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Preface 

This work contains the research of my PhD studies from August 2017 to November 2020 

under the supervision of Assistant Professor Kasper S. Pedersen. Primarily, the presented 

results were obtained at the Department of Chemistry at the Technical University of 

Denmark (DTU). The project was funded by a VILLUM Young Investigator grant 

received by Assistant Professor Kasper S. Pedersen. Additionally, data was obtained at 

several large-scale neutron and synchrotron facilities, which was supported financially by 

the instrument center for the Danish users of synchrotron- and neutron-sources 

(DanScatt). Furthermore, research was conducted during a short-term scientific research 

stay at the Institute of Molecular Science at the University of Valencia, which was 

supported by the COST Action MOLSPIN.  

A significant part of the thesis’ content is contained in published or unpublished 

manuscripts, which are attached at the end of the thesis. After a broad introduction to the 

topic in Chapter 1, Chapter 2-Chapter 4 contain a summary and discussion of the 

obtained results. These chapters are each introduced with an overview of the scientific 

background and terminated with a short conclusion. For a more detailed presentation of 

the results and the description of the methods, the reader is referred to the attached 

manuscripts. In the Outlook, routes for the continuation of the research are proposed.  
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Abstract 

Radical architectures in two dimensions is a thesis by Laura Voigt describing research 
conducted under the supervision of Assistant Professor Kasper Steen Pedersen submitted 
to the Department of Chemistry at the Technical University of Denmark.  

Synthesis of organic ligand-based coordination networks and metal-organic frameworks 
(MOFs) allows for the design of modular structures with components from the vast 
number of possible organic ligands and metal-based species. The envisaged, and 
occasionally already realized, applications are of great variety, including gas sorption and 
storage, catalysis, electronics, magneto-electronics, photonics, and quantum technologies. 
A challenge in contemporary inorganic chemistry is to develop abilities to control the 
structural, electronic, magnetic, and chemical properties of MOFs and coordination 
networks. To gain that proficiency, design and synthesis methodologies for the realization 
of coordination network and MOF architectures are to be developed. This work showcases 
some of such design principles displayed by a range of new coordination networks and 
MOFs with rich magnetic, electronic, structural, and chemical properties, using synthetic 
inorganic coordination chemistry and a range of physical characterization techniques. As 
a joint theme the presented research revolves around two-dimensionality, i.e., strong 
bonds in two dimensions and weaker forces in the third dimension. 

The first approach pillars on ligand non-innocence to establish magnetic interactions and 
charge transport. Reducing metal ions can transfer electrons onto redox-active ligands 
leading to ligand radicals and non-innocence. The spin density on the ligand mediates 
magnetic interactions between magnetic metal ion nodes and ligand mixed-valency may 
yield charge transport in form of electron hopping via the π-d conjugated orbitals. In the 
family of layered CrX2(pyz)2 (X = Cl, Br, I, NCS; pyz = pyrazine) the nature of the terminal 
halide or pseudo-halide ligand is decisive for the axial ligand field of Cr, and hence the 
redox properties of Cr and the activation of ligand non-innocence. In that way, the ligand 
field can be used to regulate the electronic structure of the coordination network. Despite 
the structurally highly cognate structures, the properties of this family of coordination 
networks are exceedingly diverse depending on the placement of the ligand in the 
spectrochemical series. Whereas CrI2(pyz)2 is an insulating antiferromagnet with an 
ordering temperature of 26 K, Cr(NCS)2(pyz)2 orders ferrimagnetically below 140 K and 
exhibits largely temperature-independent conductivity and a large hysteresis in the 
magnetoresistance. Single-crystal and powder X-ray diffractometry, X-ray absorption 
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spectroscopy, magnetometry, resistivity measurements, and computational methods were 
used for the deconvolution of the properties of the compounds. Additionally, the 
molecular compounds trans-Cr(acac)2L2 (with L = pyridine derivatives) were used to shed 
light on the ligand-field actuated non-innocence in coordination compounds derived 
from Cr(II). The concept of ligand non-innocence through electron transfer from the 
metal during synthesis can be transferred to main group element chemistry, leading to a 
very rare example of a magnetic coordination network without any inner or outer 
transition metal ion in GaCl2(pyz)2. To the contrary, it is shown that, with Ln(II) 
(Ln = lanthanide) ions, electron transfer is impeded, as neither Eu(II) nor the strongly 
reducing Yb(II) commence ligand reduction. 

The second approach makes use of the plasticity of Ln(II) ions arising from the deeply 
buried nature of the 4f orbitals and the large ionic radii to form pentagonal bipyramidal 
nodes rarely found in transition metal coordination chemistry. An Yb(II) five-fold vertex 
node and 4,4¢-bipyridine linkers are used for the generation of a coordination network 

with layers exhibiting a rare semiregular Archimedean tessellation, which verges on 
quasicrystallinity. Archimedean tessellations are desirable motifs for materials science 
with promising applications within optoelectronics and magnetically frustrated systems.  

The third approach employs the π-back-bonding nature of CO ligands for the stabilization 
of MOFs with zero-valent metal nodes. Using the common substitution reaction of 
homoleptic carbonyl compounds with neutral ligands, the reaction of hexacarbonyls of 
the group 6 metals with pyrazine led to the formation of MOFs with pore channels, in 
which the carbonyl groups line the pore walls of the framework. Such MOFs with 
potentially novel chemical functionality grafted inside the pores constitute a future 
strategy for designing size-selective MOFs for heterogeneous catalysis.  

 

 

Laura Voigt 

November 2020 
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Danish Abstract 

Radical architectures in two dimensions er en afhandling af Laura Voigt udført under 
vejledning af adjunkt Kasper Steen Pedersen og indleveret til Institut for Kemi ved 
Danmarks Tekniske Universitet.  

Syntese af koordinationsnetværk og metal-organiske netværk (MOFs) muliggør design af 
modulære strukturer med komponenter fra det gigantiske antal mulige organiske ligander 
og metalion-byggeklodser. De påtænkte og lejlighedsvis allerede realiserede anvendelser 
spænder bredt og inkluderer blandt andet gassorption og -lagring, katalyse, elektronik, 
magneto-elektronik, fotonik og kvanteteknologier. Den nuværende udfordring for 
kemikere er at udvikle strategier til at kontrollere de strukturelle, elektroniske, magnetiske 
og kemiske egenskaber af koordinationsnetværk og MOFs. For at opnå dette skal nye 
design- og syntesemetoder til MOF-arkitekturer udvikles. Denne afhandling præsenterer 
nye designprincipper, der eksemplificeres af en række nye koordinationsnetværk og 
MOFs der udviser interessante magnetiske, elektroniske, strukturelle og kemiske 
egenskaber. Som et fælles tema omhandler dette forskningsprojekt to-dimensionalitet, 
dvs. materialer der har stærke kemiske bindinger i to dimensioner og kun svage 
vekselvirkninger i den tredje dimension.  

Den første tilgang bygger på ligand-non-innocence til etablering af magnetiske 
vekselvirkninger og ladningstransport. Reducerende metalioner kan overføre elektroner 
til redox-aktive ligander, hvilket fører til ligand-baserede radikaler og non-innocence. 
Spintætheden på liganden medierer stærke magnetiske vekselvirkninger mellem de 
magnetiske metalioner, og blandet valens i ligandnetværket kan føre til ladningstransport 
i form af hoppende elektroner via π-d-konjugerede orbitaler. I familien af lagdelte 
CrX2(pyz)2 (X = Cl, Br, I, NCS; pyz = pyrazin) er naturen af den terminale halogenid- eller 
pseudo-halogenid-ligand afgørende for det aksiale ligandfelt omkring Cr, og influerer 
dermed Cr’s redoxegenskaber og derfor pyz-ligandens non-innocence. På den måde kan 
ligandfeltet bruges til at regulere den elektroniske struktur i CrX2(pyz)2-familien. På trods 
af de strukturelt næsten identiske strukturer er egenskaberne kritisk afhængige af 
placering af X-liganden i den spektrokemiske serie. Mens CrI2(pyz)2 er en isolerende 
antiferromagnet med en ordningstemperatur på 26 K, er Cr(NCS)2(pyz)2 en ferrimagnet 
under 140 K der udviser en næsten temperaturuafhængig ledningsevne og udtalt hysterese 
i dets magnetoresistens. Enkeltkrystal- og pulver-røntgendiffraktion, 
røntgenabsorptionsspektroskopi, magnetometri, resistivitetsmålinger og 
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tæthedsfunktionalteori-metoder faciliterede forståelsen af forbindelsernes egenskaber. 
Derudover blev relaterede, molekylære forbindelser, trans-Cr(acac)2L2 (med 
L = pyridinderivater), studeret for at belyse ligandfeltets betydning for tilstedeværelsen af 
ligand-non-innocence i simple Cr(II)-koordinationsforbindelser. Ligand-non-innocence, 
der opstår gennem elektronoverførsel fra Cr(II), kan overføres til metalioner i 
hovedgrupperne, hvilket førte til realiseringen af et meget sjældent magnetisk 
koordinationsnetværk, GaCl2(pyz)2, der hverken indeholder indre eller ydre 
overgangsmetaller. Tværtimod er det vist, at med Ln(II)-ioner (Ln = lanthanoid) er 
elektronoverførsel forhindret, da hverken Eu(II) eller den stærkt reducerende Yb(II) 
medfører en reduktion af liganden. 

Den anden tilgang gør brug af plasticiteten af Ln(II)-ioner, der stammer fra de begravede 
4f-orbitaler og deres store ionradier, til dannelse af pentagonale bipyramidale 
knudepunkter, som sjældent findes i de ydre overgangsmetallers kemi. Et Yb(II)-baseret 
fem-dobbelt knudepunkt og brodannende 4,4¢-bipyridin er anvendt til at generere et 

koordinationsnetværk med lag, der udviser en sjælden semiregulær arkimedisk 
tessellation, som er tæt forbundet til kvasikrystallinitet. Arkimediske tessellationer er 
ønskelige strukturelle motiver i materialevidenskab med lovende anvendelser inden for 
eksempelvis optoelektronik og magnetisk frustrerede systemer. 

Den tredje tilgang anvender CO-ligandens π-back-bonding-karakter til stabilisering af 
MOFs med nul-valente metalknudepunkter. De almindeligt forekommende 
substitutionsreaktioner i homoleptiske carbonylforbindelser med neutrale ligander kan 
tænkes at lede til nye lavvalente MOF-strukturer. Her fører reaktionen mellem gruppe 6-
metallernes hexacarbonylforbindelser og pyz til dannelsen af MOFs med porekanaler, 
hvor carbonylligander polstrer porevæggene. Sådanne MOFs med potentiel ny kemisk 
funktionalitet forankret i porerne kunne udgøre en fremtidig strategi til størrelsesselektive 
MOFs til heterogen katalyse.  

 

Laura Voigt 

November 2020 
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1. Introduction 

A modular approach to materials discovery  

Originated from metallurgy and ceramics, modern materials science is concerned with the 

discovery and study of materials to solve contemporary problems through technologic 

progress. Through connecting a material’s atomic structure and its physical properties to 

real-world problems, materials science has led to tremendous progress for our society. For 

example, the study of silicon surface-oxidation eventually led to the invention of metal-

oxide-semiconductor field-effect transistors fundamental for the massive silicon industry,1 

the discovery of giant magnetoresistance in Fe/Cr superlattices or multilayers yielded 

magnetic data storage,2,3 and the study of superconducting materials is at the foot of the 

recent realizations of first generation quantum computers.4 Fundamental to these 

inventions is the study of the properties of existing or of newly fabricated materials and, 

hence, the discovery of new materials with interesting physical properties is one of the 

pillars of materials science. Materials discovery has recently led to crucial new organic and 

inorganic materials including conductive organic photovoltaic polymers,5 graphene,6 and 

high entropy alloys.7  

The field of metal-organic framework (MOF) and, more broadly, coordination network 

chemistry bridges between organic and inorganic synthetic chemistry.i Similar to zeolites 

though far exceeding in variety and complexity, this modular approach, using inorganic 

and organic building blocks to build up solids, enables unprecedented control of the atom 

composition, linkage, and topology of the structures, which is ultimately what defines a 

material’s physical properties. Additionally, the softness of coordination networks and 

MOFs enables structural responses towards outer stimuli, and the usually crystalline 

 
i Whereas a coordination network is defined as a coordination compound that extends in 

two or three dimensions or that consists of one dimensional crosslinked chains, a metal-

organic framework is a sub-category of a coordination network containing organic ligands 

and potentially pores.8  
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nature facilitates the study of the structure-property relationship. All this is making MOFs 

“the mainstream of materials science”.9  

Due to the generally porous nature of MOFs, most of the published research is geared 

towards the invention of MOFs for gas-sorption, -capture, and -filtering,10–16 and shape-

selective catalysis17,18 taking place inside the pores. A much smaller body of research 

regards the discovery of new MOFs and coordination networks as solid-state materials for 

advancing photonic, electronic and magnetoelectronic technologies. Some of the 

challenges within that are the fabrication of coordination networks and MOFs suitable for 

construction of monolayers for two-dimensional (2D) materials science,19 and with 

interesting electronic and optical properties, including frustrated magnets, 

superconductors, and photonic crystals.20–25 Coordination network chemistry is especially 

effective for the design of new solid-state structures with rich physical properties, as a 

whole toolbox accrued in over a century of coordination chemistry can be utilized. This 

contains tools and concepts such as valency, ligand field, molecular orbital theory, and 

molecular geometry. Moreover, the exchange of the organic and inorganic building blocks 

is a path to straightforwardly tweak the chemical structure, thus providing a handle on the 

modification of the framework’s properties, including the electronic and magnetic 

structure, chemical functionalities, and the framework’s architecture. In that vein, the 

work presented herein provides a coordination chemist’s approach on how to tackle 

challenges within materials science with metal-organic framework chemistry using low-

valent metals and employing ligand field and molecular orbital theory as a tool.  

Justification for the format and organization of the thesis 

The research in this thesis is of topical nature within the field of functional metal-organic 

frameworks and coordination solids. As rapid publication of the research is necessary, a 

focus was placed on the composing of manuscripts for publication in scientific journals. 

Each chapter starts with a brief introduction of the topic and afterwards the results within 

the respective manuscripts are discussed to give a concise overview over the conducted 

research. For a more detailed account of the research, including the method sections, the 

reader is referred to the manuscripts that are compiled at the end of the thesis. Each study 

comprises the synthesis and characterization of entirely new coordination networks or 
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MOFs, or in some cases molecular compounds. To achieve the most impactful research, 

the proper investigation of the physical properties sometimes necessitated advanced 

characterization techniques and thus highly collaborative work. Hence, some of the 

studies feature work from research teams from other universities being involved in parts 

of the characterization.  

List of the included works in order of how they appearii 

Paper 1: “Formation of the layered conductive magnet CrCl2(pyrazine)2 through 

redox-active coordination chemistry”. 

Kasper S. Pedersen, Panagiota Perlepe, Michael L. Aubrey, Daniel N. Woodruff, Sebastian 

E. Reyes-Lillo, Anders Reinholdt, Laura Voigt, Zheshen Li, Kasper Borup, Mathieu 

Rouzières, Dumitru Samohvalov, Fabrice Wilhelm, Andrei Rogalev, Jeffrey B. Neaton, 

Jeffrey R. Long, and Rodolphe Clérac, Nat. Chem., 2018, 10, 1056-1061. 

 

Paper 2: Ligand field-actuated redox-activity of acetylacetonate 

Morten Gotthold Vinum,‡ Laura Voigt,‡ Steen H. Hansen, Colby Bell, Kensha Marie Clark, 

René Wugt Larsen, and Kasper S. Pedersen, Chem. Sci., 2020, 11, 8267-8272. 

 

Paper 3: Evidence for Non-Innocence of a β-Diketonate Ligand 

Morten Gotthold Vinum,‡ Laura Voigt,‡ Colby Bell, Dmytro Mihrin, René Wugt Larsen, 

Kensha Marie Clark, and Kasper S. Pedersen, Chem. Eur. J, 2020, 26, 2143-2147. 

 

Paper 4: Ferrimagnetic Order, Magnetic Anisotropy, Magnetoresistance, and Single-

Crystal Conductivity in the Layered Coordination Solid, CrBr2(pyz)2 

Laura Voigt, Mariusz Kubus, Siena Wong, Panagiota Perlepe, Andrei Rogalev, Fabrice 

Wilhelm, Samuel Mañas-Valero, René Wugt Larsen, Jacob Overgaard, Eugenio 

Coronado, Rodolphe Clérac, and Kasper S. Pedersen, manuscript to be submitted to J. Am. 

Chem. Soc. 

 
ii ‡ denotes equal contributions of authors  
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Paper 5: The ligand field dictates non-innocence and physical properties in a 

homologous series of 2D coordination solids 

Laura Voigt, Mariusz Kubus, Panagiota Perlepe, Andrei Rogalev, Fabrice Wilhelm, 

Charlie McMonagle, Marco Coletta, Euan K. Brechin, René Wugt Larsen, Rodolphe 

Clérac, and Kasper S. Pedersen, manuscript to be submitted to Nat. Commun.  

 

Paper 6: Engendering redox-noninnocence in the 2D coordination solid 

GaCl2(pyrazine)2 

Laura Voigt, Wenjie Wan, Mariusz Kubus, David Nielsen, Susanne Mossin, René Wugt 

Larsen, Ivica Zivkovic, Henrik M. Rønnow, Niels Bech Christensen, and Kasper S. 

Pedersen, manuscript to be submitted to Chem. Commun. 

 

Paper 7: Pentagonal-bipyramidal acetonitrile complexes of the lanthanide(II) iodides 

Mariusz Kubus, Laura Voigt, and Kasper S. Pedersen, Inorg. Chem. Commun., 2020, 114, 

107819.  

 

Paper 8: Chemical engineering of quasicrystal approximants in lanthanide-based 

coordination solids 

Laura Voigt, Mariusz Kubus, and Kasper S. Pedersen, Nat. Commun., 2020, 11, 4705. 

 

Paper 9: Zero-valent metals in metal-organic frameworks: fac-M(CO)3(pyz)3/2 

Laura Voigt, René Wugt Larsen, and Kasper S. Pedersen, to be submitted to Chem. 

Commun. 

 

 

Further attached are experimental details of the studies of Cr(NCS)2(pyz)2 (Appendix 1) 

and EuBr2(pyz)1.5·0.5 MeCN (Appendix 2) currently not contained in manuscripts. 
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2. 2D materials for advancing technologies (Paper 1-Paper 6) 

2D materials 

There has been important progress in the last years towards exploring the effect of 

dimensionality in materials, which is the change in a material’s properties when going, for 

instance, from a layered 3D material, to a layer of single atom thickness, a 2D material. 

Ever since the transformation of graphite to graphene, without question the most famous 

of the 2D materials, and the exploration of rich electronic transport properties at the 2D 

limit,6 researchers have envisioned the high potential for next-generation technologies 

utilizing 2D materials. Graphene was generated from micromechanical exfoliation of 

graphite, in which simple plastic tape is used to separate the layers from the bulk. 

Graphene’s popularity arises from its largely temperature-independent ballistic (massless) 

charge mobility, the strong ambipolar electric field effect, which is the generation of 

substantially conducting electrons or holes with a gate voltage, and the observed room 

temperature quantum Hall effect.26 Regardless, graphene as the archetype 2D material 

bears limits. Owing to the lack of unpaired electrons, long-range magnetic order in 

graphene is not feasible. Indeed, research within magnetic 2D materials is considered 

essential for the technological progress in, e.g., spintronics, which dictates a demand for 

the development of 2D materials with long-range magnetic properties paired with 

electronic transport properties for the generation of spin polarized currents. An important 

milestone was set for 2D magnetism with the seminal discovery of intrinsic 

ferromagnetism in a monolayer of CrI3 at low temperatures (ordering temperature 

Tc = 45 K compared to bulk Tc = 61 K).27 This is especially enthralling, as 50 years ago the 

Mermin-Wagner theorem28 excluded the possibility of magnetic order in isotropic 2D 

Heisenberg magnets, due to insuperable thermal randomization effects in a monolayer. In 

van der Waals layers, however, as exemplified by CrI3, reduced crystallographic symmetry 

installs intrinsic magnetic anisotropy, which removes this constraint. This is in stark 

contrast to metallic thin films, in which no ordering can be observed when approaching 

the monolayer (monolayer Ni: no order observed, compared to bulk TC = 627 K).29 Like 

graphene, sheets of CrI3 were obtained through micromechanical exfoliation by breaking 

the weak van der Waals bonds in between the atomic layers of single crystals, and, 
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alongside monolayers, few-layer samples were produced. Interestingly, bilayer CrI3 

behaves distinct from both monolayer and the bulk, with zero net magnetization due to 

antiferromagnetic coupling between ferromagnetic layers with an exchange field of 

±0.65 T.27 The discovery of monolayer ferromagnetism and the layer-dependent magnetic 

interactions, lead to the use of CrI3 as a platform to study physical phenomena at the 

monolayer limit. For instance, a magnetoelectronic response of bilayer CrI3 was studied 

by voltage-driven switching of the metamagnetic transition from the antiferromagnetic to 

the ferromagnetic state.30 Further, magneto-photoluminescence was shown to occur in 

monolayer CrI3 as the magnetization direction dictates the helicity of the circularly 

polarized photoluminescence.31 Lastly, largely field-dependent magnetic tunneling 

through CrI3 layers was studied, which shows the potential of CrI3 as an atomically thin 

material for spin valves and magnetic tunnel junctions.32,33 Besides nanolayers of CrI3, 2D 

van der Waals crystals derived from other inorganic materials like phosphorene,34 MoS2,35 

boron nitride,36 etc.37–41 have been at the frontline of 2D materials sciences. Nonetheless, 

the exploration of new atomically thin materials is considered essential in order to harvest 

2D materials with a widespread selection of properties to further the progress in 2D 

materials science for next-generation technologies.  

Motivated by the increasing attention on atomically thin materials obtained through 

exfoliation of layered bulk samples, the fabrication of layered MOFs and coordination 

networks has become a trend in contemporary coordination chemistry, driven by a larger 

degree of structural plasticity and tunability compared to inorganic van der Waals 

materials. Judicious selections of metal nodes and organic ligands are composed for the 

construction of reticular coordination layers, which are bound together by van der Waals, 

dipole, or π-stacking interactions. Through top-down techniques such as liquid phase 

exfoliation via sonication,42–44 and micromechanical exfoliation45 well-defined functional 

coordination networks may be fabricated down to the monolayer limit.46 Displaying the 

potential of coordination networks for 2D materials science, in a recent study of López-

Cabrelles et al., a newly synthesized series of antiferromagnetic isoreticular layered Fe-

coordination networks bearing benzimidazole derivatives were exfoliated and the 

monolayers were used for the exploration of the magnetic properties at the 2D limit.19 As 

of now, an experimental study of charge transport on a coordination network monolayer 
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remains to be undertaken since existing “2D” studies have merely been conducted on 

films47,48 or nanosheets of several layers.49 This is however desirable, as a few computational 

studies suggest rich electronic and magnetoelectronic properties of metal-organic 

monolayers22,50,51 with interest for condensed matter physics, such as topological 

insulation50,52,53 and the quantum anomalous Hall effect.54,55 Besides possible quantum 

technological applications, electrically conductive MOFs and coordination networks are 

investigated for their potential in, e.g., chemiresistive sensing,56 optoelectronics,57,58 and as 

cathode catalyst material in metal-air batteries.59,60 Although, the significance of 

coordination networks in 2D materials science is not yet anywhere close to that of 

materials like graphene or CrI3, the design of layered coordination network and MOF 

materials with intrinsic physical phenomena will likely yield such breakthroughs: The 

proliferation of coordination network materials is without comparison owing to the 

copiousness of available building blocks, and the capability of making tunable and multi-

functional materials is essential for advancements in 2D materials sciences.  

Layered magnetic and conducting coordination networks 

Certainly, the design of polymeric solid-state structures with inorganic coordination 

chemistry is bound to be fruitful, as the periodic electronic structure can be easily modified 

through the selection of the versatile components, which have typically already been 

studied on a molecular level. The usually crystalline nature of coordination networks leads 

to good predictability,22,61–63 and facilitates investigation of structure-property 

relationships. The combination of organic and inorganic building blocks leads to 

synergetic effects which cannot be paralleled by either an organic polymer or a purely 

inorganic material. For instance, orbital overlap in between the π-system of the organic 

ligand and the d orbitals of the metal can provide a pathway for charge transport, and 

ligand non-innocenceiii can provide for mobile charge carriers. At the same time, unpaired 

 
iii Ligand non-innocence is present when the oxidation state of the ligand and therefore 

that of the metal is not clear from the chemical formula due to comparable redox 

potentials.  
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electrons on the ligands can facilitate increased magnetic exchange interactions between 

paramagnetic metal ions and long-range magnetic order. As will become clear throughout 

the presented work, the above can be instrumentalized to build interesting materials with 

physical properties that can be tuned by modifying the local chemical surroundings, for 

instance by controlling the ligand-field of the metal ions. The following offers an 

introduction to the strategies for obtaining magnetism and conduction in coordination 

networks relevant for the herein presented research. For timely reviews comprehending 

the recent literature on conducting and magnetic MOFs and coordination networks, the 

reader is referred to ref 24 and 25.  

Pathways to conducting coordination networks 

Compared to conductivity pathways that merely go through space or via chemical bonds, 

infinite conjugation of the covalent bonds in metal-organic layers can be at the origin of 

exceedingly efficient charge mobility.24 Energetically well-matched frontier orbitals of the 

ligand and the metal ion lead to low resistance, whereas more ionic-like bonds lead to 

more localized electronic states and higher resistivity. Further on, organic radicals that are 

produced either through oxidation or reduction leading to ligand non-innocence, provide 

for conductivity through intervalence charge hopping or electron delocalization within 

partially filled valence or conduction bands. The coordination networks with the highest 

conductivity values contain multitopic flat ligands such as hexa-substituted 

triphenylenes,56,57,59,64,65 and benzenes,21,49,66–70 and square planar metal geometries, most 

often with Ni and Cu, which allows for ideal extended pπ-dπ conjugation, providing for 

barrier-less electron delocalization and band-like transport properties. As such, 

Ni3(HITP)2 (HITP = 2,3,6,7,10,11-hexaiminotriphenylene)64 holds the record within 

porous MOFs with room temperature conductivity values of 150 S cm–1, whereas 

Cu3(BHT) (BHT = benzenehexathiolate) holds the record for non-porous coordination 

networks with 2500 S cm–1 and additionally was found to display superconductivity at low 

temperatures for the first time in any coordination polymer.21 Despite record high 

conductivity, the use of square planar, often d8, metal ions hinders the implementation of 

magnetism into the framework.  
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Closely related to the previous mechanism but occurring for thermally activated 

transitions of the radical electrons over small potential barriers and therefore with partly 

localized charges, charge hopping through the conjugated d-π-system can lead to efficient 

charge-transport up to ~0.5 S cm–1. Less efficient charge-transport up to 10–3 S cm–1 can be 

reached with redox hopping over distances in between the hopping sites that are too large 

to allow for any orbital overlap.24 Locally the hopping process can be considered as inter-

valence charge transfer (IVCT) and can be monitored with mid-infrared (MIR) or near-

infrared (NIR) spectroscopy through the occurrence of a broad charge-transfer band.71 

Those bands are similarly observed in mixed-valence complexes and charge-transfer 

salts,72,73 and were first studied in the famous Creutz-Taube ion consisting of mixed-valent 

Ru ions linked by pyrazine (pyz), i.e., [RuII/III–pyz–RuII/III]5+.74 Structurally related to the 

Creutz-Taube ion, partially oxidized pyz bridged Fe, Ru, and Os polymers were studied to 

relate the nature of the IVCT to the shape of the absorption bands in IR spectroscopy.75 

Indeed, the intensity and the sharpness of the peak of the IVCT absorption scaled with the 

higher conductivity values going from the Fe over the Ru to the Os polymer. More so, fully 

reduced and fully oxidized Os polymers displayed high resistivity values and a lack of 

charge transfer absorptions compared to the partially oxidized species. These results 

corroborate that the mixed valency is at the root of the electron transfer bands and of the 

charge transport.  

Sometimes in hopping systems with strongly conjugated metal and ligand orbitals, a 

smooth transition exists to band like conduction with completely delocalized electrons. 

Due to this overlap, both models for hopping processes as well as band structure 

calculations may be used to understand the conduction processes in coordination 

networks if the conduction pathway is through conjugated metal-ligand bonds.76,77  

As it is a relatively young field, the theory specifically developed for conductivity in 

coordination networks is sparse78 and its models are usually borrowed especially from 

organic conducting polymers,65,76,79 as for those, likewise, the charge transport proceeds via 

an extended π-system. For instance, the introduction of charge carriers or defects in form 

of partially oxidized or reduced ligands or metals21,64,76,77,80 into the framework can 

sometimes be seen as the generation of polarons,81 well known from organic 

semiconductors, which are quasiparticles composed of a charge carrier and its self-
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induced lattice deformation travelling through the material.82,83 If this local lattice 

deformation is more favorable in energy than that from charge delocalization, localized 

hopping conduction rather than band conduction occurs.83 While band-like processes are 

impeded thermally due to the increase of scattering processes with, e.g., phonons, charge 

hopping is thermally activated as the hopping, i.e. tunneling, process will be increasingly 

phonon assisted at increasing temperature. Due to this relationship, it is hand-wavingly 

distinguished, that hopping is characterized by a negative slope of the resistivity, ρ, against 

temperature curve (with ρ = R( A
l
), R = resistance; A and l = geometric factors; 

conductivity, σ = 1/ρ), whereas for complete delocalization, as in metals, the slope should 

be positive. Testing this characteristic will however not always result in complete 

transparency about the nature of conduction.84 Actually, a more accurately discriminating 

criterion is that in a hopping conductor or semiconductor the conductivity will reach zero 

when the temperature approaches 0 K, due to a failure of surmounting the bandgap, 

whereas in a metal the conductivity remains finite.84 For the sake of completeness: A 

superconductor shows conductivity values that go formally towards infinity below its 

transition temperature.  

To investigate the hopping conduction processes in a metal-organic framework, the 

temperature development of the conductivity is measured and plotted. Models are then 

tested as solutions for the experimental data, in order to give access to an understanding 

of the underlying processes. Originally derived for amorphous materials but now often 

used for crystalline metal-organic hopping conductors, Mott’s law85 for variable range 

hopping (VRH) is often applied to model the temperature dependence (other models 

include the Efros−Shklovskii VRH model86 and the polaronic hopping model87):  

σ(T) = σ0e(
T0
T )

1
d+1

       (1) 

Therein, σ describes the conductivity, T the temperature, d the dimensionality of the 

system, σ0 is an empirical constant, and T0 is the Mott’s characteristic temperature. σ0 is 

related to the magnitude of conductivity and scales with the localization length of the wave 

function, the phonon frequency and with the density of states at the Fermi level. T0 

measures the temperature dependence of the conductor and scales inversely with the 

localization length and with the density of states at the Fermi level. A large spatial 
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extension of the electronic wave function and a large density of states results in a high σ0 

and a low T0, which can be extracted from fitting Mott’s law to the experimental data 

plotted as the natural logarithm of the conductivity against T	 –( 1
d+1).84 

Mott’s VRH model assumes a mid-gab band located close to the Fermi level and consisting 

of localized energy states randomly distributed in space.86 At low temperatures, only 

transitions between states of small energy differences are possible, i.e., a narrow mid-gap 

band, which results in those states being on average spatially far separated. The probability 

of hopping processes is lower for more separated states, which leads to low conductivity 

values at low temperatures. With increasing temperatures, higher activation barriers can 

be overcome, as phonons increasingly assist the hopping processes, and, hence, hopping 

occurs within states that are spatially closer together and the width of the mid-gap band 

increases. That the hopping is occurring over a variety of distances at different 

temperatures, gives it the name variable range hopping. The Arrhenius function, 

σ(T) = Ae( Ea
TkB

)      (2) 

(with Ea for activation energy, A for the preexponential factor, and kB for the Boltzmann 

constant) can be used to extract an estimate of Ea for the hopping processes from small 

regions at low and high temperatures in which the curve, ln(σ) versus T 
–1, approaches 

linearity.79   

To facilitate hopping processes, the perfect alignment of metal and ligand orbitals is not 

necessary, which allows for the usage of other geometries than the often diamagnetic 

square planar d8 metals used for band like transport. This is valuable for an expansion of 

the versatility of possible framework geometries, and for the implementing of magnetic 

metal ions. A discussion follows about how to realize magnetic order in coordination 

networks and MOFs.  

