Polyoxometalates

Edited by
Greta Ricarda Patzke and
Pierre-Emmanuel Car

Printed Edition of the Special Issue Published in Inorganics

www.mdpi.com/journal/inorganics




Greta Ricarda Patzke and Pierre-Emmanuel Car (Eds.)

Polyoxometalates



This book is a reprint of the Special Issue that appeared in the online, open access journal,
Inorganics (ISSN 2304-6740) in 2015 (available at:
http://www.mdpi.com/journal/inorganics/special issues/polyoxometalates).

Guest Editors

Greta Ricarda Patzke
University of Zurich
Switzerland

Pierre-Emmanuel Car
University of Zurich
Switzerland

Editorial Office
MDPI AG
Klybeckstrasse 64
Basel, Switzerland

Publisher
Shu-Kun Lin

Managing Editor
Min Su

1. Edition 2016
MDPI  Basel ¢ Beijing * Wuhan

ISBN 978-3-03842-161-0 (Hbk)
ISBN 978-3-03842-162-7 (PDF)

© 2016 by the authors; licensee MDPI, Basel, Switzerland. All articles in this volume are
Open Access distributed under the Creative Commons Attribution License (CC BY), which
allows users to download, copy and build upon published articles even for commercial
purposes, as long as the author and publisher are properly credited, which ensures maximum
dissemination and a wider impact of our publications. However, the dissemination and
distribution of physical copies of this book as a whole is restricted to MDPI, Basel,
Switzerland.


http://www.mdpi.com/journal/inorganics

Table of Contents

LISt OF CONTITDULOTS ...t e e e e e e e e e e e e e e e e eeeeeeeeeeeeeeeeaeeaeaaaaeaeaeaeas

About the GUESt EAItOTS....oieeeieieieeeeeeeee e

Preface
The Fascination of Polyoxometalate Chemistry
Reprinted from: Inorganics 2015, 3(4), 511-515

http://www.mdpi.com/2304-6740/3/4/5T1 ..coovueieiiieiieie ettt

William H. Casey, Marilyn M. Olmstead, Caitlyn R. Hazlett, Chelsey Lamar and
Tori Z. Forbes

A New Nanometer-Sized Ga(Ill)-Oxyhydroxide Cation

Reprinted from: /norganics 20185, 3(1), 21-26

http://www.mdpi.com/2304-6740/3/1/21 ..ooeueieieecie et

Merinda R. Healey, Stephen P. Best, Lars Goerigk and Chris Ritchie
A Heteroaromatically Functionalized Hexamolybdate
Reprinted from: Inorganics 2015, 3(2), 82-100

http://www.mdpi.com/2304-6740/3/2/82 ...oocveeeeieeeie ettt

Diana M. Fernandes, Marta Nunes, Ricardo J. Carvalho, Revathi Bacsa,
Israel-Martyr Mbomekalle, Philippe Serp, Pedro de Oliveira and Cristina Freire
Biomolecules Electrochemical Sensing Properties of a PMo 1 V@N-Doped Few Layer
Graphene Nanocomposite

Reprinted from: /norganics 2015, 3(2), 178-193

http://www.mdpi.cOm/2304-6740/3/2/1T8 ..ccuveeeeieeeee ettt

Pavel A. Abramov, Maxim N. Sokolov and Cristian Vicent
Polyoxoniobates and Polyoxotantalates as Ligands—Revisited
Reprinted from: Inorganics 2015, 3(2), 160-177

http://www.mdpi.com/2304-6740/3/2/100 ......ccooueeeieeeiieeie et

I



v

Aroa Pache, Santiago Reinoso, Leire San Felices, Amaia Iturrospe, Luis Lezama and
Juan M. Gutiérrez-Zorrilla

Single-Crystal to Single-Crystal Reversible Transformations Induced by Thermal
Dehydration in Keggin-Type Polyoxometalates Decorated with Copper(Il)-Picolinate
Complexes: The Structure Directing Role of Guanidinium

Reprinted from: Inorganics 2015, 3(2), 194-218

http://www.mdpi.com/2304-6740/3/2/194 ...couviiiiiieee e 58

Vincent Goovaerts, Karen Stroobants, Gregory Absillis and Tatjana N. Parac-Vogt
Understanding the Regioselective Hydrolysis of Human Serum Albumin by
Zr(IV)-Substituted Polyoxotungstates Using Tryptophan Fluorescence Spectroscopy
Reprinted from: Inorganics 2015, 3(2), 230-245

http://www.mdpi.com/2304-6740/3/2/230 ...cccuveerieeeiieeie ettt ettt e 84

Nancy Watfa, Sébastien Floquet, Emmanuel Terazzi, William Salomon, Laure Guénée,
Kerry Lee Buchwalder, Akram Hijazi, Daoud Naoufal, Claude Piguet and

Emmanuel Cadot

Synthesis, Characterization and Study of Liquid Crystals Based on the Ionic Association of
the Keplerate Anion [M01320372(CH3COO)30(H20)72]427 and Imidazolium Cations

Reprinted from: Inorganics 2015, 3(2), 246-266

http://www.mdpi.com/2304-6740/3/2/246 ......ooueiieeiieeeeee et 99

Masooma Ibrahim, Bassem S. Bassil and Ulrich Kortz

Synthesis and Characterization of 8-Yttrium(IIT)-Containing 81-Tungsto-8-Arsenate(III),
[Ys(CH;COO)(H20);5(As:W19065)4(W20g)2(WO4) ]2

Reprinted from: Inorganics 2015, 3(2), 267-278

http://Www.mdpi.cOm/2304-6740/3/2/2607 ...cccuveeeiieiiieiiieeeeete et 120

Olivier Oms, Tarik Benali, Jérome Marrot, Pierre Mialane, Marin Puget,

Héléne Serier-Brault, Philippe Deniard, Rémi Dessapt and Anne Dolbecq

Fully Oxidized and Mixed-Valent Polyoxomolybdates Structured by Bisphosphonates with
Pendant Pyridine Groups: Synthesis, Structure and Photochromic Properties

Reprinted from: Inorganics 2015, 3(2), 279-294

http://Www.mdpi.com/2304-6740/3/2/2779 ..coooueeeiieeeeet et 131



Yuji Kikukawa, Kazuhiro Ogihara and Yoshihito Hayashi

Structure Transformation among Deca-, Dodeca- and Tridecavanadates and Their Properties
for Thioanisole Oxidation

Reprinted from: Inorganics 2015, 3(2), 295-308

http://www.mdpi.com/2304-6740/3/2/295 ....ooeieeeeeeeeee et 146

Patricio Hermosilla-Ibafiez, Karina Muiioz-Becerra, Veronica Paredes-Garcia,

Eric Le Fur, Evgenia Spodine and Diego Venegas-Yazigi

Structural and Electronic Properties of Polyoxovanadoborates Containing the [V 12B150¢0]
Core in Different Mixed Valence States

Reprinted from: Inorganics 2015, 3(3), 309-331

http://www.mdpi.com/2304-6740/3/3/309 .....oeioriiiiieeie et 161

Sara Goberna-Ferron, Joaquin Soriano-Lépez and José Ramoén Galan-Mascarés
Activity and Stability of the Tetramanganese Polyanion [Mns(H20)2(PWoO34)2] lO—during
Electrocatalytic Water Oxidation

Reprinted from: Inorganics 2015, 3(3), 332-340

http://Www.mdpi.com/2304-6740/3/3/332 ..ooeoueeeiiieeeeeet et 184

Loic Parent, Pedro de Oliveira, Anne-Lucie Teillout, Anne Dolbecq, Mohamed Haouas,
Emmanuel Cadot and Israél M. Mbomekallé

Synthesis and Characterisation of the Europium (IIT) Dimolybdo-Enneatungsto-Silicate
Dimer, [Eu(a-SiWoMo0,030),]""

Reprinted from: Inorganics 2015, 3(3), 341-354

http:/Www.mdpi.com/2304-6740/3/3/341 ..ccoviieiiieiiieeee ettt 193

Tadaharu Ueda, Yuriko Nishimoto, Rie Saito, Miho Ohnishi and Jun-ichi Nambu
Vanadium(V)-Substitution Reactions of Wells—Dawson-Type Polyoxometalates:

From [XaM3062]° (X =P, As; M = Mo, W) to [X2VM;7042]"

Reprinted from: Inorganics 2015, 3(3), 355-369

http://www.mdpi.com/2304-6740/3/3/355 ..oeooeeeiieeeeee et 206

Simone Piccinin and Stefano Fabris

Water Oxidation by Ru-Polyoxometalate Catalysts: Overpotential Dependency on the
Number and Charge of the Metal Centers

Reprinted from: Inorganics 2015, 3(3), 374-387

http://www.mdpi.com/2304-6740/3/3/3T4 ..cc.ooriiriiniiiiiiiiiteteec e 221






VII
List of Contributors

Pavel A. Abramov: Nikolaev Institute of Inorganic Chemistry SB RAS, Novosibirsk 630090,
Russia; Novosibirsk State University, Novosibirsk 630090, Russia.

Gregory Absillis: Department of Chemistry, KU Leuven, Celestijnenlaan 200F, 3001 Heverlee,
Belgium.

Revathi Bacsa: Laboratoire de Chimie de Coordination UPR CNRS 8241, Composante
ENSIACET, Université Toulouse, 4 allée Emile Monso, 31030 Toulouse, France.

Bassem S. Bassil: Department of Life Sciences and Chemistry, Jacobs University, P.O. Box
750 561, 28725 Bremen, Germany; Department of Chemistry, Faculty of Sciences, University
of Balamand, P.O. Box 100, Tripoli, Lebanon.

Tarik Benali: Institut Lavoisier de Versailles, UMR8180, Université de Versailles St Quentin
en Yvelines, 45 Avenue des Etats Unis, 78035 Versailles cedex, France.

Stephen P. Best: School of Chemistry, University of Melbourne, Melbourne 3010, Australia.
Kerry Lee Buchwalder: Department of Inorganic and Analytical Chemistry, University of
Geneva, 30 quai E. Ansermet, Geneva CH-1211, Switzerland.

Emmanuel Cadot: Institut Lavoisier de Versailles, UMR 8180, University of Versailles, 45
avenue des Etats-Unis, Versailles 78035, France.

Pierre-Emmanuel Car: Department of Chemistry, University of Zurich, Winterthurerstrasse
190, CH-8057 Zurich, Switzerland.

Ricardo J. Carvalho: REQUIMTE/LAQV, Departamento de Quimica e Bioquimica,
Faculdade de Ciéncias, Universidade do Porto, 4169-007 Porto, Portugal.

William H. Casey: Department of Geology; Department of Chemistry, University of
California, Davis, CA 95616, USA.

Pedro de Oliveira: Laboratoire de Chimie Physique, UMR 8000 CNRS, Université
Paris-Sud, 91405 Orsay Cedex, France; Laboratoire de Chimie Physique, Equipe d'Electrochimie
et de Photo-¢électrochimie, Université Paris-Sud, UMR 8000 CNRS, Orsay, F-91405, France.
Philippe Deniard: Institut des Matériaux Jean-Rouxel, Université de Nantes, CNRS, 2 Rue
de la Houssiniére, BP 32229, 44322 Nantes cedex, France.

Rémi Dessapt: Institut des Matériaux Jean-Rouxel, Université de Nantes, CNRS, 2 Rue de la
Houssiniére, BP 32229, 44322 Nantes cedex, France.

Anne Dolbecq: Institut Lavoisier de Versailles, UMRS8180, Université de Versailles St
Quentin en Yvelines, 45 Avenue des Etats Unis, 78035 Versailles cedex, France.

Stefano Fabris: CNR-IOM DEMOCRITOS, Istituto Officina dei Materiali, c/o SISSA, Via
Bonomea 265, Trieste 34136, Italy.

Leire San Felices: Servicios Generales de Investigacion SGlker, Universidad del Pais Vasco
UPV/EHU, P. O. Box 644, Bilbao 48080, Spain.

Diana M. Fernandes: REQUIMTE/LAQV, Departamento de Quimica e Bioquimica,
Faculdade de Ciéncias, Universidade do Porto, 4169-007 Porto, Portugal.



VIII

Sébastien Floquet: Institut Lavoisier de Versailles, UMR 8180, University of Versailles, 45
avenue des Etats-Unis, Versailles 78035, France.

Tori Z. Forbes: Department of Chemistry, University of lowa, lowa City, IA 52242, USA.
Cristina Freire: REQUIMTE/LAQYV, Departamento de Quimica e Bioquimica, Faculdade de
Ciéncias, Universidade do Porto, 4169-007 Porto, Portugal.

Eric Le Fur: ENSCR, UMR 6226, 11, allée de Beaulieu - CS 50837-35708 Rennes Cedex
07, France.

José Ramon Galan-Mascarés: Institute of Chemical Research of Catalonia (ICIQ), Av.
Paisos Catalans 16, E-43007 Tarragona, Spain; Catalan Institution for Research and
Advanced Studies (ICREA), Passeig Lluis Companys, 23, E-08010 Barcelona, Spain.

Sara Goberna-Ferron: Institute of Chemical Research of Catalonia (ICIQ), Av. Paisos
Catalans 16, E-43007 Tarragona, Spain.

Lars Goerigk: School of Chemistry, University of Melbourne, Melbourne 3010, Australia.
Goovaerts: Department of Chemistry, KU Leuven, Celestijnenlaan 200F, 3001 Heverlee,
Belgium.

Laure Guénée: Department of Inorganic and Analytical Chemistry, University of Geneva, 30
quai E. Ansermet, Geneva CH-1211, Switzerland.

Juan M. Gutiérrez-Zorrilla: Departamento de Quimica Inorganica, Facultad de Ciencia y
Tecnologia, Universidad del Pais Vasco UPV/EHU, P. O. Box 644, Bilbao 48080, Spain;
BCMaterials, Parque Cientifico y Tecnoldgico de Bizkaia, Edificio 500, Derio 48160, Spain.
Mohamed Haouas: Institut Lavoisier de Versailles, Université de Versailles St. Quentin,
UMR 8180 CNRS, Versailles, F-78035, France.

Yoshihito Hayashi: Department of Chemistry, Graduate School of Natural Science and
Technology, Kanazawa University, Kakuma, Kanazawa 920-1192, Japan.

Caitlyn R. Hazlett: Department of Chemistry, University of Oregon, Eugene, OR 97043, USA.
Merinda R. Healey: School of Chemistry, University of Melbourne, Melbourne 3010, Australia.
Patricio Hermosilla-Ibafiez: Facultad de Quimica y Biologia, Universidad de Santiago de
Chile, USACH, Av. Libertador Bernardo O’Higgins 3363, 9170022, Santiago, Chile; Centro
para el Desarrollo de la Nanociencia y Nanotecnologia, CEDENNA, 9170022, Santiago, Chile.
Akram Hijazi: Laboratoire de Chimie de Coordination Inorganique et Organométallique
LCIO, Université Libanaise, Faculté des Sciences I, Hadath, Lebanon; Ecole Doctorale des
Sciences et Technologie EDST, PRASE, Université Libanaise, Hadath, Lebanon.

Masooma Ibrahim: Department of Life Sciences and Chemistry, Jacobs University, P.O. Box
750 561, 28725 Bremen, Germany; Present address: Institute of Nanotechnology, Karlsruhe
Institute of Technology (KIT), Hermann-von-Helmholtz Platz 1, 76344 Eggenstein-
Leopoldshafen, Germany.

Amaia Iturrospe: Departamento de Quimica Inorgénica, Facultad de Ciencia y Tecnologia,
Universidad del Pais Vasco UPV/EHU, P. O. Box 644, Bilbao 48080, Spain.

Yuji Kikukawa: Department of Chemistry, Graduate School of Natural Science and
Technology, Kanazawa University, Kakuma, Kanazawa 920-1192, Japan.

Ulrich Kortz: Department of Life Sciences and Chemistry, Jacobs University, P.O. Box 750 561,
28725 Bremen, Germany.



IX

Chelsey Lamar: Department of Chemistry, Howard University, Washington, D.C. 20059, USA.
Luis Lezama: Departamento de Quimica Inorgénica, Facultad de Ciencia y Tecnologia,
Universidad del Pais Vasco UPV/EHU, P. O. Box 644, Bilbao 48080, Spain; BCMaterials,
Parque Cientifico y Tecnolégico de Bizkaia, Edificio 500, Derio 48160, Spain.

Jérome Marrot: Institut Lavoisier de Versailles, UMR8180, Université de Versailles St
Quentin en Yvelines, 45 Avenue des Etats Unis, 78035 Versailles cedex, France.

Israél M. Mbomekallé: Laboratoire de Chimie Physique, Equipe d'Electrochimie et de
Photo-électrochimie, Université Paris-Sud, UMR 8000 CNRS, Orsay F-91405, France.

Pierre Mialane: Institut Lavoisier de Versailles, UMR&180, Université de Versailles St
Quentin en Yvelines, 45 Avenue des Etats Unis, 78035 Versailles cedex, France.

Karina Muifioz-Becerra: Facultad de Quimica y Biologia, Universidad de Santiago de Chile,
USACH, Av. Libertador Bernardo O’Higgins 3363, 9170022, Santiago, Chile; Centro para el
Desarrollo de la Nanociencia y Nanotecnologia, CEDENNA, 9170022, Santiago, Chile.
Jun-ichi Nambu: Department of Applied Science, Faculty of Science, Kochi University,
Kochi 780-8520, Japan.

Daoud Naoufal: Laboratoire de Chimie de Coordination Inorganique et Organométallique
LCIO, Université Libanaise, Faculté des Sciences I, Hadath, Lebanon; Ecole Doctorale des
Sciences et Technologie EDST, PRASE, Université Libanaise, Hadath, Lebanon.

Yuriko Nishimoto: Department of Applied Science, Faculty of Science, Kochi University,
Kochi 780-8520, Japan.

Marta Nunes: REQUIMTE/LAQV, Departamento de Quimica e Bioquimica, Faculdade de
Ciéncias, Universidade do Porto, 4169-007 Porto, Portugal.

Kazuhiro Ogihara: Department of Chemistry, Graduate School of Natural Science and
Technology, Kanazawa University, Kakuma, Kanazawa 920-1192, Japan.

Miho Ohnishi: Department of Applied Science, Faculty of Science, Kochi University,
Kochi 780-8520, Japan.

Marilyn M. Olmstead: Department of Chemistry, University of California, Davis,
CA 95616, USA.

Olivier Oms: Institut Lavoisier de Versailles, UMR8180, Université de Versailles St Quentin
en Yvelines, 45 Avenue des Etats Unis, 78035 Versailles cedex, France.

Aroa Pache: Departamento de Quimica Inorganica, Facultad de Ciencia y Tecnologia,
Universidad del Pais Vasco UPV/EHU, P. O. Box 644, Bilbao 48080, Spain.

Tatjana N. Parac-Vogt: Department of Chemistry, KU Leuven, Celestijnenlaan 200F, 3001
Heverlee, Belgium.

Verodnica Paredes-Garcia: Centro para el Desarrollo de la Nanociencia y Nanotecnologia,
CEDENNA, 9170022 Santiago, Chile; Departamento de Ciencias Quimicas, Universidad
Andres Bello, Republica 275, 8370146, Santiago, Chile.

Loic Parent: Institut Lavoisier de Versailles, Université de Versailles St. Quentin, UMR
8180 CNRS, Versailles, F-78035, France.

Greta R. Patzke: Department of Chemistry, University of Zurich, Winterthurerstrasse 190,
CH-8057 Zurich, Switzerland.



X

Simone Piccinin: CNR-IOM DEMOCRITOS, Istituto Officina dei Materiali, ¢/o SISSA, Via
Bonomea 265, Trieste 34136, Italy.

Claude Piguet: Department of Inorganic and Analytical Chemistry, University of Geneva, 30
quai E. Ansermet, Geneva CH-1211, Switzerland.

Marin Puget: Institut des Matériaux Jean-Rouxel, Université de Nantes, CNRS, 2 Rue de la
Houssiniére, BP 32229, 44322 Nantes cedex, France.

Santiago Reinoso: Departamento de Quimica Inorganica, Facultad de Ciencia y Tecnologia,
Universidad del Pais Vasco UPV/EHU, P. O. Box 644, Bilbao 48080, Spain.

Chris Ritchie: School of Chemistry, University of Melbourne, Melbourne 3010, Australia.
Saito: Department of Applied Science, Faculty of Science, Kochi University, Kochi 780-8520,
Japan.

William Salomon: Institut Lavoisier de Versailles, UMR 8180, University of Versailles,
45 avenue des Etats-Unis, Versailles 78035, France.

Héléne Serier-Brault: Institut des Matériaux Jean-Rouxel, Université de Nantes, CNRS,
2 Rue de la Houssiniére, BP 32229, 44322 Nantes cedex, France.

Philippe Serp: Laboratoire de Chimie de Coordination UPR CNRS 8241, Composante
ENSIACET, Université Toulouse, 4 allée Emile Monso, 31030 Toulouse, France.

Maxim N. Sokolov: Nikolaev Institute of Inorganic Chemistry SB RAS, Novosibirsk 630090,
Russia; Novosibirsk State University, Novosibirsk 630090, Russia.

Joaquin Soriano-Lépez: Institute of Chemical Research of Catalonia (ICIQ), Av. Paisos
Catalans 16, E-43007 Tarragona, Spain.

Evgenia Spodine: Centro para el Desarrollo de la Nanociencia y Nanotecnologia,
CEDENNA, 9170022, Santiago, Chile; Facultad de Ciencias Quimicas y Farmacéuticas,
Universidad de Chile, Sergio Livingstone 1007, Independencia, 8380492, Santiago, Chile.
Karen Stroobants: Department of Chemistry, KU Leuven, Celestijnenlaan 200F, 3001 Heverlee,
Belgium.

Anne-Lucie Teillout: Laboratoire de Chimie Physique, Equipe d'Electrochimie et de
Photo-¢électrochimie, Université Paris-Sud, UMR 8000 CNRS, Orsay, F-91405, France.
Emmanuel Terazzi: Department of Inorganic and Analytical Chemistry, University of
Geneva, 30 quai E. Ansermet, Geneva CH-1211, Switzerland.

Tadaharu Ueda: Department of Applied Science, Faculty of Science, Kochi University,
Kochi 780-8520, Japan.

Diego Venegas-Yazigi: Facultad de Quimica y Biologia, Universidad de Santiago de Chile,
USACH, Av. Libertador Bernardo O’Higgins 3363, 9170022, Santiago, Chile; Centro para el
Desarrollo de la Nanociencia y Nanotecnologia, CEDENNA, 9170022, Santiago, Chile.
Cristian Vicent: Serveis Centrals d'Instrumentacio Cientifica, Universitat Jaume I, Av. Sos
Baynat s/n, 12071 Castello, Spain.

Nancy Watfa: Institut Lavoisier de Versailles, UMR 8180, University of Versailles, 45 avenue
des Etats-Unis, Versailles 78035, France; Ecole Doctorale des Sciences et Technologie EDST,
PRASE; Laboratoire de Chimie de Coordination Inorganique et Organométallique LCIO,
Université Libanaise, Faculté des Sciences I, Hadath, Lebanon.



XI

About the Guest Editors

Greta R. Patzke received her Ph.D. summa cum laude from the
University of Hannover in 1999, and she worked on the synthesis,
characterization and properties of mixed oxides with special emphasis
on crystal growth methods from the gas phase. She then moved to the
ETH, Zurich and joined the group of Prof. Reinhard Nesper to work
on her Habilitation. During these years, she developed a wide range of
research interests including nanomaterials synthesis, polyoxometalates
(POMs) and the mechanistic investigation of hydrothermal techniques,
crossing the border between nano- and molecular chemistry. In
October 2006, she received the Venia Legendi for Inorganic
Chemistry from the ETH, Zurich. Her work was recognized by an offer of the Alfred Werner
Assistant Professorship soon afterwards, but in summer 2007, Greta Patzke started to work as
Assistant Professor of Inorganic Chemistry at the University of Zurich, Switzerland, endowed
with a Forderungsprofessur by the Swiss National Science Foundation. Over the following
years, she and her research team focused on the targeted development of oxide-based
materials for environmental applications. In spring 2013, Greta Patzke was promoted to
Associate Professor (tenured). Recent highlights of her work range from new POM-based
catalysts for visible-light-driven water oxidation to innovative monitoring and carrier
strategies for the interaction of bio-active POMs with cells. Current activities are focused on
the exploration of abundant transition metal clusters and oxides for water splitting in search of
design concepts for artificial photosynthesis concepts. She is a board member of the
University Research Priority Program “Light to Chemical Energy Conversion” (LightChEC,
http://www.lightchec.uzh.ch/).

Pierre-Emmanuel Car obtained his Ph.D. degree from the
University of Rennes 1 (France) in 2008, undertaking his Ph.D.
research under the supervision of Eric Le Fur and Jean-Yves Pivan,
working on polyoxovanadates. After post-doctoral experience with
Roberta Sessoli and Andrea Caneschi at the University of Florence
(Ttaly), and with Greta R. Patzke at the University of Zurich
(Switzerland), he started his independent carecer as an
“Oberassistent” (Habilitation) in 2014. His research interests are
currently focused on polyoxometalate chemistry and molecular
materials relative to the fields of molecular magnetism and
photocatalytic water splitting.







XIII

Preface

The Fascination of Polyoxometalate Chemistry

Pierre-Emmanuel Car and Greta R. Patzke

Reprinted from Inorganics. Cite as: Car, P.-E.; Patzke, G.R. The Fascination of Polyoxometalate
Chemistry. Inorganics 2015, 3, 511-515.

We are delighted to introduce this special issue of Inorganics. This themed issue is
dedicated to polyoxometalates (POMs) as an outstanding class of oxo-cluster materials.
Polyoxometalates have fascinated generations of researchers since the mid-18th-century; and
they continue to attract promising young scientists all over the world. Since the first
pioneering studies; the manifold structures and properties of POMs; have been the focus of
interdisciplinary research synthetic/structural chemistry; biology; physics and theoretical
chemistry. Moreover; polyoxometalates excel through outstanding compositional and structural
diversity; which enables fine-tuning of their electronic properties; redox properties; and
chemical stability along with robustness for the design of future applied devices. The growing
family of polyoxometalates can be divided into two classes: transition-metal-substituted
polyoxometalates (TMSPs) and lanthanide-substituted polyoxometalates (LnSPs). They
currently attract particular interest due to their strong potential in the most challenging
forefront research areas; e.g.; water splitting; catalysis; magnetism; electronic materials and
bio-medical applications. In the present themed issue; several research domains of polyoxometalate
chemistry are covered by internationally renowned research groups in this topical field;
ranging from synthesis/characterization and biological properties; through water oxidation
catalysis and photochromic properties; to liquid crystal properties.

The present special issue starts with a new report by William H. Casey and co-workers on
the synthesis and crystal structure determination of a new polynuclear Ga(Ill)-oxyhydroxo
cluster [1]. This compound extends the hitherto very short list of group 13 clusters (with Al**
and Ga’* cations). The newly discovered oxo-cluster contains 30 Ga(IIl) centers, and its
structure was determined from single crystal X-ray diffraction techniques at the Advanced
Light Source.

The contribution of Juan M. Gutierrez-Zorrilla and co-workers [2], sheds light on a fascinating
and versatile domain of polyoxometalate chemistry, namely the use of Keggin-type
polyoxometalates [XM,049]" (X = Si, Ge) as building-blocks and precursors for the design
and synthesis of new inorganic-metalorganic materials. Juan M. Gutierrez-Zorrilla et al.
report on three new hybrids that were fully characterized. Single crystal X-ray diffraction
techniques revealed the formation of 2D networks for all three compounds, highlighting the
structure-directing role of the guanidinium ions.

Next, the up-coming field of lanthanide substituted polyoxometalates is represented by
the contributions of Ulrich Kortz and co-workers [3] and of Israél M. Mbomekallé and
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co-workers [4]. Ulrich Kortz and his team present the synthesis and characterization of a new
polynuclear lanthanide-substituted polyoxometalate with the formula
[Yg(CH;COO)(Hzo)lg(Aszwl9063)4(W206)2(WO4)]437. Crystallographic studies revealed that
this lanthanide polyoxometalate is formed by four {Y2As,Wi9O¢s} units linked to each other
via two { W20} groups and one { WOs} fragment. Israél M. Mbomekall¢ et al. synthesized
and characterized a mononuclear europium hetero-polyoxometalate. The central europium(III)
ion displays a square anti-prismatic coordination environment, and it is surrounded by two
monovacant heterometallic W/Mo Keggin moieties [a-(SiWoMo0,039)]*". The new compound
was fully characterized with a wide range of analytical methods, and it displays promising
electro-catalytic activity for O, and H,O, reduction.

Among the wide range of properties of POMs, bio-medical applications continue to attract
the interest of international research groups. Two chemical approaches are reported in the
present themed issue. The first contribution of Tatjana N. Parac-Vogt and co-workers [5]
employs Zr(IV)-substituted polyoxometalates for the investigation of the regioselective
hydrolysis of human serum albumin. Tryptophan fluorescence spectroscopy studies revealed
for the first time a direct correlation between the metal incorporated in the POM and the rate
of protein hydrolysis, as well as the strength of their interaction. The second article by
Christina Freire and co-workers [6] features a novel hybrid nanocomposite formed from the
combination of a vanadium substituted phosphomolybdate {PMo;;V} and N-doped few layer
graphene (N-FLG), which was newly prepared and fully characterized. The efficiency of the
novel hybrid material for the electrochemical sensing of biomolecules, as well as for
electro-catalytic and sensing properties, was investigated in detail. The polyoxometalate
compound was successfully immobilized on N-FLG, and it exhibited excellent
electrocatalytic and sensing properties towards acetaminophen and theophylline oxidations.

The present special issue also contains selected contributions focused on polyoxometalates
with group 4 (Zr) and 5 (V, Nb, Ta) metal ions: two review articles by Pavel A. Abramov and
co-workers on polyoxonobiates and polyoxotantalates [7], and by Diego Venegas-Yazigi and
co-workers on polyoxovanadates [8]. Pavel A. Abramov ef al. summarize their contributions
to the coordination chemistry of noble metals (Rh, Ir, Ru, Pt(IV)) and polyoxometalates of
Nb(V) and Ta(V). In a complementary manner, Diego Venegas-Yazigi et al. give an account
of the structural and electronic properties of the less explored polyoxovanadoborate system.
This review covers the different existing vanadium (Vg, Vig, Vi2) and borate fragments
(B10022147, ...) as well as the use of the polyoxovanadoborate as building-blocks for the
design and the synthesis of extended structures (1D to 3D). This section is rounded off with
an article from Yoshihito Hayashi and co-workers [9] who report on the transformation of
three different polyoxovanadates and their efficiency as catalysts for the oxidation of thioanisole.

Over the past decade, transition metal substituted polyoxometalates (TMSPs) have been
intensely studied as promising catalyst types for water oxidation and water reduction processes.
In the present themed issue, two contributions from Simone Piccinin and co-workers [10] and
from José R. Galan-Mascaros and co-workers [11] shed new and interesting light on TMSP
compounds as water oxidation catalysts (WOCs). Simone Piccinin et al. compared different
ruthenium substituted polyoxometalates as WOCs containing one or four ruthenium centers as
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WOCs by means of density functional theory (DFT). Theoretical studies showed that the
oxidation state of the active Ru sites was found to be more important than their nuclearity.
José R. Galan-Mascaros et al. explore the challenging field of POM-WOCs inspired by the
{CaMn4Os} cluster of photosystem II. They investigated the activity and the stability of a
tetranuclear manganese-substituted polyoxometalate [Mn4(H20)2(PW9O34)2]107 as an
electrocatalyst for the water oxidation reaction, and compared its activity to the well-known
{Co4} analogue. Electrocatalytic studies revealed that the {Mn4} title POM shows lower
efficiency and stability under catalytic conditions in comparison with its {Cos} analogue,
thereby illustrating the challenges associated with bio-inspired POM-WOC design.

Finally, this special issue of /norganics on the most recent advancements of the polyoxometalate
chemistry is concluded with several contributions on recent progress in the rewarding field of
polyoxomolybdates. The featured articles cover a wide range of investigations, from the
synthesis and characterization of hexamolybdate [M06019]27 functionalized by a
heteroaromatic thiophene molecule containing an organoimido group to form the novel
polyoxomolybdate [MocOis(L4)> (L4 = 4(4-bromo-5-methylthiophen-2-yl)-2,6-
dimethylaniline) by Chris Ritchie and co-workers [12], to the investigation of the
vanadium(V) substitution reaction in Wells—Dawson type polyoxometalates, by Jun-ichi
Nambu and co-workers [13]. In this work, several analytical methods, such as cyclic
voltammetry, *'P NMR and Raman spectroscopy shed new light on the vanadium(V)-
substitution processes in the [X2M18062]67 to [XzVMnOGz]F (X =P, As; and M = Mo, W)
transformation reactions. These two articles are complemented by two contributions on new
polyoxomolybdate materials. Emmanuel Cadot and co-workers [14] report on the synthesis
and characterization of eight new Keplerates obtained through the combination of
[Mo13,037(CH3CO0)30(H,0)7,]** polyoxoanions and 1-methyl-3-alkylimidazolium cations.
The obtained complexes were fully characterized by a wide range of analytical methods, and
the liquid crystal properties of the newly reported materials were investigated. Next, Anne
Dolbecq and co-workers [15] synthesized and characterized two new hybrid organic—inorganic
Mo(VI) and mixed Mo(V/VI) polyoxomolybdates. The fully oxidized Mo(VI) POM
[(Mo"305)2(0sPC(0)(C3HNH,CH,CsHy;NH)POs),]* was obtained as sodium salt and as
sodium/potassium  salt, while the mixed Mo(V/VI) POM [(Mo",04)(Mo",0s),
{O3PC(O)(C3H6N(CH2C5H4N)2)PO3}2]47 was obtained as ammonium salt in the presence of
hydrazine. The pH stability domain of the three new hybrids was evaluated by *'P NMR
spectroscopic studies, and they were found to exhibit solid state photochromic properties with
rapid color-change under UV excitation.

Finally, we are very much indebted to all of the authors for their inspirational, exciting and
interdisciplinary contributions, which cover a wide range of contemporary POM chemistry.
We enjoyed editing this issue, and we hope that our audience will share the fascination of
polyoxometalate chemistry.
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A New Nanometer-Sized Ga(IlI)-Oxyhydroxide Cation

William H. Casey, Marilyn M. Olmstead, Caitlyn R. Hazlett, Chelsey Lamar and
Tori Z. Forbes

Abstract: A new 30-center Ga(Il)-oxy-hydroxide cation cluster was synthesized by hydrolysis of an
aqueous GaCls solution near pH = 2.5 and crystallized using 2,6-napthalene disulfonate (NDS). The
cluster has 30 metal centers and a nominal stoichiometry: [Gazo(pu-O)12(p3-O)a(ps-OH)a(p2-
OH)42(H20)16](2,6-NDS)s, where 2,6-NDS = 2,6-napthalene disulfonate This cluster augments the
very small library of Group 13 clusters that have been isolated from aqueous solution and closely
resembles one other Ga(Ill) cluster with 32 metal centers that had been isolated using curcurbit
ligands. These clusters have uncommon linked Ga(O)s centers and sets of both protonated and
unprotonated ps-oxo.

Reprinted from [Inorganics. Cite as: Casey, W.H.; Olmstead, M.M.; Hazlett, C.R.; Lamar, C,;
Forbes, T.Z. A New Nanometer-Sized Ga(III)-Oxyhydroxide Cation. /norganics 2015, 3, 21-26.

1. Introduction

Large cations that form in a hydrolyzed solution of Group 13 trivalent metals [1] attract intense
interest from a wide range of scientists. Geochemists use these clusters as experimental models to
understand reaction dynamics for adsorbate uptake and isotope-exchange pathways affecting the
metal-hydroxide solids [2] that make up soil. These clusters have also found a wide range of
industrial uses in the semiconducting industry [3], in water treatment [4], in pharmaceutical
products and in cosmetics [5]. However, unlike the hundreds of polyoxometalate ions that have
been made using Group 5 and 6 metals, only a few dozen cation clusters have been isolated so far

from hydrolyzed Group 13 metals, and reports of Ga™

clusters are particularly sparse. These
clusters tend to fall into two categories: cation derivatives of the Baker-Figgis-Keggin structures,
usually the e-isomer, or a series of “flat” clusters [6—8] that are less symmetric and have no central
M(O)s site.

Focusing on Ga'

oxyhydroxo clusters, there is the work of Johnson et al. [6-8], who developed
the chemistry and applications for the 'flat' clusters [7], which had previously been made only with
aminocarboxylate termination ligands to prevent condensation [9]. The existence of a
[Ga04Ga12(OH)24(OH2)12]”" ion having the structure of the & isomer of the Keggin series was
inferred from X-ray studies of solutions [10] and on pillared clays [9,11]. This Keggin structure of
[GaO4Gai2(OH)24(OH2)12]”* was predicted by Bradley [12] but has not yet been isolated in a crystal
structure in spite of the relative ease with which the AI™ version can be crystallized. Fedin’s group [12]
produced the most noteworthy advance when they used a macrocyclic curcubit ligand to isolate a large
Ga(II) polyoxocation with 32 metal centers (henceforth, Gas;). This cluster had two sets of corner-
shared tetrahedral sites and aspects of the molecule that resemble the “flat” clusters in that it
contains sheets of five linked edge-shared Ga(O)s octahedra with two bridging Ga(O)s bonded to
the sheets via corner-shared 12-OH.




2. Results and Discussion

Here we report a similar gallium cluster but with 30 metal centers (henceforth, Gaso) that
was crystallized from a simple aqueous solution and 2,6-napthalene disulfonate (NDS) as a
charge-balancing anion. The crystallizing solution was made with the standard approach used to
isolate A" polyoxocations—a 25 mL of 0.25 M GaCl; solution was heated to 80 °C and 60 mL of
0.25 M NaOH solution was added dropwise at rates of 2 mL/min. The resulting solutions were
stirred at temperature until precipitate disappeared and then split into aliquots that were sealed into
a Teflon-lined reactor and heated further overnight at 80 °C. After 16 h, the solutions were taken
from the oven and 1 mL of 0.15 M 2,6-NDS solution was added. After 48 h of aging at room
temperature, precipitate was filtered away and the solution left sealed in the dark. After several
weeks, small clear crystals became apparent at the bottom of the growth vessels. The final solution
had pH = 2.54, which is close to estimates of the first hydrolysis constant for [Ga(OH2)s]** [13].

The structure of the crystal (Table 1) was determined by X-ray methods at the Advanced Light
Source. Central to the crystal were Gazo(NDS)s clusters. These had a center of symmetry and a
stoichiometry of: [Gaso(-O)12(u3-0)a(u3-OH)a(u2-OH)42(H20)16]'2". Four of the galliums [Ga(1),
Ga(2), and symmetry equivalents] have tetrahedral geometry with bound oxygen atoms. The rest
are octahedral. Twelve of the oxygen atoms [O(2), O(3), O4), O(5), O(6), O(7) and symmetry
equivalents] are ps-oxo bridging four Ga™. Another four oxygen atoms [O(1) and O(10) and
symmetry equivalents] are ps-oxo bonded to three Ga™ and there are, in addition, four u3-OH [O(8)
and O(9) and symmetry equivalents]. Furthermore there are 42 p2-OH [O(11)-O(31) and symmetry
equivalents] bridging two metal centers. Finally, there are 16 terminal H2O molecules [O(32)—
0(39) and symmetry equivalents] that are terminally bound to Ga'™. Thus, there are a total of 78
protons bonded to oxygens in the cluster. These were located by difference Fourier methods, and
also by examination of hydrogen-bonding interactions. There are six (2,6-NDS) dianions. Some of
these are disordered with respect to centrosymmetry. A total of 47 hydrate molecules per unit cell
were included in the refinement. However, some of the OO distances are unreasonably short and
there is substantial disorder, so the actual number can only be estimated at +/— 5 H20. No attempt
was made to find the hydrogen atoms for these water molecules, which were not bonded to the
Gajy cluster.

The Gas; and Gasp structures (Figure 1) are very close to one another topologically and differ
primarily in the existence of the two corner-shared Ga(O)s in the Gas; that decorate a core similar
to the Gaj¢ structure. The longest dimensions for the two clusters are 1.78 and 1.51 nm,
respectively. Neither molecule closely resembles a Keggin structure, but there are p4-oxo linking
the Ga(O)4 tetrahedra to each other and to the outer Ga(O)e in the structures. These clusters are also
distinct in that the tetrahedral Ga(O)4+ come in two paired sets (Figures 1 and 2). Key structural
parameters are reported in the Supplemental Information, along with the structure file for the Gaso.



Table 1. The distinction between the psz-oxo and p3-OH is possible because of the

associated Ga-O distances.

ns-oxide distances A Bond valence for oxygen
Ga(1)-O(1) 1.847(2) 0.729
Ga(2)-0(1) 1.853(2) 0.717
Ga(10)’-O(1) 1.934(2) 0.576
Ga(5)-0(10) 1.917(2) 0.603
Ga(7)-0(10) 1.887(2) 0.654
Ga(14)-0(10) 1.909(3) 0.616

ps-hydroxide distances A Bond valence for oxygen
Ga(5)-0(8) 2.042(3) 0.43
Ga(10)-0(8)" 2.078(3) 0.39
Ga(14)-0(8)" 2.026(2) 0.449
Ga(7)-0(9) " 2.078(2) 0.39
Ga(12)-0(9)° 2.019(2) 0.458
Ga(13)-0(9)" 2.026(3) 0.449

* The BVS for O(1) is 2.02 and for O(10) it is 1.87. Without the inclusion of hydrogen, the BVS for
O(8) is 1.27 and for O(9) it is 1.30. With hydrogen included, the BVS for O(8) is 1.92 and for O(9) it is

1.96 [14].

Figure 1. The topology of the Gasg cluster shown in polyhedral representation and in a
similar orientation as that of the Gas; discovered by Gerasko ef al. [12]. The central

Ga(O)s4 sites in tetrahedral coordination are colored blue and the Ga(O)e are green.



Figure 2. The Gaso cluster shown in ball-and-stick formalism and in a similar
orientation as in the previous figure. Red spheres are oxygens, white are protons and
Ga(III) are green if octahedrally coordinated and blue if tetrahedrally coordinated. The
cluster stoichiometry is: [Gaso(ps-O)12(u3-O)a(p3-OH)a(p2-OH)42(H20)16]'2" with all
terminal oxygens as bound waters.

3. Conclusions

A new 30-metal-center oxy-hydroxide cation cluster was synthesized by hydrolysis of aqueous
GaCls and has a nominal stoichiometry: [Gaso(pu-O)12(u3-0)a(p3-OH)a(p2-OH)42(H20)16]'>". This

cluster augments the very, very small library of Ga!

polyoxocations. This is the second such
cluster, both having similar structure, formed as a Ga(Ill)-hydroxide cation, suggesting that the
reports of e-Keggin-structured gallium molecules, like the [GaO4Gai2(OH)24(OH2)12]”" may actually

be this derivative structure, one of only three gallium-hydroxide cations that have been so isolated.
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A Heteroaromatically Functionalized Hexamolybdate
Merinda R. Healey, Stephen P. Best, Lars Goerigk and Chris Ritchie

Abstract: A new heteroaromatic thiophene containing organoimido functionalized hexamolybdate
has been synthesized and characterized in both solid form and solution. Structural analysis shows
successful introduction of the organoimido ligand through replacement of one terminal oxo site
on [MosO19]*” to yield the singly functionalized hexamolybdate. Spectroscopic and theoretical
analysis indicates charge transfer between the inorganic and organic components, with a
significantly red-shifted lowest lying transition of 399 nm vs. the parent Lindqvist ion of 325 nm.
Additional characterization includes, thermal gravimetric analysis (TGA), infrared (IR), cyclic
voltammetry (CV), nuclear magnetic resonance (NMR) and time-dependent density functional
theory (TD-DFT) studies.

Reprinted from [norganics. Cite as: Healey, M.R.; Best, S.P.; Goerigk, L.; Ritchie, C. A
Heteroaromatically Functionalized Hexamolybdate. Inorganics 2015, 3, 82-100.

1. Introduction

Recent interest in the development of methodologies for the covalent grafting of organic
molecules to the surface of polyoxometalates (POMs) has been driven by the utility of the resulting
inorganic-organic hybrids in a range of applications [1-6]. One such methodology can be used to
yield organoimido functionalized Lindqvist structures of general formula [MosOg9-v(NR):]*"
where x = 1-6 and (NR) can be aromatic or aliphatic in nature [7]. Since the first report of
organoimido functionalized hexamolybdates, several groups have shown interest in the synthesis of
this structural class, and have subsequently reported a variety of modified synthetic approaches and
reaction conditions to achieve this goal [8—10]. That being said, drawing clear conclusions as to a
rational synthetic approach from the literature is challenging when targeting multiple
organoimido-substituted hexamolybdates. The use of aniline-based hydrochloride salts is a general
synthetic route to the formation of mono-functionalized hexamolybdates and was first reported by
Wei and Guo [11]. Both the aniline and its HCI salt were used for the synthesis of
mono-functionalized complexes containing electron-withdrawing groups. This route involves the
reaction of the a isomer of octamolybdate [MogO2s]*™ with the hydrochloride salt of the aromatic
amine of choice in dry acetonitrile in the presence of the dehydrating and activating agent
N,N'-Dicyclohexylcarbodiimide (DCC) [12].

Post-synthetic reactions involving organoimido hexamolybdates containing terminal halogen or
ethynyl groups has now been well documented [9,13—17]. Both Sonogashira and Heck
Pd-catalyzed carbon-carbon coupling reactions involving organoimido hexamolybdate complexes
have been reported, showing their promise as building blocks in the design of elaborate molecular
and polymeric compounds. Several key examples of post-synthetic Sonogashira and Heck
couplings include the preparation of complexes bearing metal binding ligands [17] and the
incorporation of the hexamolybdate in main chain polymers [16], as well as the preparation of




polymers with POM containing pendant side chains [9]. From a synthetic standpoint it is
significant to note the varying stabilities of [MosO(19-»(NR):]*~ complexes to the post-synthetic
conditions used in these reactions, in particular the tolerance of the base. The complex reported
herein is currently under investigation regarding its utility for inclusion in materials prepared using
these methodologies.

2. Results and Discussion

Here, we report a novel mono-functionalized organoimido hexamolybdate [MosO1s(L4)]>” (1-
L4) where L4 = 4-(4-bromo-5-methylthiophen-2-yl)-2,6-dimethylaniline. L4 was synthesized via
the palladium catalysed cross coupling of 3,5-dibromo-2-methylthiophene (L1) with
{4-[(diphenylmethylidene)amino]-3,5-dimethylphenyl}boronic acid (L.2) to yield N-[4-(4-bromo-5-
methylthiophen-2-yl)-2,6-dimethylphenyl]-1,1-diphenylmethanimine ~ (L3) that was then
subsequently deprotected and used as the HCI salt, as shown in (Scheme 1). The synthesis of
(1-L4) involved the preparation of a solution of (BusN)4[Mo0sO2s] (0.0561 mmol) in dry acetonitrile
(2 mL) to which 1.34 equivalents of 4-(4-bromo-5-methylthiophen-2-yl)-2,6-dimethylaniline and 2
equivalents of DCC were added. This solution was then sealed in a 5 mL biotage microwave vial
and reacted at 120 °C for 90 min at 4 bar in a biotage initiator microwave reactor. On cooling to
room temperature, the reaction mixture was filtered and the solvent removed under vacuum. The
resulting oil was washed with diethyl ether and subsequently recrystallized from acetonitrile via
diethyl ether vapor diffusion. Fractional crystallization was then required, with the yellow
tetrabutylammonium (TBA) salt of [MosO19]>~ crystalizing initially. The remaining solution was
decanted, concentrated and subjected to further diethyl ether diffusion resulting in the desired
compound, in moderate yield, over 5-10 days.

Br
HO\,-OH g Br
S
L» ((C4H;5)4N),[MOz0,] (1-L4)
— —_ T »(1-
Na,CO4 HCl MeCN
Pd(PPh,), THF DCC
THF, H,0 65°C Microwave, 120° C
80° C, 16 hrs Shrs NH;  15hrs
Cl
12 (L4)

Scheme 1. Synthesis of the monofunctionalized organoimido hybrid (1-L4).

The molecular structure of (1-L4) (Figure 1) is characteristic of previously reported
mono-imido hexamolybdates, with one of the terminal [Mo=0]*" units being replaced by a more
electron-rich [Mo=NR]*" unit. The short Mo—N bond length (1.768(7) A) and Mo—N—C bond angle
(169.1(7)°) are in agreement with the assignment, and indicative of an Mo=N triple bond character.
Typical displacement of the central oxygen atom (Oc) within the hexamolybdate complex



towards [O—Mo=NR] (2.205(5) A) vs. the average of the remaining non-substituted sites [Oc—
Mo=0t] (2.34(1) A) is also observed. Disorder of the thiophene portion of (1-L4) is observed due
to free rotation around the single bond connecting the thiophene and aniline aromatic systems. The
observed positions of carbon atoms C9, C12, and C13 were not affected by this disorder, whereas
the positions of S1, C10, C11 the methyl substituent C14 and the bromine substituent Brl were.
Their positions were modeled using free variables, and by constraining the disordered atoms
displacement parameters, atomic positions and bond lengths. The two observed positions refine
well with occupancies of 58% and 42%. Furthermore, in the solid state the thiophene rings of two
neighboring molecules are involved in pi-pi interactions resulting in the formation of a dimeric
motif (Figure 1). The intermolecular separation was found to be 3.529(1) A from ring center to ring
center. Two charge balancing tetrabutyl-ammonium (TBA) cations are also required however only
one could be successfully modeled, with the other showing significant disorder. A solvent mask
was, therefore, implemented after the assignment of all locatable atoms from the difference map,
with chemical and thermal analysis being consistent with the assignment of two TBA cations and
the absence of any additional solvate in the bulk sample.

The electronic spectroscopy of (1-L4) (Figure A2) clearly shows a significant bathochromic
shift and increase in intensity of the complexes lowest energy electronic absorption when compared
to the parent plenary Linqvist polyanion [MosO19]>". Indeed this 72 nm shift to longer wavelengths
(1-L4 399 nm vs. [MosO19]*” 325 nm) is among the largest observed for any mono-functionalized
organoimido hexamolybdate with an € = 2.47 x 10* M"! cm™'. This absorption seems to be similar
to other mono-functionalized compounds of extended conjugation presented in literature, such as
that presented by Peng (382 nm, 392 nm, 403 nm) [15,17,18]. This significant bathochromic shift is
indicative of extended conjugation between the organic and inorganic components, with the
presence of the electron withdrawing —Br attached on the thiophene ring probably aiding electronic
mobility within the hybrid material.

The nature of the absorption band for 1-L4 is further analyzed with linear-response
time-dependent density functional theory (TD-DFT) calculations. Calculations at the
TDA-CAMB3LYP/def2-TZVPP [19-21] //TPSS-D3/def2-TZVP [21-24] level of theory show
qualitative agreement with experiment with a bright transition at 390 nm. The blue-shift of 9 nm
compared to the experimental value is within the usual error margin for this level of theory [25]
and expected for gas-phase calculations. Further analysis reveals that this bright electronic
excitation is dominated by a transition from the highest occupied (HOMO) to the lowest
unoccupied molecular orbital (LUMO). The HOMO is predominantly localized around the imido
bridge and the adjacent six-membered ring, while the LUMO is additionally characterized by a strong
contribution from the thiophene unit (Figure A9a,b). Inspection of the difference density (Figure A9c)
further confirms that this excitation is of charge-transfer (CT) character with the imido bridge
functioning as the electron donor and the thiophene as the electron acceptor; see also References [26]
and [27] for related computational work.



Figure 1. Graphical representation of (1-L4) (top) and space filling representation of
the pi-stacked dimers observed in the solid state (bottom). Mo = Orange spheres;
O = Red spheres; N = Blue sphere, C = Black spheres; S = Yellow sphere;
Br = Teal sphere; H = White spheres [29].

The initial voltammetric response from solutions of (1-L4) reveal a reversible reduction with
E® = —1.07 V with an additional weak, reversible process with E° = —0.92 V, due to
contamination of the sample by [MosO19]*~ (Figure 2). The presence of [MosO19]*" in the sample
allows quantification of the shift in reduction potential with functionalization of the plenary
Lindqvist polyanion. A scan to strongly reduce potentials lower than —1.65 V is accompanied by
formation of daughter products which give rise to distinct anodic processes at potentials above
0.1 V (Figure A8), which are due to decomposition products. Similar anodic waves have previously
been attributed to the oxidation of isopoly blues of unknown composition [28]. Consistent with
earlier reports, there is evidence for surface adsorption of the reduced polyoxo species with
subsequent voltammograms featuring increasingly current with broad and sharp features consistent
with a mixture of surface immobilized and solute species.

FTIR spectroscopy of (1-L4) (Figure A4) shows the presence of several bands associated with
the polyanion such as v(Mo-Ox) and v(Mo-Ob-Mo) stretches at 950 and 794 cm !, respectively.
The characteristic v(Mo-N) is observed as a sharp shoulder band at 975 cm ™.

The solution stability of (1-L4) has been confirmed by 'H NMR studies (Figure A7), with all
protons being unambiguously assigned versus that observed for the (L4) starting material. Aryl
aniline protons give a singlet at 7.30 ppm 2H, meanwhile the thiophene proton also gives a singlet at
7.23 ppm 1H. These peaks integrate well with the two sets of aniline methyl protons 2.62 ppm 6H
and thiophene methyl protons 2.43 ppm 3H. Signals at 0.97, 1.35, 1.60, and 3.08 ppm are attributed
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to the protons in the tetrabutylammonium counterions. Higher integrations of the cation protons
indicate the possibility of some residual hexamolybdate that could not be separated via fractional
crystallization or during the isolation process. (1-L4) was also studied by LC-MS showing isotopic
cluster anions centered at m/z 579.16, and 1159.39. The signals are thus assigned as the parent
cluster M>* (M = [MosO1sNC13SH12Br]), calculated 579.17 and M?>" + H*, calculated 1159.38
(Figure A1).
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Figure 2. Cyclic voltammetry of a 2 mM solution of (1-L4) with (BusN)PFs (0.1 M) in
CH3CN. The scans were recorded from a freshly polished electrode using Pt working
(3 mm diameter) and counter electrodes and an Ag pseudo-reference electrode.
Potentials were corrected vs. ferrocene.

3. Conclusions

A new heteroaromatically derivatized hexamolybdate has been synthesized and extensively
characterized. Theoretical TD-DFT calculations qualitatively agree with experimental observations,
with the lowest lying excitation having charge transfer character whereby the HOMO is localized
around the organoimido bridge and the LUMO on the thiophene. The electrochemical response of
(1-L4) is similar to that of the parent Lindqvist polyanion with the potential of the first reversible
reduction shifted cathodically by 150 mV as a result of derivitization. The reversibility of the
process indicates that the reduced compound does not undergo dissociation of the ligand or
fragmentation over the timeframe of the cyclic voltammetric experiment. Further reduction results
in rapid decomposition of the complex. The molecule represents a rare example of a halogenated
organoimido functionalized hexamolybdate with potential for further post-synthetic modification as
a result, which is currently under investigation.
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Appendix

IR, 'H NMR spectra, TGA and X-ray data collection and refinement details of L3, L4 and 1-L4
are available where applicable. Crystal structures of (1-L4) and (L3) are deposited in the
Cambridge Structural Database as CCDC 1057033 and 1057032.

Al. Instrumentation
Al.1. FT-IR Spectroscopy (KBr Disc)

FT-IR spectroscopy was performed on a Bruker Tensor 27 FT-IR spectrometer (University of
Melbourne, Melbourne, Australia). Samples were prepared as KBr pellets. Signals are listed as
wavenumbers (cm!) with the following abbreviations: vs = very strong, s = strong, m = medium,
w = weak and b = broad.

Al.2. Elemental Analysis

Chemical analysis was performed on Carlo Erba Elemental Analyser EA 1108, (The Campbell
Microanalytical Laboratory, Department of Chemistry, University of Otago, Otago, New Zealand).

Al.3. Microwave Reactor

Synthesis of (1-L4) was performed using a Biotage Initiator (University of Melbourne,
Melbourne, Australia).

Al.4. UV-Vis Spectrometer

UV-Vis spectroscopy was performed on Agilent Technologies Cary 60 UV-Vis (University of
Melbourne, Melbourne, Australia), using standard quartz cuvettes (d = 1 cm).
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Al.5. Mass Spectroscopy (ESI)

Mass spectroscopy was performed on a high resolution Agilent QTOF LCMS 6520 (University
of Melbourne, Melbourne, Australia).

Al.6. Thermogravimetric Analysis (TGA)

Thermal analysis was performed on a Mettler TGA/SDTA851° Module (University of
Melbourne, Melbourne, Australia). Method: gas flow: N2 at 25 mL/min, temperature: 25 °C (5
min), 25-450 °C (rate: 5 °C/min)

Al.7. NMR Spectroscopy

NMR spectroscopy was performed on a Varian 400 MHz NMR Spectrometer (University of
Melbourne, Melbourne, Australia).

Al.8. Column Chromatography

Chromatographic separations were performed using a Grace Technologies, Reveleris X2
(University of Melbourne, Melbourne, Australia).

Al.9. Electrochemistry

Electrochemical experiments were conducted using a purpose built cell previously described [30].
Experiments employed 3 mm diameter platinum working, silver pseudo-reference and platinum
foil counter electrodes. Solutions for electrochemical analysis were prepared under strictly
anaerobic conditions using a Vacuum Atmospheres glove box. The applied potential was controlled
using a PAR model 362 potentiostat where waveforms were generated using EChem V1.5.2
software in conjunction with a Powerlab 4/20 interface (ADInstruments, University of Melbourne,
Melbourne, Australia).

A2. Experimental Section

Chemicals were used as purchased without further purification. Solvents were degassed and
dried over 3 A molecular sieves using standard laboratory procedures. Previously reported
compounds (L1) and (L2) were synthesised as described in the original paper [31].

Synthesis of (L3): /N-[4-(4-bromo-5-methylthiophen-2-yl)-2,6-dimethylphenyl]-1,1-
diphenylmethanimine

To a solution of N-(4-borate-2,6-dimethylphenyl)-1,1-diphenylmethanimine (820 mg, 2.25 mmol),
Na2COs3 (360 mg, 3.40 mmol) and 3,5-dibromo-2-methylthiophene (563 mg, 2.25 mmol) in
degassed THF (5 mL) and degassed water (3 mL), was added Pd(PPhs)4 (26 mg, 0.02 mmol) and
the solution was purged with N2 for 5 min. The reaction vessel was then sealed and heated to 80 °C
for 16 h. Upon cooling, saturated aqueous NH4Cl was added and the solution extracted with diethyl
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ether and dried with magnesium sulphate. The solution was then dried in vacuo and purified using
column chromatography (silica, hexane : ethyl acetate, 0-5% ethyl acetate gradient flow over 10 min,
Rr—0.41 5% Ethyl acetate in hexane), to give a yellow solid. (1.036 g, 0.827 mmol, 37% yield).
Recrystallization from acetone afforded large yellow blocks after 2 days via slow evaporation.
'H NMR (CDCl3, 400 MHz): & 2.06 (s, 6H, Ar—-CH3), 2.38 (s, 3H, Ar—-CHz), 6.97 (s, 1H, ArH),
7.06 (s, 2H, ArH), 7.12(t, 2H, ArH), 7.23(t, 2H, ArH), 7.29 (t, 1H, ArH), 7.43 (t, 2H, ArH),
7.50 (t, 1H, ArH), 7.79 (d, 2H, ArH). Elemental analysis (%) calcd. For C26H22NSBr: C, 67.81;
H, 4.82; N, 3.04. Found: C, 68.05; H, 4.96; N, 3.01. Selected IR data (KBr, cm™): 3053 (m), 3026 (w),
2966 (m), 2912 (m), 2853 (w), 1620 (vs), 1597 (s), 1576 (m), 1539 (m), 1490 (s), 1462 (s), 1445 (vs),
1377(w), 1329 (w), 1313 (s), 1286 (s), 1227 (s), 1180 (m), 1163 (m), 1137 (s), 1059 (s), 1028 (m),
999 (m), 976 (w), 949 (s), 912 (m), 885 (m), 864 (m), 849 (m), 820 (vs), 785 (s), 771 (s), 760 (m),
746 (m), 700 (vs), 648 (s), 617 (w), 590 (m), 557 (m), 505 (m).

