (dotted). (b) Au W.E. (solid line), glassy carbon W.E. (dotted) all under COsz. (c) CO2 and
glassy carbon electrode in argon (grey), under CO2 100 mVs™!(pink line), and under CO2 at 200 mVs™! (pink dotted). (d) Tafel plot of Bi- (red),
Sb- (green), Pb- (blue) substituted and Masala (magenta) POM. 3 mM concentration, 0.3M TBAP in MeCN. GC W.E., Ag/AgNOs R.E., and Pt
wire C.E (e) lacunary Keggin POM structure where M = Bi, Sb, Pb.

The structure-activity relationship of POMs is exploited, demonstrating their ability to activate small
molecules (CO») into desirable products to aid with low net carbon emissions. Their structures are based on
a substituted lacunary Keggin structure, with varying substituents in the ‘free’ position.
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Metal-oxo clusters as new class of nanozymes toward protein hydrolysis
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Abstract

Nanozymes are nanomaterials with intrinsic enzyme-like properties, which have the ability to replace natural
enzymes by mimicking their catalytically active centres. Compared to natural enzymes, nanozymes have
shown unique advantages such as high catalytic activity, low cost, high stability, and tuneable activity.!!
During the past decade, our group has developed an array of artificial metalloproteases, such as
polyoxometalates (POMs) and metal-organic frameworks (MOFs) for protein hydrolysis.[>*] While POMs act
as homogeneous catalysts, making their separation from the protein digest difficult, MOFs are heterogeneous
catalysts, but adsorption of protein fragments hinders their recyclability. In this respect, Lewis-acidic metal-
oxo clusters (MOCs) could offer a solution to these problems due to a tuneable solubility, small surface area,
and high stability.[* In this study, the hydrolytic potential of ZrsO4(OH)4(C2H302)s(H20)2Cls (Zro)P!, a water-
soluble MOC previously used for the synthesis of MOF-808, was investigated through hydrolysis of equine
skeletal muscle myoglobin, thereby providing both a comparison with the previously investigated MOF
catalyst and a stepping-stone for the development of new, heterogeneous MOCs. The appearance of new
fragments at lower molecular weight in sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE) serves as an indication to protein hydrolysis. Molecular interactions between the protein and the MOC
were evaluated by different techniques including circular dichroism (CD), UV-Vis, and tryptophan
fluorescence spectroscopy. Moreover, FT-IR spectroscopy, and a combination of 'H, '3C, and DOSY NMR

spectroscopy were used to elucidate MOC stability under the investigated reaction conditions.

MOF-808

MOF-808 (left) consists of Zrs clusters (right) connected with trimesate organic linkers

M. Liang, X. Yan, Acc. Chem. Res. 2019, 52, 2190-2200.

F. de Azambuja, J. Moons, et al., Acc. Chem. Res. 2021, 54, 1673—-1684.

C. Simms, A. Mullaliu, et al., Mol. Syst. Des. Eng. 2023, Advance Article.
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Abstract

Porous siliceous xerogels show manifold properties suitable for development membrane
sensing components for fiber-optic chemical sensors (FOCS), e.g. thermochemical stability,
refractive index similar to that of the optical fiber, and transparency in a wide wavelength range.
Their porous textures (specific surface area, average pore distribution) and surface chemistry
can be precisely fine-tuned by including functional guests into theTEOS xerogel matrix (XG).
This work aims at studying xerogel materials modified with embedded polyoxometalate guests
(POM-XG). The novel [Ti2(HGeMo0702s)2]'° sandwich-type species has been incorporated into
a XG matriz through a modification of literature sol-gel method!!l. The resulting POM-XG
material is transparent and photoactive, its color change from yellow to green under sunlight.
The textural properties of the TEOS matrix are maintained upon POM incorporation, POM-XG
being microporous with pore size centered at 1 nm (aBET=700 m’g!, V=0.3 cm’g™!) The FOCS
has been constructed by dip-coating and preliminary test against VOCs have afforded variations
in the R.O.P signal when exposed to MetOH. Two factors could case these variations: surface

VOC adsorption and changes originating from the photochromic species.
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a) Synthesis of the (POM-XG) material and b) time-response of a POM-XG exposed to MetOH

1. Cruz-Quesada, G. et al. Polymers 2021, 13, 1415.
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Polyoxometalates as electrolyte additives in Li-S batteries

Alexander Kibler, Margaret Smith, Nathan Richardson, Darren Walsh, Lee Johnson,
Graham Newton
The GSK Carbon Neutral Laboratories for Sustainable Chemistry, School of Chemistry,
University of Nottingham, Jubilee Campus, Nottingham, NG7 2TU, U.K.

Abstract

Electrical Energy Storage (EES) systems will continue to play a crucial role in the
evolution of the renewable energy landscape and the development of small-scale devices.
For over 30 years, Li-ion batteries have dominated the commercial market due to their
high energy density and cycling stability; however, they are approaching their theoretical
cell specific energy of ca. 300 W h kgcenrl. Whilst this is sufficient for consumer electronics
and short-range electric vehicles, new EES systems will be required to power larger, more
energy intensive systems (e.g.,, minimum of 500 W h Kkgpack! required for short-haul
commercial flight).1