Pathways to magnetic coordination networks 

The advantage that coordination-based extended structures have compared to other 

synthetic network materials, such as zeolites and covalent organic frameworks, among 

others, is the incorporation of atoms that bear unpaired electrons. The introduction of 

magnetic nodes is thus straight-forward, however, the establishment of long-range 
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interactions is less trivial. The metal-nodes in organic ligand-based networks are separated 

by bulky diamagnetic organic linkers, which leads to porous structures but also weak to 

no interactions in between spins. The combination of nano-porosity and magnetism in 

the same material is unique and creates potential for applications. For instance, the 

response of the magnetic properties to the entrance of guest molecules into the pores may 

be applied for gas-sensing technologies.88 The temperature, below which long-range 

magnetic order appears, scales with the strength of the interactions between neighboring 

magnetic moments and the size of these moments, for instance the number of unpaired 

electrons reflected in the spin angular momentum quantum number, S. The research 

within MOF and coordination network magnets is primarily devoted to the increase of 

magnetic ordering temperatures, which is at the same time commonly used as a figure of 

merit in these types of magnetic structures. The critical temperature, Tc, below which 

magnetic ordering appears, is denoted as TN (Néel temperature) in the case of 

antiferromagnetic interactions, i.e., antiparallel orientation of neighboring spins, and as 

TC (Curie temperature) for ferromagnets, i.e., parallel orientation of neighboring spins. In 

ferrimagnets, an antiparallel orientation of neighboring spins exists, of which either the 

up or down component is larger than the other. Generally, there are only few coordination 

network magnets that reach ordering temperatures above liquid nitrogen temperatures. 

Notably, most of those employ organic linkers that are radicals to facilitate strong 

magnetic exchange via the magnetic moment on the organic linker (vide infra).25,89–95  

The most straight-forward approach to tease out improved magnetic interaction and 

ordering temperatures in a coordination network or MOF is the use of small linkers to 

decrease the distance between neighboring spins. These ligands are typically small ditopic 

N- or O-donor ligands such as azolates and oxalates.25 Only one MOF with diamagnetic 

organic linkers exhibits ordering temperatures that are above liquid nitrogen 

temperatures, which appears to only be possible due to a direct VIII–O–VIII bridge between 

the metals in one of the directions of the 3D framework of terephthalic acid bridged chains 

of corner shared vanadium(III) oxide octahedra with TN = 95 K.96 The 2D framework with 

the highest ordering is composed of ionic FeIIFeIII-oxalate layers with ferrimagnetic 

ordering below Tc¢s up to 44 K.97 Notably, using even smaller inorganic CN– ligands in 

hexacyanometallates, also called Prussian blue analogues,98 has led to high Tc magnets of 
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up to 376 K in KVII[CrIII(CN)6]·2 H2O.99 However, due to the absence of organic linkers, 

the Prussian blue analogues will not be discussed in further detail.  

To rationalize magnetic interactions, computational methods in form of density 

functional theory (DFT) calculations can be utilized. These can be conducted either by 

modelling a molecular fragment of the structure, as such the network is naively mimicking 

non-interacting molecules arranged in the lattice, or a periodic lattice, when the network 

is viewed as a solid-state structure.63 Certainly, the former takes less computational cost 

and focuses on the local interactions, whereas the latter has the potential to provide the 

more accurate picture of the electronic properties in the periodic framework, including 

long-range magnetic order. By means of DFT, the total energy of a system can be 

calculated with its different possible spin configurations and the configuration with the 

lowest total energy indicates the ground state. It has to be kept in mind that the calculations 

reflect the situation at 0 K, which for coordination networks most likely will be different 

than the room temperature configuration, as only very few coordination networks are 

known to exhibit magnetic order at room temperature. Computing the spin-density 

distribution on a fragment by means of spin-population analysis from DFT, leads to the 

assessment of the amount of spin confined at each atom and thus can give insight to the 

qualitative nature of the magnetic interactions, for instance through super-exchange,100 or 

the spin-polarization pathway, relevant for aromatic diamagnetic linkers.101,102 In the latter, 

in an extended π system built-up of parallel linker p-π and magnetic d-π orbitals, the π 

symmetric atomic orbital of the linker atom adjacent to the magnetic metal becomes 

polarized which in turn polarizes the neighboring atom of the ligand, such that they bear 

a spin component that each alternates in sign. This alternation holds until the next 

magnetic atom, so that the number of atoms between the magnetic nodes are decisive for 

the orientation of the magnetic moments, as previously studied for polynuclear 

complexes.103,104 Furthermore, the interaction between the magnetic atoms can be analyzed 

quantitively by means of analytical models of the magnetic susceptibility, χ, against 

temperature curve, which probes the magnetization of a sample in a weak magnetic field 

at varying temperature. For example, the Bonner-Fisher105 model provides a model for the 

susceptibility arising from interacting S = ½ spins arranged in a chain, and a model for the 

classical 2D square lattice antiferromagnet is used to model the susceptibility curve of 
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some reticular layered antiferromagnets.106 The typical parameter reported to describe the 

degree of magnetic interaction, which arises from the fitting to the analytical models, is 

the coupling constant between neighboring spin centers, J. The analytical result for J can 

then further be compared with magnetic coupling analysis from DFT broken symmetry 

(BS) calculations on a dinuclear fragment. Herein, J is computed through the energy 

difference between the high-spin (HS) state and the BS state, a mixed-spin state with lower 

net spin than the HS state.107,108 A positive J reflects antiferromagnetic interactions, and 

vice versa for ferromagnetic interactions, according to the Hamiltonian definition: 

ℋ"  = JS1" S2"                                                  	          (3) 

The disadvantages of using short diamagnetic organic linkers are the typically rather low 

ordering temperatures due to the lack of strong magnetic exchange interactions between 

magnetic orbitals, the limited chemical variety of usable short organic linkers, and the 

impediment of pore formation of the usually more densely packed networks.25 In a 

different approach, the use of paramagnetic linkers, as in redox non-innocent linkers, 

leads to increased magnetic exchange between metal nodes with the magnetic molecular 

orbitals of the organic linker. Thus, ligand non-innocence is not only used for charge 

transport through delocalization of half-filled bands or through inter-valence hopping, 

but also for facilitation of strong long-range magnetic interactions if magnetic metal ions 

are present and is hence serving as a strategy for multi-functionality. Delocalization of the 

radical electron in diffuse linker π molecular orbitals located in between magnetic metal 

ions has several advantages: Besides the small proximity in between the magnetic 

moments, the radical is stabilized upon delocalization, and larger ligands can be used that 

potentially promote porosity. The coupling strength, J, of the linker radical-metal pair can 

reach several thousand cm–1,76 compared to a few cm–1 in between linked magnetic metals 

by the same linker in its closed shell form.109,110 However, it appears to remain somewhat 

difficult to find linkers that form a stable radical bridge, as the number of magnets with 

non-innocent linkers is limited to roughly 30 examples which are build up of only six 

different types of linkers, including organonitriles, quinoids, and triphenylmethyl 

derivates.25 In the majority of these examples, a large magnetization can be observed below 

the ordering temperature stemming from ferrimagnetic order, characterized by a steep 

increase of the susceptibility curve and the appearance of hysteresis. Of structurally 
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characterized 2D90 and 3D89 frameworks the highest ordering temperatures lie at 171 K 

employing tetracyanoethylene (TCNE) radical bridges, TCNE•–, and Mn(II) nodes.  

With non-innocent linkers the electronic configuration of the system is not clearly 

deducible from its composition. In order to clarify the oxidation state of metal and ligand 

both magnetism and spectroscopy are regularly used. For instance, in X-ray absorption 

spectroscopy the energy of the pre-edge absorption at the metal K-edge is distinctive to 

the oxidation state of the metal ion, as it marks, in case of the first transition metal row, 

the 1s to 3d transition. This absorption is rather weak due to the dipole forbidden, 

nevertheless quadrupole allowed, transition, and thus a clear modelling of the peak to get 

information of the electronic transition, as typically conducted in L-edge spectroscopy, is 

often inconclusive. Instead, it is common to use model compounds with established 

oxidation state and a coordination environment similar to the compound in question and 

compare the pre-edge absorptions. In order to derive information about the total number 

of unpaired electrons, it is common to use a magnetic signal. For example, the saturation 

magnetization of the sample at high fields and low temperatures, where only the ground 

state is populated, is directly related to the net spin value of the ground state given that the 

sample contains magnetic ions with little orbital angular momentum. The high 

temperature value in the paramagnetic regime of a magnetic susceptibility temperature, 

χT, curve, where the strength of interactions in between spins is lower than thermal 

randomization effects, can be related to the spin by the spin-only formula, derived from 

the Curie law: 

lim
T→∞

χT ≈ 
g2

8 S(S+1)                                                        (4) 

Ordering temperatures as a function of ligand reduction has amongst others been explored 

in conducting Fe semiquinone-based frameworks.80,94 Naturally, a positive correlation of 

the ordering temperatures is found when going from a mixed-valent species with partially 

reduced ligands to one with an increased amount or entirely reduced ligands. In one of 

those examples, additional ligand reduction of the already non-innocent linkers lead to a 

leap of the ordering temperature from 80 K to 105 K,94 one of the highest ordering 

temperatures reported for crystalline MOFs and coordination networks. Such tunability is 

unusual for solid state structures and renders these types of materials as exciting 
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candidates for materials science. Nevertheless, it has to be kept in mind, that the increase 

of ordering temperatures may happen at the cost of higher electronic resistance as the 

increase of spins on the ligands from a mixed valent species to a completely reduced 

species entails the removal of vacant charge hopping sites.80,81,94  

A survey of conducting and magnetic coordination networks 

Indeed, the research around conducting and magnetic coordination networks has been 

progressing each year, with rising ordering temperatures and record high conductivities 

of up to 2500 S cm–1. The combination of the two qualities into the same material is 

however not straight forward. The amorphous coordination polymer V(TCNE)x (x = 2), 

which was synthesized as early as 1991 orders above room temperature.111 Additionally, it 

shows medium high room temperature conductivity values of 10–4 S cm–1,112 and is 

therewith one of the most successful examples in which magnetic ordering and charge 

transfer exist in the same material, only being deficient due to the lack of structural 

characterizability. A summary of structural characterized MOFs and coordination 

networks is shown in Figure 1. Whereas earlier attempts failed to either aim for high 

conductivity values (tetracyanoquinodimethane (TCNQ) based solids) or for high 

ordering temperatures (halide salts and hybrid oxalate materials with organic conducting 

sublattices), only in the recent years a few groups were able to augment both of those 

properties in one and the same network through the synthesis of quinoid-bridged Fe- or 

Mn-based coordination solids and with pyz-bridged Cr-based coordination solids which 

are discussed in this work. Pyrazine (pyz) is the 1,4-diazine and as such a ditopic ligand, 

which is used in around 1800 crystallographically characterized structures (as reported in 

the CCDC structure database). The reduction of pyz has been studied as early as 1980 in 

which pyz was reduced by Cr(II) and the resulting Cr(III) pyz radical-pair was observed 

as a transient species in solution.113 It is therefore surprising that none of the 

crystallographically characterized structures contain pyz in its reduced form as a non-

innocent ligand. Cr in its divalent oxidation state is a good reductant with an aqueous 

reduction potential of ECr(III)/Cr(II) = –0.41 V. Typically, octahedral Cr(II) coordination 

complexes appear in HS configuration.114 Naturally, the energy of the electron that is 

located in the eg set of orbitals is essentially influenced by the  surrounding  ligands  which 
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Figure 1: Overview over structurally characterized coordination networks and 

coordination solids that display non-insulating behavior at room temperature and 

magnetic ordering. The figure was composed with aid of ref 94. The coordination networks 

are grouped in: hybrid materials of oxalate-bridged metal layers with layers of organic 

conducting sublattices, usually oxidized tetrathiafulvalene derivates (TTF) (grey 

rhombus),115–118 metal halide bridged salts with sublattices of usually TTF-like cations 

(downward-facing yellow triangles),119–123 coordination solids with TCNQ bridges (green 

crosses),95,124 2D77,94,125 and 3D80 structures of quinoid-bridged solids (light blue squares and 

blue triangles, respectively), and Cr and pyz based structures presented herein (red circles, 

light red circle represents the C2/m phase of Cr(NCS)2(pyz)2 as the conductivity value may 

be different from the dominant I4/mmm phase).  

will ultimately determine the tendency of electron transfer to the organic scaffold. A 

comparison of the reducing strength of different Cr(II) compounds can thus occur on the 

basis of the position of their ligands in the spectrochemical series. The compounds 

CrX2(pyz)2 displayed in Figure 1 are all structurally related with coordination layers of Cr 

atoms linked by pyz and bound to non-bridging co-ligands X, e.g. I–, Br–, Cl–, and NCS– 

(in the order of their appearance in the spectrochemical series, I– not shown in Figure 1). 

As is visible in Figure 1 and will be discussed in the following chapter, the influence of the 

axial ligand has dramatic effects on the electronic structure of the framework and can thus 

be used as a handle for the conducting and magnetic properties.  
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Metal compounds in the p and the f block with comparable reduction potential to CrCl2 

are EuBr2 and GaCl2, which is indeed not a divalent species but is instead a mixed-valent 

halide of GaI[GaIIICl4]. In the second part of the following chapter, frameworks composed 

of EuBr2 and GaCl2 with pyz will be discussed and compared to the Cr congeners. Herein, 

the influence of the limited spatial extension of the f-orbitals onto the electronic structure 

of the framework will become apparent, and the lack of available unfilled d-orbitals in Ga 

with effect on the charge transfer properties will be described illustrated by experimental 

results.  

A study on the tunability of CrCl2(pyz)2 

In the following, the concept of using reducing metal ions and pyrazine as a redox active 

linker to build metal-organic frameworks will be discussed on the basis of the research 

conducted during the last three years. The discussion has a focus on the tunability of this 

type of layered coordination network by exchanging building blocks, i.e., the metal and 

the co-ligands. Key concepts contained in Papers 1-6 and Appendix 1-2 are presented. 

For a more detailed presentation of the work, the reader is referred to those attached at the 

end of the thesis. The compound CrCl2(pyz)2 (Paper 1) counts as the pioneer compound, 

the first crystallographically characterized compound that contains reduced pyz as a 

bridging ligand. The ligand non-innocence is the basis for strong magnetic interactions 

and electron hopping in this type of coordination network. Interestingly, CrCl2(pyz)2 

contains axial Cl– ligands which are non-bridging and can thus be exchanged without 

affecting the connectivity of the structure. The influence of the axial ligand-field on the 

non-innocence of pyz was first explored on the basis of molecular congeners, the square 

planar Cr(acac)2 and Cr(hfac)2 units (Paper 2 and Paper 3). Transferring the concepts to 

the polymeric CrCl2(pyz)2, modifications of the ligand field of Cr by exchanging Cl– for 

weaker field ligands, Br– and I– (Paper 4 and Paper 5), and the strong field ligand, NCS– 

(Appendix 1), are discussed. At last, the transferability of the concept of using reducing 

divalent metals and pyz is studied, by means of comparable frameworks with p-block and 

4f-block metals using GaCl2 (Paper 6) and EuBr2 (Appendix 2).  
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Electron hopping and ferrimagnetism in CrCl2(pyz)2 

The reaction of CrCl2 and pyz at elevated temperatures yields CrCl2(pyz)2 as a green-black 

powder which was initially structurally characterized by means of Rietveld refinement of 

powder X-ray diffraction (PXRD) data (Paper 1), and later on with single crystal X-ray 

diffraction (SCXRD) (Paper 4), elucidating layers consisting of a square grid of Cr nodes 

and pyz spacers (Figure 2). The pyz ligands are bridging and disordered over two 

positions, while the Cl– ligands are non-bridging and reach towards the center of the 

quadratic voids of the adjacent layers. The unit cell is orthorhombic Immm with a small 

difference in between the a and b lengths (6.8895(6) Å and 6.9502(5) Å). The axial Cr–Cl 

bond length of 2.3305(7) Å is close to the Cr–Cl bond length observed in trans–

[CrIIICl2(py)4]ClO4·1/4H2O (Cr(III)Cl, 2.30-2.31 Å, py = pyridine, Figure 3b) and 

significantly shorter than in the Jahn-Teller distorted trans–[CrIICl2(py)4]126 (2.80 Å, 

Figure 3c). The absence of a Jahn-Teller distortion in CrCl2(pyz)2 is the first indication of 

potential ligand non-innocence in this structure. X-ray absorption spectroscopy (XAS) at 

the Cr K-edge showed a good general overlap of the spectrum of CrCl2(pyz)2 with that of 

Cr(III)Cl, and much less so with that of Cr(II)Cl (trans–[CrIICl2(NCNH2)4] indicating 

comparable electronic configurations of the Cr atoms in CrCl2(pyz)2 and Cr(III)Cl 

(Figure 3a). 

 
Figure 2: Crystallographic structure of CrCl2(pyz)2 from SCXRD in Paper 4 at 120 K. a, 

A fragment in which the disorder of the pyz ligands is visible. b, Top view of a layer and 

an adjacent layer, indicated with low opacity, showing the stacking mode. c, Stack of layers. 

The unit cell is indicated with blue dots. Hydrogen atoms are not shown in b and c. 

Selected bond lengths in Å: Cr–Cl 2.305(7), Cr–Na 2.018(3), Cr–Nb 2.071(3). Cr green, Cl 

light green, N blue, C grey, H white. 
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Figure 3: K-edge XAS results (a) of CrCl2(pyz)2 and the model compounds Cr(III)Cl 

(trans–[CrIIICl2(py)4]ClO4·1/4H2O) and Cr(II)Cl (trans–[CrIICl2(NCNH2)4]4). The 

crystallographic structures of Cr(III)Cl and trans–[CrIICl2(py)4]126 are shown in (b) and 

(c). Selected bond lengths in Å: Cr(III)Cl: Cr–Cl 2.2985(4)-2.3081(4), Cr–N 2.092(1)-

2.108(1). trans–[CrIICl2(py)4]: Cr–Cl 2.80, Cr–N 2.134-2.173. Cr green, Cl light green, N 

blue, O red, C grey, H white. Solvent molecules and counter ions were omitted for clarity. 

Importantly, the pre-edge peak arising from a 1s to 3d transition at 5991 eV, which energy 

is characteristic for the oxidation state of Cr, overlays that of Cr(III)Cl and is absent in 

Cr(II)Cl, unambiguously proving the trivalent oxidation state of CrCl2(pyz)2 and 

implying the existence of one pyz radical per formula unit and the formulation of 

CrIIICl2{pyz)2
•–}.  

The special electronic structure in CrCl2(pyz)2 has a large impact on the magnetic 

properties. Related compounds, MIICl2(pyz)2 (with M = Cu and Ni),109,110 order 

antiferromagnetically only below a few Kelvin as no pathway for strong magnetic 

exchange can occur, instead spin polarization via pyz leads to antiparallel alignment of 

neighboring spins. In CrCl2(pyz)2, the existence of spin on the ligand, increases the 

magnetic exchange strongly, such that ordering appears already below 55 K, marked by 

the appearance of hysteresis and in the sudden rise of the susceptibility (Figure 4a). The 

saturation magnetization at 2 K and 7 T amounts to 1.8 µB, which is in close proximity to 

the value expected for an antiparallel Cr(III) pyz-radical pair, suggesting a ferrimagnetic 

ground state. At 300 K, the χT value is 3.3 cm3 K mol–1. However, the curve of χT is not yet 
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Figure 4: a, Susceptibility-temperature plot of CrCl2(pyz)2 (H = 1000 Oe) with 

magnetization versus field curve at 2 K (top) and hysteresis curves at selected temperatures 

1.85, 6, 10, 15, 20, …, 45, 50, 60 K (bottom) in the insets. b, Conductivity curve plotted as 

σ versus T 

–1/3 following Mott’s law for 2D conduction (black line), which results in 

σ0 = 1.2 × 1012 mS cm–1 and T0 = 4.2 × 106 K. 

constant around room temperature, e.g. 3.4 cm3 K mol–1 at 290 K and 3.5 cm3 K mol–1 at 

280 K, showing that interactions of spins are of similar energies as the thermal energy, 

such that a comparison to spin-only values is inconclusive. Likely, at sufficiently high 

temperatures χT may approach the value for a pair of an uncoupled Cr3+ spin, S = 3/2, and 

a pyz-radical spin, S = ½, of 2.25 cm3 K mol–1. 

Besides the facilitation of strong magnetic exchange, the ligand-mixed valency of 

CrCl2(pyz)2 allows for charge transport unobserved in the related MIIX2(pyz)2.109,110 The 

conductivity at room temperature was measured to be 32 mS cm–1 (Figure 4b). The 

temperature dependency could be linearly fitted by applying Mott’s law for variable range 

hopping in two dimensions (Equation 1) to ln(σ) versus T–1/3 and hence suggests the 

occurrence of charge hopping via electronic transitions in between mid-gap states (for 

further discussion of the band structure of CrCl2(pyz)2 the reader is referred to Paper 1). 

The observed room temperature conductivity is categorized as intermediate (Figure 1) 

within related magnetic conductors. However, the combination of relatively high ordering 
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temperatures and adequate charge transport is rare, only paralleled by a 2D Fe quinoid 

framework.94  

In a recent study, the reduction of CrCl2(pyz)2 with organolithium salts in tetrahydrofuran 

(thf) was studied.127 The reaction resulted not only in the complete reduction of pyz, but 

additionally reduced Cr(III) back to Cr(II) resulting in the generation of extremely air-

sensitive Li0.7[Cr(pyz)2]Cl0.7·thf. Notably, due to an increase in the amount of unpaired spin 

in the material, the magnetic ordering temperature lies far above room temperature at 

around 510 K and the compound has therewith the highest ordering temperature of any 

coordination solid to date, even exceeding that of V(TCNE)x.111 As expected, the 

compound is insulating due to the absence of ligand mixed-valency, such that no hopping 

processes can occur.  

In conclusion, the combination of CrCl2 and the redox active ligand pyz leads to ligand 

non-innocence, which yields ferrimagnetic ordering and conductivity. The structure is 

such that the Cl– ligands do not have an active part in these physical processes with 

vanishingly small spin-density on the Cl– ligands and little participation to the frontier 

orbitals of the valence and conduction band (see Paper 1). Nevertheless, the axial ligand 

field may dominate the electronic situation as will become evident in the following chapter 

with the actuation of ligand-reduction in the complex CrII(acac)2 through introduction of 

ligands in the axial positions of the square planar complex. 

Axial ligand-field control of non-innocence in Cr(acac)2 

The molecule Cr(acac)2
128 (Figure 5a, acac = acetylacetonate, monoanion of pentane-2,4-

dione) consists of divalent Cr, has a square planar geometry, and, aside from presumably 

weak interactions to the α-C atoms of the acac ligands from adjacent molecules, exhibits 

vacant axial coordination sites. Hence, it can serve as the ideal platform to study the 

influence of the ligand field on electron transfer from Cr to the ligand sphere by 

introducing ligands to the axial positions. The β-diketonate ligand, acac, is universally 

utilized within coordination chemistry of the s, p, d, and f block metals. It is therefore 

surprising that, aside from a study of the anion radical of acac in solution from reduction 

with Grignard reagents,129 using acac as a non-innocent ligand has previously not been 

explored.  
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Figure 5: a, Crystallographic structure of Cr(acac)2 with indicated weak bonds to the α-C 

atoms of neighboring molecules. Selected bond lengths in Å: Cr–O 1.984(3) and 1.984(4), 

C–O 1.271(5) and 1.272(5). H atoms were omitted for clarity. b, Crystallographic structure 

of Cr(acac)2(py)2. Selected bond lengths in Å: Cr–O 1.939(2) and 1.947(2), Cr–N 2.085(2), 

C–O 1.294(3) and 1.292(3). Cr green, N blue, O red, C grey, H white. c, UV-VIS spectra 

of Cr(acac)2 in different solvents. For py, also the NIR region is shown.  

Solutions of Cr(acac)2 in weakly or non-coordinating solvents, such as toluene, MeCN, 

and thf, are of pale orange color with weak optical absorption bands above 500 nm 

supposably arising from metal d-d transitions (Figure 5c). In stark contrast, dissolution of 

Cr(acac)2 in more strongly coordinating solvents, e.g, py, leads to dark, nearly black 

coloration and strong and broad absorptions from 200-2300 nm, indicating a significant 

change of the electronic structure. Structure elucidation of single crystals generated from 

the solution reveals Cr(acac)2(py)2 (trans-Cr(acac)2(py)2) with py in the axial positions of 

the square planar {Cr(acac)2} unit (Figure 5b). As in CrCl2(pyz)2, no sign of Jahn-Teller 

distortion can be found from the structure with regular Cr–O bonds of 1.939(2) and 

1.947(2) Å and Cr–N bonds of 2.085(2) Å. The comparison of the crystal structures 

Cr(acac)2(py)2 and Cr(acac)2 allow for a rough structural analysis to infer an estimate of 

the electronic structure in Cr(acac)2(py)2. Namely, the Cr–O bonds in Cr(acac)2(py)2 

(1.939(2) and 1.947(2) Å) are considerably shorter than in Cr(acac)2 (1.984(3) and 

1.984(4) Å), hinting towards increased interactions due to a rise of positive charge of the 

metal ion from Cr(II) to Cr(III) and possibly to a rise in negative charge of the ligand ion. 

The latter is suggested, because the C–O bonds are increased from 1.27 Å in Cr(acac)2 to 

1.29 Å in Cr(acac)2(py)2, which may be due to the addition of electron density to the lowest 

unoccupied molecular orbital (LUMO) of the acac ligand with antibonding character at 
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Figure 6: Kohn-Sham frontier orbital diagram of Cr(acac)2 (left) and Cr(acac)2(py)2 

(right) with indicated metal orbital contributions.  

the C–O bond. This situation is supported by the strong NIR absorption of Cr(acac)2 in 

py shown in Figure 5c, presumably showing intervalence charge transfer transitions 

typically observable in the NIR range.75 In that case, the ligand field imposed onto the dz2 

orbital of Cr(II) by the axial py ligands is sufficiently strong to induce a transfer of an 

electron from Cr(II) onto the acac ligand scaffold. The computational analysis of the 

frontier orbitals by DFT calculations revealed a substantial increase in the energy of the 

highest occupied molecular orbital (HOMO) from 5000 cm–1 in Cr(acac)2 to about 15 000 

cm–1 in Cr(acac)2(py)2 showing the strain imposed onto the electronic structure by the 

axial ligand (Figure 6). Interestingly, the contribution of the Cr atomic orbitals to the 

HOMO is significantly decreased for Cr(acac)2(py)2, where instead atomic orbitals of p-

character from acac and less so from py contribute more significantly to the HOMO, 

showing that electron density was shifted from the Cr d orbital onto the ligand sphere. 

Indeed, antibonding interactions in the HOMO are visible in between the C and O atom 

of the acac ligand in Cr(acac)2(py)2 leading to the observed increase in the C–O bond as 

stated above.  

The magnetic susceptibility temperature product, χT, at room temperature of Cr(acac)2 

amounts to roughly 2.75 cm3 K mol–1 which is close to the theoretical value of 

3.0 cm3 K mol–1 for S = 2 of high spin Cr(II) (Figure 7). The small discrepancy between 

the theoretical and experimental value is accounted for by the weak antiferromagnetic 

interactions between neighboring Cr spins via the distant intermolecular bonds in 
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Figure 7: Susceptibility temperature products versus temperature of Cr(acac)2 and 

Cr(acac)2(py)2. The theoretical Curie limit for S = 1 and S = 2 are also shown.  

between Cr and α-C atoms of acac that still play a minor role at these temperatures. In 

stark contrast, Cr(acac)2(py)2 displays a room temperature χT value of about 

1.0 cm3 K mol–1 which is the value expected for a coupled, antiparallel Cr(III) and ligand 

spin. The temperature dependence of the χT curve of Cr(acac)2 visibly shows 

antiferromagnetic interactions between spins, due to a gradual decrease of the χT value 

upon cooling from room temperature. The χT curve of Cr(acac)2(py)2, in contrast, 

remains constant. This is attributed to the presence of isolated paramagnetic molecules 

down to very low temperatures, where a sudden decrease in χT occurs due to weak 

intermolecular magnetic interactions and/or magnetic anisotropy. Interestingly, heating 

of Cr(acac)2(py)2 above room temperature results in a sudden increase of χT reaching a 

value close to that of Cr(acac)2, which is attended by a discoloration of the dark 

Cr(acac)2(py)2 to the pale orange color of Cr(acac)2. X-ray diffraction analysis could prove 

the formation of Cr(acac)2 and proves the reversibility of the electron transfer to the ligand 

sphere occurring due to the impact of the axial ligand.  

Additionally, two related compounds Cr(acac)2(CF3py)2 and Cr(acac)2(DMAP)2 with a 

more electron withdrawing and a more electron donating pyridine derivate, 4–

(trifluoromethyl)pyridine = CF3py and 4-(dimethylamino)pyridine = DMAP, were 

synthesized and characterized (Figure 8). The magnetic behavior is generally similar to 

Cr(acac)2(py)2 with a room temperature χT value close to 1.0 cm3 K mol–1, suggesting a 
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Figure 8: Crystallographic structures from SCXRD of Cr(acac)2(CF3py)2 (a) and (b) 

Cr(acac)2(DMAP)2. Selected bond lengths in Å: Cr(acac)2(CF3py)2: Cr–O 1.952(3), 

1.958(2), Cr–N 2.072(3). Cr(acac)2(DMAP)2: Cr–O 1.947(2), 1.940(2), Cr–N 2.096(3). Cr 

green, N blue, O red, F light green, C grey, H white. c, Susceptibility temperature products 

versus temperature of the Cr(acac)2L2 species with indicated theoretical Curie limit for 

S = 1 and S = 2. 

similar electronic structure. However, whereas Cr(acac)2(CF3py)2 exhibits the same steep 

increase of the susceptibility as Cr(acac)2(py)2 upon heating above room temperature 

reaching a χT close to that of Cr(acac)2, such a behavior does not appear for 

Cr(acac)2(DMAP)2 below 400 K. This is likely due to the higher volatility or the higher 

donor strength, i.e. decreased lability, of the Cr–N bond.  