Synthesis of (L4): (4-bromo-5-methylthiophen-2-yl)-2,6-dimethylaniline- HCI

To a solution of N-[4-(4-bromo-5-methylthiophen-2-yl)-2,6-dimethylphenyl]-1,1-
diphenylmethanimine (1.00 g, 2.17 mmol) in THF (20 mL) was added HCI (2M, 10 mL) and heated
at 65 °C for 5 h. The solution was then cooled, dried in vacuo and washed with ether to give an off
white product (642.8 mg, 1.93 mmol, 89% yield). '"H NMR (d6-DMSO, 400 MHz): § 2.19 (s, 6H,
Ar-CH3), 2.34 (s, 3H, Ar—CHz3), 7.19 (s, 2H, ArH), 7.21 (s, 1H, ArH). Elemental analysis (%)
caled. For Ci3HisNSCIBr: C, 46.93; H, 4.55; N, 4.21. Found: C, 46.37; H, 4.48; N, 4.19. Selected
IR data (KBr, cm™): 3058(w), 2922 (w), 2852 (w), 2581 (w), 1621 (s), 1521(w), 1494 (m), 1468 (w),
1384 (m), 1318 (m), 1099 (w), 1063 (w), 818 (w), 786 (m).

Synthesis of (1-L.4): Mo0s013(4-(4-bromo-5-methylthiophen-2-yl)-2,6-dimethylaniline)

A solution of (Bu4N)4[MosO2s] (120.8 mg, 0.0561 mmol), dicyclohexylcarbodiimide (23.1 mg,
0.112 mmol), 4-(4-bromo-5-methylthiophen-2-yl)-2,6-dimethylaniline. HCI (25 mg, 0.0751 mmol)
in dry acetonitrile was heated in a microwave reactor at 120 °C for 90 min. The solution was then
cooled, filtered and the remaining solvent removed in vacuo. The oil was then washed with diethyl
ether and dissolved in acetonitrile with vapor diffusion of diethyl ether resulting in the
crystallization of hexamolybdate, which was removed by filtration. Further diffusion resulted in the
crystallization of the desired red product (12 mg, 0.00730 mmol, 13% yield) after one week.
'H NMR (CDsCN, 400 MHz): § 0.97 (t, 24H, ~CH3, [BusNT"), 1.35 (m, 16H, -CHz—, [BusNT"),
1.60 (m, 16 H, —-CHa2—, [BusN]"), 2.43 (s, 3H, Ar—CH3), 2.62 (s, 6H, Ar-CHs), 3.08 (m, 16H,
—CH2—, [BwNT]"), 7.23 (s, 1H, ArH), 7.30 (s, 2H, ArH). Elemental analysis (%) caled. For
CasHsaN3SBrMoeOis: C, 32.90; H, 5.16; N, 2.56. Found: C, 32.98; H, 5.25; N, 2.53. Selected IR
data (KBr, cm™!): 2961(s), 2932 (w), 2873 (m), 1626 (m), 1595 (w), 1479 (m), 1382 (m), 1320 (m),
1161 (w), 975 (s, Mo—N), 950 (vs, Mo—Ox), 880 (w), 794 (vs, Mo—O-Mo), 590 (m), 448 (m).
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A3. Characterization Section

A3.1. Mass Spectroscopy
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Figure Al. Mass Spectrum of Compound (1-L4) (M>", m/z = 579.16). ESI mass
spectrometry was performed in acetonitrile in negative ion mode.

A3.2. Electronic Spectroscopy
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Figure A2. UV-Vis spectrum of (1-L4) in MeCN: Amaxi = 399 nm, £ =2.47 x 10* M ' cm ™!,

Amaxt = 305 nm, £ = 1.23 x 10* M! cm™!, Amax1 = 246 nm, & = 2.03 x 10* M! em1,
Amaxi =207 nm, £ =3.65x 10* M ' em™'.
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Figure A3. IR spectrum of (L4).
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A3.3. Nuclear Magnetic Resonance Spectroscopy
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Figure A5. NMR Spectrum (400 MHz) of (L3) in CDCl.
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17

le, q
s = = 2 4 E S = B o
T i T I | 1 5 )
| Fas0
J/ 7 |
,/ / / 400
| /
/ [
s / { i / // | =g
300
250
" 200
I 150
NUARE o
l | .
‘“ | 100
I ! o |
| | ‘ A | (- s
| | R M |
/ / I
lk.;h [ | { N, 11| N AR L,
il i i) x| S NN 5

74 73 72 7132 31 30 29 28 27 26 25 24 2.3(1(2.2 )2.1 20 19 18 17 16 15 14 13 12 11 1.0 09 08
opm

Figure A7. NMR Spectrum (400 MHz) of (1-L4) in d3-MeCN.
A3.4. Electrochemistry

Following the completion of voltammetric experiments a sample of ferrocene (Fc) was added to
the solution and all potentials are referenced against the Fc'/Fc couple.
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Figure A8. Cyclic voltammetry of (1-L4) showing the second reduction and accompanying
anodic processes.

A3.5. Computational Details

The geometry optimization of one (1-L4) unit was carried out with TURBMOLE 6.4 [32], the
TPSS [22] meta-generalized-gradient-approximation density functional, and Ahlrichs’ triple-C
atomic-orbital (AO) basis set with one set of polarization functions (def2-TZVP) [21]. The



18

modified Stuttgart-Dresden def2-ECP [21] effective core potential was applied to the Mo atoms.
Grimme’s DFT-D3 [23] London-dispersion correction with Becke-Johnson damping [24] was
applied during this step. Subsequent linear-response time-dependent density functional theory
calculations were carried out with ORCA 3.0.2 [33] within the Tamm-Dancoff approximation
(TDA) [19]. For all heavy atoms, the def2-TZVPP AO basis set was applied, while hydrogen atoms
were treated with the def2-SV double-{ basis to speed up the calculations [21]. The def2-ECP was
again applied to all Mo atoms.

The results discussed in the manuscript were obtained with the range-separated CAMB3LYP
density functional [20]. Additional calculations with the range-separated wB97X-D3 [34]
functional confirmed the charge-transfer character of the first bright excitation and were in
qualitative agreement with the CAMB3LYP calculations (absorption at 379 nm). The resulting
highest occupied and lowest unoccupied molecular orbitals obtained at the CAMB3LYP level are
shown in Figure A9, along with the difference density, and they clearly indicate the charge-transfer
character of the excitation.

Figure A9. (a) Highest occupied molecular orbital obtained at the CAMB3LYP/def2-
TZVPP level of theory displayed with an isovalue of 0.02 ¢ /A*. (b) Lowest
unoccupied molecular orbital obtained at the CAMB3LYP/def2-TZVPP level of theory
displayed with an isovalue of 0.02 e /A*3. (¢) Difference density for the CT transition
obtained at the TDA-CAMB3LYP/def2-TZVPP level of theory displayed with an
isovalue of 0.0004 e /A*. Green lobes indicate an increase in electron density upon
electronic excitation and blue indicates a decrease. All surface plots were generated with
Gaussview 5.0 [34].



A3.6. Cartesian Coordinates

Table Al. Cartesian Coordinates (A) of 1-L4 Optimized at the TPSS-D3/def2-TZVP

Level of Theory.

Cartesian Coordinates (A)

OO0 0000000000000 ZOOZ T OOOIZD OO ZOZZOOOOTT T ©T O T

3.76704225
8.79961983
8.87077619
9.69833234
8.78913391
0.96256278
1.56254262
1.77530740
2.94484244
3.40180409
1.10163712
0.50481002
1.83866424
0.39680786
7.59386438
6.18839822
5.97589682
3.15321125
3.77009862
0.67156702
—0.01800377
1.26335447
0.03677621
5.21655957
7.50055059
—0.37806453
—6.30236442
—4.37228812
—2.55751051
—6.29892939
—4.41902666
—2.55711831
—4.42922706
—6.29344006
—4.43233273
—6.29498094
—2.55700529
—4.46304402
—2.55518400
—4.45481996
—8.47713797

2.03847542
—2.01560166
—2.73103735
—1.39231526
—2.59102756

0.13987740
—1.14797725

1.29901199
—1.24373548
—2.22830515

2.63869224

2.85001645

3.43685064

2.64829174
—1.14230232

0.74582657

1.79675983

1.15160124
—0.11209650
—2.34846316
—2.43524581
—3.26621562
—2.24804774
—0.23465473

0.21728381

0.25874441

1.57923483

0.26702048

1.59712153

1.59573674

2.91549342

1.61203372

0.27669877
—1.04499882

0.25667581
—1.05586386
—1.08720380

3.15757998
—1.06732613

3.10375150

0.24262438

0.30065425
0.41244729
—0.41655383
0.40394112
1.34634501
—0.04620859
—0.14917984
0.10936217
—0.09804489
—0.19445924
0.22587839
—0.66856868
0.36309774
1.06459060
0.28740460
0.03186394
—0.11316036
0.15798309
0.05490087
—0.30992473
0.53732293
—0.38903123
—1.19713465
0.11026329
0.13429621
—0.08920770
—1.41436027
—0.09343012
—1.44792530
1.21226320
—0.08453437
1.24718283
—2.74280726
1.23892385
2.55667783
—1.40947046
—1.42217494
—2.93033868
1.24923151
2.79799406
—0.08541032
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Table Al. Cont.

Cartesian Coordinates (A)

—4.44104229
—4.42260783
—4.43177656
5.98186692
9.04012899
—4.45217513
—6.77320756
—4.44116305
—2.16185379
—4.40705584
—4.41479636

—2.38607044
—2.62719372
—2.57234737
—1.79775572
1.35225338
1.95216728
0.24249817
1.89427511
0.29537333
—1.42246356
—1.36432115

—0.10306189
2.74380416
—2.98509932
0.31727666
0.04645216
—1.72269566
—0.08640557
1.59437427
—0.10077312
1.53532479
—1.77989579

A3.7. Crystallography

Table A2. X-ray Data Collection. Single crystal X-ray data was collected using an Agilent

Technologies SuperNova Dual Wavelength single crystal X-ray diffractometer at 130 K
using Mo-Kao radiation (A = 0.71073 A) for (L3) and Cu-Ko radiation (A = 1.5418 A) for
(1-L4) fitted with a mirror monochromator. Crystals were transferred directly from the

mother liquor to the oil, to prevent solvent loss. The data was reduced using CrysAlisPro

software (Version 1.171.36.28) (University of Melbourne, Melbourne, Australia) using

a numerical absorption correction based on Gaussian integration over a multifaceted

crystal model. Data was solved using direct methods by SHELXT and refined using a

full-matrix least square procedure based upon F2. All ordered non-H atoms were

refined anisotropically.

Parameter L3 1-L4
Formula CstzzNSBI‘ M06013N3C45H34SBF
Fy 460.41 1642.76
Crystal Class Monoclinic Monoclinic
Space Group P2i/n P2i/n
a(A) 12.5989(5) 11.03023(16)
b(A) 11.5694(5) 16.9232(2)
c(A) 15.2670(6) 32.4507(5)
a (°) 90 90
B () 101.954(4) 98.8238(13)
v () 90 90
V (A% 2177.07(16) 5985.79(15)
Z 4 4
T (K) 130.01(10) 130.01(10)
p (mm) 1.996 11.658
reflns measd 13729 105913
unique reflns 5687 12538
RI1[I>206(])] 0.0497 0.0898
wR2(all data) 0.1727 0.2471
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A3.8. Thermal Gravimetric Analysis
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Figure A10. TGA of Compound (L4), showing that no solvent is present within

the structure, which is in line with the elemental analysis.
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Figure A11. TGA of Compound (1-L4), showing that no solvent is present within
the structure, which is in line with the crystal structure and elemental analysis.
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Biomolecules Electrochemical Sensing Properties of
a PMou V@N-Doped Few Layer Graphene Nanocomposite

Diana M. Fernandes, Marta Nunes, Ricardo J. Carvalho, Revathi Bacsa,
Israel-Martyr Mbomekalle, Philippe Serp, Pedro de Oliveira and Cristina Freire

Abstract: A novel hybrid nanocomposite, PMo11V@N-doped few layer graphene, was prepared
by a one-step protocol through direct immobilization of the tetrabutylammonium salt of
a vanadium-substituted phosphomolybdate (PMo11V) onto N-doped few layer graphene (N-FLG).
The nanocomposite characterization by FTIR and XPS confirmed its successful synthesis. Glassy
carbon modified electrodes with PMon1V and PMonV@N-FLG showed cyclic voltammograms
consistent with surface-confined redox processes attributed to Mo-centred reductions (MoY'—MoV)
and a vanadium reduction (V¥—V'). Furthermore, PMo11V@N-FLG modified electrodes showed
good stability and well-resolved redox peaks with high current intensities. The observed
enhancement of PMonV electrochemical properties is a consequence of a strong electronic
communication between the POM and the N-doped few layer graphene. Additionally, the
electro-catalytic and sensing properties towards acetaminophen (AC) and theophylline (TP)
were evaluated by voltammetric techniques using a glassy carbon electrode modified with
PMo1:1V@N-FLG. Under the conditions used, the square wave voltammetric peak current increased
linearly with AC concentration in the presence of TP, but showing two linear ranges: 1.2 x 107 to
1.2x10*and 1.2 x 10 to 4.8 x 10# mol dm >, with different AC sensitivity values, 0.022 A/mol dm>
and 0.035 A/mol dm 3, respectively (detection limit, DL = 7.5 x 10" mol dm ).

Reprinted from Inorganics. Cite as: Fernandes, D.M.; Nunes, M.; Carvalho, R.J.; Bacsa, R.;
Mbomekalle, I.-M.; Serp, P.; de Oliveira, P.; Freire, C. Biomolecules Electrochemical Sensing
Properties of a PMonV@N-Doped Few Layer Graphene Nanocomposite. [norganics 2015, 3,
178-193.

1. Introduction

Taking advantage of the electroactivity of some drugs and biomolecules, the application of
electrochemical sensors for biological analysis has been growing rapidly, mainly due to the
simplicity, accuracy, precision, low cost and rapidity of the electrochemical techniques [1]. In order
to develop electrochemical sensors with higher selectivity and sensitivity, the chemical modification
of electrode surfaces has been a major focus of research. The modified electrodes present lower
overpotential values and improved mass transfer kinetics, decreasing the effect of interferences and
avoiding surface fouling [2]. Nanostructured materials, in particular, carbon-based nanomaterials such
as carbon nanotubes and graphene, have attracted considerable interest in this field, owing to their
unique physical, chemical and electrochemical properties. They present low residual current, readily
renewable surfaces and wide potential windows, providing an important and feasible platform for
electroanalysis [3,4].
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Graphene (G), in particular, emerged as a “superstar” material in the last years, being
characterized by a two-dimensional (2D), single-layer sheet of sp>-hybridized carbon atoms that are
closely packed into a hexagonal lattice structure [5]. Its properties, such as fast electron transportation,
high thermal conductivity, excellent mechanical strength and high surface area, suggest its ability to
detect analyte molecules and to promote a fast electron transfer between the electrode and the analyte,
which make it a promising electrocatalyst [3,5]. In fact, several reports published show the good
sensitivity and electrocatalytic activity of pristine graphene and graphene-based nanocomposites on
the electrochemical sensing of biomolecules such as dopamine (DA) [6,7], uric (UA) and ascorbic
(AA) acids [8], nucleic acids [9] and glucose [10].

More recently, advances in graphene research showed that the chemical doping with heteroatoms
can be an effective strategy to modulate their electronic properties and surface chemistry. Among
the several potential dopants, nitrogen is an excellent candidate due to its comparable size with
carbon and five valence-electronic structure, which result in strong covalent bonds between the
nitrogen and carbon atoms [11]. The resulting material—nitrogen-doped graphene (N-G)—presents
higher electrical conductivity, much larger functional surface area, more biocompatibility and more
chemically active sites for functionalization than pristine G [12], whereby it has been applied in
N-G-based electrochemical sensors with enhanced performances to the detection of DA, AA and
UA [13,14], glucose [15], H202 [16], antibiotics [17] and pesticides [12].

However, the properties of G-type materials may be yet more prized by the incorporation of these
materials in nanocomposites, in order to couple their unique properties with interesting properties of
other materials [4,10]. In this context, polyoxometalates (POMs), a kind of transition metal oxide
nanoclusters [18], can be a good option owing to their rich chemical and structural variety and,
mainly, due to their electronic properties. POMs have the ability to undergo fast, reversible and stepwise
multi-electron reactions without decomposition, making them promising electro-catalysts [19]. The
incorporation of POMs in nanocomposites with different materials has been reported [20,21]. Several
POMs@carbon nanotubes (CNTs) composites have been prepared and applied in batteries [22],
supercapacitors [23] and for the reduction of chemical species [24], while POM composites with
metal nanoparticles, ionic liquids and conducting polymers have been applied for the reduction of
H202, iodate, nitrite [18,25] and bromate [26], as well as in the sensing of small biomolecules (DA
and AA) [19,27]. Previously, we also reported the preparation of several POM@MOFs
nanocomposites and their application as electro-catalysts towards nitrite and iodate reductions and
AA and DA oxidations [28,29].

Acetaminophen (AC), also known as paracetamol, is an analgesic and antipyretic drug widely
used for the relief of mild to moderate pain associated with headache, backache, arthritis and
postoperative pain. However, overdoses can lead to the accumulation of toxic metabolites,
causing severe and sometimes fatal hepatotoxicity and nephrotoxicity [30]. Theophylline (TP) is a
methyl-xanthine derivative which exists widely in nature and is one of the most commonly used
medications for the treatment of the symptoms of chronic asthma [3]. Several techniques, including
spectrophotometry and liquid chromatography (LC), have been applied for the determination of AC
in pharmaceutical formulations and biological fluids, but these methods are time-consuming and
expensive. Due to the advantages of low cost, fast response, simple instrumentation and high
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sensitivity, voltammetric methods are therefore a better solution for the determination of AC in the
presence of TP.

This work reports on the preparation of a new nanocomposite, PMo1: V@N-FLG, by the immobilisation
of the tetrabutylammonium salt of vanadium-substituted phosphomolybdate [PMo11VOao] >
(PMo11V) into nitrogen-doped few-layer graphene (N-FLG). Investigations were focused on the
nanocomposite characterization and its electrochemical properties upon immobilization on a GC
electrode surface. The electro-catalytic properties towards AC and TP oxidation were evaluated. In
addition, detection of AC in the presence of an excess of TP was also determined.

2. Results and Discussion
2.1. Nanocomposite Preparation and Characterization

The tetra-butylammonium salt of PMoiV was prepared according to the literature and
characterized by several techniques [31]. The results obtained are in good agreement with the
literature. Figure 1 shows the FTIR spectra of N-FLG, TBA-PMo11V and PMo11V@N-FLG. The
FTIR spectrum of TBA-PMo11V shows the vibration bands due to the C—H stretching vibration, at
2871 and 2960 cm !, and those due to C—H bending vibration at 1479 and 1374 cm ! which are
characteristic of the TBA salt, two bands in the interval 1080-1040 cm !, assigned to the splitting of
the P-O stretching vibration, a band at 945 cm™! assigned to the Mo—Qq vibration and the bands at
872 cm ™' and 799 cm™! to the Mo—Ov-Mo and Mo—-OcMo stretching modes, respectively [31-33].
The FTIR spectrum of N-FLG (Figures 1 (black) and S1) presents very weak and poorly resolved
vibrational bands: it shows a broad absorption at around 3455 cm ! assigned to the stretching
vibrations of the OH groups which may be due to hydroxyl groups and residual adsorbed water, and
the vibration band at 1639 cm ™' may be due to C=N stretching vibrations [34]. The two bands at 2855
and 2926 cm ™! correspond to the aromatic sp?> C—H stretching vibration. The sharp band at 1383 cm™!
is attributed to C-N stretching vibration [35]. The band at 1533 cm™! is assigned to C=C stretching
vibrations of the aromatic carbon, and the band at 1119 cm™! can be assigned to stretching vibration
of C-0 [36,37].

The preparation of the nanocomposite PMo11V@N-FLG was carried out by one-step protocol
through the direct immobilization of the prepared TBA-PMoi1V onto N-FLG. Accordingly, POM
immobilization is based in hydrophobic interactions between the alkyl chains of the TBA cation in the
sample with the N-FLG surface, which are also hydrophobic: the POM is linked electrostatically to
the TBA cations and consequently adsorbed on the N-FLG surface. However, some interactions
between Mo and/or V with the N groups present in the N-FLG cannot be excluded.

FTIR spectrum of the nanocomposite confirms the success of the POM immobilization since it
exhibits the bands due to N-FLG in the range 1161 to 1631 cm™!, as well as the vibrational bands
due to POM in the range 798-1081 cm ! and TBA at 2960, 2871, 1479 and 1374 cm .
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Figure 1. FTIR spectra in the range 4000-500 cm ™! for N-FLG (black), PMo11V (red)
and PMo11V@N-FLG (blue).

The deconvoluted high resolution XPS spectra of N-FLG and PMo11V@N-FLG are shown in
Figures S2 and S3 as well as the obtained binding energies (Table S1); the surface atomic percentages
of each component in both materials are summarized in Table 1. The presence in the nanocomposite
of the target elements of each component, N-FLG (C, O, N) and POM (P, Mo, O, N and V) also
confirms the successful fabrication of the nanocomposite. The atomic ratios of 1:11 and 1:1 for V:Mo
and P:V, respectively, suggest that the POM structure is maintained in the nanocomposite.
Furthermore, comparison between the XPS results obtained here with those obtained for the same
POM immobilized onto commercial pristine graphene flakes (PMo11V@GF) [38] shows that a higher
amount of POM was immobilized onto N-FLG which is one advantage for applications in
electrochemical sensing.

The C 1s high-resolution spectrum of pristine N-FLG (Figure S2a) was fitted with seven peaks:
a main peak at 285.0 eV assigned to the graphitic structure (sp?), a peak at 286.2 eV attributed to
C—C and C—N, a peak at 287.2 eV assigned to C-0O, a peak at 288.5 eV related to C=0, a peak at
289.9 eV due to —COO and the peaks at 291.2 and 292.4 eV are attributed to the characteristic
shake-up satellite for the =—n" transition and to its extension, respectively [39,40]. For PMo11V@N-
FLG, the C Is high-resolution spectrum (Figure S3a, Table S1) was also fitted with seven peaks:
285.0, 285.8, 286.6, 287.2, 288.2, 289.3 and 291.6 eV with the same assignment as for N-FLG. The
slight differences in the peak positions may be due to some structure rearrangements.

The O 1s high resolution spectrum of N-FLG was fitted with two peaks at 531.3 and 533.0 eV
ascribed to O=C from ketone, quinone moieties and to O—C from ether and phenol groups,
respectively. The PMo1iV@N-FLG O 1s high resolution spectrum was deconvoluted into three peaks
with binding energies at 530.9, 532.1 and 533.6 eV. The last two are assigned as described for
N-FLG and the first is ascribed to O—Mo [38].

The N 1s high-resolution spectrum of pristine N-FLG was deconvoluted into four peaks: the peak
at 399.1 eV is ascribed to pyridinic-N, the peak at 401.6 eV is attributed to pyrrolic-N, the peak at



28

404.5 eV is assigned to graphitic N and finally that at 407.3 eV may be due to some oxidized N [39,41,42].
The presence of N on PMo11V@N-FLG and its atomic percentage could be assessed, but with low
certainty due to the overlap of the N 1s and Mo 3p peaks in the N 1s high resolution spectrum.
Nevertheless, the spectrum was fitted taking into consideration the existence of the Mo 3p (3p12 and
3p32) and N 1s peaks. The area obtained through modulation of Mo 3p is similar to that obtained for
Mo 3d, suggesting a correct fitting of peaks taking into consideration the N 1s peaks. The two peaks
in the N 1s spectrum at 400.9 and 402.6 eV assigned to pyridinic and pyrrolic-N, respectively.
However, two other very low intense peaks could be observed at 404.8 and 406.5 eV, but its low
intensity prevent its inclusion in the fitting.

The Mo 3d high resolution spectrum was deconvoluted taking into account the 3ds2 and 3dsn
doublets caused by spin-orbital coupling. The Mo 3d high resolution spectrum of PMoii V@N-FLG
was fitted with two couples of peaks with binding energies, respectively, at 231.8 and 234.9 eV
assigned to Mo and at 233.1 and 236.2 eV assigned to Mo®". The presence of the Mo>" species
suggests that partial photoreduction of POMs occurred when the sample was exposed to the X-ray
source or during the nanocomposites preparation.

Table 1. XPS surface atomic percentages for N-FLG and PMo11 V@N-FLG °.

Atomic %
Sample
Cls O1s N 1s P 2p V2p Mo 3d
N-FLG 91.9 3.8 4.2
PMo;V@N-FLG 74.6 16.9 3.1 0.45 0.41 4.4

2 Determined by the areas of the respective bands in the high-resolution XPS spectra.
2.2. Electrochemical Behaviour

The electroactive surface area of bare GCE, N-FLG/GCE and PMonV@N-FLG/GCE
were determined from cyclic voltammograms of 1 x 107> mol dm™ K3[Fe(CN)s] in KCI 1 mol dm™
(Figure S4) using the Randles-Sevcik equation and assuming that electrode processes are controlled
by diffusion:

ipa=2.69 % 10° 132 4 D 12 Ry v'? O

where 7 is the number of electrons involved in the process (1 in this case), A4 is the electrode surface
area (cm?), Dr the diffusion coefficient (cm? s™!), R the concentration of the species (mol cm™>), v is
the scan rate (V s!) and ipa the intensity of the anodic peak current (A) [43]. The 4 values obtained
were: 0.0443, 0.0374 and 0.0754 cm? for bare GCE, N-FLG/GCE and PMo11V@N-FLG/GCE,
respectively. These results indicate that the modification of GCE with N-FLG leads to a small
decrease of the electroactive area (=15%) while GCE modification with PMonV@N-FLG/GCE
changes dramatically the electroactive area with an increase close to 70%, indicating that the
introduction of the PMonV onto N-FLG provides a more conductive pathway for the
electron-transfer of [Fe(CN)s]*7*". In addition, the anodic/cathodic peak-to-peak separations (AEjp)
varies between 0.072 and 0.094 V for GCE, 0.378 and 0.781 V for N-FLG/GCE and 0.076 and 0.086
V for PMo11V@N-FLG/GCE for the lowest (0.020 V s!) and highest (0.50 V s!) scan rates used.
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The electrochemical behaviour of PMo1:1V and PMo11 V@N-FLG modified electrodes was studied
in pH 2.5 H2S04/Na2SOs buffer solution (Figure 2). In the potential range +0.60 to —0.40 V,
the PMo11V-modified electrodes revealed five redox processes, denoted as Vi and Moi to Moa,
Figure 3a: Epevi = 0.311 V, Epemor = 0.056 V, EpeMoz = —0.058 V, EpeMoz = —0.181 V and
EpeMos = —0.376 V vs. Ag/AgCl. Peak V| is assigned to a vanadium redox process (VV—V!) and
peaks Mo1 to Mo are attributed to molybdenum redox processes (MoY'—MoV).

Figure 2b depicts the cyclic voltammograms obtained with a PMonV@N-FLG modified
electrode in pH 2.5 H2SO4/Na2SO4 buffer solution and in the potential range +0.90 to —0.50 V. The
nanocomposite also shows five redox processes: Epcvi = 0.317 V, Epemot = 0.079 V, EpeMoz =—0.032 V,
Epemos = —0.227 V and Epemos = —0.370 V vs. Ag/AgCl, corresponding to one-electron oxidation
process of vanadium and four two-electron redox processes assignable to the molybdenum centres.
All the peaks are much better resolved and have higher current intensities (=10 times higher)
compared with the POM-modified electrode, suggesting faster electron-transfer kinetics, which is
associated with the exceptional electronic properties of N-FLG.

In the experimental timescale employed (scan rates in the range 0.02-0.5 V s') both cathodic
(Epc) and anodic (Epa) peak potentials varied less than 0.011 V for PMonV and 0.010 V for
PMo11V@N-FLG. Figure 3 depicts the plots of log ip versus log v for the Mo1 and Mos waves of
PMo11V and PMo11V@N-FLG modified electrodes. Both ipe and ipa are directly proportional to the
scan rate for all peaks, with 7 between 0.998 and 0.991 for PMoiV and 0.998 and 0.992 for
PMo11V@N-FLG, which indicate surface-confined processes [38]. In addition, the anodic to
cathodic peak-to-peak separations (AEp) of all redox couples vary between 0.052 (0.02 V s!) and
0.019 V (0.5 V s™!) and the ratios ipa/ipc are close to one (0.96 + 0.05).
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Figure 2. Cyclic voltammograms in pH 2.5 H2SO4/Na2SO4 buffer solution at different
scan rates from 0.02-0.5 V s™! of PMo11V (a) and PMo11V@N-FLG (b).
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Figure 3. Plots of log ipc and #pa vs. log v of PMon1V (a) and PMoniV@N-FLG (b).

Electrochemical surface coverages of modified electrodes with PMoi1V and PMo11V@N-FLG
were calculated from cyclic voltammetry using the Moi reduction process according to the equation:

I'= (4i,RT)/(PF>vA), ©)

where ip is the peak current (A), # is the number of electrons transferred (2 in this case), v is the scan
rate (V s7'), 4 is the geometric area of the electrode (0.07065 cm?), R is the gas constant, T is
the temperature (298 K) and F is Faraday’s constant. Peak currents (Mo1) were plotted against scan
rate (0.02 to 0.5 V s!) and the value of ip/v obtained was used to calculate the surface coverage. This
led to "= 0.006 nmol cm™2 for PMo1:V and I"= 0.077 nmol cm ™2 for PMo11V@N-FLG. These results
show that electrochemical surface coverage for the nanocomposite modified electrodes is
significantly higher (almost 13 times) than that of the POM-modified electrodes. This constitutes an
outstanding advantage when developing modified electrodes with carbon nanomaterials for
applications in electrocatalysis and electroanalytical determinations. The N-FLG allowed the
immobilization of a much larger quantity of the electroactive PMo11V on the electrode surface due
to its high surface area, and simultaneously improved their electrochemical responses.

2.3. Electro-Catalytic Performance of Nanocomposite Modified Electrodes

The electrochemical oxidation of acetaminophen (AC) and theophylline (TP) was initially
investigated individually by cyclic voltammetry at the three different electrodes. Figure 4 shows
the cyclic voltammograms of 5.0 x 10 mol dm™3 solutions of AC and TP at a bare GCE and at
N-FLG/GCE and PMo11V@N-FLG/GCE modified electrodes. With a bare GCE electrode and under
the experimental conditions used, AC and TP are irreversibly oxidized at =0.762 V and at ~1.352 V
vs. Ag/AgCl, respectively.

At a N-FLG modified electrode, the oxidation of TP occurs at almost the same potential as with
a bare GCE (1.360 V), and no significant changes are observed in the peak current, whereas for
the PMo11V@N-FLG modified electrode the peak current increases ~31% when compared with that
obtained with a bare GCE (Figure 4a) and the TP cathodic peak shifts 0.055 V to less positive potentials.
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For AC, the modification of a GCE with N-FLG also leads to small differences in the peak
currents, but Epa shifts to less positive potentials (Epa = 0.676 V). For PMo11V@N-FLG/GCE, the
AC oxidation peak is observed at even less positive potentials, c.a. Epa = 0.622 V vs. Ag/AgCl (Epa
cathodic shift of ~0.140 V when compared to the bare GCE) and the peak current increases by =57%,
similarly to TP. Additionally, a cathodic peak is observed at Epc ~ 0.559 V which is attributed to the
partial reduction of AC, suggesting that the oxidation of AC in the PMo11V@N-FLG modified
electrode becomes a quasi-reversible process [36]; the new set of peaks in the potential range
0.45-0.0 V corresponds to the PMo11V redox processes.

These results show that the modification of a GCE with PMonV@N-FLG leads to an
improvement in the overall electrochemical performance towards TP and AC oxidations, which is
due to the electro-catalytic properties of PMo11V.
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Figure 4. Cyclic voltammograms of 5.0 x 107* mol dm > AC (a) and TP (b) at a bare
GCE, N-FLG/GCE and PMonV@N-FLG/GCE in pH 2.5 H2SO4/Na2SOs4 buffer
solution, scan rate 0.050 Vs

The electrochemical oxidation of AC and TP was also investigated individually by square wave
voltammetry. Figure 5 shows the SWV curves of 5.0 x 107 mol dm™ solutions of AC and TP at a
bare GCE and at N-FLG/GCE and PMo11V@N-FLG/GCE modified electrodes. As observed for
cyclic voltammetric results, the immobilization of N-FLG and PMo11V@N-FLG on the GCE surface
lead to some changes in the square-wave curves of each species when compared to the GCE. At the
bare electrode, the oxidation peaks of AC and TP are observed at 0.725 and 1.309 V vs. Ag/AgCl.

The modification of a GCE with N-FLG leads to small changes in the oxidation potential of TP,
but there is a decrease in peak currents of =24%. However, for the oxidation of AC there is an
increase of 19% in the peak current and the peak is observed at c.a. 0.645 V vs. Ag/AgCl (Epa cathodic
shift of ~0.080 V). These changes suggest that N-FLG has itself a strong interaction with the AC
species leading to better detection. Still, much more significant results were obtained for GCE
modification with the PMo11 V@N-FLG nanocomposite. For the oxidation of TP there is an increase
of the peak currents of 47% and a Epa cathodic shift of 0.045 V, while for the AC oxidation the Epa
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cathodic shift is 0.126 V and there was an increase of 234% in the peak current, suggesting that this
modified electrode is more suitable for the determination of AC rather than TP. These effects are
crucial for the application of modified electrodes in electro-catalysis. In a PMo11 V@N-FLG modified
electrode, the high electrical conductivity and large surface area of N-FLG is associated with the
unique electro-catalytic properties of PMo11V—its ability to accept and release a high number of
electrons without decomposition. Consequently, both components contribute to the overall improvement
of the electrocatalytic performance. The sensitivity of the PMoiV@N-FLG modified electrode
towards the oxidation of AC and TP was found to be 0.040 and 0.011 A/mol dm3, respectively.
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Figure 5. Square wave voltammograms of 5.0 x 10 mol dm™ AC (a) and TP (b) at a
bare GCE, N-FLG/GCE and PMo11V@N-FLG/GCE in pH 2.5 H2SO04/Na2SO4 buffer
solution, scan rate 0.050 V s L.

2.4. Determination of AC in the Presence of TP at a PMo11V@N-FLG/GCE

Figure 6 shows selected square wave voltammograms recorded for the addition of increasing
concentrations of AC. The oxidation peak current of AC increases linearly with the increasing
concentration of AC from 1.2 x 107 to 4.8 x 10 mol dm™ in the presence of TP: inset in
Figure 6. Two different linear regions can be observed: one from 1.2 x 107 to 1.2 x 10™* mol dm™>
(i =0.022 cac + 0.018, 2 = 0.998), leading to a detection limit 7.5 x 107" mol dm> (detection limit
calculated through the equation 3 o/slope, where o is the standard deviation of the blank), and a
second linear region from 1.2 x 10 to 4.8 x 10 mol dm™ (i = 0.035 cac — 1.58, > = 0.995). Taking
into account that the ‘breaking point’ in the plot in the inset of Figure 6 corresponds to an AC
concentration of 1.2 x 10~* mol dm™3, which is very similar to the concentration of TP in solution
(1.0 x 10~* mol dm>), these results may suggest some competition effects between TP and AC: when
TP is in larger quantities than AC, a lower AC sensitivity (0.022 A/mol dm™) is observed when
compared to the sensitivity value when AC concentration exceeds that of TP (0.035 A/mol dm3).

To the best of our knowledge, there are no reports in the literature concerning the use of modified
electrodes with a PMo11V@N-FLG nanocomposite for the determination of AC in the presence of
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TP. Furthermore, the obtained detection limit is better than that (8.1 x 10°® mol dm>) reported for a
similar study at a ferrocene-derivative modified-graphene paste electrode [3].

Finally, the stability and robustness of the PMo11V@N-FLG/GCE was evaluated by measuring
and comparing the ipa of 0.5 mM AC in a pH 2.5 H2SO4/Na2SO4 buffer solution at the modified
electrode at the begging and at the end of all the experiments (data not shown). No significant change
in peak position was observed and the peak current only decreased by 11%, confirming the
electrochemical stability of the PMo11V@N-FLG modified electrode. This loss might be due to the
partial depletion of nanocomposite from the electrode surface due to consecutive use.
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Figure 6. Square-wave voltammetric response at a PMonV@N-FLG/GCE in pH 2.5
buffer solution containing 1.0 x 10™* mol dm™ TP and different concentrations of AC
from 1.2 x 107° to 4.8 x 10™* mol dm™. Inset: plots of the anodic peak current as a
function of the AC concentration.

3. Experimental Section
3.1. Materials and Methods

The N-doped few layer graphene (N-FLG) was prepared by fluidized bed chemical vapor
deposition process by the decomposition of a mixture of ethylene and ammonia in the presence of a
ternary oxide powder catalyst at 650 °C [44]. The N-FLG powder was recovered after washing the
powder in 35% HCI at 25 °C. The tetra-butylammonium salt of the vanadium-phosphomolybdate,
PMo11V was prepared according to the literature and characterized by several techniques [31] and
the PMo11V@N-FLG was prepared using an adapted procedure [38]. Briefly, an acetonitrile solution
(2.5 mL) of the compound (20 mg) was added to a toluene dispersion (25 mL) of the N-FLG (20 mg).
The resulting yellowish solutions were vigorously stirred at room temperature for 10 min. The
solutions were left to rest for 1 h and became colourless (the absence of POM in solution was
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confirmed by UV-Vis spectroscopy), suggesting a 100% efficiency POM immobilization onto the
surfaces of N-FLG, leading to: 1.82 mmol of POM/g nanocomposite. Then, the toluene was removed
and the resulting nanocomposite was dried under vacuum at 40 °C.

Theophylline (Fluka), acetaminophen (Sigma-Aldrich, Sintra, Portugal, >99%) and acetonitrile
(Romil, Cambridge, UK) were used as received.

The Fourier transform infrared (FTIR) spectra were performed in a Jasco FT/IR-460 Plus
spectrophotometer (Jasco, Easton, USA) in the range 4004000 cm !, using a resolution of 4 cm™!
and 32 scans; the spectra were obtained in KBr pellets (Merck, spectroscopic grade) containing 0.2%
weight of PMonV@N-FLG.

The X-ray photoelectron spectroscopy (XPS) measurements were performed at CEMUP (Porto,
Portugal), in a VG Scientific ESCALAB 200A spectrometer (VG Scientific, UK) using
non-monochromatized Al Ka radiation (1486.6 eV). To correct possible deviations caused by electric
charge of the samples, the C 1s band at 285.0 eV was taken as the internal standard. The XPS spectra
were deconvoluted with the XPSPEAK 4.1 software (VG Scientific, UK), using non-linear least
squares fitting routine after a Shirley-type background subtraction. The surface atomic percentages
were calculated from the corresponding peak areas and using the sensitivity factors provided by
the manufacturer.

3.2. Electrochemical Studies

An Autolab PGSTAT 30 potentiostat/galvanostat controlled by a GPES software (EcoChimie
B.V, Utrecht, The Netherlands) was used for cyclic voltammetry (CV) and square-wave voltammetry
(SWV). A conventional three-electrode compartment cell was used. The working electrode was a
glassy carbon electrode, GCE, (3 mm diameter, BAS, MF-2012), the auxiliary and reference
electrodes were a platinum wire (7.5 cm, BAS, MW-1032) and Ag/AgCl (sat. KCI) (BAS, MF-2052),
respectively. The cell was enclosed in a grounded Faraday cage and all studies were carried out at
room temperature and kept under an argon flow. A combined glass electrode (Crison) connected to
a pH meter Basic 20" (Crison) was used for the pH measurements.

Electrolyte solutions for cyclic voltammetry were prepared using ultra-pure water (resistivity
18.2 MQ cm at 25 °C, Millipore, Porto, Portugal). The H2SO4/Na2SO4 buffer solution with pH = 2.5
used for electrochemical studies was prepared by mixing appropriate amounts of a 0.2 mol dm>
H2S04 solution with a 0.5 mol dm™ Na2SO4 solution.

The dispersion used to produce the modified electrodes was prepared as follows:
a N,N-dimethylformamide (DMF) dispersion (3 mL) of N-FLG or PMonV@N-FLG (1 mg) was
sonicated for 10 min.

Prior to modification, the GCE electrode was conditioned by a polishing/cleaning procedure using
diamond pastes of 6, 3 and 1 pm (MetaDi II, Buehler, Diisseldorf, Germany) followed by aluminium
oxide of particle size 0.3 um (Buehler, Diisseldorf, Germany) on a microcloth polishing pad (BAS
Bioanalytical Systems Inc., Warsaw, Poland), and then the electrode was rinsed with ultra-pure water
and finally sonicated for 5 min in ultra-pure water. Electrode modification consisted in depositing
a 3 pL drop of the selected material in dimethylformamide solution onto the surface of the GCE and
the solvent was allowed to evaporate for about 30 min at room temperature.
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4. Conclusions

The vanadium-substituted phosphomolybdate PMoi11V was successfully immobilized on N-doped
few layer graphene. X-ray photoelectron spectroscopy revealed that the POM structure was kept in
the PMo11V@N-FLG nanocomposite. The preparation of modified electrodes with PMo1:V@N-
FLG was easy and quick to perform, leading to reproducible and stable modified electrodes.
PMo11V@N-FLG/GCE revealed five well defined, surface-confined redox processes that were
attributed to four molybdenum centres (Mo''-»Mo") and a vanadium centre (VV—VY).
The PMo11V@N-FLG nanocomposite immobilization on a GCE allowed a higher PMo11V surface
coverage compared to the direct immobilization of PMo11V. This constitutes an outstanding
advantage for electrocatalytic and sensing applications: PMoinV@N-FLG showed excellent
electrocatalytic properties towards AC and TP oxidations and allowed the detection of AC in the
presence of an excess of TP.
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Polyoxoniobates and Polyoxotantalates as Ligands—Revisited
Pavel A. Abramov, Maxim N. Sokolov and Cristian Vicent

Abstract: This short review summarizes our contribution to the coordination chemistry of noble
metals (organometallic fragments of Rh, Ir, Ru and hydroxo Pt(IV)) and polyoxocomplexes of
niobium and tantalum.
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1. Introduction

The group 5 (V, Nb, Ta) polyoxometalates (commonly defined as anionic polynuclear
oxocomplexes) form two large but apparently distinct families, which, despite certain resemblance,
show almost no overlap [1-9]. Vanadium(V) prefers aggregation into decaniobate [V10025]®" and
rearrangement of this very stable structure (search in CBSD yields about 150 structurally
characterized salts of this anion with various organic cations) can be realized only in the presence
of PO4*" as template at low pH, producing a “bicapped” Keggin-type [PV14O42]°~ anion [10-15].
Vanadium (IV) (but not Nb(IV) or Ta(IV)) can aggregate around differently-shaped anionic
templates (like C1, NCS™ efc.) producing a family of reduced polyoxovanadates built from tetragonal
pyramids, with fascinating magnetic properties [16,17]. The chemistry of polyoxoniobates (PONb)
and tantalates is much less studied and for a long time it was confined to preparations of alkali
metal salts of hexaniobate and hexatantalate, [NbsO19]®" and [TasO19]®". The beginning of the
modern era in this chemistry can be dated back to the works of Spinner, Pope and Stucky in the late
1960s—1980s [18—24], who obtained evidence for condensation of [NbsO19]®~ into larger entities,
and discovered its ability to coordinate certain transition metals. This chemistry is quite different
from polyvanadates and is dominated by Lindqvist hexametalates [MsO19]%", in spite of the existence
of the decaniobate, [Nb100O2s]®" [25,26] and recently reported decatantalate [Ta10023]° [27]. By
contrary, free [VsO19]%” is unknown, and the reason for this is perhaps that, if existed, it would have
an extraordinarily high charge density (defined as the anionic charge of the POM divided by the
number of non-hydrogen atoms of the POM). Among the known POM, the highest charge density
(0.32) is achieved precisely for [MsO19]® [9]. As V is smaller than Nb, [VsO19]®” would have the
highest charge density per volume ratio. It can be stabilized only by coordination of four positively
charged {Cp*Rh}?" units [28,29].

The high charge density means that [MsO19]®” anions are expected to act as efficient ligands
towards various metals. This is indeed so, and a few examples of coordination of [NbsO19]®" to
Mn(IV) and Ni(IV) were reported, as early as in 1967-1969 [18-24], and Co(III), reported only in
2011 [30], giving complexes of the type [M(NbeO19)2]"", where two hexaniobate units (each acting
as tridentate ligand) sandwich an octahedrally coordinated central metal ion. There is also a strong
association of hexaniobate with alkali metal cations, even in water, where the existence of
neutral [AsNbeO19] (A = Rb, Cs) species was established by Small Angle X-ray Scattering
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(SAXS) [31]. Curiously enough, no tantalate analogues of [M(NbsO19)2]"" could be obtained [32].
It is doubtless highly desirable to expand this still rather modest list of existing complexes.
However, strongly basic conditions, necessary to prevent hydrolysis of hexaniobate (and
precipitation of niobium oxide), severely limit the choice of suitable metal precursors (they would
simply give insoluble hydroxides). This drawback can be obviated in two different ways. First, in
order to limit the hydrolysis and ensuing condensation, a part of the coordinating positions of a
transition metal can be occupied by a polydentate (or polyhaptic) ligand (or simply by a strongly
coordinated unidentate ligand, such as CO). This can be achieved for Co(IIl), Cr(IlI), Cu(Il) and
Ni(I) in the presence of polyamines [33-37]. Particularly attractive for this purpose are the
isolobal fragments d°-fac-{ML3}, where ML3 stands for {M(CO)3}* (M = Mn, Re), {(arene)Ru}?*,
{Cp*Rh}?", {Cp*Ir}*". In fact, a decade ago Pope et al. used [MsO19]®" (M = Nb, Ta) as robust
inorganic tridentate ligands in reactions with [Mn(CO)3(CH3CN)3]ClO4 or [Re(CO)sBr], which
gave rise to trans-[(M'(C0O)3)2Me019]® (M’ = Mn, Re; M = Nb, Ta) [38]. Proust et al. reported the
syntheses of a series of complexes combining {(arene)Ru}>" and [NbeO19]®" with Ru/POM
stoichiometries ranging from 1:1-4:1 [39]. Coordination of organometallic fragments, such as
{(p-cymene)Ru}?" or {Cp*Rh}?**, to POM adds extra possibilities for the synthesis of hybrid (i.e.,
combining chemically very different moieties within the same structure) complexes. This
development reflects not only academic interest in such compounds, being a logical development
of POM chemistry in general, but also is driven by the well-known catalytic properties of many
POM complexes of transition metals, in particular, with noble metals [40].

The second way is to use a metal which forms stable well-defined and water soluble
hydroxocomplexes, such as Pt(IV), for which both [Pt(OH)4(H20)2] and [Pt(OH)s]*" exist as
individual species [41]. In this case, a particular attraction for coordinating Pt(IV) to [NbsO19]®
comes from the reports about use of PONb in photocatalysis. In this case, a photoactivator is
necessary, which role is typically fulfilled by [PtCls]>” [42]. From this point of view, direct
coordination of Pt(IV) to PONb is very desirable. Pt(IV), being octahedral and sufficiently
oxophilic, could either substitute a Nb atom in the hexaniobate structure, similar to [H2Pt"VVoO2s]>
which is simply a Pt(IV)-monosubstituted classical decavanadate [43,44], or be “grafted” as a
capping atom. As we will see, the latter is the case.

In this short review, we focus on the recent advances in the field of group V (in particular, Nb
and Ta) POM complexes, concentrating on the synthesis of Lindqvist-based POM with
incorporated noble metal centers and their potential applications as electrocatalysts for water
oxidation. The second part addresses related studies with heteropolyniobiate homologues
coordinating noble metal fragments. The third part deals with the current use of analytical tools to
unravel the integrity and reaction dynamics in the solution and selected examples are discussed.

2. Reactivity of [M¢O19]®” towards Noble Metal Complexes

In this section, studies of reactivity of the Lindqvist [MsO19]*” (M = Ta and Nb) POM towards a
noble metal complex are discussed, with an emphasis on finding suitable experimental conditions
for noble metal grafting, the main structural features of the resulting solids, as well as their
behavior in aqueous solution.
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2.1. Reaction [MsO19]%~ with {Cp*Rh}*" and {Cp*Ir}**

Heating of [Cp*RhCl2]2 with K7H[NbsO19]-13H20 or Css[TasO19]- 14H20 in water at 80-90 °C
in 2:1 molar ratio yields yellow-orange solutions, from which Ka[ {Cp*Rh}2NbsO19]-20H20 (1) and
Cs4a[ {Cp*Rh}2Tas019]- 18H20 (2) can be readily isolated in high yields (80% for Nb and 70% for
Ta) [45]. Crystal structures of both complexes contain hybrid bi-capped organometallic-POM
anions trans-[ {Cp*Rh}2MsO19]* (Figure 1) with the typical Lindqvist-type oxide metal core
(metal octahedron with one pe-, twelve po- and six terminal oxygen ligands) decorated at an
opposite pair of the triangular {M30s3} faces with two capping organometallic fragments
{Cp*Rh}?". In both cases, exclusively trans-isomers crystallize. No cis-isomers were observed in
solution or in solid. Both 1 and 2 produce basic solutions in water; 3 mM solutions have the pH
value of 8.8, which is much lower in comparison to that produced by alkali metal salts of parent
[M6O19]®” of comparable concentration (10.5-11.0). The ESI(-) mass spectra of aqueous solutions
of 1 and 2 display prominent peaks assigned to the [{Cp*Rh}2MsO19 + 2H]>~ dianions, accompanied
by minor signals from the singly-charged [{Cp*Rh}2MeO19 + 3H] anions. However, the
protonation degree observed by ESI-MS does not necessarily mirrors that in the solution because of
the influence of the ESI process itself on the protonation [46]. For example, the most efficient
ionization mechanism observed by ESI-MS for the decaniobate [Nb10O2s]® ion was the uptake of
up to three protons, whereas solution studies indicated no protonation [26,47].

Figure 1. View of trans-[{Cp*Rh}2Me¢O1]*" in the crystal structure of
K4[(Cp*Rh)2NbsO19]-20H20 (1) and Csa[(Cp*Rh)2TacO19]-18H20 (2) (ball and
stick model).
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The reactions of [MsO19]%~ with [Cp*RhCl2]2 in 1:1 molar ratio under the same conditions gave
solutions, from which only poorly diffracting yellow solids could be isolated. These solids can be
extracted with methanol yielding yellow solutions. The ESI mass spectra of the methanolic extracts
were consistent with the presence of POM/Rh complexes featuring 1:1 stoichiometry of general
formula ([ {Cp*Rh}MeO19]° (3, M = Nb; 4, M = Ta).

Grafting of {Cp*Ir}*" fragments onto the [MsO19]*~ (M = Nb, Ta) proceeds essentially in the same
manner with [Cp*IrCl2]2 as the source of the {Cp*Ir}>* fragment. Both 2:1 [{Cp*Ir}2NbsOio]* (5,
M =Nb; 6, M = Ta) and 1:1 [{Cp*Ir}NbsO19]° (7, M = Nb; 8, M = Ta) complexes can be produced in
high yields by varying the reagent ratio. In this case, we succeeded in isolation and X-ray
characterization of potassium (M = Nb) and sodium (M = Nb, Ta) salts of 2:1 trans-[ {Cp*Ir}2MeO1o]*",
and sodium salts of the single-capped [ {Cp*Ir}MsO19]°~ complexes (both for Nb and Ta) (Figure 2).

Compound 5% was tested as electrocatalyst for water oxidation. The cyclic voltammogram of
the trans-[ {Cp*Ir}2NbsO10]* (5%) in 1 M Na2SO4 exhibited a strong anodic current due to water
oxidation already at 0.8 V versus Ag/AgCl. The current (296 pA) at 1.6 V in the presence of the
complex was 5.1 times higher than that (57.7 pA) for the blank solution.

Figure 2. Ball and stick model of single-capped [{Cp*Ir}MsO19]° hybrid anions (M =
Nb, Ta).

2.2. Complexation of [TasO19]% with {(CsHs)Ru}**

Nas[Tac019]-24.5H20 reacts with [(CéHe)RuClz2]z (POM/Ru ratio 1:1) in water, yielding a
yellow solution which contains single-capped [(CsHe)RuTasO19]®~ (9%) complex as the main
product [48]. The progress of the reaction was monitored by ESI-MS as shown in Figure 3.



44

[(C{Ho)RuTa O, + SHJ"

100 1574.5
[(CsHgRuTa 0,, + 4H]* [{(C¢HeRu},TagOyy + 3HJ
S A
T —— R 1
400 600 800 1000 1200 1400 1600 1800 2000

Figure 3. ESI(—) mass spectrum of aqueous solutions recorded at Uc = 10 V of the
products of reaction between Nas[TasO19]-24.5H20 and [(CcHe)RuClz]2 with POM / Ru
ratio 1:1.

The ESI(—) mass spectrum of this reaction features the [(CsHe¢)RuTacO19 + SH] anion (m/z
1574.5) as the base peak, accompanied by a minor signal due to the doubly charged
[(CéHe)RuTasO19 + 4H]* species (m/z 786.7). A minor peak at m/z 1751.5 was attributed to the
double-capped [{(CsHs)Ru}2TasO19 + 3H]  anion with two coordinated {(CsHs)Ru}?* units.
Evaporation of the reaction solution gave yellow plates of Naio[ {(CsHe)RuTacO1s}2(p-
0)]:39.4H20 (10) in 80% yield, with unexpected [ {(CsHs)RuTasO1s}2(u-0)]'%" (10'*") anion (see
scheme 1) built from two fragments {(CsHe)RuTacO1s} joined via a common linear p2-O bridge.
The formation of [{(CsHs)RuTasO1s}2(u-0)]'" can be viewed as coordination-induced
condensation of two hexatantalates according to the equilibrium:

[{(CeéHs)Ru} Tas019]® + H20 = [{(CéHs)Ru} TasO19H]* + OH~ X
2[{(CeHe)Ru} TasO19H]> = [{(CsHs)RuTasO1s} 2(u-0)]'"" + H20 M

It is worth stressing that such condensation is unknown for free, non-coordinated hexatantalate.
Perhaps, the reduced charge of the 1:1 complex [{(CsHe)RulTasO10]° facilitates interaction
between two negatively charged species; coordination of electron-accepting fragment
{(CsHe)Ru}?" may affect electronic density on the oxygen atoms of the POM part as well.

Decreasing the POM/Ru ratio to 1:2 leads to the bis-capped complex trans-
[{(CsHe)Ru}2TasO19]* (11), isolated as Na4[ {(CsHs)Ru}2TasO19]-20H20 (Nas([11]-20H20) in high
yield. The ESI(—) mass spectrum displays the signal from the triply protonated
[{(CsHo)Ru}2TasO19 + 3H]™ anion (m/z 1751.5) as the main peak, accompanied by a minor signal
from the doubly protonated [{(CsHe)Ru}2TasO19 + 2H]*™ dianion (m/z 875.3). A small amount of
monocapped [ {(CsHes)Ru} TasO10 + SH] ™ species coexists with the [ {(CsHs)Ru}2TasO19]* anion, thus
suggesting a plausible dynamic equilibrium between mono- and bis-capped species. The relationship
between the Ru/Ta species is summarized in Scheme 1:
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Scheme 1. Formation of 1:1 and 1:2 complexes from [TasO19]®~ and [(CsHs)RuClz]2.
2.3. Reaction [NbsO19]®~ and Pt**

Hydrothermal reaction (150 °C) of [Pt(OH)4(H20)2] with K7H[NbsO19]-13H20 in 1:1 molar
ratio gives a yellow solution, which shows only one signal in '*>Pt NMR spectrum at 3189 ppm.
Evaporation of this solution yields yellow crystals of Cs2Ki0[NbsO19{Pt(OH)2}]2-13H20 (Cs2K10-12).
Compound Cs:Kj¢-12 was characterized by X-ray structural analysis (see Figure 4 left) [49].

Platinum niobate 12 is a unique dimeric complex, unprecedented in the PONb chemistry, and
consists of two Pt(IV) centers coordinated each by three oxygen atoms from a {Nb3Os} face of a
hexaniobate (d(Pt-O)av 2.028(13), 2.010(14), and 2.124(14) A), a terminal oxygen of the adjacent
[NbsO19]®™ anion (d(Pt-O) 1.998(11) A), and bearing two terminal OH groups (d(Pt-O) = 2.015(16)
and 1.994(14) A). Freshly prepared aqueous solution of 12 gives '*>Pt NMR spectrum with only one
signal at 3189 ppm, the same as is observed in the mother liquor. The negative ESI mass spectrum
also strongly suggests that the integrity of the dimeric [NbsO19{Pt(OH)2}]2'>~ polyanion is preserved
in solution.

Figure 4. Structure of [NbsO19{Pt(OH)2}]2'>" (12'*) (left) and structure of
[Pt(NbsO19)2]'>(13'%") (right), ball and stick models.
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Reaction of [Pt(OH)4(H20)2] and K7H[NbsO19]-13H20 in the 1:2 molar ratio at 160—-190 °C
gives a yellow solution, which has two Pt NMR signals at 3189 and 3422 ppm with relative intensities
0.75/0.25. Slow evaporation of this solution in a glass beaker produces light-yellow crystals of
Na2K10[Pt(NbsO19)2]- 18H20 (NazKio-13) in 20% yield (Na* comes from glass leaching). The
sandwich-type anion [Pt(NbsO19)2]'>” (13'27) is a new (fourth) member of the well-known
[M(NbsO19)2]"" (M = Mn, Ni, Co) family (Figure 4 right). All the Pt-O distances are equivalent,
being 2.042(1) A. The salt Na,Kjo-13 is isotypic with KeNaz[Co™Hs(NbsO19)2]-26.5H20 [30].

Further evaporation of the solution gives Cs2K10-12. A freshly prepared solution of NaxKjo-13
demonstrates only one, slightly broadened, signal at 3422 ppm. Aged solutions give rise to
increasingly intense signal at 3189 ppm, corresponding to the formation of [NbsO19{Pt(OH)2}]2'%
(12). This observation implies a dynamics in solution, where [Pt(NbsO19)2]'>” (13) slowly converts
into [NbeO19{Pt(OH)2}]2'?" (12). Taking advantage of the versatility and high sensitivity of the
ESI-MS technique for tracing solution speciation in the POM chemistry [47,50], we recorded
ESI-MS spectrum of aqueous solution of Cs:Ky0-12 equilibrated for one week. ESI-MS results
suggest coexistence of at least four different species in solution. Beside 12 and 13, the ESI-MS data
suggest the presence of free Lindqvist [NbsO19]*" polyanion and a species that corresponds to
the [NbsO19Pt(OH)3]”" anion whose structure might putatively correspond to capping of [NbsO19]®
with a {Pt(OH)3}" group. Remarkably, the platinum niobate Cs2K10-12 exhibits electrocatalytic
activity for water oxidation in 0.1 M Na2SOa. Oxidation process generates a significant rise in the
current for a catalytic process mediated by the complex. The current in the presence of the platinum
niobate is several times higher than for the blank solution. This electrochemical behavior is similar
to the reported for the nonatungstate complex with a tetrarhodium-oxo core [51].

3. Reactivity of Heteropolyniobates towards Noble Metal Complexes

In 1979, S.K. Ray reported that reaction of K7H[NbesO19]-13H20 with HeTeO¢ gave a
heteropolyniobate formulated as KsH2[TeNbi2Oss]-13H20 [52]. This formula was deduced
uniquely from elemental analysis. Such stoichiometry could imply that this compound would be
analogous with the known heteropolyniobates [(NbsO19)2M]" (M = Co, Ni, Mn, Pt) with
octahedral Te"! sandwiched between two hexaniobates. We were curious if it were really so and
repeated these experiments, only to find out that the purported “dodecaniobate” was in fact
[(OH)TeNbsO15]®", which can be regarded simply as a substituted hexaniobate with one {NbO}**
vertex replaced with a {TeOH}*" vertex. In fact, this complex had been already identified by W.
Casey and co-workers, who prepared it from Nb2Os-xH20, MesNOH and HeTeOs in methanolic
solution [53]. Perhaps, the authors of [52] dealt with an approximately stoichiometric mixture of
[(OH)TeNbsO15]®" and [NbsO19]*", which led them to the wrong conclusion about the composition
of the product. Surface charge density of telluroniobate is lower than in the hexaniobate, which
means that their reactivity might be different. In order to check the significance of this difference,
reactivity studies towards noble metal complexes have been extended in our group to the
telluroniobate [(OH)TeNbsO19]%".
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3.1. Reaction [(OH)TeNbsO19]5~ with {Cp*Rh}** and {Cp*Ir}**

We investigated reaction of [(OH)TeNbsOis]®~ with [Cp*MCl]2 as sources of {Cp*M}?*
(M = Rh, Ir). Despite the difference in the surface charge density between [(OH)TeNbsO15]®
and [NbsO19]®", formation of double-capped complexes takes place as easily as with hexaniobate.
Crystal structure of Naz[{Cp*Rh}2Te(OH)NbsO1s]-24H20 (14) shows coordination of two
{Cp*Rh}*" fragments, with the Te atom localized in the central M4 plane of Lindqvist-type anion as
illustrated in Figure 5. Two other metal positions are fully occupied by niobium. However, this disorder
corresponds to four different orientations of a single isomer which is the only possible structure for the
trans complex in the solid state.