Lithium-sulfur (Li-S) is one of the most promising next-generation battery technologies
due to its impressive theoretical cell specific energies of 610 W h kgcen'1.2 Unfortunately,
their application has been hindered by key operational challenges due to complex
polysulfide speciation in the electrolyte and terminal insulating phases generated during
charge and discharge. These lead to electrode passivation, high overpotentials, low
material utilization and therefore poor cycling performance. To tackle these issues, there
has been a focus on electrolyte additives to improve the redox Kkinetics of rate-
determining steps in the electrochemical pathway of these cells, either by acting as
dissolved charge mediators or electrocatalysts. We present our recent findings in the
utilisation of POMs as performance-enhancing electrolyte components in Li-S batteries.
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SYNTHESIS AND REACTIVITY OF HETEROMETAL-SUBSTITUTED
LINDQVIST-TYPE POLYOXOMETALATES
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Abstract

Polyoxometalates containing one or more heterometal have been used as active components in
environmentally important transformations, such as water-oxidation or carbon dioxide
reduction.[1,2] Examples of such polyoxometalates are common in the literature for the more
well-studied polyoxometalate structures, like those based on the Keggin or Wells-Dawson
architecture.[3] However, examples based on the smaller Lindqvist unit are rarer. [4]

Herein, we describe a robust synthetic methodology for the synthesis of transition metal
substituted (TBA)[X-MW;505] Lindqvist-type polyoxometalates (TBA=
tetrabutylammonium) (shown in Figure 1). We have applied a degradative reassembly
approach to incorporate a variety of transition metals into the metal-oxide framework, which
can act as well-defined models for catalytically active sites of extended metal oxide materials.
Both the degradation and reassembly steps were probed using 'O NMR and '**W NMR

spectroscopy, giving insight into the reaction mechanism and potential intermediates.
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Figure 1: Synthesis of substituted Lindqvist-type polyoxometalates from hexatungstate.
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The applications of Ce and Ag doped polyoxotitanate
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Abstract

With the pursuit of higher quality drugs and food, the functionalization of their packaging
materials is gradually gaining more attention. Polyoxotitanate clusters are attracting attention
for their excellent performance. Novel Ce/TiO> were prepared based on two types of Ce(IIl)-
doped polyoxotitanium cage ([Ti280338(OEt)3sCeCI(EtOH);1.4] and [TisO7(OEt)21Ce(EtOH)]).
Homogeneous CeO2/TiO2@PVDC/PVC film was formed from the PVDC emulsion mixed with
CeO2/TiO: coated on the PVC’s surface. The film showed excellent UV absorption and water
vapor barrier properties. Novel Ag/TiO> were prepared based on AgTi(SA)(HSA)(CH3CN)
and calcinated at different temperatures. As for the antibacterial testing of staphylococcus
aureus, materials calcinated at low temperatures present highly bactericidal, destroying almost

all bacteria. While high temperature significantly reduced the bactericidal ability.

[ TizsO35(OE1)35CeCI(EIOH); 4 [TisO;(OEt),;Ce}(EtOH)  AgTi(SA),(HSA)(CH;CN)

Crystal structures of the (a)[ Ti28033(OEt)33CeCl(EtOH); 4]; (b) [TisO7(OEt)1Ce(EtOH)]);
(c) AgTi(SA)2(HSA)(CH;CN), HSA=Salicylic acid.

69



FMOCS VII Tarragona, April 2023

Electron transfer kinetic in covalent dyads based on polyoxometalate and
rhenium photosensitizer
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Abstract

Covalent dyads combining Ir(III) photosensitizers (PSs) and POMs have been shown to
outperformed the corresponding bimolecular system in photocatalytic hydrogen evolution both
in term of activity and stability.[1,2] In this study, we applied our previously reported Re(I)
complexes based on polypyridyl functionalized Dawson polyoxovanadotungstates for
photocatalytic hydrogen evolution. [3,4] Opposite to the previously repoted systems, the dyads
showed poor activity and are less efficient than the bimolecular systems. However, addition of
a platinum co-catalyst to favour re-oxidation of the reduced POMs allows for significant
enhancement of the activity which is sustained for a longer period using the dyads. The electron
transfer dynamic within the dyads was investigated via transient absorption measurements
revealing fast charge separation and recombination within the dyads, with the expected decrease

in electron transfer rates when increasing the length of the organic bridge.

[1] B. Matt, J. Fize, J. Moussa, H. Amouri, A. Pereira, V. Artero, G. Izzet and A. Proust, Energy
Environ. Sci., 2013, 6, 1504-1508.
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Light-driven catalytic Water Splitting in Nanoporous Block Copolymer
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Abstract

Sustainable energy conversion of solar radiation into chemical reactivity can be implemented
by heterogeneous light-driven catalysis. Here, we will report the progress in developing
hierarchically structured soft matter composites incorporating molecular light-driven catalytic
units such as polyoxometalate catalysts for water oxidation catalysis (WOC) or thiomolybdate
catalysts for hydrogen evolution reaction (HER) together with molecular photosensitizers
(PS).['21 We present different mechanisms for the immobilization of the required catalysts and
photosensitizers on the membranes using the introduction of various functionalities and
monomers. In general, the working principle is based on either electrostatic or covalent
anchoring on asymmetrical block copolymers leading to three generations of membranes with

improved stability and catalytic results from oxygen or hydrogen evolution experiments.
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Understanding the aqueous speciation of heteropolyoxometalates with
POMSimulator: the Keggin anion
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Abstract

In recent times we introduced the POMSimulator,"** which is a new computer code that
allows dealing with polyoxometalates systems. This new method has been applied successfully
on 5 different isopolyoxometalates systems. The POMSimulator workflow is almost automatic,
using graph theory as the main engine. POMSimulator also shows excellent agreement with
experiments, presenting big differences between the different metals. By using this method, we
also found great linear relationships between experimental and computed formation constants.
In this communication, we will be presenting the new results on the Keggin anion treated by
POMSimulator. As opposed to isopolyoxometalates, the introduction of a heteroatom in this
program implies an exponential increase in the number of species and possible reactions. New
strategies will have to be implemented in order to make simulations feasible. Otherwise, the

amount of time used on calculations would grow factorially. So far, initial results show good

agreement with the experimental speciation diagrams. 4!
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Fig 1. (Left)Experimental speciation diagram for phosphomolybdate Keggin!*! (Right)
POMSimulator’s speciation diagram for phosphomolybdate Keggin.
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Abstract

Tribology is the branch of science and technology that deals with interacting moving surfaces,
which can suffer from friction and wear. Efficient lubrication, as the main method to combat
them, is therefore a key aspect for the success of many industries. Nowadays however, there is
a pressing need for greener, more sustainable lubrication research, as defined by the UN
sustainable goals and imposed by the current global energy crisis [1].