Noticeable are the differences in the distribution of the electron density in between the 

three compounds as obtained by Mulliken spin population analysis from DFT calculations 

of the (3,1)-BS state. While the analysis reveals a spin-density of 2.7 on Cr for all of the 

Cr(III) species (Figure 9b-d), the distribution of the spin density on the ligand scaffold 

differs substantially. Cr(acac)2(CF3py)2, with the most electron withdrawing pyridine 

species, shows significant spin density (–0.3) on the CF3py ligand compared to a spin 

density of –0.2 on each acac ligand. That is in stark contrast to Cr(acac)2(DMAP)2, which 

exhibits vanishing spin density on each DMAP ligand (0.06) and instead shows significant 

spin density on acac (–0.4). As expected, the analysis for Cr(acac)2 reveals a spin density 

close to 4 on Cr (Figure 9a). Using another β-diketonate with more electron withdrawing  
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Figure 9: DFT broken symmetry Mulliken spin-density plots of a, Cr(acac)2, b, 

Cr(acac)2(py)2, c, Cr(acac)2(CF3py)2 and d, Cr(acac)2(DMAP)2 at an isosurface value of 

±0.005 a.u. 

properties,130 the commonly employed hfac ligand (Hhfac = 1,1,1,5,5,5‐

hexafluoropentane‐2,4‐dione), Cr(hfac)2(pyz)2 was synthesized (Figure 10). In this 

complex, pyz is in the axial positions, which is, in comparison to py, slightly less basic and 

easier reducible.131 Like in the previous compounds, the room temperature χT value is 

close to 1.0 cm3 K mol–1, the expected value for a S = 1 ground state. Notably, the more 

electron withdrawing hfac ligands compared to acac have an effect on the electronic 

structure of the (3,1)-BS state as obtained from Mulliken spin density calculations with 

nearly no spin density on the pyz molecules in spite of the decreased basicity of pyz 

compared to py. Interestingly, even with the very weak field ligand thf in axial 

coordination in Cr(hfac)2(thf)2 electron transfer occurred as shown by a room 

temperature χT value of 1.0 cm3 mol–1 K. In comparison, a solution of Cr(acac)2 in thf 

appeared to not induce electron transfer as observed in a solution of Cr(acac)2 in py 

(Figure 5c).  
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Figure 10: a, Susceptibility temperature products versus temperature of Cr(hfac)2(pyz)2 

also showing the theoretical Curie limit for S = 1 and S = 2 and the crystallographic 

structure from SCXRD at 120 K. b, DFT calculated Mulliken spin population analysis of 

the broken symmetry state of Cr(hfac)2(pyz)2 at an isosurface value of ±0.005 a.u. Selected 

bond lengths in Å: Cr–O 1.926(2), 1.931(2), Cr–N 2.091(2). Cr green, N blue, O red, F 

light green, C grey, H white 

In conclusion, the axial ligand can have a crucial effect on the electronic properties by 

destabilizing the dz2 orbital of Cr(II) and inducing the redistribution of the electronic 

density onto the ligand scaffold. The electronic structure depends on the constitution of 

the entire coordination sphere, and the ligand field induced by the axial ligands. This is 

seen by the electron transfer stimulated by axial thf in the hfac complex but not in the acac 

complex, as seen in a solution of Cr(acac)2 in thf. Ligand reduction occurs with a variety 

of pyridine species as axial ligands. Notably, the distribution of the spin density in between 

the axial and the diketonate ligand depends on the electron-withdrawing quality of the 

axial ligand and the diketonate. The concept of ligand field actuated non-innocence and 

the absence of which will be applied to CrX2(pyz)2 in the next chapter. 

Axial ligand field control of non-innocence in CrX2(pyz)2 (X = Cl, Br, I) 

In the previous chapter it was exemplified how non-innocence in Cr(II)/Cr(III)-ligand 

radical coordination complexes can be initiated with the axial ligand-field. In CrCl2(pyz)2, 
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the Cr ions are trivalent and one electron per formula unit is transferred from Cr(II) onto 

the bridging pyz ligand scaffold during the synthesis. In the axial positions of Cr, the weak-

field ligand Cl– is located. From the discussion in the previous chapter, it is hence 

speculated, if any monoanionic ligand will induce such a transfer, or if the ligand field 

splitting energy imposed by weaker field ligands may be insufficient to induce electron 

transfer. To the left of the Cl– ligand in the spectrochemical series are, amongst others, the 

Br– and I– ligands, with the latter being farthest on the left of all ligands in the 

spectrochemical series as usually reported. The synthesis of CrX2(pyz)2 (with X = Br, I) 

was assumed to be straight forward, in analogy to CrCl2(pyz)2, starting out from the 

dihalides of Cr and reacting those with pyz. Contrary to commercially available CrCl2, the 

synthesis of the dibromide and diiodide had to be conducted. In contrast to the previously 

reported direct route of reacting Cr metal with Br2 gas at 700 °C to give CrBr2,132 here Cr 

metal and Br2 gas were combined at 1000 °C to generate CrBr3 which was subsequently 

reduced with H2 gas to give crude CrBr2 (Figure 11). The purification via extraction with 

thf gave highly pure, crystalline CrBr2(thf)2. The structure was previously elucidated to 

consist of molecular chains bridged by the Br– ligands.133 In contrast, the diiodide of Cr 

was synthesized via the oxidation of Cr powder by hydroiodic acid. The resulting crude 

CrI2 was extracted with thf to give pure CrI2(thf)3, consisting of isolated molecules.  

Figure 11: Synthesis of CrBr2(thf)2, left, and CrI2(thf)3, right. The respective crystal 

structures are also shown of Br– bridged chains of CrBr2(thf)2
133 and molecular CrI2(thf)3. 

Cr green, O red, Br orange, I purple, C grey, H not shown.  
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Figure 12: Fragments of the SCXRD structures (120 K) of, a, CrCl2(pyz)2, b, CrBr2(pyz)2, 

c, CrI2(pyz)2 with selected bond lengths in Å. Cr green, N blue, Cl light green, Br orange, 

I purple, C grey, H not shown. The disorder of the pyz ligands is illustrated.   

The thf complexes of the dihalides were reacted with pyz at elevated temperatures to give 

green-black and dark grey crystalline samples of CrBr2(pyz)2 and CrI2(pyz)2, respectively. 

Structure elucidation with SCXRD showed the compounds to be isostructural to 

CrCl2(pyz)2 (Figure 2), although CrI2(pyz)2 crystallizes in the tetragonal I4/mmm space 

group (a = b = 7.0896(3) Å) in contrast to the orthogonal Immm space group of 

CrCl2(pyz)2 (a = 6.8895(6), b = 6.9502(5) Å) and CrBr2(pyz)2 (a = 6.9079(7), 

b = 6.9820(5) Å). The significant increase in the unit cell-length c from 10.7569(7) Å in 

CrCl2(pyz)2 and 11.328(1) Å in CrBr2(pyz)2 to 12.5761(9) Å in CrI2(pyz)2 is accompanied 

by an essential increase of the Cr-halide bond lengths from 2.3305(7) Å in CrCl2(pyz)2 and 

2.4919(5) Å in CrBr2(pyz)2 to 3.0401(5) Å in CrI2(pyz)2 (Figure 12). The difference 

between the bond length of Cr–Br and Cr–I of 0.55 Å is more than double the expected 

0.24 Å from the difference of the ionic radii of the halides.134 In contrast, the increase from 

the Cr–Cl to the Cr–Br bond by 0.16 Å is close to the expected 0.15 Å from the change of 

ionic radius.134 Likewise, the Cr–Br bond lengths in CrBr2(pyz)2 are close to that of the 

newly synthesized model compound trans-[CrIIIBr2(py)4]ClO4 (Cr(III)Br) of 2.4695(6) Å, 

whereas the Cr–I bond in CrI2(pyz)2 is close to that of the Cr(II) model trans-

[CrIIII2(py)4]·2py (Cr(II)I) with 3.235 Å (Figure 13a and b). Hence, the long axial bond in 

CrI2(pyz)2 compared to CrCl2(pyz)2, and CrBr2(pyz)2 indicates the occurrence of Jahn-

Teller distortion and the presence of Cr(II) uniquely in CrI2(pyz)2.  
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Figure 13: Crystallographic structures from SCXRD of, a, Cr(III)Br and, b, Cr(II)I with 

indicated Cr-halide bond distances. Solvent molecules and counter ions were omitted for 

clarity. c, XAS at the Cr K-edge. The inset shows a zoom to the pre-edge region.  

XAS at the Cr K-edge could corroborate the crystallographic indications (Figure 13c). The 

pronounced pre-edge absorption peak around 5991 eV found previously for CrCl2(pyz)2 

arising from a 1s to 3d transitions is replicated in the spectrum of CrBr2(pyz)2 and overlaps 

well with the model compound, Cr(III)Br. The results thus support trivalent Cr ions in 

CrBr2(pyz)2 and imply electron transfer to the pyz ligands during synthesis. In contrast 

CrI2(pyz)2 lacks this absorption, however, showing a weak absorption peak around 

5989 eV, which is replicated by Cr(II)I. Such a weaker and energetically lower lying 1s to 

3d transition is as expected for an ion with lower effective nuclear charge and a higher 

population of the d orbitals, for instance a Cr(II) compared to a Cr(III) species. Hence, the 

results from SCXRD and XAS imply that the change of ligand-field strength from Br to I 

is causing a reduction in the redox strength of Cr sufficient to prevent initiation of the 

electron transfer from Cr(II) to the pyz ligands. Hence, the divalent oxidation state in 

CrIII2(pyz)2 is persisting whereas ligand non-innocence in CrIIICl2(pyz)2, and 

CrIIIBr2(pyz)2 is established during synthesis.  

Interestingly, CrI2(pyz)2 can serve as the perfect model compound for CrCl2(pyz)2 and 

CrBr2(pyz)2 to study the electronic configuration on the basis of crystallographic 

structural comparisons. CrCl2(pyz)2 and CrBr2(pyz)2 show two crystallographically 

distinct pyz ligands in a and b, respectively, whereas CrI2(pyz)2 has identical pyz 
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molecules, as a = b. From the difference in between the structures, naturally, the 

speculation is evoked that the distortion from tetragonal symmetry in CrCl2(pyz)2 and 

CrBr2(pyz)2 arises from an unequal reduction of pyz in between the two directions. 

Examining the bond lengths of the pyz ligands as obtained from the SCXRD structures at 

120 K (Figure 12), it immediately becomes apparent that the bond lengths of the pyz 

ligands in the a direction of CrCl2(pyz)2 and CrBr2(pyz)2 are much closer to that of 

CrI2(pyz)2 than those in the b direction. For instance, the N–C bond in CrI2(pyz)2 is 

1.347(5) Å, which compares well with those in b of CrCl2(pyz)2 (1.352(5) Å) and 

CrBr2(pyz)2 (1.352(5) Å) and less well with those in a direction (1.364(4) and 1.370(6) Å). 

Likewise, the C–C bond of CrI2(pyz)2 (1.38(1) Å) is close to those in b direction of 

CrCl2(pyz)2 (1.386(7) Å) and CrBr2(pyz)2 (1.39(1) Å) and further away from those in a 

direction with 1.365(8) and 1.36(1) Å, respectively. This structural comparison thus 

appears to illuminate a preference for the localization of the radical along the a direction 

rather than the b direction.  

The non-innocence present in CrBr2(pyz)2 and the fundamental disparity of the electronic 

configuration of CrI2(pyz)2 are well reflected in the magnetic properties (Figure 14). In 

CrBr2(pyz)2, the spin density on the pyz ligands facilitates strong ferrimagnetic 

interactions leading to an increase in the susceptibility at low temperatures. This increase 

appears at slightly lower temperatures than in CrCl2(pyz)2, hinting towards lower ordering 

temperatures than in CrCl2(pyz)2. Likewise, the appearance of an open hysteresis is 

somewhat delayed (Figure 14b), first appearing around 40 K compared to 50 K for 

CrCl2(pyz)2. Around room temperature the χT versus T curve is not yet constant 

indicating a strong interaction in between spins and hindering a comparison to the Curie 

constant. The saturation magnetization at 2 K and 9 T amounts to about 2 µB indicating a 

ground state of S = 1 per formula unit arising from the Cr(III) spin being oriented 

antiparallel to the pyz ligand radical spin (Figure 14c). The discrepancy of ordering 

temperatures in between CrCl2(pyz)2 and CrBr2(pyz)2 may be attributed to the differences 

in crystallographic structure, such as the increased interlayer distance from 5.38 to 5.66 Å 

in CrBr2(pyz)2 or the slightly increased inter Cr-Cr distance from CrCl2(pyz)2 (a 

6.8895(6), b 6.9502(5) Å) to CrBr2(pyz)2 (a 6.9079(7), b 6.9820(5) Å), and to a change in 

electronic structure such as a more localized pyz radical in CrBr2(pyz)2. Whatsoever, the 
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Figure 14: a, Susceptibility temperature plots of CrBr2(pyz)2 and CrI2(pyz)2 with that of 

CrCl2(pyz)2 for comparison (H = 1000 Oe). The light grey line is a fit to a model of a 

classical 2D square Heisenberg antiferromagnet to the data of CrI2(pyz)2.106 b, Hysteresis 

plot of CrBr2(pyz)2 at increments of 2 K showing the appearance of hysteresis at around 

40 K. c, Magnetic moment versus temperature curves of CrBr2(pyz)2 in increments of 4 K 

showing saturation close to 2 µB.  

difference of ordering temperatures in between the two compounds is interesting, as it 

illustrates the ability to fine-tune the properties of this type of coordination solid by the 

axial ligand field. In comparison to CrCl2(pyz)2 and CrBr2(pyz)2, the χT versus T curve of 

CrI2(pyz)2 shows fundamentally different behavior, steadily decreasing upon cooling and 

approaching 0 cm3 K mol–1 at the lowest temperatures (Figure 14a) reflecting 

antiferromagnetic orientation of spins. At room temperature, the χT is 2.40 cm3 K mol–1, 

steadily increasing, and likely approaching the Curie value of a high spin Cr(II) ion of 

3.0 cm3 K mol–1, with g = 2, at higher temperatures. The curve could be fitted to a model 

of the 2D square grid classical Heisenberg antiferromagnet106 which yielded the coupling 

constant, J, for nearest neighbor Cr-spins of 3.8 cm–1 and a g value of 1.97. Heat capacity 

measurements showed an anomaly at 26 K, which is a proof for the occurrence of long-

range antiferromagnetic order in CrI2(pyz)2.  

Sufficiently large single crystals (up to about 0.2 × 0.2 × 0.1 mm) were grown of 

CrBr2(pyz)2 to allow the measurement of the magnetic response upon varying the crystal’s 

orientation in the magnetic field, from which the relationship between the magnetic  



 52 

 
Figure 15: Magnetic data measured on a single crystal with the magnetic field parallel to 

its three principal directions denoted H||a, H||b, and H||c. 

anisotropy and the crystallographic structure can be deduced (Figure 15). The χT versus 

T curves with the crystal’s a and b direction parallel to the field, H||a and H||b, overlap to 

a great extent. The curves show a steep increase of χT upon cooling arising from an 

alignment of the spins in the direction of the field. In comparison, the signal from the H||c 

orientation of the crystal is much decreased at low temperatures compared to the H||a and 

H||b orientations, indicating the alignment of spins away from the field’s direction. In 

accordance with that, the open hysteresis and strong remnant magnetization observed for 

H||a and H||b (Mrem ~ 0.6 µB), is absent for H||c with Mrem ~ 0.03 µB. Likewise, the M versus 

H curve shows that more than 3 T are necessary to align the moments into the c direction 

whereas the saturation is already reached around 0.5 T for H||a and H||b. From these 

results, it is suggested that CrBr2(pyz)2 exhibits easy-a/b-plane magnetization.  

 Computationally, the magnetic structures of CrBr2(pyz)2 and CrI2(pyz)2 were studied by 

DFT BS magnetic coupling analysis of molecular fragments cut out from the extended 

structures. The magnetic ground state energy is calculated from the difference of the total 

energy of the HS and the BS state. For the fragment trans-[CrBr2(pyz)4], the (3,1)-BS state 

is lying well below the HS state with S = 2 by 6496 cm–1. From that, the coupling constant, 

J, for the magnetic exchange of the Cr pyz-radical pair is extracted via the exchange 

Hamiltonian H" = J	S%CrS%radical, resulting in J = 3400 cm–1.135 This value is below that found 

for CrCl2(pyz)2 of 4000 cm–1, which may be related to the slightly lower magnetic ordering  
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Figure 16: Mulliken spin density plots of trans–[CrBr2(pyz)4] (a) and trans–

[Cr2I4(pyz)6(µ-pyz)] (b) at an isosurface value of +/–0.005 with indicated spin densities.  

temperatures found for CrBr2(pyz)2. Mulliken spin population analysis of the fragment 

trans-[CrBr2(pyz)4] shows a spin density on Cr of 2.8, close to the expected 3. The pyz 

ligand in a direction exhibits a spin density of –0.23 compared to –0.15 in b direction, 

amounting to a total of 0.86, which is satisfactorily close to that of one radical per fragment. 

The difference of spin density in between the two crystallographically unique pyz ligands 

is consistent with the structural analysis (vide supra). The ground state magnetic coupling 

analysis for CrI2(pyz)2 was conducted on a dinuclear fragment, trans-[Cr2I4(pyz)6(µ-pyz)], 

comparing the S = 4 HS state to the (4,4)-BS state. The antiferromagnetic alignment of the 

neighboring spins is preferred by 111 cm–1, which translates into a coupling constant of 

about J = 14 cm–1, in good agreement with the value from magnetism. The Mulliken spin 

density analysis reveals a population of about 4 on each Cr with vanishing spin densities 

on the pyz ligands. The spin density plot illuminates the spin-polarization pathway of 

magnetic exchange of the atomic orbitals of the bridging pyz ligand.  

As seen in the spin-density plot of the fragment of CrBr2(pyz)2 the electron density is 

delocalized over all four pyz ligands. Electronic transitions in between ligands are usually 

reflected in broad absorption in the MIR or NIR region.75,79 Indeed, in Figure 17a broad 

absorptions are visible for CrCl2(pyz)2 and CrBr2(pyz)2 in the MIR range around 3000 cm–

1, which do not appear for CrI2(pyz)2, therewith confirming the origin in electronic 

transitions due to ligand mixed-valency. In comparison, condensed phase H2O bands 

would appear around 3700 cm–1, which is the OH stretching band of the monomer, and 

reach only until 3000 cm–1. As  the  observed  bands  are  broader  than  that,  an  origin  of  
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Figure 17: a, MIR spectra showing a broad electronic transition in CrCl2(pyz)2 and 

CrBr2(pyz)2 which is not appearing for CrI2(pyz)2. b, Conductivity plots of CrBr2(pyz)2 

with that of CrCl2(pyz)2 for comparison. The black line is a fit to Mott’s law for two 

dimensions resulting in σ0 = 2.7 ´ 1012 mS cm–1 and T0 = 2.9 ´ 106 K. c, Magnetoresistance 

of CrBr2(pyz)2 at selected temperatures. The experimental magnetization, M2, data can be 

scaled to perfectly overlap the magnetoresistance, illustrating the relationship between the 

magnetoresistance and the magnetization. 

these bands from water absorption can be excluded. The absorption of CrBr2(pyz)2 

appears slightly broader as compared to that of CrCl2(pyz)2, which might be a sign of a 

slightly decreased degree of delocalization of the transitioning electron, as previously 

studied for Fe, Ru, and Os chains with pyz linkers.75 This observation is consistent with 

the decrease of the room temperature conductivity measured of a pressed pellet of 

CrBr2(pyz)2 (1-2 mS cm-1) compared to CrCl2(pyz)2, (32 mS cm-1), likewise implying a 

lower degree of delocalization of the mobile electrons (Figure 17b). The curve could be 

fitted to Mott’s law for two dimensions (Equation 1), implying variable range hopping 

conduction in between mid-gap states as the pathway for charge transfer. As expected 

from its electronic configuration, CrI2(pyz)2 showed resistance values in the GΩ range. 

Interestingly, the resistivity could be significantly decreased upon applying an outer 

magnetic field up to around 18% at 125 K (Figure 17c). The negative magnetoresistance 

is exactly proportional to the square of the magnetization (black line) and hence the 
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resistivity is decreased when the magnetic moments become aligned, possibly due to a 

decrease of spin-scattering events.  

In conclusion, the change of the Cl– co-ligand to weaker field ligands leads to subtle, when 

substituting with Br–, and grave, when substituting with I–, changes of the electronic and 

magnetic properties. It appears that the ligand field necessary to induce electron transfer 

from Cr(II) is exactly in between the Br– and the I– ligand, which indeed appear right next 

to each other in the spectrochemical series and are as such of quite similar nature. Such 

subtlety is interesting for materials science in which compounds which have highly similar 

structures, but different properties, are demanded to test certain structure property 

relationships. Here, CrI2(pyz)2 could already be used as the perfect model compound to 

pin down electron localization in CrCl2(pyz)2 and CrBr2(pyz)2 on the basis of 

comparisons of the crystallographic structure. It is further interesting, that the switch from 

Cl– to Br– ligands enabled the fine tuning of properties, e.g., leading to a slight decrease in 

electronic conductivity and magnetic ordering temperatures in CrBr2(pyz)2. Indeed, in 

the pursuit for higher ordering temperatures and electron delocalization, the 

incorporation of a ligand to the right of the spectrochemical series is explored in the next 

chapter. 

The influence of a strong field co-ligand 

As described in the previous chapter, the ligand exchange of CrCl2(pyz)2 leads to 

significant modifications of the properties starting from CrCl2(pyz)2 with conductivity 

values of 32 mS cm–1 and ferrimagnetic order below Tc = 55 K over CrBr2(pyz)2 with 

decreased conductivity values around 1 mS cm–1 and Tc = 40 K to the extreme case of 

CrI2(pyz)2 which is insulating and orders antiferromagnetically below TN = 26 K. The 

ligand field imposed onto Cr by the halide is here decisive; the drop of the reducing 

properties of Cr is sufficient to pertain the divalent oxidation state of CrI2(pyz)2. In the 

following, an exploration of the behavior changes with a strong field co-ligand will be 

presented. Naturally, the synthesis of hypothetical CrF2(pyz)2 was pursued, however, to no 

avail to date. Instead, it was focused on the strong field ligand isothiocyanate (NCS–). The 

synthesis proceeded via the formation of Cr(NCS)2(OCMe2)2 with a slightly modified 

procedure of the previously published one,136 using CrCl2 instead of [Cr(MeCN)4](BF4)2 to  
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Figure 18: Crystallographic structure from SCXRD of Cr(NCS)2(pyz)2 at 300 K. a, 

Fragment of the structure showing the disorder of the pyz rings with selected bond lengths 

in Å. b, Fragment of the 300 K structure of CrBr2(pyz)2 for comparison. c, Stack of 

Cr(NCS)2(pyz)2. a, b = 6.9279(3), c = 15.390(1) Å. Cr green, N blue, Br orange, S yellow, 

C grey, H not shown.  

undergo ligand exchange with KSCN. After recrystallization to Cr(NCS)2(MeCN)2,137 the 

Cr(II) species was reacted with excess amounts of pyz at elevated temperatures to give a 

black, slightly green and red colored powder with a few scattered single crystals. The room 

temperature structure was obtained with SCXRD exhibiting tetragonal symmetry of space 

group I4/mmm (Figure 18) (a, b = 6.9279(3), c = 15.390(1) Å). Like the other CrX2(pyz)2, 

Cr(NCS)2(pyz)2 is composed of layers with a square grid of {Cr(NCS)2} nodes and pyz 

linkers with the NCS– moieties sticking out towards the cavity of the grids of the adjacent 

layers. As previously, Cr(NCS)2(pyz)2 exhibits positional disorder of its pyz ligands. 

However, the tilting of the pyz ligands is slightly different. Whereas the dihedral angle in 

between the axial plane of Cr and the pyz plane draws near 45° in CrCl2(pyz)2 (45°–46°), 

CrBr2(pyz)2 (45°), and approximately in CrI2(pyz)2 (50°), the dihedral angle in 

Cr(NCS)2(pyz)2 is now significantly larger at around 56°.  

The affiliation of Cr(NCS)2(pyz)2 to the tetragonal crystal system and an increased 

dihedral angle is likewise observed for CrI2(pyz)2, suggesting that these compounds may 

be of a similar electronic configuration with Cr(II) ions. However, the study of the bond  
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Figure 19: Crystallographic structure from SCXRD at 120 K of Cr(II)NCS (a) and 

Cr(III)NCS (b) with selected bond lengths in Å. Cr green, N blue, S yellow, F light green, 

O red, C grey, H white. Counterions and solvent molecules were omitted for clarity.  

lengths portrays the situation in a different way. The bonds around Cr (Cr–N(NCS), 

1.987(7), Cr–N(pyz) 2.054(4) Å) are comparable or slightly shorter than that of 

CrBr2(pyz)2 measured at the same temperature (Cr–Br 2.4985(5), Cr–N 2.079(5) and 

2.040(4) Å) (Figure 18a-b), which suggests a trivalent Cr ion. In comparison, the newly 

synthesized molecular compound Cr(II)NCS (trans-[CrII(NCS)2(py)4], Figure 19a) 

shows clear sign of Jahn-Teller distortion along two of the Cr–N(pyz) bonds (2.49 Å), 

which corroborates the assignment of the trivalent oxidation state of Cr. The bond lengths 

in Cr(NCS)2(pyz)2 are comparable to those found for the new molecular compound 

Cr(III)NCS (trans-[CrIII(NCS)2(py)4](OSO2CF3)·py, (Figure 19b)) with Cr–N(NCS) 

bonds at around 2.0 Å and Cr–N(pyz) bonds around 2.1 Å, additionally corroborating the 

existence of trivalent Cr ions. Notably, in Cr(NCS)2(pyz)2 the ÐCr–N–C angle of the NCS– 

ligand is 180°, while the angles in the model compounds all deviate from linearity 

(Cr(III)NCS 158° and 174°, Cr(II)NCS 156°). Likewise, all other structurally 

characterized compounds of the formula M(NCS)2(pyz)2 (with M = Mn, Co, Ni, Zn, Cd) 

show a deviation from 180° of this bond angle and are in space group C2/m.138–143  

Notably, cooling of the crystal results in a significant worsening of the quality of the 

SCXRD pattern. Whereas a satisfactory solution is still obtained at 170 K, at 120 K the 

quality of the diffraction has decreased substantially not allowing structure solution. 

Visually, the diffraction at cold temperature appears to arise from several crystalline  
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Figure 20: Temperature dependent synchrotron PXRD of Cr(NCS)2(pyz)2 (blue and red 

traces), and the simulation of the SCXRD structure at room temperature (black trace). The 

pattern at the bottom of the plot displays the starting pattern at 300 K from where it was 

measured to 85 K and up to 330 K at a cooling and heating rate of 0.5 K min–1.  

domains. Interestingly, heating back to room temperature results in a restoration of the 

clear diffraction and allows for structure solution resulting in the same structure as shown 

in Figure 18. To obtain information about the crystallographic changes upon cooling, 

temperature dependent synchrotron PXRD diffraction was conducted. The PXRD pattern 

at room temperature shows six well defined peaks (red trace at the bottom of Figure 20) 

in between 5° to 12° (λ = 0.70866 Å) all represented by the simulated pattern from the 

room temperature SCXRD structure (black trace, Figure 20 top). Upon cooling below 

approximately 140 K an increase of intensity at 6.25°, 8.1°, and 10.4° in this range appears 

(for a larger range, see Appendix 1) with the most pronounced changes around 6.25°. As 

already observed in SCXRD, the original pattern is restored after heating the sample from 

85 K back to room temperature. Notably, upon closer look at the starting pattern at 300 K 

there appears to be a small peak at 6.25°, which is not represented by the simulated pattern,  
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Figure 21: Rietveld refinement of the PXRD pattern at 160 K showing the experimental 

and the calculated pattern, the difference between the two, and the Bragg positions for the 

phases of Cr(NCS)2(pyz)2 in C2/m and in I4/mmm, as well as the impurity KCl phase.  

and which may indicate that the phase that appears upon cooling is already present in the 

original pattern. To explore the origin of the additional peak, Rietveld refinement was 

conducted on the pattern measured at 160 K during heating, chosen for the most 

pronounced intensities (Figure 21). Trying to fit the pattern to a structure of 

Cr(NCS)2(pyz)2 in space group Immm, which lifts the constraint of a = b and allows for 

different bond geometries of the Cr–N(pyz) bond and within pyz in between the a and b 

directions, gave no satisfactory solution. In the literature, several examples of the 

M(NCS)2(pyz)2 structure in space group C2/m are found.138–143 For that reason, it was 

anticipated, that such a phase may account for the new peaks at cold temperatures. Indeed, 

applying two phases, one with the original space group I4/mmm and one with C2/m (and 

an impurity phase of KCl in Fm3&m), resulted in a satisfying refinement of the pattern. In 

the C2/m phase the unit cell is monoclinic with unit cell dimensions a = 9.672(5), 

b = 10.082(4), c = 7.394(5) Å, and β = 118.53(4)°. Notably, the distance between the 

Cr×××Cr atoms of every second layer is now 13.25 Å (Figure 22), which is reduced from 

c = 15.390(1) Å for the structure in I4/mmm (Figure 18), displaying the contraction of the 

interlayer distance. The stacking of the layers is now sheared, due to a slight shift of the 

layers, such that the {Cr(NCS)2} moiety is now slightly displaced  from  the  center  of  the  
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Figure 22: Structure of Cr(NCS)2(pyz)2 in C2/m space group from Rietveld powder 

refinement of the synchrotron PXRD pattern at 160 K. a, Stack of layers showing the 

Cr×××Cr distance in between Cr atoms of every second layer in Å. b, Top view of a layer and 

a second underlying layer with increased transparency. Cr green, S yellow, N blue, C grey, 

H not shown.  

cavity of the adjacent layer (Figure 22b). As only the atomic positions of the heavier 

atoms, Cr and S, were allowed to refine freely due to a lack of intensity of the C2/m phase 

as seen in Figure 21, a closer look at the bond arrangements is not meaningful, however 

the restriction to linear NCS– ligands is removed in the new space group, which potentially 

implies angles unequal to 180° for the NCS– ligand of the new phase. To study the impact 

of the structural changes on the oxidation state of Cr, temperature dependent XAS 

 
Figure 23: XAS at the Cr L2,3-edge of Cr(NCS)2(pyz)2 with varying temperatures from 

300 K to 1.6 K.  
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was conducted at the Cr L2,3-edge. Here absorptions arise from dipole transitions from 2p 

orbitals to unoccupied 3d orbitals. The Cr(III)-oxidation state in D4h and Oh symmetry is 

usually conveyed in the L3-edge absorption threshold lying typically slightly below 580 eV 

and characteristic splitting features of the L3 edge arising from ligand field and multiplet 

splitting.144,145 The XAS spectra of Cr(NCS)2(pyz)2 measured at selected temperatures 

ranging from 300 K to 1.6 K are shown in Figure 23. The absorption threshold of the L3 

edge lies at approximately 577 eV, which is as expected for a Cr(III) ion.144,145 Notably, the 

spectral features are unchanged over the whole temperature range from 300 to 1.6 K 

showing the presence of Cr(III) for all temperatures and excluding that the change of the 

oxidation state of Cr is responsible for the observed structural changes.  

That the observed phase transition from I4/mmm to C2/m might be only partial as 

obtained from the results in Figure 21 and Figure 22 is unusual. Magnetic measurements 

were used to get further information about the physical properties and the phase transition 

(Figure 24). Generally, the susceptibility temperature product curve, χT versus T, exhibits, 

similar to the previous curves of CrCl2(pyz)2 and CrBr2(pyz)2, a large increase of χT at low 

temperatures.with a maximum at 80 K. This rise appears at significantly higher 

temperatures  as  compared  to  CrCl2(pyz)2  and  CrBr2(pyz)2,  which  displays  increased 

  
Figure 24: Magnetic properties of Cr(NCS)2(pyz)2. a, χT versus T curve of 

Cr(NCS)2(pyz)2 compared to CrCl2(pyz)2, CrBr2(pyz)2, and CrI2(pyz)2, all measured with 

H = 1000 Oe. b, Hysteresis plot of Cr(NCS)2(pyz)2 at selected temperatures 2 K, 10 K, 

20 K, …, 80 K, 85 K, …, 110 K, 120 K, …, 210 K. Hysteresis starts to appear below 140 K. 

c, Magnetization versus field curves at selected temperatures with increments of 10 K.  
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magnetic interactions in Cr(NCS)2(pyz)2. Based on a saturation magnetization close to 

2 µB (Figure 24c), the value expected for an antiparallel Cr(III)-pyz radical pair, the strong 

increase is attributed to ferrimagnetic long-range order. As the interatomic Cr distances 

within the layers (a, b = 6.9279(3) Å) are largely similar to that of for instance CrBr2(pyz)2 

at 300 K (a = 6.9293(6), b = 6.9870(7) Å) and the maximum amount of spin on the pyz 

ligands is constantly one electron per formula unit, it is speculated that the electronic 

structure in the c direction might be different. For instance, spin density on the NCS–ligand 

could facilitate strong magnetic interactions in between layers and enhance long-range 

order. Notably, the χT curve shows two smaller maxima at around 245 K and at 130 K. 

Whereas the first peak is small and only visible upon zooming in to that temperature range 

(Figure 24a inset), the second peak is larger with a steep increase of χT below around 

140 K. An open hysteresis appears below 140 K (Figure 24b), which might indicate that 

the second peak of the χT curve at this temperature is connected to long-range order. 