Figure 5. Structure of [{Cp*Rh}2Te(OH)NbsO19]> anion (14), positions of Te atom
with different occupancies are colored in green and purple (ball and stick model).

3.2. Reaction [(OH)TeNbsO19]% with {(CsHs)Ru}**

Reactivity studies on [(OH)TeNbsO13]®~ were also extended to [(CsHs)RuClz2]2 as source of the
{(CéHs)Ru}*". ESI-MS can be conveniently used to monitor the advance of the reaction.
Grafting of one and two {(Ce¢He)Ru}*" fragments can be immediately inferred from the
characteristic m/z shifts to higher values, as illustrated in Figure 6. Moreover, the uptake of one or
two Ru-containing fragments confers a new characteristic isotopic pattern due to multiple isotopes
of the Ru at the natural abundance. Formation of single and double capped complexes
[(OH)TeNbsO1s{(CsHs)Ru}]*~ (15) and [(OH)TeNbsOis{(CsHes)Ru}2]*>" (16) takes place as
smoothly as with hexaniobate. Characteristic peaks at m/z 539.1 and 628.1 correspond to
formulations  [(OH)TeNbsO1s{(CsHs)Ru} + 2H]* and [(OH)TeNbsOis{(CsHe)Ru}2]*,
respectively. Other species based upon 15 and 16 associated Na* or K™ adducts are also evident.
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Figure 6. ESI mass spectrum of the reaction mixture between [(OH)NbsO1s]®" and

[(CeHe)RuCl2]2 with POM / Ru ratio 1:1.

3.3. Reaction [SiNb12040]'% with {(CsHs)Ru}**

Studies on the complexation with the siliconiobate [SiNbi2040]'®" [54] are particularly relevant.
Because of its high negative charge, it is expected to be much more “sticky” than well-known
Group 6 Keggin complexes [EM12040]" (n = 2-6) (M = Mo, W) which are often regarded as
non-coordinating [55]. It can be anticipated that quite a large number of metal fragments could be
grafted to [SiNb12040]'®". Following this rationale, we undertook preliminary exploration of the
reaction of [SiNbi12040]'®" with [(CséHe)RuClz2]2, and ESI-MS results indicate that up to four
{(C¢He)Ru}?" fragments can be grafted to [SiNbi12040]'®, leading to the species formulated as
[{(CéHe)Ru}4SiNb12040]% (17).

4. Analytical Tools to Study Solution Speciation in Nb and Ta POM Chemistry

One of the general features of the reactivity of POMs is their lability in aqueous solutions up to
the point that such solutions can be regarded as virtual libraries of different building blocks, which
equilibrate together and can form different structures depending on counter cations, pH and efc.
The simplest case is protonation. The hexametalate anions [MsO19]®” (M = Nb, Ta) are very basic.
For example, hexaniobate in water exists as [HsNbsO19]>~ (pH = 8), [H2NbsO19]° (pH = 10),
[HNbsO19]” (pH = 12), and [NbsO19]*" (pH = 14) [56]. Similarly, for hexatantalate three
protonated species, [HTasO19]”, [H2TasO19]°", and [H3TasO19]° were found [57-59]. Even in
aqueous NBusOH hexatantalate exists as [H2TasO19]% [60]. Small-angle X-ray scattering (SAXS)
studies of [Tas019]%" and [NbsO19]®~ in water have been reported and important differences in the
solution behavior have been observed due to the distinctive propensity to aggregation with
counteractions for M = Ta and Nb [61]. Uv-vis spectroscopy complemented with DFT calculations
have been also reported [62]. More complicated processes connected with rearrangement of POM
backbone can take place [63—65]. It is obvious that proving the identity between species existing in
solid state and solution is a very important part of this chemistry. However, the study of solution
behavior of polyniobates and polytantalates is a challenging task. These species are colorless,
diamagnetic, show no redox behavior and are, under most conditions, in a dynamic equilibrium. In this
section, useful analytical tools that can provide complementary signatures for the Nb and Ta POM
characterization in solution are discussed. In particular, the usefulness of 'H NMR, 'H NMR Diffusion
Ordered Spectroscopy (DOSY), capillary electrophoresis and ESI-MS in concert is underlined. An
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illustrative example is given to demonstrate the complementarily of all techniques to determine
stoichiometry and solution dynamics.

The possibilities of NMR are restricted to the use of 1’0, which unfortunately has very low natural
abundance and sensitivity. It was used, for example, to follow the conversion of several niobates in
water [66,67]. However, coordination of organometallic fragments to niobates and tantalates provides
new opportunities for use of NMR for solution studies. In particular, structural information can be
gained from 'H NMR signals of the organic ligands attached to the grafted heterometal, which would
tell us about the overall symmetry of the compound. Moreover, it is possible to estimate diffusion
coefficients from 'H NMR DOSY of the organic part that can be subsequently used to calculate
molecular weight of a particular species. This 'H DOSY NMR technique is becoming a powerful tool
for the determination of the size (hydrodynamic radius) and the molecular weight of inorganic
clusters [68-70]. This technique has not been virtually used in the chemistry of Nb and Ta POM
prior to our work.

Another useful tool for solution studies is capillary electrophoresis (CE). It is rarely used in the
chemistry of POMs [71,72]. The possibilities opened up by the use of CE for POMs mixtures were
studied in a few cases [73]. Although in these works CE revealed itself as a promising analytical tool,
its potential for POM chemistry is far from being fully exploited. Combination of CE, HPLC and other
methods (in particular ESI-MS and NMR) can provide sufficient information about quantitative and
qualitative composition of solutions, numbers of POM species, and their stability and evolution with time.

Accurate determination of the formulae and structure of new compounds remains an important
issue in POM chemistry. In this respect, use of soft ionization mass spectrometric techniques, and
in particular, ESI techniques, is becoming widespread. Excellent reviews on the use of soft
ionization MS techniques can be found elsewhere; for example, Cronin et al. illustrated the
versatility of ESI and cryospray ionization techniques not only for characterization of final POM
assemblies, but also to prove mechanisms of self-assembly of supramolecular POM-based
architectures in solution [47,50]. Ohlin et al. reported an important work on this topic highlighting
different approaches to obtain reliable information on the dynamic solution of POM on the basis of
ESI-MS [47]. However, there are several potential limitations to using ESI-MS alone for the
investigation of POM. This is the case when dynamic speciation involving hydroxy-bridged POM
species, the pH value, ionic strength or the counteraction plays an important role. In addition,
during the ESI process itself, the samples undergo dramatic changes in pH and concentration,
which may perturb the speciation equilibrium. Moreover, due to the high charge state and
molecular weight, the use of ESI-MS spectrometers equipped with high resolution analysers is
important to facilitate unambiguous molecular compositions’ determination. In this part, we will
discuss a case study, where we used ESI-MS, 'H DOSY NMR and CE techniques, combined
together, in order to elucidate the solution behavior of the {(CsHs)Ru}?'/[TasO19]®" system to
afford compounds 9 and 10 [48].

4.1. {(CsHs)Ru}**/[TasO19]%~ System—Case Study

The 'H DOSY NMR experiment performed on a sample of Naio[10]-39.4H20 in D20 (see
Figure 7) yielded the self-diffusion coefficients D = 315 £ 10 um?>'s! and D = 325 + 10 pm>s ™!,
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respectively, for the '"H NMR signals located at 5.85 ppm and 5.94 ppm. The Stokes-Einstein
_ kT
6mn R

relation H (which describes the diffusion coefficient D for spherical objects, where k is
the Boltzmann constant, T the temperature taken equal to 300 K in this study, n of the solvent
viscosity taken equal to that of water at 300 K (1.002 Pa.s) and Ru the hydrodynamic radius) gave
hydrodynamic radii of 6.75-6.96 A which are compatible with the radii expected for solvated
monomeric species [{(CsHs)Ru}TasO19]° and [{(CsHe)Ru}2TasO19]*" but not with the dimeric

[{(CéHo)RuTasO1s}2(n-0)]'""
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Figure 7. '"H DOSY NMR spectra of Najo-10 in D20 (left) and "H DOSY NMR spectra
of Nay-9 in D20 (right).

The *C NMR spectrum of Naa[ {(CsHs)Ru}2TasO19]-20H20 (Nas-9) in D20 exhibits two signals
at 81.95 ppm and 81.82 ppm, with the complementary set of signals in the 'H NMR spectrum at
5.97 (6%) ppm and 5.92 (93%) ppm and 5.85 (<1%). This pattern corresponds to a mixture of cis
(6%) and trans (93%) isomers of [{(CsHs)Ru}2TasO19]*", similarly to what was observed for
[{(p-cymene)Ru}2NbsO19]*™, while the minor peak at 5.85 ppm is to be attributed to the 1:1
complex [{(CsH¢)Ru}TasO19]°. The 'H DOSY NMR experiment gives the self-diffusion
coefficients D = 315 + 10 pm? s ! and D = 325 &+ 10 um? s™! for the signals at 5.92 and 5.97 ppm,
respectively, whereas the low intensity of the minor peak has prevented accurate determination of
the D value. These values correspond to hydrodynamic radii in the 0.675-0.696 nm range. This is
identical to that obtained for the solutions of Naio[{(CsHes)RuTacO1s}2(u-0)]-39.4H20 and
agree well with the attribution of 'H NMR peaks to cis-[{(CsHe)Ru}2TasO19]*" (5.97 ppm),
trans-[{(CeHg)Ru}2TasO10]*” (5.92 ppm), and [{(CéHs)Ru}TacO19]® (5.85 ppm). These results
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necessarily imply two equilibria. The first corresponds to cis-trans isomerization process, strongly
displaced towards the trans isomer. The latter corresponds to the de-coordination of a
{(CéHs)Ru}*" moiety. This hypothesis is supported by the observation of a small broad peak at 5.4
ppm, attributed to [(CsHs)2Ru2(OH)3]" (see Equation 2).

trans-[{(CsHe)Ru}2Tas010]* = cis-[ {(CsHes)Ru}2TasO10]*"
2[{(CéHs)Ru}2Tas010]* + 30H™ + = 2[{(CsHe)Ru} Tas010]°” + [(CsHs)2Ru2(p-OH)3]" @

ESI(—) mass analysis of Naio-10 in water reveals only the presence of the monomeric 9% species,
thus indicating that the dimerization depicted in Eq. 1 is a reversible process ongoing from the
solution to the solid state and vice versa. The electrophorograms recorded for aqueous solutions of
Nay9-10 and Na4-9 are presented in Figure 8. The solutions of Najo-10, to which some amount of
Nay-9 has been added as reference, give two well-resolved peaks (Figure 7). The second peak
corresponds to 9, which was confirmed by UV-spectroscopy and by the standard addition method.
The first peak must therefore correspond to the monomeric [{(CsHs)Ru} TasO19]°" species (or its
dominant protonated form), because the signal from the dimer with its larger size and charge,
should appear after the signal of 10, and with a longer retention time. Thus, combination of
ESI-MS and CE gives coherent evidence that in aqueous solutions [{(CsHe)RuTasO1s}2(u-0)]"
dissociates into the monomeric [ {(CéHs)Ru} TasO19]°".

g T rr—

Figure 8. The electrophorogram of complex Nas-9 (up). The electrophorogram
of complex Nayp-10 solution with addition of complex Nas-9 as reference (down).
Fused-silica capillary 50pm i.d. x 75 sm; sample buffer: 7.5-10M borate (pH 9.18);
running buffer: 7,5-1072M borate (pH 9.18).

5. Conclusions

The chemistry of niobium and tantalum polyoxoanions still belongs to a little researched area of
inorganic chemistry. Many unusual complexes still remain hidden, and isolation of principally new
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[(TasO18)2(u-0)]" backbone is a tantalyzing hint at this potential richness. In this short review, we
summarized our recent research focused on the coordination of noble metals to hexametalates.
Grafting of {Cp*M}?" (M = Rh, Ir) on the surface of Lindqvist-type hexametalates (including
[(OH)TeNbsO19]®") was studied with full characterization of the hybrid complexes in solid state
and solution. Coordination of {(CséHe)Ru}?>* to [TasO]>" gives unprecedented
[({(CéHs)Ru} TasO15)2(u-0)]'°". Complexation of Pt(TV) with [NbsO16]%~ was studied with different
techniques. New dimeric complex [(NbsO19{Pt(OH)2})2]'?" is obtained when hexaniobate reacts
with Pt(IV) in 1:1 molar ratio, while increasing the Pt/Nbs ratio to 2:1 gives sandwich-type
complex [Pt(NbsO19)2]'>". We used different, both traditional and non-traditional, analytical tools
for studying the solution behavior of individual reaction products and reaction mixtures, a
challenging task for the systems where few analytical methods are readily available. The 'H, '3C
and DOSY NMR techniques combined with ESI-MS and CE highlight are adequate tools for
characterization of complex solutions. An illustrative example dealing with the
{(CéHs)Ru}*"/[TasO19]* system demonstrates complementarity of all these techniques for
determination of stoichiometry and solution dynamics, an approach both promising and highly
recommendable to trace unambiguously the identity of large inorganic systems [74].

Acknowledgments

Authors thanks SCIC of the UJI and all members of our Russian-Spanish-French team for
very fruitful collaboration. This work was supported by Russian Scientific Foundation
(RScF 14-13-00645).

Author Contributions

The manuscript was written with equal contributions from all authors. MNS owns the general
idea and plan of the publication, and he wrote parts 1 and 3, as well as Conclusions. PAA authored
part 2, and CV was the main contributor to part 4.

Conflicts of Interest
The authors declare no conflict of interest.
References

1. Livage, J. Synthesis of polyoxovanadates via “chimie douce”. Coord. Chem. Rev. 1998,
178-180,999-1018.

2. Hayashi, Y. Hetero and lacunary polyoxovanadate chemistry: Synthesis, reactivity and
structural aspects. Coord. Chem. Rev. 2011, 255, 2270-2280.



10.

11.

12.

13.

14.

15.

16.

17.

18.

53

Miiller, A.; Sessoli, R.; Krickemeyer, E.; Bogge, H.; Meyer, J.; Gatteschi, D.; Pardi, L.;
Westphal, J.; Hovemeier, K.; Rohlfing, R.; et al. Polyoxovanadates: High-Nuclearity Spin
Clusters with Interesting Host—Guest Systems and Different Electron Populations. Synthesis,
Spin Organization, Magnetochemistry, and Spectroscopic Studies. Inorg. Chem. 1997, 36,
5239-5250.

Breen, J.M.; Zhang, L.; Clement, R.; Schmitt, W. Hybrid Polyoxovanadates: Anion-Influenced
Formation of Nanoscopic Cages and Supramolecular Assemblies of Asymmetric Clusters.
Inorg. Chem. 2012, 51, 19-21.

Zhang, L.; Schmitt, W. From Platonic Templates to Archimedean Solids: Successive
Construction of Nanoscopic {VicAss}, {VieAsio}, {V20Ass}, and {V24Ass} Polyoxovanadate
Cages. J. Am. Chem. Soc. 2011, 133, 11240-11248.

Gatteschi, D.; Sessoli, R.; Miiller, A.; Kogerler, P. Polyoxometalate chemistry: A source for
unusual spin topologies. In Polyoxometalate Chemistry; Pope, M.T., Miiller, A., Eds.; Kluwer:
Dordrecht, The Netherlands, 2001; p. 319;

Choi, J.; Sanderson, L.A.W.; Musfeldt, J.L.; Ellern, A.; Kogerler, P. Optical properties of the
molecule-based magnet Ko[ VisAs6042(H20)]-8H20. Phys. Rev. B 2003, 68, 064412;

Gatteschi, D.; Pardi, L.; Barra, A.L.; Miiller, A. Polyoxovanadates: The Missing Link between
Simple Paramagnets and Bulk Magnets? Mol. Eng. 1993, 3, 157-169.

Nymann, M. Polyoxoniobate chemistry in the 21st century. Dalton Trans. 2011, 40, 8049-8058.
Kato, R.; Kobayashi, A.; Sasaki, Yu. 1:14 Heteropolyvanadate of phosphorus: preparation and
structure. J. Am. Chem. Soc. 1980, 102, 6571-6572.

Kato, R.; Kobayashi A.; Sasaki, Yu. The heteropolyvanadate of phosphorus. Crystallographic
and NMR studies. Inorg. Chem. 1982, 21, 240-246.

Nomiya, K.; Kato, K.; Miwa, M. Preparation and spectrochemical properties of soluble
vanadophosphate polyanions with bicapped-Keggin structure. Polyhedron 1986, 5, 811-813.
Khan, M.L.; Zubieta, J.; Toscano, P. Protonation sites in a heteropolyvanadate of phosphorus:
X-ray crystal structure of (MesNH)4(NH4)[H4PV14O042]. Inorg. Chim. Acta 1992, 193, 17-20.
Nakamura, S.; Yamawaki, T.; Kusaka, K.; Otsuka, T.; Ozeki, T. Hydrogen-bond Networks
Involving Protonated Bicapped-Keggin Tetradecavanadophosphate Anions. J. Clust. Sci.
2006, 17, 245-256.

Grabau, M.; Forster, J.; Heussner, K.; Streb, C. Synthesis and Theoretical Hirshfeld Analysis
of a Supramolecular Heteropolyoxovanadate Architecture. Eur. J. Inorg. Chem. 2011,
1719-1724.

Fang, X.; Kogerler, P.; Speldrich, M.; Schilder, H.; Luban, M. A polyoxometalate-based
single-molecule magnet with an S = 21/2 ground state. Chem. Commun. 2012, 48, 1218-1220.
Monakhov, K.Yu.; Linnenberg, O.; Koztowski, P.; van Leusen, J.; Besson, C.; Secker, T.;
Ellern, A.; Lopez, X.; Poblet, J.M.; Kogerler, P. Supramolecular Recognition Influences
Magnetism in [X@HV"VsVV14054]° Self-Assemblies with Symmetry-Breaking Guest Anions.
Chem. Eur. J. 2015, 21, 2387-2397.

Dale, B.W.; Pope, M.T. The heteropoly-12-niobomanganate(IV) anion. J. Chem. Soc. Chem.
Commun. 1967, 792-792.



54

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Flynn, C.M., Jr.; Stucky, G.D. Heteropolyniobate complexes of manganese(IV) and
nickel(IV). Inorg. Chem. 1969, 8, 332-334.

Flynn, CM.,, Jr.; Stucky, G.D. Crystal structure of  sodium 12-
niobomanganate(IV),NaixMnNb1203s- 50H20. Inorg. Chem. 1969, 8, 335-344.

Kheddar, N.; Spinner, B. Constitution et domaines de stabilite des oxaloniobates en solution
aqueuse. Bull. Soc. Chim. Fr. 1972, 2, 502-506 (In French).

Marty, A.; Abdmeziem, K.; Spinner, B. Une nouvelle condensation pour des sels du niobium
V: les nonaniobates de tetramethyl et de tetraethylammonium. Comptes Rendus C. 1976, 283,
285-288.

Marty, A.; Abdmeziem, K.; Spinner, B. De noveaux isopolyanions du niobium V:
comportement en solution aqueuse des nonaniobates de tetramethyl et tetracthylammonium.
Bull. Soc. Chim. Fr. 1977, 3—4: 231-238 (In French).

Goiffon, A.; Philippot, E.; Maurin, M. Structure cristalline du niobate 7/6 de sodium
(Na7)(H30)NbsO19-14H20. Rev. Chim. Miner. 1980, 17, 466476

Graeber, E.J.; Morosin, B. The molecular configuration of the decaniobate ion (Nb10O2s°")
Acta Cryst. 1977, 33, 2137-2143.

Villa, E2M.; Ohlin, C.A.; Balogh, E.; Anderson, T.M.; Nyman, M.D.; Casey, W.H. Reaction
Dynamics of the Decaniobate Ion [HiNb1002s]® " in Water. Angew. Chem. Int. Ed. 2008, 47,
4844-4846.

Matsumoto, M.; Ozawa, Y.; Yagasaki, A.; Zhe, Y. Decatantalate—The Last Member of the
Group 5 Decametalate Family. Inorg. Chem. 2013, 52, 7825-7827.

Hayashi, Y.; Ozawa, Y.; Isobe, K. The first vanadate hexamer capped by 4 cyclopentadienyl-
rhodium or cyclopentadienyl-iridium groups. Chem. Lett. 1989, 425-428.

Chae, HXK.; Klemperer, W.G.; Day, V.W. Organometal hydroxide route to
[(CsMes)Rh]a(V6Or9) Inorg. Chem. 1989, 28, 1423—-1424.

Ma, P.T.; Chen, G.; Wang, G.; Wang, J.P. Cobalt—Sandwiched lindqvist hexaniobate dimer
[Co(IIN)H5(NbsO10)2]%". Rus. J. Coord. Chem. 2011, 37, 772-775.

Antonio, M.R.; Nyman, M.; Anderson, T. M. Direct Observation of Contact Ion-Pair
Formation in Aqueous Solution. Angew. Chem. Int. Ed. 2009, 48, 6136—6140.

Dale, B.W.; Buckley, J.M.; Pope, M.T. Heteropoly-niobates and -tantalates containing
manganese(IV). J. Chem. Soc. A. 1969, 301-304.

Flynn, C.M., Jr.; Stucky, G.D. Sodium 6-niobo(ethylenediamine)cobaltate(IlI) and its
chromate(II1) analog. Inorg. Chem. 1969, 8, 178—180.

Bontchev, R.P.; Nyman, M. Evolution of Polyoxoniobate Cluster Anions. Angew. Chem.
Int. Ed. 2006, 45,6670—-6672.

Niu, J.Y.; Ma, P.T.; Niu, H.Y.; Li, J.; Zhao, J.W.; Song, Y.; Wang, J.P. Giant Polyniobate
Clusters Based on [Nb7022]°~ Units Derived from a NbsO19 Precursor. Chem.—Eur. J., 2007,
13, 8739-8748.

Chen, G.; Ma, P.T.; Wang, J.P.; Niu, J.Y. A new organic—inorganic hybrid polyoxoniobate
based on Lindqvist-type anion and nickel complex. J. Coord. Chem. 2010, 63, 3753-3763.



37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

55

Hegetschweiler, K.; Finn, R.C.; Rarig, R.S.; Sander, J.; Steinhauser, S.; Worle, M.; Zubieta, J.
Surface complexation of [NbsO19]®~ with Nill: solvothermal synthesis and X-ray structural
characterization of two novel heterometallic Ni-Nb-polyoxometalates. J. Inorg. Chim. Acta
2002, 337, 39-47.

Dickman, M.H.; Pope, M.T. Robust, Alkali-Stable, Triscarbonyl Metal Derivatives of
Hexametalate Anions, [MsO19{M*(CO)3}]® ™~ (M = Nb, Ta; M‘ = Mn, Re; n = 1, 2). Inorg.
Chem. 2001, 40, 2582-2586.

Laurencin, D.; Thouvenot, R.; Boubekeur, K.; Proust, A. Synthesis and reactivity of {Ru(p-
cymene)}?" derivatives of [NbsO19]%: A rational approach towards fluxional organometallic
derivatives of polyoxometalates. Dalton Trans. 2007, 1334—1345.

Hill, C.L.; Prosser-McCartha, C.M. Homogeneous catalysis by transition metal oxygen anion
clusters. Coord. Chem. Rev. 1995, 143, 407-455.

Vasilchenko, D.; Tkachev, S.; Baidina, I.; Korenev, S. Speciation of Platinum(IV) in Nitric
Acid Solutions. Inorg. Chem. 2013, 52, 10532—10541.

Huang, P.; Qin, C.; Su, Z.-M.; Xing, Y.; Lang, X.-L.; Shao, K.-Z.; Lan, Y.-Q.; Wang, E.-B.
Self-Assembly and Photocatalytic Properties of Polyoxoniobates: {Nb24O72}, {Nb3209s}, and
{K12NbysOz2ss} Clusters. J. Am. Chem. Soc. 2012, 134, 14004—14010.

Lee, U.; Joo, H.C.; Park, K.M.; Mal, S.S.; Kortz, U.; Keita, B.; Nadjo, V. Facile Incorporation
of Platinum(IV) into Polyoxometalate Frameworks: Preparation of [H2Pt"YV9O2s]*~ and
Characterization by 195Pt NMR Spectroscopy. Angew. Chem. Int. Ed. 2008, 47, 793-796.
Kortz, U.; Lee, U.; Joo, H.C.; Park, K.M.; Mal, S.S.; Dickman, M.H.; Jameson, G.B.
Platinum-Containing Polyoxometalates. Angew. Chem. Int. Ed. 2008, 47, 9383-9384.
Abramov, P.A.; Sokolov, M.N.; Virovets, A.V.; Floquet, S.; Haouas, M.; Taulelle, F.;
Cadot, E.; Vicent, C.; Fedin, V. Grafting {Cp*Rh}?*" on the surface of Nb and Ta
Lindqvist-type POM. Dalton Trans. 2015, 44, 2234-2239.

Di Marco, V.B.; Bombi, G.G. Electrospray mass spectrometry (ESI-MS) in the study of
metal-ligand solution equilibria. Mass Spectrom. Rev. 2006, 25, 347-379.

Ohlin, C.A. Reaction Dynamics and Solution Chemistry of Polyoxometalates by Electrospray
Tonization Mass Spectrometry. Chem.-Asian J. 2012, 7, 262-270.

Abramov, P.A.; Sokolov, M.N.; Floquet, S.; Haouas, V.; Taulelle, V.; Cadot, V.; Peresypkina, E.V.;
Virovets, A.V.; Vicent, C.; Kompankov, N.B.; Zhdanov, A.A.; Shuvaeva, O.V.; Fedin, V.P.
Coordination-Induced Condensation of [TasO19]®: Synthesis and Structure of
[{(CéHe)Ru}2TasO19]*~ and [{(CsHe)RuTasO1s}2(u-0)]'". Inorg. Chem. 2014, 353,
12791-12798.

Abramov, P.A.; Vicent, C.; Kompankov, N.B.; Gushchin, A.L.; Sokolov, M.N. Platinum
polyoxoniobates. Chem. Commun. 2015, 51, 4021-4023.

Miras, H.N.; Wilson, E.F.; Cronin, L. Unravelling the complexities of inorganic and
supramolecular self-assembly in solution with electrospray and cryospray mass spectrometry.
Chem. Commun. 2009, 1297-1311.



56

S1.

52.
53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Sokolov, M.N.; Adonin, S.A.; Abramov, P.A.; Mainichev, D.A.; Zakharchuk, N.F.;
Fedin, V.P. Self-assembly of polyoxotungstate with tetrarhodium-core: Synthesis, structure
and '"*W NMR studies. Chem. Commun. 2012, 48, 6666—6668.

Ray, S.K. Synthesis of a Te dodecaniobate. J. Ind. Chem. Soc. 1976, 53, 1238-1239.

Son, J.-H.; Wang, J.; Osterloh, F.E.; Yu, P.; Casey, W.H. A tellurium-substituted
Lindqvist-type polyoxoniobate showing high Hz evolution catalyzed by tellurium nanowires
via photodecomposition. Chem. Commun. 2014, 50, 836—838.

Nyman, M.; Bonhomme, F.; Alam, T.M.; Parise, J.B.; Vaughan, G.M.B. [SiNbi2040]'®" and
[GeNbi12040]'¢": Highly Charged Keggin Ions with Sticky Surfaces. Angew. Chem., Int. Ed.,
2004, 43,2787-2792.

Anyushin, A.V.; Smolentsev, A.L.; Mainichev, D.A.; Vicent, C.; Gushchin, A.L.; Sokolov, M.N.;
Fedin, V.P. Synthesis and characterization of a new Keggin anion: [BeW12040]®". Chem. Commun.
2014, 50, 9083.

Black, J.R.; Nyman, M.; Casey, W.H. Kinetics of '"O-exchange reactions in aqueous
metal-oxo nanoclusters. Geochim. Cosmochim. Acta 2006, 70, A53-A53.

Nelson, W.H.; Tobias, R.S. Polyanions of the Transition Metals. II. Ultracentrifugation of
Alkaline Tantalum(V) Solutions; Comparison with Light Scattering. /norg. Chem. 1964, 3,
653-658.

Spinner, B.; Kheddar, N. Nouveaux isopolyanions du tantale V. Comp. Rend. 1969, 268C,
1108-1111.

Arana, G.; Etxebarria, N.; Fernandez, L.A.; Madariaga, J.M. Hydrolysis of Nb(V) and Ta(V)
in aqueous KCI at 25 °C. Part II: Construction of a thermodynamic model for Ta(V).
J. Solution Chem. 1995, 24, 611-622.

Matsumoto, M.; Ozawa, Y.; Yagasaki, A. Which is the most basic oxygen in [TasO19]® ?—
Synthesis and structural characterization of [H2TasO19]°". Inorg. Chem. Commun, 2011, 14,
115-117.

Fullmer, L.B.; Molina, P.I.; Antonio, M.R.; Nyman, M. Contrasting ion-association behaviour
of Ta and Nb polyoxometalates. Dalton Trans. 2014, 43, 15295-15299.

Deblonde, G.J.P.; Moncomble, A.; Cote, G.; Belair, S.; Chagnes, A. Experimental and
computational exploration of the UV-visible properties of hexaniobate and hexatantalate ions.
RSC Adv. 2015, 5, 7619-7627.

Maekawa, M.; Ozawa, Y.; Yagasaki, A. Icosaniobate: A New Member of the Isoniobate
Family Inorg. Chem. 2006, 45, 9608-9609.

Matsumoto, M.; Ozawa, Y.; Yagasaki, A. Reversible dimerization of decaniobate. Polyhedron
2010, 29, 2196-2201.

Tsunashima, R.; Long, D.L.; Miras, H.N.; Gabb, D.; Pradeep, C.P.; Cronin, L. The
Construction of High-Nuclearity Isopolyoxoniobates with Pentagonal Building Blocks:
[HNb27076]'" and [H10Nb31093(CO3)]**". Angew. Chem. Int. Ed. 2010, 49, 113-116.

Villa, E.M.; Ohlin, C.A.; Rustad, J.R.; Casey, W.H. Isotope-Exchange Dynamics in
Isostructural Decametalates with Profound Differences in Reactivity J. Am. Chem. Soc. 2009,
131, 16488-16492.



67.

68.

69.

70.

71.

72.

73.

74.

57

Villa, E.M.; Ohlin, C.A.; Casey, W.H. Oxygen-Isotope Exchange Rates for Three Isostructural
Polyoxometalate Tons. J. Am. Chem. Soc. 2010, 132, 5264-5272.

Bannani, F.; Floquet, S.; Leclerc-Laronze, N.; Haouas, M.; Taulelle, F.; Marrot, J.; Kogerler, P.;
Cadot, E. Cubic Box versus Spheroidal Capsule Built from Defect and Intact Pentagonal
Units. J. Am. Chem. Soc. 2012, 134, 19342-19345.

Van Lokeren, L.; Cartuyvels, E.; Absillis, G.; Willema, R.; Parac-Vogt, T.N. Phosphoesterase
activity of polyoxomolybdates: as a tool for obtaining insights into the reactivity of
polyoxometalate clusters. Chem. Commun. 2008, 2774-2776.

Lemonnier, J.-F.; Floquet, S.; Kachmar, A.; Rohmer, M.-M.; Bénard, M.; Marrot, J.; Terazzi, E.;
Piguet, C.; Cadot, E. Host—guest adaptability within oxothiomolybdenum wheels: structures,
studies in solution and DFT calculations. Dalton Trans. 2007, 3043-3054.

Sakurai, N.; Kadohata, K.; Ichinose, N. Application of high-speed liquid chromatography
using solvent extraction of the molybdoheteropoly yellow to the determination of
microamounts of phosphorus in waste waters. Fresenius' Z. Anal. Chem. 1983, 314, 634-637.
Kirk, A.D.; Riske, W.; Lyon, D.K.; Rapko, B.; Finke, R.G. Rapid, high-resolution,
reversed-phase HPLC separation of highly charged polyoxometalates using ion-interaction
reagents and competing ions. Inorg. Chem. 1989, 28, 792-797.

Hettiarachichi, K.; Ha, Y.; Tran, T.; Cheung, A.P. Application of HPLC and CZE to the
analysis of polyoxometalates. J. Pharm. Biomed. An. 1995, 13, 515-523.

Oliveri, A.F.; Elliott, E.W.; Carnes, M.E.; Hutchison, J.E.; Johnson, D.W. Elucidating
Inorganic Nanoscale Species in Solution: Complementary and Corroborative Approaches.
ChemPhysChem 2013, 14,2655-2661.



58

Single-Crystal to Single-Crystal Reversible Transformations
Induced by Thermal Dehydration in Keggin-Type
Polyoxometalates Decorated with Copper(II)-Picolinate
Complexes: The Structure Directing Role of Guanidinium

Aroa Pache, Santiago Reinoso, Leire San Felices, Amaia Iturrospe, Luis Lezama and
Juan M. Gutiérrez-Zorrilla

Abstract: Three new hybrid inorganic-metalorganic compounds containing Keggin-type polyoxometalates,
neutral copper(Il)-picolinate complexes and guanidinium cations have been synthesized in bench
conditions and characterized by elemental analysis, infrared spectroscopy and single-crystal X-ray
diffraction: the isostructural [C(NH2)3]4[ {XW12040} {Cuz(pic)4}]-[Cua(pic)s(H20)]2-6H20 [X = Si
(1), Ge (3)] and [C(NH2)3]s[{SiW12010}2{Cu(pic)2}3{Cux(pic)4(H20)}2]-8H20 (2). The three
compounds show a pronounced two-dimensional character owing to the structure-directing role of
guanidinium. In 1 and 3, layers of [{XWi2040} {Cua(pic)a}]»*"~ hybrid POM chains and layers of
[Cux(pic)s(H20)] complexes and [C(NH2)3]" cations pack alternately along the z axis. The
hydrogen-bonding network established by guanidinium leads to a trihexagonal tiling arrangement
of all copper(Il)-picolinate  species. In  contrast, layers of [C(NH2)3]™-linked
[{SiW12040}2{Cu(pic)2}3]s*~ double chains where each Keggin cluster displays a
{Cua(pic)s(H20)} moiety pointing at the intralamellar space are observed in 2. The thermal stability
of 1-3 has been studied by thermogravimetric analyses and variable temperature powder X-ray
diffraction. Compounds 1 and 3 undergo single-crystal to single-crystal transformations promoted
by reversible dehydration processes and the structures of the corresponding anhydrous phases 1a
and 3a have been established. Despite the fact that the [Cuz(pic)s(H20)] dimeric complexes split
into [Cu(pic)z] monomers upon dehydration, the packing remains almost unaltered thanks to the
preservation of the hydrogen-bonding network established by guanidinium and its associated
Kagome-type lattice. Splitting of the dimeric complexes has been correlated with the electron
paramagnetic resonance spectra.

Reprinted from /norganics. Cite as: Pache, A.; Reinoso, S.; Felices, L.S.; Iturrospe, A.; Lezama, L.;
Gutiérrez-Zorrilla, J.M. Single-Crystal to Single-Crystal Reversible Transformations Induced by
Thermal Dehydration in Keggin-Type Polyoxometalates Decorated with Copper(Il)-Picolinate
Complexes: The Structure Directing Role of Guanidinium. /norganics 2015, 3, 194-218.

1. Introduction

Over the past several years, the large family of anionic metal-oxygen clusters known as
polyoxometalates (POMs) has been thoroughly employed as building blocks to construct a variety
of inorganic-organic hybrid compounds [1-7]. The assembly of POMs with transition metal
complexes bearing organic ligands (TMCs) is an effective strategy for designing such type of
compounds. The POMs may adopt a variety of roles in these types of hybrid systems: (1) charge
compensating anions; (2) ligands directly bonded to TMCs; (3) templates inducing the self-assembly of
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MOFs [8-13]. The clusters can act as peculiar inorganic ligands able to bind several TMCs through
terminal or bridging oxygen atoms [14-16], and this often results in assemblies with extended
structures. Thus, many high-dimensional POM-based hybrids have been successfully synthesized
to date [17-19].

A critical factor for the construction of such architectures rests on the choice of appropriate
organic ligands. For example, carboxylate derivatives of heterocyclic amines with mixed
N,O-donor atoms are likely to afford polymeric structures with high dimensionalities among the
vast library of polydentate ligands [20-22]. One way of better controlling the structure of the
hybrid compound is the use directing agents able to form extensive networks of weak
intermolecular interactions. A great deal of attention has been paid to the structure-directing role of
several organic species and a surprising variety of organically-templated inorganic frameworks are
found in the literature [23-25]. Guanidinium has shown up as an excellent template because it can
establish massive hydrogen-bonding networks due to its high molecular symmetry and extremely
weak acid character [26]. This cation has been successfully applied in POM chemistry not only as a
template of high-dimensional frameworks but also as a selective crystallizing agent for minor POM
species in mixed solutions [27-29].

We have recently reported a series of hybrid compounds based on [XW12040]*" Keggin-type
anions (X = Si, Ge) and copper(Il) complexes of tetradentate bis(aminopyridil) ligands that can
reversibly undergo thermal desorption of water via single-crystal to single-crystal (SCSC)
transformations with significant modifications in the bonding and coordination geometry around
the Cu" centers [30,31]. To date, full studies on SCSC transformations are still scarce for
POM-based compounds [32-38] and those involving the temperature as the external stimulus
inducing the solid-state phase transition are limited to the low-temperature polymorphs of
[Tm2(H20)14(H6CrMo6024)|[HéCrMo6024]- 16H20  and  [C(NH2)3]6[M07024]-H20, to  the
monitoring of the dehydration in the HsPV2Mo010040-36H20 acid and in the porous
[Cox(ppca)2(H20)(V4012)05]  (ppca =  4-(pyridin-4-yl)pyridine-2-carboxylic  acid) hybrid
material [39-42]. This scarcity is certainly remarkable because the study of solid-state phase
transitions induced by external stimuli such as the temperature, redox processes, or the interaction
with guest molecules is at the forefront of the crystal engineering [43]. For example, several reports
on SCSC transformations triggered by the removal, incorporation and/or exchange of solvent guest
molecules can be found in the literature for related systems like metalorganic framework (MOF)
materials [44—47]. These processes are often referred to as dynamic structural changes associated to
compounds classified as third generation materials with potential applications in gas storage and
separation, chemical sensing or magnetic switching [48,49].

We now intend to explore the thermostructural behavior of other hybrid systems related to our
previous Keggin/bis(aminopyridyl) compounds to evaluate the role of the organic component in
facilitating such SCSC transitions. We have first focused our studies on N,0-polydentate
heterocyclic ligands, which represent a great first choice for the preparation of extended
structures [50-52], and their concerted action with templating cations like [C(NH2)3]*. Keggin-type
anions have been kept as the inorganic building blocks in our systems because (i) these clusters and
their numerous derivatives represent the most archetypal class of heteropolyoxometalates [53,54]
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and (ii) they are widely known to give rise to highly intricate hybrid structures by coordinating a
large number of TMCs simultaneously [6,55].

In this work, we report the synthesis, crystal structure, thermal behavior and electron
paramagnetic resonance (EPR) spectra of a series of guanidinium-templated compounds based
on Keggin-typeanions and  copper(Il)-picolinate complexes: [C(NH2)3]4[ {XW 12040}
{Cux(pic)s}]- [Cuz(pic)a(H20)]2-6H.0 [X = Si (1), Ge (3)] and [C(NH2)3]s[{SiW12040}2
{Cu(pic)2}3{Cuz(pic)4(H20)}2]-8H20 (2). Compounds 1 and 3 undergo SCSC transformations
promoted by thermally induced, reversible dehydration processes and the structures of the
anhydrous phases [C(NH2)3]a[ {XW12040} {Cuz(pic)4}]-[Cu(pic)2]s [X = Si (1a), Ge (3a)] have also
been determined by single crystal X-ray diffraction.

2. Results and Discussion
2.1. Synthesis and Infrared Spectroscopy

Compounds 1-3 were prepared under mild bench conditions from the [C(NH2)3]"-directed
self-assembly of [XW12040]* (X = Si, Ge) and [Cu(pic)2] building blocks in acidic aqueous
medium (pH 3-3.5) at room temperature. Both types of building blocks were generated in situ
from [XW11039]>" POM precursors, a copper(Il) source and the pic ligand in its acidic form. For
X = Si, different POM:Cu:pic ratios were tested and the solid products obtained upon evaporation
were characterized preliminarily by IR spectroscopy. For a 1:3:2 ratio, a mixture of blue crystals of
a copper(Il)-picolinate complex and a white powder corresponding to a guanidinium salt of the
plenary [SiW12040]*" anion was obtained. Lowering the amount of Cu" ions to a 1:2:2 ratio led to
co-crystallization of the complex with compound 1 as the minor fraction. Crystallization of the
former was avoided by using a 1:1:2 ratio. Formation of 1 was maximized in these conditions, but
crystallization of a small amount of a second crystalline phase (compound 2) was in turn observed.
Crystals of 1 are formed before those of 2 and this fact could be explained on the basis of the
different POM:Cu ratio in both compounds: 1:6 and 2:7, respectively. The initial POM:Cu ratio in
the reaction mixture is 1:1, and hence the compound with the highest Cu® content (1) tends to
crystallize first. The amount of the copper(IT)-picolinate complex in solution decreases with respect
to that of the POM when 1 crystallizes and this in turn favors the formation of a small amount of 2
with the highest POM content to re-equilibrate the POM:Cu ratio. All attempts of improving the
synthetic procedure to avoid formation of mixtures were unsuccessful. While 1 is obtained as the
major phase in a mixture of crystals with the side-product 2, the isostructural 3 is isolated as a
single crystalline phase when [GeW11039]%” is used under the same synthetic conditions and no
traces of a hypothetical Ge-containing analogue of 2 are observed by powder X-ray diffraction
analysis (Figure S1). It is also worth noting that we never obtained any spectroscopic indication of
a compound containing copper(Il)-monosubstituted [XW11039Cu(H20)]®" species in spite of using
monolacunary Keggin-type anions as precursors. These species are known to be metastable in
weakly acidic conditions (typically in the pH range 4—6 for heteropolyoxotungstates), and hence
slow conversion into the plenary clusters seems reasonable after considering the pH values of our
reaction mixtures. Since 1-3 contain plenary Keggin-type anions as the inorganic building block,
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we also performed a set of reactions using [XW12040]*" POMs as the precursors. In all cases,
powders containing these clusters and copper(II)-picolinate complexes were obtained according to
IR spectroscopy. These powders could not be recrystallized or unequivocally identified as
compounds 1-3 on the basis of powder X-ray diffraction. Thus, the kinetically slow [XW110390]%
to [XW12040]%*" conversion appears to be a key factor in isolating our compounds as single crystals
suitable for further structural characterization.

The infrared spectra of 1-3 (Figure S2) show the characteristic features of the [a-XW12040]*"
Keggin-type anion in the region below 1000 cm ™' with bands of strong intensity corresponding to
the antisymmetric stretching of the W—Or and W—Ou—W bonds that appear at 970 and ca. 800 cm™!
for X = Si and 966 and 787 cm ™! for X = Ge, respectively. The grafting of the copper(II)-picolinate
complexes onto the POM surfaces shift the above signals by 10 cm™! compared to those of the
clusters in the potassium salts and leads also to the appearance of additional peaks in the 760660 cm !
range related to the Cu—O and Cu—N stretching among other vibrations. The metalorganic region
above 1000 cm ' is dominated by signals of medium to strong intensity that are observed in the
11601684 cm ™' range and associate to C=C and C=N stretching vibrations in the pyridine rings.

2.2. Crystal Structures of Compounds 1-3

Compounds 1 and 3 are isostructural and crystallize in the triclinic space group P-1 with
the following molecules in the asymmetric unit: one half of a centrosymmetric {XW12040} Keggin
cluster (X = Si, Ge), one half of a centrosymmetric {Cuz(pic)s} dinuclear complex supported on
the cluster, two halfs of an isolated dimeric unit [Cuz(pic)4(H20)], two [C(NH2)3]" cations and three
H20 molecules. Compound 2 also crystallizes in the space group P-1 and its asymmetric unit
contains one {SiW12040} Keggin cluster, one supported {Cuz(pic)s(H20)} dinuclear complex, one
half of a centrosymmetric {Cu(pic)2z} monomeric unit connected to the cluster, another {Cu(pic)2}
complex also connected to the cluster, four [C(NH2)3]" cations and four H2O molecules (Figure 1).
The inorganic [XW12040]*” building block in all compounds shows the characteristic structure of
the o-Keggin isomer consisting of a central XOs tetrahedron surrounded by four edge-shared
W3013 trimers, all of them linked via corner-sharing in ideal 7z symmetry. In the case of 1 and 3,
the Keggin anion lies on a center of inversion with the tetrahedral XO4 group disordered over two
crystallographic positions, which leads to its observation as a XOs cube with half-occupied O sites
(Figure 1, left). Table S1 displays ranges of W—O and X—O bond lengths compared to those of the
DFT-optimized Keggin anion [56].

2.2.1. Copper(II)-Picolinate Complexes

The title compounds contain different types of neutral copper(Il) complexes with the ligand
2-picolinate. In all of these complexes, the Cu" atom shows axial-type coordination geometry with
two trans-related organic ligands forming the basal or equatorial plane (Figure 2). Selected bond
lengths compared to those found in the anhydrous phases 1a and 3a are listed in Table 1.
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Compounds 1,3 Compound2

Cu

Figure 1. Connectivity between building blocks in the asymmetric units of 1-3. Color
code: W, gray polyhedra; Si/Ge, yellow polyhedra; Cu, blue spheres; N, green spheres;
O, red spheres for Opic or Opom atoms and cyan spheres for terminal aqua ligands;
C, black sticks. Symmetry code: (i) —x, =y, —z.

Compounds 1,3 Compound2
wi 02D 01w \

Figure 2. Copper(Il)-picolinate complexes with atom labeling in 1-3 (for the symmetry
codes i and v see Table 1).

Two different types of dinuclear complexes coexist in the structures of 1 and 3. The
metalorganic {Cux(pic)s} subunit is composed of two centrosymmetrically related {CuA(pic)2}
fragments where the CuA atom is involved in a CuN2020" chromophore with tetragonally
elongated octahedral geometry. One of the axial positions in each CuA center is occupied by one of
the Opic atoms forming the equatorial CuN20:2 plane of the neighboring fragment, in such a way
that a dimeric complex with equatorial-axial Cua(u*-Opic)2 thomboid core is formed. A terminal
Orom atom (disordered over two sites, e.g., O1/01Z in Table 1) occupies the second axial position,
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and hence the {Cuz(pic)4} subunits link the Keggin clusters in hybrid [{XWi2040} {Cux(pic)s} ]+
chains with alternate inorganic and metalorganic building blocks. In contrast, the [Cuz(pic)4(H20)]
moiety is formed by one {CuC(pic)2} and one {CuB(pic)2(H20)} fragments where both Cu! atoms
show CuN2020' chromophores with distorted square-pyramidal geometry. A water molecule is
located at the apical position of CuB, whereas that of CuC is occupied by one of the Opic atoms that
are not involved in the basal CuN202 plane of CuB. Therefore, the two Cu'! centers in this moiety
are linked by a single pic bridging ligand acting in z2-x*N,0":x'O? coordination mode.

Table 1. Bond lengths and intradimeric Cu---Cu distances (A) for the copper(Il)-
picolinate complexes in 1-3 compared to those in the anhydrous phases 1a and 3a.

Bond 1 la 3 3a Bond 2
CuA-N1A 1.964(8) 1.959(9) 1.965(8) 1.956(16) | CuA-NI1A 1.98(2)
CuA-OlA 1.956(7) 1.962(7) 1.958(7) 1.972(14) | CuA-OlA 1.91(2)
CuA-N8A 1.965(9) 1.953(8) 1.954(8) 1.961(16) | CuA-NSA 1.96(2)
CuA-O3A 1.973(7) 1.970(7) 1.963(7) 1.975(14) | CuA-O3A 1.97(2)

CuA-O1/ 2.459(18)/ 2.527(17)/ 2.468(17)/ 2.48(3)/ CuA-O1 2.57(2)
-01Z 2.349(18) 2.352(15) 2.346(17) 2.36(2) CuA-O2D' 2.93(2)
CuA-03A! 2.778(8) 2.807(7) 2.774(7) 2.846(14)
CuB-N1B 1.978(9) 1.956(8) 1.977(9) 1.972(16) | CuB-NIB 1.95(2)
CuB-O1B 1.972(8) 1.939(7) 1.970(7) 1.940(15) | CuB-O1B 1.96(2)
CuB-NS8B 1.981(9) 1.956(9) 1.975(9) 1.944(17) | CuB-N8B 1.98(3)
CuB-0O3B 1.969(8) 1.951(7) 1.968(7) 1.943(15) | CuB-O3B 1.89(2)
CuB-O1W 2.253(9) - 2.258(8) - CuB-012/ 2.77(2)
-0122 2.98(5)
CuB-06" 2.77(2)
CuC-NIC 1.973(9) 1.964(9) 1.972(9) 1.985(18) | CuC-NIC 1.958(18)
CuC-01C 1.949(9) 1.953(8) 1.951(8) 1.931(16) | CuC-0O1C 1.888(16)
CuC-N8C 1.971(9) 1.962(9) 1.966(9) 1.96(2) CuC-N1C" 1.958(18)
CuC-03C 1.951(8) 1.928(8) 1.946(8) 1.945(16) | CuC-O1C" 1.888(16)
CuC-02B! 2.488(8) 3.310(8) 2.490(8) 3.314(18) CuC-011 2.909(19)
CuC-O11" 2.909(19)
CuD-N1D 1.96(3)
CuD-O1D 1.97(2)
CuD-N8D 1.97(2)
CuD-03D 1.96(2)
CuD-01W 2.29(3)
CuD-O2A 2.97(3)
CuA---CuA' 3.572(2) 3.554(2) 3.568(2) 3.617(3) | CuA---CuD'"  5.305(6)
CuB:--CuC!! 5.538(3) 5.458(2) 5.540(2) 5.498(5)

Note: Symmetry Codes: (i) 1-x, 1-y, —z; (ii) —x, 1-y, —z; (iii) 2—x, -y, —z; (iv) x, 14y, z; (v) 1-=x, -y, 1-z.



64

In the case of 2, the structure contains one dinuclear and two crystallographically independent
mononuclear complexes where the CuN2020"2 coordination environment around all Cu'! centers is
tetragonally elongated octahedral. In both monomeric subunits, the axial positions of the CuB and
CuC atoms are occupied by terminal Opom atoms. Thus, the {CuB(pic):2} subunits link the Keggin
clusters in a one-dimensional assembly of alternate inorganic and metalorganic building blocks,
whereas the {CuC(pic)2} subunits act as connectors between pairs of such hybrid chains to lead to
the backbone of the [{SiWi2040}2{Cu(pic)2}3{Cuz(pic)4(H20)}2],*"~ polymer. The dinuclear
{Cua(pic)s(H20)} subunit is made of one {CuA(pic)2} and one {CuD(pic)2(H20)} fragments linked
in equatorial-axial fashion by two pic ligands in 2-x®N,0':x'O? bridging mode. Thus, each Cu"
center shows at axial positions one of the Opic atoms that are not involved in the equatorial plane of
the neighboring fragment. The coordination geometry of CuD is completed with one aqua ligand,
whereas CuA axially anchors to a terminal Opom atom, in such a way that the double-chained
backbone of the hybrid polymer results decorated with antenna {Cuz(pic)4(H20)} subunits.

All of the dinuclear species mentioned above are new copper(I)-picolinate discrete complexes
that have not been previously described in the literature. Nevertheless, the assembly modes
between {Cu(pic)2} fragments observed for the [Cuz(pic)s(H20)] moiety in 1 and 3 and the antenna
{Cua(pic)s(H20)} subunit in 2 are almost identical to those found in the polymeric derivatives
{[Cuz(pic)3(H20)]X}» (X = ClO4", BF4") [52] and [Cu(pic)2]. [57,58], respectively.

2.2.2. Crystal Packing of Compounds 1 and 3

The crystal packing of 1 and 3 has a pronounced two-dimensional character with alternating
hybrid and metalorganic layers stacked along the [001] direction (Figure 3). The hybrid layers
consist of the [{XW12040} {Cux(pic)4}]* chains running along the [110] direction and arranged in
parallel fashion in the xy plane. The metalorganic sublattice contains the [Cuz(pic)4(H20)] dimers,
all water molecules of hydration and all guanidinium cations. The interstitial water molecules do
not appear to play a significant structural role as they only establish few hydrogen bonds that either
connect Keggin clusters from different layers—the [Cua(pic)s(H20)] dimers to the clusters or
adjacent hybrid chains through the metalorganic subunits (Table S2). In contrast, the two
guanidinium cations create an extended and massive network of N-H:--Opic hydrogen bonds with
the carboxylate functionalities of the organic ligands. Each cation strongly interacts with the three
crystallographically independent {Cu(pic).} fragments and arrange them in the (11-1) plane to lead
to a corrugated double trihexagonal tiling of Cu' atoms (Figure 4). The Keggin clusters are nested
in the hexagonal motifs of this distorted Kagome-type double lattice, whereas the structure-directing
guanidinium cations reside in the triangular cavities.
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Figure 3. View of the crystal packing of 1 and 3 along the crystallographic a axis with
details of the arrangement of the [{XW12040} {Cu(pic)2}2]*" chains in the hybrid layers
and the [Cuz(pic)4(H20)] units and [C(NH2)3]" cations in the metalorganic regions.

Figure 4. Schematic representation of the guanidinium-templated Kagome-type double
lattice of copper(Il)-picolinate complexes in 1 and 3.

2.2.3. Crystal Packing of Compound 2

The crystal packing of 2 shows also a two-dimensional character with hybrid layers parallel to
xy plane (Figure 5). These layers are formed by a double sheet of Keggin clusters arranged in two
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levels of z and held together by the monomeric {CuB(pic)2} and {CuC(pic)2} subunits. The former
link clusters lying in the same z level to lead to a one-dimensional assembly of alternate inorganic
and metalorganic building blocks parallel to the [010] direction. The connectivity between building
blocks is such that the pyridinic ring of one of the picolinate ligands is sandwiched between the
tetrameric {W4O1s} faces of adjacent Keggin clusters with distances between the ring centroid and
the average plane of the tetramers of 2.755 and 2.856 A. These distances are comparable to those
observed in related compounds with similar POM-aromatic interactions [30,31]. The {CuC(pic)2}
subunits connect in turn centrosymmetrically related clusters located at different z levels through
long Cu—Orom bonds typical of semi-coordination (Table 1). In this case, the two aromatic rings
interact with Keggin anions as they place almost parallel to tetrameric faces of the contiguous
clusters with a centroid-tetramer plane distance of 2.781 A. The linkage through the {CuC(pic)2}
subunits of pairs of one-dimensional hybrid assemblies running along the crystallographic b axis at
different z levels results in double-chained [{SiW12040}2{Cu(pic)2}3],*"" anions with rectangular
cavities in the polymeric backbone and where each Keggin cluster is additionally decorated with a
{Cuz(pic)s(H20)} dimer grafted as antenna subunit. Two of the guanidinium cations (C1G and
C2G@) are hosted in the rectangular cavities and they establish multiple N-H---O interactions with
both the Keggin surfaces and the carboxylate groups of the picolinate ligands (Figure S3, N---O
distances in the range 2.33(3)-3.28(3) A). The layers pack with the antenna subunits directed to the
interlamellar space to give rise to an alternate sequence of hybrid and metalorganic regions along
the [001] direction. The antenna complexes in the metalorganic region are arranged in such a way
that all picolinate ligands are almost parallel to the (10-2) plane and dimers grafted at contiguous
POM sheets are hydrogen bonded by the water molecules of hydration and the guanidinium cations
C3G and C4G.

Figure 5. Projection of a [{SiW12040}2{Cu(pic)2}3]s* double chain decorated with
{Cuz(pic)s(H20)} antenna complexes on the crystallographic bc plane and details of
the POM—aromatic interactions involving the bridging {Cu(pic)2} moieties.
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2.3. Thermostructural Behavior

The thermostructural behavior of the title compounds was investigated by a combination of
thermal analyses and variable temperature X-ray diffraction. Thermal analyses show that all
compounds decompose via three mass loss stages (Figures 6 and S4). The first stage starts at room
temperature and it is associated with two endothermic processes that originate from the release of
the water molecules. For 1 and 3, the dehydration stage extends up to ca. 130 °C and comprises the
loss of a 2.24% of the total mass, which accounts for only 6 out of the 8 water molecules
determined by single-crystal X-ray diffraction (calcd. for 6H20: 1, 2.13%; 3, 2.11%). Analogously,
dehydration of 2 is completed at ca. 95 °C with the release of eight out of the ten water molecules
determined crystallographically [calcd. (found) for 8H20: 1.69% (1.71)]. It is likely that these
compounds lose some weakly bound interstitial water molecules when crystals are removed from
their mother liquors and filtered at room temperature prior to be analyzed thermogravimetrically.
The resulting anhydrous phases all show a wide range of thermal stability, up to ca. 300 °C for 1
and 3 and to 280 °C in the case of 2. Above these temperatures, the anhydrous derivatives undergo
further decomposition via two highly overlapping mass loss stages. The former originates from the
combination of two endothermic and one exothermic consecutive processes that can be related to
the release of [C(NH2)3]" cations as guanidine molecules and to the combustion of part of the
picolinate ligands, respectively. For 1 and 3, this stage extends up to ca. 355 °C and involves the
loss of a 18.22 and 18.74% of the respective total mass, which roughly corresponds to 4 cations
and 6 picolinate ligands (calcd. for 4(CHeN3) + 6(CsHaNO2): 1, 4.74 + 14.45 = 19.19%j; 3, 4.70 +
14.33 = 19.03%). In the case of 2, the upper temperature limit and the mass loss are ca. 380 °C and
12.10%, which roughly accounts for 4 ligands besides 8 cations (caled. for 8(CHeN3) +
4(C6HaNO2): 5.64 + 5.73 = 11.37%). The final mass loss stage originates from a complex
combination of exothermic processes that must associate with the combustion of the remaining
organic matter and the crumbling of the Keggin framework. The final residues are obtained at
temperatures in the 530-570 °C range and have been identified as mixtures of monoclinic WO3
(PDF 88-269) [59] and triclinic CuWOs (PDF 43-1035) with Scheelite-type structure [60]
according to powder X-ray diffraction (calcd. (found) for aCuWOs + bWO3 + ¢XO2: 1, 65.5%
(65.6),a=b=06,c=1;2,732%(76.1),a=7,b=17,c=2;3,65.8% (65.9),a=b=6,c=1).

Variable temperature powder X-ray diffraction reveals that the title compounds retain
crystallinity within the range of thermal stability upon dehydration (Figures 6 and S5). For 1 and 3,
well-defined diffraction patterns are obtained up to 310 °C, which is in full agreement with the
upper temperature limit of the stability range in the TGA curves. The diffraction pattern is
preserved with negligible variations in the positions and intensities of the diffraction maxima for
the resulting anhydrous phases (1a and 3a), and this fact indicates that dehydration does not result
in drastic structural changes. Compound 2 also maintains crystallinity upon dehydration, but in
contrast to 1 and 3, a phase transformation is unequivocally observed between 50 °C and 70 °C. All
compounds become amorphous solids in the temperature range corresponding to the release of the
guanidinium cations and the combustion of the picolinate ligands. New crystalline phases
corresponding to the final residue originated upon breakdown of the Keggin framework start
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appearing at 510 °C and they reach complete formation at temperatures slightly beyond the end of
the third mass loss stage in the TGA curves (ca. 590 °C).
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Figure 6. TGA/DTA curves and variable temperature X-ray diffraction patterns for 1-3.

Analogous single-crystal X-ray diffraction studies were also carried out. Crystals of the title
compounds were mounted at room temperature on a diffractometer and the temperature was raised
at a rate of 1 °C min ! to 140 °C for 1 and 3 and to 100 °C for 2. The crystal of 1 preserved its
integrity and crystallinity in the whole temperature range and darkening of its blue color was
observed upon heating (Figure 7). This crystal stability allowed us to perform unit cell
determinations at room temperature, 50, 80 and 140 °C (Table 2). In contrast, crystals of 3 cracked
almost immediately after the temperature was ramped, but we could manually separate one of the
resulting pieces to perform the experiment. Diffraction was of lower quality and much weaker than
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that observed for the isostructural 1. Thus, the unit cell parameters determined for 3 are
significantly less accurate than those of 1, but nevertheless, they reproduce analogous trends
acceptably. In the case of 2, the laminar crystal also cracked when the temperature was ramped, but
unfortunately, we could not apply the strategy followed for 3 because the extreme fragility of the
resulting pieces prevented us from their manipulation. As shown in Table 2, a significant
shortening of the parameter ¢ and consequent contraction of the unit cell volume is observed for
both 1 and 3 when going from 80 to 140 °C, which indicates formation of the corresponding
anhydrous derivatives. At this point, we lowered the temperature to 100(2) K to carry out the full
data collections for both compounds and the structures of 1a and 3a were determined.