Optimal lubrication occurs through the efficient separation of the moving surfaces by a
lubricant film. This results in the reduction of friction and wear that arise due to the contacting
forces. Thoughtful formulation of the lubricating agents should lead to an optimal and targeted
performance, but other key properties, such as oxidation ability, heat transfer capacity or
anticorrosion properties can also be incorporated into the lubricant through the use of lubricant
additives, which are chemical substances present in the lowest proportion (1-30% depending
on the application).

In the field of tribology there is a growing demand for more environmentally conscious
materials and waste management without a loss of performance. Highly polluting lubricant
additives such as zinc dialkyldithiophosphates (ZDDPs), and many other, need to be replaced
by more environmentally acceptable alternatives. Polyoxometalate based ionic liquids (POM-
ILs) offer the advantage of a modular design where the cation and anion can be independently
tuned through chemical design, thereby enabling the formation of multifunctional materials
suitable for lubricants. The physical, rheological, and chemical properties of POM-ILs are
useful for applications such as catalysis, petrochemical processing, water oxidation, and
antimicrobial and anticorrosive coatings [2—4]. We believe that their properties can be used
within the field of tribology.

In this work, the interaction of POM-ILs with metal surfaces has been studied to understand
whether variations in the charge density and hydrophilic nature of the POM-ILs could affect
their operation in a tribological setting. The selected POM-IL was a [SiW11039]
[(CsH13)3(C14H29)N]s, which has already shown good results as antimicrobial agent [2]. The
results we have obtained so far provide an interesting starting point for further studies, and thus
we would like to continue down this path, especially since the amount of literature in the field
is very scarce. The results obtained so far have shown how the presence of POM-ILs in a
lubricant has considerably improved the friction behavior and antiwear characteristics
compared with a plain base oil (Figure 1).
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Figure 1. The wear scar was compared for both plain lubricant (top image) and lubricant with POM-IL (bottom
image). Showing a reduction in wear scar depth (red area) in the case of POM-IL added lubricant.
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While the catalytic proton reduction activity of POMs has been widely studied, there have been
only scarce reports on CO; reduction.!Recently, a Ni-containing POM, [{SiWgNia}a(L)s]3* (L= 2,5-
furandicarboxylate), was reported to exhibit one of the highest CO production activities among
POM catalysts.? This motivated our group to experimentally investigate the catalytic properties
of a series of Ni-based POMs under photocatalytic conditions, using [Ru(bpy)s]?* and
triethanolamine as photosensitizer and sacrificial donor, respectively. Amongst the analyzed Ni-
POMs, the sandwich-type [Nis(H20)2(PW9034),2]*%" (Figure 1) was found to be the most active for
CO; reduction into CO and was thus selected to investigate the reaction mechanism at an atomic
level by means of DFT calculations. Interestingly, our results indicate that the protonation of the
POM structure, which is favorable under the experimental conditions, is an essential requirement
to allow the reduction of the POM-based catalyst and its subsequent CO; reduction activity.
Further computational work is under way to rationalize the reactivity trends along the series of
experimentally-tested POMs, which is expected to reveal the key factors that govern the catalytic
activity and in turn, to prompt the rational design of more efficient CO; reduction catalysts.
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}/H\ hn
[Ru(bpy);]**/TEOA
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( Figure 1: Schematic representation of the CO,
CO + HZO photoreduction process catalyzed by

[Nia(H20)2(PWq034),]**
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Abstract

Investigations of heterometal-substituted POMs have mainly involved Keggin-type anions, due
to their relative ease of handling and synthesis.[1,2] We are interested in the effects of the
different coordination parameters imposed on sites within the Lindqvist structure, and our
efforts to optimise the non-aqueous synthesis of substituted Lindqvist-type polyoxometalates
(POMs) [MW;5015]"™ will be described.

Previous work in our group successfully produced cobalt-substituted Lindqvist POMs
(TBA)s[(CoWs015H)2] and (TBA)3[(py)CoWsO13] via non-aqueous hydrolysis of
(TBA):WO4 and WO(OMe)s.[3] A variation on the method involving base degradation of
(TBA)2[WsO19] has now led to the Mn- and Fe-substituted analogues, as confirmed by X-ray
crystallography. Preliminary cyclic voltammetry experiments have been carried out on the
{MnW:s} system and work is ongoing to explore access to higher oxidation state heterometals

via reaction with suitable oxidizing agents. Initial results for M = Cr, Mn, Fe and Co will be

reported. -

Figure 1 : Structures of
[(MWs015H)2]% for M = Co (left) and
Fe (right) showing hydrogen bonded
interactions (dashed line).

[1] Neumann, R.; Gara, M, J. Am. Chem. Soc., 1995, 117, 5066-5074.