Interestingly, both of these peaks change in intensity upon cooling-heating cycling in the  

 
Figure 25: Cycling of the χT versus T of Cr(NCS)2(pyz)2 from RT to 3 K, to 400 K (a) or 

320 K (b), to 3 K etc. The sample in a was synthesized in an ampule at 125 °C for 96 h and 

afterwards slowly cooled to room temperature over 10 h and the heating and cooling rate 

of the susceptibility measurement was 1 K min–1. The sample in b was synthesized in an 

autoclave at 150 °C for 72 h and cooled more rapidly over approximately 3 h and the 

heating and cooling rate of the susceptibility measurement was 0.5 K min–1. 
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Figure 26: AC susceptibility of a sample of Cr(NCS)2(pyz)2 shown for the cooling stage of 

several temperature cycles with a starting temperature of 300 K and maximum 

temperatures of 380 K for the remaining cycles.  

range of 3 K to either 320 or 400 K (Figure 25 a and b, respectively). Notably, cycling up 

to 400 K leads to an increase in intensity of either peaks whereas cycling to 320 K leads to 

a decrease of the respective peaks. In addition, the peak around 140 K is in both graphs 

largely decreased during the heating stage compared to the cooling stage, whereas the first 

peak at around 230 K is not appearing at all during heating. Notably, the original position 

of that peak is at different positions in Figure 25a (maximum around 240 K) compared to 

Figure 25b (maximum around 210 K). The origin of this difference is so far unclear.  

Further information could be obtained with AC susceptibility of Cr(NCS)2(pyz)2 

(Figure 26). The blue curve shows the original χ¢ (χ¢¢ inset) measured from 300 K to 3 K. 

The more pronounced steepness of the peaks in the AC susceptibility compared to DC 

allows for illumination of the positions of the magnetic phase transitions at 140 K and at 

110 K. After cooling, the sample was heated to 380 K and afterwards measured to base 

temperature again. Interestingly, the maximum of χ¢ at ~130 K continuously increased for 

each cycle, while the maximum of χ¢ at 90 K generally decreased. After the last cycle the 

sample was removed from the magnetometer and PXRD was conducted on the sample.  

The resulting pattern (λ = 1.54059 Å) shows several peaks that were not present prior to 

the magnetic measurements and which cannot be accounted for by the original I4/mmm 

structure (Figure 27). The pattern was refined  in  the  same  way  as  for  the  PXRD  data 
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Figure 27: Rietveld refinement of the PXRD pattern at 300 K after heating of the sample 

to 380 K showing the experimental and the calculated pattern, the difference between the 

two, and the Bragg positions for the phases of Cr(NCS)2(pyz)2 in C2/m and in I4/mmm 

space group, as well as the impurity KCl phase. 

obtained at 160 K (Figure 21), adding a phases of Cr(NCS)2(pyz)2 in C2/m space group to 

the phase of Cr(NCS)2(pyz)2 in I4/mmm (and the of KCl impurity phase). In that vein, 

refinement converged to a satisfying degree, suggesting a partial phase transition from 

I4/mmm to C2/m which correlates with the increase of the peak at 140 K arising after the 

heating of the sample at 380 K. These results might imply that Cr(NCS)2(pyz)2 in I4/mmm 

undergoes partial phase transition to C2/m at low (Figure 21) as well as high temperatures 

(Figure 27), which results in the increase of the peak in the χ¢ versus T curve at 130 K 

(Figure 26). The exact interrelations in between the two phases and their phase transition 

temperatures remains yet to be investigated.  

The results from crystallography and magnetism imply the occurrence of ligand non-

innocence and mixed-valency in Cr(NCS)2(pyz)2, which suggests the possibility of 

electron hopping. Indeed, resistivity measurements of a pressed pellet of a powdered 

sample of Cr(NCS)2(pyz)2 showed a room temperature conductivity value of 1 mS cm-1 

similar to what has been observed for CrBr2(pyz)2 (1-2 mS cm–1) and slightly below that 

of CrCl2(pyz)2 (31 mS cm–1). The conductivity plotted against T–1/3 is linear, allowing for a 

fit to Mott’s law for variable range hopping (Equation 1), which suggests the charge
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Figure 28: a, Conductivity plot of Cr(NCS)2(pyz)2 and CrBr2(pyz)2 and CrCl2(pyz)2 for 

comparison. The black line is a fit to Mott’s law for variable range hopping in 2D fitted to 

the data from 300 K to 120 K, σ0 = 7.6 ´ 102 mS cm–1 and T0 = 8.3 ´ 104 K. b, 

Magnetoresistance of Cr(NCS)2(pyz)2 at selected temperatures.  

transport to occur via electronic transitions in between mid-gap states. Notably, the slope 

of the curve is much reduced compared to that of CrBr2(pyz)2 and CrCl2(pyz)2 and at the 

lowest measured temperature of 2.1 K the conductivity was measured to lie at 1.1 ´ 10–4 

mS cm–1. In comparison, for CrBr2(pyz)2 and CrCl2(pyz)2 the limitations of the 

instrument did not allow for a measurement of the values at these temperatures with 

resistivity at least in the GΩ cm range. This stark difference of the temperature dependence 

might suggest that the charge transport mechanism is changed for Cr(NCS)2(pyz)2, which 

raises the question if the conjugated molecular orbitals of the NCS– ligand may be involved 

in the conduction pathway. Notably a strong hysteresis is observed for the 

magnetoresistance, i.e., measuring the conductivity in the presence of a varying magnetic 

field. At high fields of 3000 Oe and 2 K, the magnetoresistance reaches –12%. Upon 

decreasing the field, the magnetoresistance gradually increases. The inflection point from 

where on the magnetoresistance decreases again is now not at 0 Oe, as previously shown 

for CrBr2(pyz)2 (Figure 17), but first at –500 Oe, which correlates with the coercive field 

of the hysteresis curve at 2 K at similar values in Figure 24b, signifying that the magnetic 

order is at the foundation for the hysteresis behavior of the magnetoresistance. 
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Interestingly, the magnetoresistance is even stronger at 10 K compared to 2 K, reaching    

–16% at 3000 Oe, whereas at higher temperatures the magnetoresistance gradually 

decreases and the hysteresis of the magnetoresistance appears to be absent at 80 K.  

In conclusion, using the strong field ligand NCS–, the ferrimagnetic ordering temperature 

of Cr(NCS)2(pyz)2 is largely increased to Tc = 110 K compared to Tc = 40 K of CrBr2(pyz)2 

and Tc = 55 K of CrCl2(pyz)2. Interestingly, Cr(NCS)2(pyz)2 undergoes structural changes 

at high and low temperatures, which is traced back to the transformation of the 

crystallographic structure from tetragonal symmetry to monoclinic symmetry. From 

magnetic measurements, it is suggested that the monoclinic phase might exhibit increased 

ordering temperatures of 140 K. It is speculated if the high ordering temperatures 

originates from spin density in between the layers on the NCS– segments. In contrast to 

CrCl2(pyz)2 and CrBr2(pyz)2, charge transport is detectable at 2.1 K which might likewise 

point towards a mechanism in which the NCS– moieties participate in the charge transport 

pathway. To shine light on the electronic structure, S K-edge spectroscopy and spin-

density calculations with DFT will be undertaken.  

Ligand non-innocence in GaCl2(pyz)2 

As explored in the previous chapter, the reduction of pyz is occurring with metal ions of 

sufficiently strong reducing strengths. Similar to CrCl2, GaCl2, better described as the 

mixed-valent salt GaI[GaIIICl4], is strongly reducing.146 Indeed, divalent Ga is rarely 

occurring, so far only found in paramagnetic compounds with large and strongly electron 

donating ligands (orange red compounds)147 or as diamagnetic dimeric complexes with 

Ga-Ga bonds (colorless compounds).148 In contrast, Ga(III)-ligand radical complexes are 

studied more frequently (dark green in color with imine ligands).149–152 For instance, the 

reaction of a Ga(I) salt with bipy results in the disproportionation to Ga metal and 

[GaIII(bipy)3]2+, in which one negative charge is distributed over the ligand scaffold.149 The 

reaction of pyz with GaCl2 results in the formation of a green solid, hinting on the presence 

of a ligand centered radical,149–152 which is highly air-sensitive, seen on rapid discoloration  
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Figure 29: SCXRD structure of GaCl2(pyz)2 at 120 K. a, stacked layers. b, Fragment of 

GaCl2(pyz)2 with bond lengths in Å. The disorder of the pyz rings is also shown. c, 

Fragment of CrCl2(pyz)2 with bond lengths in Å for comparison. Ga dark blue, Cr dark 

green, Cl light green, N blue, C grey, H not shown.  

when exposed to air. Structure elucidation with SCXRD exposed the layered structure of 

GaCl2(pyz)2, which is isostructural to that of CrCl2(pyz)2. In the orthorhombic Immm 

space group, nearly square-grid coordination layers of {GaCl2} nodes and pyz linkers are 

stacked in the c direction, such that the Cl ligands are sticking out towards adjacent layers. 

The bond lengths analysis showed the high resemblance to that of CrCl2(pyz)2 pointing 

towards a highly cognate electronic structure: As visible in Figure 29b-c the N–C and the 

C–C bonds in each crystallographic direction (in a direction: GaCl2(pyz)2 N–C 1.366(5), 

C–C 1.366(9) Å; CrCl2(pyz)2 N–C 1.364(4), C–C 1.365(8) Å; in b direction: GaCl2(pyz)2 

N–C 1.352(5), C–C 1.39(1) Å; CrCl2(pyz)2 N–C 1.352(4), C–C 1.386(7) Å) are in close 

proximity, which points towards a predominant reduction of the pyz ligands situated in 

the a direction, as inferred from the bond lengths analysis in comparison with CrI2(pyz)2 

as described earlier (see Figure 12 and associated main text).  

Indeed, GaCl2(pyz)2 exhibits a strong EPR signal which revealed a g-factor of 2.0048, close 

to that of a free electron and hence in support for a ligand centered radical (Figure 30a).149 

In contrast, the g-value in case of a Ga(II) ion is expected to lie close to or below 2, as 

reported previously.147 The value of χT at room temperature lies at 0.37 cm3 K mol–1, which 

is close to the Curie value of 0.375 cm3 K mol–1 for an S = ½, g = 2 system (Figure 30b).  
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Figure 30: a, Solid phase EPR spectrum at room temperature of GaCl2(pyz)2 giving a g-

value of 2.0048. b, Susceptibility and susceptibility temperature product versus 

temperature and the respective fits to the Bonner-Fisher model for S = ½ spin chains.105 

The fits give slightly different J and g values due to the increased contribution from the 

low-temperature (χ) or high-temperature (χT) data. 

The χT curve steadily decreases upon cooling and drops abruptly below 25 K attributed to 

antiferromagnetic interactions between adjacent spins. The curves of χT versus T and χ 

versus T were each fitted to the Bonner-Fisher model of S = ½ spin chains.105 For instance, 

radical spins located solely in the a direction would exhibit stronger interactions via the 

chemical bonds in the a direction than through space in the b direction and as such form 

spin chains parallel to the a direction. For χT, the fit discloses a J of 8.1 cm–1 and a g value 

of 1.991. In contrast, for χ, the fit results in a J of 6.9 cm–1 and a g value of 2.005. The 

difference arises from a larger contribution of the low-temperature data of the χ versus T 

curve as opposed to the χT versus T curve. Whatsoever, that a good fit to the model could 

be reached resulting in a positive J-value implies antiferromagnetically coupled S = ½ spin 

chains. Even though antiferromagnetic exchange interactions in GaCl2(pyz)2 are evident 

from the magnetic data, the data do not allow for a sufficient investigation of the existence 

of long-range order. Therefore, heat capacity measurements are currently undertaken to 

resolve this question.  

GaCl2(pyz)2 appears to be insulating and the MIR spectrum (Figure 31) does not display 

a broad absorption, as previously observed for CrCl2(pyz)2 and CrBr2(pyz)2 (Figure 17), 

arising from inter-valence transitions related to a hopping conduction mechanism via the 
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Figure 31: MIR spectrum of GaCl2(pyz)2 at room temperature.  

empty Cr d orbitals. This can be rationalized by considering the filled d-orbitals in 

GaCl2(pyz)2 preventing inter-valence hopping. Nevertheless, a broad charge transfer 

absorption at lower or higher energies than the shown MIR range shall not be excluded. 

That the atomic orbitals of Ga likely do not contribute to the HOMO, suggests complete 

localization of the unpaired electron at the pyz ligands. As inferred from the structural 

investigation, the radicals might be located in a direction only, leading to the S = ½ spin 

chain inferred from magnetism. 

In conclusion, using reducing GaCl2 and redox active pyz leads to the formation of a 

coordination solid with magnetic properties without any magnetic ions. As such, 

GaCl2(pyz)2 exemplifies that coordination network chemistry and in particular the use of 

reducing metals and redox active ligands are potential design strategies for materials with 

rich and unusual physical properties. In the following, the same approach is tested using a 

reducing 4f metal species.  

Ligand innocence in EuBr2(pyz)1.5 

In general, lanthanide (Ln) chemistry is shaped by the nature of the 4f orbitals, which are 

close to the nucleus as opposed to the spatially extending 3d orbitals. As bonds are 

therefore of rather electrostatic nature, ligand-field and orbital overlap have less impact 

on the chemical structure and the electronic configuration. With a strong preference for 

the trivalent oxidation state, all divalent Ln ions are reducing. Eu(II) is the most stable 

divalent lanthanide species with an aqueous reduction potential of EEu(III)/Eu(II) = –0.35 V, 

which is close to that of ECr(III)/Cr(II) = –0.41 V. On the basis of a comparable reduction 

potential to Cr(II), and motivated by exploring the impact of the 4f valence orbitals on the 
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Figure 32: a, b, Structure of EuBr2(pyz)1.5·0.5 MeCN from SCXRD at 120 K. a, Fragment 

of the structure showing the connectivity of the Eu ions. b, 3D structure showing the pore 

channels. Intercalated MeCN molecules are not shown. Eu yellow, Br orange, N blue, C 

grey, H not shown. c, Susceptibility temperature products versus temperature of 

EuBr2(pyz)1.5·0.5 MeCN measured at H = 1000 Oe also showing the theoretical Curie 

limit for S = 7/2. 

electronic structure, EuBr2 was reacted with pyz in MeCN. Structure elucidation of the 

orange crystalline material with SCXRD showed the porous 3D structure of 

EuBr2(pyz)1.5·0.5 MeCN (Figure 32a-b). In two directions, the Eu ions are bridged by pyz 

ligands and in the third by Br– ligands. The structures exhibit two types of pore channels 

of roughly 6.5 × 5 Å and 5 × 2.5 Å, in which the larger contains intercalated MeCN 

molecules.  

The oxidation state of EuBr2(pyz)1.5·0.5 MeCN was studied by means of magnetic 

susceptibility measurements (Figure 32c). The χT versus T curve is largely constant from 

300 K down to around 10 K, where it decreases slightly due to magnetic anisotropy and/or 

weak antiferromagnetic interactions between neighboring moments. Importantly, the χT 

value at 300 K of 7.5 cm3 K mol–1 is close to that expected for an Eu(II) ion which has a 8S7/2 

ground state, i.e. spin-orbit coupling is irrelevant and the spin-only value of 

7.875 cm3 K mol–1 holds good. In comparison, the χT value for Eu(III) would be expected 

at significantly lower values of around 1.5 cm3 K mol–1. The magnetic investigations thus 

clearly portray that EuBr2(pyz)1.5·0.5 MeCN contains divalent Eu(II) and the electron 

transfer did not occur during synthesis. Hence, although Eu(II) is an efficient reductant, 

electron transfer to pyz, as has been observed for Cr(II), fails to appear. Likely, the presence 

of 4f valence orbitals instead of 3d orbitals has an influence on the metal-to-ligand electron 
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transfer ability. Whereas the well-matched 3d and π orbitals lead to stabilization of the 

radical by delocalization, the 4f orbitals are characterized by little overlap with the ligand 

orbitals hampering this stabilizing effect. Such a reasoning is further suggested, because, 

as we will see in the following chapter, even in a framework with a Ln(II) ion with even 

lower reduction potential, the divalent oxidation state persists.  

Conclusions 

In this chapter, the tunability of a coordination network was explored, starting out from 

the magnetic hopping conductor CrCl2(pyz)2, which is marked by pyz ligand mixed-

valency, and exchanging either the co-ligand or the metal ion. The exchange for weaker 

field co-ligands resulted in the decrease of the conducting properties and ordering 

temperatures for CrBr2(pyz)2 and to a complete inversion of these properties in 

CrI2(pyz)2. Surprisingly, Cr(NCS)2(pyz)2 exhibited significantly higher ordering 

temperatures and charge transport that is much less sensitive to temperature, possibly 

hinting at non-innocence of the NCS– ligand. A structural transition at low and high 

temperatures eluded an unambiguous characterization of the compound and motivates its 

further investigation. Interestingly, the concept could be transferred to the p-block metal 

Ga by using the elusive divalent GaCl2 species for the reduction of pyz. The resulting 

GaCl2(pyz)2 is characterized by antiferromagnetic interactions of neighboring spins, 

although the existence of ordering could not be established. Interestingly, the absence of 

empty d orbitals blocked the intervalence electronic transitions, such that electron 

hopping is impeded. In contrast, the use of the reducing Ln species EuBr2 resulted in a 

persistence of the divalent oxidation state of the metal, likely due to the concealed nature 

of the 4f orbitals. 
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3. Coordination solids with complex tessellations (Paper 7-Paper 8) 

Lanthanide(II) ions for networks with enhanced plasticity 

As discussed in the previous section, the absence of ligand reduction in 

EuBr2(pyz)1.5·0.5MeCN may arise from the limited spatial extension of the valence 4f 

orbitals in lanthanides which is contrary to the diffuse nature of the d-orbitals. This results 

in a low degree of metal-ligand orbital overlap, predominantly electrostatic interactions 

with ligands instead of covalent bonds, and low amounts of ligand field stabilization 

energy, about two orders of magnitude lower than for the d metals. As the metal ion 

orbitals are a minor factor for the determination of the ligand arrangement, the flexibility 

of the coordination geometry is increased. Instead, steric arguments are decisive and can 

be used to design the ligand arrangement. Additionally, the forming and breaking of a Ln–

ligand bond does not result in the gain and loss of ligand field stabilization energy, which 

increases the plasticity of the bonds. Large spin-orbit coupling now plays the major role in 

the determination of the electronic ground state energy, whereas the ligand field merely 

leads to small splitting of the spin-orbit coupled states. Nonetheless, the fine tuning of the 

ligand field via the coordination environment153,154 can lead to large magnetic anisotropy, 

which has led to powerful single-ion magnets within the field of Ln single molecule 

magnets (SMMs).155,156 Conventionally, exclusively Ln(III) ions were used for the design of 

SMMs and were generally prevailing in Ln coordination chemistry.157 Nonetheless, a shift 

of emphasis towards Ln(II) chemistry has recently occurred,158,159 propelled by recent 

discoveries of the divalent oxidation state for the metals of the entire Ln series.160–163 

Investigating the use of Ln(II) ions for the design of chemical structures is attractive, as 

new atomic arrangements become accessible with Ln(II) ions due to the simple fact of 

reducing the amount of necessary counter charge by one, as well as due to the larger ionic 

radius and usually longer bonds of the Ln(II) ion allowing the accommodation of a higher 

number of or larger ligands compared to Ln(III). Furthermore, interesting electronic 

configurations have been observed, like the 4fn5d1 states of the less traditional Ln(II) ions 

(all except Sm, Eu, Yb, Tm), which yields interesting bonding situations characterized by 

some level of d orbital character of the metal-ligand bonds.159,162–164 Such electronic 

configurations had previously been observed for the excited states of the more traditional 
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Ln(II) ions (Sm, Eu, Yb, Tm) resulting in interesting luminescent properties due to the 

Laporte allowed f-d transitions.165–168 

Also in the field of MOFs and coordination networks, numerous examples of trivalent 

lanthanide structures are synthesized and studied, whereas Ln(II) chemistry in MOFs is 

scarce. Hence, the potential redox properties of Ln(II) ions in polymeric structures, as well 

as their capability to possess high coordination numbers to form unprecedented network 

structures remains unexplored. Indeed, metal atoms that can serve as unusual vertex nodes 

may be at the origin of new coordination network topologies. Their discovery essentially 

contributes to the expansion of the field of reticular chemistry,169,170 potentially with the 

long-term benefit of designing new materials for advancing technologies.171 For 2D 

materials, the use of linear {LnX2} units can be beneficial due to the capping of the axial 

positions by a nonbridging halide ligand, X–, imposing the arrangement of the remaining, 

bridging ligands into the plane. Because the large Ln(II) ion allows for the integration of 

more than four bridging ligands into the plane, tiling patterns of the coordination layers 

that deviate from the common regular tessellations become possible, for instance, square 

tilings with four-fold vertex nodes in the MX2(pyz)2 series, or hexagonal tilings with three-

fold vertex nodes, e.g., of graphene (Figure 33a-b). The use of five-fold vertex nodes, can 

be used to generate several so-called semi-regular Archimedean tilings, which are 

tessellations that use one type of vertex node and several types of polygons to tessellate the 

plane (e.g., Figure 33d-f). Except for the trihexagonal, or kagomé, tessellation 

(Figure 33f),21,172,173 semiregular tessellations are rarely found in chemical structures. 

Indeed, semiregular tilings in materials can lead to geometrically frustrated systems or 

more specifically magnetically frustration if magnetic nodes are used, a relative 

unexplored property.174–176 In fact, only one structurally characterized bulk coordination 

network containing a semiregular tessellation of the snub square tiling (Figure 33e) has 

been reported consisting of linear uranyl, UO2
2+, nodes and ditopic organic linkers.177 

Furthermore, semiregular tilings have been discovered to occur for surface deposited 

layers of Eu and Ce atoms linked by organic carbonitrile ligands.178,179 Interestingly, the 

Eu-carbonitrile layers contained, additionally to domains of semiregular tilings, domains 

of dodecagonal quasicrystalline tilings, which additionally to three-, four- and five-fold 

vertex nodes also contained six-fold vertex nodes.178 Only through the large atomic radius  
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Figure 33: Regular (a-c) and semiregular Archimedean tilings (AT) (d-f) of the plane with 

their respective vertex configurations. Tilings from a-f: Square, hexagonal, triangular, 

elongated triangular, snub square, and trihexagonal (kagomé). 

of Eu and the plasticity, characteristic for Ln ions, the high coordination number in the 

equatorial plane for a six-fold vertex node could be obtained, allowing for the generation 

of quasicrystalline phases. Due to the close structural correlation of some of the 

semiregular Archimedean tilings to dodecagonal quasicrystals, they are also called 

quasicrystalline approximants. For quasicrystalline approximants rich optical 

properties180,181 are predicted that have previously been found for quasicrystals. That and 

the magnetic frustration predicted for semiregular Archimedean tessellations174–176 suggest 

significant progress in materials science through the projection of the optical and magnetic 

properties of lanthanides onto semiregular tessellations.  

In the following, an account of the experimental study of using Yb(II) as a five-fold vertex 

node for the generation of quasicrystalline approximants is given from the coordination 

chemist’s point of view. Herein, the large ionic radius of the Yb(II) node allows for the 

arrangement of five ligands in the plane. First, the ligand arrangement is illustrated for a 

molecular congener (Paper 7), and secondly translated into a polymeric structure using a 

ditopic ligand (Paper 8). The resulting structure can be regarded as a first example of a 
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series of compounds with semiregular tilings in 2D Ln coordination networks with an 

ultimate goal to install unusual magnetic and optical properties.  

A five-vertex Yb(II) node for the generation of Archimedean tessellations 

Upon dissolution and crystallization of LnI2 with the more common Ln(II) ions (Ln = Eu, 

Yb, Sm) in MeCN, pentagonal bipyramidal complexes of LnI2(MeCN)5 were formed 

(Figure 34). The large axial I– ligands are arranged nearly linearly, which pushes the 

remaining MeCN ligands towards the equatorial positions. The large Ln ion allows thereby 

for the coordination of five MeCN ligands. Similarly, a five-fold vertex node is found in 

the related [SmI2(py)5]182 and [LnI2(thf)5] (Ln = Sm183,184, Eu185), and appears thus to be a 

preferred coordination mode for smaller ligands. In contrast, the coordination of the 

slightly more bulky 3,5-lutidine ligand results in the ligation of only four equatorial ligands 

in [LnIII2(3,5-lutidine)4] (Ln = Sm, Yb).186 Hence, it was expected that polymeric structures 

consisting of LnI2 and non-bulky bridging ligands could result in the formation of 

structures based on five-fold vertex nodes illustrated in Figure 33d-e.  

 
Figure 34: SCXRD structure of YbI2(MeCN)5 at 120 K showing the pentagonal bipyramidal 

coordination around Yb. EuI2(MeCN)5 and SmI2(MeCN)5 are isostructural. Selected bond 

lengths in Å: Yb–I 3.1124(2) and 3.1326(2), Yb–N 2.566(3) to 2.537(2). Yb light blue, I 

purple, N blue, C grey, H white.  

The linker 4,4¢–bipyridine (bipy) and 3d metals typically form square grid motifs arising 

from the metal 4-vertex nodes of square planar or octahedral coordination.187 In contrast, 

the reaction of YbI2 with bipy in MeCN yielded dark blue crystals, which crystallographic 

structure exhibits rare pentagonal bipyramidal coordination, as obtained from SCXRD 

(Figure 35). Crystallized in the P1& space group, YbI2(bipy)2.5·1.5 CH3CN (YbLayer) 
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consists of layers of an elongated triangular tiling in which nearly linear five-fold {YbI2} 

nodes are linked by the bipy linkers to form squares and triangles (Figure 35a). Locally, 

the coordination geometry around Yb resembles that of a D5h coordination with angles of 

ÐN–Yb–N close to the ideal angle of 72° (Figure 35b). In contrast, the ÐYb–Yb–Yb angles 

are at approximately 90° and 60° as expected for an elongated triangular tessellation. 

Additionally, the Yb×××Yb distances are nearly constant (12.14 Å and 12.25 Å for the 

rectangles, and 12.14 Å, 12.32 Å, and 12.34 Å for the triangles), which results in nearly 

equilateral tiles and an almost ideal elongated triangular tiling. In addition to the novelty 

of its structure, YbLayer is an extremely rare example of a crystallographically 

characterized coordination solid containing Ln(II).  

As explored in the previous section, EuBr2(pyz)1.5·0.5 MeCN is not marked by electron 

transfer from the metal to the pyz ligands in spite of the reducing properties of Eu(II) 

(EEu(III)/Eu(II) = –0.35 V). The reduction potential of bipy is similar to that of pyz.188 The 

potential of Yb(II) (EYb(III)/Yb(II) = –1.1 V) is significantly decreased from that of Cr(II) 

(ECr(III)/Cr(II) = –0.41 V) and electron transfer from Yb(II) to organic ligands has previously  

 
Figure 35: Crystallographic structure of YbLayer from SCXRD at 120 K. a, Illustration of 

the elongated triangular tiling with square tiles in grey and triangular tiles in blue. b, A 

fragment of the structure displaying bond angles in between ÐN–Yb–N in blue and ÐYb–

Yb–Yb in dark grey. Yb light blue, I purple, N blue, C grey, H not shown. Selected bond 

lengths in Å: Yb–I 3.1210(4) and 3.1321(4), Yb–N 2.564(4)–2.633(4). Solvent molecules 

are omitted for clarity.  
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been observed in a related reaction of Yb(II) with 2,2¢–bipyridine.189 Nonetheless, the bond 

lengths in YbLayer (Yb–I 3.1210(4) and 3.1321(4) Å, Yb–N 2.564(4)–2.633(4) Å) show a 

close resemblance to those in YbIII2(MeCN)5 (Figure 34, Yb–I 3.1124(2) and 3.1326(2) Å, 

Yb–N 2.566(3) to 2.537(2)). In comparison, the related compound [YbIIII2(py)5]I·0.5 py 

exhibits generally shorter Yb–ligand distances (Yb–I 2.9645(3) and 2.9729(3) Å, Yb–N 

2.454(4)–2.482(3) Å).190 From the structural analysis, the Yb ions in YbLayer are divalent 

which is somewhat astonishing in view of the strong reduction potential of Yb(II) 

compared to Cr(II), but can be rationalized by the lack of orbital overlap in between the 

metal and the ligand, which allows presumably for a stabilization of the organic radical in 

CrCl2(pyz)2 and CrBr2(pyz)2. 

Interestingly, the synthesis carried out in thf instead of MeCN, results in the formation of a 

related structure YbI2(bipy)2(thf)·1.5 thf (YbChain), now consisting of double chains 

forming triangular tiles with ÐYb–Yb–Yb angles close to 60° (Figure 36). The individual 

chains are separated by the non-bridging thf ligands. The supramolecular structure is a 

distorted elongated triangular tessellation with parallelograms instead  of  squares  spanning 

 
Figure 36: Crystallographic structure of YbChain from SCXRD at 120 K. The triangular 

tiles are illustrated in blue, the distorted square and distorted triangular tiles are illustrated 

in light grey and light blue. Angles of ÐYb–Yb–Yb are shown in dark grey and distances 

Yb×××Yb are shown in blue. Selected bond lengths in Å: Yb–I 3.1311(8), 3.1038(8); Yb–N 

2.585(5)-2.666(5); Yb–O 2.454(5). 
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in between the chains (illustrated by light grey tiles) or a triangular tessellation, if the 

parallelogram is bisected into two, so that each Yb is surrounded only by triangular tiles 

(illustrated by light blue tiles). The bond lengths around Yb in YbChain (Yb–I 3.1311(8) 

and 3.1038(8); Yb–N 2.585(5)-2.666(5); Yb–O 2.454(5) Å) closely resemble those in 

YbLayer (Yb–I 3.1210(4) and 3.1321(4) Å, Yb–N 2.564(4)–2.633(4) Å) supporting the 

absence of ligand reduction and a common divalent oxidation state. The oxidation state 

of Yb(II) was additionally verified with magnetometry. The vanishingly small χT signal of 

approximately 0.06 cm3 K mol-1 for both YbChain and YbLayer reflects the diamagnetic 

closed shell nature of Yb(II) ([Xe]4f14), whereas the remaining signal is accounted for by a 

trace amount of paramagnetic Yb(III) impurities. 

The structure of a dodecagonal quasicrystalline tiling consists of a square to triangle ratio 

of ca. (3/4)0.5 ≈ 0.43,191 i.e., a higher number of triangular tiles than found in the elongated 

triangular tessellation of YbLayer. The structure of YbChain is interesting as it gives a 

prospect on how to introduce the triangle rich 36-like motif without the uncommon 

coordination of six ligands into the equatorial plane, necessary to form dodecagonal 

quasicrystalline tessellations. Indeed, quasicrystallinity in metal-organic structures would be 

attractive, as coordination network structures are optically transparent as opposed to alloys, 

for which quasicrystallinity and quasicrystalline approximants are commonly found.192,193  

Conclusions 

Applying the linear {YbI2} node allows for the formation of 2D materials with unusual tiling 

patterns, due to the ability of hosting more than four bridging ligands in the equatorial plane, 

which is generally distinct from the d metals. YbLayer forms an elongated triangular 

tessellation, one of the semiregular Archimedean tessellations, for which interesting optical 

properties and magnetic frustration are predicted. For that reason, the introduction of 

paramagnetic Ln ions instead of diamagnetic Yb(II) will be attractive. In addition, inspired 

by the properties of CrCl2(pyz)2, as described in Chapter 2, the insertion of organic radicals 

as bridging ligands may facilitate enhanced communication of magnetic spins. The five-

vertex node expressed in YbLayer and YbChain might be a sign of conceivable dodecagonal 

quasicrystalline phases arising from this type of structure, a study of which will feed into the 

current interest in aperiodic structures.176   
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4. Metal zero-valency in MOFs (Paper 9) 

π-back-bonding ligands for stable zero-valent MOFs 

The presented MOF structures all comprise the utilization of metal ions in a low oxidation 

state to implement interesting redox properties or interesting geometries. Generally in 

MOF research, it is more common to use ions of higher valency to launch increased 

stability due to strong bonds,194,195 which is necessary for many of the envisaged 

applications of the frameworks.196 Thus, it is not surprising that MOFs with low-valent 

metal atoms are underrepresented. Indeed, only one example of a crystalline zero-valent 

MOF has been published so far, built of ditopic m-terphenyl diisocyanide and Ni(0) 

nodes.197 This compound exemplifies how coordination chemists can use molecular 

orbital theory as a tool to generate stable low-valent MOFs. Namely, the use of π-acceptor 

ligands, such as RNC, NO, and CO, can lead to enhanced robustness of the metal-ligand 

bond through π-back-bonding of the metal ion’s electron density and stabilize the low 

oxidation state of the metal ion. As this is the only structurally characterized example of a 

MOF with zero-valent metals, there remains to be an unexplored potential for new MOF 

structures with interesting functionality.  