Figure 7. Photographs of single crystals of 1 taken at room temperature (left) and upon
dehydration at 140 °C (right). Insets: images of the crystals used for performing the full
single-crystal X-ray diffraction data collections of compouunds 1 and 1a.

Table 2. Unit cell parameters of 1 and 3 at different temperatures.

Compounds T(°C)  a (A) b (A) c(A) () £ () 7 ©) v (A%

1 rt  11.805(6) 16.112(6) 16.443(5) 105.65(3) 101.97(3) 91.29(4)  2936(2)
50 11.812(5) 16.098(5) 16356(6) 10521(3) 101.53(4) 91.603)  2958(2)
80  11.861(6) 16.077(7) 16.292(7) 104.99(4) 101.29(4) 91.85(4)  2982(2)
140 11.818(1) 16.123(5) 16.179(7) 104.62(3) 100.18(5) 92.07(5)  2926(2)

3 rt  11.815(4) 16.050(6) 17.047(6) 106.90(3) 94.42(3) 100.20(3) 3016(2)
50  11.81(1) 16.052) 17.06(2) 106.91(9) 94.40(7) 100.09(8) 3018(5)
80  11.88(3) 16.35(6) 16.55(5) 106.0(3)  92.9(2)  101.3(3) 3012(15)
140 11.75(3) 15.89(4) 16.21(4) 103.4(2) 91.8(2)  100.8(2) 2882(12)

% of indexed reflections for cells at 7> 50 °C: above 97% for 1 and below 57% for 3

Simple TGA/DTA experiments were performed to determine the reversibility of the dehydration
processes (Figure S6). Crystalline samples of 1 and 3 were heated at a rate of 2 °C min ! up to
200 °C and the so-generated anhydrous samples were exposed to the room atmosphere for one day,
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and then, heated again at the same rate. The recorded TGA profiles are almost identical for both
heating cycles, and this fact shows that the anhydrous phases 1a and 3a are fully rehydrated to the
original compounds simply after being in contact with moisture for a few hours. These
observations were confirmed by single-crystal X-ray diffraction. The crystals used for determining
the structures of 1a and 3a were kept on the goniometer head in contact with the room environment
and the intensity data were collected back at 100(2) K after a few days. The crystals still diffracted
acceptably enough and the unit cells of the initial hydrated phases 1 and 3 were again obtained. The
structural solutions were of poorer quality than those determined originally most likely due to
disorder affecting the water molecules upon resorption (note the differences in the DTA profiles in
Figure S6), but nevertheless, we could locate the inorganic and metalorganic building blocks in
their original positions. These observations demonstrate that dehydration of both 1 and 3 proceeds
via SCSC transformations, but furthermore, that this process is reversible and the anhydrous 1a and
3a phases also undergo SCSC transformations promoted by consequent rehydration.

2.4. SCSC Transformations of Compounds 1 and 3 into the Anhydrous Phases la and 3a

Dehydration of compounds 1 and 3 into the phases 1a and 3a does not equally affect the hybrid
layers and the metalorganic regions. The hybrid layers remain virtually unaltered: for example,
variations in the bond lengths within the {CuAa(pic)4} subunit are negligible (Table 1) and the
relative arrangement of Keggin anions in the hybrid [{XW12040} {Cu(pic)2}2]*" chains is only
affected by a subtle lengthening of 0.1 A in the X---X distance between adjacent clusters. In
contrast, significant changes take place in the metalorganic sublattice because all water molecules
of coordination and hydration reside in this area (Figure 8). Their removal promotes a reorganization
of the dimeric [Cuz(pic)4(H20)] moieties, each of which split into two independent [Cu(pic):]
square-planar complexes as evidenced by the remarkable lengthening of the CuB—O4C distance from
ca. 2.49 to 3.31 A. The contraction of the parameter ¢ by 1 A is also consequence of this splitting.
While the original metalorganic regions consist in a corrugated lattice of {Cu(pic):} fragments in
the crystallographic xy plane, the release of the water molecules force the newly generated
[Cu(pic)2] monomers to spread on the plane in such a way that the corrugation degree decreases
and the Cu" atoms become nearly coplanar. In spite of this rearrangement of complexes, the
structure-directing network of N—H:--O hydrogen bonds remains almost intact upon dehydration
because of a slight reorientation of the guanidinium cations that preserves almost all contacts
(Table S2). Thus, the double trihexagonal tiling described above is maintained without noticeable
alterations (Figure 9).
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Figure 9. Guanidinium-templated Kagome-type double lattice of Cu" atoms in 1 and 3
compared to that found in the anhydrous phases 1a and 3a.

2.5. Electron Paramagnetic Resonance Spectroscopy for Compounds 1 and la
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The EPR spectra of 1 (Figure 10) and 3 (Figure S7) are virtually identical in good agreement

with the isostructurality of the compounds. The only difference worth to be mentioned is the largest

line width observed for 3, which is likely due to the lower crystallinity of this compound when

compared to 1. The spectra are relatively complex as a result of the overlapping of the contributions

from the different copper(Il)-picolinate dimeric entities coexisting in the crystal packing. The
X-band spectra show multiple resonances in the range 2300-3800 Gauss and a half-field signal
corresponding to the AMs = +2 forbidden transition centered at ca. 1600 Gauss, which indicates the
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presence of a magnetically isolated triplet state (S = 1). Moreover, a partially resolved hyperfine
structure originating from the interaction of an electron spin with a limited number of non-zero
nuclear spins is also observed in both spectra. The number of detectable lines in this hyperfine
structure is above the 4 lines that would correspond to a spin doublet interacting with a single
I = 3/2 nucleus and this confirms the presence of an isolated S = 1 state. Both the X- and Q-band
spectra display at least one signal for which the apparent g value is substantially lower than that of
the free electron (3600 and 12200 Gauss, respectively). As all Cu'' atoms in 1 and 3 are in
octahedral or square-pyramidal coordination environments, the presence of such signals can only
be attributed to a noticeable zero-field splitting (ZFS) within a multiplet state.
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Figure 10. Experimental and simulated X-band (v = 949 GHz) and Q-band
(v=34.05 GHz) EPR spectra of 1 and 1a at room temperature.

The observation of such multiplet states can be well correlated with the coexistence of the
dinuclear entities {Cux(pic)s} and [Cuz(pic)4(H20)]. In both complexes, intradimeric magnetic
exchange takes place through axial-equatorial pathways: u?-O bridging atoms for {Cuz(pic)s} and
O-C-0 linkages in the case of [Cuz(pic)4(H20)]. The spectroscopic features suggest that the former
are magnetically isolated by the bulky diamagnetic Keggin clusters and give rise to a common
signal with the typical features of a triplet state with significant zero-field splitting, whereas the
latter are coupled in an extended system of long-range, weak magnetic interactions that average
their individual signals. Thus, the spectra were initially simulated as the sum of the following
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individual contributions: one signal of axial symmetry corresponding to a cooperative exchange g
tensor (signal 1) and another signal originating from an S = 1 spin state with collinear D and g tensors
of axial symmetry (Figure S8). The fit of signal 1 to the experimental profile was improved by
breaking the axial symmetry with some equatorial anisotropy, whereas that of signal 2 required the
introduction of certain ZFS also in the equatorial plane. The value of the parameter £ used during
the fitting should be considered only as a simple approximation or as a maximum value for the
equatorial ZFS effect.

The calculated spin Hamiltonian parameters are shown in Table 3, together with those of
the isostructural 3 and the anhydrous derivative 1a. The g values are consistent with those expected
for the topology shown by the copper(Il) chromophores in the title compounds and confirms that
the ground state is mainly of d(x>-?) type. Therefore, the intradimeric coupling interactions must
be very small in both cases considering the axial-equatorial pathways. The calculated hyperfine
coupling constant (87x10™* cm™) is actually half of that expected for a Cu! chromophore with
g = 2.25 and N202-type equatorial plane, which implies that each unpaired electron must interact
with the nuclear spins of two different Cu' ions as corresponds to the presence of magnetically
isolated dinuclear entities. The D parameter obtained is relatively small and this fact is in good
agreement with the strong deviation of the axial component of the g tensors with respect to the
intradimeric Cu—Cu axis, which reduces the anisotropic exchange contribution.

Table 3. Spin Hamiltonian parameters g, 4, D and E (x10™* cm™!) for compounds 1, 1a, 2 and 3.

signal 1 signal 2
Compounds
81 82 g1 23=g| g1 2l A D E
1 2.061(1) 2.073(1) 2.067(1) 2.243(2) | 2.061(1) 2.240(1) 87(1)  450(5) 20(5)
la 2.056(1) 2.068(1) 2.062(1) 2.246(2) | 2.061(1) 2.240(1) 87(1) 430(5) 20(5)
3 2.062(1) 2.071(1) 2.066(1) 2.243(2) | 2.060(1) 2.240(1) 87(1)  450(5) 20(5)
2 - - 2.063(1) 2.251(2) | 2.060(2) 2.236(2) 88(3) 470(5) -

Dehydration of 1 into 1a does not significantly affect the EPR spectra in spite of the fact that
the release of the water molecules results in the splitting of one of the dimeric entities into
independent monomers with consequent modification of the coordination geometry around the Cu'!
centers from square-pyramidal to square-planar. The two main contributions corresponding to the
isolated dimer and the extended system can still be well appreciated in the spectra of 1a. For the
former, the lines of the fine structure approach each other due to a decrease of the D parameter that
may associate with a reduction of the anisotropy around the CuA centers. All of the fine and
hyperfine lines become wider, resulting in a loss of resolution that might a priori be related to an
increase of dipolar interactions or to a reduction of the exchange coupling. However, we believe
that this phenomenon is simply due to a loss of crystallinity in the solid sample upon heating the
starting material in an oven. It is worth highlighting that EPR spectroscopy finely demonstrates that
rehydration of 1a into the initial 1 is fully achieved in a very short time under standard atmospheric
conditions. Using a freshly prepared sample of 1a, the original experimental profiles of 1
were recovered within a few minutes when an open sample holder was used, but fortunately,
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sealing the latter slowed the process down enough for allowing us to collect the spectra of the
anhydrous derivative.

Figure 11 displays the X-band (9.40 GHz) and Q-band (34.10 GHz) EPR spectra of 2 recorded
at room temperature on a grained polycrystalline sample. The spectra are closely related to those of
1 and 3 as contributions of two different magnetic systems are also observed: a magnetically
isolated S = 1 state with significant zero-field splitting and a poorly resolved hyperfine structure in
the parallel region and a more intense rhombic signal that must originate from a cooperative
exchange g tensor after considering its lack of hyperfine lines. The calculated g, 4 and D values are
similar to those determined for 1 and 3 (Table 3). Taking into account the structural features of 2, it
should be assumed that the signal of the isolated triplet state corresponds to the dinuclear
{Cua(pic)4(H20)} antenna subunits, and hence the rhombic signal must then be ascribed to the
presence of long-range, weak magnetic interactions involving the monomeric {Cu(pic)2} bridging
subunits. Therefore, magnetic exchange pathways between the CuB and CuC ions must exist
through the Keggin clusters, or most likely, through the strong N-H---O hydrogen bonds

established with the guanidiniums cations.
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Figure 11. Experimental and simulated X-band (v = 9.49 GHz) and Q-band (v = 34.06
GHz) EPR spectra of 2 at room temperature.

3. Experimental Section

3.1. Materials and Methods

The precursors Ks[o-SiW11039]- 13H20 and Ks[a-GeW11039]-13H20 were prepared according to
the literature [61,62] and identified by IR spectroscopy. All other chemicals were obtained from
commercial sources and used without further purification. Carbon, hydrogen, and nitrogen were
determined on a Perkin-Elmer 2400 CHN analyzer (Perkin Elmer, Waltham, MA, USA). Infrared
spectra for solid samples were obtained as KBr pellets on a SHIMADZU FTIR-8400S spectrometer
(Shimadzu, Kyoto, Japan). Thermogravimetric and Differential Thermal Analyses were carried out
from room temperature to 750 °C at a rate of 5 °C min ' on a TA Instruments 2960 SDT
thermobalance (TA Instruments, New Castle, DE, USA) under a 100 cm?-min ! flow of synthetic
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air. Electron Paramagnetic Resonance (EPR) spectra were recorded on Bruker ELEXSYS 500
(superhigh-Q resonator ER-4123-SHQ, (Bruker, Karlsruhe, Germany) and Bruker EMX
(ER-510-QT resonator, Bruker, Karlsruhe, Germany) continuous wave spectrometers for Q- and
X- bands, respectively.

3.2. Synthesis of [C(NH2)3]+[{SiW12040}{ Cuz(pic)4}]-[Cuz(pic)+(H20)]2:6H20 (1) and
[C(NH2)3]s[{SiW 120400 2{ Cu(pic)2}3{Cuz(pic)+(H20)} 2] -8H20 (2)

To a solution of Ks[c:-SiW11039]-13H20 (322 mg, 0.10 mmol) in water (30 mL), CuCl2:2H20
(17 mg, 0.10 mmol) was added. After stirring the reaction mixture at room temperature for 30 min,
picolinic acid (24 mg, 0.20 mmol) was added. The resulting solution was stirred for one additional
hour and then aqueous 1M guanidinium chloride (1 mL) was added dropwise. A mixture of
prismatic blue crystals of 1 as the major fraction and laminar blue crystals of 2 as a side
product was obtained upon slow evaporation of the final solution for ca. five days. The two
compounds were manually separated using an optical microscope for their full characterization
and structural determination.

Compound 1. Yield: 32% based on W. Elemental Analyses (%): Calcd. (found) for
C76HssCusN24072SiW12: C, 17.88 (18.02); H, 1.74 (1.70); N, 6.58 (6.57). IR (cm™'): 3379 s, 2924
w, 2853 w, 1645 vs, 1603 s, 1572 s, 1478 m, 1447 w, 1362 s, 1350 s, 1292 m, 1265 w, 1167 w,
1096 w, 1051 m, 1015 w, 970 m, 924 vs, 883 m, 853 m, 804 vs, 758 s, 712 m, 694 m, 660 m,
525 m, 457 w.

Compound 2. Yield: less than 5% based on W. Elemental Analyses (%): Calcd. (found) for
Co2H124CurN380118S1aWaa: C, 12.9 (13.22); H, 1.45 (1.43); N, 6.21 (6.34). IR (ecm™'): 3366 s,
2926 w, 2853 w, 1642 vs, 1603 s, 1570 s, 1476 m, 1449 w, 1364 s, 1350 s, 1290 m, 1263 w,
1165 w, 1096 w, 1051 m, 1015 w, 970 m, 922 vs, 883 m, 854 m, 800 vs, 754 s, 712 m, 693 m,
660 m, 523 m, 455 w.

3.3. Synthesis of [C(NH2)3]+[{GeW 12040} { Cuz(pic)+}] [ Cuz(pic)+(H20)] 2-6H20 (3)

The synthetic procedure above was followed but for using a solution of K4[a-GeW11039]- 13H20
(329 mg, 0.10 mmol) in water (20 mL). Prismatic blue crystals of 3 suitable for X-ray diffraction
were obtained as a single solid phase by slow evaporation of the final solution for ca. 5 days. Yield:
31% based on W. Elemental Analyses (%): Calcd. (found) for C76HssCusGeN24O72W12: C, 17.73
(18.05); H, 1.72 (1.60); N, 6.53 (6.94). IR (cm!): 3370 s, 2924 w, 2853 w, 1642 vs, 1603 s, 1570 s,
1478 m, 1445 w, 1367 s, 1350 s, 1290 m, 1263 w, 1165 w, 1094 w, 1051 m, 966 s, 883 vs, 853 m,
831s, 787 vs, 754 s, 712 m, 692 m, 660 m, 557 w, 461 s.

3.4. X-ray Crystallography

Crystallographic data for 1-3 and the anhydrous phases 1a and 3a are given in Table 4. Intensity
data were collected at 100(2) K on an Agilent Technologies SuperNova diffractometer (Santa
Clara, CA, USA) equipped with an Oxford Cryostream 700 PLUS temperature device (Oxford,
UK). Mirror-monochromated Mo Ko radiation (2 = 0.71073 A) and an Eos CCD detector (Santa
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Clara, CA, USA) was used in all cases with the exception of 1 and 3a, for which data collection
involved mirror-monochromated Cu Ko radiation (4 = 1.5418 A) and an Atlas CCD detector (Santa
Clara, CA, USA). In the case of the anhydrous phases 1la and 3a, a single crystal of the
corresponding hydrated compound was mounted on the goniometer and a preliminary data
collection was performed at room temperature to check that its diffraction was of sufficient quality.
The temperature was then ramped at a rate of 2 K min~! and unit cell measurements were carried
out at 323, 353 and 413(2) K to ensure whether the sample maintained its integrity as a single
crystal during the structural transformation associated to dehydration. Once the temperature
reached 413(2) K, it was lowered to 100(2) K at a rate of 6 K min! for performing a full data
collection of the so generated anhydrous phases. The crystals were kept on the goniometer head
and exposed to room atmosphere for several days, after which routine full data collections
corresponding to the initial hydrated forms were carried out at 100(2) K.

Table 4. Crystallographic data for 1-3 and for the anhydrous phases 1a and 3a.

Parameters 1 la 2 3 3a
Formula C76HssCusN2s  C76H72CugN2y  CooHi24CusNsg  CrHgsCusGe  CrsH72CusGe
0725iW1, O6sSiW 12 01158812 Wa4 N2s072Wi2 N24O06s W12
Fw (g mol ™) 5105.2 4961.1 8563.6 5149.7 5005.6
Crystal system triclinic triclinic triclinic triclinic triclinic
Space group P-1 P-1 P-1 P-1 P-1
a k) 11.7014(4)  11.6039(3) 11.9426(2) 11.71103)  11.6025(7)
b (&) 15.9523(5) 15.9379(5) 12.8151(3) 15.9628(6) 15.9736(9)
¢ () 17.0285(5)  15.9984(5) 30.0533(6) 17.0341(5)  15.9849(10)
) 107.102(3) 104.292(3) 101.508(2) 107.057(3) 104.371(5)
L) 94.393(3) 91.168(2) 90.346(2) 94.372(2) 91.222(5)
7 ) 101.008(3) 100.599(2) 105.544(2) 100.971(2) 100.534(5)
v (A% 2952.2(2) 2811.6(1) 4333.6(2) 2958.9(2) 2814.5(3)
A 1 1 1 1 1
Paatea (g em™) 2.872 2.930 3281 2.890 2953
U (mm™") 23.180 13.447 16.822 13.025 24.412
Reflections:
Collected 22568 19291 34946 19292 20323
Unique 11493 11071 17052 11018 10854
Observed [/ > 20(1)] 10892 10022 15317 10485 7649
Rint 0.032 0.021 0.023 0.022 0.049
Parameters 514 494 788 518 494
R(F) “[I>20(])] 0.050 0.046 0.086 0.044 0.079
WR(F?)  [all data] 0.117 0.085 0.176 0.093 0.231
GoF 1.278 1.363 1.273 1.280 1.039

@ R(F) = Z||Fo—F|l/Z|Fo|; wR(F2) = {Z[W(F2~F2))/Z[w(F2)2]} 2.

Data frames were processed (unit cell determination, intensity data integration, correction for
Lorentz and polarization effects, and analytical absorption correction with face indexing) using
the CrysAlis Pro software package (Agilent Technologies UK Ltd., Oxford, UK) [63]. The
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structures were solved using OLEX (OlexSys Ltd in Durham University, Durham, UK) [64] and
refined by full-matrix least-squares with SHELXL-97 (University of Goettingen, Goettingen,
Germany) [65]. Final geometrical calculations were carried out with PLATON (Utrecht University,
Utrecht, The Netherlands) [66] as integrated in WinGX (University of Glasgow, Glasgow, UK) [67].
Thermal vibrations were treated anisotropically for heavy atoms (W, Cu, Si). Hydrogen atoms of
the organic ligands were placed in calculated positions and refined using a riding model with
standard SHELXL parameters. In all cases, the Keggin clusters displayed disorder originated from
slight tilting in the crystal packing. This tilting was modeled by disordering the O atoms of the
Keggin clusters over two positions labeled as O/OZ. The population factor within the O/OZ pairs
was initially refined as a single free variable, resulting in the following occupancies: 50/50 for 1,
48/52 for 1a, 65/35 for 2, 51/49 for 3 and 52/48 for 3a. CCDC-1058791 (1), -1058793 (2),
-1058794 (3), -1058792 (1a), and -1058795 (3a) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Powder X-ray diffraction patterns were collected on a Bruker D8 Advance diffractometer
(Karlsruhe, Germany) operating at 30 kV and 20 mA and equipped with a Pt sample holder, Cu
tube (A = 1.5418 A), Vantec-1 PSD detector (Karlsruhe, Germany), and Anton Parr HTK2000
high-temperature furnace (Graz, Austria). The patterns were recorded in 20 steps of 0.033°
in the 5 <260 < 39° range using an exposure time of 0.3 s per step. Full data sets were recorded from
30 to 770 °C every 20 °C and a heating rate of 0.16 °C s™! was applied between the temperatures.

4. Conclusions

The study presented herein represents a good indication of the fact that single-crystal to
single-crystal transformations might be a common structural response to thermal dehydration in a
wide scope of hybrid compounds composed of polyoxometalate anions and transition metal
complexes bearing organic ligands. To date, such types of solid-state phase transition studies have
only been developed for polyoxometalate-based hybrid compounds containing bis(aminopyridyl)-
type ligands. In this work, we demonstrate that analogous behavior can also be found in related
systems with completely different metalorganic subunits such as transition metal bis(picolinate)
complexes. The aiding role of guanidinium cations as structure-directing agents appears to be a key
factor in facilitating the crystal transformations because they are able to establish a massive
network of intermolecular interactions that remains nearly unaltered upon dehydration.
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Understanding the Regioselective Hydrolysis of Human
Serum Albumin by Zr(IV)-Substituted Polyoxotungstates
Using Tryptophan Fluorescence Spectroscopy

Vincent Goovaerts, Karen Stroobants, Gregory Absillis and Tatjana N. Parac-Vogt

Abstract: The interaction between human serum albumin (HSA) and a series of Zr(IV)-substituted
polyoxometalates (POMs) (Lindqvist type POM (("BusaN)s[ { W5018Zr(n-OH)}2]-2H20, Zr2-L2), two
Keggin type POMs ((Et2NH2)10[Zr(PW11039)2]-7H20, Zr1-K2 and (EtzNH2)s[{a-PW11039Zr(p-
OH)(H20)}2]-7H20, Zr2-K2), and two Wells-Dawson type POMs (KisH[Zr(02-P2W17061)2]-25H20,
Zr1-WD2 and Nai4[Zra(P2W16059)2(113-O)2(OH)2(H20)4]- 10H20, Zr4-WD2) was investigated by
tryptophan (Trp) fluorescence spectroscopy. The fluorescence data were analyzed using the Tachiya
model, ideally suited for multiple binding site analysis. The obtained quenching constants have the
same order of magnitude for all the measured POM:protein complexes, ranging from 1.9 x 10° M
to 5.1 x 10° M™!. The number of bound POM molecules to HSA was in the range of 1.5 up to 3.5.
The influence of the ionic strength was studied for the Zr1-WD2:HSA complex in the presence of
NaClO4. The calculated quenching constant decreases upon increasing the ionic strength of the
solution from 0.0004 M to 0.5004 M, indicating the electrostatic nature of the interaction. The
number of POM molecules bound to HSA increases from 1.0 to 4.8. *'P NMR spectroscopy provided
evidence for the stability of all investigated POM structures during the interaction with HSA.

Reprinted from Inorganics. Cite as: Goovaerts, V.; Stroobants, K.; Absillis, G.; Parac-Vogt, T.N.
Understanding the Regioselective Hydrolysis of Human Serum Albumin by Zr(IV)-Substituted
Polyoxotungstates Using Tryptophan Fluorescence Spectroscopy. Inorganics 2015, 3, 230-245.

1. Introduction

Amino acids, the individual building blocks of proteins, are linked via peptide bonds, which have
an extremely high stability towards hydrolysis. Under physiological reaction conditions, the half-life
for the uncatalyzed hydrolysis of the peptide bond is estimated to be between 350 and 600 years [1].
Nevertheless, the selective hydrolysis of proteins into smaller, workable fragments is necessary in
many biochemical and biomedical procedures [2]. For instance, protein hydrolysis is of prime
importance for a broad range of proteomics techniques ranging from protein sequencing to protein
identification [3-5]. Moreover, efficient and selective protein hydrolysis is also highly used in the
food industry [6], leather processing [7], the cleaning industry [8] and medicine [9]. These
applications demand the use of reagents that are on the one hand capable of hydrolyzing the
extremely inert peptide bond, and achieving this reactivity in a highly selective manner on the other
hand. Because most of the organic molecules are not sufficiently strong nucleophiles at physiological
pH, the hydrolytic activity of several metal salts and their corresponding complexes has been
extensively investigated [2]. Although the improvements in this domain are considerable, most
reported complexes need multistep reactions to be tethered to the protein, or can only be used in an
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extreme pH range, limiting their practical use as peptidases. Consequently, there is a need for new
efficient peptidases.

Polyoxometalates (POMs) are a versatile and tunable class of negatively charged early transition
metal-oxygen clusters [10—-12]. These molecules are an assemblage of oxo-bridged early transition
metals (mostly Mo, W, and V) in their highest oxidation state [13,14]. Their chemical and physical
properties can be tuned, giving rise to a large number of possible applications in the fields of
catalysis [15—17], material science [18-20] and medicine [21-24]. Moreover, the removal of one or
more of the addenda atoms from the POM framework results in the formation of a lacunary species,
which can coordinate different metal ions, resulting in the formation of metal-substituted
POMs [11,25]. Metal-substituted POMs have been used as catalysts in several catalytic reactions,
ranging from the epoxidation of olefins and alkanes to the splitting of water [26—29]. Additionally,
POMs exhibit biological activity, which includes in vitro and in vivo anticancer, antiviral, antibiotic,
antiprotozoal and antidiabetic activity [23,24,30]. Furthermore, inhibition of enzymes can be
achieved as a result of the interaction of POMs with proteins [24,31], making POMs potential drugs
for Alzheimer’s disease [31]. Nonetheless, the exact molecular mechanism responsible for the
medicinal activity of POMs has not yet been elucidated. Key components that influence the
interaction between POMs and proteins include the size, shape and charge of the POM as well as the
kind of incorporated metal ion [30,32-39].

It was previously reported by our research group that isopolyoxomolybdates [40-43],
isopolyoxovandates [44,45] and metal-substituted POMs [46] are able to efficiently hydrolyze the
phopho(di)ester bonds in DNA and RNA model compounds. Moreover, hydrolysis of the highly inert
peptide bond in dipeptides [46—50], oligopeptides [51], and several model proteins [34,52,53] by
different types of POMs has been demonstrated. The hydrolysis of hen egg white lysozyme (HEWL)
by the Ce(IV)-substituted Keggin POM, [Ce(PW11039)2]'%", was the first reported example of protein
hydrolysis promoted by a POM [34]. This study has shown that the negatively charged POM
specifically interacts with positively charged patches on the protein surface, while at the same time
it acts as a stabilizing ligand for the active metal ion, leading to regioselective hydrolysis.
Interestingly, in preceding studies, it was found that the binding is not only directed by an
electrostatic interaction between the negatively charged POM structure and positive patches on the
surface of HEWL, but also by the coordination of the Ce(IV) ion to the carboxylate side chain of Glu
or Asp amino acids [34].

Later we demonstrated that due to the high Lewis acidity of the zirconium(IV) ion, the Zr(IV)-
substituted polytungstates were efficient catalysts for the hydrolysis of the peptide bond [49-51,54]. The
hydrolytic activity of a series of Zr(IV)-substituted POMs toward human serum albumin (HSA) has
been investigated in detail recently [52]. In this study, it was found that HSA was selectively
hydrolyzed by Zr(IV)-substituted Lindqvist (("BuaN)e[ { WsO18Zr(u-OH)}2]-2H20, Zr2-L2), Keggin
((Et2NH2)10[Zr(PW11039)2]- 7H20, Zrl1-K2, and (Et2NH2)s[{a-PW11039Zr(n-OH)(H20)}2]-7H20,
Zr2-K2), and Wells-Dawson (KisH[Zr(02-P2W17061)2]-25H20, Zr1-WD2, and Nai4[Zra(P2W16059)2
(13-0)2(OH)2(H20)4]- 10H20, Zrd-WD2) type POMs. Although all POMs exhibited a similar
hydrolysis pattern, the Wells-Dawson type POMs showed the highest reactivity among the
investigated complexes towards the hydrolysis of HSA. Albumin proteins are frequently studied
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proteins in interaction studies because of their known primary sequence and the stability of their
tertiary structure in solution [33,36-39,55]. HSA contains one tryptophan residue which is located at
position 214, and the use of fluorescence quenching studies are an excellent tool to quantify the
strength of the interaction and the number of binding sites for molecules that interact with HSA [56].
A detailed understanding of the parameters responsible for the interaction on a molecular level is
necessary to tune the selectivity and rationally design metal-substituted POMs with explicit
interaction properties. In addition, the establishment of the correlation between the rate of protein
hydrolysis by metal-substituted POMs and the strength of their interaction that precedes the
hydrolysis will result in a faster achievement of the application of metal-substituted POMs as
artificial peptidases.

In this study, a series of Zr(IV)-substituted POMs, which were previously proven to be
hydrolytically active towards HSA, were investigated with tryptophan (Trp) fluorescence
spectroscopy in order to gain insight into the interaction between the POMs and HSA, which precedes
the actual protein hydrolysis. The quenching of Trp214 fluorescence by Zr1-K2, Zr2-K2, Zr2-L2,
Zr1-WD2, and Zr4-WD2 was investigated at physiological pH (pH 7.4) and room temperature to
quantify the strength of the binding and identify the stoichiometry of this interaction.

2. Results and Discussion
2.1. Tryptophan Fluorescence Spectroscopy

Fluorescence quenching was used to study the interaction of a set of Zr(IV)-substituted POMs
with HSA. The series consist of one Lindqvist type POM (("BuaN)e[ {W5018Zr(n-OH)}2]-2H20,
Zr2-L2), two Keggin type POMs ((Et2NH2)10[Zr(PW11039)2]-7H20, Zr1-K2 and (Et2NHa)s[ {a-
PW11039Zr(u-OH)(H20)}2]-7H20, Zr2-K2), and two Wells-Dawson type POMs (KisH[Zr(o2-
P2W17061)2]-25H20, Zr1-WD2 and Nai4[Zra(P2W16059)2(13-0)2(OH)2(H20)4]- 10H20, Zr4-WD2),
as depicted in Figure 1.

HSA is a 66.5 kDa protein and consists of 585 amino acid residues including 1 tryptophan (Trp)
residue, 19 tyrosine (Tyr) residues and 17 disulfide bonds. Emission of HSA is dominated by the Trp
residue, which absorbs at the longest wavelength and displays the largest extinction co-efficient.
Moreover, energy absorbed by phenylalanine (Phe) and Tyr residues is often efficiently transferred
to the Trp residues in the same protein [57]. In these steady state fluorescence experiments,
the concentration of HSA was kept constant at 10 uM, while the concentration of the respective
POMs was increased stepwise from 0 to 10 pM with increments of 1 uM. The quenching of the Trp
fluorescence by Zr2-L.2 is shown in Figure 2, and similar behavior was observed for the other POMs
(Figures S1-S4). The Tachiya model, presented in Equation (1), was used for analysis of the strength
and stoichiometry of the binding [56]:

F,—F
F

Log(

)= mxLog(K,)+mxog [0]-[ar] 2L )

where Fo is the unquenched fluorescence intensity, F' the fluorescence in the presence of the
quencher, [Q] the concentration of the quencher, [M] the concentration of protein and m the number
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of binding sites. This model is used since a stoichiometry higher than 1 is expected [52]. The key
advantage of using this equation is that it offers the option to extract the quenching constant or
association constant (Ka) as well as the number of bound molecules (m) directly. The plots of the
equations for the different POM:HSA complexes can be seen in the insets of the respective figures.
The calculated values of the quenching constants, their corresponding number of bound molecules,
the HSA hydrolysis rate (%) [52], and the net charge of the POMs are given in Table 1.

> X%

Zr2-1.2 Zr1-K2

Zr1-WD2 Zr4-WD2

Figure 1. Combined polyhedral/ball-and-stick representations of Zr2-L2, Zrl-K2,
Zr2-K2,Zr1-WD2, and Zr4-WD?2. (Green octahedra: WO, red tetrahedra: POs, teal blue:
Zr(IV) ion, red balls: oxygen atoms).

505 | 800 | 4% | 40 | 4B 4w 475
Log(IQHMY'(F -F)F)

Fluorescence Intensity (a.u.)

20 a0 360 380 400 420
Wavelength (nm)
Figure 2. Emission fluorescence spectra of HSA in the absence and presence of different
concentrations of Zr2-L2 ([HSA] = 10° M, pH = 7.4). From top to bottom, the
concentration of Zr2-L2 increased stepwise from 0 to 10~ M with increments of 10° M.

In the inset, the plot of the Tachiya equation is given (with R’ = 0.99). From the plot, Ka
and m were calculated to be 2.0 x 10° M ! and 3.02, respectively.
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Table 1. Calculated values of the quenching constants, their corresponding number of
bound molecules, the percentage of hydrolyzed human serum albumin (has) after 48 h
incubation at pH 7.4 and 60 °C [52] and their polyoxometalates (POM) net charge for
different POM:HSA complexes.

POM K, (M) m Hydrolysis (%) after 48 h [52] POM Net Charge
Zr1-K2 1.9 x 10° 3.44 <35 -10
Zr2-K2 2.5 % 10° 2.23 <35 -6
Zr2-1.2 2.0 x 10° 3.02 <35 —4
Zr1-WD2 5.1 x 10° 1.52 ~75 -16
Zr4-WD2 2.8 x 10° 2.05 ~50 —4

From Table 1, it can be seen that the number of bound Zr(IV)-substituted POM complexes per
HSA molecule varies between 1.52 and 3.44. This indication for the simultaneous binding of multiple
POM molecules to HSA is not surprising since we have previously shown that up to four cleavage
positions were observed for all five POM complexes [52]. Since HSA is a large protein, it is
reasonable to assume that it can interact with more than one POM at the same time. In addition, the
two largest POMs (Zr4-WD2 and Zr1-WD2) show the lowest value for the number of molecules
bound to HSA, while a higher stoichiometry is obtained for the smaller POMs. This is reflected in
the change of a 2:1 POM:HSA complex observed for (Zr4-WD2 and Zr1-WD2) to a 3:1 (for Zr2-L2)
and nearly a 4:1 POM:HSA complex for Zr1-K2.

As is also shown in Table 1, the strength of the binding to HSA is in the same order of magnitude
(10° M) for all studied Zr(IV)-substituted POMs. The quenching of the fluorescence of HSA has
been extensively studied with different types of POMs, including Keggin, Wells-Dawson, Lindqvist
and wheel-shaped structured POMs [33,36,37,39]. The calculated values for the quenching constants
of the Zr(IV)-substituted POMs are comparable to the reported values obtained for the lacunary
Keggin (K7PW11039, 2.9 x 10> M™!) [58], and the Ni(Il)-substituted Wells-Dawson POM
(a2-[NiP2W170611%7, 1.15 x 10° M!) [37]. However, the values of the quenching constants for the
Zr(IV)-substituted POMs are one order of magnitude larger than the corresponding values for the
Eu(III)-substituted analogues of the Keggin (K4EuPW11039, 6.1 x 10* M!) [58], and Lindqvist
(Nao[Eu(W10036)], 4.8 x 10* M) [39] type POMs. In part, this might be a result of the larger POM
net charge of the Zr(IV)-substituted POMs as compared to the Eu(IIl) analogues. Furthermore, the
Zr(IV)-substituted POMs are larger than their Eu(IIl) counterparts, resulting in a larger negatively
charged surface that is able to interact stronger with the positive patches on the HSA surface. For
instance, the larger charge of the Zr(IV)-substituted Keggin type POMs evolves from the slight
difference in structure; they all have two POM ligands, while the Eu(IIT) analogue only has one. The
larger negative charge results in a stronger interaction and hence, a larger value for the quenching
constant, since the POM:protein interactions are mainly electrostatic in nature [39].

A final important observation which is made from the data in Table 1 is that the reactivity of the
studied POMs is correlated to the strength of their interaction with the HSA protein. Zr1-WD2 not
only possesses the largest value of Ka, but also displayed the fastest rate of HSA hydrolysis (~75%
after 48 h incubation) in our previous reaction study. The second strongest binding POM, Zr4-WD?2,
exhibited the second fastest hydrolysis of HSA (~50% after 48 h incubation). Conclusions for the
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other three POMs cannot be made, since it was not possible to distinguish between them in the
hydrolysis experiments. However, the relationship between the reactivity and interaction strength
can be expected to be valid for the other Zr(IV)-substituted POMs as well. In addition, it can be
deduced that small changes in the interaction strength induce large changes in the hydrolysis
reactivity toward the stable peptide bonds in HSA.

Although the net charge of the POM clearly plays an important role, it is not the only factor
influencing the interaction with HSA. This can for example be seen for the value of the quenching
constant for the Zr1-K2:HSA complex; this complex has a very similar value of Ka as compared to
Zr2-L.2, while the net charges of the POMs are —10 and —4, respectively. Consequently, it is proposed
that the size and shape of the POM considerably affect the interaction as well. Moreover, different
cations can cause changes in the protein aggregation and alter interaction processes. In addition,
the substituted metal ion or the amount of substituted metal ions can play an important role in the
interaction behavior. This is a result of the hydrolysis pattern of the Zr(IV)-substituted POMs.
One cleavage site (Argl14-Leul15) is located in the central cleft of HSA. This cleft has a positive
inner surface [59]. The three other cleavage sites (Ala257-Asp258, Lys313-Asp314, and
Cys392-Glu393) are located near a positive surface patch with a negatively charged amino acid in
the upstream position (Asp or Glu) [52], suggesting that the positively charged Zr(IV) ion is involved
in the electronic interaction process as well.

To further investigate the electrostatic nature of the interactions between POMs and proteins, the
Trp fluorescence quenching of HSA by Zr1-WD2 was studied at different ionic strength conditions.
Since electrostatic interactions are known to diminish when the ionic strength (I) is increased, the
effect of NaClO4 addition on the interaction parameters was studied. The ionic strength can be

n
1 2
I= Ez C.Z; @)
i=1

where Ci is the molar concentration of the ion in M and Zi is the charge of that ion. The ionic strength
was varied in the range of 0.0004 M to 0.5004 M. The Trp fluorescence quenching of HSA was
performed for five ionic strength values in this range and in the presence of the Zr1-WD2 POM, as

calculated using Equation (2):

this POM displayed the strongest interaction in the previous experiments. The analysis of the data
was done using the Tachiya model [56] and the resulting parameters are shown in Table 2.

Table 2. Calculated values of the quenching constants and their corresponding number
of bound molecules for the 1:2 Zr(IV)-substituted Wells-Dawson POM:HSA complex at
different ionic strength conditions.

Ionic Strength M) K, (M) m
0.0004 5.1 x10° 1.52
0.0014 4.4 x10° 0.95
0.0504 2.4 x10° 2.44
0.1004 2.3 x10° 2.65
0.2504 1.9 x 10° 2.95

0.5004 1.5 x 10° 4.81
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From Table 2, it can be concluded that the quenching constant decreases upon increasing the ionic
strength of the solution. This observation can be explained by the thermodynamic parameters of the
electrostatic interaction. The entropy becomes more unfavorable when the ionic strength
increases [60], resulting in a weaker interaction. This is the result of the shielding of the high negative
charge (—16) of Zr1-WD2 by the salt ions. Moreover, this lower quenching constant indicates that
each binding is weaker because of the simultaneous disruption of the interaction with the positively
charged residues of HSA. Although the interaction strength reduces with a factor larger than three,
it remains in the same order of magnitude (10° M ') regardless of the change in ionic strength. The
effect of the ionic strength is not as pronounced as it was the case for a Keggin shaped POM
([H2W12040]®") where a decrease in binding constant was observed of more than two orders of
magnitude [61]. Therefore, it can be concluded that the interaction between Zr1-WD2 and HSA
persists even in solutions with high ionic strengths.

A final important observation which is made from the data in Table 2 is that the number of bound
molecules increases upon increasing the ionic strength. This result can be understood by considering
the electrostatic nature of the POM:protein interaction. While the high negative charge of Zr1-WD2
results in the strongest interaction with HSA, it also leads to a lower number of possible binding
positions as compared to the other POMs. This presumably is the result of repulsive forces with
negatively charged residues on the HSA surface in close proximity to the positively charged regions
to which the POMs tend to bind. When NaClOu4 is added, the high negative charge of Zr1-WD2 will
partly be shielded, resulting in more possible binding positions. In previous studies performed in our
research group, by using isothermal titration calorimetry, it was found that four Zr1-WD2 POMs
were able to bind to HSA [53]. Therefore, it is expected that the number of bound molecules will
plateau upon further increasing the ionic strength. As for the other Zr(IV)-substituted POMs, it is
reasonable to assume the POMs will display similar behavior upon increasing the ionic strength; the
strength of the binding will decrease as a result of the shielding of the charges by NaClO4, while the
number of bound molecules will increase for the same reason. The smaller Keggin and Lindqvist
type POMs will probably be able to bind more POM molecules per HSA, as was seen in the
fluorescence quenching experiments without added salt. The value of bound molecules could go up
as high as eleven, as was reported for a Keggin shaped POM ([H2W12040]°") [61].

2.2. Polyoxometalate Stability in the Presence of HSA

3P NMR spectra of the Zr1-K2, Zr2-K2, Zr1-WD2 and Zr4-WD2 POMs in phosphate buffer
(10 mM, pD 7.4, 10% D20) were measured in the absence and presence of 0.1 equivalents of HSA.
The Zr2-L2 POM could not be investigated in these experiments since this POM does not contain
any phosphorus atoms. The Keggin structures are composed of one or two Zr(IV) metal ions,
respectively, surrounded by two lacunary Keggin units with a POs tetrahedron at the centre (Figure 1).
The environment of the phosphorus atoms is symmetrical resulting in a single resonance for the
phosphorus atoms. However, due to the formation of two isomers of the Zr1-K2 compound, two
adjacent resonances were reported to characterize this POM [62]. The Wells-Dawson compounds
contain a second POs tetrahedron near the POM unit centre (Figure 1), they also are symmetrical and
are characterized by two *'P NMR signals. The resonance for the phosphorus atom close to the Zr(IV)
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metal falls within the ppm range where the characteristic peaks for metal-substituted Keggins are
found due to the similar electrostatic environment. The second resonance for the phosphorus atom
further away from the incorporated metal ion(s) is shifted downfield. As shown in Figure 3, there is
no shift in the peak positions of the characteristic Zr1-WD2 resonances (at —9.33 and —13.94 ppm)
in the presence of HSA, indicating the stability of the POM upon interaction with the protein. It
should not be surprising that these polyoxotungstates are stable as this was already previously
demonstrated by various techniques [63—65]. In addition, the slight decrease in the intensity of the
POM peaks can be correlated with the formation of a large molecular complex with HSA which has
a longer correlation time and thus a faster relaxation. The shifting of *'P NMR resonances was also
not observed for the Zr4-WD?2 (resonances at —7.04 and —14.26 ppm), Zr1-K2 (resonances at —14.60
and —14.69 ppm) and Zr2-K2 (resonance at —13.60 ppm) POMs upon addition of 0.1 equivalents of
HSA. Similarly to Zr1-WD2, an intensity decrease was observed for all POM resonances upon
increasing the HSA concentration, giving an additional indication for the POM:HSA interactions.
The absence of any new peaks in the 3'P NMR provides evidence for the stability of all investigated
POM structures during the interaction with the albumin protein, indicating a fast exchange binding
mechanism between the POM structures and HSA [66].

WWMWWMMM vipatrmpifia itk paey
WMWWWWW

-16  ppm

Figure 3. >'P NMR spectra of Zr1-WD2 (2.0 mM) in the absence (top) and presence
(bottom) of HSA (0.2 mM) in phosphate buffer (10 mM, pH 7.4, 10% D20). The peak
positions at —9.33 and —13.94 ppm do not change upon addition of HSA.

Previous experiments in our research group on the mechanism of the hydrolysis of the peptide
bond in di- and oligopeptides have demonstrated the need for the accessibility of the hydrolytically
active metal ion. It was shown that the coordination of the peptide to Zr(IV) results in the polarization
of the peptide carbonyl group, which speeds up the hydrolysis [49-51,54]. As a result of the saturated
coordination sphere of Zr(IV) in the 1:2 POM structures, it is expected that these POMs display the
slowest hydrolysis rate. However, equilibrium exists between the monomeric and dimeric species of
Zr1-WD2, Zr1-K2, Zr2-K2 and Zr2-L2, depending on the pH and concentration of the solution where
lower concentrations favored the formation of the monomeric species [49-51,67,68]. Moreover,



92

the addition of protein can also shift the equilibrium towards the monomeric species [51]. These
species have four free coordination sites around Zr(IV), resulting in faster hydrolysis as was
demonstrated for Zr1-WD2 [52]. For this reason, the hydrolysis of the peptide bond in HSA is by a
similar mechanism as for short peptides [51], although the interaction pattern was demonstrated to
be very different. In HSA, it was shown that the POM structures are able to interact with positive
surface patches with a supplementary interaction of Zr(IV) with an upstream negatively charged
amino acid (Asp or Glu) and thereby influencing the selectivity [52].

3. Experimental Section
3.1. Materials

Human serum albumin (HSA) was purchased from Sigma-Aldrich (Schnelldorf, Germany) in
the  highest available purity and was used  without further  purification.
(Et2NH2)10[Zr(PW11039)2]- 7TH20  (Zr1-K2) [62], (Et2NH2)s[{a-PW11039Zr(n-OH)(H20)}2]-7H20
(Zr2-K2) [69], ("BuaN)6[ {W5018Zr(n-OH)}2]-2H20 (Zr2-L2) [70], KisH[Zr(02-P2W17061)2]-25H20
(Zr1-WD2) [62] or Nais[Zra(P2Wi16059)2(n3-0)2(OH)2(H20)4]-10H20 (Zr4-WD2) [71] were
prepared by the published procedures.

3.2. Fluorescence Spectroscopy Studies

Steady state fluorescence experiments were recorded on a Photon Technology Quanta Master
(North Edison, NJ, USA) QM-6/2005 spectrofluorimeter. Quartz cuvettes with 10.0 mm optical path
length were used. Spectra were recorded in a buffered 10 uM protein concentration solution
(phosphate buffer, pH = 7.4) at room temperature monitoring the emission from 305 nm to 420 nm,
with a maximum at approximately 340 nm. Although several organic cations are used as counter ions
for the polyoxoanions, no precipitation is observed as a result of the used phosphate buffer. To
examine the influence of the ionic strength, NaClOs was added with concentrations in the range of
0.001 to 0.5 M. Excitation of the samples took place at 295 nm to avoid excitation of tyrosine
residues. The emission and excitation slit widths were opened at 0.37 mm (resolution of 1.0 nm).
The POM concentration was increased stepwise from 0 to 10 pM with increments of 1.0 uM. The
fluorescence data of the POMs were analyzed using the Tachiya model, Equation (1) [56].

3.3. 3P NMR Spectroscopy

Solutions (0.5 mL) containing 0.1 or 0.2 mM of HSA and 1.0 or 2.0 mM of POM were prepared
in phosphate buffer (10.0 mM—pH 7.4—10% D20). 3'P NMR spectra were recorded directly after
mixing on a Bruker (Karlsruhe, Germany) Avance 400 (161.98 MHz) spectrometer. As an external
standard, 25% H3PO4 in D20 in a sealed capillary was used.

4. Conclusions

The knowledge of the interaction between hydrolytically active POMs and proteins on a molecular
level is necessary to further optimize the hydrolytic selectivity of metal-substituted POMs as artificial
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proteases. In this study, a direct correlation between the rate of protein hydrolysis by
metal-substituted POMs and the strength of their interaction, preceding this reaction, was established
for the first time.

Fluorescence spectroscopy was used to study the interaction between a series of Zr(IV)-substituted
POMs and HSA. Analysis of the fluorescence quenching of HSA in the presence of these POMs has
resulted in a binding stoichiometry ranging from 2:1 POM:HSA for the larger POMs up to 3:1 and
even 4:1 for the smaller POMs and binding constants in the order of 10° M. It was shown that the
Wells-Dawson POM, Zr1-WD2, displays the strongest interaction with HSA, which correlates to its
high hydrolysis reactivity, as was previously reported. This correlation between the hydrolysis
reactivity and interaction strength was not established before and seems to be valid for the other
Zr(IV)-substituted POMs as well.

The influence of the ionic strength was studied for the Zr1-WD2:HSA complex by adding
NaClOs4. It was found that the value of the quenching constants decreases upon increasing the ionic
strength of the solution from 0.0004 M to 0.5004 M. Nevertheless, it was found that the number of
bound molecules increased from 0.95 to 4.81. While the increased number of bound molecules is the
result of the shielding of the high negative charge of Zr1-WD?2, resulting in more possible binding
positions, the lower quenching constant indicates that each binding is weaker due to the simultaneous
disruption of the interactions with positively charged residues. *'P NMR spectroscopy was used to
investigate the stability of all phosphorus containing POMs upon interaction with HSA. The lack of
new peaks in the 3'P NMR spectra of all investigated POMs provides evidence for the stability during
their interaction with HSA.

The presented interaction study complements the ongoing research in our group which
mainly focuses on the hydrolysis of proteins by POMs, and greatly contributes to the establishment
of a structure-activity relationship of metal-substituted polyoxotungstates as a new class
of metalloproteases.
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Synthesis, Characterization and Study of Liquid Crystals
Based on the Ionic Association of the Keplerate Anion
[M01320372(CH3CO0)30(H20)7:]** and Imidazolium Cations
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Abstract: A series of eight new materials based on the ionic association between 1-methyl-3-
alkylimidazolium cations and the nanometric anionic Keplerate [Mo1320372(CH3COO)30(H20)72]**
has been prepared and characterized in the solid state. The liquid crystal properties of these
materials were investigated by the combination of Polarized Optical Microscopy, Differential
Scanning Calorimetry and Small-angle X-Ray Diffraction showing a self-organization in lamellar
(L) mesophases for the major part of them. From the interlamellar spacing / and the intercluster
distance anex, we demonstrated that the cations are not randomly organized around the anionic
cluster and that the alkyl chains of the cations are certainly folded, which limits the van der Waals
interactions between the cations within the liquid crystal phase and therefore harms the quality of
the mesophases.
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Study of Liquid Crystals Based on the Ionic Association of the Keplerate Anion
[Mo01320372(CH3COO0)30(H20)72]**" and Imidazolium Cations. Inorganics 2015, 3, 246-266.

1. Introduction

Liquid crystals constitute a fascinating example of functional self-assembled materials.
Incorporation of some inorganic components into liquid crystalline phases appears particularly
relevant to the elaboration of synergistic multifunctional materials according to a “bottom-up”
approach [1]. Polyoxometalates (POMs), often described as polyanionic molecular oxides, exhibit
various properties in all domains of chemistry [2-8]. Dietz and Wu demonstrated that the
association of various POMs with phosphonium or ammonium derivatives lead to ionic liquids or
ionic mesomorphic self-assemblies [9—17]. In this context, the “Keplerates” anions with the general
formula [(MosOz21)12(linker)so(Ligand)so(H20)72]" (Figure 1) constitute an unique class of
nanoscopic hollow spherical clusters which exhibit singular structural features which easily
exchange the internal ligands/functionalities [18,19]. They therefore constitute a fascinating class
of molecular materials which display a large variety of properties such as magnetism [20,21],
catalysis [22,23], electric conductivity [24], non-linear optics [25,26] and are able to serve as
nano-reactor for chemical reactions, such as stoichiometric transformations of substrates with
unusual selectivity [27]. Several research groups have been interested to exploit this cluster in the
context of materials science where many efforts have been done to organize and stabilize such
materials. For example, the incorporation of Keplerates into suitable matrices such as polymers [28]
polyelectrolyte [29] silica [30] or organic cations [31-34] can enhance stability and induce
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synergistic functionalities between POMs and matrices. For instance, the counter-cations of the
Keplerate anion [Mo1320372(CH3COO0)30(H20)72]**, noted hereafter Moi32, can be replaced with
dioctadecyl-dimethylammonium cations (DODA") resulting in functional nanodevices [35].
Motivated by this challenge, we reported that the wrapping of Keplerate-type capsules with DODA™
cations lead to the formation of the materials (DODA )36(NH4)6[ M01320372(CH3COO)30(H20)72]-75H20,
(DODA )44(NH4)14]M01320312S60(SO4)23(H20)86] and (DODA)s6(NH4)16[M01320312S60(SO4)30(H20)72]
which exhibit liquid crystalline properties [36,37]. Interestingly, the DODA" cations are not
randomly distributed on the surface of the Keplerate capsule, but organized within the sheets of
Keplerates. In the following of these two previous works, we studied the association of another
highly charged POM, namely [K:Na,Li,H:{M0404S4(OH)2(H20)3}2(PsWagO184)]*** 2~ with a
series of 1-methyl-3-alkylimidazolium cations [38], which present the particularities to be easily
modified and to be easily prepared on a gram scale. This work evidenced that the chains of the
cations are organized perpendicularly to the sheets of the POMs and that the structural parameters
of the liquid crystal phases can be finely tuned as a function of the alkyl chain length of the
imidazolium cations [38]. More recently, we evidenced that the Keplerate Mois2 interacts with
I-methyl-3-ethylimidazolium cations in aqueous phase with an association constant of 5800, a
value significantly higher than that measured with tetramethylammonium cation (1550) taken as a
model for the DODA" cation [39].

We report here on the synthesis and the characterizations of materials built from the ionic
association of Keplerate Mo132 with 1-methyl-3-alkylimidazolium cations, noted mimCn" (n = 12,
14, 16, 18, 20, see Figure 1). After having characterized the materials, the liquid crystal properties
are studied by polarized optical microscopy (TD-POM), differential scanning calorimetry (DSC)
and small angle variable temperature X-ray diffraction (SA-XRD) in order to determine if it is possible
(1) to build liquid crystals materials resulting from the ionic associations Moi32 / 1-methyl-3-
alkylimidazolium and (ii) to change the nature of the liquid crystal phases upon replacement of
DODA cations with 1-methyl-3-alkylimidazolium cations, for which the interaction with Moi32 is

stronger in solution.

2. Results and Discussion

2.1. Synthesis and Characterization of the Moi1s2-Based Materials
2.1.1. Synthesis and Characterizations

The Keplerate-based materials were prepared by mixing an aqueous solution of the precursor
compound abbreviated NHs—Moi32 with a large excess (ca. 170 equivalents per Mois2 capsule) of
1-methyl-3-alkylimidazolium cations, noted mimC,* (n = 12, 14, 16, 18, 20), in chloroform in
order to replace the maximum of NH4" countercations. After stirring the mixture for about 1 h, the
Keplerate capsule Mois2 was totally transferred into the chloroform phase, indicating a rapid and
quantitative transfer. The target materials were precipitated with a good yield by addition of
ethanol into the chloroform phase and finally filtered, washed with ethanol and dried in air (see
experimental section for more details). We were also interested to investigate the preparation of
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mixed salts of mimC12" and mimC20” by using different ratios during the synthesis. The materials
were obtained as brown-black soft solids, no longer soluble in water, but soluble in organic
solvents such as chloroform, acetonitrile, toluene and ether. These compounds were characterized
by FT-IR, TGA, EDX and elemental analyses.

[Mo,;3,057,(CH;C00)34(H,0);,]**

[\,

=~ 30 A /N\/N\CnHZnﬂ

. +
mimC,

Figure 1. Representation of the Keplerate nano capsule Mois2 and the imidazolium
cations used in this study. The grey polyhedra correspond to the fragments {MosO21},
whereas the polyhedra in orange correspond to the linkers {Mo0204}. Acetates ligands
are found inside the cavity of the capsule and are not shown in the figure.

FT-IR spectra were performed using Diamond ATR technique and an ATR correction was
applied. As shown in Figure 2 for the compound (mimCis)37—Moi32, the comparison of its IR
spectrum with those of the precursors confirm the conservation of the Mois2 cluster and its
association with the organic cation since the IR-spectrum exhibits the characteristic bands of both
components. In addition the band at 1403 cm™, attributed to NH4* counter-cations, is still present in
the final material indicating that not all NH4" have been replaced by the organic cations in
agreement with previous studies [36,37].

Based on the data of the elemental analyses (C, H, N, Mo), EDX and TGA, the structural
formula of the obtained materials is established. The results are summarized in Table 1 and more
details are available in the experimental section. Firstly, EDX measurements evidence only the
presence of the Mo and reveal the absence of Bromide ions, the fingerprint of the presence of the
starting imidazolium salt. The number of acetate ligands was 30 for all synthesized compound. It
should be noted that, despite the large excess of the organic cations, the replacement of the
ammonium cations was not complete, in agreement with FT-IR spectra. The number of interacting
organic cations with the Keplerate ion was found between 36 and 41, which is consistent with the
previously published result with DODA salts [36,37]. This result suggests that some NHs" are
probably trapped within the Mo132 nanocapsule. It is worth noting that by mixing imidazolium salts
bearing Ci2 and Czo alkyl chains, a purely statistical distribution is observed in the final compound
where the number of each organic cations is controlled with the initial ratio. This demonstrates the
possibility to tune the final composition of the mixed surfactant encapsulated clusters, a key
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parameter for the design of functional materials. Finally, the thermogravimetric analyses estimate
the total amount of water molecules.

Table 1. Molecular formula of the Moi32-based materials established from elemental

analysis and TGA.

Samples Estimated Molecular Formula
(mimCi2)36—Mo132 (mimCi2H25)36(NH4)s[M01320372( CH3COO)30(H20)72]-38H20
(mimCi4)33—Mo132 (mimCi4H29)38(NH4)a[M01320372(CH3CO0O)30(H20)72]-30H.0
(mimCie)s1-Moi32 (mimC;Hz3)41(NH4)1[M01320372(CH3COO)30(H20)72]-38H,O
(mimCig)37—Mo132 (mimCisH37)37(NH4)5s[M01320372(CH3CO0)30(H20)72]-48H2O
(mimC3)37-Moi32 (mimCsoHa1)37(NHa1)s[M01320372(CH;COO)30(H20)72]-43H,0

(mimCi2)20(mimCz0)20-Mo1z2  (mimCi2Hz5)20(mimCaoHz3)20(NHa)2[M01320372( CH;CO0)30(H20)72]-38H.0

(mMimCi2)33(mimCz)7-Mo1z2  (mimCi2Has)s3 (mimCaoHs33)7(NHa)2[M01320372( CH3CO0)30(H20)72]-48H.0

(mimCi2)s(mimCz)33-Mo132 (mimCi2Hzs)s (mimCaoH33)33(NHa):
[M01320372(CH3COO)30(H20)7,]-38H,0

W

T
3890 3390 2890 2390 1890 1390 890 390
Wavenumber/cm!

Figure 2. FT-IR spectra of (mimCis)Br (green), NHs—Moi32 (red) and (mimCis)s7—Moi32 (blue).
2.1.2. Thermal Stability of the Moi32-Based Materials

Chemical stability of the Moi3z2-based materials was assessed by TGA under N2 and Oz and
FT-IR measurements at variable temperature under N2 and under O2. TGA traces recorded under
oxygen display a first stage between 20 °C and 180 °C corresponding to the removal of all the
water molecules (hydration and coordination) followed by a large weight loss in the 250-800 °C
temperature range, which is assigned to the decomposition of the cations and of the acetate ligands
of the Mo13:z cluster to give molybdenum oxides. This second step translates into a thermal stability
of about 250 °C for our Moi3z-based materials.