[2] Zhang, X. ; Pope, M, J Mol Catal A Chem, 1996, 114,201-208

[3] R. J. Errington, G. Harle, W. Clegg, R. W. Harrington, Eur. J. Inorg. Chem. 2009, 34, 5240
— 5246.
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Selective sorption properties in a microporous POM-metalorganic hybrid
that undergoes up to five transitions between single-crystalline states
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Felices,” Luis Lezama,” Juan M. Gutiérrez-Zorrilla,” Shaza Darwish,” Debobroto
Sensharma,” and Michael J. Zaworotko”

"Departamento de Quimica Organica e Inorganica, Universidad del Pais Vasco UPV/EHU, P.O.
Box 644, 48080 Bilbao, Spain; YDepartamento de Ciencias & Institute for Advanced Materials
and Mathematics (InaMat2), Universidad Publica de Navarra (UPNA), Pamplona, Spain;
ABernal Institute, Department of Chemical Sciences, University of Limerick, Ireland.

Abstract

The extended open framework [{Cu(cyclam)}3(x-Mo0gO27)]-14H20O (1) (cyclam = 1,4,8,11-
tetraazacyclotetradecane) undergoes two  sequential  single-crystal-to-single-crystal
transformations upon thermal dehydration to afford two different anhydrous phases:
[Cu(cyclam)][ {Cu(cyclam)}2(4-Mo0gO27)] (2a) and [{Cu(cyclam)}3(u-MogO27)] (3a). Solid-
phase transitions imply modifications on the crystal packing, as well as the isomerization of
octamolybdate anions. Compound 2a rehydrates to yield [{Cu(cyclam)}3(x-MogO27)]-13H>O
(5), whereas hydration of 3a involves the condensation of one additional water molecule to the
cluster, leading to the y-isomer in [{Cu(cyclam)}3{y-Mo0gO26(OH)2}]-11H2O (4). The later can
be fully dehydrated with no significant structural change to yield 6a. It is worth highlighting
that 1) three of the octamolybdate clusters have never been observed before; and i1) up to three
different microporous phases with accessible voids can be isolated from the parent compound,
which in contrast to the behavior of classical MOFs, exhibit the capacity to selectively adsorb
C2Hg over C2H4. Results from water vapor sorption analyses show some of the highest uptake

values reported to date for POM-based systems.
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Figure 1. Schematic representation of the SCSC transformations of 1, 2a and 3a, together
with experimental gas sorption isotherm for 2a and dinamic vapor sorption isotherm for 3a.
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Controlled crystallization of lanthanide-based Preyssler polyoxometalates
in the presence of non-constituent additive ions

Ivan Gomez-Muirioz, Chandan Dey, Eugenio Coronado

Instituto de Ciencia Molecular (ICMol), c¢/Catedratico José Beltran 2, Paterna, 46980, Spain.

Abstract

Preyssler polyoxometalates (POMs) containing lanthanide ions encapusalted in the cluster have
shown exceptional results as single-molecule magnets and spin-qubits.!'*) However, the
advances in this area are hindered by the size and quality of the crystals. In this work, we have
studied how the presence of additive ions (i.e. AI**, Y**, and In*") affect the crystallization
process of Ki2[MPsW300110] (wWhere M = Gd and Y). The results show that the concentration
of these ions in the solution plays an important role in controlling the crystallization rate of the
grown POM crystals leading to a significant increase in their size, while showing very little or
no tendency to be incorporated into the structure. This has allowed us to obtain pure Gd- or Y-
POM crystals, as well as diluted magnetic crystals formed by the diamagnetic Y>* POM doped

with the magnetic Gd** ion.

Figure: Crystal structure of Ki2[GdPsW300110].nH20 (left). Images of Y W3 crystals (right).

1. Clemente-Juan, J. M.; Coronado, E.; Gaita-Arifio, A. Magnetic polyoxometalates: from
molecular magnetism to molecular spintronics and quantum computing. Chem. Soc.
Rev., 2012, 41, 7464-7478.

2. Coronado, E. Molecular magnetism: from chemical design to spin control in molecules,

materials and devices. Nat. Rev. Mater., 2020, 5, 87-104.
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Assessing the dynamic behavior of polyoxometalates in water solution by

machine-learned reactive force fields
Jordi Puiggali-Jou, Ferran Moya, Antoni Salom-Catala, Evgenii Strugovshchikov, Josep M.
Ricart, Jorge J. Carbo
Departament de Quimica Fisica i Inorganica, Universitat Rovira i Virgili, 43007 Tarragona,
Spain.

Abstract

To fully understand polyoxometalate (POM) chemistry in solution is essential to identify their
individual speciation profiles, assessing their protonation state, composition, and active
structures at the operating experimental conditions.!!! Atomistic modeling of these properties
have relied on classical Molecular Dynamics (MD), which can’t reproduce reactive events, or
ab initio MD simulations, which are unpractical due to the high computational cost.
Alternatively, reactive force field methods such as ReaxFF, are able to simulate bond
forming/breaking processes at a similar computational spence to classical MD simulations.*!
Musaev et al. have developed ReaxFF parameters for investigating the protonation state of
niobates in water solution.’] Here, we extend the development of ReaxFF parameters for
molybdates and tungstates in water solution, using conventional optimizers and an in-house
implementated machine learning method, the Genetic Algorithm and Artificial Neural Network
hybrid method (GA-ANN)™!. The developed force field has been applied to a varied set of

structures (Mos, Mo7, Mo32, Mo132) to further understand their properties at atomistic level.
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Figure 1. ReaxFF MD simulation of Hs[M07024] in a water solution, snapshot illustrating a
proton transfer process.