Substitution reactions of the metal carbonyls by other neutral ligands are well 

documented.198,199 The substitution of homoleptic 18 valence-electron carbonyls occurs via 

the dissociation of a CO ligand, which is the rate determining step. The rate of substitution 

increases from Cr(CO)6 over Fe(CO)5 to Ni(CO)4.200,201 Trends in bond strengths and 

dissociation energy are used to rationalize the reactivities. For example, down the group 6 

metals, the calculated M–CO bond energy is largest for Cr(CO)6 (211 kJ mol–1), closely 

followed by that of W(CO)6 (210 kJ mol–1), whereas Mo(CO)6 (178 kJ mol–1) has largely 

decreased bond energy.200 The reactivity towards substitution follows a similar trend, i.e., 

Mo(CO)6 noticeably exhibits the highest reactivity.199,201 The extent of substitution for a 

specific reaction depends highly on the ligand, e.g., with the strongly back-donating ligand 

PF3, all CO ligands of Cr(CO)6 are substituted, while with less π-back-donating ligands 

only some of the CO ligands are substituted, resulting in a heteroleptic complex. The 

substitution with a weak incoming π-back-bonding ligand leads to an increase of the 

remaining M–(CO) bond strength, whereas a strong π-back-bonding ligand, such as PF3, 
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allows for further substitution, as the metal’s zero valent oxidation state is sufficiently 

supported. Pyz, closely related to py, has relatively bad π-back-bonding qualities.198 For 

Cr(CO)6 and Mo(CO)6, trisubstituted py metal carbonyls are structurally 

characterized,202,203 whereas for W(CO)6 solely the disubstituted complex is 

crystallographically characterized.204  

In the following, a new synthesis strategy for the generation of zero-valent MOFs is 

presented (Paper 9). Herein, the hexacarbonyls of the group 6 metals are subjected to 

ligand exchange with the ditopic pyz linkers, leading to the construction of MOFs with 

pore channels and zero-valent metal nodes. Indeed, this strategy is not limited to the group 

6 metals, as many of the other d metals form neutral metal carbonyls which can be utilized 

as starting materials.   

MOFs with zero-valent metals generated from the group 6 hexacarbonyls 

The reaction of Cr(CO)6, Mo(CO)6, and W(CO)6 with an excess of pyz at elevated 

temperatures results in the formation of dark, shiny crystals. In line with the bond 

energies, Mo(CO)6 (178 kJ mol–1) reacted with ease at 150 °C, whereas the reaction with 

Cr(CO)6 (211 kJ mol–1) at the same temperature resulted in sparse yields and the reaction  

 
Figure 37: Crystallographic structures from SCXRD at 120 K. a, Bulk structure of W 

showing the stack of layers and the pore channels with the viewing direction along the 

crystallographic c direction. The intercalated pyz molecules and the disorder of pyz is 

omitted for clarity. b, c, d, Fragments of Cr, Mo, and W showing the intercalated pyz 

molecules in the void spaces of the hexagons and the rotational disorder of pyz for W. Cr 

green, Mo turquoise, W light blue, N blue, O red, C grey, H not shown.   
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with W(CO)6 (210 kJ mol–1) necessitated higher temperatures of 200 °C for the reaction to 

commence.200 SCXRD unveils a structure of fac-M(CO)3(pyz)3/2 coordination layers, in 

which hexagonal pore channels are constructed perpendicular to the layers (Figure 37). 

Indeed, the hexagons are not flat, but in chair conformation resulting in ÐM–M–M angles 

close to 90°. The channels contain non-coordinated pyz molecules, resulting in a 

formulation M(CO)3(pyz)1.5·0.5 pyz (with M = Cr, Mo, W). Whereas Cr and Mo 

crystallize in the triclinic space group P1& with two angles close to 90° approaching a 

monoclinic unit cell (Cr: β = 87.97(3)°, γ = 86.43(3)°; Mo: β = 88.185(9)°, γ = 86.35(1)°), 

W crystallizes with higher symmetry in the monoclinic space group C2/m. In addition, W 

exhibits rotational disorder of the pyz molecules over several positions, which is absent in 

Cr and Mo (Figure 37 b-d).  

The reaction products of Cr, Mo, and W contained a small amount of a second compound, 

which was identified as a cubic phase in space group group I4&3d, M(CO)3(pyz)1.5. The 

frameworks cubicCr, cubicMo, and cubicW contain the same fac-M(CO)3(pyz)3 units as 

Cr, Mo, and W, but through a different configuration of the building blocks, dense 

frameworks consisting of two interpenetrating coordination networks are formed 

(Figure 38). The π–back–donation of the metal into the antibonding π* orbital of CO 

leads to a weakening of the C–O bond observed by an elongation of the bond. In 

comparison to the free CO molecule (1.128 Å),205 the  average  C–O  bond  lengths  in  Cr,  

 
Figure 38: Crystallographic structure from SCXRD at 120 K of cubicW (cubicCr and 

cubicW are isostructural). a, A fragment of the structure showing the fac arrangement of 

the ligands in the same way as for W. b, 3D structure of the dense interpenetrated 

framework of cubicW.  
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Mo, and W (1.168,1.174, and 1.167 Å) are decreased by approximately 4%. The decrease 

of bond length is usually reflected in a red-shift of the carbonyl stretches in IR spectra 

compared to the free CO molecules. Indeed, Cr, Mo, and W show two strong IR 

absorptions (Figure 39), as expected for the fac conformation,206 revealing a red-shift of 

the first band at 1891, 1896, and 1885 cm–1 by ~250 cm–1 compared to the free CO 

molecules due to the weakening of the bond by the metal’s back-donation.  

 
Figure 39: ATR–IR spectra of Cr, Mo, and W at room temperature 

Notably, Cr, Mo, and W are stable in air over several days, or even over several months 

for Mo, displaying the high stability towards oxidation induced through the π-accepting 

carbonyl ligands, and less so pyz ligands. It appears that the intercalated pyz molecules are 

essential for withholding the stability of the framework. Thermogravimetric analysis 

(TGA, Figure 40) showed no sign of stable species after the removal of intercalated pyz, 

as seen by the absence of any plateau around 87%, 88%, and 91% for Cr, Mo, and W, 

respectively, the wt% of the species after loss of half a pyz per formula unit.  

 
Figure 40: TGA of Cr, Mo, and W at a heating rate of 1 K min–1.  
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Conclusions 

The ligand substitution of homoleptic metal carbonyls with suitable bridging ligands may 

result in the formation of polymeric structures with zero–valent metal ions, as exemplified 

by the reaction of pyz with the group 6 hexacarbonyls resulting in the crystalline MOFs 

Cr, Mo, and W. The synthesis approach could be easily transferred to other metals and 

ligands. In that vein, it may be favorable to use longer linkers for an eased evacuation of 

the intercalated molecules in the pore channels, which is desirable for the exploration of 

gas sorption qualities of the MOF. The π-back-bonding qualities of the remaining CO 

ligands result in rather stable structures. Interestingly, the bond strength of the C–O bond 

is decreased from the free CO molecule, which suggests the exploration of the reactivities 

of these MOFs within catalytic reactions that include a metal carbonyl complex, such as 

the Fischer-Tropsch synthesis or the water gas shift reaction.  
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5. Outlook 

The research presented in the previous chapters showcases chemical design approaches by 

which new MOF and coordination network architectures with new attributes are 

constructed. While MOF synthesis is an exceedingly active research area today, the 

ultimate aim should be to gain the competence of adjusting the physical properties of the 

coordination networks at will by means of chemical modifications in order to render them 

as suitable materials for applications. In that vein, owing to the convertible nature of these 

molecule-based structures, there are many loose ends to tie up based on the herein 

presented results.  

Most of the presented structures carry pyz as the bridging ligand. The exchange of pyz by 

longer ligands will be an obvious choice to increase the spacing in between the metal 

nodes. Although this will likely result in a worsening of the magnetic properties of the 

MX2(pyz)2 systems, presented in Chapter 2, it might be interesting from a structural 

aspect. With increasingly large linkers, an opening of pore channels might arise. The 

capturing of certain gases in the channels might then have an influence on the charge 

transport properties, which is an essential mechanism for gas-sensing applications.78 

Certainly, studying the extension of the molecular spacer will be attractive for the systems 

presented in Chapter 4, Cr, Mo, and W. An increase of the pore channels might occur, 

which could facilitate the removal of the intercalated solvent molecules and enable the 

study of the interaction of host molecules with the CO-lined walls of the pores. For the 

system presented in Chapter 3, YbLayer, selecting sleeker ligands than bipy might be 

beneficial for the incorporation of six-fold vertex nodes towards the exploration of the 

possibility for dodecagonal quasicrystalline phases in these systems. It has been shown that 

Yb(II) can coordinate eight MeCN ligands in the salt [Yb(MeCN)8][BPh4]2.207 Studying the 

use of comparable ditopic ligands, like the biscarbonitrile-polyphenyl ligands used for 

surface deposited quasicrystalline networks with Eu atoms,178 might lead to the formation 

of flat 36 nodes.  

The recent study of post-synthetic reduction of CrCl2(pyz)2 resulting in ordering 

temperature far above room temperature127 has shown that the control of the magnetic 

properties can be pursued through reductive insertion. Certainly, related studies can be 

conducted on the here presented frameworks. If it turns out, as is suspected, that the NCS– 
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ligands in Cr(NCS)2(pyz)2 are non-innocent, it would present an interesting compound 

to reduce post-synthetically. Potentially, the magnetic interactions are then not only 

increased within the coordination layers, but also in between them, which would result in 

giant coercive fields and ordering temperatures increased from those of the reduced 

CrCl2(pyz)2 version. The introduction of spin will also be pursued for structures based on 

YbLayer. Currently, research is conducted in our group that utilizes the large magnetic 

moment of Dy(III) and bipy radicals in order to arrive at the same stoichiometry as 

YbLayer and enhance the exchange interaction in between the Dy(III) ions. Similar to the 

synthesis of Cr, Mo, and W, homoleptic carbonyl complexes with half-filled orbitals could 

be used to facilitate the formation of unprecedented magnetic MOFs based on zero-valent 

metal nodes. The incorporation of the heavier magnetic 4d and 5d metals may be pursued, 

as materials based on those elements are generally underrepresented and the exploration 

of their unique properties in materials, such as large spin-orbit coupling, is attractive for 

spin-based quantum technologies.  

The herein presented structures are layered solid state materials with strong chemical 

bonds in 2D and weaker bonding forces in the third dimensions. The use of suitable 

exfoliation techniques for a breaking of the bonds in the third dimension might result in 

the generation of atomically thin materials.19 Initially, tests of the exfoliation of 

CrBr2(pyz)2 have been conducted to no avail, possibly due to unneglectable interlayer pyz 

π–Br– interactions. Nonetheless, the study of the exfoliation of Cr(NCS)2(pyz)2 may be 

worthwhile, considering the increased distance in between the layers compared to 

CrBr2(pyz)2 and the different nature of the NCS– compared to the Br– ligand. Possibly, the 

suitability towards exfoliation of these compounds could be investigated computationally, 

thereby assisting the experimental efforts.208 

With a fractal–like growth of new MOFs and coordination networks and the constantly 

accelerating development of synthesis methodologies, pillared on the toolkit from a 

century of coordination chemistry, the advancement of applied materials science with 

these structures is greatly anticipated. Hence, extending the fractal with new polymeric 

architectures that bear new physical and chemical properties contributes to the process of 

finding the right pathways to technologically relevant compounds.  
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Two-dimensional (2D) materials offer a plethora of exciting 
properties not seen in 3D materials that are central to emer-
gent molecular-scale electronics1. However, existing 2D mate-

rials such as atom-thick layers or heterostructures of graphene2 
and transition-metal dichalcogenides3 have limitations, and their 
simple chemical nature complicates significantly the possibilities 
to modulate their electronic, magnetic or optical properties for 
specific applications. Furthermore, almost all these 2D materials 
are non-magnetic in their pristine forms4, hampering their use in 
emerging technologies relying on the quantum spin of transported 
electrons, such as spintronics5, magnetoelectrics6 and multiferroics7.  
In contrast, transition-metal-doped semiconductors are of particu-
lar interest for spintronics application due to their near-total spin 
polarization8,9. However, the precise distribution of metal ions is 
difficult to control, and spatially low-dimensional systems have not 
been obtained. For molecule-based systems, significant efforts have 
been devoted to improving and tailoring the characteristics of mag-
nets10 and conductors11, and a combination of these properties is 
typically only found in materials with separate magnetic and con-
ductive sublattices12,13.

An alternative approach to 2D materials is inspired by reticu-
lar molecule-based metal–organic framework (MOF) chemistry14.  

The synthetic engineering of the inorganic and organic modules 
leads to almost endless possibilities for tuning both the physical 
properties and anisotropy of the chemical bonding in a 3D crystal-
line solid. Interestingly, recent reports have shown great promise for 
the isolation of novel 2D materials as single sheets or van der Waals 
heterostructures through exfoliation of coordination solids featur-
ing weak dispersion forces between covalently bonded layers15. To 
introduce strong electronic and magnetic communication between 
spin carriers in such coordination solids, extensive electronic delo-
calization is essential16. Indeed, record high electrical conductivities 
have been obtained in 2D coordination solids of ditopic or polytopic 
conjugated organic ligands and transition-metal ions due to strong 
π–d conjugation between the ligand and metal ion orbitals17–22. 
However, all of these materials are non-magnetic and involve only 
square-planar coordinated metal ions. To expand the perspective to 
the ubiquitous octahedrally coordinated metal ions, recent atten-
tion has turned towards multidimensional coordination networks 
involving Feii/iii-benzoquinone radical units23–25. However, restrain-
ing the chemistry to only those, and a few related, redox partners 
puts significant limitations on the materials that can be exploited. 
Indeed, many other metal ion–ligand couples are known to exhibit 
interesting inner-sphere redox reactions. For instance, several  
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aromatic amines are known to be redox-active when coordinated 
to moderately reducing transition-metal ion centres, often resulting 
in remarkable electronic structures and reactivities for the molecu-
lar species26. In an attempt to extend this chemistry to coordination 
networks and to boost both magnetism and electronic conductiv-
ity in related 2D materials, we turned our attention to the possible 
redox-activity of the simple pyrazine (pyz) ligand. This common 
ditopic ligand is found in thousands of crystallographically char-
acterized coordination networks27. Although the pyrazine anion 
radical can be generated by alkali metal reduction in solution28 or 
recently by photon-assisted charge separation in the solid phase29, 
the first indication of a transition-metal ion reduction of pyr-
azine was reported in 1980 by Dunne and Hurst30. The purported 
[CrIII(Hpyz∙)]3+ complex, called ‘pyrazine green’31, formed from the 
reaction between Cr2+ and pyrazine in aqueous solution, was shown 
to decay quickly to form [Criii(pyz)]3+ and the dihydropyrazinium 
radical ion H2pyz∙+. Inspired by these results, we report the isolation 
and characterization of a structurally simple layered coordination 
solid, CrCl2(pyz)2, which exhibits both long-range magnetic order 
and high 2D electronic conductivity.

Results and discussion
The reaction of CrCl2 with a large excess of pyrazine at 200 °C 
affords a black microcrystalline powder (Supplementary Fig. 1). 
Elemental analysis of Cr, Cl, N, C and H is consistent with the 
CrCl2(pyz)2 formulation (see Methods). The crystal structure 
(Fig. 1) was solved from synchrotron X-ray powder diffraction 
data (see Methods and Supplementary Fig. 2). CrCl2(pyz)2 crys-
tallizes as a layered structure in the orthorhombic Immm space 
group. The trans-CrCl2(pyz)2 layers are stacked along the crystal-
lographic c direction and spaced apart by 5.4 Å. Without indica-
tions of a larger supercell from analysis of the powder diffraction 
pattern, the pyz rings are disordered on two positions imposed by 
the mirror planes of the Immm space group (Fig. 1c). Despite the 
orthorhombic space group, the 2D network closely approaches the 
symmetry of a square lattice with Cr···Cr distances of 6.90351(4) 
and 6.97713(4) Å and Cr–N bond lengths of 2.003(2) and 
2.059(2) Å (Fig. 1 caption). On the other hand, the Cr–Cl bond 
length, 2.337(1) Å, is much shorter than the 2.80 Å found in the 
related, mononuclear complex trans-[CriiCl2(pyridine)4]32. Indeed, 
the metric parameters of the Cr site in CrCl2(pyz)2 are in the 
expected range for Cr3+, as illustrated by trans-[CriiiCl2(pyridine)4]
(ClO4)·1/4H2O (Cr(iii)), with Cr–N and Cr–Cl bond lengths of 
2.1 Å and 2.3 Å, respectively (Supplementary Fig. 3).

Because examples of the apparent absence of a Jahn–Teller axis 
in Cr2+ complexes have been reported33, further insight into the Cr 
oxidation state in CrCl2(pyz)2 was obtained using X-ray absorption 
spectroscopy (XAS). XAS spectra were collected at the Cr K-edge 

of CrCl2(pyz)2, and two mononuclear model complexes—Cr(ii), 
(trans-[CriiCl2(NCNH2)4]) and Cr(iii), (trans-[CriiiCl2(pyridine)4]
(ClO4)·1/4H2O) (Fig. 2)—both featuring a {CrN4Cl2} chromophore 
but possessing established + ii and + iii oxidation respectively. The 
experimental spectra shown in Fig. 2a and Supplementary Fig. 4 are 
dominated by the 1s →  4p transitions, with much weaker pre-edge, 
dipole-forbidden, 1s →  3d transitions. The rising edge commences 
at lower photon energy for Cr(ii) than for Cr(iii), reflecting the 
stronger binding energy of the 1s core electrons in the latter. As has 
been previously discussed34, the energetically lowest-lying pre-edge 
feature, 1s →  t2g, is a fingerprint of the Cr oxidation state, which is 
largely insensitive to the exact ligand field.

The Cr K-edge XAS spectra show that the CrCl2(pyz)2 and 
Cr(iii) data largely overlap (Supplementary Fig. 4), with an energy 
of the pre-edge feature for CrCl2(pyz)2 that is only 0.2 eV higher 
than that of Cr(iii) (Fig. 2a). The X-ray crystallographic and spec-
troscopic analyses therefore both point towards the presence of 
Cr3+ in CrCl2(pyz)2, which necessitates that the pyz scaffold has 
been reduced by one electron per formula unit during synthesis. 
Although the crystal structure reveals the presence of two crystal-
lographically different pyrazine ligands, the small differences in the 
N–C (1%) and C–C (2%) bond lengths do not allow assignment of a 
localized radical ligand. The Cl K-pre-edge intensity provides direct 
access to the Cl 3p character in the Cr 3d orbitals and thus serves 
as a complementary probe of the Cr electronic structure35. The Cl 
K-edge spectra of CrCl2(pyz)2 and Cr(iii) are strikingly similar 
(Fig. 2b and Supplementary Fig. 4), whereas the pre-edge intensity 
for Cr(ii) is significantly lower. These XAS data thus corroborate 
unequivocally the similar Cr electronic structure in CrCl2(pyz)2 
and the archetypal Cr3+ complex, Cr(iii).

The magnetic susceptibility–temperature product, χT, of 
CrCl2(pyz)2 which amounts to 2.7 cm3 K mol–1 at 400 K (Fig. 3), 
significantly increases on decreasing the temperature (for exam-
ple, 3.3 and 4.7 cm3 K mol–1 at 300 K and 200 K, respectively). This 
thermal behaviour at high temperatures highlights the presence of 
strong magnetic interactions between spin carriers. A direct com-
parison of the χT product at 400 K with the Curie constant values 
(1.9 cm3 K mol–1 for S =  3/2 Cr3+; 3.0 or 1.0 cm3 K mol–1 for S =  2 
high-spin or S =  1 low-spin Cr2+, respectively; 2.25 cm3 K mol–1 for 
uncoupled S =  3/2 Cr3+ and S =  1/2 pyrazine radical spins; with 
g =  2) is thus not straightforward. These magnetic susceptibility 
data are also poorly described by the Curie–Weiss law, as expected 
for low-dimensional systems showing strong π–d conjugation and 
strong magnetic interactions36. A sudden increase in the suscep-
tibility is observed at ∼ 55 K, suggesting the existence of a mag-
netic phase transition (Fig. 3 inset and Supplementary Fig. 5).  
This result is corroborated by alternating current (a.c.) suscepti-
bility data (Supplementary Fig. 6), which show an abrupt increase 
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Fig. 1 | Structure of CrCl2(pyz)2. a, Fragment of the layered structure shown along the Cl–Cr–Cl axis (crystallographic c direction), as determined from 
synchrotron X-ray powder diffraction data at room temperature. b, Perspective view of the staggered stacking of the layers perpendicular to the c direction. 
c, Thermal ellipsoid plot drawn at 80% probability level showing the positional disorder of the pyrazine rings (dark/light colour). Dark green, Cr; light green, 
Cl; blue, N; dark grey, C. Hydrogen atoms have been omitted in a and b for clarity. Selected bond lengths and angles: Cr–N1, 2.003(2) Å; Cr–N2, 2.059(2) Å; 
Cr–Cl, 2.337(1) Å; N1–C1, 1.349(2) Å; C1–C1, 1.327(3) Å ; N2–C2, 1.333(2) Å ; C2–C2, 1.351(3) Å; ∠ dihedralC1–N1–Cr–Cl, 42.5°; ∠ dihedralC2–N2–Cr–Cl, 43.9°.
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in both the in-phase (χ′ ) and out-of-phase (χ″ ) susceptibilities at  
∼ 55 K. The field dependence of the magnetization shows a hyster-
etic behaviour with a remnant magnetization below ∼ 55 K (Fig. 3 
inset and Supplementary Fig. 7), further supporting the assignment 
of an ordering transition at ~55 K. Notably, this ordering tempera-
ture is much higher than that observed for any previously reported 
pyrazine-based networks. The saturation magnetization at 7 T and 
1.85 K amounts to 1.8 μB, which is much lower than expected for a 
ferromagnetically coupled Cr3+-radical pair (∼ 4 μB), but is close to 
the ∼ 2 μB expected for antiferromagnetically coupled Cr3+ and radi-
cal spins. This result supports unambiguously the existence of an 
ordered ferrimagnetic state below 55 K with strong antiferromag-
netic interactions within the 2D coordination network and a paral-
lel alignment of the layer magnetic moments.

Density functional theory (DFT) calculations performed on 
the simple model fragment, trans-[CrCl2(pyz)4], reveal significant 
spin density on the dangling pyrazines (Supplementary Fig. 8), and 
a broken-symmetry calculation provides a rough estimate for the 
very strong antiferromagnetic Cr3+–pyz radical exchange coupling 
of around –2,000 cm–1 (J/hc =  –2,040 cm–1 with the –2J convention). 
The calculated spin density of the S =  3/2 – S′ = 1/2 broken-symme-
try solution and the corresponding Mulliken population analysis 
are given in Fig. 4a. The summed spin population on the pyz ligands 
of –0.68 is close to the ideal value for one electron delocalized on the 
four pyrazines of the model complex.

To further elucidate the electronic and magnetic ground state of 
CrCl2(pyz)2, periodic lattice DFT calculations were performed on the 
experimentally observed ferrimagnetic state and on the likely low-
lying antiferromagnetically ordered phase (see Methods). Although 
both configurations feature antiferromagnetic interactions within 
the layers, the difference arises from the nature of the interactions 
between the layers. The DFT-optimized structures with fixed experi-
mental lattice constants are similar for both the ferrimagnetic and 
antiferromagnetic states, and close to the experimentally determined 
structure. The optimized C–N–Cr–Cl torsion angles are in the 33–36° 
range leading to pyrazine rings, which are slightly less tilted than in 
the experimental structure (43–44°). In both cases, an absolute local 
magnetic moment of ~2.54 μB is found for each Cr3+ ion (Cr1 and 

2,816 2,818 2,820 2,822 2,824

0.0

0.2

0.4

0.6

0.8

1.0

1.2

5,986 5,988 5,990 5,992 5,994

0.00

0.02

0.04

A
bs

or
pt

io
n 

(a
.u

.)

Photon energy (eV)

b
Photon energy (eV)

CrCl2(pyz)2
Cr(III)

Cr(II)

CrCl2(pyz)2

Cr(III)

Cr(II)

a

A
bs

or
pt

io
n 

(a
.u

.)

Fig. 2 | XAS at the pre-K-edge region. a, Cr K-edge spectra of CrCl2(pyz)2, 
Cr(iii) (trans-[CriiiCl2(pyridine)4](ClO4)·1/4H2O) and Cr(ii) (trans-
[CriiCl2(NCNH2)4]) recorded at T =  3 K. b, Cl K-edge spectra of the same 
compounds. To facilitate a direct comparison, data were normalized to zero 
before the edge and to unity far above the edge (Supplementary Fig. 4).

0 50 100 150 200 250 300 350 400
0

50

100

150

200

–0.3 –0.2 –0.1 0.0 0.1 0.2 0.3
–1.5

–1.0

–0.5

0.0

0.5

1.0

1.5

0 20 40 60
0.0

0.2

0.4

0.6

0.8

b

χT
 (

cm
3  K

 m
ol

−
1 )

T (K)

a

0 10 20 30 40 50 60 70 80 90

0

20

40

60

80

100
2.2 mT
5 mT
10 mT
20 mT
50 mT
100 mT
...
7 T

T (K)

30 K
35 K
40 K
45 K
50 K
60 K

1.85 K
3 K
6 K
10 K
15 K
20 K
25 K

M
 (

µ B
)

M
re

m
 (

µ B
)

T (K)

χ 
(c

m
3  m

ol
−

1 )

µ0Hdc (T)

Fig. 3 | Magnetic properties for CrCl2(pyz)2. a, Temperature dependence of 
the χT product (μ0Hdc =  0.1 T). Inset: Temperature dependence of susceptibility 
at selected d.c. magnetic fields. b, Magnetic field dependence of the 
magnetization obtained with a sweep rate of 30 Oe min–1. Inset: Temperature 
dependence of the remnant magnetization deduced from the main panel. 
Solid line: simulation of the temperature dependence of the remnant 
magnetization, Mrem ∝  (1 – (T/Tc)α)β with Tc =  52 K and β =  0.33, α =  2.0.

Cr: 2.69

–0.08

–0.05

pyz: –0.17

Cl: 0.004

a b pyz3 pyz4

pyz2 pyz1

Cr1

Cr2

b

c

Fig. 4 | DFt calculations. a, DFT-calculated spin density of the broken-
symmetry state of the hypothetical [CrCl2(pyz)4] model complex in the gas 
phase (isosurface value of ± 0.005; blue, positive; red, negative). b, DFT-
relaxed structure of CrCl2(pyz)2 with fixed experimental lattice constants. 
The labelling highlights structurally distinct units. Calculated spin moments 
in units of μB for the ferrimagnetic (antiferromagnetic) state: Cr1, 2.54 
(–2.54); pyz1, –0.32 (0.31); pyz2, –0.28 (0.28); Cr2, 2.54 (2.54); pyz3, 
–0.26 (–0.26); pyz4, –0.27 (–0.26). The local N and C magnetic moments 
were –0.12 (0.008) and –0.011 (0.001), respectively, and the Cl moments 
are negligibly small.

NAtuRE ChEMiStRy | VOL 10 | OCTOBER 2018 | 1056–1061 | www.nature.com/naturechemistry1058

109



ArticlesNature Chemistry

Cr2 in Fig. 4b), which is significantly reduced from the expected  
∼ 3 μB for Cr3+. As expected, the local magnetic moments of the pyr-
azine ligands (pyzx, x =  1–4, Fig. 4b) are always antiparallel to the  
nearest Cr moment. The resulting magnetization at saturation for 
the 2D network is estimated as 1.98 μB, in excellent agreement with 
the experimental data (Supplementary Fig. 7). Thus, the difference 
between the possible ferrimagnetically and antiferromagnetically 
ordered states arise only from the respective orientation (parallel and 
antiparallel, respectively) of the CrCl2(pyz)2 layer magnetic moments 
(Fig. 4 caption). We note that these ferrimagnetic and antiferromag-
netic states are virtually degenerate at this level of theory (within 
~10 cm–1 per formula unit), highlighting the very weak interlayer 
magnetic interactions as compared to the intralayer ones.

In an attempt to determine experimentally the magnitude of the 
local Cr moment in CrCl2(pyz)2, X-ray magnetic circular dichro-
ism (XMCD) experiments were performed. At the Cr K-edge, the 
XMCD signal is due to the orbital polarization of the Cr 4p and 3d 
states that could be induced either by the intra-atomic spin–orbit 
interaction of the Cr atoms and (or) by hybridization of the Cr 4p 
states with spin–orbit split states of neighbouring atoms37. Given the 
fact that spin–orbit interactions of the pyz ligand atoms are neg-
ligibly small, the second term can be simply neglected. Thus, the 
observed XMCD signals at the Cr K-edge are due to Cr magnetiza-
tion only, and their intensity is directly proportional to the magnetic 
moment of the absorbing atom. The XMCD spectra of CrCl2(pyz)2 
and Cr(iii), shown in Fig. 5, reveal several clear features in the 
pre-edge († in Fig. 5), at the edge (‡) and also characteristic super-
Coster–Kronig multi-electron excitations (§)38.

The pre-edge signal originates from electric quadrupolar tran-
sitions in Cr ions (1s →  3d) while the negative XMCD peak at the 
edge involves the 4p states, which are polarized by the 3d states. The 
multi-electron excitations also involve transitions from shallow core 
3p states into 3d states and could be also considered as a fingerprint 
of the 3d moment. The XMCD spectra of Cr(iii) and CrCl2(pyz)2 
have essentially the same shape, including multielectron excita-
tions, confirming the identical local electronic structure of Cr ions 
in these systems. Indeed, the intensity of the XMCD spectrum of 
Cr(iii) can be scaled by a factor of 0.75 to the CrCl2(pyz)2 spectra 
to yield nearly total overlap. Considering the bulk magnetization of 
the Cr(iii) model complex (Supplementary Fig. 9), which saturates 
at 3.1 μB, the local Cr magnetic moment in CrCl2(pyz)2 can thus 
be estimated at 2.3 μB. Notably, the Cr moment is strongly reduced 
from the expected ∼ 3 μB, as already concluded from the DFT cal-
culations (2.54 μB, vide supra), in excellent agreement with the low 
experimental value of the CrCl2(pyz)2 magnetization at saturation.

Organic mixed-valence systems with strong through-metal cou-
pling were recently reported by some of us as a convenient design 
principle to yield new conductive MOFs23. Similarly, it is straight-
forward to imagine the highly delocalized open shell frontier states 
of CrCl2(pyz)2 could also allow for bulk electronic conductivity. The 
black colour of CrCl2(pyz)2 was a promising indicator of indispens-
able low-energy electronic excitations, which are clearly detected 
by UV–vis–NIR diffuse reflectance spectroscopy (Supplementary 
Fig. 10), with a strong, very broad absorption band that steadily 
increases in intensity with decreasing photon energy. These strong 
absorption features extend into the NIR region, suggesting a 
quasi-continuous distribution of localized mid-gap states in close 
energetic proximity39,40. Indeed, a broad absorption maximum 
is observed at 0.5 eV, which could be assigned as an intervalence 
transfer band (Supplementary Fig. 11)41. The temperature depen-
dence of the electrical conductivity, σ, of CrCl2(pyz)2 is shown in 
Fig. 6a. The room-temperature conductivity is σRT =  32 mS cm–1, 
which places CrCl2(pyz)2 among the more conducting coordina-
tion solids reported so far16,17. In contrast to, for example, organic-
based charge-transfer salts11,42, the lack of π–π interactions in 
CrCl2(pyz)2 suggests the presence of a transport mechanism involv-
ing both ligand π orbital and metal d orbitals. The soft decrease of 
the conductivity with decreasing temperature suggests an insulating 
ground state for CrCl2(pyz)2 with charge transport dominated by 
a thermally activated hopping mechanism. Indeed, the tempera-
ture dependence of σ could be modelled well by the 2D Mott law 
invoking a variable-range hopping mechanism (see Methods) com-
monly used to describe bulk transport of Mott–Hubbard insulators  
(Fig. 6)43. The 2D nature of the transport is further supported by the 
temperature dependence of the Seebeck coefficient, for which the 
effect of grain boundaries can be neglected (Supplementary Fig. 12).