Variable temperature FT-IR studies were performed on the compound (mimCig)s7—Mo132
arbitrarily chosen as a reference compound. The FT-IR spectra were recorded in diffuse reflectance
mode on a sample of (mimCig)37Mo132 dispersed into a KBr matrix. The experiments were done
either under air or under a flow of nitrogen between 20 °C and 400 °C with a heating/cooling rate
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of 2 °C/min. The results obtained under air atmosphere are shown in Figure 3 for different
temperatures. In these conditions, the disappearance of the bands characteristic of the water
molecules around 3400 cm ! and 1640 cm ! below 180 °C agrees with TGA. If we focus on the
vibration bands assigned to the Keplerate capsules in the 1000-400 cm! range, no significant
modification are observed up to =125 °C. In contrast, dramatic changes are observed between 125 °C
and 200 °C, especially for the strong bands located at 855, 727 and 574 cm™!, which almost totally
disappear, while the two bands assigned to the Mo=O stretching vibration located at 975 and
939 cm ! give only one strong band at 953 cm ! at 190 °C. Concomitantly, the color of the
compound turns to blue and this phenomenon is not reversible upon returning room temperature,
which indicates that the Keplerate capsule in the compound (mimCis)37Mo132 is not stable in air
above 125 °C.

200°C

4000 3750 3500 3250 3000 2750 2500 2250 2000 1750 1500 1250 1000 750 500
Wavelength/em!

Figure 3. Selected FT-IR spectra recorded at various temperatures for compound
(mimCis)37{Mo132} under air.

Similar experiments were performed under a flow of nitrogen and the results obtained under
nitrogen are shown in Figure 4. In these conditions, the behavior is totally different. The removal of
water molecules is observed between 20 °C and 180 °C, but only small changes in the Keplerate
skeleton are observed on the FT-IR spectra, in contrast with experiment performed in air. From 20 °C
to 250 °C, the main evolution observed concerns the vibration band at 855 cm!, for which
the intensity decreases with increasing temperature, but this modification is reversible when
returning room temperature after re-hydration of the material. Finally, heating the compound at
temperature higher than 250 °C provokes the degradation of the organic cation and of the acetate
ligands in agreement with TGA. This is associated with a strong modification of the Keplerate.
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Figure 4. Selected FT-IR spectra recorded at various temperatures for compound
(mimCig)37{Mo132} under nitrogen.

2.2. Liquid Crystal Properties
2.2.1. Polarized Optical Microscopy

The liquid crystal properties of all the compounds were examined by temperature dependent
polarized optical microscopy (TD-POM) between two glass plates. Under heating our materials
from room temperature to their decomposition temperatures, the TD-POM revealed the formation
of relatively fluid birefringent and homogenous textures characteristic of the liquid crystalline nature
for the samples (mimCiz)z6—Mo132, (MimCi4)3s—Mo132, (MimCie)s1—-Mo132, (mimCis)z7—Morsz,
and (mimC2z0)37-Mo132 in the 100-240 °C temperature range as shown in Figure 5. Furthermore,
the samples did not show characteristic textures due to their decomposition before reaching the
isotropic state and consequently it is difficult to identify the type of the mesophase from the
TD-POM pictures. However, the three mixed compounds, (mimCiz2)20(mimCz0)20-Mo132,
(mimCi2)33(mimCaz0)7—Mo132 and (mimCi2)g(mimCazo)33—Mo132 do not show birefringent textures,
even at high temperature, indicating the lack of liquid crystal properties for these compounds.

2.2.2. Differential Scanning Calorimetry

The DSC curves of the Keplerate-based materials were recorded under nitrogen at a scan rate of
5 °C/min between —40 °C and 220-260 °C. At least three thermal cycles were achieved and
the obtained results for the second thermal cycles are shown in Figure 6, while the thermodynamic
parameters are listed in Table 2.
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Figure 5. Polarized Optical Microphotographs of (mimCi2)36—Moi32 at 113 °C (a),
(mimCi4)3s—Mo132 at 220 °C (b), (mimCie)41—-Mo132 at 160 °C (¢), (mimCis)37-Mo132

at 100 °C (d), and (mimCao)37~Mo132 at 200 °C (e).
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Figure 6. DSC traces of the second thermal cycle recorded under N2 (5 °C min ") for
(mimCi2)36-Moi32 (a), (mimCig)3s—Moi32 (b), (mimCie)ai—-Mo132 (¢), (mimCis)37—Mo13:
(d), (mimCzg)37-Mo32 (e).
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Table 2. Temperatures, melting enthalpy and entropy changes of the phase transitions
between the glassy state and the liquid crystal phases observed for the materials
exhibiting liquid crystalline properties. Temperatures are given for the peaks observed
by DSC measurements during the second heating process.

T/°C MM AHm ASm AH'm? AS'm?
Compounds . n(CH>) _ o . o
(Heating Mode)  g/mol /kJ-mol!  /JrmolK™! /Jmol' /J-mol K™
(mimCi2)3—Mo132 +55 30982 396 —4.3 -13 -10.95 —0.03
(mimCis)3s—Mo132 +13 32387 494 —46.3 -162 -94 -0.33
(mimCig)s1—Moi32 +31 34889 615 —204.1 —671 —331.8 -1.1
(mimCis)3r—Moi32 +43 35059 629 —158.5 =501 —252 -0.8
(mimCz0)37—-Mo132 +46 36006 703 —163.8 —514 —233 0.73
DODA36—Moi32 [37] +9 42982 1224 —849.0 -3009 —639 —2.45
DODA44—Mo132S60 [36] +9 47838 1548 —1333.0 —4724 -918 -3.25
DODAs6c—Mo132S60 [36] +9 55357 1904 —1649.0 —5848 —866 -3.07
DODACI +18 586.5 34 —83.1 —278.5 —2445 —8.19

2 AY'm = AYw/n(CHz) (Y = H, S) where n(CH,) corresponds to the total number of methylene groups of the alkyl chains

borne by the cations.

Globally, the DSC curves exhibit very broad and often composite first-order phase transitions
for the melting of the solid to give the mesophase. This contrasts with the relatively sharp
first-order phase transitions reported for DODA™ salts of Keplerate Mo132 and Mo132Se0 [36,37].
These results suggest that the local molecular or supramolecular mobility is insufficient to allow
the development of a network of intermolecular interactions sufficiently regular to obtain a well-
developed mesophase . In addition, excepted for (mimCi2)3—Mo132, the melting transitions appear
reversible for the other compounds even if it can be broader for some compounds such as
(mimCi4)3s—Mo132 for example.

The average melting transition temperatures, which are determined in the heating mode, are
summarized in Table 2. In short, disregarding the compound (mimCiz)zs—Moi32, the melting
transition temperatures increase roughly linearly in the series (mimCi4)3s—Mo132, (mimCie)41—Mo132,
(mimCig)37—-Mo132, and (mimCz¢)37-Mo132 from +13 °C to +46 °C, when the alkyl chain length of
the imidazolium cation increases, and are significantly different from those obtained with the three
previous DODA" salts (+9 °C) [36,37].

The corresponding melting enthalpy and entropy changes, AHm and ASm, are also gathered in
Table 2. A comparison of these values remains difficult since the number of cations can vary in
the series of Moisz-based materials. The weighted AH'm and AS'm values correspond to
the ratios AHm/n(CH2) and ASw/n(CH2) respectively, where n(CH2) is the total number of
methylene groups in the compounds, and is more convenient. The plot of —AH'm versus —AS'm
including data previously reported for DODA salts and DODACI alone is given in Figure 7. It
displays a linear relationship typical for H/S compensation [40] and evidences two sets of points :
one corresponding to the imidazolium salts of Moisz of this study, (mimCi4)3s—Mo132, (mimCie)s1—
Moi32, (mimCisg)37—Moisz, and (mimCz)37—Moi3s2 and one corresponding to the DODA™ salts
(DODA)3¢—Moi32, (DODA)44—Mo132S60, (DODA)ss—Moi132S¢0  bearing  liquid  crystalline
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properties [36,37], whereas DODACI appears clearly different. For DODACI, the alkyl chains are
weakly constrained by the presence of the counter chloride anion and the melting of the chains
follows the trend expected for simple alkanes [40]. Figure 7 suggests that the alkyl chains of the
cations associated to Moi3z are strongly perturbed by the presence of the Keplerate capsule. From a
macroscopic point of view, it results in a drastic lowering of the fluidity of the samples. This
phenomenon is more pronounced for the series of imidazolium salts than for the three DODA™
salts. Furthermore, as seen in the insert of the Figure 7, the ratio AH'w/AS'm appears globally
correlated for the series of imidazolium salts of Mois2. The magnitude of the AHm/nCH2 and
ASw/nCHz ratios seems to be strongly and linearly correlated with the average closeness of the —
CH>— with the surface of the anions. In other words, the —CHz>— located closer to the surface are
more constrained than those which are more distant. It is as if the -CH>— located in a crown close
to the surface were “frozen” and consequently no more available for melting. This may explain
why the fluidity of the samples bearing long aliphatic chains is higher.
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Figure 7. AH'm versus AS'mplot.
2.2.3. Small-Angle X-ray Diffraction Studies

Small-angle X-ray Diffraction (SA-XRD) experiments (from —40 to 200 °C temperature range)
were carried out to elucidate the nature of the liquid crystalline phases. Arbitrarily, we have chosen
to present the SA-XRD patterns obtained at 200 °C, when possible, for two main reasons: (i) to
compare with the previous data published at the same temperature [36,37], (ii) at this temperature
the fluidity is relatively high and results in sharper peaks. The resulting SA-XRD patterns are
depicted in Figure 8, whereas the corresponding data are summarized in Table 3.
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Figure 8. SA-XRD patterns recorded at 200 °C for (mimCiz)s—Mo132 (a),
(mimCiq4)3s—-Mo132 (b), (mimCie)ai—Moi32 (¢), (mimCis)z7—Moi32 (d), (mimCaz)37—Mo132
(e), (mimClz)zo(mimCm)zo—M0132 (f), (mimC12)33(mimC20)7—M0132 at 140 °C (g),
(mimCj2)s(mimCz) 33-Mo132 (h).
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Table 3. Indexation at 200 °C during the cooling mode for the reflections detected in
the liquid-crystalline phase by SA-XRD.

d
Compounds Meas::ed /A I/a.u. Indexation Cell Parameters/A
36.90 Vs ¢
(mimCi2)36—Mo132 23.19 MW (broad) ¢
15.45 MW (broad) ¢
h=3557
imC1)3s-Mors: * 3557 S 001
(mimCi4)35—Mo132 e = 41.79
4071 Vs ¢
(mimC16)41—M013z 24.55 MW (broad) ¢
16.52 MW (broad) ¢
, 3278 Vs 001 h=32.78
(mimCiz)sr-Mo1z2 16.34 w 002 e = 45.29
3534 Vs 001 h=3534
' M
(mimCzo)s-Moxsz 17.67 w 002 e = 44.21
3291 Vs 001 h=32.91
. i .
(mimCyz)zo(mimCoehre-Mors: 16.26 w 002 ahex = 44.98
31.34 Vs 001 h=3134
. . ~ .
(mimCiz)sa(mimCz)r-Mosz2 15.22 W 002 her = 45.23
35.30 Vs 001 h=3530
. . ™
(mimCi2)s(mimCy0)33—Mo132 17.60 W 002 Gnex = 43.42
26.9 Vs 001 260
DODAs{Moy3} [37] 13.3 M 002
Ahex — 54.2
9.1 w 003
3420 Vs 001 sl
DODA 4—{Mo13:5} [36] 16.98 M 002 i
11.40 w 003 hex = 21
3491 Vs 001 h=3455
DODAs—{M
ODAse—{Mo1:2Sw} [36] 17.09 M 002 aher = 55.21

@ measured at 190 °C; ® measured at 140 °C; © not determined. 7 corresponds to the intensity of the reflections (VS: very
strong, S: strong, M: medium, W: weak, VW: very weak); / is the lattice parameter of the lamellar phase; apex is the

local hexagonal organization within the layers calculated with Equation 1.

Globally, in contrast with the previous DODA" salts, which exhibited up to three sharp
equidistant reflections indexed as the 001, 002 and 003 Miller indices in addition to a broad and
diffuse signal at approximately 4.5 A associated with the liquid-like molten chains of the DODA",
the imidazolium salts display broader reflections with no signal which can be attributed to
the molten chains.

The three compounds (mimCi4)3s—Mo132, (MIMCig)37—Mo2 and (mimCz)37—Mo132
unambiguously display two lines indexed as 001 and 002 reflections which are characteristic of a
1D lamellar ordering, whereas the two compounds (mimCi2)3¢~Mo132 and (mimCie)a1—Mo132
exhibits three broad lines for which we were not able to give a realistic indexation. Interestingly,
the three mixed compounds (mimCiz)20(mimCaz0)20-Mo132, (MimCi2)33(mimCz0)7—Mo32 and
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(mimCi2)s(mimCzo)33—Mo132 also display the 001 and 002 lines, whereas no liquid crystals
behaviors and no first-order phase transition were detected by TD-POM and DSC, respectively. For
the two latter mixed salts, we also noticed that increasing temperature above 160180 °C produces
unidentified additional reflections, which suggests either a degradation of the product or the
existence of a mixture of different compounds in the solid. The results obtained for the mixed salts
demonstrate the propensity for this family of salts to self-organize in a lamellar fashion even in the
solid state.

Focusing on the major part of our materials, a 1D lamellar ordering is evidenced and the
interlayer spacing 4 can be deduced since it corresponds to the dooi distance. These values are listed
in Table 3 and are found in the range 31.34 to 35.57 A, in agreement with the values found for the
DODA" salts (DODA)3s—Mo132, (DODA)4s—Mo132S60 and (DODA)se—Mo13:S60 for which i was
found between 26.90 A and 34.55 A [36,37]. As mentioned previously, such a lamellar
organization could appear surprising if we consider the spherical shape of the cluster. Nevertheless,
previous studies clearly confirm the capability of Moi32 to assemble into lamellar aggregates [34,36,37].

Regarding the ionic character of these materials, the positive charges the imidazolium cations
are necessarily located close to the spherical surface of the keplerate Moi32. Logically, taking into
account the isotropic shape of the Keplerate, imidazolium or DODA™ cations should be randomly
distributed onto the surface. Interestingly, the situation can be very different in the solid or the
liquid crystalline states. In particular, if a deformation is required to minimize the electric
multipolar interactions, the system can be distorted. When the starting object is a sphere, an
elongation or a compression may occur, thus leading to the formation of ellipsoids, which are
compatible with lamellar organizations. As the central Moisz core is rigid, the deformation can only
come from the non-uniform distribution of the cations around the spherical Keplerate [37].

In all cases, the diameter of the anionic inorganic cores (=30 A) is of the same order of the
lamellar periodicity 4 (31.34 to 35.57 A range), which implies that the layers of the lamellar phases
are composed of oblate clusters where cations are globally distributed in a plan around the Moi32
sphere corresponding to the plans of the sheets. Taking into account a realistic density of
d=1.0 g cm™ in the mesophase [36,37,41] and assuming that clusters are locally ordered in a
compact hexagonal lattice with one cluster per unit cell (Z = 1) [36,37], we can thus calculate the
hexagonal lattice parameter anex by using Equation (1), where MM, is the molar mass of the cluster,
h the interlayer spacing, d the density and Nav, the Avogadro number.

12
2-7-MM,
Qyex = 24 A1/2
h-d-N,, 1073

(M

We calculate 41.79 < anex < 45.29 A, which are smaller than the parameters found for DODA
salts [36,37], but in good agreement with anex = 45 A reported by Volkmer and Miiller [34] for
a hexagonal monolayer of (DODA)3c—Moi32.

Considering the fixed size of the inorganic cluster (=30 A) and the size of cations in a linear
configuration ranging from 20 A for mimCi2" to 30 A for mimCazo*, the anex distances which
correspond to the distance between two clusters within the layers implies some folding of the alkyl
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chains of the cations. Indeed, the hypothesis of linear arrangements of the alkyl chains of the
imidazolium cations accompanied by full interdigitation of the alkyl chains with the neighboring
clusters would lead to anex distances of at least 50-55 A as found for the DODA" salts (51.54 < anex <
55.21 A). In contrast to the DODA™ cations, in which the two neighboring octadecyl chains favor
the organization of the cations through van der Waals interactions, the alkyl chains of the
imidazolium cations are probably folded, prohibiting the interdigitation with the neighboring
cations, a situation not favorable for the developpement of well-ordered mesophases.

3. Experimental Section
3.1. Fourier Transformed Infrared (FT-IR) Spectra

Fourier Transformed Infrared (FT-IR) spectra were recorded on a 6700 FT-IR Nicolet
spectrophotometer (Les Ulis, France ), using diamond ATR technique. The spectra were recorded
on undiluted samples and ATR correction was applied. The variable temperature FT-IR spectra
were recorded on an IRTF Nicolet iS10 spectrometer (Les Ulis, France) in diffuse reflectance mode
by using high temperature diffuse reflectance environmental chamber. The background was
recorded using dry KBr at 150 °C and the samples were diluted into a KBr matrix (about 10% of
compound) before heating. The FT-IR spectra were recorded in the 20-500 °C temperature range
under air or under nitrogen with a heating rate of 2 °C min™.

3.2. Elemental Analyses

Elemental analyses were performed by the service central d'analyses du CNRS, Vernaison,
France and by the service d'analyses du CNRS, ICSN, Gif sur Yvette, France.

3.3. Water Content

Water content was determined by thermal gravimetric (TGA) analysis with a Seiko TG/DTA
320 thermogravimetric balance (5 °C min !, under air) (Chiba, Japan).

3.4. Nuclear Magnetic Resonance (NMR)

Solution 1H NMR measurements were performed on a Bruker Avance 300 instrument
(Wissembourg, France) operating at 300 MHz in 5 mm o.d. tubes. Chemical shifts were referenced
to TMS.

3.5. Differential Scanning Calorimetry (DSC)

DSC traces were obtained with a Mettler Toledo DSC1 Star Systems differential scanning

!, under N2). Several

calorimeter (Greifensee, Swizerland) from 3 to 5 mg samples (5 °C min~
thermal cycles were performed between 40 °C and 220 °C, the first one allowing the removal of
water and the organization of the solid, the following cycles explored the reproducibility and the

thermal stability of the materials in this temperature range.
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3.6. Temperature Dependent Polarized Optical Microscopy (TD-POM)

Temperature dependent polarized optical microscopy (TD-POM) characterizations of the optical
textures of the mesophases were performed with a Leitz Orthoplan Pol polarizing microscope
(Brugg, Switzerland) with a Leitz LL 20°/0.40 polarizing objective and equipped with a Linkam
THMS 600 variable temperature stage (Brugg, Switzerland).

3.7. Small Angle X-ray Diffraction (SA-XRD)

The crude powder was filled in Lindemann capillaries of 0.8 mm diameter. For almost all our
materials, the diffraction patterns were performed on an Empyrean (PANalytical) diffractometer
(Zurich, Switzerland) in capillary mode, with a focusing X-ray mirror for Cu radiation and a
PIXcel3D area detector. For the compound (mimCi4)36—Mo132 experiments were performed with a
STOE transmission powder diffractometer system STADI P (Darmstadt, Germany) using a focused
monochromatic Cu-Ka1 beam obtained from a curved Germanium monochromator (Johann-type,
STOE, Darmstadt, Germany) and collected on a curved image plate position-sensitive detector
(IP-PSD). A calibration with silicon and copper laurate standards, for high and low angle domains,
respectively, was preliminarily performed. Sample capillaries were placed in the high-temperature
furnace for measurements in the range of desired temperatures (from —40 up to 240 °C) within
0.05 °C. Periodicities up to 50 A could be measured. The exposure times were of 15 min.

3.8. Synthesis of Mois2-Based Materials

The precursor compound (NH4)42[Mo01320372(CH3CO0)30(H20)72]-300H20.ca. 10CH3COONH4
noted NH4s—Moi32 was prepared as described by Miiller et al. [42]. 1-methyl-3-alkylimidazolium
bromides salts were prepared as described previously and characterized by routine 'H NMR in
CDCls [38].

3.9. General Preparation of Moi32-Based Materials

The Keplerate-based materials were prepared as follows: NHs—Mo132 (300 mg, 0.01 mmol) was
dissolved in 30 mL of water and then a chloroform solution containing the organic cations (=168
equivalents / NH4~Mo132, 1.72 mmol). The mixture was stirred for 1 h, where the Keplerate was
totally transferred into the organic phase as indicated by the colorless aqueous phase. The organic
phase was then separated and the target materials were precipitated from the organic phase by
addition of an excess of ethanol, isolated by filtration, washed with ethanol, dried in air and
characterized by FT-IR, EDX, Elemental Analyses, TGA and 'H NMR.

3.9.1. (mimCi2H2s5)36(NH4)4[M01320372(CH3COO)30(H20)72]-38H20, (mimCi2)36-Moi32

It was prepared using mimC12Br (582 mg, 1.76 mmol). Yield 200 mg, 63%. IR/cm™!: 2922 (vs),
2852 (s), 1553 (s), 1442 (m), 1163 (m), 975 (vs), 940 (s), 855(s) 801 (vs), 727 (s), 635 (m), 573 (s).
Elemental analysis calcd. (%) for (mimCi2H2s)36(NH4)6[M01320372(CH3COO)30(H20)72]-38H20
(M = 31529 g'mol™!) C 24.23; H, 4.64; N, 3.47; Mo, 40.17. Found C, 24.30; H, 4.45; N, 3.39;
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Mo, 39.28. EDX only evidenced Mo and shows no traces of Br which could be due to an excess of
the starting salt. Thermogravimetric analysis (TGA) suggests a mass loss of 6% from room temperature
to 188 °C corresponding to crystallization and coordinated water molecules (calcd.: 6.3%).

3.9.2. (mimCi4H29)38(NH4)4[M01320372(CH3COO0)30(H20)72]:30H20, (mimCi4)3s—Mo132

It was prepared using mimCi4Br (634 mg, 1.76 mmol). Yield 269 mg, 80%. IR/cm™': 2920 (m),
2850 (m), 1547 (m), 1440 (m), 1161 (m), 974 (vs), 939 (s), 789 (vs), 711 (vs), 563 (vs), 410 (vs).
Elemental analysis calcd. (%) for (mimCiaH29)38(NH4)4[Mo01320372(CH3COO)30(H20)72]-30H2.0
(M = 32461 g'mol™") C 26.12; H, 5.09; N, 3.45; Mo, 39.01. Found C, 26.22; H, 4.90; N, 3.30;
Mo, 39.28. EDX only evidenced Mo and shows no traces of Br which could be due to an excess of
the starting salt. Thermogravimetric analysis (TGA) suggests a mass loss of 5.4% from room temperature
to 135 °C corresponding to crystallization and coordinated water molecules (calcd.: 5.6%).

3.9.3. (mimCiecH33)41(NH4)1[M01320372(CH3CO0)30(H20)72].38H20, (mimCie)41-Mo132

It was prepared using mimCi6Br (683 mg, 1.76 mmol). Yield 350 mg, quantitative yield. IR/cm™:
3451 (m), 2923 (s), 2853 (m), 1560 (m), 1466 (m), 1164 (m), 976 (vs), 941 (m), 807 (vs), 729 (vs),
577 (s), 415 (vs). Elemental analysis calcd. (%) for (mimCisH29)40(NH4)3[Mo1320372
(CH3COO)30(H20)72]-48H20 (M = 34889.2 g'mol ") C 29.61; H, 5.62; N, 3.25; Mo, 36.33. Found C,
29.60; H, 5.48; N, 3.39; Mo, 36.3. EDX only evidenced Mo and shows no traces of Br which could
be due to an excess of the starting salt. Thermogravimetric analysis (TGA) suggests a mass loss of
6.4% from room temperature to 150 °C corresponding to crystallization and coordinated water
molecules (calcd.: 6.2%).

3.9.4. (mimCisH37)37(NH4)s[M01320372(CH3COO)30(H20)72]-48H20, (mimCis)37—Mo132

It was prepared using mimC1sBr (732 mg, 1.76 mmol). Yield 355 mg, 96%. IR/cm™': 2919 (s),
2849 (m), 1555 (m), 1424 (m), 1161 (m), 975 (s), 941 (s), 854 (s), 791 (vs), 713 (vs), 565 (vs), 411
(vs). Elemental analysis calcd. (%) for (mimCisH29)40(NH4)3[Mo01320372(CH3COO)30(H20)72]-48H20
(M = 35058.68 g'mol ™) C 29.88; H, 5.57; N, 3.11; Mo, 36.28 Found C, 29.94; H, 5.58; N, 3.15;
Mo, 36.13. EDX only evidenced Mo and shows no traces of Br which could be due to an excess of
the starting salt. Thermogravimetric analysis (TGA) suggests a mass loss of 6.25% from room
temperature to 188 °C corresponding to crystallization and coordinated water molecules (calcd.: 6.16%).

3.9.5. (mimC20H41)37(NH4)s|M01320372(CH3COO0)30(H20)72]-43H20, (mimC20)37-Mo132

It was prepared using mimCz0Br (780 mg, 1.76 mmol). Yield 0.35 mg, 92%. IR/cm': 2919 (s),
2850 (s), 1541 (m), 1443 (m), 1162 (m), 973 (s), 938 (s), 854 (s), 792 (vs), 632 (vs), 565 (vs), 411
(vs). Elemental analysis caled. (%) for (mimCzoHa1)37(NH4)s[Mo1320372(CH3COO)30
(H20)72]-43H20 (M = 36006.57 g'mol ') C 31.62; H, 5,81; N, 3.07; Mo, 35.17. Found C, 31.36; H,
5.51; N, 3.07; Mo, 35.12. EDX only evidenced Mo and shows no traces of Br which could be due
to an excess of the starting salt. Thermogravimetric analysis (TGA) suggests a mass loss of 5.5%
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from room temperature to 160 °C corresponding to crystallization and coordinated water molecules
(caled.: 5.7%).

3.9.6. (mimCi2H2s)20(mimC20H33)20(NH4)2[M01320372( CH3CO0)30(H20)72]-38H20,
(mimCi2)20(mimC20)20-Mo132

It was prepared using mimCz20Br (390 mg, 0.882 mmol) and mimCi2Br (290 mg, 0.882 mmol).
Yield 100 mg, 28%. IR/cm™': 2920 (vs), 2849 (s), 1557 (m), 1442 (m), 1162 (m), 972 (vs), 940 (s),
854 (s), 798 (vs), 570 (s), 412 (s). Elemental analysis calcd. (%) for (mimCi2Hz2s)20(mimC20H33)20
(NHa)2[Mo1320372(CH3CO0)30(H20)72]-38H20 (M = 34709.05 g'mol ') C 29.75; H, 5.45; N, 3.30.
Found C, 29.70; H, 5.63; N, 3.25. EDX atomic ratios calculated for (mimCi2)20(mimCao)20—
{Moi32} shows no Br or traces. Thermogravimetric analysis (TGA) suggests a mass loss of 5.7%
from room temperature to 170 °C corresponding to crystallization and coordinated water molecules
(caled.: 5.7%) and % org: 42.5% (cald. 40.6%).

3.9.7. (mimCi2H2s5)33(mimC20H33)7(NH4)2[M01320372(CH3COO)30(H20)72]-48H20,
(mimCi2)33(mimC20)7—-Mo132

It was prepared using mimCi2Br (462 mg, 1.41 mmol) and mimC20Br (156 mg, 0.34 mmol).
Yield 120 mg, 34.3%. IR/cm™!. 2922 (vs), 2851 (s), 1557 (s), 1444 (m), 1163 (m), 973 (vs), 941
(s), 855 (s), 799 (s), 724 (vs), 570 (vs), 412 (vs). Elemental analysis calcd. (%) for
(mimC12H2s)33(mimC20H33)7(NH4)2[Mo01320372( CH3COO)30(H20)72]-38H20 (M = 33430.45 g'mol ') C
27.16; H, 5.09; N, 3.43. Found C, 27.30; H, 5.01; N, 3.14. EDX only evidenced Mo and shows no
traces of Br which could be due to an excess of the starting salt. Thermogravimetric analysis
(TGA) suggests a mass loss of 6.6% from room temperature to 170 °C corresponding to
crystallization and coordinated water molecules (calcd.: 6.4%) and % org: 37.4 (calcd. 37.4%).

3.9.8. (mimCi2Ha2s)s(mimC20H33)33(NH4)1[M01320372(CH3COO0)30(H20)72]-38H20,
(mimCi2)s(mimCao)33-Mo132

It was prepared using mimCi2Br (120 mg, 0.35 mmol) and mimCz0Br (620 mg, 1.4 mmol).
Yield 110 mg, 30.5%. IR/cm™': 2923 (vs), 2852 (s), 1559 (s), 1465 (m), 1163 (s), 976 (vs), 941
(vs), 859 (vs), 732 (vs), 576 (s), 412 (vs). Elemental analysis caled. (%) for
(mimC12H25)s(mimC20H33)33(NHa4)2[Mo1320372( CH3COO)30(H20)72]-38H20 (M = 34709.05 g'mol )
C 32.17; H, 5.87; N, 3.17. Found C, 32.11; H, 5.71; N, 3.24. EDX atomic ratios calculated for
(mimCi2)(mimCz0)—{Moi32} shows no Br or traces. Thermogravimetric analysis (TGA) suggests
a mass loss of 5.7% from room temperature to 170 °C corresponding to crystallization and
coordinated water molecules (calcd.: 5.7%) and org: 46.8% (calcd. 49%).

4. Conclusions

In the following of our previous works describing the liquid crystal properties of
Keplerates associated to DODA" cations or of the nanoscopic inorganic cluster
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[K2Na.Li,H:{M0404S4(OH)2:(H20)3 }2(PsWagO184)]** 9~ combined with alkylmethylimidazolium
cations, we prepared in this study a series of eight new compounds resulting from the ionic

1% with various

association of the nanoscopic inorganic cluster [Mo01320372(CH3COO)30(H20)72
alkylmethylimidazolium cations, denoted mimC," (n = 12-20). The results obtained in this study
confirm that the strategy which consists in associating highly charged polyoxometalate clusters
with very simple organic cations bearing only alkyl chains of variable sizes can provide liquid
crystalline phases. The latter were investigated by TD-POM, DSC and SA-XRD. The major part of
the synthesized materials exhibit lamellar organization in the solid state or in the liquid crystalline
phase. However, DSC shows very broad phase transitions between the solid and the mesophase
which could be explained by insufficient supramolecular mobility to develop network of
intermolecular interactions. The small angle-X ray diffraction studies provide the interlayer spacing
h and the hexagonal lattice parameter anex, which evidence a non-uniform distribution of the
imidazolium cations around the spherical clusters Moi32 and a folding of the alkyl chains. This
lead to less interdigitation between the alkyl chains of the cations and therefore to poorly organized
mesophases. This observation contrasts with our previous results collected for the DODA*
salts of Keplerates [36,37] and of similar salts obtained with the anisotropic POM
[K2Na:LiyH: {M0404S4(OH)2(H20)3 }2(PsW4sO0184)|** ¥~ [38]. In the former case, the larger
number and the vicinity of alkyl chains of the DODA™ cations within the solid favor the
interdigitation of the alkyl chains driven by van der waals interactions. In the second case, the
anisotropic shape of the POM associated with the cationic character of its cavity promotes the
localization of the cations on the anionic ring of the PsWs—POM. This favors the closeness of the
cations and thus the van der Waals interactions between alkyl chains and therefore the organization
within the solid and the liquid crystal phase. This strategy to combine POMs and very simple
cations like alkylimidazolium or DODA™ cation then appears efficient if we can induce interaction
between alkyl chains especially by forcing the cations to be close by using a limited surface for the
POM or by using cations bearing several alkyl chains like DODA" cations.
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Synthesis and Characterization of 8-Yttrium(III)-Containing
81-Tungsto-8-Arsenate(IIl),
[Ys(CH3:COO)(H20)15(As2W19068)4(W206)2(WO4) | ©~

Masooma Ibrahim, Bassem S. Bassil and Ulrich Kortz

Abstract: The 8-yttrium(III)-containing 8 1-tungsto-8-arsenate(Il) [Ys(CH3COO)(H20)18(As2W19Oss)a
(W206)2(WO04)]*" (1) has been synthesized in a one-pot reaction of yttrium(IIl) ions with [B-a-
AsWo033]°” in 1 M NaOAc/HOAc buffer at pH 4.8. Polyanion 1 is composed of four {AssW19Oss}
units, two {W2010} fragments, one {WOs} group, and eight Y ions. The hydrated cesium-sodium
salt of 1 (CsNa-1) was characterized in the solid-state by single-crystal XRD, FT-IR spectroscopy,
thermogravimetric and elemental analyses.

Reprinted from [Inorganics. Cite as: Ibrahim, M.; Bassil, B.S.; Kortz, U. Synthesis and
Characterization of 8-Yttrium(IIT)-Containing 81-Tungsto-8-Arsenate(Ill), [Ys(CH3COO)(H20)1s
(As2W19068)4(W206)2(WO4) ¥, Inorganics 2015, 3, 267-278.

1. Introduction

Polyoxometalate (POM) chemistry has gained much attention in recent years, due to potential
applications in catalysis, magnetism, material science, and even biomedical systems [1-10]. Most of
the work in this area has been focused on 3d transition metal-containing derivatives [11-17].
However, also the area of rare earths-containing POMs has undergone a significant expansion in
recent years [18-23]. Lanthanide ions usually have larger coordination numbers (8, 9 or more) than
d-block metal ions, and exhibit various coordination geometries [24]. In addition, the larger size of
these lanthanide ions usually restricts their full incorporation into the lacunary POM sites. Such
coordination behavior renders lanthanide ions frequently as linkers of two or more lacunary POM
units, forming large structures [18-23,25-27]. Yttrium is formally not a lanthanide, but can be
considered as a pseudo-lanthanide, due to its comparable size and coordination number.
Lanthanide-containing POMs possess interesting physicochemical properties such as luminescence
and magnetism, as well as Lewis acidity relevant for catalysis [28—30]. For example, the terminal,
labile coordination sites of the lanthanide (Ln) ions in [(Ln)(H20)4P2W17061]%" and
[(Ln)(H20)4PW110390]* (Ln = Y™, La™, Eu,"™ Sm™, or Yb™) are known to catalyze aldol and imino
Diels—Alder reactions[29,30]. Mizuno’s group has recently reported the high catalytic activity of the
yttrium-containing tungstosilicate dimer [{Y(H20)2}2(y-SiW10036)2]'*" for the cyanosilylation of
ketones and aldehydes with trimethylsilyl cyanide (TMS)CN [31,32].

The number of reports on yttrium-containing POMs is significantly lower than for classical lanthanides.
In 1971, Peacock and Weakley reported [Y(WsO1s)2]° [33], which was later used as a catalyst for alcohol
oxidations and alkene epoxidations by H202 [34]. Francesconi’s group reported the Y™-containing
polyanion [(PY2W10038)4W3014)]*>", which consists of four [PWoO3]’" units linked by a central
[YsW7030]®" group [35]. Hill and co-workers reported two sandwich-type polyanions, [(YOH2)3(CO3)(4-
a-PWoO34)2]''" [36], and [ {Y4(us-OH)4(H20)s} (a-P2W150s6)2]'® [37]. Very recently, Boskovic’s group
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reported on two Y"-containing polyanions, [As™u(YUWVE)WVkY™40150(Gly)s(H20)14]”  and
[As"™4(Mo"2Mo )WV Y40160(Nle)o(H20)11]"*, which are functionalized by incorporation of glycine or
norleucine [38]. A mixed Ni"-Y™-containing polyanion, [Y(H20)s{Ni(H20)}2As4W40O140]*"", based on
the large, cyclic POM ligand [AssW40O140]*® has also been reported [39]. Niu’s group reported the
solid-state structure of the one-dimensional chain {Y(GeW11039)(H20)2}» [40], composed of Y™ and
[GeW11039]® units. The same group also reported an oxalate-bridged [{(a-PW11039)Y(H20)}2
(C204)]'" [41] and very recently a tartrate-bridged yttrium-containing tungstoarsenate(III)
[{Y2(C4H406)(C4H206)(AsWoO33)}2]'8 [42].

Our group has also been active in the synthesis of novel yttrium-containing POMs. We reported
the solid state and solution structure of the Weakley-Peacock type dimer [YW10036]°", which consists
of two monolacunary Lindqvist-based [WsO13]®~ fragments encapsulating a central Y'' ion with
a square-antiprismatic coordination geometry [43]. Later, we reported the Y"-containing
isopolytungstate [Y2(H20)10W22072(OH)2]®" as a member of a large family of lanthanide-containing
compounds. These isostructural polyanions [Ln2(H20)10W22072(OH)2]®" consist of a {Waa}
isopolyanion unit and two lanthanide ions with five terminal water ligands each. [44] We also
synthesized the acetate-bridged, dimeric polyanion [{Y(a-GeW11039)(H20)}2(u-CH3CO0)2]'?" [45],
as well as the trimeric polyanion [{Y(SbWsOs31(OH)2)(CH3COO)(H20)}3(W0O4)]'7", which is
composed of three {SbWoO33} units connected by three Y3* ions and a capping, tetrahedral tungstate
group {WOs4} [46]. Interestingly, we were also able to encapsulate yttrium(I1l), and many lanthanide
ions, in polyoxopalladates(Il), [Ln""Pd"i2(AsPh)s032]° (Ln =Y, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho,
Er, Tm, Yb, Lu). These cuboid-shaped polypalladates(Il) are composed of a Pdi2-oxo cage, capped
by eight phenylarsonate heterogroups, and encapsulating a central guest ion Ln [47]. As part of our
continuous effort to incorporate yttrium(IIl) ions in POMs, we describe herein the synthesis and
structural characterization of an 8-yttrium(II)-containing 81-tungsto-8-arsenate(I1I).

2. Results and Discussion

Synthesis and Structure. The polyanion [Ys(CH3COO)(H20)18(As2W19068)a(W206)2(WO4)]+~
(1) has been synthesized using a simple, one-pot procedure by reacting the trilacunary POM precursor
[B-0-AsW9033]°~ with Y ions in 1 M NaOAc/AcOH buffer at pH 4.8, and was characterized in the
solid state by IR spectroscopy, as well as thermogravimetric and elemental analysis. The title polyanion
crystallizes as a hydrated mixed sodium-cesium salt (CsNa-1) in the triclinic space group PI.
Single-crystal XRD on CsNa-1 revealed that polyanion 1 is composed of four {As2W19Oes} units, two
{W2010} fragments, one {WQOs} group, and eight yttrium(III) ions (see Figures 1 and 2). The mono-
and di-tungsten fragments are most likely formed in situ by fragmentation of some of the
lacunary [AsWo033]°” precursor during the course of the reaction, also seen previously for other large
POM architectures [18,21]. The {As2W19} units, also formed in situ, are composed of two {AsWo}
units connected by an octahedral {WQOs} group via corner-shared oxo-bridges. The structure of the
{As2W1o} units in 1 is different from the known [As2W10067(H20)]'*~ POM precursor, where the
linking tungsten center has terminal frans-oxo-aqua ligands [48]. The linking tungsten(VI) in 1
bridges the two {AsWo} units in a way that the terminal oxo groups are cis to each other,
non-protonated, and linking the tungsten(VI) to two Y ions. A total of eight such oxo-bridges are
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present in 1, corresponding to the number of yttrium(IIl) ions. These yttrium(IIl) ions are all
eight-coordinate with distorted square-antiprismatic coordination geometries and Y-O bond
distances in the range of 2.3-2.5 A. The coordination sphere of each Y"' center is composed of
bridging oxo and terminal aqua ligands (vide infra). Two {Y2As:2Wi9} units are linked to each other
by an edge-shared {W20¢} group to form two dimeric subunits (see Figures 1 and 2). Finally, a
tungsten center (W81, corresponding to the orange octahedron in Figures 1 and 2) links the two
subunits to each other via two W-O-W (namely to W79 and W80) and four W-O-Y bridges (one to
Y6 and Y7, and two to Y8), leading to a ‘dimer of dimers’-type assembly. The two subunits are also
linked by two Y-O-W bridges, namely Y7-O-W30 and Y4-O-W25. The yttrium centers are all
octa-coordinated as stated above, with the coordination sphere filled by Y-O-W bridges or terminal
oxo ligands. The two bridging yttriums Y7 and Y8, which are connected to W81, have two terminal aqua
ligands each. The rest of the yttrium ions, apart from Y1, have three terminal aqua ligands each. For Y1,
an acetate group (from the buffer medium) and two aqua ligands complete the coordination sphere. The
existence of such kind of acetate groups has been previously observed, for example in
[GdsAssWesO220(OH)a(H20)12(0Ac)* and  [YbioAsioWssO30s(OH)s(H20)28(0Ac)s]* [18]. Bond
valence sum (BVS) calculations indicate that no bridging oxygen atoms in 1 are protonated [49]. The total
charge of 1 is therefore 43-, and is balanced in the solid state by 34.5 sodium and 8.5 cesium counter cations,
hence resulting in the formula unit CsssNas4 5[ Ys(CH3COO)(H20)15 (As2W19068)4(W206)2( WO4)] 230H20.
This formula is supported by elemental and thermogravimetric analyses (see Figure 3).

Figure 1. Combined polyhedral/ball-and-stick representation of 1. Color code: WOs
octahedra pale blue/dark blue/orange, As pink balls, Y green balls, O red balls, C grey balls.
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{Yi(As2Wio)(W2)W}

{Yd(A2Wi9)2(W2)}

Figure 2. Combined polyhedral/ball-and-stick representation of the two half-units in 1.
The turquoise balls represent bridging oxygens (Obridge). The color code is the same as in

Figure 1.
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Figure 3. Thermogram of CsNa-1 from room temperature to 1000 °C.

The synthetic procedure of 1 contains several crucial parameters. An excess of yttrium ions over
and above the stoichiometric ratio was needed for optimal yield. Furthermore, the type and pH of the
buffer are essential for obtaining the desired product, as well as the presence of cesium ions. In fact,
1 could not be isolated in the absence of cesium ions, and a sufficient amount was needed to induce
precipitation, before filtration and crystallization of the product salt. On the other hand, CsNa-1
proved to be only slightly soluble in D20, and hence our solution studies by '¥*W and ¥Y NMR
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spectroscopy were unsuccessful. NMR measurements on a freshly prepared reaction solution also
remained inconclusive. Attempts to prepare isostructural lanthanide derivatives of 1 resulted in
reported structures [20]. Finally, to the best of our knowledge, 1 incorporates the largest number of
yttrium ions, together with Francesconi’s [(PY2W10038)4(W3014)]**" [35]. Boscovic’s penta- and
tetra-yttrium-containing  [As"4(YIWVYL) WVl Y140150(Gly)s(H20)14]°~ and [As™s(MoY2MoVh)
WVl Y"40160(Nle)o(H20)11]'%, respectively, should also be mentioned here [38].

Infrared Spectroscopy. The Fourier transform infrared (FTIR) spectrum of CsNa-1 (see Figure 4)
displays a fingerprint region characteristic for the tungsten-oxo framework, indicating the presence
of {AsWo} units. The bands in the range of 940-945 cm ! are associated with the antisymmetric
stretching vibrations of the terminal W=0 bonds, whereas the bands in the range of 850-900 cm
can be mainly attributed to the antisymmetric stretching vibrations of the As—O(W). The two bands
at about 780 cm ™! and 700 cm ! arise from antisymmetric stretching of the W-O(W) bridges, whereas
the bands below 650 cm™' are due to bending vibrations of the As—O(W) and the W—O(W)
bridges [50]. Furthermore, the bands in the range of 1350 — 1620 cm™! can be assigned to vibrations
of the bridging acetate group in the polyanion. The broad band at 3440 cm™' and the strong one at
1620 cm™! correspond to crystal waters.

Thermogravimetric Analysis. Thermogravimetric analysis of CsNa-1 was performed between
25 and 1000 °C under a nitrogen atmosphere to determine the number of crystal waters (see Figure 3).
The weight loss of about 92% between 25 and 230 °C can be assigned to the loss of 230 crystal
waters per formula unit. In addition, the second continuous weight loss step from 250 to 550 °C
corresponds to the removal of 18 coordinated water molecules and decomposition of the acetate group.

3. Experimental Section

General Methods and Materials. All reagents were used as purchased without further
purification. The trilacunary POM precursor Nao[B-a-AsW9033]-27H20 was prepared according to
the published procedure, and its purity was confirmed by infrared spectroscopy' [51].

Synthesis of CsssNas4s5[Ys(CH3zCOO)(H20)18(As2W19068)4(W206)2(WO4)]-230H20 (CsNa-1):
0.50 g (0.20 mmol) Nao[B-a-AsW¢033]-27H20 and 0.18 g (0.60 mmol) YCl3 were added to 20 mL
of 1 M NaOAc/HOACc buffer at pH 4.8. The solution was heated to 80 °C for 60 min, cooled to room
temperature, and then filtered. Addition of five drops 1.0 M CsCl solution to the filtrate resulted in a
precipitate. The reaction mixture was kept at 30 °C for 5 min, and then filtered. The clear colorless
filtrate was kept in an open vial at room temperature for slow evaporation. After one week, a colorless
crystalline product started to appear. Evaporation was allowed to continue until about half the solvent
had evaporated. The solid product was then collected by filtration and air-dried. Yield: 0.25 g (38%). IR
(2% KBr pellet, viem™): 1623(s), 949 (m), 864(s), 788(m), 707(m), 454 (w) (see Figure 4). Elemental
analysis for CsssNas4s[Ys(CH3COO)(H20)18(As2W19068)4(W206)2(WO4)]230H20 (CsNa-1), caled.
(found): Na 2.91% (2.72%), Cs 4.14 (3.90%) As 2.20% (2.09%), Y 2.61% (2.87%), W 54.7% (55.2%).
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Figure 4. Infrared spectrum of CsNa-1.

Instrumentation (IR, TGA). Infrared spectra were recorded on a Nicolet Avatar 370 FT-IR
spectrophotometer using KBr pellets. The following abbreviations were used to assign the peak
intensities: w = weak, m = medium and s = strong. Thermogravimetric analyses were carried out on
a TA Instruments SDT Q600 thermobalance with a 100 mL/min flow of nitrogen; the temperature
was ramped from 20 to 1000 °C at a rate of 5 °C /min. Elemental analysis for CsNa-1 was performed
by CNRS, Service Central d’Analyze, Solaize, France.

X-ray Crystallography. A single crystal of CsNa-1 was mounted on a Hampton cryoloop in light
oil for data collection at 173 K. Indexing and data collection were performed on a Bruker D8 SMART
APEX II CCD diffractometer with kappa geometry and Mo-Ka radiation (graphite monochromator,
L=0.71073 A). Data integration was performed using SAINT [52]. Routine Lorentz and polarization
corrections were applied. Multiscan absorption corrections were performed using SADABS [53].
Direct methods (SHELXS97) successfully located the tungsten atoms, and successive Fourier
syntheses (SHELXL2014) revealed the remaining atoms [54]. Refinements were full-matrix
least-squares against |F?| using all data. In the final refinement, all non-disordered heavy atoms
(As, W, Y, Cs, Na) were refined anisotropically; oxygen atoms and disordered counter cations were
refined isotropically. No hydrogen atoms were included in the models. Crystallographic data are
summarized in Table 1. We observed an extra W atom (W82) with an occupancy of 16.67%, but
could not model its coordination environment due to serious disorder (see CIF file for details). This
result implies that there is a small amount of {YsAssWs2} polyanion impurity present, which we
could not avoid during synthesis or eliminate afterwards, in spite of many attempts.
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Table 1. Crystal Data for CsNa-1.

Formula C Ss,sNay.s [Ys(CH3COO)(HzO)13(ASzW19068)4(W205)2(W 04)] ‘230H20
Formula weight, g/mol 27260.36
Crystal system Triclinic
Space group P1
a, A 21.7759(5)
b, A 32.0368(7)
c, A 33.0799(8)
a,° 94.1720(10)
B° 107.5370(10)
%° 90.5610(10)
Volume, A® 21934.4(9)
4 2
Deate, g/em’ 4.127
Absorption coefficient 23.661
F(000) 24464
Crystal size, mm 0.281 x 0.16 x 0.126
Theta range for data collection, ° 3.406-23.257
Completeness to Omax, % 99.6
24<h< 24
Index ranges -35< k< 33
36 1< 36
Total Reflections 651748
Independent Reflections 62815
Calculated Reflections (/ > 20) 49552
R(int) 0.0411
Data / restraints / parameters 62815/0/2553
Goodness-of-fit on F2 1.005
R 0.0643
wR, ™! 0.1719
Highest / deepest electron density 5.239/-5.002

IR, = YN —1F |/ X |Fol- TRy = [>Xw (Foz - FCZ)Z/ZW(FOZ)Z]]/Z-
4. Conclusions

In conclusion, we have synthesized the §-yttrium(IIl)-containing 81-tungsto-8-arsenate(II)
[Y3(CH3COO)(H20)13(As2W19068)4(W206)2(WO4)]*~ (1) using a simple, one-pot procedure by
reacting the trilacunary POM precursor [B-a-AsWo033]° with Y*" ions in 1 M NaOAc/AcOH buffer
at pH 4.8. Polyanion 1 was characterized in the solid state by IR spectroscopy, single crystal XRD,
and thermogravimetric analysis. The title polyanion demonstrates the ability of yttrium(III) to act as
an efficient linker of POM subunits resulting in large, discrete assemblies. The yttrium(III) ions in 1
possess labile terminal aqua ligands, which allow for Lewis acid type catalysis.
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Abstract: Hybrid organic-inorganic polyoxometalates (POMs) were synthesized in water by the reaction
of a Mo"! precursor with bisphosphonate ligands functionalized by pyridine groups. The fully oxidized
POM [(Mo"305)2(0)(O3sPC(0)(C3HsNH2CH2CsHsNH)PO3)2]* has been isolated as water insoluble pure
Na salt (NaMog(Ale-4Py)z) or mixed Na/K salt (NaKMog(Ale-4Py):) and their structure solved using
single-crystal X-ray diffraction. The mixed-valent complex [(Mo"204)(Mo":0s)2{O3PC(O)
(C3HsN(CH2CsHaN)2(MoVY'03))P03}2]% was obtained as an ammonium salt (NHsMog(AlePy:Mo)s),
in the presence of a reducing agent (hydrazine). 3'P NMR spectroscopic studies in aqueous media
have allowed determining the pH stability domain of NHsMos(AlePy2Mo),;. NaMos(Ale-4Py); and
NaKMog(Ale-4Py): exhibit remarkable solid-state photochromic properties in ambient conditions.
Under UV excitation, they develop a very fast color-change from white to deep purple and proved to be
the fastest photochromic organoammonium/POM systems. The coloration kinetics has been fully
quantified for both salts and is discussed in light of the hydrogen-bonding networks.

Reprinted from [Inorganics. Cite as: Oms, O.; Benali, T.; Marrot, J.; Mialane, P.; Puget, M.;
Serier-Brault, H.; Deniard, P.; Dessapt, R.; Dolbecq, A. Fully Oxidized and Mixed-Valent
Polyoxomolybdates Structured by Bisphosphonates with Pendant Pyridine Groups: Synthesis,
Structure and Photochromic Properties. Inorganics 2015, 3, 279-294.

1. Introduction

Polyoxometalates (POMs) are discrete soluble metal oxide fragments of d-block transition
metals in high oxidation states (WY1, Mo¥-Vl, VIV'V) with a wide range of properties going from
magnetism [1] to biology [2] and catalysis [3]. Among these properties, photochromism attracts
increasing interest due to the potential applications of POM-based photoresponsive molecular
materials as reversible memory photodevices [4]. Reversible color-change effects under UV
irradiation have been first evidenced on alkylammonium polyoxomolybdates [5,6]. The mechanism
has been rationalized considering the transfer of an electron from an O atom of the POM unit to a
Mo"! center, coupled with the transfer of a hydrogen atom (see below). These materials are ionic
crystals combining anionic POMs and cationic alkylammonium counter-ions. However, an alternative
and attractive approach to get functionalized POM-based materials consists in the covalent attachment
of organic ligands directly onto the POM core [7]. It has indeed been demonstrated that the presence
of covalently bonded organic ligands can bring new functionalities and allow the elaboration of
unique materials and devices [8], as demonstrated by the characterization of surfaces patterned with
POMs [9,10], the synthesis of fluorescent [11] and catalytic [12] POMs, or the elaboration of
extended frameworks based on POM building units [13]. We have developed for several years the
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functionalization of POMs by bisphosphonates (BPs) with the general formula
H203PC(R1)(R2)POsHz2 (R1 = H, OH) [14]. Once deprotonated, BPs act as multidentate ligands and
can form stable POM complexes [15]. We initiated a few years ago a study on the synthesis of
polyoxomolybdates with grafted BPs, starting with MoY/BP complexes. Alendronic acid (Ale,
Scheme 1) and its aminophenol derivative were reacted with Mo" ions, leading to low nuclearity
complexes [16]. The reaction of Mo"! ions with Ale was then investigated and we showed that the
synthetic pH governs the formation of one complex over the other. The mononuclear POM
[(MoO2)(Ale)2]® (Mo(Ale)2) [17] was isolated at pH 7.5, the hexanuclear complex
[(Mo030s)20(Ale)2]> (Mos(Ale)2) [18] at pH = 4.5 and the dodecanuclear complex
[(Mo30g)4(Ale)4]¥ (Moi2(Ale)s) at pH = 3.0 [16]. The hexa and dodecanuclear hybrid POMs
possess highly efficient solid-state photochromic properties which are brought by the grafting of
the organic ligand [18]. We then decided to post-functionalize the Ale ligand with pyridine groups
with the aim to explore its chelating properties towards additional metal ions and study their
influence on the structure and properties of the molybdobisphosphonate complexes. We thus report
here our results with two BP ligands bearing one or two pyridine groups, abbreviated Ale-4Py and
AlePy>, respectively (Scheme 1). The photochromic properties of the Mo"! derivatives with
Ale-4Py have been studied and are compared with those of related complexes.

‘ =
N
PO,H, PO3H, PO,
H /\/\’40}1 | B '}:“/\/\’4% N/\/\ﬁoH
POH, Nz POH, N\ H2
Ale Ale-4Py e AlePy,

Scheme 1. Structure and abbreviations of the ligands used in this work.
2. Results and Discussion
2.1. Synthesis and Characterization

The new BP Ale-4Py ligand has been obtained by coupling Ale and 4-pyridinecarboxaldehyde,
followed by the reduction of the resulting imine derivative. We explored the synthesis of hybrid
polyoxomolybdates functionalized by BP ligands, namely Ale-4Py and AlePy:, using two different
synthetic protocols (Scheme 2). The first one consists in reacting an aqueous solution of Mo
oxoanions with Ale-4Py. The pH is set at 3.1 by addition of 2 M HCI and the solution is heated to 80
°C for 30 min. White crystals of the pure Na (NaMos(Ale-4Py);) and of the mixed Na/K salt
(NaKMos(Ale-4Py),) of the hybrid POMs were isolated after slow evaporation and characterized by
single crystal X-ray diffraction and elemental analysis (see below). Surprisingly, the X-ray study
revealed the presence of the hexanuclear anion [(Mo"308)2(0)(03PC(0O)
(C3HeNH2CH2CsHaNH)PO3 2]+ (Mog(Ale-4Py),). Indeed, the crystallization of a dodecanuclear POM
of general formula Moi12(BP)4 was expected as these species were shown to be stable at pH 3 while
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the formation of the hexanuclear POMs Mos(BP)2 (BP = Ale, OsPC(CsHsNRR’R”)(O)POs with R,
R’, R”=H or CH3) occurs at pH ~ 6 [18].

———>
1) Na;Hs(Ale-4Py) NaMos(Ale-4Py),

2) 2M HCI, pH = 3.1

Na,MoO,
80°C KCl
L 3 NaKMog(Ale-4Py),
1) Na;H(AlePy,)
2) 33% NHs, pH=75
MoOs; AM HCI, NoHe > [Mox0:(H-0)s ]2 > NH:Mos(AlePy,Mo),
60°C 2days, RT

Scheme 2. Synthetic pathways.

The second synthetic pathway consists in using a solution of [Mo"204(H20)s]*" ions prepared
by reduction of MoOs by hydrazine in 4 M HCI. AlePy: is added in the solution and the pH is
adjusted to 7.5 by addition of aqueous ammonium hydroxide. An abundant precipitate forms and
progressively redissolves while stirring for two days at room temperature. Red crystals (Figure 1)
are isolated after slow evaporation of the resulting solution. The formula of the hybrid POM,
[(Mo0"204)(MoV'206)2{03PC(0)(C3HsN(CH2CsH4N)2(MoV'03))PO3}2]%  (Mos(AlePy:Mo),) has
been deduced from single crystal X-ray analysis (see below) and confirmed by elemental analysis.
The mixed-valent anion contains two Mo" and six Mo"! ions, which are formed by slow
reoxidation in air of the Mo" ions of the reacting solution. Such reoxidation has been previously
observed [16,19,20]. The red color of the complex is correlated to the presence of the dimeric unit
{Mo"204}, which can be found in oxomolybdenum(V) clusters isolated in organic solvents [21] as
well as in cyclic POMs and e-Keggin type species synthesized in aqueous solutions [14], and is the
indication of electron localization while the blue color of mixed-valent Mo species is the sign of
electron delocalization [22].

Figure 1. Picture of the crystals of NHsMog(AlePy2Mo): in the synthetic medium.

NaMog(Ale-4Py), and NaKMog(Ale-4Py), are insoluble in all common solvents. Therefore, it
was not possible to investigate their stability in solution by *'P NMR spectroscopy. Nevertheless, it
has been possible to record the *'P NMR spectra of the synthetic solutions (Figure 2a). Three peaks
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around 22 ppm are observed which can be tentatively attributed to the presence of conformers in
equilibrium in solution [18].

(a) (b)

pH 6.9

NaKMog(Ale-4Py),

JL pH4.5

NaMog(Ale-4Py),
pH 3.00

i " i
29 28 27 26 25 24 23 22 21 20 19 18 17 16 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15
8/ppm 8/ppm

Figure 2. P NMR spectra of a) the synthetic medium of NaMog(Ale-4Py),
and NaKMos(Ale-4Py): and b) an aqueous solution of NHsMos(AlePy:Mo); at
various pH.

Crystals of NH4sMos(AlePy2Mo); have been dissolved in D20 and the pH adjusted to 7. A
single peak at 25.6 ppm is observed by *'P{!H} NMR (Figure 2b). This indicates that the two P
atoms in each BP ligand are magnetically equivalent although they appear inequivalent in the
crystal structure (Figure S1). This is in contrast also with the observation of doublets at 30.1 and
26.2 ppm on the *'P{'H} NMR spectrum of a POM possessing the {(Mo"204)(Mo"205)2(BP)2}
(BP = O3PC(O)(CH2-3-CsNH4)PO3 = Ris) core [20]. The 3P NMR spectrum of
NHsMos(AlePy:Mo); at pH 4.5 is identical, showing the stability of the POM at this pH. In
contrast, when the pH decreases to 3, the evolution of the 3'P NMR spectrum together with the
appearance of a blue color clearly indicate the decomposition of the POM.

2.2. Structures

The hexanuclear anion [(Mo"305)2(0)(O3PC(O)(C3sHsNH2CH2CsHsNH)PO3)2]*~ (Mog(Ale-4Py)s),
common in the structures of NaMos(Ale-4Py), and NaKMoes(Ale-4Py)2, contains two trinuclear
{Mo30s} fragments connected by a central oxo bridge (Figure 3), encountered also in structures
reported with etidronate [23], alendronate [17,24] and its methyl derivatives [18]. Each trinuclear
unit is built of two face-sharing octahedra which share also a corner with a third Mo"! octahedron.
The three octahedra are linked to one bisphosphonate ligand via four Mo-O-P bonds with the
phosphonate groups and one Mo-O-C bond with the deprotonated hydroxo group. Two
conformations have been previously observed for the hexanuclear complexes of general formula
[(MoY5305)2(0)(BP)2]" [14]. In the A conformer (Figure 3a), the six Mo"" ions are approximately
coplanar. This conformer is the most frequently encountered, and is found in particular in
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Rbo.25(NHa)s.75[(Mo¥305)2(0)(Ale)2] [18]. The B conformer (Figure 3b), observed for example in
Nasg[(Mo"'308)2(0)(Ale)2] [24], results from a rotation around the central oxygen atom of a trimeric
unit, so that the three Mo"! ions of a trimeric unit are located in a plane perpendicular to the three
Mo ions of the other trimeric unit. The conformers are very close in energy, and the stabilization
of one conformer or another depends on the inter- and intra-molecular interactions governed by the
crystal packing. A comparison of the structures of the anions in NaMos(Ale-4Py), and
NaKMos(Ale-4Py), with those of the alendronate derivatives shows that the Mogs(Ale-4Py):
entities in NaMog(Ale-4Py), and NaKMog(Ale-4Py); adopt the B conformation. The orientation of
the organic ligand is slightly different from one compound to the other.