1. Gumerova, N.I; Rompel, N. Chem. Soc. Rev. 2020, 2, 7568-7601.

. Sentfle, T. P.; Hong, S.; Islam, M. M.; Kylasa, S. B.; Zheng, Y.; Shin, Y. K
Junkermeier, C.; Engel-Hebert, R.; Janik, M. J.; Aktulga, H. M.; Verstaelen , T.;
Grama, A.; Van Duin. A. C. T. Npj Comput. Mater. 2016, 2 (150119), 1-14 .

3. Kaledin, A. L.; van Duin, A. C. T.; Hill, C. L.; Musaev. D. J. J. Phys. Chem. 2013, 117,
6967-6974.
4. https://github.com/CompChemURV/ga-ann_bash_script
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Diarylethene-polyoxometalate coordination complex: visible light-driven

"on"'/""off"* photochromism
Jiang Ning 2, Choudhari Manjiri, ® Bonnefont Antoine, # Stéphane Aloise, ¢ Ritchie, Chris, ®
Ruhlmanm Laurent 2

@ Université de Strasbourg, Institut de Chimie de Strasbourg, UMR 7177, 4 rue Blaise
Pascal, 67000, Strasbourg, France.
® School of Chemistry, Monash University, Clayton, Victoria, Australia
© Université de Lille, LASIRE, Lille, France

Here, we report the photochromic polyoxometalate (POM)-based diarylethene (DAE, also
writtten DTE) coordination complex [1]. The metastable trilacunary heteropolyoxomolybdate
[PMogOz1(py)s]® - {PMog}; py = pyridine) and the ditopic pyridyl-containing dithienylethene
(C2sH16N2F6S2) self-assemble via a facile ligand replacement methodology allowed us to form
the photo-active capsule [(PMogOs1)2(DAE)s]® (Fig. 1) [2-3]. Electrocyclisation of the three
DAEs occurs sequentially and has been investigated using a combination of steady-state and
time-resolved spectroscopies with the discovery of a photochemical cascade whereby rapid
photoinduced ring closure is followed by electron transfer from the ring-closed DAE to the
POM in the latent donor—acceptor system on subsequent excitation. This interpretation is also

supported by computational and detailed

UV illumination

H (spectro)electrochemical analysis. Ring-closing

@ ’ . custom quantum vyield determination setup

OpenDTE * Y ° ‘k V\qu, pre (QYDS), providing insight into the impact of POM

coordination on these processes. The effect of the

quantum vyields were also determined using a

Figure 1. Photo-active DAE-POM capsule. ] ]
complex environment on DAE photochromism was

also investigated. Additionally, we would modified the ET path length between POM and DAE
subunits in order to modulate the electrocyclisation efficiency. Overall, this work extends our
understanding of the synthesis and characterization of DAE-POM photosensitive complex and
their potential applications, allowing us to better understand the electron transfer required for
homogeneous photocatalysis.

1. Dridi, H.; Boulmier, A.; Bolle, P.; Dolbecq, A.; Rebilly, J.-N.; Banse, F.; Ruhlmann, L.;
Serier-Brault, H.; Dessapt, R.; Mialane, P.; Oms, O. J. Mater. Chem. C 2020, 8 (2), 637—
649.

2. Xu, J.; Volfova, H.; Mulder, R. J.; Goerigk, L.; Bryant, G.; Riedle, E.; Ritchie, C. J. Am.
Chem. Soc. 2018, 140 (33)

3. Choudhari, M.; Xu, J.; McKay, A. I.; Guerrin, C.; Forsyth, C.; Ma, O. Z.; Goerigk, L.
O'Hair R. A. J.; Bonnefont, A.; Ruhlmann, L.; Aloise, S; Ritchie, C. Chem. Sci., 2022,13,
13732-13740. doi.org/10.1039/D2SC04613J
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Understanding polyoxometalates as water oxidation catalysts through iron

vs. cobalt reactivity
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Abstract

Cobalt polyoxometalates (Co-POMs) have emerged as promising water oxidation catalysts
(WOCs), with the added advantage of their molecular nature despite being metal oxide
fragments.2 In comparison with metal oxides, that do not offer well-defined active surfaces,
POMs have a controlled, discrete structure that allows for precise correlations between
experiment and computational analyses. Thus, beyond highly active WOCs, POMs are also
model systems to gain deeper mechanistic understanding on the oxygen evolution reaction
(OER). The tetracobalt Weakley sandwich [Co"s(H20)2(B-0-PWs034)2]'*" (C0s-WS) has been
one of the most extensively studied.®> We have compared its activity with that of the iron
analogue [Fe"'4(H20)2(B-a-PWy034)2]° (Fea-WS) looking for the electronic effects
determining their activity. Furthermore, the effect of POM nuclearity was also investigated by
comparison with the iron- and cobalt-monosubstituted Keggin clusters.

Electrocatalytic experiments employing solid state electrodes containing the POMs and
the corresponding computational calculations demonstrate that Co'-POMs display better WOC
activity than the Fe'"' derivatives. In good agreement with the experimental data, computational
methods, including pKa values, confirm that the resting state for Fe-POMs in neutral media
corresponds to the Si (Fe''"-OH) species. Overall, the proposed reaction mechanism for Fes-
WS is analogous to that found for Cos-WS, despite their electronic differences. The potential
limiting step is a proton-coupled electron transfer event yielding the active Sz (Fe'V=0) species,
which receives a water nucleophilic attack to form the O—O bond. The latter has activation
energies slightly higher than those computed for the Co-POMs, in good agreement with
experimental observations. These results provide new insights for the accurate understanding
of the structure—reactivity relationships of polyoxometalates in particular, and or metal oxides
in general, which are of utmost importance for the development of new bottom-up synthetic
approaches to design efficient, robust and non-expensive earth-abundant water oxidation
catalysts.*