The DFT calculations predict a metallic and insulating ground 
state for the ferrimagnetic and antiferromagnetic phases, respec-
tively, with direct and indirect bandgaps for the antiferromagnetic 
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phase given by 0.42 and 0.19 eV at Γ  and close to Γ  (Supplementary 
Fig. 13). Although UV photoelectron spectroscopy (Fig. 6a inset 
and Supplementary Fig. 14) agrees with a small optical bandgap 
(on the order of 0.5 eV), conductivity measurements do not support 
a metallic ground state (in constrast with the projected density of 
states (pDOS); Fig. 6b). Most probably, this discrepancy between 
theory and experiments might have its origin in the structural dis-
order of the pyrazine ligands, which is not captured in the extended 
structure DFT calculation44. In low-dimensional solids, charge local-
ization is commonly induced by disorder that is difficult to account 
for in a perfect crystal calculation. The pDOS (Fig. 6b) also supports 
the potential impact of the pyrazine disorder on the conductivity 
properties of CrCl2(pyz)2 as the frontier orbitals of the valence and 
conduction bands are dominated by organic C and N 2p states. On 
the other hand, the contributions from the Cr 3d states are some-
what smaller and become only dominant from ~1.5 eV above the 
Fermi level. Notably, the Cr 3d states show significant dispersion, 
which further supports a strong π–d hybridization45.

Conclusions
In this Article we have shown how the redox-activity of a simple 
ligand, pyrazine, can be used to enhance the electronic and mag-
netic communication in a layered material, the coordination solid 
CrCl2(pyz)2. Although structural and X-ray spectroscopic data 
point toward an oxidation state assignment of + iii for the Cr site, 
its magnetic moment is significantly lower than the expected value 
for Cr3+. DFT calculations suggest a strong degree of π–d conjuga-
tion, which, to a certain extent, questions the concept of a metal ion 
oxidation state, but provides a high magnetic ordering temperature 
and an unexpectedly high electrical conductivity. In that sense, layers 
of CrCl2(pyz)2 can be considered as a 2D version of the numerous 
molecular (0D) complexes based on low-valent metal ions, which 
have shown strong ligand redox-activity and fascinating electronic 
structures46. Similarly, it can be envisioned that 2D coordination sol-
ids with improved properties can be designed using strongly reducing 
transition metal ions in conjunction with organic ligands previously 
considered to be wholly redox-inactive. The electrically neutral layers 
of CrCl2(pyz)2 also provide the attractive possibility for exfoliation 
and nanostructuring of this kind of material47. Additionally, it should 
be stressed that CrCl2(pyz)2 shows a noticeable resemblance to the 
cuprates in terms of symmetry, magnetic exchange interactions48 and 
π–d conjugation49. We therefore believe that these results open up 
exciting new synthetic prospects for novel 2D magnetic conductors 
derived from metal–organic coordination solids and capable of gen-
erating spin-polarized currents in low-dimensional devices.

Methods
Synthesis. All handling of CrCl2(pyz)2 was performed under a dry N2 or Ar 
atmosphere. A 50 ml Teflon-lined stainless-steel autoclave reactor was charged with 
CrCl2 (0.20 g, 1.6 mmol; Aldrich, 99.99% trace metal basis) and pyrazine (2.0 g, 
25 mmol; Aldrich, ≥ 99%) and placed in an oven (200 °C) for 24 h. The reactor was 
cooled to room temperature and the purple-black microcrystalline product of 
CrCl2(pyz)2 was washed with a 20-ml aliquot of N,N-dimethylformamide and 2 ×  
20 ml of acetonitrile then dried in vacuo. The yield was 70–75%. Elemental analyses 
were performed at Mikrolab Kolbe, Mülheim an der Ruhr, Germany. Anal. Calcd. 
(found) for C8H8Cl2CrN4, Cr: 18.37% (18.12%), Cl: 25.05% (25.33%), C: 33.94% 
(33.96%), H: 2.85% (2.94%), N: 19.79% (19.57%). Sum: 100% (99.92%). Characteristic 
Raman (Horiba Scientific XploRA, λinc =  785 nm) shifts (cm–1): 670; 1,029; 1,221; 1,613.

Spectroscopy. XAS and XMCD spectra were obtained at the ID12 beamline 
(ESRF, The European Synchrotron). We used the fundamental harmonic of the 
Apple-II type undulator for experiments at the Cr K-edge, whereas Cl K-edge data 
were collected using the fundamental harmonic of the Helios-II type undulator. 
All XAS spectra were recorded using total fluorescence yield detection mode 
and were subsequently corrected for reabsorption effects. XMCD spectra were 
obtained as the difference between two consecutive XAS spectra recorded with 
opposite photon helicities. The XMCD spectra were systematically obtained in 
both magnetic field directions (at 17 T) to ensure the absence of experimental 
artefacts. UV–vis–NIR diffuse reflectance spectra were collected using a CARY 

5000 spectrophotometer interfaced with Varian Win UV software. The samples 
were held in a Praying Mantis air-free diffuse reflectance cell. Polyvinylidene 
fluoride (PVDF) powder was used as a non-adsorbing matrix. FTIR spectra were 
obtained on a Bruker VERTEX 70v spectrometer. The sample was protected by Ar 
and opened in the N2 purged sample compartment and was immediately put on 
a diamond sample platform from an ATR accessory (MPV-Pro, single reflection; 
Harrick Scientific Products). UV photoelectron spectra (UPS) were collected at the 
MATLINE beamline at the ASTRID2 synchrotron located at Aarhus University. 
Powdered samples were pressed into the pockets on the sample plate (pocket size: 
6 mm diameter and 0.5 mm depth; beam spot size at the sample: 0.7 mm ×  1 mm). 
The valence band spectrum was measured by using an incident photon energy of 
59.76 eV corresponding to the Fermi edge of the Mo reference.

Magnetic measurements. Magnetic characterization was performed on 
polycrystalline samples sealed in polypropylene bags (~3 ×  0.5 ×  0.02 cm; typically 
10–20 mg) using an MPMS-XL Quantum Design SQUID magnetometer. All 
handling of CrCl2(pyz)2 was performed under a dry N2 or Ar atmosphere, 
but no alterations of its properties were observed after prolonged exposure to 
atmospheric air. The a.c. susceptibility measurements were performed with an 
oscillating field of 3 Oe with a frequency from 1 to 1,500 Hz. The field dependence 
of the magnetization was measured at 100 K to confirm the absence of any bulk 
ferromagnetic impurities. Magnetic data were corrected for the diamagnetic 
contributions from the sample and sample holder.

Electrical conductivity. The two-contact variable-temperature conductivity 
was measured in a home-built two-electrode screw cell with a contact area of 
0.04757 cm2. In an Ar-filled glove box, pellets were pressed between two copper 
rods with contacts polished to a mirror finish. The screw cell was sealed with Torr 
Seal low-vapour-pressure epoxy to make an airtight seal. Two-contact conductivity 
measurements were performed in a Quantum Design MPMS2 SQUID 
magnetometer with a d.c. transport rod modified to accommodate two 26 AWG 
silver-coated copper cables sealed at the top of the rod with a gas-tight Swagelok 
fitting and Torr Seal low-vapour-pressure epoxy. The sample cell was attached to 
the rod and descended into the cryostat chamber. I–V profiles were collected with a 
Bio-Logic SP200 potentiostat with 30 nA current resolution. All data collected were 
ohmic within a ± 1 V window with a very small apparent temperature hysteresis 
that vanished after thermal cycling and equilibration at 300 K. The resulting I–V 
profiles were modelled with Ohm’s law, E ×  σ =  j, where E is the applied electric 
field and j is the current density, to determine the sample conductivity σ with units 
of S cm–1. The temperature dependence of the conductivity was fit to the Mott law 
relevant for a variable-range hopping mechanism:
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where d is the dimensionality of transport (in the present case of a 2D lattice, d = 2), 
and σ0 and T0 (Mott temperature) are empirical constants related to the carrier 
density and localization length of the hopping electron.

Further synthetic, characterization, magnetic, crystallographic and 
computational details are provided in the Supplementary Information.

Data availability
All data generated and analysed in this study are included in the Article and 
its Supplementary Information, and are also available from the authors upon 
request. Crystallographic information has been deposited in the Cambridge 
Crystallographic Data Centre under accession codes CCDC 1563526 (CrCl2(pyz)2) 
and CCDC 1563527 (Cr(iii)).
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Additional synthetic methods 

Cr(III): trans-[CrCl2(CH3OH)4]Cl was prepared according to the published procedure[1], and methanol 

(VWR Chemicals, HPLC), 70% perchloric acid (FERAK), AgClO4 (Aldrich, 99.9%), pyridine (Lab-

Scan, HPLC), diethyl ether (VWR Chemicals), acetone (technical) were purchased from commercial 

suppliers and used as received. 

trans-[CrCl2(CH3OH)4]Cl (286.5 mg, 1.00 mmol) was dissolved in methanol (4 ml) acidified with 

concentrated 70% perchloric acid (0.1 g, ca. 3 droplets). AgClO4 (207.3 mg, 1.00 mmol) in methanol 

(4 ml) was added, and the resulting AgCl(s) was removed by centrifugation. The green solution was 

transferred to pyridine (15 ml), and boiled until its vapours reached 114 °C and the volume had 

decreased to 5 ml. After cooling, the dark solution was diluted with 1 M aqueous perchloric acid (25 

ml), and the grey precipitate of trans-[CrCl2(py)4]ClO4·¼H2O (Cr(III)) was collected by filtration, 

washed with water (5 x 5 ml), diethyl ether (3 x 5 ml), and air-dried. Yield: 348.6 mg, 0.642 mmol, 

64.2% based on Cr. Elemental analysis (performed by the microanalytical services laboratory of the 

Department of Chemistry, University of Copenhagen using a FlashEA 1112 instrument), calculated 

for C20H20Cl3CrN4O4·¼ H2O: C: 44.22%, H: 3.80%, N: 10.31%; found: C: 44.48%, H: 3.81%, N: 

10.22%. Recrystallization was achieved by dissolving 150 mg trans-[CrCl2(py)4]ClO4·¼H2O in 15 ml 

acetone and adding 50 ml 1 M aqueous perchloric acid. After having settled, the precipitate was 

collected by filtration, washed with water (5 ´ 2 ml), diethyl ether (5 ´ 2 ml), and air-dried. Yield, 117 

mg, 78%. Crystals suitable for single-crystal X-ray diffraction analysis were grown by slow cooling 

of a warm H2O:CH3OH solution. 

Cr(II): trans-[Cr(cyanamide)4Cl2] was synthesized and characterized as previously reported[2].  

Crystallographic methods and results 

Powder X-ray diffraction (PXRD) measurements on CrCl2(pyz)2 were performed at ambient 

temperature on the beamline I11 at the Diamond Light Source Ltd. Samples were sealed inside 0.5 

mm diameter borosilicate glass capillaries. Diffraction patterns were measured using Si-calibrated 

X-rays with a 0.82626(1) Å wavelength using the Mythen position-sensitive detector. A Pawley 

refinement was performed with the TOPAS Academic software[3] to find suitable lattice parameters. 

A full Rietveld refinement was performed using a model similar to that of NiCl2(pyz)2 model system[4] 

with atomic positions and thermal ellipsoids allowed to refine freely. Occupancies of all atoms were 

fixed at reasonable values. Upon closer inspection, there appeared to be splitting of a number of 

peaks within the pattern, assumed to most likely arise from an orthorhombic distortion of the I4/mmm 

unit cell. The I4/mmm structure was imported into ISODISTORT[5] and reduced down to P1 symmetry 

after which strain modes were applied to find the space group Immm. A full Rietveld refinement on 
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the Immm solution was performed to yield a unit cell of a = 6.90351(4) Å, b = 6.97713(4) Å, c = 

10.82548(6) Å, α = β = γ = 90°, space group: Immm, Rwp = 2.2313, GoF = 4.9211. All atomic positions 

and anisotropic displacement parameters were allowed to refine freely whilst occupancies of all 

atoms were fixed at reasonable values.  

The single-crystal diffraction data collection on Cr(III) was carried out on a Bruker Venture Metaljet 

diffractometer using GaKα radiation (λ = 1.34139 Å). During all the experiment, the sample was kept 

at 150 K using an Oxford CryoStream liquid N2 cooler device. The cell lattice parameters were 

determined using reflections taken from three sets of 104 frames measured and harvested within 

the APEX3[6] suite of programs. Frame integration was performed using SAINT and a semi-empirical 

absorption correction was applied with SADABS[7]. The structure was solved by direct methods using 

SHELXT[8] and the refinement was carried out using SHELXL-2016/6[9]. All the calculations have 

been performed within the OLEX2 GUI software[10]. The non-H atoms were refined anisotropically, 

using weighted full-matrix least-squares on F2. The H-atoms were included in calculated positions, 

except those from the water molecule that were located from the difference Fourier map. H-atoms 

were then treated as riding atoms using SHELXL default parameters. The checkcif file contains a 

single B-alert (“PLAT420_ALERT_2_B D-H Without Acceptor: *O1E--*H1EA… Please Check”) that 

arises due to the disorder of the ClO4
– counter ion. The structures of CrCl2(pyz)2 and Cr(III) have 

been deposited in the Cambridge Structural Database as CCDC 1563526 and 1563527, respectively. 

Scanning electron microscopy 

Scanning electron microscopy (SEM) images were obtained on an FEI Quanta 200 ESEM FEG 

instrument located at the Centre for Electron Nanoscopy (Technical University of Denmark, Kgs. 

Lyngby, Denmark) with operating voltages in the range of 12 kV to 15 kV. Microcrystalline solids of 

CrCl2(pyz)2 were directly deposited on carbon tape. Images were acquired with and without gold 

coating. 

DFT calculations 

Cluster DFT calculations were performed using the ORCA program suite, employing scalar 

relativistic effects through the zeroth order regular approximation (ZORA)[11,12]. The experimental 

geometry of CrCl2(pyz)2 was used to generate the coordinates for the model complex [CrCl2(pyz)4]. 

For the calculations, the TPSSh functional[13] was combined with the scalar-relativistically recontrac-

ted (SARC) version of the triple-ζ def2-TZVP(-f) basis set[14,15] together with the corresponding auxi-

liary basis. Single point high spin and broken symmetry (BS(3,1)) calculations, were performed to 

extract the exchange coupling constants J as defined by Yamaguchi[16,17]: 
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Periodic lattice spin-polarized DFT calculations were performed with VASP[18,19]. We use the Heyd-

Scuseria-Ernzerhof (HSE) hybrid functional[20], where 25% of the generalized gradient approxima-

tion[21] exchange is replaced with exact Hartree-Fock exchange, and the long-range interaction is 

screened with a range separation parameter of 0.2 Å–1. Our calculations use a plane-wave energy 

cut-off of 450 eV, a 4 ´ 4 ´ 2 G centered k-point grid, and projected augmented pseudo-potentials 

with 14, 7, 4, 5 and 1 valence electrons for Cr, Cl, C, N, and H, respectively, from the VASP library[22]. 

Magnetic moments (in units of µB) are computed by integrating the local spin densities on spheres 

around the atoms with Wigner-Seitz radii given by 1.164 Å, 1.111 Å, 0.863 Å, 0.741 Å, 0.370 Å for 

Cr, Cl, C, N and H, respectively, as implemented in VASP. Projected density of states (pDOS) are 

computed using a denser 6 ´ 6 ´ 4 G centered k-point grid. Convergence studies show that band 

gaps are converged within 0.01 eV using a cut-off energy of 450 eV. In order to account for the 

quasi-random orientation of the pyrazine rings, we simulated the room temperature structure of 

CrCl2(pyz)2 by considering different relative orientations of the four pyrazine rings in the two-formula 

unit supercell structure. Structural relaxations were performed using the HSE functional until atomic 

forces were smaller than 0.1 eV Å–1. We note that full relaxation of the structure yields an unphysical 

distortion due to its two-dimensional nature, and we therefore fixed the lattice constants to the 

experimental values. 

Seebeck coefficient measurements 

The temperature dependence of the Seebeck coefficient was measured on a rectangular-shaped 

pellet of CrCl2(pyz)2 using a Quantum Design Physical Property Measurement System (PPMS) 

equipped with the Thermal Transport Option (TTO) and while continuously ramping the temperature 

at 0.1 K/min. 

4-contact resistivity measurements 

The 4-contact resistivity measurements were carried out using a home-made prototype installed 

inside a Quantum Design PPMS-9 system working between 1.8 and 400 K. Depending on the 

resistivity range, dc and/or ac acquisitions were performed reproducibly with the use of the Quantum 

Design resistivity module, ac transport module and/or with an external device (Keithley 2401 

sourcemeter). These measurements were performed on pellets of polycrystalline samples (typically 

7 mm diameter and 1 mm thickness; 60 mg) prepared under nitrogen with a manual press. The 

  
J =

EBS −EHS

〈Ŝ2 〉HS − 〈Ŝ2 〉BS
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pellets were loaded in the homemade resistivity cell allowing the four aligned needle probes 

(mounted on strings) to be in contact with the pellet. The reported data were corrected for the four-

contacts cell design and the pellet shape. The conductivity measured by the four-contact method 

was ca. one order of magnitude lower than obtained by the two-contact method (Supplementary 

figure 11), which is in the acceptable range for different techniques as recently discussed[23]. 

 

 

 

 

Supplementary table 1. Crystallographic data and refinement parameters for Cr(III).  

Empirical formula C20H20.5Cl3CrN4O4.25 
Formula weight 543.25 
Temperature / K 150 
Crystal system monoclinic 
Space group P21/n 
a / Å 13.4559(3) 
b / Å 15.1420(4) 
c / Å 23.1601(6) 
a / ° 90 
b / ° 93.2000(10) 
g / ° 90 
Volume / Å3 4711.5(2) 
Z 8 
rcalc / g cm–3 1.532 
µ / mm–1 5.003 
F(000) 2220.0 
Radiation Ga Ka (l = 1.34139) 
q range for data collection / ° 6.07 to 121.408  
Index ranges –17 ≤ h ≤ 17, –19 ≤ k ≤ 19, –30 ≤ l ≤ 30 
Reflections collected 69333 
Independent reflections 10810 [Rint = 0.0350, Rsigma = 0.0230] 
Data/restraints/parameters 10810/0/643 
Goodness-of-fit on F2 1.074 
Final R indexes [I ³ 2s(I)] R1 = 0.0317, wR2 = 0.0812 
Final R indexes [all data] R1 = 0.0332, wR2 = 0.0825 
Largest diff. peak/hole / e Å–3 0.43/–0.49 
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Additional figures 
 
 
 
 
 
 
 

        
 
 

Supplementary figure 1. Representative SEM pictures of CrCl2(pyz)2 at two different 
magnifications. 
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Supplementary figure 2. Synchrotron powder diffractogram (black dots) of CrCl2(pyz)2 obtained at 
room temperature. The best-fit (red line), the difference (grey line) and calculated line positions (blue 
bars) are shown. 
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Supplementary figure 3. Thermal ellipsoid (50% probability level) plot of the asymmetric unit of 
Cr(III). Hydrogen atoms were omitted for clarity. Selected bond lengths (Å): Cr1A–N 2.0953(12)–
2.1075(12); Cr1B–N 2.0919(12)–2.1084(13); Cr1A–Cl 2.3058 (4), 2.3081(4); Cr1B–Cl 2.2985(4), 
2.2997(4).  
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Supplementary figure 4. Normalized XAS spectra of CrCl2(pyz)2, Cr(III), and Cr(II) obtained at the 
Cr K-edge (a, T = 3 K; ±7 T) and at the Cl K-edge (b, T = 295 K; at zero dc field). 

 
  

123



 - 11 - 

 
 
 
 

 
Supplementary figure 5. Temperature dependence of the cT product of polycrystalline CrCl2(pyz)2 
(c is defined as molar magnetic susceptibility equal to M/Hdc per mole of CrCl2(pyz)2) around the 
magnetic ordering temperature at selected magnetic fields up to 7 T (top) and a zoom at low cT 
product in order to emphasize the results under high magnetic fields between 0.7 and 7 T (bottom). 
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Supplementary figure 6. Temperature dependence of the in-phase (c¢, top) and out-of-phase (c², 
bottom) ac susceptibility of polycrystalline CrCl2(pyz)2 at selected frequencies of the ac magnetic 
field (Hac) in zero-dc field (Hdc). 
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Supplementary figure 7. Field dependence of the magnetization, M, of polycrystalline CrCl2(pyz)2 
at selected temperatures. 
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Supplementary figure 8. DFT-calculated spin-density (isosurface value ±0.005) in the broken-
symmetry state, BS(3,1) of the [CrCl2(pyz)4] fragment in optimized geometry (a,b; 
J/hc = –2040 cm–1) and geometry adapted directly from the experimentally determined coordinates 
of CrCl2(pyz)2 (c,d; J/hc = –1912 cm–1). 
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Supplementary figure 9. Magnetic properties for Cr(III). Top: Temperature dependence of the cT 
product at 0.1 T (cT(300 K) = 1.93 cm3 K mol–1 ; g = 2.03(5)). Bottom: Field dependence of the 
magnetization, M, plotted as M vs Hdc/T at low temperatures. The solid red line is the best fit to the 
Brillouin function for S = 3/2 yielding g = 2.10(5). 
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Supplementary figure 10. Kubelba-Munk transform of UV-vis-NIR reflectance spectrum of 
CrCl2(pyz)2 recorded at room temperature.  
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Supplementary figure 11. Kubelba-Munk transform of IR-NIR reflectance (black) and Raman (red, 
linc = 785 nm) spectra of CrCl2(pyz)2 recorded at room temperature.  

130



 - 18 - 

 
 
 
 
 
 
 
 

 
 
Supplementary figure 12. Temperature dependence of the Seebeck coefficient (purple spheres) 
and the logarithm of the resistivity, r, (measured by 4-contact method; green spheres). For a 2D 
VRH hopping conductor, the Seebeck coefficient is expected to be proportional to T1/3, as well as for 
the logarithm of the resistivity. 
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Supplementary figure 13. (a,b) Projected density of states and (c,d) band structure calculation for 
ferromagnetic (FI) and antiferromagnetic (AF) states of CrCl2(pyz)2 using the HSE functional. In (a,b) 
the grey dashed line denotes the Fermi level (EF). Total and projected densities for Cr, Cl, C, and N 
are denoted in black, blue, orange, red and green, respectively. In (c,d), the symmetry points in the 
Brillouin zone correspond to M = (1/2,1/2,0), G = (0,0,0) and X = (1/2,0,0). Black and red bands 
denote spin up and down. The Fermi level was arbitrarily shifted to the VBM. 
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Supplementary figure 14. Full valence band UPS spectrum of CrCl2(pyz)2 recorded at room 
temperature.  
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Supplementary figure 15. Temperature dependence of the electrical conductivity of CrCl2(pyz)2 
measured using the 2-contact method as described in the main text and with a 4-contact method. 
The solid lines are fit to the 2D Mott law given in Eq. 1 of the Methods section. Best-fit parameters 
(for d = 2; see text): 2-contacts: s0 = 1.2 ´ 109 S cm–1, T0 = 4.2 ´ 106 K; 4-contacts: s0 = 33 ´ 106 S 
cm–1, T0 = 3.9 ´ 106 K. 
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Ligand field-actuated redox-activity of
acetylacetonate†

Morten Gotthold Vinum, ‡a Laura Voigt, ‡a Steen H. Hansen,a Colby Bell,b

Kensha Marie Clark, b René Wugt Larsen a and Kasper S. Pedersen *a

The quest for simple ligands that enable multi-electron metal–ligand redox chemistry is driven by a desire

to replace noble metals in catalysis and to discover novel chemical reactivity. The vast majority of simple

ligand systems display electrochemical potentials impractical for catalytic cycles, illustrating the

importance of creating new strategies towards energetically aligned ligand frontier and transition metal

d orbitals. We herein demonstrate the ability to chemically control the redox-activity of the ubiquitous

acetylacetonate (acac) ligand. By employing the ligand field of high-spin Cr(II) as a switch, we were able

to chemically tailor the occurrence of metal–ligand redox events via simple coordination or

decoordination of the labile auxiliary ligands. The mechanism of ligand field actuation can be viewed as

a destabilization of the dz2 orbital relative to the p* LUMO of acac, which proffers a generalizable

strategy to synthetically engineer redox-activity with seemingly redox-inactive ligands.

Introduction

The taming of synergistic metal ion- and ligand-centered redox
processes is a crucial rst step towards the development of
systems having multi-electron redox events using base metals.1

Such systems have the potential to challenge the role of the
noble metals in catalysis by providing access to otherwise
inaccessible two-electron redox reactivity (e.g. oxidative addition
and reductive elimination).1–5 Of particular interest are
chelating ligands that both impose steric constraints and
enhance the chemical robustness of the transition metal
complex, whilst simultaneously having energetically accessible
orbitals for reduction or oxidation.6–9 A variety of bidentate
ligands have been shown to exhibit benecial redox-activity and
cooperative metal–ligand reactivites. Overwhelmingly, this
behavior is monopolized by ligands that form ve-membered
chelate rings.7,10 Six-membered chelate rings are largely domi-
nated by b-diketonate ligands, the related b-enaminoketonates,
and b-diketiminates,11 which are ubiquitous in the chemistry of
the s-, p-, d-, and f-block elements. Surprisingly, their redox-
activity has remained largely unexplored, despite its potential

for exploitation in homogeneous catalysis.12,13 This lacuna ari-
ses from the high energy of the ligand LUMO of b-diketimi-
nates, which requires the use of extremely strong reductants.14

Consequently, they partake exclusively in ligand-centered
oxidations.14,15 Holland and co-workers demonstrated that the
energy of the LUMO can be decreased signicantly through the
employment of the structurally related formazanate ligands,
although strong reductants, as alkali metals, were still needed
to induce ligand-centered reduction.16–18 Quite surprisingly, the
simple acetylacetonate ligand (acac ¼ monoanion of pentane-
2,4-dione) has never been reported to participate in redox
events in transition metal chemistry. The existence of an
unstable Li+ or Mg2+-bound anion radical, acacc2�, generated by
reduction with n-butyllithium or Grignard reagents, was sug-
gested by EPR spectroscopy; however, it could not be isolated or
studied in any further detail.19

We recently demonstrated that six-coordinate trans-
[Cr(hfac)2L2] (hfac ¼ 1,1,1,5,5,5-hexauoroacetylacetonate; L ¼
pyrazine, or tetrahydrofuran) is most adequately described as
a Cr(III) complex with a single unpaired electron delocalized
over two hfac– ligands.20 In contrast, the related square-planar
complex [Cr(acac)2], reported in 1958,21 is known to possess
an S ¼ 2 spin ground state, which is indicative of a high-spin

Scheme 1 Switching of the redox-state of acetylacetonate by axial
coordination/de-coordination at a Cr(II)/Cr(III) center.
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Cr(II) center.21,22 Herein, we show that introduction of modest s
donors in the vacant, axial positions of [Cr(acac)2] leads to
reduction of the acac ligand scaffold (Scheme 1), providing
a novel route to chemically control the electronic delocalization
and spin-density in a metal-ion complex.

Results and discussion

The crystallographic evidence for the existence of a chromiu-
m(II) acetylacetonate was reported by Cotton et al. in 1977.22

Sublimation of crude [Cr(acac)2] concomitantly yielded crystal-
line [Cr(acac)2] and [Cr(acac)3]. We found that reaction of stoi-
chiometric amounts of Li(acac) and CrCl2 in dry, deoxygenated
tetrahydrofuran (THF) provides a convenient, direct route to
crystalline, brown-orange [Cr(acac)2] (1, see ESI† for details).
Our redetermination of the crystal structure of 1 at T ¼ 120 K
revealed only a minor thermal contraction as compared to the
previously reported room temperature structure.22 Notably, the
Cr center resides in a square planar coordination environment
that is distantly stacked into a supramolecular chain structure
(Fig. 1) with presumably weak [Cr(acac)2]/[Cr(acac)2]
interactions.1

Dissolution of 1 in a selection of weakly coordinating
solvents, like THF, toluene, and acetonitrile, leads to only
faintly colored solutions (Fig. S1, ESI†). The absorption bands
above l¼ 500 nm are of low intensity (3 < 200M�1 cm�1) and are

identied as metal-centered d–d transitions. In pyridine,
however, an intense, dark coloration of the solution occurs. The
UV-vis spectrum (Fig. S1, ESI†) reveals strong optical absorption
(3 ¼ 800–13 000 M�1 cm�1) through the entire spectral range
(200–2300 nm) with an intense charge-transfer band centered at
�950 nm. The cooling of concentrated pyridine (py) solutions of
1 affords black crystalline specimens, which were identied as
trans-[Cr(acac)2(py)2] (3) by single-crystal X-ray diffraction. The
average Cr–O bond length in 3 (1.94 Å) is signicantly shorter
than that of 1 (1.98 Å) despite the lower coordination number in
1. Furthermore, the average C–O bond length is elongated from
1.27 Å in 1 to 1.29 Å in 3 (Fig. 2). This minimalistic structural
analysis could suggest an evolution in the electronic structure,
bounded by {CrII–(acac)2

2�} in 1 and {CrIII–(acac)2c
3�} in 3, as

the extreme, limiting cases. The formulation of {CrIII–(acac)2c
3�}

implies a concurrent occupation of the antibonding LUMO of
the acac ligands, which is expected to predominantly elongate
the C–O bonds.20 To corroborate this hypothesis, two additional
[Cr(acac)2L2] complexes with the axial ligands containing an
electron-poor (L ¼ 4-(triuoromethyl)pyridine ¼ CF3py; 2) and
an electron-rich (L ¼ 4-(dimethylamino)pyridine ¼ DMAP; 4)
pyridine ring were synthesized and structurally characterized
(Fig. 1). The average Cr–N and Cr–O bond lengths in 2–4 vary
only slightly (#0.6%) indicating a common oxidation state of
the Cr center. The differences within the series become clearer
with the metrics of the acac ligand. Whereas 1 stands apart with
the shortest averaged C–O bond of 1.271 Å, the C–O bond
elongates by 2.4% from 1, over 2 and 3, to 4 (and by 1.2% from 2
to 4; Fig. 2). Herein, the C–O bond of 4 is within the longest 3%
of the averaged C–O bond lengths of all reported acac-based
structures (Fig. 2). On the contrary, the C–CH and C–CH3

bond lengths are identical within the experimental accuracy
across the entire series 1–4.

Cyclic voltammetry of 1–4 was performed in dichloro-
methane. These experiments revealed only irreversible
processes, which for 2–4, likely result from dynamic exchange of
the respective pyridine ligands. This interpretation is supported
by UV-vis spectroscopy and 1H-NMR spectroscopy. When pyr-
idinic solutions of 3 are titrated with dichloromethane, a drastic
decrease in intensity of the charge transfer transitions, which is

Fig. 1 Thermal ellipsoid plots of the single-crystal X-ray (T ¼ 120(1) K)
structures of 1–4 shown at 50% probability level. Hydrogen atoms
have been omitted for clarity. Color code: Cr, dark green; F, pale
green; O, red; N, blue, C, grey. Selected bond lengths (Å): 1 (P21/n): Cr–
O 1.983(3), 1.984(3), C–O 1.271(5), 1.272(5), Cr/Cg 2.997; 2 (P21/c):
Cr–O 1.952(3), 1.958(2), Cr–N 2.072(3), C–O 1.282(4), 1.292(5); 3 (P21/
n): Cr–O 1.938(2), 1.947(2), Cr–N 2.085(2), C–O 1.292(3), 1.294(3); 4
(P1�): Cr–O 1.947(2), 1.949(2), Cr–N 2.096(3), C–O 1.299(4), 1.305(4).