In the unit cell, the anions alternate with alkali counter-ions (4 Na" ion in NaMoe(Ale-4Py), and
3.5 K* and 0.5 Na" in NaKMog(Ale-4Py)>) and the crystal packing thus appear quite different in
the two structures (Figure S2). Despite this, the hydrogen bond networks involving the POM units
appear remarkably similar. Both intra and intermolecular hydrogen bonds are observed between the
protonated amino and pyridine groups of the Ale-4Py ligands and bridging oxygen atoms of the
POM cores or crystallized water molecules (Figure 4 and Table S1). The structure of NaMog(Ale-
4Py); contains one crystallographically independent Mos(Ale-4Py), anion. As shown in Figure 4a,
two of them are connected together into a supramolecular dimer {Mog(Ale-4Py):2}2 via two
H-bonds involving two of the four pyridinium groups (the other two being connected to water
molecules). Each dimer also develops eight additional N-H---O interactions: four of them involve
the protonated amino groups of the four Ale-4Py ligands and the oxygen atoms of the two
Moc(Ale-4Py)2 units, while the other four connect the protonated amino groups with water molecules.

! i (@) (b)
(c) (d)

Figure 3. Mixed polyhedral/ball-and-stick representation of the hexanuclear POM of
general formula [(Mo"305)2(0)(BP)2]" in (a) Rbo2s(NHa4)s.75[(Mo"530s)2(0)(Ale)2]'
(4 conformation), (b) Nas[(Mo"30s)2(0)(Ale)2]** (B conformation), (¢) NaMog(Ale-4Py),
and (d) NaKMos(Ale-4Py),; blue octahedra: MoY'Os, pink tetrahedra: POa, orange
spheres: O, black spheres: C, green spheres: N.
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The structure of NaKMogs(Ale-4Py); is built upon two crystallographically independent
Mos(Ale-4Py), units which are assembled into two supramolecular dimers (Figure 4b). The relative
arrangement of anions within the dimers is as in NaMog(Ale-4Py)z, and therefore, very similar N-H---O
contacts are developed.

The Mog(AlePy2Mo), POM contains a mixed-valent {(Mo"204)(Mo"206)2(BP)2} core (Figure 5).
Two face-sharing Mo"! octahedra are connected symmetrically to a {MoVY204} dimeric unit via a
common oxygen atom and two pentadentate AlePy: ligands. We can note that AlePy2 and Ale-4Py
behave very differently. Indeed, while in Ale-4Py the aminopyridine fragments cannot act as
chelating groups, the two pyridine and the alkylammino groups of AlePy2 can strongly bind to an
additional metal ion. This is highlighted by the fact that in NaKMos(Ale-4Py), and NaMog(Ale-
4Py); the pyridine and alkylammonium groups do not act as a ligand. In contrast in
Mogs(AlePy:Mo),, the nitrogen atoms of the two pyridine and of the amino groups of the AlePy:
ligand are bound to an isolated Mo"! ion in octahedral coordination. The coordination sphere of this
ion is completed by three terminal oxo groups. Valence bond calculations confirm the oxidation
states of the Mo ions in this octanuclear complex (Figure S1). It can be noticed that the oxygen
atoms of the POM develop hydrogen bonding interactions exclusively with water molecules
(Figure S3a). In the solid, there is a segregation of the organic and inorganic parts with the
formation of double layers of Mog clusters at z = /2 and Mo-organic regions at z = 0 (Figure S3b).

Figure 4. Hydrogen bonding schemes involving the supramolecular dimers {Moe(Ale-
4Py)2}2 in (a) NaMos(Ale-4Py); and (b) NaKMog(Ale-4Py);.
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Figure 5. Mixed polyhedral/ball-and-stick representation of the mixed-valent
POM [(Mo0"204)(Mo0"%06)2{03PC(0)(C3HsN(CH2CsHaN)2(MoY03))PO3} 2]* in
NH4Mog(AlePy;Mo),; blue octahedra: Mo¥'Os, grey octahedra: MoYOs, blue spheres:
MoV, pink tetrahedra: P, orange spheres: O, black spheres: C, green spheres: N; hydrogen
atoms have been omitted for clarity.

2.3. Solid-State Photochromic Properties

The solid-state photochromic properties of NaMog(Ale-4Py), and NaKMos(Ale-4Py), have
been thoroughly investigated in ambient conditions by diffuse reflectance spectroscopy. Under
low-power UV excitation at Aex = 365 nm (3.34 eV), the two compounds exhibit strong
photochromic responses. The color of the white microcrystalline powders gradually shifts to deep
purple with a remarkable coloration contrast, and finally reaches an eye-detected saturation level
after only 20 min (Figure 6a and Figure S4a for NaKMog(Ale-4Py), and NaMog(Ale-4Py),
respectively). As displayed in Figure 6b, the color change of NaKMog(Ale-4Py); deals with the
growth of a broad absorption band in the visible range at Amax = 508 nm (2.44 eV) that mainly
dictates the photogenerated hue, and a second very less-intense absorption band rising up at ~750 nm
(1.65 eV). Similar absorption bands are also observed for NaMos(Ale-4Py); (Figure S4b). It is
worth noting that these bands are quite comparable with those of other photochromic Mos(BP)2
compounds [18], and then, they well characterize the photoreduced Mos core. In such
photochromic organoammonium/POM systems, the UV excitation transfers an electron from an O
atom of the POM unit to the adjacent Mo®" site [5,25]. This electron/hole pair segregation is
coupled with the transfer of a hydrogen atom from the ammonium group to an adjacent {MoQOs}
octahedron. The H atom moves along the hydrogen bond creating a {Mo*"(OH)Os} site. The
coloration is then due to the photoreduction of Mo®" (4d%) to Mo®" (4d") cations and occurs via d—d
transitions and/or Mo®"/Mo>" intervalence transfers. The photocoloration rate is strongly correlated
to the strength of the N*-H bonds considering that, the lower the dissociation energy of the N*-H
bond, the faster the coloration speed [6].

The coloration kinetics of NaMos(Ale-4Py): and NaKMog(Ale-4Py), has been quantified by
monitoring the evolution of their reflectivity values versus the UV irradiation time (R(?)).
According to the photocoloration kinetics model of organoammonium/POM systems, the decrease
of RM(§) (i.e., the reflectivity at the wavelength of the maximum photogenerated absorption in the
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visible) with the UV irradiation time is correlated to the decrease of the concentration of reducible
Mo®" cations, according to a pseudo second-order kinetic law [6]. Herein, the R%(7) vs. ¢ curves for
NaMog(Ale-4Py); and NaKMog(Ale-4Py), are perfectly fitted as R3%(r) = a/(bt+1) + R3%(c0)
(Figure 6¢). R*%(c0) is the reflectivity value at the end of the photochromic process, that is at ¢ = co.
The a parameter is defined as a = R3%(0)-R3%(c0), i.e. the difference between the reflectivity values
just before UV illumination (¢ = 0) and at ¢ = . The b parameter is defined as b = k¢ x Ce+(0),
where k¢ is the coloration rate constant, and Ce++(0) is the initial concentration of photoreducible
Mo®" centers per unit volume. The details of the coloration kinetic parameters are given in Table S2.
NaMog(Ale-4Py); and NaKMog(Ale-4Py), exhibit a remarkably fast photocoloration rates well
characterized by a very short coloration half-time (12 = 0.37 min for both compounds). The very
fast photoreduction rate of the Mo®" ions is also well assessed by monitoring the evolution of the
photoreduction degree Y(¢) which reaches 98% for NaMog(Ale-4Py); and 97% for NaKMos(Ale-
4Py); after only 20 min of UV irradiation (Figure S5).

In addition, for two hybrid materials, i and j built upon the same POM unit (then which develop
the same photogenerated absorption bands), the relative coloration rate constants k“/k% can be
extracted from the ratio biaj/bjai, to compare their coloration rates [6]. Here, k°Namos(Ale-4pPy)2/
kNakMos(ale4Py2 = 1.1, and both compounds exhibit the same photocoloration rates. This quite
evidences that in these two hybrid systems that contain the same Mogs(Ale-4Py), anion and very
similar H-bonding networks, the intrinsic photochromic process is not influenced by the packing with
the other alkali countercations. Noticeably, NaMog(Ale-4Py), and NaKMos(Ale-4Py), exhibit
remarkably improved solid-state photochromic performances compared to those of Mos-Ale that was, to
date, the fastest photochromic members of the Mos(BP)2 series [18,26] (Table S2) (for example, the
coloration rate constant ratio A°Nakmos(ale4Py)#’k°Mos-ale reaches 10.6). Consequently, these two new
compounds are the most efficient known photochromic organoammonium/POM systems (Table 1).
It should be reasonably assumed that the very high photochromic performances of NaMog(Ale-
4Py), and NaKMog(Ale-4Py), should originate from a beneficial combination of three main
factors that are: (i) the presence of the easily photoreducible Mos core [18], (ii) a great number of
N-H--O contacts between the Mog(Ale-4Py), units and the organoammonium groups of the
Ale-4Py ligands, and (iii) the implication in the H-bonding interactions of the diprotonated amino
group which possesses a low dissociation energy of the N*-H bond [6].

NaMog(Ale-4Py); and NaKMos(Ale-4Py); show reversible color-change effects. The bleaching
is correlated to the back oxidation of the Mo®" cations by O2 in ambient conditions [27]. After
switching off the UV irradiation, the bleaching occurs slowly in air and at room temperature. No
color change occurs when the colored samples are kept in Oz free atmosphere, and at the opposite
the bleaching is much faster when samples are exposed to Oz flux. The fading process is also
strongly accelerated by keeping the samples in air under moderate heating at 40 °C (the deep purple
color disappears after a few minutes). To date, about 15 coloration/fading cycles at room
temperature as well as at 40 °C can be performed without detecting any fatigue resistance with
naked eyes.
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Table 1. Comparison of the ti12 values for various photochromic organoammonium/POM systems.

Compound Amax (M) * 12 (min) ® Ref.
NaMog(Ale-4Py), 508 0.37 this work
NaKMoe(Ale-4Py), 508 0.37 this work
Mos(Ale) 508 2.87 [18]
Mog(Ale-1C,)2 508 31.25 [18]
Mos(Ale-1Cy)2 508 4.78 [18]
Mog(Ale-2C), 508 12.82 [18]
Mog(1C-Ale), Mog(Ris)2 508 5.71 [18]
Mog(Ris)2 508 14.89 [26]
Moiz2(Ale)s 464 8.20 [18]
Moiz(Ale-1C,)4 464 5.44 [18]
Moi2(Ale-2C)4 464 51.81 [18]
(H,DABCO):(NH4)2[Mo0sO»7] 525 37.0 [6]
(H2DABCO),(H:pipz)[Mo0302] 525 5.6 [6]
(H2pipz)3[MosO27] 525 7.8 [6]
(HzDABCO)z(HDMA)o,sNaoJS [M08027] 525 0.8 [6]

2 Photoinduced absorption band wavelength. ® Coloration kinetic half-life time (min).
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Figure 6. (a) Photographs of the powder of NaKMog(Ale-4Py), at different UV
irradiation time (in min). (b) Evolution of the photo-generated absorption in
NaKMos(Ale-4Py); after 0, 0.5, 1, 2, 3,4, 5, 7, 10, 15, 20, 30, 40, 60, 80, 100 and 130
min of UV irradiation (Aex = 365 nm). (¢) Comparison of the R3%(#) vs. ¢ plots for
NaMog(Ale-4Py), (H), and NaKMog(Ale-4Py), (O). The lines show the fits of the
plots according to rate law R3%(¢) = a/(bt + 1) + (R3%(0) — a).
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3. Experimental Section
3.1. General

The alendronic acid H203PC(OH)(CsHe¢NH2)PO3H2 (Ale) [27] and its derivative
Na4[OsPC(OH)(C3HeN(CH2CsH4N)2)POs] (NasHAlePy2) [28] were synthesized according to reported
procedures. All other chemicals were used as purchased without purification. Ale-4Py and AlePy>
were reacted with Mo and Mo" precursors. However, only the reactions of Ale-4Py with Mo"! and
AlePy> with MoV led to crystalline compounds which could be characterized by single-crystal X-ray
diffraction analysis.

3.2. Synthesis of Na:[(HO3P):(OH)C(CsHsNHCH>(CsH4N)] (Na:H3Ale-4Py)

Alendronic acid (1.5 g, 6 mmol) and triethylamine (1.6 mL, 12 mmol) were stirred at room
temperature in 36 mL of MeOH until complete dissolution. Then, 4-pyridinecarboxaldehyde
(0.62 mL, 6.6 mmol) was added to the mixture. The solution was stirred at reflux for 2 h. and then
allowed to cool down to room temperature. After slow addition of (TBA)BHa4 (1.549 g, 6 mmol), the
resulting mixture was refluxed overnight. The solution was then concentrated to about 10 mL and
NaPFs (2.022 g, 12 mmol) was added. A white precipitate appeared instantly. The solid was filtered
under vacuum and washed with MeOH and Et2O. The ligand (1.612 g, yield 70%) was used
without further purification. 3'P NMR (200 MHz, D20): § 17.7. '"H NMR (200 MHz, D20): § 8.47
(d, 2H, 3J = 5.41 Hz), 7.40 (d, 2H, %J = 5.41 Hz), 4.18 (s, 2H), 3.05 (m, 2H, N-CH>-CH2), 1.91 (m,
4H, N-CH2-CH>-CH:). IR (KBr pellets): viem™) = 3192 (w), 2968 (w), 2950 (w), 1610 (m),
1501 (m), 1424 (m), 1381 (w), 1224 (m), 1191 (m), 1141 (s), 1122 (s), 1071 (vs), 1036 (vs), 959
(s), 930 (s), 882 (s), 844 (s), 810 (m), 787 (m), 673 (s), 605 (m), 589 (m), 556 (m), 541 (m).

3.3. Synthesis of Nas[(Mo"'30s)2(0)(O3PC(0)(CsHsNH>CH>CsHiNH)PO3)2]. 14H20
(NaMoe(Ale-4Py))

To a solution of Na2MoO4 (0.291 g, 1.2 mmol) in 10 mL of water was added Na:H3(Ale-4Py)
(0.154 g, 0.4 mmol). The pH was adjusted to 3.1 with 2 M HCI and the mixture was stirred at 80 °C
for 30 min. A fine powder was then eliminated by centrifugation (0.134 g) and the filtrate was left
to evaporate at room temperature. The IR spectrum of the powder shows the presence of Mo-O and
P-O vibrations close to the vibrations found in Moi12(BP)4 species. After one month, white crystals
(yield 0.037 g; 10% based on Mo) suitable for X-ray diffraction studies were collected by filtration.
The formation of the white insoluble powder explains the low yield of the synthesis.

IR (KBr pellets): v(cm™") = 3361 (br), 3082 (s), 2832 (m), 2788 (m), 1644 (s), 1624 (s), 1508
(m), 1467 (m), 1252 (w), 1137 (s), 1067 (s), 1015 (s), 907 (vs), 872 (vs), 815 (s), 675 (s), 548 (s).
Anal. calcd. for C20HssNsMosNa4O4sP4 (1866.16 g.mol ') (found): C 12.87 (12.60), H 3.13 (2.95),
N 3.00 (2.94). EDX analyses confirm the values of the Mo/P and Mo/Na ratios.
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3.4. Synthesis of Nao.sK3.5[(Mo"303)2(0)(0:PC(O)(CsHsNH2CH>CsH«NH)PO3)2]. 13H20
(NaKMogs(Ale-4Py)>)

To a solution of Na2MoOs (0.291 g, 1.2 mmol) in 10 mL of water was added NaxHz(Ale-4Py)
(0.154 g, 0.4 mmol). The pH was adjusted to 3.1 with 2 M HCI and the mixture was stirred at 80 °C
for 30 minutes. A fine powder was then eliminated by centrifugation. KCI1 (0.100 g) was added to
the filtrate and the solution was left to evaporate at room temperature. After one month, white crystals
(yield 0.056 g; 15% based on Mo) suitable for X-ray diffraction studies were collected by filtration.

IR (KBr pellets): v(cm™!) = 3365 (br), 3082 (s), 2832 (m), 2789 (m), 1644 (s), 1626 (s), 1509
(m), 1468 (m), 1256 (w), 1137 (s), 1065 (s), 1016 (s), 907 (vs), 871 (vs), 811 (s), 678 (s), 551 (s).
Anal. calcd. for C20HssN4Ks.sMosNao.s044P4 (1904.53 g.mol ') (found): C 12.61 (12.50), H 2.96
(2.82), N 2.94 (2.85). EDX analyses confirm the values of the Mo/P, Mo/K and Mo/Na ratios.

3.5. Synthesis of (NHa)s[(Mo"204)(Mo"206)2{ OsPC(O)(C3HsN(CH2CsH4N)2(Mo"'03)) PO3/}2] - 20H20
(NH ;Mo (AlePy:Mo0)>)

A 0.1 M solution of [Mo"204(H20)s]*" was prepared as previously reported [19] by reduction of
MoO;3 by NaHa in 4M HCL. NasHAlePy> (0.325 g, 0.21 mmol) was added in aqueous [Mo"204(H20)s]**
(0.1 M, 6.25 mL, 0.625 mmol). A green precipitate appeared. Aqueous ammonium hydroxide
(33%) was added dropwise to pH 7.5. An orange precipitate was formed. The beaker was covered
with a watch glass and the mixture was stirred for 2 days until the solution progressively turned
limpid. The deep red solution was filtered, and left to evaporate at room temperature after addition of
NH4Br (1.2 g, 12.24 mmol). Red crystals were collected by filtration two days later (0.095 g, yield
24% based on Mo). Elemental analysis calcd. (found) for C32H10sN14MogOsePs (2477 g mol™!): C
15.52 (15.20), H 4.39 (4.04), N 7.92 (8.42), Mo 30.98 (30.01), P 5.00 (4.91). IR (v/cm™'): 1638
(m), 1606 (m), 1419 (s), 1314 (w), 1283 (w), 1142 (sh), 1123 (s), 1075 (sh), 1052 (s), 1013 (s), 913
(m), 896 (sh), 856 (s), 760 (w), 702 (m), 682 (w), 645 (m), 479 (m).

3.6. X-ray Crystallography

Data collection was carried out by using a Bruker Nonius X8 APEX 2 diffractometer equipped
with a CCD bi-dimensional detector using the monochromatized wavelength A(Mo Ka) = 0.71073
A. Absorption correction was based on multiple and symmetry-equivalent reflections in the data set
using the SADABS program [29] based on the method of Blessing [30].The structures were solved
by direct methods and refined by full-matrix least-squares using the SHELX-TL package [31]. In
all structures, there are small discrepancies between the formulae determined by elemental analysis
and those deduced from the crystallographic atom list because of the difficulty in locating all
disordered water molecules (and also the counter-cations in some cases). In the structures of
NHsMos(AlePy:Mo)2, NHs" and H20 could not be distinguished based on the observed electron
densities; therefore, all the positions were labeled O and assigned the oxygen atomic scattering
factor. Crystallographic data are given in Table 2. Partial atomic labeling schemes, selected bond
distances and bond valence sum calculations [32] are reported in Figure S1.
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Table 2. Crystallographic data.

Parameters NaMos(Ale-4Py), NaKMos(Ale-4Py), NHsMoe(AlePy:Mo),
Formula Ca0HssNaMosNagOssPs | CaoHs6N4Ks sMogNag.sO44P4 C32H10sN14M0gOs6P4
Formula weight/g mol ' 1866.16 1904.53 2476.67
Crystal system triclinic triclinic triclinic
Space group P-1 P-1 P-1
a/A 9.0240(3) 17.9501(5) 17.602(2)
b/A 19.4282(6) 19.4745(4) 22.134(2)
N 21.1568(7) 19.8487(5) 28.323(3)
o/° 103.992(2) 76.188(1) 97.443(5)
p/° 95.5612(2) 69.590(1) 95.464(5)
y/° 103.407(1) 76.669(1) 107.430(5)
VIA® 3454.8(2) 6231.6(3) 10334(2)
4 2 4 4
Dearc/g cm’? 1.813 2.028 1.560
wmm'' 1.273 1.616 1.087
Data/parameters 12208/865 36431/1558 36283 /2119
Rint 0.0301 0.0429 0.0467
GOF 1.023 1.070 1.035
Ri (I>25(]) 0.0710 0.0568 0.1051
wR> 0.1960 0.1649 0.2719

3.7. Physical Methods

Infrared (IR) spectra were recorded on a Nicolet 30 ATR 6700 FT spectrometer. EDX
measurements were performed on a JEOL JSM 5800LV apparatus. The 3'P NMR spectra were
recorded on a Briikker AC-300 spectrometer operating at 121.5 MHz in 5-mm tubes with 'H
decoupling. 3'P NMR chemical shifts were referenced to the external usual standard 85% H3POsa.
Diffuse reflectance spectra were collected at room temperature on a finely ground sample with a
Cary 5G spectrometer (Varian) equipped with a 60 mm diameter integrating sphere and computer
control using the “Scan” software. Diffuse reflectance was measured from 250-1000 nm with a
2 nm step using Halon powder (from Varian) as reference (100% reflectance). The reflectance data
were treated by a Kubelka-Munk transformation [33] to better locate the absorption thresholds. The
samples were irradiated with a Fisher Bioblock labosi UV lamp (Aexe = 365 nm, 6W) at a distance
of 50 mm.

4. Conclusions

In summary, the synthesis of two novel molybdobisphosphonate complexes with BPs
functionalized by pyridine groups has been performed by a one step or two step procedure in water.
These POMs have been characterized in the solid state by single crystal X-ray diffraction and in
solution by 3'P NMR spectroscopy. NHsMog(AlePy>Mo); is the ammonium salt of the mixed-valent
anion [(MoVY204)(MoY206)2(AlePy2)2(Mo"'03)2]* in which the two pyridine arms of each BP
ligand chelate an additional Mo ion. [(MoY308)2(0)(Ale-4Py)2]*" (Mog(Ale-4Py),) crystallizes as
a pure Na salt and as a mixed Na/K salt. Although the nature of the alkali counter-ions is different
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in the two salts and thus the 3D structure, the hydrogen bonding networks involving the Mog(Ale-
4Py); units are quite similar. This strongly impacts the photochromic properties of both
compounds. Noticeably, NaMog(Ale-4Py), and NaKMog(Ale-4Py), exhibit remarkably fast and
quite comparable color-change effects from white to deep purple under UV excitation, and to date
they are the most efficient known photochromic organoammonium/POM systems. Their highly
solid-state photochromic performances in ambient conditions can be correlated to a great number
of N-H--O contacts between the oxygen atoms of the hexanuclear units and the organoammonium
groups of the Ale-4Py ligands as well as the presence of the diprotonated amino groups.
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Structure Transformation among Deca-, Dodeca- and
Tridecavanadates and Their Properties for
Thioanisole Oxidation

Yuji Kikukawa, Kazuhiro Ogihara and Yoshihito Hayashi

Abstract: The transformation of three types of polyoxovanadates, {(n-CaHo)aN}3[H3V1002s],
{(n-C4Ho)aN}4[V12032] and {(n-C4H9)aN}3[V13034] have been investigated according to the
rational chemical equations, and the best transformation conditions were reported. By the reaction
of [H3V10028]>~ with 0.33 equivalents of {(n-C4Ho)sN}OH in acetonitrile at 80 °C, [V12032]* was
formed with 92% yield. The reaction in nitroethane with 0.69 equivalents of p-toluenesulfonic acid
gave [V13034]>” with 91% yield. The 'V NMR observation of each reaction suggests the complete
transformations of [H3V1002s]>™ to [V12032]*" and to [V13034]>” proceeded without the formation of
any byproducts and it provides the reliable synthetic route. Decavanadates were produced by the
hydrolysis of [V12032]*" or [V13034]*". While the direct transformation of [V13034]>~ to [V12032]*"
partly proceeded, the reverse one could not be observed. For the thioanisole oxidation, [V13034]*~
showed the highest activity of the three.

Reprinted from [norganics. Cite as: Kikukawa, Y., Ogihara, K.; Hayashi, Y. Structure
Transformation among Deca-, Dodeca- and Tridecavanadates and Their Properties for Thioanisole
Oxidation. Inorganics 2015, 3, 295-308.

1. Introduction

Polyoxometalates have been attracting much attention in broad fields such as catalyst chemistry,
magnetochemistry, and pharmaceutical chemistry [1-3]. Polyoxovanadates have a unique structural
chemistry due to the availability of various coordination environments of tetrahedral {VOa},
square-pyramidal {VOs} and octahedral {VOe¢} units [4]. Due to the high reactivity, the chemistry
of polyoxovanadates is limited in decavanadate species. The only stable example of
isopolyoxovanadates in aqueous solution is decavanadates, which consist of {VOs} units, in
addition to the metavanadate species, [VOs]," with {VO4} units [5]. The employment of
non-aqueous solvent increases the diversity of the polyoxovanadates. Up to now, various
isopolyoxovanadates with only fully oxidized V°*, such as [V309]*", [V4O12]*" and [V5014]>~ with
{VO4} units; [V11020F2]*", [HV12032(CD]*, [V12032]*, [V12032(C1)]* and [H2V14033(C1)]*~ with
{VOs} units; [V7019F]*" with both {VOs} and {VOs} units; and [VeO19]® derivatives,
[HiV10028]©™~ and [V13034]>~ with {VOs} units have been synthesized [6-19]. Since the
properties such as redox and optics of polyoxovanadates depend on the anion structures, it is
crucially important to control those cluster frameworks [14,19].

The half spherical dodecavanadates [V12032]* consist of twelve {VOs} units and have
an open cavity into which several molecules and anions, such as nitriles, dichloromethane, NO™
and CI', are incorporated and the host-guest interactions have been theoretically investigated
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(Figure 1) [9,10,20-23]. To clarify the role of an electron-rich guest and the anion, further
investigations including systematic synthesis are required.

Tridecavanadate [V13034]*” was reported as an oxidation catalyst for a number of organic
substrates (Figure 1) [19]. After the pioneering work on the chemistry of [V13034]*", few further
investigations were reported. Our group successfully synthesized the four electron reduced
tridecavanadate [HaV13034]>" [24]. During our investigation, the electrochemical oxidation of
[H4V13034]>” gave [V12032]* instead of [V13034]>". The protonation may prevent the oxidation of
[HsV13034]*" to form [Vi3034]*. Cronin’s group synthesized the manganese-substituted
polyoxovanadate with the same anion structure of [V13034]>~ [25]. The hetero-metal containing
polyoxometalates have the potential to show unique catalytic and magnetic properties [26-29]. As
like synthesis of Cronin’s cluster from the related manganese-containing polyoxovanadate, the
control of the structure transformation is important.

In this work, we report on the structure transformation among [H3Vi0O2]*", [V12032]*
and [V13034]*", including the improved synthesis of {(1n-C4Ho)4N}3[V13034]. In addition, oxidation
of thioanisole using these polyoxovanadates is discussed.

Figure 1. Anion structures of (a) [H3V1002s]*", (b) [V12032]*” and (¢) [V13034]*". Yellow
octahedra and orange square-pyramids represent {VOs} and {VOs} units, respectively.

2. Results and Discussion
2.1. Structure Transformation among Deca-, Dodeca- and Tridecavanadates

The structure of decavanadates, [H,V10028]® )", consists of ten octahedral {VOs} units stacked
together in one molecule (Figure 1). While tridecavanadate [V13034]°>~ also has a similar structure
with three additional {VOs} octahedra in a triangular arrangement as add-on units on one of the
surfaces of the decavanadate. Dodecavanadate [V12032]* has a totally different structure which is
based on twelve square-pyramidal {VOs} units in a cage arrangement that has a cavity to
incorporate a small molecule like acetonitrile at the center of the anion (Figure 1). These three
complexes have distinct structures, yet the size of the anions are similar, and we tried to find the
reaction conditions which can transform one molecule into another by adjusting the stoichiometry
according to the molecular formula. The transformation process is monitored through 'V NMR
since all chemical shifts for each of those complexes were already reported [17,19,30]. In the
transformation process, the employment of decavanadates as a starting material is especially
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beneficial because they are one of the most widely available species and thoroughly investigated in
water as well as acetonitrile [8,31].

2.1.1. Transformation between Deca- and Dodecavanadates

The synthesis of the dodecavanadates was achieved in two different routes, even if the
precursors are different in oxidation states, formulas and total charges on the cluster. In the first
report by Klemperer’s group, [V12032]*” was prepared by refluxing an acetonitrile solution of the
decavanadate with only two protonation sites, {(n-C4Ho)aN}4[H2V1002s], for 1-2 min with >80%
yield [10]. Later, by our group, [V12032]*" was prepared by the oxidation of another type of
decavanadate {(n-C4Ho)4aN}4[V10026] for 1 h at room temperature with 90% yield [9]. While
{(n-C4Ho)4aN}4[H2V10028] consists ten {V3*Og} units, {(n-C4Ho)aN}4[V1002] consists eight
{V3'04} and two {V*'Os} units. These differences show that the precursors are not important and
provide us an opportunity to investigate the transformation of polyoxovanadates in accordance with
the reaction equations. The triprotonated decavanadate [H3V1002s]*~ was selected as a precursor for
investigation since the solution state of [H3Vi002s]* in acetonitrile and water is well discussed
before [17]. The conventional equation for the synthesis of {(n-C4H9)aN}4[V12032] from
{(n-C4H9)aN}3[H3V10025] can be written by adjusting the stoichiometry as expressed in Equation (1).

6{(n-C4H9)aN}3[H3V10028] + 2 {(n-CsH9)aN}OH 2 5{(n-C4Ho)aN}4[V12032] + 10H20 (1)

By the reaction of {(n-CsHo9)aN}3[H3V10028] with 0.33 equivalents of {(n-C4H9)saN}OH in
acetonitrile at room temperature for 24 h, >’V NMR spectra showed signals due to [H3Vi0O2s]>
and [H2V1002s]*", and [V12032]*" as a minor product (Figure Al). The transfer reaction was slow at
room temperature, and to accelerate the reaction, heating the solution was necessary. After
refluxing for 1 h, only signals due to [V12032]* were observed with >99% chemoselectivity, and
the isolated yield was 92% (Figure 2). IR spectrum of the isolated product show a perfect match
with that of {(n-C4Ho)aN}4[V12032] (Figure 3).

In the presence of a stoichiometric amount of water, [V12032]*" was stable with retention of
the structure. An excess amount of water leads to the transformation of [Vi2032]* to
decavanadates. This is consistent with the established distribution study in aqueous media that
dodecavanadates are not involved in the complicated equilibrium of polyoxovanadates [5]. In a
mixed solvent of acetonitrile and water (3:1, v/v), the mixture of [H3V10025]*" and [H2V1002s]*"
was obtained (Figure A2). By addition of 0.4 equivalents of p-toluenesulfonic acid (TsOH) with
respect to [V12032]*", only [H3V10028]> was detected by 'V NMR and the isolated yield was 83%
(Figure 2). IR spectrum of the isolated product shows convincing agreement with that of {(n-
C4Ho9)aN}3[H3V1002s] (Figure 3).



149

(a)

E—g—E—

-300 -400 -500 -600 =700

Figure 2. °'V NMR spectra of (a) [H3Vi002s]>", (d) [V12032]* and (g) [V13034]>
crystals dissolved in acetonitrile and of the reaction solution after the transformations of
(b) [V12032]*" to [H3V1002]>", (¢) [V13034]* to [H3Vi002s]*", (e) [H3Vi0O02s]>" to
[V12032]*, (f) [V13034]* to [V12032]* and (h) [H3V1002s]*~ to [V13034]".

Transmittance (a.u.)
s
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Figure 3. IR spectra of (a) [H3V1002s]>", (d) [V12032]* and (g) [V13034]*~ crystals and
of the powder obtained after the transformations of (b) [V12032]* to [H3Vi002s]*",
(€) [V13034]*" to [H3V1002s]*", (e) [H3V1002s]*  to [Vi2032]*, () [Vi3034]* to

[V12032]* and (h) [H3V10028]> to [V13034]*".
2.1.2. Transformation between Deca- and Tridecavanadates

In the reported procedure, {(n-CsH9)aN}3[V13034] was obtained by refluxing 2.6 M
{(n-C4Ho)aN}3[H3V1002s] acetonitrile solution for 7 h under dry nitrogen [19]. In our investigation
under the same condition, [V13034]>~ was formed as a minor product. The time dependent
observation of 'V NMR spectra at 80 °C reveals that the formation of [V12032]*" is faster than that
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of [V13034]>" (Figure A3). Once [V12032]* is formed, [V1303]> is no longer obtained in
acetonitrile (see below). Although the solubility of [V13034]*" is lower than [V12032]* and
[V13034]* is selectively obtained by crystallization, the synthesis of [V13034]*" is difficult in our
hands. Therefore, the improved synthesis of [V13034]*" is suggested in this paper. Since acetonitrile
acts as a template to stabilize the host anion [V12032]*", the choice of the appropriate solvent is
important for the rational synthesis of [V13034]*". {(n-C4Ho)4N}3[H3V1002s] was dissolved in
nitroethane and stirred for 3 h at 80 °C. Despite the indication that [V13034]>” is selectively formed
by >'V NMR, the solution color turned to green during the reaction, suggesting that some of the
vanadium atoms are reduced by hot nitroethane. The reduced byproducts are no longer detectable
by 3'V NMR. After the removal of [V13034]>" as crystals, addition of diethyl ether gave green
precipitates. IR spectrum of this precipitate was in agreement with that of reported [VisO4s(NO3)]>~
(Figure A4) [32]. The transformation of {(n-C4Ho9)aN}3[H3V1002s] into {(n-CsHo)aN}3[V13034]
may be accomplished according to Equation (2).

13{(n-C4Ho)aN}3[H3V10028] 2 10{(n-C4H9)aN}3[V13034] + 9{(n-C4Ho)aN}OH + 15H20 2

The formation of a base according to Equation (2) prompted the reductive condition for those
polyoxovanadates. In the presence of 0.69 equivalents of TsOH with respect to [H3V1002s]>" to
neutralize {(n-C4Ho)4N}OH, the solution color remained brown. >'V NMR spectrum of the reaction
solution showed pure signals due to [V13034]>~ (Figure 2). IR spectrum of the brown precipitates
formed by addition of an excess amount of diethyl ether into the reaction solution, was the same as
that of [V13034]* crystals, suggesting that the complete transformation of [H3Vi0O2s]*
to [V13034]> is achieved with 91% isolated yield (Figure 3). We find this reaction useful for further
investigation of [V13034]>~ chemistry.

By the reaction of [V13034]>~ with 0.9 equivalents of {(#-C4H)4sN}OH in a mixed solvent of
acetonitrile and water (2:1, v/v), quantitative formation of [H3V1002s]*~ was detected by 'V NMR
and IR spectra (Figures 2 and 3). The transformation of [V13034]*" to [H3V10028]*” was ca. 10
times faster than that of [V12032]* partly due to the structural resemblance between [H3V10028]>~
and [V13034]°". Both of the structures of [H3V1002s]°" and [Vi3034]>" consist of {VOs} units
sharing the edge of the octahedra. Only difference in the [V13034]* structure from [H3V1002s]*" is
the successive capping of the additional three {VOe¢} octahedra in a triangular arrangement as add-
on units on top of the same decavanadate framework.

2.1.3. Transformation between Dodeca- and Tridecavanadates

In addition to the transformation between {(n-CaH9)aN}3[H3V1002s] and {(n-C4H9)aN}4[V12032]
or {(n-CsHo9)4aN}3[V13034], transformation between {(n-C4Ho)aN}4[V12032] and {(n-C4Ho)aN}3[V13034]
was investigated based on the Equation (3).

13{(n-C4Ho)aN}4[V12032] + 8H20 2 12{(n-C4H9)aN}3[V13034] + 16 {(n-

C4H9)sN} OH ®)

In acetonitrile, [V12032]*" was not converted to [V13034]>~ even by addition of water and TsOH
with heating. The resemblance of stoichiometry between Equations (1) and (3) also make it
difficult to control the selective conversion of [V1203:2]* to [Vi3034]>". Decavanadates are
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thermodynamically stable in the presence of water and [Vi2032]* is hardly transformed to other
species in acetonitrile without water even when a stoichiometric amount of acid was added. To
stimulate the formation of [V13034]*, we tried to use a different solvent from acetonitrile and
nitroethane was successful in converting [V12032]*" into other forms. However, only the
decomposition reaction was observed under the reaction condition with 1.2 equivalents of TsOH in
nitroethane at 80 °C, and the formation of [V13034]>~ could not be detected by 'V NMR.

Without any additives, [V13034]*~ was stable even in the refluxing condition in acetonitrile.
According to Equation (3), the addition of 1.3 equivalents of {(n-C4H9)aN}OH to the solution of
{(n-C4Ho)aN}3[V13034] was investigated. From >'V NMR spectrum, decavanadates and [V12032]*"
were formed in 2 h at room temperature (Figure 4). The formation of decavanadates could be
proceeded via Equation (2). Without heating, [V12032]*" was hardly obtained via Equation (1) for 2
h (Figure Al). Therefore, [V13034]> was directly converted to [V12032]*" via Equation (3). To
achieve high yield of [V12032]*", the reaction solution was refluxed and the formation of [V12032]*
was detected by °'V NMR with >95% chemoselectivity (Figure 2). The isolated yield was 86%. IR
spectrum of the isolated product was identical to that of {(n-C4Ho)aN}4[V12032] (Figure 3).

(@ A
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Figure 4. 'V NMR spectra of the reaction solution of {(n-C4Ho)N}3[V13034] with
1.3 equivalents of {(n-CsHo)saN}OH after 2 h (a) at room temperature and (b) in
reflux condition.

2.2. Oxidation of Thioanisole

Next, to clarify the differences among [H3V1002s]>", [V12032]*” and [V13034]* in the activity for
oxidation, the thioanisole oxidation with #-butyl hydroperoxide (TBHP) was carried out (Table 1).
The oxidation of sulfides to sulfoxides and sulfones has been a widely researched subject due to
the importance of products as intermediates in organic synthesis [33]. This method is also useful
for oxidative desulfurization of oil [34]. TBHP and H202 are usual oxidants for the oxidation of
sulfides. It is reported that the redox properties of [H3V1002s]>", [V12032]*" and [V13034]> are
different from one another [19]. Although there are some reports on oxidation catalysis for several
organic substrates with [H3Vi0O2s]*~ and [V13034]*7, the comparison of the activity in these
compounds is not investigated [19,35,36].
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Table 1. Oxidation of thioanisole with vanadium species 2,

O\—O\*O

Entry Vanadium Species (umol) Total Yield (%) Ratio of Sulfoxide:Sulfone

1 {(n-C4Ho)4N}3[V13034] (7.7) 91 93:7
2 {(n-C4Ho)aN}4[V12032] (8.4) 79 79:21
3 {(n-C4Ho)aN}3[H3V 1902s] (10) 33 94:6
4° V105 (20) 67 97:3
5 - 3 -

* Reaction condition: thioanisole (1 mmol), TBHP (1 mmol), acetonitrile (2 mL), 25 °C, 2.5 h. Yields
were determined by GC with an internal standard. Total yield (%) = {sulfoxide (mol) + sulfone (mol) x
21/initial TBHP (mol) x 100; ® V,0s was suspended.

Each polyoxovanadate retains their anion structures in acetonitrile at 25 °C. In the presence of
20 equivalents of TBHP with respect to polyoxovanadates, their anion structures were maintained
(Figure A5). In the presence of [V13034]*", 91% total yield of methyl phenyl sulfoxide and methyl
phenyl sulfone was achieved in 2.5 h (Table 1). The ratio of sulfoxide and sulfone was 93:7. Under
the same reaction conditions, oxidation reaction hardly proceeded in the absence of vanadium
species. [H3V10028]>” showed a lower activity for this reaction (33% yield in 2.5 h). The reactivity
of [V12032]* was different from that of [V13034]>". The yield with [V12032]* in 0.5 h (59%) was
higher than that with [V13034]*" (25%), and the reaction ended in 90 min with ca. 80% yield.
Successive oxidation of sulfoxide to sulfone proceeded from the initial stage of the reaction in the
presence of [V12032]*". While the [V12032]* framework is closely related to layered V20s, in
which vanadium atoms adopt the square-pyramidal coordination geometry, [V12032]* showed the
higher activity for the formation of sulfone than V20s. The reactivity depends on the
electrophilicity of the active oxidant [37].

After the reaction, the precipitates of polyoxovanadates were formed by addition of a large
amount of ethyl acetate and the powder was collected by filtration. From IR and °'V NMR
spectra, [H3V10028]>” and [V12032]*" retained their structures and [V13034]" was partly
decomposed to decavanadates (Figures A6 and A7). Since decavanadates are less active for the
oxidation of thioanisole, [V13034]>” is contributed to the high activity.

3. Experimental Section
3.1. Chemicals and Instruments

All solvents were purchased from Wako Pure Chemical Industries (Osaka, Japan) and used as
received. p-Toluenesulfonic acid monohydrate (TsOH) and 40% tetra-n-butylammonium hydroxide
aqueous solution were purchased from Wako Pure Chemical Industries and Sigma-Aldrich (Tokyo,
Japan) and used after the dilution to 0.1 M solution with acetone (for the transformations
to [V13034]*") or acetonitrile (for the other transformations). Thioanisole, naphthalene, methyl
phenyl sulfoxide, methyl phenyl sulfone and 5.5 M #-butyl hydroxide in decane were obtained from
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Wako Pure Chemical Industries, Tokyo Chemical Industry (Tokyo, Japan) and Sigma-Aldrich and
used as received. {(n-C4Ho)aN}3[H3V10028] was synthesized according to the reported
procedure [17].

IR spectra were measured on Jasco FT/IR-4200 (Hachioji, Japan) using KBr disks. NMR spectra
were recorded with JEOL JNM-LA400 (Akishima, Japan). >'V NMR spectra were measured at
105.15 MHz at 25 °C unless otherwise noted. The chemical shift reference standard for 'V NMR
spectroscopy is VOCIs. Elemental analyses of C, H and N were performed by the Research
Institute for Instrumental Analysis at Kanazawa University (Kanazawa, Japan). GC analyses were
performed on Shimadzu GC-2014 (Kyoto, Japan) with a flame ionization detector (FID) equipped
with a NEUTRABOND-1 capillary column (internal diameter = 0.25 mm, length = 30 m).

3.2. Transformation of {(n-C4H9)4N}3[H3V1002s] to {(n-CsH9)4N}4[V12032]

{(n-C4Ho)aN}3[H3V10025] (100 mg, 0.06 mmol) was dissolved in acetonitrile (3 mL), followed
by addition of 0.1 M {(n-C4Hy)aN}OH (0.2 mL, 0.02 mmol) and refluxed for 1 h. After cooling,
the solution was added to diethyl ether (40 mL) and stirred for 10 min. Then, the precipitates
formed were collected and dried to afford 98 mg of {(n-C4Ho9)aN}4[V12032] (92% yield based on
vanadium atoms). 'V NMR of the reaction solution: 8 =590, =597, —605 ppm. Anal. Calcd. for
{(n-C4Ho)aN}4[V12032]: C,36.72; H, 6.93; N, 2.68; found: C, 35.33; H, 6.62; N, 2.67. IR (KBr
pellet; 1500-400 cm™1): 1483, 1379, 994, 860, 792, 761, 711, 649, 609, 549, 519 cm ™.

3.3. Transformation of {(n-C4H9)4N}3[H3V100:2s] to {(n-CaH9)4N}3[V13034]

{(n-C4Ho)aN}3[H3V10025] (100 mg, 0.06 mmol) was dissolved in nitroethane (3 mL), followed
by addition of 0.1 M TsOH (0.4 mL, 0.04 mmol) and stirred for 3 h at 80 °C. After cooling, the
solution was added to diethyl ether (40 mL) and stirred for 10 min. Then, the precipitates formed
were collected and dried to afford 81 mg of {(n-CsHo)4aN}3[V13034] (91% yield based on vanadium
atom). >'V NMR of the reaction solution: & —331, —451, —496, —500 ppm. Anal. Calcd. for
{(n-C4Ho)aN}3[V13034]: C, 29.82; H, 5.63; N, 2.17; found: C, 29.64; H, 5.59; N, 2.34. IR (KBr
pellet; 1500400 cm™): 1482, 1379, 1001, 991, 859, 816, 786, 605, 523, 457 cm™ .

3.4. Transformation of {(n-C4H9)4N}4[V12032] to {(n-C4H9)4N}3[H3V1002s]

{(n-C4Ho)aN}4[V12032] (106 mg, 0.05 mmol) was dissolved in a mixed solvent of acetonitrile
and water (4 mL, 3:1, v/v), followed by addition of 0.1 M TsOH (0.2 mL, 0.02 mmol) and stirred
for 10 h at 60 °C. After cooling, the solution was added to the mixed solution of diethyl ether and
tetrahydrofuran (45 mL, 8:1, v/v) and stirred for 10 min. Then, the precipitates formed were
collected and dried to afford 84 mg of {(n-CsH9)aN}3[H3V10023] (83% yield based on vanadium
atom). 'V NMR of the reaction solution: & —397, —431, =506, —524 ppm. IR (KBr pellet;
1500400 cm™'): 1482, 1379, 987, 972, 876, 843, 808, 771, 721, 609, 550, 506, 461 cm™ ..
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3.5. Transformation of {(n-C4H9)4N}3[V13034] to {(n-CsH9)4N}3[H3V1002s]

{(n-C4Ho)aN}3[V13034] (19 mg, 0.01 mmol) was dissolved in a mixed solvent of acetonitrile and
water (3 mL, 2:1, v/v), followed by addition of 0.1 M {(n-CsHo)aN}OH (0.09 mL, 0.009 mmol) and
stirred for 1 h at 60 °C. After cooling, the solution was added to the mixed solution of diethyl ether
and tetrahydrofuran (45 mL, 8:1, v/v) and stirred for 10 min. Then, the precipitates formed were
collected and dried to afford 19 mg of {(n-C4Ho9)aN}3[H3V1002s8] (86% yield based on vanadium
atom). 'V NMR of the reaction solution: & —397, —430, —506, —525 ppm. IR (KBr pellet;
1500-400 cm™'): 1482, 1379, 987, 973, 875, 843, 809, 770, 719, 609, 550, 507, 461 cm ™.

3.6. Transformation of {(n-C4H9)4N}3[V13034] to {(n-C4H9)4N}4[V12032]

{(n-C4Ho)aN}3[V13034] (39 mg, 0.02 mmol) was dissolved in acetonitrile (3 mL), followed by
addition of 0.1 M {(n-C4H9)aN}OH (0.26 mL, 0.026 mmol) and refluxed for 1 h. After cooling,
the solution was added to diethyl ether (40 mL) and stirred for 10 min. Then, the precipitates
formed were collected and dried to afford 40 mg of {(n-C4Ho9)aN}4[V12032] (86% yield based on
vanadium atom). 'V NMR of the reaction solution: & =590, =597, =605 ppm. IR (KBr pellet;
1500400 cm ™ !): 1483, 1380, 993, 860, 789, 762, 711, 649, 605, 553, 519 cm™'.

3.7. Oxidation of Thioanisole

The oxidations of thioanisole were carried out in an 18 mL glass tube reactor containing a
magnetic stir bar. A procedure was as follows: Vanadium species, thioanisole, naphthalene as
internal standard, acetonitrile and TBHP were successively placed into the glass tube reactor. The
reaction mixture was stirred at 25 °C. The yields of the products were periodically determined by
GC analysis using an internal standard technique. All products are known and confirmed by
comparison of their GC retention times with the authentic samples.

4. Conclusions

The quantitative conversions among deca-, dodeca- and tridecavanadates were established by
monitoring through *'V NMR to determine the optimized transformation conditions. The inorganic
host cage complex [V12032]* is converted from [H3V1002s]>~ by adjusting the amount of base.
Decavanadate is self-condensed into [V13034]*" in nitroethane by utilizing proton on the
decavanadate for the dehydration condensation and the further addition of the controlled amount of
acid helps to prevent the byproduct formation. The quantitative formation of [V13034]>~ was
achieved with one of the most available [H3V10028]>” as a starting material. Transformation
of [V12032]* or [V13034]*” to decavanadates proceeded by the hydrolysis reaction. While the direct
transformation of [V13034]*” to [V12032]* proceeded by addition of base, conversion of [V12032]*
to [V13034]>" could not be observed during our investigation. These transformation reactions
proceeded according to the equations and provide the reliable synthetic pathway for the synthesis
of [V13034]*". The studies shows that a careful control of the amount of acid or base in appropriate
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solvents is able to achieve the transformation among those isopolyoxovanadates, which is
fundamentally important species in polyoxovanadate chemistry.

We also demonstrated that [V13034]°~ shows the highest activity for the oxidation of thioanisole
among these polyoxovanadates.
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Appendix
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Figure Al. 'V NMR spectra of the forward reaction solution in Equation (1) for
the conversion of {(n-C4Ho9)aN}3[H3V10028] to {(n-C4Ho)aN}4[V12032] in acetonitrile at
room temperature after (a) 12 h; (b) 24 h.
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Figure A2. 'V NMR spectra of the reverse reaction solution in Equation (1) for the
conversion of {(n-C4H9)aN}4[V12032] to {(n-C4Ho)aN}3[H3V10025] in a mixed solvent
of acetonitrile and water (3:1, v/v) (a) without TsOH; (b) with 0.4 equivalents of TsOH.
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Figure A3. 'V NMR spectra of the forward reaction solution in Equation (2) for
the conversion of {(n-CsHo)4N}3[H3V1002s] to {(n-CsH9)aN}3[V13034] in acetonitrile
at 80 °C under dry nitrogen atmosphere after (a) 0 h; (b) 1 h; (¢) 3 h; (d) 7 h.
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Figure A4. (a) IR spectrum of the pale-green precipitated samples after the separation
of {(n-C4Ho)aN}3[Vi3034]. The powder was obtained from the forward reaction
solution in Equation (2) for the conversion of {(n-CaHo)4aN}3[H3V1002s8] to
{(n-C4Ho)aN}3[V13034] without addition of acid in nitroethane at 80 °C. (b) IR
spectrum of the authentic samples of {(n-CaH9)aN}s[V18046(NO3)] [32].
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Figure AS.>'V NMR spectra of (a) {(n-C4Ho)4N}3[H3V10028]; (b) {(7-CaHo)aN}4[V12032];
(¢) {(n-CaHo)aN}3[V13034] in the presence of 20 equivalents of TBHP. No spectral
change was observed after 23 h.
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Figure A6. IR spectra of the samples obtained after the oxidation reaction with
(a) {(n-C4Ho)aN}3[H3V1002s]; (b) {(1n-C4Ho)aN}4[V12032]; (¢) {(n-C4Ho)aN}3[V13034].
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Figure A7.°'V NMR spectra of the samples obtained after the oxidation reaction with
(a) {(n-C4H9)aN}3[H3V1002s]; (b) {(n-CaHo)aN}4[V12032]; (¢) {(n-C4H9)aN}3[V13034].
Samples were dissolved in acetonitrile.
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Structural and Electronic Properties of
Polyoxovanadoborates Containing the [V12B13Os0] Core in
Different Mixed Valence States

Patricio Hermosilla-Ibafiez, Karina Muiioz-Becerra, Veronica Paredes-Garcia, Eric Le Fur,
Evgenia Spodine and Diego Venegas-Yazigi

Abstract: This review summarizes all published data until April 2015 related to crystalline lattices
formed by the [Vi2Bi13Oe0] core, which generates polyanionic clusters with different degrees of
protonation and mixed-valence ratios. The negative charge of this cluster is counterbalanced by
different cations such as protonated amines, hydronium, and alkaline, and transition metal ions. The
cluster is shown to form extended 1D, 2D, or 3D frameworks by forming covalent bonds or
presenting hydrogen bond interactions with the present secondary cations. These cations have little
influence on the solid state reflectance UV-visible spectra of the polyanionic cluster, but are shown
to modify the FT-IR spectra and the magnetic behavior of the different reported species.

Reprinted from Inorganics. Cite as: Hermosilla-Ibafiez, P.; Mufioz-Becerra, K.; Paredes-Garcia, V.;
Le Fur, E.; Spodine, E.; Venegas-Yazigi, D. Structural and Electronic Properties of
Polyoxovanadoborates Containing the [Vi2B18Oso] Core in Different Mixed Valence States.
Inorganics 2015, 3, 309-331.

1. Introduction

Polyoxometalates (POMs) have been systematically studied during the last decades due to their
structural variety and physico-chemical properties [ 1-13]. The structural variety of these polyanionic
clusters is generated by their interaction with or bonding to different cationic species such as
protonated amines, ammonium and hydronium ions, alkaline, transition metal, and lanthanide ions.
These cationic species can exist in the lattice as charge-compensating agents, or linked to the external
oxygen atoms of the polyanionic species, and thus serve to increase the dimensionality of these
systems [14—19]. The crystalline packing is stabilized by hydrogen bonds, in the case of ammonium
cations, or by the formation of covalent bonds through the interaction of the external oxygen atoms
of the polyanionic species with different metal cations, such as alkaline or transition metal ions.

The polyoxovanadates (VO) constitute an appealing family of polyanions, due principally to the
structural plasticity that vanadium atoms present in their different oxidation states. The variable
topology of the polynuclear VO systems is given by the {VxO,} entities with diverse connectivities.
The literature reports polyoxovanadates containing from five to 34 metal centers: [VsO14]>™ [20],
[V10028]% [21], [V12032]* [22], [V13034 7 [23], [V15042]° [24], [V15036]> [25], [V18042]'% [26],
[V19049]° [27], [V22054]% [28], and [V34082]'°"[29]. When a heteroatom such as boron is condensed
in these systems, the structural richness of the VO cluster is increased; this new family of
polyoxometalates is termed polyoxovanadoborates (VBO). To date the known polyanions included
in the VBO family are [VsBa2o] [30-33], [Ve6B22] [34], [V10B2s] [35-37], [V12B16] [38—41], [V12B17] [42],
[V12B1s] [31,39-59], and [V12B32] [60,61]. The first VBO polyanions were reported at the end of the
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1990s by Rijssenbeek er al. [42], and in 2000 Williams ef al. published the first review on
vanadoborate clusters as a chapter in Contemporary Boron Chemistry [62].

As aresult of VYV and V'V sharing similar geometries, the redox processes between both states can
be accessed by keeping the initial structure of the polyanion constant, thus generating several mixed
valence systems. This feature is directly related to the magnetic and electronic properties shown by
these compounds. However, these properties have been studied less extensively than the structural
ones. In this review we report and discuss the structural and electronic properties of several
polyanions derived from the [V12B138O¢o] core and their corresponding crystalline lattices.

2. Polyoxovanadoborates: Vanadate and Borate Fragments

The structures of all the VBO compounds reported in the literature are formed by the condensation
of vanadate and borate fragments. The vanadate fragments always contain five-coordinated
vanadium atoms (VOs) in a [4+1] square base pyramidal coordination geometry, while the borate
fragments include trigonal (BO3) and tetrahedral (BO4) borate units. The different connectivity
between the (VOs), (BO3), and (BO4) units leads to varied VBO cores with open barrel-like structures
([V10B2s] and [V12B32]), and closed spherical-like structures ([VeB2o], [V6B22], [V12B16], [V12B17],
and [V12Bi1s]). Among all the abovementioned clusters, [V12B1s] is the one most studied from a
structural point of view.

2.1. Vanadate Fragments

Some selected examples of clusters have been analyzed in order to summarize the bond lengths
given for the following fragments.

[V6Ois]-type A: The [VsOis]-type A hexanuclear fragment shown in Figure la consists of
six (VOs) units connected by two equatorial oxygen atoms sharing two opposite edges to form a
ring-like structure. In this moiety, the vanadium atoms are coplanar and the V=0 groups are on the
periphery. This hexanuclear ring is found in the structures formed by the [VeB20] and [V¢B22] cores.
The V=0 bond lengths range from 1.605 to 1.625 A, while the V-O distances are between 1.944 and
1.970 A [30,33].

[V6O1s]-type B: The topology of this fragment changes from the above mentioned hexanuclear
ring to a triangular array (Figure 1b), due to the different condensation of the (VOs) units, which are
arranged in an alternated way of adjacent and opposite edges. This fragment can be found solely in
the [V12B1s] core. The V=0 and V-O bonds lengths range from 1.599 to 1.638 A, and between 1.906
and 2.023 A, respectively [43,52].

[V10030]: This decanuclear moiety is similar to the [V6Ois]-type A, where the (VOs) polyhedra
share their opposite edges, forming a coplanar toroidal ring (Figure 1c). The compounds constituted
by the [V10Bas] core present this fragment in their structures. The V=0 bond distances range from
1.599 to 1.640 A; the V-O bond distances range from 1.894 to 1.989 A [35,63].

[V12036]-type A: This dodecanuclear vanadate fragment can be seen as the union of two mutually
perpendicular semicircles, each one formed by five (VOs) polyhedra linked by opposite edges. Both
semicircles are connected by two additional (VOs) polyhedral, thus forming a continuous ring as
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shown in Figure 1d. This moiety is found in the compounds containing the [V12Bi16] and [V12B17]
cores. The V=0 bond distances are between 1.609 and 1.632 A, while the V-O bond distances range
from 1.919 to 2.019 A [40,41].

[V12036]-type B: This dodecanuclear fragment is described as a planar ring, whose topology is
similar to the above-mentioned [VsO1s]-type A and [V10030] rings (Figure 1e). This fragment can be
found in the structures of compounds with the [V12B32] core. The V=0 and V-O bonds lengths range
from 1.569 to 1.649 A, and between 1.890 and 1.990 A, respectively [60,61].

(@) [VsQgl-type A

(©) [VigOyl (d) [V;,04¢-type A

\V4 m
O
() [ 12O33 -type B

Figure 1. Polyhedral representation of the vanadate fragments.
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As expected, the shorter distances are observed for the vanadyl groups (V=0), as compared to the
single bonds (V-O). However, the analysis of the different vanadium-oxygen distances for all the
vanadate fragments will depend on the mixed valence ratio, which is not the case for the borate
fragments. Therefore a comparative analysis is not possible.

2.2. Borate Fragments

In order to describe the different borate units, the topological classification proposed by Christ
and Clark will be used [64]. Some selected examples of clusters have been considered in order to
analyze the bond lengths given for the following fragments.

[B10022]"*: This unit is composed by three (B3Os)”” building-blocks connected to an additional
(BOs4) entity, located in the middle of the fragment, as shown in Figure 2a. The triangular decaborate
unit has three trigonal boron atoms at the corner of the triangle, and seven tetrahedral boron
atoms 10[3: A+7T]. This decaborate is present in compounds with the [V¢B2o] core. The trigonal
B-O bonds range from 1.349-1.391 A, while the tetrahedral ones are between 1.425 and 1.545 A [30,33].

[B11024]'%": This undecaborate can be described as constituted by the abovementioned [B10022]'*"
fragment with an extra (BO3) unit linked to the apical oxygen atom of the central tetrahedral (BOa)
group (Figure 2b) 11[4:A+7T]. This polyborate fragment has been described in compounds formed
by the [VsB22] core. The trigonal and tetrahedral B-O bond distances range from 1.359 to 1.376 A,
and 1.430 to 1.546 A, respectively [34].

[B14032]**: The structure of this ring-like fragment is composed of eight tetrahedral and six
trigonal boron atoms. Four (BOa4) units form two pairs and these are linked by two (BOs) group
forming a ring (Figure 2c); four additional (BOs3) entities are terminal groups bridging each pair of
(BO4) groups 14:2[2(3:A+2T)+(3:A)]. The compounds containing the [VioB2s] core have this
tetradecaborate unit. The B-O bond distances of the trigonal units range from 1.338 and 1.391 A,
while the B-O bond distances of the tetrahedral units are between 1.422 and 1.500 A [35,63].

[BsO21]*'": This polyanionic entity is the lowest borate nuclearity fragment described to date. This
structure is formed by a chain of six tetrahedral (BO4) units. Two trigonal (BO3) units bridge the
second/third and fourth/fifth tetrahedral units of the chain (Figure 2d) 8:2[4:A+3T]. This fragment is
found in clusters with the [V12B16] core. The B-O bond distances of the trigonal and tetrahedral units
are between 1.348 and 1.389 A, and 1.416 and 1.530 A, respectively [40,41].

[B18042]*°": This polyborate ring forms part of the compounds containing the [V12B1g] core. It is
made of six (B3O7)° units, each one constituted by one trigonal and two tetrahedral boron atoms. Each
(B307)°” building-block contains one terminal (BO3) group, and therefore each [B1sO42]*°” fragment
has six peripheral (BO3) units, 18[6: A+12T] (Figure 2e). The trigonal B-O bonds range from 1.340 to
1.382 A, while the tetrahedral ones are between 1.420 and 1.525 A [43,52].