1 J. Soriano, S. Goberna, L. Vigara, J. J. Carbo, J. M. Poblet and J. R. Galan-Mascar6s, Inorg. Chem., 2013, 52,
4753-4755

2 M. Blasco, J. Soriano, J. J. Carbd, J. M. Poblet and J. R. Galan-Mascaros, Nat. Chem., 2017, 10, 24

3J. Soriano, D. G. Musaev, C. L. Hill, J. R. Galan-Mascarés, J. J. Carb6 and J. M. Poblet, J. Catal., 2017, 350, 56—
63

4 K. Azmani, M. Besora, J. Soriano, M. Landolsi, A. Teillout, P. Oliveira, I. M. Mbomekallé, J. M. Poblet, J. R.
Galan-Mascarés, Chem. Sci., 2021, 12, 8755-8766
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Rational Synthesis of Elusive Organic-Inorganic Hybrid Metal-oxo
Clusters: Formation and Post-functionalization of Hexavanadates
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and Tatjana N. Parac-Vogt?
a. Department of Chemistry, KU Leuven, Celestijnenlaan 200F, 3001 Leuven, Belgium.
b. XStruct, Department of Chemistry, Ghent University, Krijgslaan 281, S-3, 9000
Ghent, Belgium.

Abstract

Organic-inorganic hybrid compounds can help pave the way towards novel functional materials
by being able to combine the properties of organic and inorganic components.! Attaching
organic moieties onto hybrid metal-oxo nanoclusters are of special importance due to the
possibilities that this opens in the fields of materials science, catalysis, and energy storage.”
The Lindgvist hexavanadate family of clusters ([VsO13{(OCH2)sC-R}2]*; Ve-R) is particularly
interesting due to the magnetic, redox, and catalytic properties that it exhibits.>” However,
compared to other metal-oxo cluster types it has been less extensively explored due to poorly
understood synthesis mechanism and the limited number of viable methods of post-
functionalization.® Considering this, an in-depth investigation of the factors that influence the
formation hybrid hexavanadates (Ve-R HPOMS) was conducted and the acquired knowledge
was employed to develop [VsO13{(OCH2)sCNHCOCH:CI}2]* (Ve-Cl) as a new and tunable
platform for the formation of complex hybrid structures based on metal-oxo clusters in high
yields. Moreover, Ve-Cl platform was derivitized via nucleophilic substitution with various
carboxylic acids of differing complexity to showcase its versitality and potential in the fields of
supramolecular chemistry and biochemistry.
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Synthesis of Ve-Cl and its post-functionalization with different organic molecules.

1. Sanchez, C., Belleville, P., Popall, M. & Nicole, L. Applications of advanced hybrid
organic—inorganic nanomaterials: from laboratory to market. Chem. Soc. Rev. 40, 696-753
(2011).

2. Stuckart, M. & Monakhov, K. Y. Polyoxometalates as components of supramolecular
assemblies. Chem. Sci. 10, 43644376 (2019).

3. Proust, A., Thouvenot, R. & Gouzerh, P. Functionalization of polyoxometalates: towards
advanced applications in catalysis and materials science. Chem. Commun. 1837-1852
(2008) d0i:10.1039/B715502F.

4. Amthor, S. et al. A photosensitizer—polyoxometalate dyad that enables the decoupling of
light and dark reactions for delayed on-demand solar hydrogen production. Nat. Chem. 14,
321-327 (2022).

5. Sullivan, K. P. et al. Polyoxometalate-based gelating networks for entrapment and catalytic
decontamination. Chem. Commun. 53, 11480-11483 (2017).

6. Linnenberg, O. et al. Addressing Multiple Resistive States of Polyoxovanadates:
Conductivity as a Function of Individual Molecular Redox States. J. Am. Chem. Soc. 140,
16635-16640 (2018).

7. VanGelder, L. E., Kosswattaarachchi, A. M., Forrestel, P. L., Cook, T. R. & Matson, E. M.
Polyoxovanadate-alkoxide clusters as multi-electron charge carriers for symmetric non-
aqueous redox flow batteries. Chem. Sci. 9, 1692-1699 (2018).

8. Anyushin, A. V., Kondinski, A. & Parac-Vogt, T. N. Hybrid polyoxometalates as post-
functionalization platforms: from fundamentals to emerging applications. Chem. Soc. Rev.
49, 382-432 (2020).
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Abstract

Electrocatalytic ammonia synthesis is key for decentralization of the process and lowering the
CO> emission ensuing from industrial ammonia synthesis. Recent advances on N>
electrochemical reduction to NH3 via the lithium mediated approach have shown some
promising results, in spite of these advances the reaction still requires quite negative potentials,
anhydrous conditions, alcohols as proton/electron donor and fairly rare lithium. While
organometallic electrocatalysts using redox mediators have hardly been reported. Here, we
present an alternative approach for N> to NHj electrocatalytic reduction at a metal cathode,
using a soluble inorganic molecular catalyst and H>O as proton/electron donor. The catalyst is
a tri-iron substituted polyoxotungstate, {SiFesWo} that in the presence of either Li" or Na*
cations as promotors can reduce N> to NH3. The alkali metal interaction with {SiFe3;Wo} was
investigated using a combination of spectroscopic tools and theoretical means, the alkali metal
cation was shown to enable, through decrease of the redox potential of {SiFesWo}, the
activation of N> at under ambient conditions. Controlled potential electrolysis experiments
carried out with highly purified '“N; and >N, ruled out NH3 formation from contaminants.
Importantly using Na" cations, polyethylene glycol as solvent, the anodic oxidation of water
can be used as proton and electron donor for the formation of NHs. In an undivided electrolyzer,
NH; formation rates were at up to 1.15 nmol sec ™' cm™ with faradaic efficiencies of ~25%.