Fig. 2 Histogram of the average C–O distance in all crystallographi-
cally characterized acac complexes deposited in the Cambridge
structural database (�3000) with indicated average bond lengths for
1–4. The solid, red line is a Gaussian fit with m¼ 1.2731 Å, s¼ 0.0180 Å.
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Chemical Science Edge Article

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 1
6 

Ju
ly

 2
02

0.
 D

ow
nl

oa
de

d 
on

 1
1/

27
/2

02
0 

12
:2

9:
11

 P
M

. 
 T

hi
s a

rti
cl

e 
is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

Li
ce

nc
e.

View Article Online

140



associated with the loss of pyridine, is observed (Fig. S2, ESI†).
Additionally, the 1H-NMR spectra of 2–4 in dichloromethane-d2
(Fig. S3, ESI†) reveal broadened resonances at chemical shis
corresponding to the free pyridines, suggesting dynamic
exchange. The observed broadened resonances, which decrease
in line width along the 2–4 series, correlate with the donor
strength of the pyridine ligand and therefore, implicitly, their
lability. It is also noteworthy that 1 is NMR silent and peaks
associated with the acac ligand were not observed in any 1H-
NMR spectra. In pyridine, cyclic voltammetry of 3, affords
a single reversible oxidation at E1/2 ¼ �1.17 V vs. Cp*

2Fe
0=þ

(Fig. S7, ESI†). This large, negative potential is close to that
found for the cathodic peak potential in the irreversible
reduction of Hacac,23 the reduction potential of the related 1,3-
diphenylpropane-1,3-dione,24 and the oxidation potential in
[CrIII(hfac)2c

3�(pyrazine)2].20 The oxidation is thus assigned as
ligand-centered and corresponding to the formation of trans-
[CrIII(acac)2(pyridine)2]

+ (3+, Fig. S7, ESI†). 3+ has previously
been isolated as the PF6

� salt and the RT crystal structure
exhibits a slightly longer Cr–O bond length (1.950(2) Å) and
a slightly shorter C–O bond length (1.289(2) Å) than those found
in 3, supporting the presence of a partially reduced acac-ligand
scaffold in 3.25

Whilst being known to exhibit an S ¼ 2 ground state at room
temperature,21 the magnetic properties of 1 have not previously
been studied in any further detail. The room temperature value
of the susceptibility-temperature, cT, product for 1 (Fig. 3, black
trace) amounts to 2.7 cm3 K mol�1, which is slightly lower than
the expected value (3.0 cm3 K mol�1) for a magnetically
uncoupled S ¼ 2 ion with a g-factor of 2.0. Upon decreasing
temperature, the cT product decreases and almost vanishes at 2
K. The crystal structure of 1 features supramolecular

[Cr(acac)2]N chains running along the crystallographic b direc-
tion with intermolecular distances of Cr/Cr ¼ 4.7 Å and Cr/
Cg ¼ 3.0 Å (Fig. 1), which provides a pathway for weak inter-
molecular superexchange interactions. The cT vs. T data can be
modelled by the classical Fisher model for S ¼ 2 chains using
the isotropic Hamiltonian:26

bH ¼ J
XN
1

ŜiŜiþ1 þ gmBm0H
XN
1

Ŝi

Here the summation runs from the rst spin center to the Nth
spin center and the symbols have their usual meaning. The
strength of the intrachain superexchange interaction is
parametrized by J. The best-t to the experimental data afforded
J/hc ¼ 7.0(1) cm�1 and g ¼ 2.0(1) (Fig. 3). Assuming that the
dominant interaction is along the chain-direction, broken-
symmetry (BS) DFT calculations, at the TPSSh/def2-TZVP-
ZORA level, on a dimeric {CrII(acac)2}2 chain fragment
provides J/hc ¼ 6.4 cm�1, in good agreement with the experi-
mentally determined value of J (see ESI† for further details). The
eld dependence of the magnetization, M vs. H, at selected
temperatures between 2 and 15 K is close to linear (Fig. S9,
ESI†). This behavior is typical for linear Heisenberg chains with
antiferromagnetic interactions between identical, adjacent
spins, and observed in other antiferromagnetically coupled
Cr(II) systems.27 No anomalies suggesting long-range magnetic
order in neither cT vs. T norM vs. Hwere found. In contrast to 1,
the room temperature cT products for 2–4 are all close to 1.0
cm3 Kmol�1 reecting an ST¼ 1 ground state (Fig. 3; 2: 1.05 cm3

K mol�1, 3: 0.99 cm3 K mol�1, 4: 1.02 cm3 K mol�1). The ST ¼ 1
may be obtained in low-spin Cr(II) complexes, which, however,
are rare and only found together with ligands placed in the
extreme end of the spectrochemical series (CN–, CO, phos-
phines, etc.).28,29 Alternatively, an ST ¼ 1 ground state may arise
from the antiferromagnetic interaction between a radical spin
and a S ¼ 3/2 Cr(III).28 If the superexchange coupling constant
between these two spin-bearing units is on the order of the
thermal energy at room temperature, or larger, the cT product
reects an energetically isolated ST ¼ 1 state in the full experi-
mental temperature window. Indeed, the cT products of 2–4
remain constant on descending temperature before experi-
encing a decline at the lowest temperatures, which can be
attributed to concerted effects of weak intermolecular super-
exchange interactions and magnetic anisotropy. The low-
temperature magnetization vs. eld, M vs. m0H, data for 2–4
(Fig. S9, ESI†) were tted to the spin-Hamiltonian pertaining to
tetragonal symmetry and acting on the ST ¼ 1 state:

bH ¼ gmBm0 HŜT þD
�
ŜT;z

2 � STðST þ 1Þ=3
�

The data could be modelled with the D/hc parameters of
+2.2 cm�1, +4.2 cm�1, and +3.7 cm�1 for 2, 3, and 4, respectively.
These values are large for Cr(III) complexes (DCr(III) ¼ 2/3 � D),
although not unprecedented.30 Heating 2–4 above room
temperature (0.1 K min�1) leads to abrupt increases in the cT
products at �330 K and �340 K for 2 and 3, respectively, which
saturate at �2.8 cm3 K mol�1 at �350 K (2) and �360 K (3). The

Fig. 3 Temperature dependence of the magnetic susceptibility-
temperature, cT, product obtained with a magnetic field of m0H¼ 1.0 T
andmeasured whilst heating the samples DT/Dt¼ 1 K min�1 for 2–300
K, and 0.1 K min�1 for 300–400 K. The transparent lines show the cT
data for 2–4 above room temperature where 2 and 3 decompose to
form 1, as described in the main text. The red line is the best fit
(extrapolated to 400 K) to the classical Fisher model for 1 as described
in the main text. The short horizontal lines indicate the calculated
Curie limits for ST ¼ 1 and ST ¼ 2 with a g-factor of 2.0.

This journal is © The Royal Society of Chemistry 2020 Chem. Sci., 2020, 11, 8267–8272 | 8269
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increase in the cT products is followed by a dramatic colour
change from almost black to pale orange. Notably, the cT
product of 4 experiences only a minuscule increase at the
highest attainable temperature (400 K) and no change in color
was evident upon returning to RT. Powder X-ray diffraction
identies the heated samples of both 2 and 3 as phase-pure,
microcrystalline 1 (Fig. S6, ESI†). This conclusion is supported
by the IR spectra that are superimposable to the pristine, as-
synthesized 1 (Fig. S4, ESI†). Thermogravimetry coupled to
mass spectrometry conrms near-quantitative conversion and
the loss of 4-(triuoromethyl)pyridine and pyridine for 2 and 3,
respectively (Fig. S10 and 11, ESI†). The subsequent re-cooling
to 2 K demonstrates the irreversibility of the thermal cycling
(Fig. S8, ESI†) where the cT product decreases monotonically to
0.08 cm3 K mol�1 at 2 K, identical to the data obtained for as-
synthesized 1 (Fig. 3, black trace).

Solid state attenuated total reection spectra in the mid-
and near-infrared (MIR and NIR) spectral range echo the
electronic structure conclusions as acquired from crystal-
lography and magnetometry (Fig. 4). For 1, the NIR region is
void of absorptions and the only identiable, narrow bands
fall in the mid-IR region where they are assigned as being of
vibrational origin. For 2–4, an intense, broad absorption is
observed at �8800 cm�1 for 2 and 3, and at �7600 cm�1 for 4.
The spectral maxima of the NIR spectra of 2 and 3 virtually
coincide, but the bandwidth is signicantly different. Intense
NIR excitations are commonly considered as ngerprints of
mixed-valency and interpreted as inter-valence charge
transfer transitions (IVCTs).31,32 A complete absence of any
absorption bands in the NIR energy window in 1 supports the
{CrII–(acac)2

2�} formulation. For 2–4, the crystallographic
structure suggests a complete delocalization over the acac
ligands, which may, however, be invalidated by crystallo-
graphic disorder. According to Hush's theory for symmetrical
charge-transfer complexes,33,34 the theoretical bandwidth at
half intensity, Dn1/2

�, for the IVCT band is related to the
energy of the band maximum through Dn1/2

� ¼ (2310 �
nmax)

1/2 (at T ¼ 300 K, and with Dn1/2
� and nmax in units

of cm�1). The Dn1/2� for 2 (4519), 3 (4512), and 4 (4183) are all
larger than the narrow, experimentally obtained Dn1/2 (2:
2776; 3: 1907; 4: 2311), which suggests full delocalization

(Robin-Day Class III),35 as observed in other transition metal
complexes with organic-based mixed valency.36 Further
quantitative analysis of IVCT bands of solid samples is
commonly impeded by the oen-inaccessible absorption
cross-section. For 2–4, the IVCT bands signicantly dwarf the
dipole-allowed vibrational transitions hinting at a large
molar absorptivity of the IVCT bands. The solution spectrum
of 3 in pyridine (Fig. S1, ESI†) provides 3max z
13 000 M�1 cm�1, which is typical for Robin-Day Class III
systems, which habitually have 3max values
$5000 M�1 cm�1.32 Additionally, the determined 3max allows
an estimation of the degree of electronic coupling between
the two acac-ligand sites through the electron-transfer
coupling matrix element HAB ¼ 2.06 � 10�2 � (nmax3maxDn1/

2)
1/2/rAB. Assuming an electron transfer distance, rAB, of 2.7 Å,

corresponding to the closest O/O separation across the Cr
center in 3, affords HAB z 3600 cm�1 (assuming 3 z
13 000 M�1 cm�1 results in the HAB values: 2: �4300 cm�1,
and 4: �3600 cm�1). Such large values of HAB are character-
istic for Class III where 2 HAB ¼ nmax is expected, and well
obeyed for 2–4.35

Deeper insight into the electronic structures of 1–4 was
acquired through DFT calculations performed on the experi-
mentally determined molecular structures, without any
subsequent geometry optimization, and at the TPSSh/def2-
TZVP-ZORA level. For 1, the high-spin (HS), S ¼ 2, state is
strongly stabilized over the ST ¼ 1 (3,1)-broken-symmetry state
(BS; the notation referring to a state with 3 unpaired a-spins
on one fragment and 1 unpaired b-spin on a different frag-
ment) (EHS � EBS ¼ �9518 cm�1) in accordance with the

Fig. 4 Room temperature attenuated total reflectance (ATR) IR
spectra of polycrystalline 1–4. The spectra were normalized to unity at
the absorption maximum, except for the spectrum of 1, which was
scaled by superposing the vibrational bands to those of 2.

Fig. 5 DFT-calculated spin-density plots of the HS-state of 1 and the
BS-states of 2–4 shown at an isosurface value of 0.005 a.u. Selected
Mulliken spin populations are indicated.
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preceding experimental results. The Mulliken spin population
of the Cr center in 1 (Fig. 5) amounts to 4.1, consistent with the
presence of a HS Cr(II) ion. Furthermore, the summed Mul-
liken spin population for each acac ligand vanishes at �0.05,
as expected for a closed-shell ligand. The Kohn–Sham singly
occupied molecular spin-orbitals (SOMOs, Fig. S12, ESI†) are
all of predominant 3d-character suggesting little admixture
with ligand-based p-orbitals. These observations contrast
starkly with the situation for 2–4, where the (3,1)-BS states are
strongly stabilized relative to the HS states (2: 7248 cm�1; 3:
8078 cm�1; 4: 5656 cm�1), suggesting a ground state formu-
lated as {CrIII–(acac)2c

3�}. Using a superexchange Hamiltonian

of the form bH ¼ JŜCrŜradical (see ESI† for further details), the
calculated energy gaps are translated into superexchange
coupling constants, J/hc, of 3943 cm�1, 4366 cm�1, and
3114 cm�1 for 2, 3, and 4, respectively. Whilst the irregular
evolution is not straightforward to explain, the magnitudes
reect extremely strong antiferromagnetic interactions, which
are approximately one order of magnitude larger than the
values estimated experimentally or calculated for other Cr(III)-
radical complexes.28,29,37–40 The Mulliken spin-populations of
Cr amounts to 2.7 for all three members of the series, 2–4. This
value is close to the expected values for an S ¼ 3/2 ion of 3.0
(Fig. 5), and of similar magnitude as several other established
Cr(III) complexes with redox-active ligands.28 Despite the close
resemblance in the Cr spin density for 2–4, a clear evolution of
the Mulliken spin population of the acac ligands and the axial
pyridine ligands is observed (Fig. 5). The summed spin density
per acac ligand in 2 amounts to 0.2, which is signicantly
larger than found for 1. For 3, only a slight increase in the acac
spin density relative to 2 is found, whereas the integrated acac
spin population in 4 of 0.4 approaches the expectation for one
electron fully delocalized over two acac moieties (0.5). The
evolution of the axial pyridines' spin density counter-balances
that of the acac ligand, i.e. showing a gradual decrease in the
spin density from a sizable value in 2 of �0.3 to a vanishing
value in 4 (�0.06). This trend is as expected based on the
electron density of the pyridines. Noticeably, in contrast to 1,
for 2–4, the highest energy SOMO is of predominant ligand p-
orbital character, whereas the three energetically lower-lying,
quasi-degenerate SOMOs all are metal-based and reminis-
cent of the dxy, dyz, and dzx orbitals (Fig. S13–16, ESI†).

Conclusion

We have demonstrated the redox-activity of the ubiquitous ace-
tylacetonate ligand. The crystallographic, magnetic, spectro-
scopic, and computational results all point toward the occurrence
of concerted metal–ligand redox chemistry in the square-planar
[Cr(acac)2] upon axial coordination of moderately donating pyri-
dine ligands. Furthermore, the crystallographically imposed
symmetry coupled with Hush analysis indicate electronic delo-
calization upon coordination, whereby complexes 2–4 can be
assigned as Class III mixed-valence systems.31

In the ideally square-planar ligand eld of 1, the singly
occupied dz2 orbital remains energetically low-lying, whereas

the pyridines of 2–4 raise the dz2 orbital above the ligand-
based LUMO, leading to a partial {CrII–(acac)2

2�} / {CrIII–
(acac)2c

3�} valence tautomerization, whose degree of comple-
tion depends on the donor strength of the auxiliary axial
ligands. Notably, the valence tautomerization in [Cr(acac)2] is
not triggered by more weakly coordinating ligands, which may
leave the dz2 orbital energetically well below the acac ligand
LUMO. Displacement of the pyridine ligands in 2–4 demon-
strates the reversibility of the {CrII–(acac)2

2�} % {CrIII–
(acac)2c

3�} valence tautomerization process. A handful of
transition metal complex families demonstrate temperature-
induced valence tautomerism,41,42 but the manifestation of
ligand reduction upon alteration of the metal ligand sphere is
exceedingly rare.43 It is tempting to consider if mechanical
stimuli, mimicking an increased axial ligand eld, may
actuate redox-activity in 1. Notably, 1 is isomorphous to
[Cu(acac)2], which has recently been shown to form easily
deformable crystals.44–46 Any similar plasticity in crystals of 1
could be coupled to dramatic changes in both the optical and
magnetic properties following the {CrII–(acac)2

2�} % {CrIII–
(acac)2c

3�} valence tautomerization.
The valence tautomers 2–4 exhibit extremely strong CrIII-

radical exchange interactions, as demonstrated by magnetization
measurements and DFT calculations. The importance of
remarkably strong metal–ligand exchange interactions was
recently highlighted as key for acquiring efficient electro-
catalysis,47 although the tailoring of superexchange has so far
received limited attention in catalysis. Despite the diversity and
potency of chromium complexes for organic transformations
including, for instance, hydrogenations,48 and carbon–carbon
cross-couplings,49 relatively little is known about the exact
chemical identity of the active species. For instance, [CrIII(acac)3]
was shown to be a potent hydrogenation catalyst only in the
presence of a strong reductant.48 Indeed, similar observations
were made already in 1971 where the activation of a [CrIII(acac)3]
polymerization catalyst with (C2H5)2AlCl provided a putative low-
spin CrII complex.50 Considering these reports and the results
presented here, it is tantalizing to speculate if valence tautom-
erism between CrII/III and either the organic co-ligands or the
substrate, or both, plays a key role in chromium catalysis.
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 2 

Synthesis 
 

All reactions and manipulations were carried out under strictly anaerobic conditions in an inert Ar 

atmosphere using an InertLab glovebox operating with < 0.5 ppm O2 and H2O. Reagents were used 

as received. Dry and air-free solvents were supplied by a Puresolv MD 7 solvent purifications system. 

acacH = 2,4-pentanedione; py = pyridine; DMAP = 4-(dimethylamino)pyridine; CF3py = 4-

(trifluoromethyl)pyridine. 

Synthesis of Cr(acac)2 (1) 

In a beaker, CrCl2 (367 mg, 3.0 mmol) was suspended in dry THF (20 mL) and Li(acac) (630 mg, 

5.95 mmol) was added under stirring. The mixture slowly turned dark and the reaction proceeded to 

completion over a 24-hour period. An orange single-crystalline precipitate of the desired compound 

separated out and was filtered off, washed with diethyl ether (2 ´ 10 mL) and dried on a glass frit. 

Yield: 524 mg (70% based on Cr). Crystals suitable for X-ray analysis could be isolated directly from 

the product. Elemental analysis calculated (found) for C10H14CrO4 (%): C: 48.00 (47.68), H: 5.64 

(6.12). 

Synthesis of Cr(acac)2(CF3py)2 (2) 

To a suspension of 1 (100 mg, 0.4 mmol) in toluene (2 mL) was added 4-trifluoromethylpyridine (0.20 

mL, 1.7 mmol). The solution was stirred for 5 min during which the solution changed color to black. 

A precipitate of 2 started forming within minutes. The mixture was allowed to stand for 1 hour to 

ensure complete precipitation. Yield: 150 mg (69% based on 1). Crystals suitable for X-ray analysis 

could be isolated directly from the product. Elemental analysis calculated (found) for C22H22N2O4F6Cr 
(%): C: 48.54 (47.11), H: 4.07 (4.13), N: 5.15 (4.82).  

Synthesis of Cr(acac)2(py)2 (3) 

To a suspension of 1 (108 mg, 0.43 mmol) in acetonitrile (2 mL) was added pyridine (2 mL). The 

solution was stirred for 2 min during which the solution changed color to a very dark green. The 

mixture was left at room temperature for 24 hours to ensure complete precipitation of 3. Yield: 120 

mg (68% based on 1). Crystals suitable for X-ray analysis could be isolated directly from the product. 

Elemental analysis calculated (found) for C20H24CrN2O4 (%): C: 58.82 (58.73), H: 5.92 (6.02), N: 6.86 

(6.78).  

Synthesis of Cr(acac)2(DMAP)2 (4) 

To a suspension of 1 (135 mg, 0.54 mmol) in acetonitrile (5 mL) was added a solution of 4-

(dimethylamino)pyridine (205 mg, 1.68 mmol) dissolved in acetonitrile (2.5 mL). The solution was 

stirred for 10 min during which it changed color to black and the precipitation of 4 started. The solution 

was allowed to stand for 24 hours to ensure complete crystallization. Yield: 195 mg (73% based on 
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1). Crystals suitable for X-ray analysis could be isolated directly from the product. Elemental analysis 

calculated (found) for C24H34CrN4O4 (%): C: 58.29 (58.16), H: 6.93 (7.02), N: 11.33 (11.09).  

 

Spectroscopy  
 
Solution ultraviolet-visible range absorption spectra of 1 in various solvents were acquired using a 

Cary 5 spectrophotometer and are compiled in Fig. S1. Spectra to 2300 nm were collected on a 

PerkinElmer Lambda 1050 UV/VIS/NIR Spectrometer. The spectra have all been corrected for 

instrumental and solvent background. The attenuated-total-reflectance (ATR) NIR spectra of solid, 

polycrystalline samples of 1–4, presented in the main text (Fig. 4), were collected using a Bruker 

VERTEX80v Fourier Transform vacuum spectrometer employing a single-reflection diamond ATR 

module. The apparatus was configured with a CaF2 beam splitter, a liquid nitrogen cooled InSb 

detector and a NIR tungsten radiation source. The collected ATR spectra of 4 cm-1 resolution have 

been corrected for residual water vapor absorption and the resulting spectra have been corrected 

for minor baseline drifts. Subsequently, extended ATR corrections were applied to account for the 

wavelength-dependent penetration depth of the NIR probe beam. The mid-infrared attenuated-total-

reflectance spectra in the fingerprint region were collected by a Bruker VERTEX80v Fourier 

transform vacuum spectrometer employing a single-reflection diamond ATR accessory. The 

apparatus was configured with a KBr beam splitter, a liquid-nitrogen-cooled HgCdTe detector, and 

a thermal globar radiation source. The spectra were subtracted for residual water vapor absorption, 

corrected for small baseline drifts and extended ATR corrections were applied to account for the 

wavelength-dependent penetration depth of the probe beam. NMR spectra were collected on 400 

MHz JEOL cryoprobe NMR spectrometer in dry, degassed dichloromethane-d2 at 298 K. 1H-NMR 

spectra were referenced to tetramethylsilane using the residual proteo impurities of the solvent. 
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Figure S1. Solution UV-vis spectra of 1 dissolved in different, indicated solvents. The concentration 

of 1 in each solvent was: THF: 1.30 ´ 10–4 M, MeCN: 1.33 ´ 10–4 M, toluene: 1.34 ´ 10–4 M, 2,6-

lutidine: 1.37 ´ 10–4 M, DMSO: 1.37 ´ 10–4 M, py: 1.29 ´ 10–4 M. 

 
Figure S2. Solution UV-vis spectra of 3 in neat pyridine (py, black trace; compare to turquoise trace 

of Fig. S1) and CH2Cl2 (green traces) and mixtures thereof (blue and red traces).   
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Figure S3. 1H-NMR spectra of 2–4 acquired at room temperature in CD2Cl2. The spectra of the 

free ligands are shown for comparison. 
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Figure S4. ATR-mid-IR spectra of 2–4 before and after heating to 400 K (1 K min–1). The spectra 

for pristine 1 is shown for comparison. 
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Crystallography 

Single crystals of 1–4 were sealed under a dry argon atmosphere using polybutene oil (Aldrich, 

>90%) before being exposed to ambient conditions. With a nylon loop, suitable crystals were 

selected under a microscope and mounted on a SuperNova Dual Source CCD-diffractometer. The 

crystal was kept at a constant temperature during data collection. Using Olex2,1 the structure was 

solved using Charge Flipping using the olex.solve.structure solution program of Olex2 and refined 

by Least Squares using version 2014/7 of ShelXL. 2  All non-hydrogen atoms were refined 

anisotropically. Hydrogen atom positions were calculated geometrically and refined using the riding 

model. 

The PXRD patterns of 1-4 were measured in sealed tape pockets (free of sharp Bragg-like peaks) 

in transmission with a Huber G670 powder diffractometer using Cu Kα1 (λ = 1.5406 Å, quartz 

monochromator) radiation. Samples measured after a PPMS experiment were first introduced back 

into an inert atmosphere, before being freed from the measurement capsule and subsequently 

sealed in a tape pocket. 
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Table 1. Crystallographic information and refinement parameters for 1–4. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Compound 1 2 3 4 
CCDC number 1974983 1974982 1974980 1974981 

Empirical formula C10H14CrO4 C22H22N2O4F6Cr C20H24CrN2O4 C24H34CrN4O4 

Formula weight / g mol–1 250.21 544.41 408.41 494.55 

Temperature / K 120.00 120 120 120.00 

Crystal system monoclinic monoclinic monoclinic triclinic 

Space group P21/n P21/c P21/n P–1 
a / Å 10.2476(13) 9.9399(10) 9.8861(8) 7.9894(7) 

b / Å 4.7011(6) 9.5252(9) 7.5065(8) 8.5405(8) 

c / Å 11.3501(15) 12.1430(10) 12.9438(10) 9.4779(9) 

a / ° 90 90 90 103.054(8) 

b / ° 92.163(12) 94.290(8) 94.152(7) 101.710(8) 

g / ° 90 90 90 92.188(7) 

Volume / Å3 546.40(12) 1146.47(18) 958.04(14) 614.49(10) 

Z 2 2 2 1 

rcalc / g cm–3 1.521 1.577 1.416 1.336 

µ / mm–1 1.037 0.580 0.625 0.502 

F(000) 260.0 556.0 428.0 262.0 

Radiation Mo Ka (l = 0.71073) Mo Ka (l = 0.71073) Mo Ka (l = 0.71073) Mo Ka (l = 0.71073) 

q range for data collection / ° 7.2–52.7 6.7-54.2 6.3-54.2 6.9-52.7 

Index ranges –12 ≤ h ≤ 12 

–5 ≤ k ≤ 4  

–10 ≤ l ≤ 14 

-9 ≤ h ≤ 12 

-12 ≤ k ≤ 12 

-15 ≤ l ≤ 15 

-10 ≤ h ≤ 12 

-9 ≤ k ≤ 6 

-14 ≤ l ≤ 16 

-9 ≤ h ≤ 8  

-10 ≤ k ≤ 8 

-11 ≤ l ≤ 11 

Reflections collected 2302 5379 4889 5094 

Independent reflections 1114 [Rint = 0.0636] 2477 [Rint = 0.0492] 2086 [Rint = 0.0514] 2494 [Rint = 0.0526] 

Data/restraints/parameters 1114/0/72 2477/0/162 2086/0/126 2494/0/155 

Goodness-of-fit on F2 1.073 1.046 1.034 1.091 

Final R1 index [F2 ³ 2s(F2)] 0.062 0.063 0.0488,  0.060 

Final wR2 index [F2] 0.095 0.126 0.0895 0.105 

Largest diff. peak/hole / e Å–3 0.54/–0.51 0.74/-0.55 0.45/-0.47 0.35/-0.39 
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Figure S5. Normalized room-temperature (RT) powder X-ray diffractograms of 1-4 and the 

simulated powder diffractograms obtained from the single-crystal X-ray structures at the indicated 

temperatures.  

 

 
Figure S6. Normalized room-temperature (RT) powder X-ray diffractograms of 2 and 3 after the 

magnetization experiments shown in Fig. 3 of the main text, and the simulated powder diffractogram 

of 1.  
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Electrochemical measurements 

 

The electrochemical experiments were performed on a Gamry Reference 600+ 

Potentiostat/Galvanostat/ZRA (Gamry Instruments, Warminster, PA, USA) equipped with a 3.0 mm 

glassy carbon working electrode, a platinum wire auxiliary electrode, and a silver wire reference 

electrode. All experiments were performed at room temperature in an N2-filled glovebox. Sample 

concentrations were 1.0 mM in pyridine with 0.10 M NBu4PF6 as the supporting electrolyte. All 

potentials are referenced to Cp*2Fe0/+, using Cp*2Fe as an internal standard. The typical solvent 

system window with our configuration was +0.5 V for the oxidation limit and –2.25 V for the reduction 

limit (vs Cp*2Fe0/+). Cp2Fe (Strem) was purified according to the previously reported literature 

procedures. 3  Pyridine (Fisher) was dried over calcium hydride and distilled freshly. 

Tetrabutylammonium hexafluorophosphate (Acros) was recrystallized three times from ethanol and 

dried under a dynamic vacuum.4  

 

 
Figure S7. Cyclic voltammograms of 3 (1.0 mM) in neat pyridine at selected scan rates. NBu4PF6 

(0.1 M) was used as supporting electrolyte.  
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Magnetic measurements  

Direct current magnetization measurements were performed using the VSM options on a 

QuantumDesign Dynacool PPMS in the temperature range from 1.7 K to 400 K and in magnetic 

fields up to µ0H = ±9 T. The polycrystalline samples were loaded, immobilized and sealed in standard 

QuantumDesign powder capsules inside an argon-filled glovebox. The accurate sample masses 

were determined using a Mettler-Toledo WXTS3DU microbalance. The magnetization data were 

corrected for the intrinsic diamagnetism of both the sample and the sample capsule. 

 

 
Figure S8. Cooling cT (µ0H = 1 T) data for the heated samples of 2 and 3 plotted together with the 

data for pristine 1 and the Fisher-model fit as described in the main text. 
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Figure S9. M vs µ0H data for polycrystalline 1–4 obtained at selected low temperatures. Solid red 

lines (2–4) are best fits using the Hamiltonian mentioned in the main text. The best fits revealed 2: 

g = 2.0, DST = 1/hc = +2.2 cm–1; 3: g = 1.9, DST = 1/hc = +4.2 cm–1; 4: g = 1.9, DST = 1/hc = +3.7 cm–1. 
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Thermogravimetry-mass spectrometry 
 
Thermogravimetric analysis was performed using a Perkin-Elmer STA 6000 instrument, coupled with 

a Hiden HPR 20 QIC mass spectrometer. A heating rate of 1 K min–1 was applied and a protective 

argon flow of 30 mL min–1 was maintained throughout the experiments. The mass spectrometer was 

set up accordingly, to detect fragment mass units (m/z) 51, 69, and 75 for 2 and 52, and 79 for 3. 

The mass spectrum of pristine 4-(trifluoromethyl)pyridine is shown in Fig. S11 and the mass 

spectrum of pyridine can be assessed from the National Institute of Standards and Technology.5 The 

sample crucible was a corundum (Al2O3) container fitted with a separate lid, perforated in the center, 

to allow release of pressure build-up from any desorbed species. 

 
Figure S10. TGA-MS data for 2 (left) and 3 (right) obtained with a 1 K min–1 heating rate. Gray 

arrows indicate the calculated weight losses for quantitative removal of the axial ligands. 

 

 
Figure S11. Positive-ion mass spectrum of 4-(trifluoromethyl)pyridine obtained on a GC-2010 MS-

QP2010S.  
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Computational results 

DFT calculations were performed using the ORCA program suite,6 employing scalar relativistic 

effects through the 0th-order regular approximation (ZORA).7 The experimentally determined atomic 

coordinates of 1 and 2 were used as input without any subsequent geometry optimization. For all 

calculations, the TPSSh functional 8  was combined with the scalar-relativistically recontracted 

(SARC) version of the triple-ζ def2-TZVP(-f) basis set9 together with the corresponding auxiliary 

basis. For both systems a high-spin (HS) S = 2 calculation and a S1 = 3/2 - S2 = 1/2 broken symmetry 

calculation (BS(3,1)) were performed. The energy difference between the HS and BS states were 

employed to evaluate the exchange coupling constant, J, as defined by Yamaguchi.10 Spin density 

plots and Kohn-Sham frontier orbital plots were rendered using the VMD11 and Gabedit12 programs, 

respectively.  