[B16036]**": This polyborate ring is formed of four pairs of (BO4) units linked by four (BO3)
trigonal entities; each pair is additionally condensed to a terminal trigonal BOs, 16[8:A+8T]
(Figure 2f). This fragment is part of the [V12B32] family. The B-O bond distances are between 1.310
and 1.450 A for the trigonal units, and between 1.410 and 1.530 A for the tetrahedral units [60,61].
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Based on the abovementioned data, it is possible to infer that all the trigonal B-O bond distances
are shorter than those corresponding to the tetrahedral ones. An exception is that of the [BisO3s]**
fragment, which has been reported in only two studies [60].

@) [B, 05" (b) [B, 0,

(©) [B, 0™ (@) [BO, ™"

@ [B, 01" (0 [B,0,**

Figure 2. Polyhedral representation of the borate fragments.

Figure 3 shows the different polyoxovanadoborate clusters [ViByO:] generated by the
condensation of the [V;O;] and [B#Ox] fragments described above.
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Figure 3. Structural representation of the different polyoxovanadoborate cores.
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3. Structural Description of the [V12B1sO¢0] Core

The [V12B18Os0] polyoxovanadoborate core consists of two vanadate [VeOis]-type B and
one [B13042]>° borate fragments. Each vanadate fragment has six five-coordinated (VOs) vanadium
centers adopting a [4+1] square base pyramidal coordination geometry. The vanadium atom is
displaced from the best mean plane formed by the four equatorial oxygen atoms towards the axial
vanadyl group, by ca. 0.7 A. The angles formed between the V=0 bond and the four equatorial V-O
bonds are from 100 to 110°. All the V=0 distances are in the range of 1.57 A to 1.68 A [65]. The
borate fragment [B13042]*"" is condensed to the two [VsOis]-type B moieties, thus remaining in a
sandwich-type configuration in the middle of the [Vi2B1sOso] polyanion (Figure 3f). A water
molecule is always found (with partial occupancy most of the time) within the cavity of

the [V12B18Oe0] polyanion.
4. [V12B180s0] Cores with Protonated Amines as Counterbalancing Ions

In this section lattices based on the [Vi2B1sOso] core including protonated diamines,
ammonium, and hydronium as counterbalancing ions will be described, and are listed in Table 1.
Rijssenbeek et al. [42], in 1997, obtained by hydrothermal synthesis the first two VBO crystalline
systems based on the [Vi2B1sOso] core, with 1,2-ethylenediammonium (enH2)*" (1) and 1,3-
propanediammonium (1,3-diapHz2)*" (2) ions to compensate for the negative charge. The authors
mentioned that the organic molecule is included in the synthetic medium as a structure-directing
agent of the framework. In both (1) and (2), the diammonium ions occupy the intercluster space along
with water solvation molecules. In 2011 Liu et al. [49] reported another lattice having 1,2-
propanediammonium (1,2-dapH2)*" or (Hadap)*" (3), along with hydronium ions as charge
counterbalance cations. (3) was also obtained by hydrothermal synthesis including additionally
Cu(CH3COO)2 2H20 in the reaction mixture, a species that was not included in the final crystalline
packing. However, the authors did not mention if the same lattice is formed leaving out the copper
source. Bigger ammonium cations derived from triethylenetetramine (Hsteta)** together with
hydronium ions were found in the crystalline system (4) based on the [V12B1sOs0] core, studied by
Liu ef al. in 2013 [34]. The hydrothermal synthetic procedure used also included a secondary metal
source, metallic cobalt powder. In this case, the authors pointed out that the presence of the transition
metal is indispensable to obtain (4). In 2014 we reported a new crystalline system (5) containing
(1,3-diapH2)** and ammonium as counterbalancing ions. The synthesis was also carried out using the
hydrothermal method, in which the ammonium ions were included in the lattice by adding
(NHa4)2HPOs4 to the reaction mixture [57].

All the abovementioned compounds were described as having the same degree of protonation of
the [V12B180e0] core, thus being based on the [V12B180s0Hs]'®~ polyanion. The five studied clusters
have the same mixed valence ratio of VIV to V¥ of 10/2.

Lattices (1), (3), (4), and (5) present one crystallographic site for the protonated diamine,
while (2) presents three crystallographically different sites for the (1,3-diapH2)*" cations. The
(1,3-diapH2)*" ions in lattices (2) and (5) adopt a “W”-type conformation [66]. In lattices (2) and (3),
the diammonium cations do not adopt a preferential order in the lattice, whereas the (Hsteta)**
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molecules in framework (4) are defined by the authors as forming pseudo-hexagonal channels [34].
In framework (5), the (1,3-diapH2)*" cations are described as all oriented along the c axis [57]. Within
all the crystalline lattices, each protonated diamine connects four [Vi2B1sOsoHs]'®" clusters
through unidirectional, bifurcated, and trifurcated hydrogen bonds, thus generating supramolecular
structures [59].

Table 1. List of the lattices with protonated amines as counterbalancing ions. The mixed
valence VIV/VV ratio is indicated for each lattice.

Compound Formula VIV/YV Ref.
Ratio

1 (enH»)s{(VO)1206[B306s(OH)]s} H.O 10/2 [42]

2 (1,3-diapH2)5{(VO)1206[B30s(OH)]s} 6H>O 10/2 [42]

3 (Hadap)2Hs{(VO)1,06[B30(OH)]s(H20)} 13H,0 102 [49]

4 [H3teta]3[V12818054(OH)6(H20)] (H30) 5H,O 10/2 [34]

5 (NH4)8(1,3-diasz)[V12B13050H6] 5H,O 10/2 [57]

5. [V12B18Os0] Cores with Transition Metal Ions and Coordination Compounds as
Counterbalancing Cations

The lattices that include transition metal ions and coordination compounds, together with
the [V12B18Os0] core in their crystallographic packing, are listed in Table 2. In some cases the metal
cations are found coordinated to the clusters through the oxygen atoms of the polyanions and to water
molecules, while in other cases coordination complexes with organic molecules are bonded to the
VBO clusters. Thus, this class of systems can be considered as functionalized polyoxovanadoborates.

Compound (12) has a pure inorganic framework that contains six-coordinated Cd" ions and
crystallizes in the cubic centrosymmetric space group Pn-3. The asymmetric unit consists of a half
of one Cd" ion, two vanadium atoms, and three boron atoms. The divalent cations are connected to
the polyanions sharing ps-bridge-oxygen atoms from the [Bi1sO4]**" and [VsOi1s]" fragments of
the [V12B18Oso] clusters, leading to a porous 3D lattice. The coordination sphere of the Cd" ions is
completed with oxygen atoms of water molecules. The Cd"-(u3-O)-B2 distances range from 2.184(3)
to 2.552(3) A. Despite the fact that diethylenetriamine (dien) was added to the reaction mixture, this
amine is not present in the crystalline system (12).

Very appealing crystalline structures are formed when metal cations do not act as bridges between
clusters, but are only bonded to one [V12B138Os0] cluster, thus decorating it as coordination complexes.
The first system of this kind is compound (6), reported by Zhang et al. in 1999 [43]. This compound
includes five-coordinated Zn(en).>" cations, whose coordination sphere is completed by coordination to
the VBO polyanion through one oxygen atom from the polyborate fragment, forming a Zn-(u3-O)-Ba
covalent bond (Zn-O; 2.042(2) A) (Figure 4a). Lin et al. [45] reported compound (8), which has
six-coordinated Ni(en)*" complexes. These complete their coordination sphere with one VBO cluster
bonded through two oxygen atoms, thus forming two Ni-(u3-0)-B2 bonds (Ni-O; 2.086(4) to 2.224(4) A)
(Figure 4b). Zn(teta)2?" complexes are part of the crystalline system of (9) (Figure 4c) reported by
Liu and Zhou [48], while Zn(dien)*" and [Zn(dien)2(H20)]*" complexes are introduced in the lattice of
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compound (10) (Figure 4d), reported by Liu et al. [49]. The M-O distances of the M-(p3-O)-B2 bonds
have values of 1.979(2) A for (9) and 2.001(4) to 2.436(5) A for (10).

Table 2. List of the lattices with transition metal ions and coordination compounds as
counterbalancing ions. The mixed valence V'V/VV ratio is indicated for each lattice.

Compound Formula VIV/VV Ratio  Ref.
6 [Zn(en)z]ﬁ[(VO)nOsB18039(OH)3] 13H,0 9/3 [43]
7 H3{[Cu(en)z]s[(VO)uO(,B13042]}[B(OH)3]2 16H,0O 7/5 f [44]
8 [Ni(en)z]aHz[(VO)1206B13042] 15H20 8/4 [45]
9 [Zn(teta)]ﬁ[(VO)1206B13036(OH)6](H20) 8H,O 12/0 [48]
10 {[Zn(dien)]2[Zn(dien)(H20)]4(VO)1206[BsOs(OH)Jo(H,0)}2 15H,0 12/0 [49]
11 {[Cu(dien)(HzO)]3V12B13054(OH)6(H20)} 4H30 5.5H,0 10/2 [55]
12 {[Cd(H20):]3V12B180s4(OH)s(H20)} 4H30 9.5H,O 10/2 [55]
13 [Zn(Hzteta)lezB18054(OH)6] 4H3O 10/2 [63]

fCalculated by us according to the stoichiometric formula given by the authors.

Six M(en)2?" moieties (M = Zn, Ni) are coordinated to each VBO polyanion in (6) and (8), while
six Zn(teta)*" units are bonded in (9). In (10) there are two Zn(dien)*" and four [Zn(dien)(H20)]**
entities coordinated to the same [V12B1sOs0] core (Figure 4). The fact that (10) presents six different
crystallographic positions for the zinc complexes is concordant with its low symmetry, the triclinic
crystalline system (P-1). Crystalline system (6) is rhombohedral, whereas (8) and (9) both crystallize
in a trigonal system presenting one crystallographic site for the metal-amine entities.

Figure 4. The [V12B130¢0] core with the complexes: (a) Zn(en)2?" for (6), (b) Ni(en)2>"
for (8), (¢) Zn(teta)?* for (9), and (d) Zn(dien)** and [Zn(dien)(H20)]*" for (10).
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Complexes Cu(en)2?", [Cu(dien)(H20)]*", and Zn(Hateta)>" are part of the crystalline lattices of (7),
(11), and (13), respectively, each of them coordinated to the [V12B1sOeo] clusters. However, in these
lattices the metal-complexes are linking adjacent polyoxovanadoborate cores though V-(u2-0)-M- (-
0)-V bonds. In (7) and (11) four and six [V12B18Oso] polyanions, respectively, are connected through
this type of bonds, while in (13) only two adjacent clusters are linked by the above-mentioned type
of bond. The M-O distances range from 2.464(4) to 2.536(4) A in (7), and 2.033(8) to 2.166(7) A in
(13), while for (11) all distances are 2.292(5) A.

6. [V12B180s0] Cores with Alkaline Ions as Counterbalancing Cations

Lattices that contain exclusively alkaline cations coordinated to the [Vi2B1sOso] multi-dentate
ligands are scarce, in comparison with the lattices that include transition metal ions and organic
ammonium ions. To the best of our knowledge, five of the eight reported inorganic frameworks
included in this classification, and listed in Table 3, have been published by our research group.
Brown et al. reported in 2011 the first framework that includes only Na* acting as charge-compensating
ions and coordinated to the [V12B18Oco] core (14) [51], while one year later Zhou et al. published the
same compound (14), as (15) [54]. The crystalline lattices (18), (19), (20), and (21) were obtained
using the same hydrothermal synthesis conditions as for (14). In comparison with the aforementioned
systems, compounds (15), (16), and (17) were obtained by adding auxiliary reducing agents to the
reaction mixtures (Na2SOs3, K2SOs, Ni, Co). Despite this fact, all the studied crystalline lattices
included in this section present the same 10V!Y/2VY mixed valence ratio. Sodium ions from the
isostructural crystalline lattices (14) and (15) are coordinated to six oxygen atoms in a distorted
octahedral coordination environment, with Na-O bond lengths ranging from 2.218(5) to 3.040(4) A
for (14) and 2.265(3) to 2.843(1) A for (15). Zhou et al. mentioned that the alternating -Na-O-Na-
connectivities in (15) generate 14-ring channels in the (100) direction, where the [V12B1sOe0] clusters
are found, thus permitting a 3D growth of the inorganic framework [54]. Lattices (16) to (19) contain
only potassium cations coordinated to oxygen atoms from the VBO polyanonic ligands and/or from
water molecules. These ions are found in the form of [KOx] units in different crystallographic sites
and with different coordination geometries. [KOx] units with x = 6, 7, 8, 9, and 10 are found in (16)
and (17), with K-O distances ranging from 2.610(2) to 3.420(6) A. In compounds (18) and (19), as
reported by Hermosilla-Ibafiez et al. [57], the K ions are coordinated to six and seven oxygen atoms,
with K-O bonds ranging from 2.468(3) to 3.060(2) A and 2.625(5) to 3.064(3) A, respectively. (20)
has two different alkaline ions (K* and Cs") in its crystalline lattice. The potassium cations are found
to be six- and seven-coordinated (K-O; 2.662(5) to 3.408(4) A), while cesium cations are always
eight-coordinated (Cs-O; 2.970(3) to 3.516(4) A).

Hermosilla-Ibafez et al. reported in 2014 the first framework of the VBO family (21) that contains
the alkaline ions with the smallest ionic radius (Li*). To the best of our knowledge, this is the sole
example of a lattice with lithium counterions [58]. This compound crystallizes in the
centrosymmetric cubic space group Pr-3, being the first example of such high symmetry. The
literature reports examples of crystalline systems with lower symmetries [51,57,67]. Two of the three
different crystallographic types of lithium cations are five-coordinated, and one is six-coordinated.
The Li-O distances for the five-coordinated ions range from 1.921(2) to 2.976(4) A, and have values



171

of 3.142(3) A for the six-coordinated Li* centers. Due to the long Li-O distances of the
six-coordinated centers, the authors classified the observed distances as pseudo-coordinative
interactions [58].

Table 3. List of the lattices with alkaline ions as counterbalancing cations. The mixed
valence V'V/V" ratio is indicated for each lattice.

Compound Formula VW/YV Ref.
Ratio
14 (Na)10[(H20)V12B15060Hs] 18H,0 102 [51]
15 {NazB13V12054(0H)(,(H20)[N33(H20)1(,]} 2H20 10/2 [54]
16 {K2V12B130s4(OH)s(H20)[Ks(H20)16]} 3H20 1072 [67]
17 {K10V12B150s4(OH)s(H,0)} 14H,0 102 [67]
18 Ks(NH4)2[V12B15060Hs] 18H,0 102 [57]
19 Kio[V12B180soHs] 10H,O 10/2 [57]
20 KgCSz[V]zBlgosoHs] IOHzo 1072 [57]
21 Lis(NH,)2[V12B15060Hs] 8.02H,0 102 [58]

7. [V12B18Os0] Cores with Organic Ammonium, Alkaline, and/or Transition Metal Ions as
Counterbalancing Cations: The Mixed Family

The systems that include organic ammonium ions along with alkaline and/or transition metal ions
in their frameworks are listed in Table 4. (22), (23), (27), (32), (33), (34), (35), (36), and (37) contain
alkaline ions and protonated amine ions with different degrees of protonation. Sodium cations are
present in the crystalline lattices of (22), (27), and (32) together with protonated ethylenediamine
(en), tris(2-aminoethyl)amine (tren), and diethylenetriamine (dien) molecules, respectively. Lin et al.
classified framework (22) as a two-dimensional lattice built of Na* coordinated to the VBO clusters [46],
while (27) is described by Zhou et al. as a 1D crystalline system considering the Na-POM
connectivities [53]. The coordination of Na* to oxygen atoms of the polyanonic clusters, together with
the hydrogen bond interactions between the protonated amines and the POM, stabilize the
three-dimensional lattice (32). Additionally to the Na*, (23) includes K* in its 3D crystalline lattice
along with monoprotonated ethylenediamine (Hen). In this compound, sodium ions are
seven-coordinated (Na-O: 2.335 to 3.500 A), whereas potassium cations are nine-coordinated (K-O:
2.640 to 3.302 A). Systems (33), (34), (35), (36), and (37) contain K* along with protonated amine
ions in their frameworks. Diprotonated dien is found in (33) while diprotonated en is present in (35)
and (37); lattice (36) contains 1,3-propanediammonium cations. Methylammonium cations are
present in framework (34) due to the decomposition of the ethylenediamine added to the reaction
mixture [68]. Potassium cations are coordinated to different oxygen atoms of the vanadyl groups and
borate fragments (terminal and bridging groups), and from water molecules, being six-, seven-,
eight-, and nine-coordinated, with K-O distances ranging from 2.507(2) to 3.430(7) A in (33),
2.729(3) to 3.326(3) A in (34), 2.774(5) to 2.865(5) A for (35), 2.552(6) to 3.108(6) A for (36), and
2.140(2) to 3.090(7) A for (37). The crystalline lattice of the abovementioned systems ((33)—(37)) is
stabilized by the coordination of the potassium cations to the polyoxometalate anions, and by the
different modes of hydrogen bonds (unidirectional, bifurcated, and trifurcated) between the
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protonated amine molecules and the VBO clusters. In the crystalline packing of (35), (36), and (37),
additional auxiliary cations of hydronium ions also stabilize the lattices. The bond valence sum
calculation indicated that the VBO clusters in (33), (34), and (35) have a mixed valence ratio of
10V"V/2VY, while in (36) and (37) the ratio is 11VV/1VV.

Table 4. List of the lattices with organic ammonium, alkaline, and/or transition metal
ions as counterbalancing cations. The mixed valence V'V/VV ratio is indicated for
each lattice.

Compound Formula VIV/VVY Ratio  Ref.
22 (enH2)4Na4H3[(V1206818042] 8H,O 9/3 [46]
23 K3Nas(H;NCH,CH,NH;)2 {(VO)1,04[B:06(OH) J¢} (H20) 12H,0 10/2 [47]
24 Nag[cu(en)z]z[VnB18060H(,](N03)2 14.7H,0 8/4 [5 1 ]
25 Nas[Cu(en)]o[V12B15060He](NO3) 15.5H,0 8/4 [51]
26 [Na(Hzo)]z[Na(Hzo)z]z[Cu(en)z][V1zB18054(0H)6] (H30)2 (H20)1g 8/4 [50]
27 {[Na(H20)4]3[V12B13054(OH)6(H20)]2}(H4tren)4 (H30) 41H,0 10/2 [53]
28 Nag(H30){[Ni(H,0)s][V12B15060Hs]} 12.5H,0 11/1 [52]
29 Nas(H30)4{[Ni(H20)3(en)] [V12B|3060H6]} 9H20 11/1 [52]
30 Nao(H30){Znos[V12B1s0e0Hs]} 11H,0 11/1 [52]
31 [Hen] [Hzen] {[Zn(en)z]g,[V]zB]gOsoHé]} 3H,O 9/3 [52]
32 {[Na(H20)3]4Na2V12B13056(OH)4(H20)}(Hgdien)z 10/2 [55]
33 {V12B15054(OH)(H20)[Ke(H20)12]} 2(Hadien) 3H,0 102 [67]
34 KG(CH3NH3)4[V12B13054(OH)6(H20)] 2611 12H20 10/2 [68]
35 K(H3O)(CHH2)4[V|2B13060H6] 9.60H,O 10/2 [58]
36 Ks(H30)2(1,3—diapH2)2[V12B18060H6] 10.8H20 11/1 [59]
37 Kz(H3O)7(enHz)[V1zB|gOéoHG] 9.0H,O 11/1 [59]
38 [Zn(Hgtepa)V12B18054(OH)6] [Hzen]z H3O 3H20 10/2 [63]
39 [V12B15Zn306:H12] 3(CsN3His) 10NHs SH.0 - [56]
40 [V12B13Mn3063H12] 3(C4N3H16) 10NH4 5H,O - [56]
41 [V1:B1sNis0e:H12] 3(CsN3His) 10NH; SH.0 - [56]

Figure 5. The [Vi2B18Oso] core bonded to: (a) Ni(H20)s>" in (28) and (b)
[Ni(H20)3(en)]*" in (29).
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Unlike the crystalline systems previously mentioned within this section that contain protonated
amine and alkaline cations, (28), (29), (30), (31), and (38) include coordination complexes of a
secondary transition metal ion. Hermosilla-Ibaiiez et al. in 2012 reported four new compounds based
on the [V12B18Os0] core, whose negative charge is stabilized by Ni(H20)s*>", Na" and H30" in (28),
by [Ni(H20)3(en)]?*, Na* and H3O" in (29), by Zn'"", Na* and H3O" in (30), and by Zn(en)>>*, Hen"
and Hzen?" in (31) [52]. Each of the Ni(H20)s*" and [Ni(H20)3(en)]*" complexes in (28) and (29),
respectively, are coordinated to the [V12B18Oso] cluster through only one oxygen atom from a vanadyl
group (Figure 5). This connection type differs from system (8) described above and reported by
Lin et al. [45], in which six Ni(en)2?" complexes are connected to two oxygen atoms from the borate
fragment (Ni-(u3-O)-Bz2) of the VBO polyanion (Figure 4b). Each zinc cation with partial occupancy
(0.5) in (30) is four-coordinated to two vanadyl oxygen atoms and to two B-O-B oxygen bridges
from two adjacent polyoxovanadoborates (Zn-O distances of 2.337(7) and 2.457(7) A). Lattices (31)
and (38) contain six-coordinated zinc complexes bonded to the [V12BisOco] clusters. Two en
molecules and two oxygen-bridging atoms (B-O-B) from the same polyanion are bonded to the Zn'"
in (31), while two tetracthylenepentamine (tepa) molecules, in addition to two vanadyl oxygen atoms
from adjacent polyanions, are coordinated to the Zn" in (38). The electroneutrality of both
compounds is attained by protonated ethylenediamine ions, which allow the stabilization of the
crystalline frameworks by hydrogen bonds. Additionally, (31) can be compared with compound (6)
due to the fact that the latter contains six Zn(en)2*" complexes connected to one [V12B1sOeo0] core,
while (31) contains only three Zn(en):?" complexes coordinated to the same polyoxometalate.

8. Coordination Geometry Analysis of the Counterbalancing Alkaline and Secondary
Transition Metal Ions

On the basis of the crystallographic data included in the literature, we have calculated the best
geometry for the alkaline and transition metal ions included in the corresponding crystalline lattices
based on the [V12B18Os0] core, using the SHAPE 2.1 program [69]. To carry out this study, the
maximum M-O distance used to defined the coordination sphere for M = Na' and K* is 3.1 A. In
(16) Zhou et al. considered a longer K—O coordination distance of 3.4 A, thus defining a 10-coordinate
mode for some of the potassium ions, which is not included in our analysis [67].

Among all the counterbalancing alkaline ions of the [V12B18Os0] polyanions, Li* is found to be
five-coordinated, with a square pyramidal geometry (SPY-5) [58], while Cs" is eight-coordinated in
a hexagonal bipyramidal geometry (HBPY-8) [57]. On the other hand, Na* and K" are found with
more than one coordination number. As we reported earlier for (14), hexa-coordinated Na* ions are
found with octahedral (OC-6) and trigonal prismatic (TPR-6) geometries [58]. Nevertheless, extra
geometries for the [NaOx] are determined by the different coordination numbers (x = 5 and 6) in the
other systems based on the [V12B18Oe0] cluster that contain sodium ions in their crystalline packing. As
expected, potassium ions with a bigger ionic radius than sodium ions present coordination numbers from
six to nine, as has been previously found in the literature [70—72]. Three different geometries are found
when K are six-coordinated, two when seven-coordinated, two when eight-coordinated, and one when
nine-coordinated. The corresponding geometries are listed in Table 5.



174

In the case of Mn™, Ni", Cu", and Zn", four- and six-coordination is found, as can be seen in Table 5.
Only the six-coordinated manganese ions, which occupy only one crystallographic site in framework
(40), adopt the trigonal prismatic geometry (TPR-6). The six-coordinated Ni" ((8), (28), (29) and
(41)), Cu ((7), (11), (24), (25), and (26)) and Zn" ((9), (10), (13), (31), and (38)) share an octahedral
geometry (OC-6). The square planar geometry mode (SP-4) is only found for Cu® included in lattices
(24) and (25). Zn" presents the highest plasticity among the other transition metal ions, with
coordination numbers four, five, and six. The four-coordinated Zn" ions are in a tetrahedral geometry
(T-4), whereas the five-coordinated Zn" ions are found to be in a square pyramidal geometry
(SPY-5) and vacant octahedral (vOC-5) geometries.

Table 5. List of the best geometries estimated for the alkaline and transition metal ions,
using SHAPE 2.1.

Cation Geometry Geometry
Symbol
Li Square Pyramid (SPY-5)
Vacant Octahedron (vOC-5)
Trigonal Bipyramid (TBPY-5)
Na Square Pyramid (SPY-5)
Pentagonal Pyramid (PPY-6)
Octahedron (0C-06)
Trigonal Prism (TPR-6)
Pentagonal Pyramid (PPY-6)
Octahedron (0C-6)
Trigonal Prism (TPR-6)
K Capped Octahedron (COC-7)
Capped Trigonal Prism (CTPR-7)
Square Antiprism (SAPR-8)
Triangular Dodecahedron (TDD-8)
Tricaped Trigonal Prism (TCTPR-9)
Cs Hexagonal Bipyramid (HBPY-8)
Mn Trigonal Prism (TPR-6)
Ni Octahedron (0OC-6)
Cu Square (SP-4)
Octahedron (OC-6)
Tetrahedron (T-4)
7n Square Pyramid (SPY-5)
Vacant Octahedron (vOC-5)
Octahedron (0C-6)

9. Spectroscopic Properties

The FT-IR fingerprint region characteristic of the [V12B18Oeo] core is observed between ca. 640
and 1420 cm™'. The asymmetric and symmetric V-O-V stretching vibrations appear in the low
energy region between 640 and 880 c¢cm!, whereas the bands observed in the range of 900 and
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960 cm ™! are assigned to the terminal V-O stretching vibrations of the vanadyl group. On the other
hand, the borate fragments are characterized by B—O asymmetrical stretching vibrations for both
the [BOs] and [BO4] units, appearing between 1020 and 1150 cm™! for the trigonal and between
1300 and 1420 cm™! for the tetrahedral units [34,43,44,48-50,52-55,57,58,63,67,68]. Miiller et al.
reported that the energy and shape of the vanadyl stretching bands depend on the oxidation state and
on the existing interactions of the vanadyl groups of the polyoxovanadate anions in the crystalline
packing [26]. In the IR spectra reported for all the studied systems, only (11) presents a sharp
stretching vibration of the terminal V—O group. This fact can be rationalized considering that in this
framework the polyanion has all the vanadyl groups equally connected to [Cu(dien)(H20)]*"
complexes.

The optical properties of compounds (4), (5), (7), (9), (10), (12), (15), (16), (18), (19), (20), (21),
(27), (29), (30), (35), and (38) have been studied by solid-state diffuse reflectance spectroscopy in
the UV-visible region, since they are all insoluble in most common organic solvents and water. Three
bands in the studied UV-visible region are reported for almost all the investigated systems: two bands
in the high energy region, between 243 and 230 nm, and 344 and 310 nm, depending on the species,
and one band that appears between 590 to 517 nm. In general, the two absorption bands in the high
energy region are assigned as O—V and O—B charge transfer transitions, respectively. The less
intense band in the low energy region has been assigned to Intervalence Charge Transfer Transitions
(IVCT) and to d—d transitions [34,48,52-55,57,58,63,67]. With respect to the low energy absorption
bands (ca. 500 nm), most authors consider that these arise from “presumably d-d electronic
transitions” [34,53,54,63]. With respect to the bands in this same visible region of the polymetallic
vanadium species, Robin and Day consider that they should be assigned to mixed valence
absorptions [73]. However, the real meaning of these bands should become apparent once a more
complete electronic description has been attained from quantum mechanical calculations. We are
currently calculating the electronic spectra of these species by DFT methods.

Considering the similarity of the UV-visible spectra of these systems even when the polyanions
are functionalized with secondary transition metal atoms [52], we can deduce that the crystalline
lattices have a negligible effect on the electronic properties of the [V12B1sOeo] core.

10. Magnetic Properties

Among all the studied compounds included in this review, the magnetic properties of only (5),
(11), (12), (15), (18), (19), (27), and (38) have been reported [53-55,57,63]. All of these systems
have a mixed valence ratio of 10V'Y/2VV, and present a bulk antiferromagnetic behavior. The T
values at 300 and 2 K for the abovementioned compounds are listed in Table 6. (11) presents the
highest 7 value of 4.81 emu K mol ™!, which was explained by Zhou et al., assuming that this value
is very close to the theoretical ¥T value of 4.88 emu K mol !, considering 10 uncoupled V'V plus
three uncoupled Cu" centers (g = 2.00 for both atoms) [55]. However, when the 3T value of the three
uncoupled Cu' centers is subtracted (g = 2.00), the resultant %7 value for the [V12B180s0] polyanion
of (11) is 3.68 emu K mol !, thus presenting the same trend followed by (5), (12), (15), (18), (19),
and (27) (Figure 6). From the x7(T) graph reported by Zhou et al. [53] it is possible to infer that (27)
is almost magnetically uncoupled at room temperature. On the other hand, the %7 values of the rest
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of compounds, (5), (12), (15), (18), and (19) show that all of them are magnetically coupled at room
temperature. Within the observed tendency of 3.34 to 3.83 emu K mol !, there is no clear correlation
between the magnetic properties and the nature of the frameworks, which include different cations
interacting with the polyanions, even though it is clear that the interactions between the different
cations and the polyanion in the lattice affect the magnitude of the exchange phenomena in the cluster.

It is interesting to point out that Hermosilla-Ibafiez et al. reported in 2014 that it is possible to
show by DFT calculations that the alkaline ions in compounds (18) and (19) quench the intracluster
antiferromagnetic coupling, in comparison with compound (5) [57]. In this study, the results
indicated that the presence of alkaline ions perturbs the extent of the spin density of the magnetic
orbitals (dxy); this perturbation is dependent on the distance between the alkaline cation and the
oxygen of the vanadyl groups. Thus, the obtained modification of the orbital overlap due to the
presence of the alkaline cations influences the magnitude of the antiferromagnetic interactions.
Nevertheless, the existence of additional hydrogen bonds and/or covalent bonds should also influence
the global magnetic properties.

As can be seen, the most coupled system is (38), which includes Zn(Hstepa)** and (enH2)>" as
counterbalancing ions. In this system the Zn(Hstepa)** complexes are coordinated to the [V12B13Os0]
polyanions through two oxygen atoms of vanadyl groups from adjacent polyoxovanadoborates, i.e.,
acting as bridges between two polyanions. As discussed above, the coordination of the vanadyl
groups with a cation influences the electronic properties, i.e. stretching vibrations and exchange
interactions. In (38) the presence of the zinc(II) cations bridging the polyanion clearly increases the
antiferromagnetic behavior of the material.

Table 6. List of the reported compounds with magnetic property studies.

VV/VY 4T (emu Kmol') 7 (emu K mol™)

Compound Auxiliary cations Ratio (300 K) 2K Ref.
5 NH,4", (1,3-diapH»)** 1072 3.34 0.33 [57]
11 [Cu(dien)(H.0)]* 10/2 4.81(3.68)" 0.56 [55]
12 Cd(H,0),* 10/2 3.60 0.10 [55]
15 Na” 1072 3.53 0.23 [54]
18 K*, NH," 1072 3.57 0.40 [57]
19 K" 1072 3.58 0.38 [57]
27 [Na(H20)4]", (Hatren)* 10/2 3.83 0.15 [53]
38 Zn(Hstepa)™, (enHy)*" 10/2 1.54 0.11 [63]

*The T value in parentheses is the %7 value of the polyanion, which was calculated by subtracting the T

value for the three uncoupled Cu'" centers, considering a g =2 (x7=1.13 emu K mol ™).
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Figure 6. xT values for each lattice.
11. Final Remarks

The structural stability of the [V12B1sOco] core allows the formation of polyoxometalate species
with different crystalline lattices, depending on the cations present in the synthesis. This polyanion
is potentially able to share bridging B-O-B oxygen atoms, both vanadyl and bridging B-O-B oxygen
atoms, and in some cases, the 12 oxygen atoms from the vanadyl groups, thus permitting one-,
two-, or three-dimensional frameworks to be obtained. The presence of auxiliary cations may be
responsible for the alignment of the organic amines in only one direction, since they can fill hindered
nucleophilic sites around the polyanions.

Hermosilla-Ibafiez et al. demonstrated that the organic diamines act as reducing agents in the
reactions, as the presence of nitrate ions in the final mother liquors was detected by ionic liquid
chromatography [57]. The FT-IR results show that the coordination of a cation to each of the existing
vanadyl groups of the polyanion produces a single and sharp stretching band for the vanadyl group.
Thus, the coordination of the vanadyl groups with cations influences the electronic properties, i.e.,
stretching vibrations and exchange interactions. However, the similarity of the solid state reflectance
spectra indicates that the crystalline lattices have a negligible effect on the electronic spectra of the
[V12B18Oeo] core.

From the reported magnetic data it is clear to conclude that the [V12B1sOsoHs] cluster with a
10VY/2VY mixed-valence ratio presents a global antiferromagnetic exchange among the 10 spin carriers.
It can also be concluded that the interactions of the cations in the crystal packing with the polyanion
can modify the global antiferromagnetic interaction in the polyanion. Further studies must be done
in order to reach a deeper understanding of the magnetic behavior in these compounds. At this time
our group is working on the rationalization of the magnetic properties of the [V12B1sOso0] family.
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Activity and Stability of the Tetramanganese
Polyanion [Mn,(H,0),(PW,03,),]""~ during
Electrocatalytic Water Oxidation

Sara Goberna-Ferron, Joaquin Soriano-Lopez and José Ramoén Galan-Mascaros

Abstract: In natural photosynthesis, the oxygen evolving center is a tetranuclear manganese cluster
stabilized by amino acids, water molecules and counter ions. However, manganese complexes are
rarely exhibiting catalytic activity in water oxidation conditions. This is also true for the family
of water oxidation catalysts (WOCs) obtained from POM chemistry. We have studied the activity
of the tetranuclear manganese POM [Mn4(H50)5(PW¢Os34)2]'%~ (Mny), the manganese analog of
the well-studied [Co4(H20)2(PWgO34)2]'%~ (Coy), one of the fastest and most interesting WOC
candidates discovered up to date. Our electrocatalytic experiments indicate that Mn, is indeed
an active water oxidation catalysts, although unstable. It rapidly decomposes in water oxidation
conditions. Bulk water electrocatalysis shows initial activities comparable to those of the cobalt
counterpart, but in this case current density decreases very rapidly to become negligible just after
30 min, with the appearance of an inactive manganese oxide layer on the electrode.

Reprinted from Inorganics. Cite as: Goberna-Ferrén, S.; Soriano-Lépez, J.; Galan-Mascaros,
J. Activity and Stability of the Tetramanganese Polyanion [Mny(H;0)o(PWOs54),]'%~ during
Electrocatalytic Water Oxidation. Inorganics 2015, 3, 332-340.

1. Introduction

Water oxidation catalysis is currently one of the hot topics in chemistry research [1-3], since it
is regarded as the bottleneck in the development of an artificial photosynthesis scheme [4—6]. Fuels
production by harvesting solar energy to reduce a substrate (as protons to hydrogen) needs to occur
concomitant to the oxidation of water into oxygen. If this second process is not fast enough and
energy efficient, cost-effective solar fuels production will never become a technological reality.

Polyoxometalates (POMs) are some of the most promising electrocatalysts to promote water
oxidation [7,8] due to their dual nature. Being molecular species, POMs possess all advantages
of homogeneous catalysts, being fast, monodispersed and easy to process. At the same time, as
fragments of metal oxides, POMs also exhibit some of the advantages of heterogeneous catalysts,
as they possess the right catalytic active sites, and appear to be highly robust and stable in water
oxidation conditions [9].

The first POM reported as a water oxidation catalyst (WOC) was the tetraruthenium
polyanion [(SiW(Os)2Rus05(0OH)(H,0)4)]1°~ [10,11]. Although very fast and rugged [12-15],
its noble metal content precluded to envision technological impact since realization of artificial
photosynthesis will require inexpensive and readily-available catalysts.
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The breakthrough in the area appeared when the tetracobalt POM [Co4(H30)2(PWgOs54)]10~
(Co,), obtained from earth abundant metals, was reported to be one of the fastest WOCs up
to date [16,17]. Some studies suggested that this POM may not be stable in water oxidation
conditions [18-20]. Although this is true for certain conditions, and it can put into question the
quantification of its catalytic activity, it is important to note that the genuine WOC activity of
Co, has been confirmed beyond any reasonable doubt [21-23], and corroborated even by the most
(initially) critical research teams [24]. Following these results, several related POMs have shown
WOC activity [7,25-29], most of them containing Co!! as water-ligated active center.

Artificial photosynthesis takes inspiration from natural photosynthesis in green plants and
algae, where a tetramanganese cluster is responsible for the catalysis of the water oxidation
reaction [30-33]. However, Mn-containing POMs have not been so successful. There is only one
Mn-based example, reported very recently [34]. This trend of few Mn examples is not exclusive of
POMs [1], and even if one considers heterogeneous catalysts, Mn oxide is much less active than the
corresponding Co or Ni analogs [35]. Still, the use of Mn is attractive because it is earth abundant
and relatively nontoxic when compared with the other more active metal-based catalysts.

In the search for Mn-containing POMs which could exhibit WOC activity we decided to test
the Mn"" structural equivalent of the tetra cobalt WOC reported by Hill er al. [16]. The water
electrochemistry of this polyanion [Mny(Hy0)2(PWoOs4)2]'% (Mny) confirms its activity as a water
oxidation catalysts, albeit its intrinsic instability in water oxidation conditions.

2. Results and Discussion

Mn, was prepared as a mixed Na/K salt following literature procedure. The structure of the
polyanion consists of rhomblike tetranuclear cluster of MnOG octahedra sharing edges encapsulated
by two lacunary Keggin-type [PWyO3,4]%~ units (Figure 3b). All bridges between Mn atoms are
oxo groups from WOg or PO, polyhedra. Two terminal water molecules complete the coordination
positions of the Mn centers in the long diagonal of the rhomb.

We carried out cyclic voltammetry experiments in a pH 7 sodium phosphate buffer ( NaP;,
50 mM) solution with a amorphous carbon disc anode, a Pt wire cathode and a Ag/AgCl (NaCl
3 M) reference electrode (Figure 1). In the presence of Mn, (1 mM) a significant catalytic water
oxidation wave is observed above 1.0 V, which is accompanied by significant gas bubbling at the
anode. This suggests that Mn, is indeed a WOC at neutral pH. The catalytic activity appears to
be slower In comparison with the activity of Co, in the same conditions, since the Mny-catalyzed
wave appears below the Co, cyclic voltametry at all potentials. It is also worthy to mention that no
pre-catalytic features are observed in the data, indicating that no additional redox processes occur
before catalysis.
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Figure 1. Cyclic voltammetry in a pH 7 sodium phosphate buffer (50 mM) water solution
as electrolyte: 1.0 mM Coy (blue line); 1.0 mM Mn, (green line); blank (black line).
E reported vs. Ag/AgCl (3 M) reference electrode.

We carried out bulk water electrolysis experiments under stirring in a two-chamber cell with both
chambers connected through a glass frit (Figure 2). As anode and cathode we used FTO-coated
glass (1 cm x 1 cm) and Pt mesh electrodes, respectively. The Ag/AgCl (NaCl 3 M) reference
electrode was located close the anode, in the anodic compartment. Negligible current values were
obtained when an anodic overpotential of ~ 600 mV was applied (1.40 V vs. NHE) to this set-up
with a pH 7 sodium phosphate buffer (NaP;, 50 mM) solution with NaNOj3 (1 M) as electrolyte in
the absence of a catalyst. The addition of Mn, (1 mM) to the anodic compartment resulted in rapid
gas evolution, with a fast current increase reaching typical currents (7) over 0.03 mA. After a short
induction time, % keeps decreasing slowly to reach negligible values after just 30 min. During this
time, the solution maintains essentially its original orange color, but a thin brown film grows on the
anode. Chemical analysis of this film, which exhibited amorphous X-ray powder patterns, showed
that manganese is the only metal significantly present. This suggests that, while the POM is stable and
active in solution, there is a second process where it rapidly decomposes under an oxidation potential
to yield a manganese oxide phase that growing on the electrode. This phase appears to be inactive
as a WOC, and catalysis stops when the access of the remaining Mn, in solution to the electrode is
blocked by this film. Indeed, the as-used electrode does not show any significant remnant catalytic
activity. A similar process was observed for other Co-containing POM-based WOCs [18], although
the deposited Co-oxide is a highly active WOC. The inactivity of the Mn-oxide film observed in our
case makes easier to identify the genuine catalytic activity of Mn,. Although mixed valence MnO,,
are active WOCs [36-38], the MnO, phase is inactive [39]. Thus, this should be the major species
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in the deposited films. The formation of this oxidized MnO, film precludes quantitative oxygen

production during this water electrolysis.
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Figure 2. (a) Bulk water electrolysis under an applied anodic potential of 1.40 V/vs.
NHE) with an fluorine-doped tin oxide (FTO) anode and Pt mesh cathode in a
pH 7 sodium phosphate buffer (50 mM) water solution as electrolyte with 1.0 mM
Mn, (red line); a consecutive experiment with the as-used electrode in a Mny-free
electrolyte solution (blue); blank (black line). (b) analogous experiment with addition
of bpy(10 mM).

In Co-containing POMs, the formation of metal-oxide films has been assigned to the solution
equilibria of the POMs, and not to a redox instability at the electrode [23]. Chelating agents able to
trap traces of aqueous [M(H,0)s]** (M?+ = Co?*) generated in solution have been very effective to
prevent the formation of such oxides. Unfortunately, the same strategy was not successful to prevent
formation of the corresponding oxide in this case. Analogous bulk water electrolysis experiment in
the presence of 2,2’-bipyridyl showed even faster catalyst decomposition (Figure 2b), suggesting this
tetra manganese POM is not redox stable.

In other homogeneous WOCs their incorporation into a heterogeneous matrix has significantly
improved their stability, while maintaining their catalytic activity [40]. Following the same strategy,
we incorporated the insoluble Cs19[Mny(Hy0)2(PW¢0Os34)2]1xH,O salt into an amorphous carbon paste
anode. However, the incorporation of the Cs-Mn, component showed no effect in the catalytic

current, indicating that Mn, is also unstable in such conditions.
3. Experimental Section

3.1. Materials and Instrumentation

All reagents were purchased from Sigma-Aldrich (Madrid, Spain)(>99% purity) and used without
further purification. Metal content in POM salts was analyzed with an Environmental Scanning
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Electron Microscope JEOL-IMS6400 equipped with an Oxford Instruments X-ray elemental
analyzer. Thermogrammetry was performed with power samples using a TGA/SDTA851 Mettler
Toledo with MT1 microbalance.

3.2. Synthesis and Characterization

Co4 and Mn, were prepared from optimized literature methods as alkali salts [41,42]. The
compounds were recrystallized from water, collected by filtration, dried in vacuum and
characterized by IR spectroscopy. The counter cations and solvent content were determined
by EDAX microanalysis and thermogravimetry, respectively. The molecular formulas are:
Na;K;5[Co4(H50)2(PWg0s34)2] 31H0 (M, = 5599.04) and NasK5[Mny(H50)2(PW¢034)2] 31H,0
(M,, = 5583.08). The molecular structure of these polyanions is represented in Figure 3.

Figure 3. Molecular structure of the [Mny(Hy0)o(PWoOs4)2]'"  (Mny)
polyoxometalate.

3.3. Electrochemistry

Bulk water electrolysis were carried out with stirring in a two-chamber cell, with a porous frit
connecting both chambers. In one chamber we placed a Pt mesh counter electrode, and in the other
chamber a fluorine-doped tin oxide (FTO)-coated glass working electrode and a Ag/AgCl (NaCl
3 M) reference electrode. All potentials are reported versus NHE (E = FE,,s + 0.208). Data were
collected with a Biologic SP-150 potentiostat. Typical electrolysis experiments were carried out in a
sodium phosphate (NaP;) buffer pH = 7 solution with NaNOj3 (1 M) as electrolyte. Ohmic drop was
compensated using the positive feedback compensation implemented in the instrument.

4. Conclusions

Electrochemistry data of a [Mny(H0)2(PWO3,)2]*°~ at pH = 7 confirms its genuine activity of
this POM to promote water oxidation. Nevertheless, its activity is lower when compared with the Co
counterpart and, more significant, its stability is poor. During electrocatalytic water splitting, Mn,
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decomposition products (oxides) deposit on the anode precluding the catalytic activity. After a few
minutes, catalysis becomes negligible, reaching values identical to those of the bare electrodes.
These results suggest that, although chosen by natural evolution, Mn may not be the best option
for the development of water oxidation catalysts. In POMS, and also in other homogeneous catalysts,
Mn-based WOCs appear to be intrinsically unstable during water oxidation [43]. In living entities,
the instability of Mn WOCs may be an advantage, since it allows for easier self-repair mechanism in
photosystem II. However, this is an important disadvantage when developing working devices.
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Synthesis and Characterisation of the Europium (III)
Dimolybdo-Enneatungsto-Silicate
Dimer, [Eu(a-SiWoMo0,039);] 13-

Loic Parent, Pedro de Oliveira, Anne-Lucie Teillout, Anne Dolbecq, Mohamed Haouas,
Emmanuel Cadot and Israél M. Mbomekallé

Abstract: The chemistry of polyoxometalates (POMs) keeps drawing the attention of researchers,
since they constitute a family of discrete molecular entities whose features may be easily modulated.
Often considered soluble molecular oxide analogues, POMs possess enormous potential due to a
myriad of choices concerning size, shape and chemical composition that may be tailored in order to
fine-tune their physico-chemical properties. Thanks to the recent progress in single-crystal X ray
diffraction, new POMs exhibiting diverse and unexpected structures have been regularly reported
and described. We find it relevant to systematically analyse the different equilibria that govern the
formation of POMs, in order to be able to establish reliable synthesis protocols leading to new
molecules. In this context, we have been able to synthesise the Eu*'-containing silico-molybdo-
tungstic dimer, [Eu(a-SiWoMo02039)2]"*". We describe the synthesis and characterisation of this new
species by several physico-chemical methods, such as single-crystal X-ray diffraction, '3*W NMR
and electrochemistry.

Reprinted from [Inorganics. Cite as: Parent, L.; de Oliveira, P.; Teillout, A.-L.; Dolbecq, A.;
Haouas, M.; Cadot, E.; Mbomekallé¢, .M. Synthesis and Characterisation of the Europium (III)
Dimolybdo-Enneatungsto-Silicate Dimer, [Eu(a-SiWoMo02039)2]"3". Inorganics 2015, 3, 341-354.

1. Introduction

Polyoxometalates (POMs) are oxo-metal clusters in which the metal element M is often in its
highest oxidation state (M = WV, Mo"!, VV...). Berzélius was the first to isolate a POM in 1826: the
ammonium salt of the 12-molybdophosphate [PMo12040]*~ anion [1], but the first description of the
structure of one of the compounds of this family, the [PW12040]*~ anion, was made more than a century
later by Keggin [2]. Then, several hundreds of structures have been described, especially from the
second half of the 20th century onwards. Nowadays, a myriad of new molecules, ranging from the
simplest ones to unexpected and rather complex structures, are reported every year. In fact, upon
modulating the experimental conditions and selecting the nature of the metal elements and their molar
ratios, the different substitution and addition reactions involving POM entities with respect to metal
cations offer a wide range of possibilities regarding the synthesis of new molecules which may find
applications in a variety of fields such as medicine [3,4], catalysis [5,6], nanotechnologies [7,8],
magnetism [9,10], etc. It is, then, possible and more and more common to synthesise POM species
that include in their structures some elements specially selected in order to impart the features
required for certain targeted applications.

Lanthanide (Ln) cations, for example, have a partially filled 4f orbital. As a consequence, they possess
photoluminescence properties. In fact, they exhibit a high purity colour luminescence in the visible or in
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the near IR range [11], being employed in TV and computer screens, in optical fibres, etc. [12]. The
incorporation of lanthanide cations in POMs rose a considerable interest due to the possibility of
creating synergy between their electronic properties. The first POM containing a lanthanide cation
as the hetero-element was the compound [CeMo12042]%, described in 1914 [13]. Several decades
later, in the beginning of the 70s, Peacock and Weakley reported the synthesis of Ln-containing
POMs which formed monomers and dimers of the (POM)Ln and (POM)2Ln types [14]. Afterwards,
the family of Ln-containing POMs never ceased to grow, concomitantly becoming more and more
diversified [15], on the basis of a synthesis protocol that varies little. It consists of two major steps:
1) creation of mono- or multi-lacunary POM structures which will behave as ligands; 2) co-ordination
of the lanthanide cation by those ligands via oxo bridges. POM:Ln complexes are obtained,
exhibiting one of the following different ratios: 1:1 [16,17], 2:1 [17-20] or 2:2 [21-23]. The most
common POM structures known as Linqvist, Anderson, Keggin and Dawson may be used as lacunary
species, and in some cases the co-ordination sphere of the lanthanide cation is completed by an
organic ligand [24,25]. Finally, it is not unusual to come across less common structures combining
fragments from different families or involving “giant” POMs [26-28]. As previously stated, the
major interest of these POM:Ln compounds is to obtain a synergistic effect between the electronic
properties of the POM, often considered an electron reservoir, and the lanthanide, whose 4f orbitals
are partially empty. The studies of these systems are quite often focused on their luminescence
properties and rarely on their electrochemical behaviour [29]. The present study concerns the
synthesis, structural characterisations, electrochemical studies and electro-catalytic properties of a
POM containing the Keggin fragment [SiWoMo02039]*" and the Eu®* cation, obtained as the potassium
salt of the respective dimer: Kis[Eu(a-SiWoMo02039)2] 21H20. The formation constants of this
complex had already been calculated by Choppin e al. [30], but this is the first time that the
compound has been isolated and characterised.

2. Results and Discussion
2.1. Synthesis of Ki3[Eu(a-SiWoMo02039)2] 21H20

The compound Ki3[Eu(a-SiWoMo02039)2] 21H20 (1) was prepared according to a method different
from that described in the literature for its homologous species Kis[Eu(a-SiW11039)2] 18H20[16,19].
In fact, the lacunary compound [a-SiW9Mo02039]*" being less robust than its molybdenum-free
homologue, the synthesis has to be carried out at room temperature and in a buffered medium (acetate
buffer, pH ~4.7) in order to prevent it from decaying. Likewise, the sequence of reagent addition is
reversed. The compound [0-SiWeMo02039]%" is added in small aliquots to a solution containing the
Eu®" ions. It may be assumed that the reaction rate between the lacunary species [a-SiWoMo02039]%~
and the Eu*" cation is high enough. In addition, the formation equilibrium constants determined by
Choppin et al. [30] for POM-Eu complexes indicate that the compound [Eu(a-SiWoMo02030)2]"" is
sufficiently stable in solution. This implies that the lacunary fragments [a-SiWoMo02039]%
remain free in solution for a relatively short time, which should be enough to prevent them
from decomposing.
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2.2. Elemental Analysis, TGA and IR Spectroscopy

The elemental analysis and the TGA results are in good agreement with the formula derived from
single crystal X-ray diffraction. It consists of a potassium salt that crystallises with 21 water
molecules. The main IR absorption bands observed correspond to the stretching vibrations of the
X-0 bonds, with X = Si or W [15,16]. The presence of Mo results in slight shifts when compared to
the values reported in the study by Pope et al. or that by Balula and Freire cited before [15,16]. The
formula of compound 1 corresponds well to that of the parent dimer Ki3[Eu(a-SiW11039)2] 18H20.

2.3. Structure

The dimeric anion [Eu(SiWoMo02039)2]'"*" is built of two monovacant Keggin moieties
[0-SiWoMo02039]%” connected to a central Eu** cation (Figure 1A). The Mo and W centres are localised
in the structure, the two MoQOs octahedra belonging to two different trinuclear fragments and sharing a
corner. The rare-earth cation is slightly off-centred of the vacant site of the [a-SiWoMo02039]%
sub-units (Figure 1B), as shown by the longer Si---Eu distance (4.52 A) when compared to the Si---M
(M = Mo, W) distances (3.48 —3.58 A). It may be noticed that the POM has no symmetry element and
in particular is non-centro-symmetric. The local symmetry around the Eu** ion, co-ordinated by eight
oxygen atoms of the Keggin fragments, is approximately square anti-prismatic (Figure 1C), as
also observed, for example, in the well-known [EuW1036]”" species [31] and also in [Eu(a-
SiW11039)2]"*" [29] and [Eu( P2-SiW11039)2]'>" [19]. However, a pseudo C2 axis can be identified
passing through the Eu’" ion (Figure 1D). Overall, the structure of [Eu(a-SiWoMo2039)2]"3 is quite
close to that of [Eu(a-SiW11039)2]'3" [29], except for the presence of four localised Mo"! centres in
the former complex. However, Kis[Eu(a-SiW11039)2] 18H20 [29] and Kisz[Eu(a-SiWeMo02039)2]
21H20 (1) are not isostructural, due to small differences in the crystal packing.

2.4. NMR Spectroscopy

Tungsten-183 (W) NMR spectroscopy allows the characterisation of the structure of
[Eu(SiWoMo02039)2]'3™ in solution. Figure 2 shows the '*W NMR spectrum taken at 29 °C. It shows
nine resonances (the monomer would exhibit five), each integrating for one W atom. This multiplicity
is rather consistent with a point-group symmetry Cz and thus a staggered conformation similar to that
observed in [Ln(SiW11039)2]"*7, Ln = Yb or Lu, and in opposition to the eclipsed conformation (Cav)
observed for Ln = La [32]. Indeed, the latter gave rise to six lines in the '33W NMR spectrum, with
five integrating for two W atoms and one integrating for one W atom, whereas the spectrum of the
former, with either of the heavy lanthanides, exhibited eleven lines of equal intensity [32]. Thus, in
the present case of the [Eu(SiWoMo2039)2]"*" species, all nine W atoms in a POM unit are not
equivalent to each other and each lacunary fragment is related to the other by a two-fold rotation.
Consistently, the ’Si NMR spectrum shows one resonance at 8 =—71.9 ppm (Figure S3 in Supporting
Information). Interestingly, among the nine '®*W lines, two of them undergo strong up-field shifts
(~—1200 ppm) that allow them to be assigned to W atoms close to the paramagnetic Eu centre. The
other two metal centres bridged to Eu through metal-oxo junctions are then the two Mo atoms, in
agreement with X-ray diffraction analysis. Also, six of the remaining '**W lines are relatively broad (line
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width ~5-8 Hz), presumably as a consequence of residual paramagnetic interaction. Finally, the last line
at § = —127.4 ppm is very narrow (line width <1 Hz) and even exhibits 2Jw-o-w coupling satellites
(3J = 16 Hz). It should, thus, be attributed to the W atom positioned at the longest distance from the
Eu centre.

A
\ LA
‘~ %

\ \3b)

Figure 1. (A) Mixed ball-and-stick and polyhedral representation of
[Eu(SiWoMo02039)2]'*"; (B) ball and stick representation of the {(SiWoMo02039)EuQ4}
fragment; (C) environment around the Eu®* ion, with the Eu-O distances (A) indicated
for each bond; (D) position of the pseudo C: axis passing through the Eu®" ion. Blue
octahedra: WOg; orange octahedra: MoOg; green tetrahedra: SiO4; plum spheres: Eu; blue
spheres: W; orange spheres: Mo; red spheres: O; pink spheres: O bound to Mo ions.
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Figure 2. W NMR spectrum of the lithium salt of [Eu(SiWoMo02039)2]'*" in
D20/H:0 solution.
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2.5. Electrochemistry

Compound 1 is stable at pH 3 in lithium sulphate solution. For lower pH values (see SI), it slowly
decomposes to give rise to the saturated species [SiWoMo3O40]*". Figure 3 shows the CVs of 1 and
of [SiWoMo02039]* recorded in the same experimental conditions and restricted to the redox
processes attributed to the Mo"! centres of the two compounds. The CV of 1 shows a quasi-reversible
wave with Epe = —0.170 V vs. SCE and AE = 0.070 V (AE = Epa — Epc). The CV of [SiWoMo02039]%
reveals a slower process taking place at far more negative potentials, —0.396 V vs. SCE. It is a rather
irreversible process when compared to that of compound 1.

We were taken aback by the shape of the re-oxidation wave of 1, which suggests that there is a
desorption step subsequent to the formation of a film on the surface of the working electrode. In order
to sort this out, we studied the dependence of the oxidation peak current intensity, /pa, as a function
of the scan rate, v (Figure S4-A). The plot of /pa as a function of v does not give a straight line, as
should be the case for a simple adsorbed species mechanism (Figure S4-B). Likewise, the plot of /pa
as a function of the square root of the scan rate, v!2, is not a straight line either (Figure S4-C), as
expected from the shape of the re-oxidation wave. It is highly likely that the overall process is
simultaneously controlled by diffusion and adsorption phenomena. This sort of mechanism has been
previously described by Amatore et al. for certain electro-catalytic processes [33].

3.04
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Figure 3. CVs of 1 (red) and of [SiWoMo02039]%" (blue) in 0.5 M Li2SO4 + H2SO4/pH 3.
Scan rate: 10 mV.s™'. POM concentration: 2.5 x 10 M; working electrode: EPG;
counter electrode: Pt; reference electrode: SCE.

A controlled potential coulometry experiment carried out at —0.40 V vs. SCE yielded a
consumption of 4 moles of electrons per mole of 1, meaning that the Mo"! centres in compound 1
are all reduced to Mo by the uptake of an electron each, the solution becoming violet (Figure S5-A).
Upon resetting the potential to +0.30 V vs. SCE, a re-oxidation step ensues in which over 95% of the
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previously consumed charge is recovered, and the solution reverts to its initial colourless aspect. The
CVs recorded between these different steps show that compound 1 does not decompose when
undergoing its reduction followed by its re-oxidation (Figure S5-B). Beyond this first redox wave,
there is a large irreversible process having a reduction peak potential at —0.860 V vs. SCE (Figure S6).

We found it interesting to compare the response of the species 1 with that of its parent compound,
the Keggin-type silico-tungstic derivative possessing three Mo"¥' centres, [SiWoMo3O40]*", as far as
their redox and electro-catalytic properties are concerned.

2.5.1. Compared Redox Behaviour of 1 and of [SiWoMo3O40]*" at pH 3.0

Figure 4 shows the CVs of 1 and of [SiWoMo03040]*" in 0.5 M Li2SO4 + H2SO4/pH 3. Even if the
three Mo"! centres of the compound [SiWoMo3040]*™ are equivalent, their overall reduction does not
take place in a single step, as is the case for compound 1. In fact, the CV of [SiWoMo3040]*" reveals
three successive single-electron waves corresponding to the one-electron reduction of each of the
Mo"! centres. We recall that we observed a single four-electron redox wave for compound 1 in the
same experimental conditions. The symmetry of compound 1 implies that the four Mo"! centres are
divided into two equivalent groups, each comprising two Mo"! centres whose molecular orbitals have
the same energy when the molecule is in its oxidised state. The uptake of four electrons, despite being
fast, corresponds to a multi-step process, as is the case for all multi-electron reductions. We would
expect to observe a decrease of the level of degeneracy after the uptake of the first electron, resulting
in the splitting of the initial single wave into several waves: a sequence of either two two-electron
steps or four single-electron steps. The latter phenomenon is observed upon the reduction of the three
MoV! centres of the compound [SiWoMo3O40]*", which are equivalent when the molecule is in its
highest oxidation state, but whose degree of degeneracy decreases when the first electron is added.
There are three successive single-electron reduction waves in the CV of [SiWoMo3040]*", whereas that
of compound 1 reveals a single four-electron wave in the same experimental conditions. The degree of
degeneracy is not affected in the latter, the four Mo centres remaining equivalent throughout the
addition of the four electrons.

This behaviour should have a beneficial influence on the electro-catalytic properties of 1. Indeed,
the most promising compounds for electro-catalysis are those capable of exchanging a large number
of electrons in one go.

2.5.2. Electro-Catalytic Activity of 1 towards O2 and H202 Reduction

We were also interested in the electro-catalytic efficiency of compound 1 with respect to the
reduction of both dioxygen (O2) and hydrogen peroxide (H202). In fact, it is important to check these
two processes and to compare their respective onset potentials, that is, the potential values at which
the electro-catalytic reactions start. In the case of the species 1, the onset potential for the reduction
of H20z is less negative than that for O2. This means that the electro-reduction of H202 on an EPG
electrode is easier than that of Oz in the presence of compound 1. When we concentrate on the
electro-reduction of Oz, the overall process will be pursued beyond the formation of H2O2 up to H20
as the final product.
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Figure 4. CVs of 1 (red) and of [SiW9Mo3040]*" (black) in 0.5 M Li2SO4 + H2SO4/pH 3.
Scan rate: 10 mV.s '. POM concentration: 2.5 x 10°* M. Working electrode: EPG;
counter electrode: Pt; reference electrode: SCE.