Q @ ®
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Figure 1. Schematic presentation of sustainable electrosynthesis-sis of NH3 from H>O and N»

using {SiFe3Woy} as electrocatalyst and an alkali cation - Na" as promotor.
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The magic role of lithium cations. Deeper understanding of alkali
aggregation in electrocatalytic reduction of dinitrogen assisted by a tri-iron
Keggin-type polyoxotungstate

Albert Masip-Sanchez, Xavier Lopez, Josep M. Poblet

Departament de Quimica Fisica i Inorganica, Universitat Rovira i Virgili, Tarragona

Abstract

The Haber-Bosch process, which now accounts for the majority of ammonia synthesis, is
energetically demanding and a large contributor to CO> emissions. Recently, Prof. Ronny
Neumann's group has synthesized an inorganic molecular catalyst, {SiFe3Wo} which, by means
of alkaline ions (Li" or Na"), is capable of reducing at low potentials and activating N> under
ambient conditions. Here, using Molecular Dynamics and DFT calculations, we demonstrate
the impact of Li" cations on the electronic structure of {SiFe3Wo}, the need for them to activate
N2, and why they should be accounted for in theoretical calculations to reproduce

electrochemical behavior of polyoxometalates.!

Representative snapshots of the coordination sphere of {FesWo}. Three THF molecules
remained at an average distance of 2.35 A (2.13 A upon DFT optimization). Light blue: Fe;
red: O; blue: N; gray: W; silver: C; ClO4: orange and green: Li.

1. Kremleva, A.; Rosch, N., Modeling the Effect of the Electrolyte on Standard Reduction Potentials of
Polyoxometalates. The Journal of Physical Chemistry C 2018, 122 (32), 18545-18553.
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Recent Developments in Peroxo-Cerium(lV)-Containing Polyoxometalates

Anusree Sundar and Ulrich Kortz*

School of Science, Constructor University, Campus Ring 1, 28759 Bremen, Germany

Peroxo-containing polyoxometalates (POMSs) are attractive for applications in oxidation
catalysis. This area was initiated in 1985 with the discovery of the so-called Venturello ion
[PO4(WO(02)2)4]* and the following studies of its associated catalytic properties, in particular
for the homogeneous expoxiation of olefins.[! In 2019 the first peroxo-cerium(IV)-containing
polyanion, [Ce'Vs(02)e(GeW10037)3]**, was prepared and used as a recyclable homogeneous
oxidation catalyst.’l Here we present some recent developments in this area, including

synthesis, structural and catalytic studies.

1. (a) C. Venturello, E. Alneri, M. Ricci, J. Org. Chem. 1983, 48, 3831; (b) C. Venturello, R.
D’Aloisio, J. C. J. Bart, M. A. Ricci, J. Mol. Catal. 1985, 32, 107; (c) L. Salles, C. Aubry,
R. Thouvenot, F. Robert, C. Dorémieux-Morin, G. Chottard, H. Ledon, Y. Jeannin, J.-M.
Brégeault, Inorg. Chem. 1994, 33, 871; (d) D. C. Duncan, R. C. Chambers, E. Hecht, C. L.
Hill, J. Am. Chem. Soc. 1995, 117, 681.

2. H. M. Qasim, W. W. Ayass, P. Donfack, A. S. Mougharbel, S. Bhattacharya, T. Nisar, T.
Balster, A. Solé-Daura, I. Rémer, J. Goura, A. Materny, V. Wagner, J. M. Poblet, B. S.
Bassil, U. Kortz, Inorg. Chem. 2019, 58, 11300.
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Mixed Noble Metal-Oxo Clusters: Platinum(l1V)-Gold(l11) Oxoanion

Jiayao Zhang and Ulrich Kortz*
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In 2004, the first discrete polyoxoplatinate(lll) [Pt"'1205(SO4)12]* was reported which is
composed of six dumbbell-shaped metal-metal bonded Pt"'; dimers coordinated by oxo and
sulfato bridges.l*l In 2010, the first discrete polyoxoaurate [Au''sAss020]% was prepared,
comprising a bowl-shaped structure with four square-planar coordinated Au'' ions capped by
four arsenato groups.[?! Two years later the selenito-analogue [Au'"'sSe4O16]* was prepared.t!
Very recently, the polythioplatinate(ll) [PtsS2(SOs)s]** was discovered and its solution and
catalytic properties evaluated.

Here we present the first discrete mixed platinum(IV)-gold(l11) oxoanion and its structural
characterization in the solid state, in solution and in the gas phase.

1. M. Pley, M. S. Wickleder, Angew. Chem. Int. Ed. 2004, 43, 4168.

2. lzarova, N. V.; Vankova, N.; Heine, T.; Ngo Biboum, R.; Keita, B.; Nadjo, L.; Kortz,
U., Angew. Chem. Int. Ed. 2010, 49, 1886.

3. Y. Xiang, N. V. lzarova, F. Schinle, O. Hampe, B. Keita, U. Kortz, Chem.
Commun. 2012, 48, 9849.

4. A. Rajan, M. Elcheikh Mahmoud, F. Wang, S. Bhattacharya, A. S. Mougharbel, X. Ma, A.
B. Miller, T. Nisar, D. H. Taffa, J. M. Poblet, N. Kuhnert, V. Wagner, M. Wark, U. Kortz,
Inorg. Chem. 2022, 61, 11529.
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Design and synthesis of Keplerates as inorganic enzymes and
photoelectrocatalytic application to the Hydrogen Evolution Reaction

Guillaume Bensoussan, Ronny Neumann
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Abstract

The synthesis or activation of small molecules such as Oz, NH3;, CO or Hz is a
determining issue at the heart of the great challenges posed to catalysis for the decades
to come!. If solutions may already exist, they often come at a high energetic cost,
trigger waste and generate pollution. Though, millions of years of evolution have
resulted in the development of enzymes that, in numerous cases, fantastically execute
some of the reactions that chemists attempt at reproducing in the bulk solution. Why not
rely exclusively on those catalysts to perform these tasks then ? Stability, reaction
conditions, purification ; enzymes are not perfect, and these are a few examples of the
bones of contention that come up, pushing us to seek and develop alternative chemical
solutions. In our works, a spotlight is therefore put on the Hydrogen Evolution Reaction
(HER), catalysed by a Keplerate-type polyoxometallate?. The inorganic catalyst is
specifically tailored towards HER by prior understanding of the key-features of
(de)hydrogenase enzymes3. Hence the ‘inorganic enzyme’ label affixed onto this
project. Presenting an internal cavity comparable to the active site, itself covered with
thiol-terminated interior ligands and able to host Ni and Fe cation guests ; all the pre-
requisites for the HER are gathered in one spot. Going farther, the use of appropriate
light irradiation and applied potential in the framework of a 3 h constant potential
electrolysis (CPE) allow to improve the catalytic profile of the system in terms of
faradaic efficiency (FE), turnover number (TON) and turnover frequency (TOF). The
NinFem@Keplerate (n, m € N ; ntm < 10) even allows to go past the 100 % FE

threshold relative to the electrons supplied by the potentiostat. Enabled by a unique
molecular architecture, these excellent results push us to envision multiple future
outcomes for our ultra-modular system, whose preparation and features are entirely

novel and will soon be the object of a publication.

1 Burrows, C. J., Holy Grails in Chemistry, Part II. Acc. Chem. Res. 2017, 50, 3, 445

2 Miiller, A.; Krickemeyer, E.; Bogge, H.; Schmidtmann, M.; Peters, F. Organizational Forms of Matter: An Inorganic
Super Fullerene and Keplerate Based on Molybdenum Oxide. Angew. Chemie Int. Ed. 1998, 37 (24), 3359-3363.
3Wolfgang Lubitz, Hideaki Ogata, Olaf Riidiger, and Edwggi Reijerse, Chem. Rev. 2014, 114, 8, 40814148
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Abstract

The synthesis and characterization of a new class of hybrid polyoxometalate (POM) Wells-
Dawson phosphotungstates of the general formula [P2W17061(P202X]% (X = O, NH, or CRy)
will be discussed. Modifying the bridging unit X was found to impact the redox potentials of
the POM. Notably, diphosphonate hybrid POMs (X = CR>) offer further access to a range of
pendant functionalized molecules that can be installed using the synthetical versatile
diphosphonic acid precursor thereby enabling opportunities to explore new chemical space.
Compared to existing monophosphonate (RP=0) hybrid Wells-Dawson POMs, diphosphoryl
clusters offer a wider tunable redox window and enhanced hydrolytic stability. This study
provides the basis for the rational design and synthesis of next-generation hybrid Wells-Dawson
phosphotungstates.
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Figure 1. Class Il hybrid diphosphoryl Wells—Dawson phosphotungstates. Molecule colour
code: blue polyhedra = (WOg), pink polyhedra = (POa), red spheres = O, pink spheres = P.
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Department of Molecular Chemistry and Materials Science
Weizmann Institute of Science
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[b] Ms. F. Wang, Dr. A. Masip-Sanchez, Dr. C. de Graaf, Prof. J. M. Poblet
Department de Quimica Fisica i Inorganica
Universitat Rovira i Virgili
Domingo 1, Tarragona 43007, Spain

It is known that the greenhouse effect is highly influenced by the concentration of
CO:2 in the atmosphere. The sources of CO2 are: power generation, public
electricity and heat production from fossil fuel combustion. Previous research
shows different ways to reduce CO2 emission into the atmosphere, by reduction of
the amount of CO2 produced, use of COz2, and storage of COz2. Carbon monoxide
dehydrogenase (CODH) enzymes are active for the reversible CO oxidation —
COz2 reduction reaction and are of interest in the context of CO2 abatement and
carbon neutral solar fuels. Bioinspired by the active site composition of the
CODH's, polyoxometalates triply substituted with first row transition metals, were
modularly synthesized. The polyanions, in short, {SiMsWg¢} and {SiM'2M"Woy},
M, M', M" = Cu(ll), Ni(ll), Fe(lll) are shown to be electrocatalysts for reversible CO
oxidation — COz reduction. A catalytic Tafel plot showed that {SiCusWs} was the
most reactive for COz2 reduction, and electrolysis reactions yielded significant
amounts of CO with 98% faradaic efficiency. In contrast, Fe-Ni compounds such
as {SiFeNi2Wog} preferably catalyzed the oxidation of CO to CO2 similar to what is
observed for the [NiFe]-CODH enzyme. Compositional control of the heterometal
complexes, now and in the future leads to control of reactivity and selectivity for
COz2 electrocatalytic reduction.

Cu; CuFe CuFe, Cu;Ni CuNi; Fe, Ni, FeNi FeNi;
B TOF-CO Reduction [l TOF-CO Oxidation

Reference:

[1] Azaiza-Dabbah, D.; Vogt, C.; Wang, F.;, Masip-Sanchez, A.; de Graaf, C.; M. Poblet, J.; Haviv, E.;
Neumann, R. Angewandte Chemie, 2021.
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