Figure 5A confirms that the reduction of H20z is easier than that of O2. Also, the efficiency of
H202 reduction increases upon successive cycling (Figure 5B). The working electrode surface
activation is probably due to the formation of a deposit that does not totally re-dissolve in the
presence of H20:2. In the case of the electro-reduction of Oz, the activation phenomenon is not
observed, the successive CVs being superposable (Figure S7). This suggests that the process of
electro-catalytic reduction of Oz by compound 1 either does not include a H2O2 formation step or
H20: is a transient species whose lifespan is so short that no activation film forms on the electrode
surface, meaning that the response shown in Figure 5B is not observed.
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Figure 5. (A) CVs of 1 alone in an argon saturated solution (black), in a Oz saturated
solution (red), and in the presence of 0.25 M H202 (blue) in 0.5 M Li2SO4 + H2SO4/pH
3. (B) Successive CVs of 1 in the presence of 0.25 M H202 in 0.5 M Li2SO4 + H2SO4/pH
3. Scan rate: 2 mV.s '. POM concentration: 2.5 x 10™* M. Working electrode: EPG;
counter electrode: Pt; reference electrode: SCE.
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This activation phenomenon is not observed with the species [SiWoMo3O40]* and its onset
potential for the reduction of H20z is more negative than that for the reduction of Oz (Figure 8S-A).
It is also important to point out that for the electro-catalytic reduction processes of both Oz and H202,
compound 1 is always more efficient than the parent species [SiWoMo3O40]*~ (Figure 8S-B).

3. Experimental Section
3.1. Synthesis of Ki3[Eu(a-SiWoMo02039)2] 21H>0

0.18 g of EuCls 6H20 (0.5 mmol) are dissolved in 30 mL of 0.5M NaCH3COO + 0.5M
CH3COOH/pH 4.7, and then 3.0 g of Ks[a-SiW9Mo02039] nH20 (1 mmol) are added in small aliquots.
This procedure is adapted from the method described by Cadot ef al. [34]. The mixture is stirred at
room temperature until the dissolution is complete, and then filtered. After a few days, needle-like
white crystals form in the colourless filtrate, which are recovered by filtration and dried in the open
air. A mass of 1.24 g of the white crystals of the compound Kis[Eu(a-SiWoMo02039)2] 21H20 was
obtained, corresponding to a yield of 41%. IR (cm™"): 1003(w), 940 (m), 884 (s), 813 (m), 755 (m),
713 (m), 528 (w).

3.2. TGA, and IR Spectroscopy

Hydration water contents were determined by thermogravimetric analysis performed in a nitrogen
atmosphere between 25 and 600 °C, with a heating speed of 5 °C.min"', using a Metler Toledo
TGA/DSCI.. Infrared spectra were recorded on a Nicolet 6700 FT spectrometer driven by a PC with
the OMNIC E.S.P. 8.2 software.

3.3. X-ray Crystallography

Data collection was carried out using a Siemens SMART three-circle diffractometer equipped
with a CCD bi-dimensional detector using the monochromatised wavelength (Mo Ka) = 0.71073 A.
Absorption correction was based on multiple and symmetry-equivalent reflections in the data set
using the SADABS program [35] based on the method of Blessing [36]. The structure was solved
by direct methods and refined by full-matrix least-squares using the SHELX-TL package [37]. There
is a discrepancy between the formulae determined by elemental analysis and that deduced from
the crystallographic atom list because of the difficulty in locating all the disordered water
molecules and counter-ions. These disordered water molecules and counter-ions, when located,
were refined isotropically and with partial occupancy factors. Crystallographic data are given in
Table 1. Further details of the crystal structure investigation may be obtained from the
Fachinformationszentrum Karlsruhe, D-76344 Eggenstein-Leopoldshafen (Germany), on quoting the
depository number CSD-429499.
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Table 1. Crystallographic data.

Parameters 1
Formula EuK13M04094Si2W13
Formula weight, g 5913.50
Crystal system triclinic
Space group P-1
alA 12.2447(10)
b/A 12.7803(10)
c/A 33.762(3)
a/° 83.799(2)
p/e 85.106(2)
y/° 66.214(2)
VIA3 4801.4(6)
Z 2
Deac/g cm™ 4.090
pmm' 23.307
Data/parameters 37169/26808
Rint 0.0560
GOF 0.946
Ri (I>20(D)) 0.0720
WwR> 0.1786

3.4. NMR Spectroscopy

The NMR spectra were obtained on a Bruker AVANCE-400 spectrometer using a 10 mm
broad-band probe. The "W spectrum at 16.7 MHz was recorded with a spectral width of 100 kHz,
an acquisition time of 0.7 s, a pulse delay of 0.2 s, a pulse width of 50 us (90° tip angle) and a number
of scans of 131072. The ?°Si spectrum at 79.5 MHz was recorded with a spectral width of 4 kHz, an
acquisition time of 0.5 s, a pulse delay of 0.1 s, a pulse width of 14 ps (90° tip angle) and a number
of scans of 16384. For all spectra, the temperature was controlled and fixed at 29 °C. The '3W
spectrum was referenced to 2.0 mol.dm > Na2WOs and the *Si spectrum to SiMes. For the »Si and
the "W chemical shifts, the convention used is that the more negative chemical shifts denote
up-field resonances.

3.5. Electrochemistry

Pure water was obtained with a Milli-Q Intregral 5 purification set. All reagents were of
high-purity grade and were used as purchased without further purification: H2SO4 (Sigma Aldrich)
and Li2SOs4 H20 (Acros Organics). The composition of the electrolyte was 0.5 M Li2SO4 +
H2SO4/pH 3.0.

The stability of polyanions 1, [0-SiWoMo02039]% and [SiWoMo3040]*" in solution in this medium
was long enough to allow their characterisation by cyclic voltammetry and control potential
coulometry. The UV-visible spectra were recorded on a Perkin-Elmer 750 spectrophotometer with
10* M solutions of the polyanion. Matched 2.00 mm optical path quartz cuvettes were used.
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Electrochemical data were obtained using an EG & G 273 A potentiostat driven by a PC with the
M270 software. A one-compartment cell with a standard three-electrode configuration was used for
cyclic voltammetry experiments. The reference electrode was a saturated calomel electrode (SCE)
and the counter electrode a platinum gauze of large surface area; both electrodes were separated from
the bulk electrolyte solution via fritted compartments filled with the same electrolyte. The working
electrodes were a 3 mm OD pyrolytic carbon disc or a ca. 10 x 10 x 2 mm? glassy carbon stick (Le
Carbone-Lorraine, France). The pre-treatment of the first electrode before each experiment is adapted
from a method described elsewhere [38]. The stick is polished twice with SiC paper, grit 500 (Struers).
After each polishing step, which lasts for about 5 min, the stick is rinsed and sonicated twice in
Millipore water for a total of 10 minutes. Prior to each experiment, solutions were thoroughly
de-aerated for at least 30 minutes with pure Ar. A positive pressure of this gas was maintained during
subsequent work. All cyclic voltammograms were recorded at a scan rate of 10 mV.s ! and potentials
are quoted against the saturated calomel electrode (SCE) unless otherwise stated. The polyanion
concentration was X 1074 M. All experiments were performed at room temperature, which is
controlled and fixed for the laboratory at 20°C. Results were very reproducible from one experiment
to the other and slight variations observed over successive runs are rather attributed to the uncertainty
associated with the detection limit of our equipment (potentiostat, hardware and software) and not to
the working electrode pre-treatment nor to possible fluctuations in temperature.

4. Conclusions

In an acetate buffer medium, the mono-lacunary polyanion [0-SiWoMo02039]%" reacts with the Eu**
cation, giving rise to the dimer species [Eu(a-SiWoMo02039)2]"*". This new compound was
characterised by several physico-chemical methods, such as TGA and IR spectroscopy, which
allowed us to infer its chemical formula, Ki3[Eu(a-SiWoMo02039)2].21H20. Single crystal X ray
diffraction, '®*W and ?’Si NMR results are coherent with the fact that the compound is made of
two [0-SiWoMo02039]% fragments which co-ordinate the Eu*" cation via 8 atoms.

The structure of compound 1 shows that there are two sorts of equivalent Mo centres, but the
cyclic voltammetry revealed that they are all simultaneously reduced, contrary to the results observed
with the parent compound [a-SiWoMo3O40]*", for which there are three reduction steps
corresponding to the three Mo centres. Compound 1 exhibits a good catalytic efficiency towards the
reduction of O2 and H20a.

Supplementary Materials
Additional experimental data: UV-visible spectra of 1, SiWoMoz and EuCls 6H20 (Figure S1),

TGA curve of 1 (Figure S2), 2°Si NMR spectrum of 1 (Figure S3), additional electrochemical data
(Figures S4-S8).
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Vanadium(V)-Substitution Reactions of Wells—Dawson-Type
Polyoxometalates: From [X:M15062]* (X = P, As; M = Mo, W)
to [XzVM17062]7_

Tadaharu Ueda, Yuriko Nishimoto, Rie Saito, Miho Ohnishi and Jun-ichi Nambu

Abstract: The formation processes of V(V)-substituted polyoxometalates with the Wells—Dawson-
type structure were studied by cyclic voltammetry and by 3'P NMR and Raman spectroscopy.
Generally, the vanadium-substituted heteropolytungstates, [P2VW17062]"" and [As2VW17062]7,
were prepared by mixing equimolar amounts of the corresponding lacunary species—[P2W17061]'%"
and [As2W17061]'"—and vanadate. According to the results of various measurements in the present
study, the tungsten site in the framework of [P2W18062]®~ and [As2W18062]®~ without defect sites
could be substituted with V(V) to form the [P2VW17062]” and [As2VW170s2]", respectively. The
order in which the reagents were mixed was observed to be the key factor for the formation of
Dawson-type V(V)-substituted polyoxometalates. Even when the concentration of each reagent was
identical, the final products differed depending on the order of their addition to the reaction mixture.
Unlike Wells—Dawson-type heteropolytungstates, the molybdenum sites in the framework of
[P2Mo018062]® and [As2Mo1sOe2]® were substituted with V(V), but formed Keggin-type
[PVMo11040]*" and [AsVMo11040]*" instead of [P2VMo170s2]” and [As2VMo170¢2]7, respectively,
even though a variety of reaction conditions were used. The formation constant of the [PVMo11040]*
and [AsVMo11040]*” was hypothesized to be substantially greater than that of the [P2VMo170s2]"
and [As2VMo017062]"".

Reprinted from Inorganics. Cite as: Ueda, T.; Nishimoto, Y.; Saito, R.; Ohnishi, M.; Nambu, J.
Vanadium(V)-Substitution Reactions of Wells—Dawson-Type Polyoxometalates: From [X2M13062]®"
(X =P, As; M = Mo, W) to [XaVM17062]"". Inorganics 2015, 3, 355-369.

1. Introduction

Metal-substituted or metal-incorporated polyoxometalates (POMs) based on the Keggin and
Wells—Dawson structures are of great interest in catalysis and other applications, as well as in
fundamental studies, because they exhibit specific and excellent properties depending on the incorporated
metals [1-9]. Cobalt- and ruthenium-incorporated POMs, such as [Cos(H20)2(XWoO34)2]" (X = P, Si)
and RbsKo[ {RusO4(OH)2(H20)4}-(y-SiW10036)2], in particular, exhibit excellent catalytic activity
toward water oxidation and water splitting [10—-15]. Among the various metal-substituted POMs,
vanadium-substituted POMs have been extensively investigated in terms of synthesis, characterization
and applications. In particular, they have been used as oxidation catalysts in various organic syntheses,
because they can be reduced at a more positive potential than the corresponding parent, non-substituted
POMs [16-26]. Interestingly, vanadate can also be incorporated as the central ion of POMs [27-32].
Generally, metal-substituted or metal-incorporated POMs have been prepared with transition-metal atoms
incorporated into the vacant sites of the lacunary species, such as [PW11039]"” and [P2W17061]'*” [1-9].
A variety of Wells—Dawson-type molybdenum- and/or vanadium-substituted tungstophosphates have
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been prepared from the parent [P2W18062]® via a decomposition and re-building method by controlling
the pH (Figure 1). Large-sized POMs have also been prepared by mixing metal cations and the lacunary
POMs as building blocks. Currently, the synthesis of metal-substituted or metal-incorporated POMs can
be controlled to some extent through the use of the lacunary POMs. In addition, details of the
formation of some of POMs have been investigated using NMR and Raman spectroscopy and cyclic
voltammetry [33—43]. However, many aspects of the formation of POMs in solution remain ambiguous.

1(w2)-position

4(ou)-position

Figure 1. Structure of the Well-Dawson-type polyoxometalate.

Recently, we investigated the formation of Keggin-type V(V)-substituted POMs, [XV.Miz-
4040]®™ (X =P, As, Si, Ge; M =Mo, W; a= 1, 2) (XVaMi2-), in both aqueous and aqueous-organic
solutions using cyclic voltammetry, Raman spectroscopy and 3'P NMR [44,45]. Unlike other
metal-substituted POMs, vanadate ions could be substituted, along with a few molybdenum or
tungsten units, into the framework of XMi2, which did not contain vacant sites, to form
V(V)-substituted POMs. On the basis of this idea, mono-vanadium-substituted tungstosulfates 1- and
4-[S2VW17062]> (S2VW17) were prepared by substituting vanadate for tungsten units in the
framework of [S2W18062]*" (S2Wig) [46].

In the present study, we investigated the formation of Wells—Dawson-type vanadium-substituted
POMs, [X2VM17062]7 (X2VM17) (X = As, P; M = Mo, W) from the parent POMs, [X2Mi58062]®
(X2Mis) using *'P NMR and Raman spectroscopy and cyclic voltammetry.

2. Results and Discussion
2.1. Characterization of POMs Related to the Present Study

Solid-state Raman bands of all of the investigated POMs and the 3'P NMR signals of P2Wis,
P2VW17, P2Mois and related phosphorus-containing POMs are listed in Tables 1 and 2, respectively.
Characteristic bands and signals were used to assign peaks observed in the spectra of the products of
the vanadium-substitution reaction in the solution phase.
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Table 1. Raman band (cm') of As2VWi7, AsaWis, P2VWi7, P2Wis, PaMois
and As2Mois.
Compounds VRaman(M-Oq)
As:VW )7 982
As:Wig 982 (995) *
P,VW 7 985
PoWig 983 (993)°
P;Moys® 971
As;Moys” 971

O,: oxygen bonded with arsenic atom; Oy: octahedral corner-sharing oxygen; O.: octahedral edge-sharing
oxygen; Og: terminal oxygen; M: W or Mo; X: P or As. The counter cation is 7-BusN*. ** Raman band of
K6As:W 1506, and KeP2W30¢, from [47,48], respectively.

Table 2. *'P NMR signal of phosphorus-centered polyoxometalates (POMs).

Compounds 3P NMR signals (vs 85% H;PO,) Ref.
a-PaWs ~12.44 [49]
B-PaWig -11.0,-11.7 [50]
1-P2Wyy —6.79, —13.63 [49]
4-P,Wyy —8.53,-12.86 [49]

PaWis +0.1,-13.3 [50]
1-P.VWy7 —10.84,-12.92 [49]
4-P,VWy; —11.83,-12.90 [49]

1,2,3-P2V3Wis —6.25,-13.89 [49]
a-PW2 -14.42 [45]
B-PWi, —-13.50 [45]

PWy, -11.8°%,-10.2° [41]
A-0-PW, 5.1 [41]
PVWi1 -14.11 [45]
P,Moss —2.45 [47]
a-PMoi» -3.16 [47]
PMor -0.79¢,-1.05 ¢ [51]
A-PMos ~0.93 [47]
PVMoy, -3.53 [44]

@ Measured at pH 2.0; ® measured at pH 4.0-7.5;  measured at pH 3.4; ¢ measured at pH 2.5.

The major Raman lines of the AsxW1s and As2VW17 complexes were observed at 995 and 982 cm™!,
respectively. The Raman band at approximately 990 cm ! is due to the stretching mode of W-Oq and
is affected by the cation in the solid state [52]. The Raman bands of the n-BusN" salts of AsoWig and
P>Wis, in which a small number of H" are included as counter cations, occur at lower wavenumbers
than those of small cation salts, such as potassium. These Raman bands were used as reference
signals to investigate the formation and conversion processes of the As2Wis and As2VW17 complexes
in the reaction mixtures, while taking into consideration the effect of the proton.

Cyclic voltammograms of 5.0 x 107 M X2VaWis-a (X = P, As; a = 0, 1) were measured in 95%
(v/v) CH3CN containing 0.1 M HCIO4 (Figure Al). Details are provided in the Supporting

Information. The voltammetric behaviors of XoVWi7 were used to determine whether the
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vanadium-substitution reaction occurred on the basis of the appearance of a new redox wave at a

more positive potential than that of the corresponding parent non-substituted species.

100+

Current/ u A

PSR RN AN N S S NN T TR S N SR S
-800  -400 0 400 800
E/mV vs Ag/AgCl
' T T T T T

Raman intensity

R R R B R
1010 1000 990 980 970 960
Wavenumber/cm

Figure 2. Cyclic voltammograms (A) and Raman spectra (B) of a
100 mM W(VI)-200 mM As(V)-10 mM V(V)-pH 2.0 system collected (a) after a
solution without V(V) was heated at 80 °C for one week and (b) after 10 mM V(V) was
added and the solution was heated again at 80 °C for one day.

2.2. Formation of Dawson-Type Vanadium-Substituted Tungstoarsenate and
Tungstophosphate Complexes

Figures 2A(a) and 2B(a) show a cyclic voltammogram and a Raman spectrum, respectively, of a
100 mM W(VD)-200 mM As(V)—pH 2.5 system heated at 80 °C for one week. Four-step reduction
waves were observed at 95, —83, —416 and —676 mV, which corresponded to one-, one-, two- and
two-electron transfers, respectively. In addition, a Raman peak appeared at 994 cm '. These
voltammetric waves and the Raman peak are due to the formation of the As2Wis. After 10 mM V(V)
was added, the pH was re-adjusted to 2.5 with conc. HCI and the solution was heated at 80 °C for
one day; the original reduction waves and the Raman peak at 994 cm™' disappeared, and new
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reduction waves at 437, =263 and —448 (Figure 2A(b)) and a new Raman band at 988 cm ™' appeared
(Figure 2B(b)). The voltammetric and Raman spectral behaviors indicate that one of the tungsten
units in the As2Wis was substituted with vanadate to form the As;VW 7. The vanadium substitution
of P2Wis leads to 1-P2VWi7, whose vanadium is located at a polar site, as described below. In
addition, the Wells—Dawson-type 1-S2VW17 was prepared by addition of V(V) to the reaction
mixture, where the parent S2Wis is dominant [46]. The vanadium unit of the observed As2VW17 was
located at the polar position, although Raman spectroscopy, cyclic voltammetry and other
measurements provided no information on this perspective.

(@)

C)

S

L 1 L 1 L 1 L 1 L
-10  -11 -12  -13 -14 -15
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Figure 3. *'P NMR spectrum of a 100 mM W(VI)-500 mM P(V)-V(V)-pH 2.0 system
collected (a) after a solution without V(V) was heated at 80 °C for one week, (b) after
50 mM V(V) was added and the solution was heated again at 80 °C for one day and
(¢) after a solution of 100 mM W(VI)-500 mM P(V)-50 mM V(V)—pH 2 was heated at
80 °C for one week.

The formation of P2VW 17 by the substitution reaction of P2Wis with V(V) was investigated using
3P NMR. After a solution of 100 mM W(VT) and 500 mM P(V) was heated at pH 2 at 80 °C for one
week, four main *'P NMR peaks at —10.9, —11.2, —11.7 and —12.4 ppm were observed; these peaks
were attributed to the formation of a-P2Wis (—12.4 ppm), B-P2Wis (—10.9, —11.7 ppm) and PW1;
(—11.2 ppm) (Figure 3a). Upon further heating at 80 °C for one day following the addition of 50 mM
V(V) and adjustment of the pH to 2.0, the three peaks at —10.9, —11.2 and —11.7 ppm disappeared,
whereas two new peaks appeared at—10.8 and —12.9 ppm; these peaks were ascribed to the formation
of the 1-P2VW17. However, the peak at —12.4 ppm did not completely disappear despite the addition
of 100 mM V(V). A similar result was obtained in the case of the substitution reaction of the
Keggin-type XMi2 (X = P, As; M = Mo, W) with V(V). The PWi2 and PMoi2 were not fully
converted into PVaWi2.a and PVaMoiz-a, respectively, in aqueous CH3CN solution, although both
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AsWi2 and AsMoiz were fully converted into the corresponding vanadium-substituted
species [44,45]. The relatively high stability of P2W1s, compared to that of As2Wis would lead to
incomplete conversion of the PoWis into the P2VWi7, similar to the conversion of the PMi2
(M = Mo, W) into the PVM.1.

Raman intensity

|
980 960
Wavenumber/cm

|
1020 1000

Figure 4. Raman spectra of a 100 mM W(VI)-200 mM As(V)—pH 2.0 system containing
various concentrations of V(V) collected after each solution was heated at 80 °C for one
week. [V(V)])/mM = (a) 0; (b) 5; (c) 10; (d) 15; and (e) 20.

To investigate the direct formation of XaVWi7 (X = As, P), but not through XoWis as an
intermediate species, Raman spectra and >'P NMR spectra were collected after a solution of W(VI)—
V(V)-As(V) or —P(V) was heated at an appropriate pH. Figure 4 shows the Raman spectra collected
after a solution of 100 mM W(VI), 200 mM As(V) and 0-20 mM V(V) were heated at pH 2 at 80 °C
for one week. In the presence of 5-15 mM V(V), the Raman peak shifted from 993 cm™! to 987 cm ™!
when the concentration of V(V) was increased, thereby indicating the substitution of a tungsten unit
in As2Wi1g with V(V) to form As2VW17. However, a broad, new Raman peak appeared at 1005 cm ™,
and its intensity increased depending on the concentration of V(V) (7-20 mM) (Figure 4, (d) and
(€)). The new peak at approximately 1005 cm™' was due to the formation of Keggin-type
AsVW1i [45]. Indeed, AsVW 11 was isolated along with As2VW17 when prepared in accordance with
the literature [48], where the solution conditions used in the synthesis were similar to those used in
our experiments, as previously described.

Figure 3¢ shows the *'P NMR spectrum collected for a solution of 100 mM W(VT), 500 mM P(V)
and 50 mM V(V) at pH 2 heated at 80 °C for one week. Only one peak (at —14.3 ppm) was observed
that was attributable to the formation of the Keggin-type PVWi1. Even when the concentration of
V(V) was increased or decreased, the two peaks at —10.8 and —12.9 ppm associated with the
formation of P2VW17 were not observed. Notably, the occurrence of AsxWis or P2Wis in the reaction
mixture appears to be essential for the formation of the corresponding V(V)-substituted species,
As:VW17 and P2VW17.



212

0
<
=200
=
-
£
=
©_400
600 |~ . [ [ T
0 200 400 600
E/mV vs Ag/AgCl

Figure 5. Cyclic voltammograms of a 100 mM Mo(VI)-10 mM As(V)-10 mM V(V)-
0.5 M HCl system collected (a) after a solution without V(V) was heated at 80 °C for 7 h,
(b) immediately after 10 mM V(V) was added to solution (a) and subsequently heated at
80 °C for 2 h and (c) after solution (b) was heated at 80 °C for one day.

2.3. Formation of Wells—Dawson-Type Vanadium-Substituted Molybdoarsenate and
Molybdophosphate Complexes

The vanadium substitution reactions of PMois and As2Mois were also investigated using cyclic
voltammetry and *'P NMR spectroscopy. Three reduction peaks appeared at 477, 363 and 194 mV
in the cyclic voltammogram collected after a solution of 100 mM Mo(VI), 10 mM As(V) and 0.5 M
HCI was heated at 80 °C for 8 h; these peaks were due to the formation of As2Mois (Figure 5(a)) [47].
After 10 mM V(V) was added and the solution was heated at 80 °C for 2 h, the original three peaks
increased in magnitude of current, but the reduction potentials did not change (Figure 5(b)).
Moreover, after the solution was heated at 80 °C for 15 h, a new reduction peak appeared at 500 mV
in addition to a small peak at 375 mV, whereas the intensities of the original three reduction waves
were diminished (Figure 5(c)). This new wave is ascribed to the formation of Keggin-type AsV.Moiz-
a [44]. In fact, only AsV:Moi2-: (z = 1,2) could be isolated as a tetra-alkyl ammonium salt from this
solution (see the Supporting Information). The occurrence of AsVMoi7 has not been confirmed,
although we have extensively examined the solution under various conditions. In addition, we have
investigated the direct formation of As2VMoi7 from a Mo(VI)-As(V)-V(V)-HCl system
under various conditions. However, only Keggin-type vanadium-substituted molybdoarsenate was
formed in the solution.



213

(@)

(b)

2 3 4
6 /pp

Figure 6. 3'P NMR spectra of a 100 mM Mo(VI)~100 mM P(V)-25 mM V(V)-1.0 M
HCI system collected (a) after a solution without V(V) was heated at 80 °C for 30 h and
(b) after V(V) was added and the solution was heated again at 80 °C for one day.

The substitution reaction of a molybdenum unit in P2Mois with V(V) into P2VMoi7 was also
extensively investigated. The *'P NMR spectrum for a 100 mM Mo(VI)-100 mM P(V)-1.0 M HCI
system showed two peaks at —0.97 and —2.49 ppm due to the formation of PMoy and P2Mous,
respectively (Figure 6a) [33,34,47]. After 10 mM V(V) was added and the solution was allowed to
stand at room temperature for 1 h, new peaks appeared at —3.57 in addition several peaks at around
—3.4 ppm, which are ascribed to the formation of mono-vanadium-substituted and multi-vanadium-
substituted Keggin-type molybdophosphate, respectively. Meanwhile, the intensities of the peaks at
—0.97 ppm and —2.49 ppm decreased in intensity, indicating that a small amount of PMo1s remained
in the solution. Although we have investigated the solutions under various conditions by changing
the order of addition of reagents and the heating time, only Keggin-type vanadium-substituted
molybdophosphates were formed. As with the Mo(VI)-As(V)-V(V) system, no P2VMo17 appeared
at any considerable concentration in the Mo(VI)-P(V)-V(V) system. For both the Mo(VI)-V(V)-
As(V) and —P(V) systems, no X2VMo17(X = As, P) formed from XoMois. These results suggest
that Keggin-type XVMor: should be substantially more stable than Wells—Dawson-type X2VMo17 in
the solution.
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W(VD-X(V)-V(V) systems

WVD+AS(V)HH ——» [As;W150621% [As;VW17062]7
V(V)  W(VI)
WVD+As(VHV(V)HH? —— [As:W15062]%, [As2VW17062]17, [AsVaW12.040]%"

WPV — [PaWis0al® > P:WisOe]”
[PaVW17062]™
V(V) W(VI)

WVDHP(V)+V(VHHT  —> [PVaW12.0040]

Mo(VD)-X(V)-V(V) systems

_— [P2M01 8062]6’

Mo(VIHX(V)+HT  —>[XaMo1s0621* +V(V) [XVaMo12.4040] ¢

Mo(VI+X(VHV(V)+H" — [XV,M012:0401%*"

Scheme 1. Vanadium substitution reaction of Wells—Dawson-type POMs for the
M(VD)-X(V)-V(V) (M =W, Mo; X =P, As) systems in aqueous solution.

3. Experimental Section

Voltammetric measurements were performed using a microcomputer-controlled system. A glassy
carbon (GC) electrode (BAS GC-30S) with a surface area of 0.071 cm? was used as the working
electrode, and a platinum wire served as the counter electrode. The reference electrodes were
Ag/AgCl (saturated KCI1) for aqueous solutions and Ag/Ag” (0.01 M (M = mol/dm®) AgNOs in
acetonitrile) for acetonitrile solutions. Prior to each measurement, the GC electrode was polished
with 0.1-pm diamond slurry and washed with distilled water. The voltammograms were recorded at
25 + 0.1 °C. Unless otherwise noted, the voltage scan rate was 100 mV/s. Raman spectra were
recorded on a Horiba Jobin Yvon model HR-800 spectrophotometer. The argon line at 514.5 nm was
used for excitation. The Raman measurements were conducted at 20 °C. For quantitative
measurements, the Raman intensities were normalized by the 1048-cm ! band associated with NO3;
0.1 M NaNO; was added and used as an internal standard. The *'P NMR measurements were
performed on a JEOL model INM-LA400 spectrometer at 161.70 MHz. An inner tube containing
D20 was used as an instrumental lock. Chemical shifts were referenced to 85% H3POa. The
preparation procedures of the n-BusN" salts of the POMs used in the present study are described in
the Appendix.

4. Conclusions

In the present study, the V(V)-substitution reactions of Wells—Dawson-type POMs were
investigated in aqueous solution using *'P NMR and Raman spectroscopy and cyclic voltammetry.
The elucidated vanadium substitution reaction processes are summarized in Scheme 1. The addition
of V(V) ions to a solution containing As2Wis or PaWig led to the corresponding As2VWi7 or
1-P2VW17, respectively, although not all P2Wis in the solution was completely transformed into
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1-P2VW17, even after a large excess of V(V) was added. These results suggest that P2Wis is more
stable than AsaWis. As2VWi7 and 1-P2VW17 can be prepared directly from AsaWis and P2Wis,
respectively, via the addition of V(V), a synthetic procedure that is simpler than those previously
reported [48—51]. This simplified procedure enables the preparation of a large amount of XaVW17 at
industrial levels as oxidant catalysts at low cost. Interestingly, tungsten in the one-position of XaWis
could be substituted with V(V) to form XoWi7, while XaWis decomposed with a weak base to form
4-X>Wi7. The order of addition of the reagents to the reaction mixture was very important. Even
when the concentrations of W(VI), V(V), H" and P(V) or As(V) were the same, mixing and then
heating the reagents led to the Keggin-type XVWi1, although As2VW17 was observed as a mixture
in the case of the As(V) system. This result implies that the occurrence of XoaWis in the reaction
mixtures was essential for the formation of the corresponding V(V)-substituted species, X2VW17. In
contrast, only XVMoi1 (X = As, P) formed, rather than X2VMo17, in the Mo(VI)-V(V)-P(V) and —
As(V) systems, even when various concentrations of V(V), P(V), As(V) and acid were used and the
order of the addition of the reagents was varied. The results suggested that the formation constants
of XVMoii are likely much greater than those of X2VMoi7. To the best of our knowledge, the
literature contains few reports of the synthesis of Wells—Dawson-type vanadium-substituted
phosphorus- and arsenic-centered heteropolymolybdates, XoVMoi7 (X = P, As). According to the
results of the present study, X2VMo17 cannot be synthesized using simple procedures.
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Appendix

Al. Cyclic Voltammograms of X2VaWis-a (X=P,As;a=0, 1)

Figure Al shows the cyclic voltammograms of 5.0 x 10* M XoV.Wiga (X =P, As; a=0, 1) in
95% (v/v) CH3CN containing 0.1 M HC1O4. The XaWis complexes exhibit two-step redox waves
with midpoint-potentials (Emia) of -440 and -610 mV vs. Fc/Fc* for Pa2Wig and -400 and -550 mV for
As>Wis, with a current ratio of 1:1, where Emid = (Epe + Epa)/2, where Epc is the cathodic peak potential
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and Epa is the anodic peak potential. Each wave was diffusion-controlled. Coulometric analysis and
normal-pulse voltammetric measurements confirmed that the two-step reduction waves
corresponded to two two-electron transfers. In the case of cyclic voltammetry performed in aqueous
acid solution (pH = 1.0: [HCI] = 0.1 M and [NaCl] = 0.9 M), the first two-electron transfer redox
wave observed in Fig. 2 was split into two one-electron transfer waves at +0.04 and —0.14 V vs. SCE
for P2Wis, and +0.08 and -0.10 V for As2Wis [53,54]. Because the redox potential of the vanadium
components of vanadium-substituted POMs XVM11 and S2VW 17 was more positive than those of the
molybdenum or tungsten components in these complexes, the reduction waves at approximately 200
mV should be ascribed to the reduction of V(V) to V(IV) in the XaVW17 complexes [46,55-58].
Each of the Emia for PMi12 (M = Mo, W) occurred at a more negative potential than that of the
corresponding AsMia2. Similarly, each Emida for P2Wis and P2VWi7 also occurred at a more negative
potential than that of the corresponding As2Wis and As2VW17, although we could not elucidate the
origin of the oxidation wave at 0 mV in the voltammograms of As2VWi7 and P2VW17. No oxidation
wave was observed when the switch potential was set at a more positive potential than the tungsten
reduction potential. On the basis of these voltammetry results, the occurrence of the vanadium
substitution reaction can be determined from the appearance of a new peak at more positive potentials
than the redox potentials of the Mo or W component in the POMs after the addition of V(V) to the
reaction mixtures.

Current/ u A

1 I 1 I 1 I 1 I 1 I
-600 -400 -200 O 290 400
E /mV vs Fc/Fe

Figure Al. Cyclic voltammograms of (a) [As2VW170¢62]”, (b) [As2W18062]%, (c)
[P2VW17062]7, and (d) [P2W18062]® in 95% (v/v) CH3CN containing 0.1 M HCIOa.

A2. Identification of POMs Isolated as a tefra-Butylammonium Salt from a 100 mM Mo(VI)-
10 mM As(V)-0.5 M HCI System after the Addition of 5-20 mM V (V)

POMs were isolated as a tetra-butylammonium salt from a 100 mM Mo(VI)-10 mM As(V)-0.5
M HCI-5-20 mM V(V) system after measuring cyclic voltammograms as shown in Figure 5. The
IR spectra of the isolated salts were measured using a Jasco 460-plus IR spectrometer; IR bands were
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observed at 950, 890, 847, and 786 cm . These bands were compared with the reported data to
identify the mixture of 7-BusN" salts of [AsVMo11040]*" and [AsV2Mo10040]°~ [44].
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Water Oxidation by Ru-Polyoxometalate Catalysts:
Overpotential Dependency on the Number and Charge of the
Metal Centers

Simone Piccinin and Stefano Fabris

Abstract: Water oxidation is efficiently catalyzed by several Ru-based polyoxometalate (POM)
molecular catalysts differing in the number, local atomistic environment and oxidation state of the Ru
sites. We employ density functional theory calculations to rationalize the dependency of the reaction
overpotential on the main structural and electronic molecular properties. In particular, we compare
the thermodynamics of the water oxidation cycle for single-site Ru-POM and multiple-site Ru,-POM
complexes. For the Ru-POM case, we also investigate the reaction free energy as a function of the Ru
oxidation state. We find that the overpotential of these molecular catalysts is primarily determined
by the oxidation state of the metal center and is minimum for Ru(IV). In solution, the number of
active sites is shown to play a minor role on the reaction energetics. The results are rationalized and
discussed in terms of the local structure around the active sites and of the electrostatic screening due
to the molecular structure or the solvent.

Reprinted from Inorganics. Cite as: Piccinin, S.; Fabris, S. Water Oxidation by Ru-Polyoxometalate
Catalysts: Overpotential Dependency on the Number and Charge of the Metal Centers. Inorganics
2015, 3, 374-387.

1. Introduction

Replacing fossil fuels with renewable energy sources, like solar and wind, requires developing
a strategy to cope with the intrinsic variability of these sources. To this end, Nature
employs photosynthesis, which enables plants to convert sunlight into chemical energy through
electrochemical reactions where HoO and COs, are the reactants, while sugars and O, are the products.
Mimicking this process with artificial devices would allow storing solar energy in the form of
chemical fuels, which can be used at a later time to generate heat or electricity through combustion
or fuel cells. Developing these technologies with high-enough efficiency is one of the current grand
challenges in physical sciences [1,2].

One of the main bottlenecks for artificial solar fuel production is the lack of efficient, stable and
inexpensive catalytic materials for the anodic reaction, the oxidation of water:

2H,0 — Oy + 4H™ + 4e™ (1)

The oxidation potential of this four-electron semi-reaction is 1.23 V, measured at pH = 0 against
the normal hydrogen electron (NHE). This high oxidation potential reflects the high stability of water:

AG°(2H,0 — Oy + 4H,) = 4.92 eV )

Using sunlight to promote the electrochemical splitting of water would therefore afford storing
solar energy in the rearrangement of the chemical bonds among hydrogen and oxygen atoms,
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producing molecular Hy. Using the electrons released to the anode through the oxidation of water
to reduce CO,, rather than protons, would lead to the production of more manageable fuels, like,
for example, methanol. Regardless of the fuel produced at the cathode, the source of electrons and
protons at the cathode will be water, and suitable catalysts are needed to facilitate its oxidation.

RuO, and IrO, catalysts, although efficient, suffer from poor stability in non-alkaline conditions
and are based on rare (and hence, expensive) elements, preventing their application on the massive
scale required to replace fossil fuels. Third-row transition metals, such as Ni, Co, Fe and Mn, on the
other hand, are much more abundant, and therefore, oxides of these elements are very attractive for
the fabrication of anodic materials. The oxygen evolving complex in photosystem II, the catalyst
used by green plants and some bacteria for oxidizing water, is indeed based on Earth-abundant
elements, like Mn and Ca. It contains a Mn,CaOs core with a distorted cubane structure [3], and
recent experiments aimed at utilizing third-row elements within a similar cubane motif have achieved
impressive results [4].

Molecular catalysts for water oxidation have also been intensively investigated [5],
especially since the discovery of the “blue dimer” molecule (cis,cis-[(bpy)*~
(H,O)Ru'ORu(H,0)(bpy)2]*") [6]. While in heterogeneous catalysts, it is usually difficult
to identify the catalytically-active species, homogeneous catalysts are better suited to mechanistic
studies [7]. Measuring the catalyst performance on a per-atom basis, molecular catalysts are in
general more efficient than metal oxides, but they suffer from poor stability [8], since the organic
ligands are quickly oxidized during the catalytic cycle.

Polyoxometalates (POMs) represent a special class of molecular catalysts, since they are
fully-inorganic compounds that can serve as scaffolds to host different kinds of transition metal atoms
or as ligands that stabilize multi-center metal-oxo cores. Recent experiments have shown that POMs
with a metal-oxo core containing four transition metals atoms, like Ru [9,10], Co [11] or Mn [12],
can be very efficient water oxidation catalysts. There is an obvious structural analogy between the
metal-oxo core of these molecules, containing four transition metal atoms, and the Mn,CaOs5 core of
the natural catalyst for water oxidation [3], also containing four transition metal centers.

The discovery that single-site catalysts can also be efficient catalysts for water oxidation [13]
has led to significant progress in identifying the reaction mechanism, mostly due to the structural
simplicity of their active site [14]. Single-site POMs have also been shown to be active in water
oxidation, in particular a Ru-based POMs with the Keggin structure [Ru™(H,0)XW,;059]°~ (X = Si,
Ge) [15]. The mechanism of water oxidation promoted by this single-site catalysis has been proposed
to involve a nucleophilic attack of a water molecule on a Ru-oxo intermediate [15,16], in line with
with what we have recently proposed for the four-atom analog Ruy-POM [17] and for a variety of
Ru-based molecular catalysts [18].

It is suggested that both the single-site and multiple-site POMs can promote water oxidation with
a common reaction mechanism and that they have a very similar local structural environment around
the Ru site. In this work, we focus on the following fundamental questions: How does the water
oxidation thermodynamics and overpotential depend on the number of active sites in these molecular
catalysts? How does the reaction thermodynamics depend on the charge state of the metal centers?
We provide insight into these fundamental issues by means of density functional theory (DFT)



223

calculations. Our DFT simulations investigate the catalytic mechanism of water oxidation promoted
by the single-site [Ru'(H,0)SiW;039]°~ (Ru-POM). The effects of the Ru oxidation state are
investigated by studying analogous Ru-POM systems in which the Ru center has higher oxidation
states, namely Ru(IV) and Ru(V). To assess the dependence of the reaction thermodynamics on the
number of active sites in the molecular catalyst, we compare the results for the Ru-POM against those
obtained for the Ruy-POM [Ruy(11-O)4(p1-OH)2(H20)4)(7-SiW10036)]'0~ that we investigated in our
previous works [17,19].

2. Computational Methods

2.1. Electronic Structure Calculations

The calculations are based on the spin-polarized DFT, and the exchange and correlation potential
is approximated using either the Perdew—Burke—Ernzerhof (PBE) generalized gradient-corrected
approximation [20] or the B3LYP hybrid functional [21,22]. This choice of exchange and correlation
functionals is motivated by recent work [23] comparing the accuracy of DFT calculations using
a variety of exchange and correlation functionals against highly accurate CCSD(T)calculations for
water oxidation on a single-site Ru catalyst. This work has shown that hybrid functionals, such as
B3LYP, PBEO [24] and MO06 [24], are the best-performing DFT methods, resulting in errors for the
reaction energies and barriers for the rate-determining step of 1-2 kcal/mol. A similar conclusion was
also recently drawn by computing the thermodynamics of water oxidation on Co-based catalysts [25].

The geometry optimizations of the single-center Ru-POM are performed with the LANL2DZ
basis set, using the Los Alamos relativistic core potentials (EPCs) [26] for Ru and W atoms.
The total energies are then computed with single-point (i.e., fixed geometry) calculations using
the Stuttgart—Dresden (SDD) basis set and EPC [27,28]. Solvation effects are included with the
SMDsolvation model [29] through single-point calculations on the optimized geometries. All of the
above calculations were performed with the Gaussian 09 software [30].

The comparison of the thermodynamics for the single-center Ru-POM presented in this work with
the results for the multiple-center Ru,-POM catalysts described in our previous work [17,19] requires
using the same level of theory for the two systems. The available energetics for water oxidation
promoted by Ru,-POM was obtained with the CP2Kcode [31]. To benchmark the reproducibility
of the results when changing the code, we have therefore calculated the energetics of the catalytic
cycle promoted by Ru-POM also with CP2K, employing the same computational parameters of [19].
This benchmark is reported in Appendix A. In the CP2K calculations, the Ru and W atoms are
modeled using the DZVP-SR-MOLOPTbasis set, while for H and O atoms, we used the the
TZV2P-MOLOPT basis set. The cutoff for the plane wave representation of the charge density
was set to 350 Ry. The molecules were simulated in vacuum, in cubic boxes with a side of 24 10%,
using the Martyna—Tuckerman method to decouple the periodic replicas of the system. More details
regarding this computational approach can be found in our previous work [19].

To compute the effects of solvation in the Ru,-POM molecule, we used the COSMO
(conductor-like screening model) method [32], as implemented in the NWChemcode [33]. Due to the
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high computational cost of modeling this large molecule, solvation effects were in this case evaluated
with a single-point calculation using the PBE functional and the TZVPbasis set. The solvation energy
was then used to correct the B3LYP results obtained in a vacuum. Since the reactions we model in
this work involve the addition and removal of hydrogen atoms from adsorbates in contact with the
liquid environment, the notorious difficulty of implicit solvent models to describe hydrogen bonds
accurately can lead to inaccuracies. However, the magnitude of these inaccuracies, as will be shown
below, are significantly smaller than the magnitude of the reaction energies and the difference in

reaction energies, which are the quantities of interest in this work.

2.2. The Water Oxidation Cycle

In this work, we investigate the energetics of the water oxidation reaction focusing on the
free energy differences between the intermediates visited by the system along the reaction cycle.
Following previous works [17,19], here, we assume that (i) all oxidation steps are coupled to a
proton transfer, resulting in four consecutive proton-coupled electron-transfer (PCET) steps, and (ii)
the O-O bond formation takes place through a nucleophilic attack of a solvent water molecule on a
Ru-oxo species (also known as the acid-base mechanism). The water oxidation cycle investigated in
this work is schematically shown in Figure 1. Several studies indicate this mechanism to be active on
a variety of single- and multi-center molecular catalysts, including the well-known “blue dimer” [34]
and the Ruy-POM complex [17], and it has also been suggested to be at play in the case of metal
oxide surfaces, such as RuO,(110) [35].

Assuming we start with a metal center M in oxidation state n (M"), the first step involves the
removal of a proton from an incoming water and the oxidation of the metal center from oxidation
state n to n + 1 (M"*1), leading to the formation of a hydroxo ligand. The second step involves
the formation of an oxo intermediate and the formal oxidation of the metal to M"*2. The following
step consists of the nucleophilic attachment, resulting in a hydroperoxo ligand (OOH™) and in the
reduction of the metal to M1, The final step consists of the release of molecular oxygen and the
reduction of metal back to the initial oxidation state (M™). We stress that the oxidation states reported
in Figure 1 are just formal oxidation states, while calculations show that, for example, in Ru(IV), the
formation of the oxo ligand is accompanied by the reduction of the metal center and the formation of
an oxyl ligand, leading to a Ru(V)-O-, rather than a Ru(VI)-O intermediate, as shown in our previous
work [17]. Similarly, the OOH ligand has a radical character, reducing the Ru metal in a similar
fashion to the oxyl radical.

We note that the assumption that all oxidations are coupled to proton removal might not be valid
under strongly acidic conditions. This is an important factor to consider in the comparison with the
experiments. Indeed, Murakami et al. [15] showed that at low pH, the first oxidation does not involve
a proton exchange, while the second one involves the loss of two protons.
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Figure 1. Scheme illustrating the water oxidation mechanism investigated in this work.

2.3. Reaction Thermodynamics

The thermodynamics of the electrochemical catalytic cycle was studied with the protocol
proposed by Ngrskov et al. [36]. This approach allows for calculating the free energy difference
among the various intermediates. Energy barriers between different reaction steps are not included
in the approach. The method has been extensively applied to study water oxidation [35,37,38] and
oxygen reduction [36] reactions on metal and metal oxide surfaces.

In this approach, all oxidations are assumed to be PCET steps. The advantage of this assumption
is that the energetics of the electrochemical reaction can be referenced to the normal hydrogen
electrode (NHE), and the problematic calculation of the distinct chemical potentials of H* and e~
can be avoided. By referring the calculated electrode potentials to the NHE, the free energy of the
pair HT + e~ is equal to half the free energy of a hydrogen molecule at standard conditions, which
can be easily and accurately calculated:

HY + e < 1/2H, (3)
At zero bias and at pH = 0, the free energy change AG of a PCET step reaction is computed as:
AG = AE + AZPE + AH — TAS 4

where AE is the difference of the DFT total energies, AZPE is the change in zero point energy,
computed using the DFT vibrational frequencies, and AH and AS are the changes in enthalpy and
entropy, computed using standard thermodynamic tables [39].

The energy of the various reaction intermediates has been computed in standard conditions of
temperature and pressure and pH = 0. The energy difference between the initial and final states
corresponds to the free energy change of the reaction Equation (1), i.e., 4.92 eV. Computing this
number from first principles would involve the calculation of the O, molecule, which is known to
be poorly described in DFT (especially using GGAfunctionals), and would result in a significant
underestimation of the free energy cost to split water. We therefore use the experimental value and
fix the last point of the oxidation cycle, corresponding to the release of Oy(g) to be 4.92 eV higher
than the initial point.

The effect of a finite bias U on a state involving one electron in the electrode is modeled by
lowering the energy of this state by —eU. In this approach, the overpotential for the water oxidation
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reaction is simply defined as the potential at which all steps become downhill in energy. The effect
of pH can be accounted for correcting the free energy of HT ions by the concentration dependence
of the entropy, resulting in a term kg7 In10 x pH to be added to the value of AG computed at
pH =0 [36,40].

3. Results and Discussion

3.1. Electronic Structure of Ru-POM: Dependency on the Ru Oxidation State

We start by characterizing the electronic structure of the [Ru(III)-POM]*~ complex
([Ru™(H,0)SiW1;039]°7) that consists of a Keggin-type polyoxometalate with a surface W atom
substituted by a Ru atom. We show in Figure 2 the relaxed geometry obtained using the

PBE functional.
(b) e
* ?

Figure 2. Relaxed geometry of the [Ru(III)-POM]°~ molecule. Red, cyan, gray, yellow
and white spheres represent O, Ru, W, Si and H atoms, respectively. The isosurface shows
the spatial distribution of the HOMO (a) and LUMO (b) orbitals. POM, polyoxometalate.

The six-fold coordinated Ru ion is at the center of a distorted octahedron formed by five O ions
of the POM molecule and by the O atom of the ligand water molecule. The octahedral ligand field
induces a significant splitting of the 5, and e, levels. The charge and spin analysis of the ground
state show that the Ru ion is in a low-spin d® electronic configuration, in which the five d electrons
occupy the o, levels. This electronic configuration leaves one unpaired electron and, therefore, leads
to a doublet state.

The highest occupied molecular orbital (HOMO) wavefunction is shown in Figure 2a: it is
primarily localized on the Ru site and has a d,, character. Similarly, we also find that the lowest
unoccupied molecular orbital (LUMO) is mostly localized on the Ru ion (Figure 2b) and has a d,,
character. We find a HOMO-LUMO gap of 0.42 eV using the PBE functional and 2.85 eV using the
B3LYP functional.
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We now focus on the changes in the electronic structure resulting from oxidizing
the [Ru(IIl)-POM]°~ complex. In our computational setup, this can be achieved by reducing the
number of electrons in the system, i.e., by controlling the overall charge of the molecule.

The charge and spin analysis of the electronic ground states for the [Ru(IV)-POM]*~
and [Ru(V)-POM]?~ systems are reported in Table 1. The values of the Mulliken spin polarization
at the Ru site were obtained with both the PBE and B3LYP functional. In each case, we report
only the values corresponding to the lowest-energy spin configuration. The calculated Mulliken spin
polarization follows the trend expected when going from a doublet in the case of Ru(IIl) to a triplet
for Ru(IV) and to a doublet for Ru(V). In the case of a doublet, a single unpaired spin should result in
pequal to 1.0, while a triplet should result in 1 equal to 2.0. We find lower values, indicating a certain
degree of delocalization of the Mulliken spin density outside the Ru ion. We also find, in agreement
with previous calculations [19], that hybrid functionals lead to a slightly larger localization of the
spin density at the metal site, compared to the semi-local GGA-type of functionals.

Table 1. Mulliken spin polarization at the Ru ion as a function of the Ru oxidation
state, evaluated in a vacuum. OS indicates the oxidation state of the Ru ion, “conf.” the
electronic configuration, Q the total charge of the anion, 2S + 1 the multiplicity and p
the Mulliken spin polarization in Bohr magnetons at the Ru ion obtained with the two
functionals. PBE, Perdew—Burke—Ernzerhof.

OS Conf. Q 2S+1 pu(PBE) u(B3LYP)

-

Ru(Ill) d° =5 2 0.74 0.81
Ru(IlV) d* —4 3 1.31 1.48
Ru(V) & -3 2 0.76 0.67

3.2. Thermodynamics of the Water Oxidation Cycle
3.2.1. Ru-POM and the Effect of Ru Oxidation State

In Figure 3, we show the free energy cost to oxidize water along the reaction steps of the
mechanism displayed in Figure 1. The reaction energetics is reported for the Ru-POM catalyst in
both vacuum conditions (open symbols) and in solution (filled symbols and solid lines). Different
colors of lines and symbols denote different charge states of the catalyst. The actual values of the
free energy steps are also reported in Table 2.

The catalytic cycle promoted by Ru(IIl)-POM is denoted by the black symbols. The calculated
energetics show that, when considering solvation effects, the step requiring the largest free-energy
difference (2.06 eV) is determined by the formation of the hydroperoxo intermediate *OOH. The
figure shows the free energy change along the oxidation cycle also for the Ru(IV)-POM and
Ru(V)-POM catalysts. By increasing the oxidation state of the Ru atom, the free energy cost of the
formation of hydroperoxo intermediate reduces while the cost for the second oxidation, the formation
of the oxo intermediate, increases. In fact, we can see that the cost of those two steps is very similar
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for the Ru(IV)-POM catalyst (1.73 eV and 1.78 eV), while in the case of Ru(V)-POM, the formation
of the *O intermediate becomes the most demanding step (1.83 eV).

5 T

© Ru(IIl) vac
o Ru(IV) vac

& Ru(V) vac
r |e—e Ru(Ill) sol
=u Ru(IV) sol
+— Ru(V) sol

& | |
D D
Qmo@ & o O@b &

Figure 3. B3LYP free energy changes along the reaction cycle for single-center
Ru-POMs with the Ru atom in different oxidation states (III, IV and V). Filled symbols
represent the calculations performed accounting for the solvation effects, while empty
symbols the calculations perfumed in a vacuum.

Table 2. Free energy changes along the catalytic cycle for the single-center Ru-POM and
for Ruy(IV)-POM computed with the B3LYP functional. Both results in a vacuum and in
solution are reported.

In Vacuum In Solution

Intermediate
RudIl) Ru(IV) Ru(V) Rus(IV) Ru(ll) Ru@V) Ru(V) Ruy(dV)

Ho0O() 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
*OH 0.00 0.40 0.89 0.78 0.31 0.77 1.20 0.72
*O 1.01 1.76 2.23 2.50 1.58 2.50 3.03 2.65
*OOH 297 3.01 4.00 4.20 3.64 4.28 4.66 4.35
O2(g) 4.92 4.92 4.92 492 4.92 492 492 4.92

We can understand these results using the fact that the sum of the free energy cost to perform the
second and third oxidation, i.e., the transformation of a hydroxo ligand into a hydroperoxo ligand, is a
universal constant independent of the catalyst. According to these results of Man et al. [41], the sum
of these two steps has a free energy cost of 3.2 (+£0.2 eV, 67% confidence interval, and +0.4 eV, 95%
confidence interval), and in fact, we find values of 3.33, 3.51 and 3.46 eV for Ru(Ill)-, Ru(IV)- and
Ru(V)-POM, respectively. The increase of the oxidation state of Ru leads to weaker bonding of the
*Q intermediate, and as a result, the free energy cost to form *OOH from *O decreases while the free
energy cost to form *O from *OH increases. This is consistent with the fact that for Ru(IIl), where
the *O binding energy is stronger (1.44 eV, where larger numbers indicate weaker binding), the most
demanding step is the formation of *OOH, while for Ru(V), where the *O binding energy is weaker
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(2.90 eV), the most demanding step is the formation of *O. Ru(IV) offers the best compromise,
with a *O binding energy of 2.36 eV, leading to the free energy cost to form *O and *OOH being
very similar.

According to the protocol proposed by Ngrskov et al. [36], the overpotential for Ru(III)-POM is
equal to 2.06 — 1.23 = 0.83 V, while we obtain 0.55 V and 0.60 V for Ru(IV)- and Ru(V)-POM.
An important result of our investigation is therefore that the best single-center Ru-POM catalyst with
a Keggin structure is the one containing a Ru(IV) ion. Since the free energy cost of the two most
demanding steps is very close (within 0.05 eV), this catalyst is almost optimal, within the constraint
highlighted by Man et al. [41]. A similar conclusion was also reached in our previous work on the
four-center Ruy(IV)-POM [17].

3.2.2. Ru-POM vs. Ru,-POM: The Effect of the Number of Ru Centers

In Figure 4a, we compare the energetics of the water oxidation cycle promoted by Ru-POM,
considering Ru(Ill), Ru(IV) and Ru(V) single centers, with the one promoted by the four-center
Ru(IV)4;-POM. In all cases, the calculations are performed using the B3LYP functional and
accounting for solvation effects, as described in the Methodssection. The striking result of this
comparison is that the values obtained for Ru(IV),-POM nicely match those for the single-center
Ru(IV)-POM. This suggests that the most important factor in determining the energy cost of the four
steps of the water oxidation cycle is the oxidation state of the metal center promoting the reaction,
regardless of the number of metal centers. We stress here that the local atomistic environment around
the Ru center, namely the octahedron formed by the six oxygen atoms neighboring the metal center,
is similar in the single-site and multiple-site molecular catalysts.

e Ru(Ill) oo Ru(IV) sol

== Ru(IV) == Ru(IV) vac

s Ru(V) i 4| © Ru,IV)-POM sol i

o Ru,(IV)-POM o Ru,(IV)-POM vac
Sk g Sk g
2 2
Q Q
Q2f . Q2f .
1+ . 1+ .
1 | L I | L
N $ O N @ \3 $ O 4 @
Qg 4O *00 oY Qg 4O *00 oY

Figure 4. (a) B3LYP free energy changes along the reaction cycle computed in solution;
(b) comparison of the effect of solvation on Ru(IV)-Keggin and Ru(IV),-POM.

Our results show that the molecular structure beyond the first O shell of the Ru active site has
minor effects on the catalyst overpotential, which is instead primarily governed by the oxidation state
of the metal site.

In addition, Figure 4b shows that solvation effects are much larger in the single-center
Ru(IV)-POM compared to the four-center Ruy(IV)-POM. This implies that the agreement discussed
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above is found only in solution, not in a vacuum. The reason for this behavior is likely due to
electrostatic effects originating from the large charge of the the anions (—4 for Ru-POM and —10
for Ruy(IV)-POM), which obviously cannot be screened when the calculations are performed in a
vacuum. These effects manifest more clearly in the smaller catalyst, while is negligibly small for the
larger Ruy(IV)-POM, as already argued in our previous work [19].

4. Conclusions

In summary, we have used DFT calculations to investigate the water oxidation reaction catalyzed
by single-center Ru-based polyoxometalates with the Keggin structure. By controlling the overall
charge of the molecule, we were able to study the energetics of the reaction cycle as a function of the
oxidation state of the Ru center. We found that the Ru(IV) ion leads to a lower overpotential compared
to Ru(III) and Ru(V), which we rationalized on the basis of the strength of the Ru-Ointeraction. When
compared against the Ru,(IV)-POM catalyst, we found that the single-center and the multi-center
catalysts based on the Ru(IV) ion display very similar energetics. For reaction mechanisms based
on a single site, our results show that the electronic structure of the active metal ion controls the
energy cost of the oxidation steps, while the local structure around the Ru sites beyond the first
O shell does not contribute appreciably. Solvent effects are remarkably important for the smaller
Keggin-type single-center molecules, while the Ru,(IV)-POM molecule, likely due to its much larger
size, is able to effectively screen its charge and, hence, display smaller effects of the solvent on its
catalytic properties.
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Appendix

A. Estimating the Error Bar in the Computed Thermodynamics

In this work, we employ different computational approaches to estimate the dependency of the
reaction thermodynamics on the number and oxidation state of the active centers. This is necessary
because the present data for the Ru-POM system are obtained with the Gaussian 09 code, while
the available results for the Ru,-POM system were obtained with the the CP2K code [17,19]. It is
therefore useful to assess the error bar of this analysis by comparing the results obtained with the
two approaches for the same system, namely the water oxidation cycle promoted by the single-center
Ru(IIT)-POM in a vacuum.

In both cases, we use the B3LYP functional, while the choice of basis sets and pseudopotentials
differ: in the case of CP2K calculations, we use DZVP-MOLOPT for Ru and W, TZVP-MOLOPT for
O and H and GHTpseudopotentials [42], while in the case of Gaussian 09 calculations, we use SDD
basis sets and effective core potentials. In both cases, the structures are optimized using the default
thresholds on forces. In Table Al, we compare the free energy changes along the catalytic cycle
obtained using the two approaches. The differences are in all cases small, the largest one being equal
to 0.16 eV in the second step. While this difference is not negligible, indicating that our calculations
are likely not fully converged with respect to the basis set, it is small enough to allow meaningful
comparisons between the results obtained in our previous work on the four-center Ru,-POM and the
single-center Ru-POM.

Table A1. Comparison of the free energy changes along the catalytic cycle computed
using CP2K(B3LYP/DZVP-TZV2P) and Gaussian (B3LYP/SDD-TZVP). Both sets of

calculations are performed in a vacuum.

Intermediate CP2K Gaussian
H20(1) 0.00 0.00
*OH —0.05 0.00
*O 1.17 1.01
*OOH 2.98 2.97
02(g2) 4.92 4.92

One more source of error in our approach, when comparing solvation effects in Ru-POM and
Ruy-POM, is the use of two different solvation models, SMD and COSMO. We therefore evaluated
the discrepancy between the two models on the smaller Ru(III)-POM molecule, for the case of a H,O
ligand. The SMD differences with respect to the vacuum case (i.e., the solvation effects) in the free
energy costs of the first three steps (the fourth step is set to 4.92 eV by construction) are 0.31 eV,
0.57 eV and 0.67 eV, respectively. The values obtained with the COSMO solvation model are 0.17 eV,
0.29 eV and 0.44 eV. The differences between the two solvation models are of the order of 0.2 eV,
with the COSMO model resulting in smaller solvation effects. Furthermore, in this case, therefore,
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the errors are sufficiently small to allow for a meaningful comparison of the results obtained with
these two different solvation models.
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