 

 
 
Figure S12. Qualitative frontier Kohn-Sham SOMO energy level diagram for 1 with indicated 

calculated relative energies and percental contribution of Cr atomic orbitals to the MOs. 
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Figure S13. Qualitative frontier Kohn-Sham spin-orbital energy level diagram for 2 with indicated 

calculated relative energies, percental contribution of Cr atomic orbitals to the MOs, and overlaps 

between corresponding orbitals. 
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Figure S14. Qualitative frontier Kohn-Sham spin-orbital energy level diagram for 3 with indicated 

calculated relative energies, percental contribution of Cr atomic orbitals to the MOs, and overlaps 

between corresponding orbitals. 
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Figure S15. Qualitative frontier Kohn-Sham spin-orbital energy level diagram for 4 with indicated 

calculated relative energies, percental contribution of Cr atomic orbitals to the MOs, and overlaps 

between corresponding orbitals. 
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Figure S16. Kohn-Sham spin-orbital energy level diagram for 2–4. Occupied orbitals are indicated 

with a dot. 
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Ren� Wugt Larsen,[a] Kensha Marie Clark,[b] and Kasper S. Pedersen*[a]

Abstract: b-Diketonates, such as acetylacetonate, are
amongst the most common bidentate ligands towards el-
ements across the entire periodic table and are consid-
ered wholly redox-inactive in their complexes. Herein we

show that complexation of 1,1,1,5,5,5-hexafluoroacetyl-

acetonate (hfac�) to CrII spontaneously affords CrIII and a
reduced b-diketonate radical ligand scaffold, as evidenced

by crystallographic analysis, magnetic measurements, opti-
cal spectroscopy, reactivity studies, and DFT calculations.

The possibility of harnessing b-diketonates as electron res-
ervoirs opens up possibilities for new metal–ligand con-

certed reactivity in the ubiquitous b-diketonate coordina-

tion chemistry.

The cooperativity between metal ion-centered and ligand-cen-
tered redox events is considered one of the most important

strategies to confer noble metal reactivity to base metals,
having immense relevance for homogeneous catalysis.[1] A ple-

thora of redox-active ligands are now available, although only
a handful of the most commonly employed ligands have been
shown to exhibit this behavior.[2] b-Diketonate ligands are

ubiquitous in the coordination chemistry of the s-, d-, p-, and
f-blocks of the periodic table. The deprotonated forms of pen-
tane-2,4-dione (acac�) and 1,1,1,5,5,5-hexafluoropentane-2,4-
dione, (hfac�), are the most commonly used b-diketonate li-

gands, with each garnering ~3000 crystallographically charac-
terized compounds.[3] Notably, hfac� complexes demonstrate

highly sought-after properties, such as high vapor pressure

and high solubility in non-coordinating solvents, making them
of interest for a wide range of applications, as in chemical

vapor deposition,[4] homogeneous catalysis,[5] and molecule-
based magnets.[6] Despite being so common, there are no re-

ports of any non-innocence of these ligands.[7] In comparison,
the related b-diketiminates (NacNac�) was reported to be elec-

trochemically oxidizable to the neutral radical form,[8] and a

similar behavior was observed for the polyaromatic 9-oxido-
phenalenonate,[9] although no crystal structures were obtain-

able for any of these complexes. Likewise, anion-radical forma-
tion was reported for a-diketone ligands,[10] but similar reactivi-

ty has been elusive for the b-analogues. Even attempts to elec-

trochemically reduce the protonated hfac� to its radical anion
in solution were unsuccessful and only led to an irreversible re-

duction event occurring at �1.2 V vs. Cp2Fe
0/+ .[11] The use of

reducing metal ions in combination with aromatic p-ligands to

form stable charge-transfer complexes is a feature commonly
exploited to generate metal–radical complexes.[12] We recently

reported the reaction of CrCl2 with pyrazine (pyz) to yield a

two-dimensional coordination solid, CrCl2(pyz)2, in which each
pyz is formally reduced by half an electron, and chromium is in

oxidation state + III.[13] For hfac� , binary complexes of the 3d
transition series have been reported for VIII,[14] CrIII,[15] MnII,III,[16]

FeII,III,[17] CoII, NiII,[18] CuII,[19] and ZnII,[20] none of which are particu-
larly reducing metal ions. We, herein, report on the spontane-

ous reduction of hfac� by CrII and the characterization of the

resulting complexes featuring non-innocent hfac� ligands.
The reaction of CrCl2 in THF with hfacH and NEt3 under

strictly anaerobic conditions yields an intensely colored, dark-
brown solution. Subsequent addition of pyrazine and concen-

tration of the solution under reduced pressure affords dark-red
crystals of trans-[Cr(hfac)2(pyz)2] (1, Figure 1) suitable for single-

crystal X-ray diffraction. Complex 1 crystallizes in the ortho-

Figure 1. Thermal ellipsoid plot of 1 drawn at 50% probability level (Cr dark
green, F green, O red, N blue, C grey, H white). Selected bond lengths (�):
Cr�O1: 1.926(2), Cr�O2: 1.931(2), Cr�N1: 2.091(2), O1�C2: 1.289(4), O2�C4:
1.286(4), C1�C2: 1.514(4), C2�C3: 1.379(5), C3�C4: 1.392(4), C4�C5: 1.518(4).
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rhombic Pbca space group and features the Cr site located on
an inversion center. The Cr–N distance of 2.091(2) � and the

Cr–O distances of 1.926(2) and 1.931(2) � reveal no clear Jahn–
Teller distortion, which, nonetheless, would be partially convo-

luted with the presence of different ligands. However, for com-
parison, the isomorphous CuII complex features a Jahn–Teller
axis along the Cu�O1 axis with Cu�O1 and Cu�O2 bond
lengths of 2.225(4) and 1.995(4) �, respectively.[21] Although a
number of CrII complexes have been reported to lack the ex-
pected Jahn–Teller distortion,[22] often attributed to the occur-
rence of dynamic effects, the absence of a distortion renders
the oxidation state assignment of + II ambiguous. Indeed, the
Cr�N bond length is typical for CrIII-aromatic amine bonds[23]

and the Cr–O distances are close to those previously reported
for [CrIII(hfac)3] (1.943(5) and 1.955(5) �).[15] In this case, two ad-

ditional scenarios could be envisioned: 1) electron transfer

from CrII to pyrazine to form {CrIII-(pyz)2C�} or 2) electron trans-
fer from CrII to the hfac� to yield {CrIII-(hfac)2C3�}. In order to

compare the metrics of the pyz and hfac� ligands with the
vast number of published crystal structures containing these li-

gands (~1300 and ~3000, respectively),[3] we screened the
Cambridge Structural Database for C�N and C�C bond lengths

of pyz and for the C�O, C�CF3, and C�CH bond lengths of

hfac� (Figure S3–S4, Supporting Information). In 1, the average
pyz bond lengths amount to C�N 1.337 � and C�C 1.383 �

which both coincide almost perfectly with the estimated
Gaussian mean for all reported pyrazine structures (C�N
1.335 �, C�C 1.380 �). For hfac� complexes, the average C–O
distance in 1 of 1.288 � is amongst the longest 1.5% of all

structures, whilst the average C–CF3 and C–CH distances are

close to the mean values (Figure S4, Supporting Information).
DFT geometry optimization of hfac� and the mono-radical

hfacC2� (Figure S10, Supporting Information) reveal that, upon a
one-electron reduction, the C�O bond elongates by ~5%,

whereas the C�CF3 bond contracts slightly by ~3%, and the
C�CH bond length is virtually unaffected. The experimental
bond lengths of the hfac� echo this trend (Figure S4, Support-

ing Information) whereas the bond lengths of the pyz ligands
are entirely unaffected as expected for the nonreduced case
(Figure S3, Supporting Information). These observations point
towards the redox-activity of the hfac� ligands dominating
over that of the pyz ligands. To corroborate this hypothesis,
the closely related complex, trans-[Cr(hfac)2(THF)2] (2), previ-
ously assigned as a CrII complex, was studied. The synthesis
and the structural characterization at 198 K were reported by
Harada and Girolami.[15] Attempts to synthesize 2 (see the Sup-

porting Information) using a modified procedure in which
CrCl2 was treated with hfacH, followed by deprotonation with

triethylamine, were unsuccessful and only led to the isolation
of red crystals of 3. The crystal structure of 3 is shown in

Figure 2 and features an octahedrally coordinated Cr bound to

one hfac� ligand and a quadruply deprotonated (R,R) or (S,S)-
1,1,1,8,8,8-hexafluoro-4,5-bis(trifluoromethyl)-4,5-dihydroxyoc-

tane-2,7-dione. Its formation is hypothesized to proceed
through a pinacol coupling-type reaction of two hfacC2� radical

dianions (Scheme 1). Notably, this reactivity contrasts that of
manganese(III)-mediated radical reactions of ketones which

lead to a-oxoalkyl radical intermediates.[24] Following the pub-
lished procedure,[15] using Na(hfac) as a starting material, re-

vealed a crystalline sample of 2. A redetermination of the crys-

tal structure at 120 K reveals only minor differences to the
published 198 K structure. Notably, the Cr�Ohfac distances

(1.923(3) �) and the metrics of the hfac� ligands in 2 are close
to those determined for 1 suggesting a common oxidation

state for the Cr centers in the two compounds (see Figures S1
and S4, Supporting Information).

The temperature-dependence of the susceptibility–tempera-

ture product, cT, of 1 and 2 is shown in Figure 3. The 300 K
value amounts to 0.98 cm3Kmol�1 (1) and 0.99 cm3Kmol�1 (2)
which are far from the 3.0 cm3Kmol�1 expected for a high-spin
CrII ion with an S=2 ground state. Indeed, the experimental
value is reminiscent of an ST=1 ground state with a g-factor
close to 2. Such a situation could be found in low-spin CrII,

which, however, is only found with the most extreme strong-
field ligands and thus irrelevant for the present ligand sphere
of 1 and 2.[25] On the contrary, electron transfer from the initial-

ly present CrII to one of the ligands may give rise to an ST=1 if
the antiferromagnetic interaction between the resulting CrIII

(S=3/2) and the radical (S=1/2) is on the order of the thermal
energy at room temperature or larger. On lowering tempera-

ture, the cT products of 1 and 2 remain roughly constant until

�8 K where they decrease abruptly, a behavior that can be at-
tributed to concerted effects of magnetic anisotropy and weak

antiferromagnetic interactions between adjacent molecules in
the solid. Attempts to observe any curvature in the cT product

of 1 and 2 at temperatures higher than room temperature
were unsuccessful and hence an experimental estimation of

Figure 2. Thermal ellipsoid plot of one of the enantiomeric Cr complexes of
3 drawn at 50% probability level (Cr dark green, F green, O red, C grey, H
white). Triethylammonium counter-ions and co-crystallized diethyl ether
molecules have been omitted for clarity.

Scheme 1. Dimerization of hfacC2�.
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the magnitude of a super-exchange interaction was impossi-

ble. Both 1 and 2 exhibit irreversible increases in the cT prod-
uct indicative of thermal decomposition at high temperatures

(Figure S5, Supporting Information). The magnetization vs.
magnetic field data are shown in the inset of Figure 3. The

magnetization saturates only at large magnetic fields indicative
of a significant magnetic anisotropy. The data were modelled

using the spin-Hamiltonian [Eq. (1)]:

ĥ ¼ gmBm0 H � ŜT þ DðŜ2T,z�STðST þ 1Þ=3Þ ð1Þ

in which ST=1 is the coupled spin state arising from the anti-

ferromagnetic coupling of an S=3/2 spin with an S= spin. The
magnetic anisotropy is reflected in the zero-field splitting pa-

rameter, D. The fit to the M vs. H data affords for both 1 and 2 :
g=2.0 and D of +2.2 cm�1. The D is related to the single-ion
CrIII DCr parameter value through DCr = 2/3�DST =1 =

+1.5 cm�1.[26] Notably, the magnitude of DCr is almost one

order of magnitude larger than those commonly found for tet-
ragonal Werner-type CrIII complexes,[27] although organometal-
lic CrIII complexes frequently have even larger DCr values.[28]

Reasonable fits to the M vs. H data can also be obtained with
a negative DST =1 parameter but were excluded due to a larger

statistical c2 value. Alternating current (ac) susceptibility mea-
surements at 1.8 K reveal no indications of slow relaxation of

the magnetization (time scale 101–104 Hz), with or without the

application of a static magnetic field. This observation is coher-
ent with an mST =1 = 0 ground state.

The optical ultraviolet-visible spectra of 1 and 2 feature sev-

eral bands which are too intense (e>1000m�1 cm�1) to be clas-
sified as d–d transitions and are attributed to charge-transfer

transitions (Figure S7, Supporting Information). The spectra are
remarkably similar suggesting a comparable electronic struc-

ture of 1 and 2. The attenuated total reflectance spectra in the
near-IR region of 1 and 2 are shown in Figure 4. For both com-

pounds, an intense, broad (fwhm 1~1900 cm�1, 2~1500 cm�1)

absorption band is observed, which is a typical fingerprint of

mixed-valency,[29,30] and is attributed to the hfacC2 �/hfac� IVCT.
Cyclic voltammetry affords a single reversible oxidation of 1 at

a largely negative potential of �1.7 V vs. Cp2Fe
0/+ (Figure S8,

Supporting Information), assigned to the formation of {CrIII-

(hfac)2
2�}. This species could not be isolated (see the Support-

ing Information), but its formulation is corroborated by DFT

calculations (see Figure S13, Supporting Information). We were

unable to observe any reversibility in the oxidation process for
2.

To obtain further insight into the electronic structures of 1
and 2, broken-symmetry DFT calculations at the TPSSh/def2-

TZVP-ZORA level were performed. For 1, the energy difference
between the broken symmetry (BS(3,1), ST=1) ground state

and the high-spin (HS, S=2) excited state amounts to

5488 cm�1, which, following the convention by Yamaguchi, re-
sults in a super-exchange coupling constant of J=3032 cm�1

(Hamiltonian definition ĥ= JŜCr·Ŝradical). The DFT-calculated
spin densities are shown in Figure 5. Notably, the spin-density

in 1 is vanishing on the pyz ligands, but is substantial on the
hfac� ligands. The integrated Mulliken spin populations sug-

Figure 4. Attenuated total reflectance (ATR) NIR-spectra obtained at room
temperature of polycrystalline 1 and 2. The spectra were normalized to
unity at the absorption maximum.

Figure 3. Temperature-dependence of the cT product (c�M/m0H, m0H=1 T)
for polycrystalline 1 and 2 between 1.7 K and 300 K. Inset : M vs. m0H data for
1 at selected low temperatures (2 to 40 K in 1 K steps). M vs. H data for 2
are shown in Figure S6, Supporting Information. The black lines are fits to
the experimental data as described in the main text.

Figure 5. Broken-symmetry DFT-calculated spin-density plots for 1 (a) and
2 (b) (isosurface value=0.005 a0

�3, a0 being the Bohr length). Selected Mul-
liken spin populations are indicated. Non-indicated spin populations are
below 0.01.
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gest the presence of an S=3/2 CrIII (spin population: 2.68) and
one unpaired electron smeared over two crystallographically

identical hfac� ligands (see Figure 5a). The analogous calcula-
tions performed for 2 are highly similar to those of 1 (see Fig-

ure 5b, J=2993 cm�1) emphasizing the absence of participa-
tion of the pyz and THF ligands in the redox event. The quali-

tative frontier MO diagram for 1 (2) is shown in Figure 6 (Fig-
ure S12, Supporting Information) and features three singly oc-

cupied Cr-based orbitals reminiscent of a (dxy)
1(dyz)

1(dzx)
1

electronic configuration, and one singly occupied orbital of

predominant ligand character. The structural characterization
of the closely related [Cr(acac)2] was reported by Cotton et al.

and features a square-planar Cr ion with, presumably, very
weak Cr···C interactions (>3 �).[31] The bulk effective magnetic

moment was determined to 4.99 mB (corresponding to a cT

product of 3.1 cm3Kmol�1), in good agreement with expecta-
tions for a high-spin d4 complex. DFT calculations were per-

formed on [Cr(acac)2] , which yield a high-spin, S=2 ground
state stabilized by 9455 cm�1 from the BS state. Both the HS
and BS state exhibit little spin density (Figure S14, Supporting
Information) on the acac� ligands. Furthermore, the Mulliken

spin population of Cr in the ground state amounts to 4.10,
which corroborates the presence of CrII in [Cr(acac)2] . Attempts
to synthesize the analogous [Cr(hfac)2] by sublimation of 2 in

vacuo were unsuccessful and yielded [Cr(hfac)3] as the only
crystalline product. Synthesis attempts in non-coordinating sol-

vents (see the Supporting Information) systematically yielded
the C�C coupled product as found in 3. DFT geometry optimi-

zation of the hypothetical [Cr(hfac)2] predicts a square-planar

geometry similar to [Cr(acac)2] and a HS ground state with a Cr
Mulliken spin population of 4.04 (Figure S15, Supporting Infor-

mation). These computational results suggest that the electron
transfer is imposed by the presence of axial ligands. Pictorially,

one can imagine that the axial ligands destabilize the singly
occupied dz2 orbital of CrII, thereby favoring electron transfer

to the hfac� ligands. It is remarkable that the presence of a
weak-field ligand as THF is sufficient to promote the electron-

transfer. However, this result is paralleled by that of the {CrII-
bpy} (bpy=2,2’-bipyridine) redox-couple, which is always

found as {CrIII-bpyC�} in octahedral complexes,[32] but as {CrII-
bpy0} when the coordination geometry of Cr is square

planar.[33] While one may speculate if the apparent non-inno-
cence of the hfac� ligand has led to incorrectly assigned metal
ion oxidation states in previously reported complexes, it is

noteworthy to consider the electronic structure situation of 1
and 2. Indeed, the combination of a high-spin d4 configuration
and a moderate reducing power leading to a half-filled, high-
energy dz2 orbital renders CrII almost unique. Thus, it seems

possible that 1 and 2 are the only examples of non-innocence
of simple b-diketonates in transition-metal complexes.

In conclusion, we have demonstrated the existence of redox

non-innocence of hfac� through the spontaneous reduction by
CrII. CrII complexes are well-known to be highly efficient cata-

lysts for example, the arylation[34] and hydrosilylation[35] of ke-
tones, hydrogenation of polycyclic aromatic hydrocarbons,[36]

and C�C cross-couplings.[37] Unfortunately, the unknown exact
chemical nature of most of these catalyst complexes and the

intermediates preclude an evaluation of their electronic struc-

tures. Given that a simple ligand as hfac� becomes non-inno-
cent under the influence of moderately reducing CrII, it is

tempting to speculate that CrII�L$CrIII�LC� valence tautomer-
ism, in general, could be of relevance for purported CrII cataly-

sis.
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 1 

Synthesis 

All manipulations were carried out under an inert Ar atmoshere using an InertLab glovebox (H2O, O2 < 

0.5 ppm). Dry and air-free solvents were supplied by a Puresolv MD 7 solvent purification system. All 

other reagents were used as received from commercial suppliers. CrCl2 was obtained from Fluorochem 

in 99.9% purity. Elemental analyses were performed on a ThermoScientific FlashSmart CHNS/O 

Elemental Analyzer. Due to the high fluorine content, the combustion analysis utilized < 0.5 mg sample 

in Ag capsules. 

Synthesis of 1: In 20 mL of dry THF was placed anhydrous CrCl2 (122 mg, 1 mmol) with stirring. 

Simultaneously, a small flask was charged with 5 mL anhydrous THF and Hhfac (0.29 mL, 2 mmol). 

Triethylamine (0.28 mL, 2 mmol) was added and the resulting solution was added to the metal solution 

with stirring. The mixture was stirred for 12 hours to ensure complete reaction. During this time, the 

mixture changes colour from bright blue to dark brown. Pyrazine (320 mg, 4 mmol) was added with a 

subsequent colour change to dark red. The mixture was placed at –18 °C overnight to allow precipitation 

of the desired dark product. This was filtered off with a by-product of HNEt3Cl which was removed by 

rapid washing with 3 x 5 mL dichloromethane. Yield: 210 mg (33% based on Cr). Anal. calcd. (found) for 

C18H10CrF12N4O4: C, 34.52% (34.18%); H, 1.61% (1.59%); N, 8.95% (8.56%).  

Synthesis of 2: The synthesis of 2 was performed using a slightly modified version of the method 

described by Harada and Girolami employing CrCl2 as the starting material.[1]  Yield: 43% based on Cr.  

Synthesis of 3: In 20 mL of dry THF was placed anhydrous CrCl2 (122 mg, 1 mmol) with stirring. 

Simultaneously, a small flask was charged with 5 mL anhydrous THF and Hhfac (0.29 ml, 2 mmol). 

Triethylamine (0.28 ml, 2 mmol) was added and the resulting solution was added to the metal solution 

with stirring. The mixture was stirred for 12 hours to ensure complete reaction, before being placed at –

18 °C. The solution was filtered after 5 hours yielding only a by-product of NEt3×HCl. The solution was 

evaporated to dryness and taken up in 8 mL of diethyl ether and left in the freezer at –18 °C. After 3 days, 

small, dark crystals of 3 had formed in very low yield.  

Attempts to synthesize Cr(hfac)2: (a) Polycrystalline 2 was heated in a sealed, evacuated ampoule to 

100 °C and kept overnight. The only crystalline product was identified as [Cr(hfac)3]. (b) CrCl2 (135 mg, 

1.10 mmol) was suspended in toluene (10 mL). A solution of hfac– was simultaneously prepared by 

dissolving Hhfac (0.35 mL, 2.41 mmol) in toluene (5 mL) followed by addition of NEt3 (0.33 mL, 2.40 

mmol). As the ligand solution is added the CrCl2 suspension, the solution slowly changes colour, finally 

becoming intensely dark brown. A dark-coloured amorphous precipitate is filtered off and re-dissolved in 

a minimum of CH2Cl2 and placed in a freezer at –18 °C. Dark orange crystals of 4 formed together with 

a minor impurity of HNEt3Cl. Single-crystal X-ray crystallographic analysis reveals that 4 is isomorphous 

to 3 and contains an identical Cr(III) complex. 
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Crystallography 

Single crystals of 1–4 were covered in polybutene oil (Sigma-Aldrich, >90%) under a dry argon 

atmosphere and subsequently under a microscope mounted onto a nylon loop attachable to a SuperNova 

Dual Source CCD-diffractometer. The structure of 2 at T = 198 K was previously reported by Harada and 

Girolami,[1] but to aid the comparison of the structural parameters between 1 and 2, the crystal structure 

of 2 was redetermined.  The crystal was kept at 120 K or 132 K during data collection. Using Olex2,[2] the 

structure was solved by Charge Flipping using the olex.solve structure solution program of Olex2 and 

refined by Least Squares using version 2014/7 of ShelXL.[3] All non-hydrogen atoms were refined 

anisotropically. Hydrogen atom positions were calculated geometrically and refined using the riding 

model. The PXRD patterns of 1 and 2 were measured at room temperature in sealed bags in transmission 

mode with a Huber G670 powder diffractometer using Cu Kα1 (λ = 1.5406 Å, quartz monochromator) 

radiation. 
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Figure S1. Thermal ellipsoid plot of 2 drawn at 30% probability level, respectively (Cr dark green, 

F green, O red, C grey, H white). Selected bond lengths (Å): Cr–O1 1.923(3), Cr–O2 2.026(4), O1–

C2 1.286(4), C1–C2 1.502(5), C2–C3 1.387(5).  
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Figure S2. Room-temperature powder X-ray diffractograms of 1 (top) and 2 (bottom) and the 

simulated powder diffractograms obtained from the single-crystal X-ray structures at 120 K. 

 

 

 

 

 

 

 

 

 

 

 

177



 6 

 

 

 
Figure S3. Frequency plots of pyz complexes found in the Cambridge Structural Database. All 

entries have been included, hereunder structures determined using powder diffraction methods and 

disordered structures. The bond lengths are averaged over the two different sites of the ligand. The 

red lines are the cumulative frequencies and the black lines are gaussian fits (top: R2 = 0.94, bottom: 

R2 = 0.95). The experimentally determined bond lengths for 1 are indicated. 

 

 

 

 

 

 

178



 7 

  
 

Figure S4. Frequency plots of hfac– complexes found in the Cambridge Structural Database. All 

entries have been included, hereunder structures determined using powder diffraction methods and 

disordered structures. The bond lengths are averaged over the two different sites of the hfac– ligand. 

The red lines are the cumulative frequencies and the black lines are gaussian fits (top: R2 = 0.99, 

middle: R2 = 0.97, bottom: R2 = 0.98). The experimentally determined bond lengths for 1 and 2 are 

indicated. 
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Magnetic measurements 
 
Dc and ac magnetization measurements were performed using the VSM and AC-MSII options on a 

QuantumDesign Dynacool PPMS in the temperature range from 1.7 K to 400 K and in magnetic 

fields up to ±9 T. The polycrystalline samples were loaded and immobilized and sealed in standard 

QuantumDesign powder capsules inside an Ar-filled glovebox. The accurate sample masses were 

determined using a Mettler-Toledo WXTS3DU microbalance. The magnetization data were 

corrected for the intrinsic diamagnetism of both the sample and the sample capsule. 

 

 

 
 

Figure S5. Above room-temperature cT products (µ0H = 1 T) for 1 and 2 with a sweep rate of 0.25 

K min–1 showing irreversible increases in the magnetic moments for both compounds.  
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 9 

 
Figure S6. M vs H data for polycrystalline 2 measured from 2 K to 20 K in 1 K steps. The solid 

black lines are best fits to the experimental data as described in the main text.  

 

Spectroscopy 
 
Solution UV-vis spectra of 1 and 2 in diethyl ether were acquired on a Cary 5 spectrophotometer 

and the spectra are shown in Figure S7. The spectra are corrected for the solvent and instrumental 

background. The attenuated-total-reflectance (ATR) NIR spectra of the solid, polycrystalline samples 

of 1 and 2 (shown in Figure 4) were collected by a Bruker VERTEX80v Fourier Transform vacuum 

spectrometer employing a single-reflection diamond ATR module. The apparatus was configured 

with a CaF2 beam splitter, a liquid nitrogen cooled InSb detector and a NIR tungsten radiation source. 

The collected ATR spectra of 4 cm–1 resolution have been corrected for residual water vapor 

absorption and the resulting spectra have been corrected for minor baseline drifts. Subsequently, 

extended ATR corrections were applied to account for the wavelength-dependent penetration depth 

of the NIR probe beam. 
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Figure S7. Solution UV-vis absorption spectra of 1 and 2 (in diethyl ether, [1] = 5.03 ´ 10–5 M, [2] = 

8.20 ´ 10–5 M). The inset shows the first derivative of the absorption spectrum in arbitrary units. 

 

 
Electrochemistry 
 
Electrochemical experiments were performed on a Gamry Reference 600+ 

Potentiostat/Galvanostat/ZRA (Gamry Instruments, Warminster, PA, USA) using a 3.0 mm glassy 

carbon working electrode, a platinum wire auxiliary electrode, and a silver wire reference electrode. 

Electrochemical experiments were performed at ambient temperature (20–24 °C) in a nitrogen-filled 

glovebox. Sample concentrations were 1.0 mM in THF with 0.10 M NBu4PF6 as the supporting 

electrolyte. Attempts to isolate the oxidation product of 1 using AgPF6 were unsuccessful and ESI 

mass spectrometry (Figure S9) indicate the formation of at least two additional species apart from 

[Cr(hfac)2(pyz)2]+. All potentials are referenced to Cp2Fe0/+, using decamethylferrocene as an internal 

standard (−0.49 V vs Cp2Fe0/+).[4] The typical solvent system window with our configuration was +1.0 

V for the oxidation limit and –2.6 V for the reduction limit (vs Cp2Fe0/+). Decamethylferrocene was 

synthesized and purified according to literature procedures[5] and tetrabutylammonium 

hexafluorophosphate (Acros) was recrystallized from ethanol three times and dried under vacuum.[6]  
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Figure S8. Cyclic voltammograms of 1 in THF (1.0 mM) at selected sweep rates. 
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Mass spectrometry 
 

Acetonitrile solutions of 1 and of 1 oxidized with one equivalent of AgPF6 were analyzed on a Waters 

Acquity UPLC system equipped with a photodiode array detector (PAD) coupled to an electrospray 

(positive and negative, ES+ and ES-, respectively) single quadrupole mass spectrometer detector. 

The solvent system was composed of, A, 1% formic acid in water and, B, 1% formic acid in 

acetonitrile with a gradient of 5% B to 100% B in 2.4 minutes. 

 
Figure S9. ESI mass spectra of 1 and the oxidation product of 1. 
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Density functional theory calculations 
 
DFT calculations were performed using the ORCA program suite,[7] employing scalar relativistic 

effects through the 0th-order regular approximation (ZORA).[8] The experimentally determined atomic 

coordinates of 1 and 2 were used as input without any subsequent geometry optimization. For all 

calculations, the TPSSh functional[9] was combined with the scalar-relativistically recontracted 

(SARC) version of the triple-ζ def2-TZVP(-f) basis set[10] together with the corresponding auxiliary 

basis. For both systems a high-spin (HS) S = 2 calculation and a S1 = 3/2–S2 = ½ broken symmetry 

calculation (BS(3,1)) were performed. The energy difference between the HS and BS states were 

employed to evaluate the exchange coupling constant, J, as defined by Yamaguchi:[11] 

 

 J = EBS	#	EHS

〈S%2〉HS	#	〈S%2〉BS
 

 

The BS solutions were found to be identical to the S = 1 solutions, which is unsurprising given the 

large energy separations between the states. The analogous calculations on the previously reported 

Cr(acac)2 utilized the atomic coordinates reported by Cotton et al.[12] The hydrogen positions were 

calculated using Olex2 and the resulting atomic coordinates were used as input for the calculations 

with no subsequent geometry optimization. Model calculations on closed-shell hfac–, the mono-

radical hfac•2–, and the [Cr(hfac)2(pyz)2]+ complex were performed at the same level of theory, but 

were subject to geometry optimizations. The CPCM approach with an infinitely large dielectric 

constant was applied to mimic a polar crystalline environment. Spin density plots and Kohn-Sham 

frontier orbital plots were rendered using the VMD[13] and Gabedit[14] programs, respectively. 

 

 
 
Figure S10. DFT-geometry optimized structures of hfac– (purple) and hfac•2– (green) overlaid by 

minimizing the distance between the three middle carbon atoms between the two structures.  
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Figure S11. DFT-calculated spin density of hfac•2– in two different projections. Isosurface value = 

0.01 a0
–3. Selected Mulliken spin populations are indicated. 

 

 

 
 

Figure S12. Qualitative frontier Kohn-Sham SOMO energy level diagram for 2 with indicated 

calculated relative energies and percental contribution of Cr atomic orbitals to the MOs.  
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Figure 13. DFT-calculated spin-density plot (isosurface value of 0.005 a0
–3) of geometry-optimized, 

hypothetical [Cr(hfac)2(pyz)2]+ shown along two different directions in the S = 3/2 state. The energy 

of the S = ½ solution was calculated to be 6754 cm–1 higher than the S = 3/2 state. 
 
 

 
 
Figure 14. DFT-calculated spin-density plot (isosurface value of 0.005 a0

–3) of [Cr(acac)2] shown 

along two different directions in the high-spin (HS) S = 2 state (lower part) and the (3,1)-broken 

symmetry state. The Mulliken spin populations are shown for selected atoms.  
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Figure 15. DFT-calculated spin-density plot (isosurface value of 0.005 a0
–3) of geometry-optimized, 

hypothetical [Cr(hfac)2] shown along two different directions in the high-spin (HS) S = 2 state. The 

Mulliken spin populations are shown for selected atoms.  
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ABSTRACT: Coordination chemistry provides the tools for the generation of 2D materials with interest for solid state physics and 
spintronics. We report a newly synthesized layered coordination solid, CrBr2(pyz)2 (pyz = pyrazine), and its characterization regard-
ing structural, magnetic and electronic properties. Ligand mixed-valency in CrBr2(pyz)2 allows for strong exchange-interactions 
yielding ferrimagnetic ordering below TC = 40 K and hopping conduction, similar to the previously published CrCl2(pyz)2. Inducing 
magnetic order while monitoring the electronic transport properties leads to a pronounced reduction of the resistance, i.e., negative 
magnetoresistance. The generation of single crystals of both, CrBr2(pyz)2 and CrCl2(pyz)2, allows for an exploration of the crystal-
lographic structure and shows that the reduction of pyz is emphasized in the crystallographic a direction. Single crystal magnetometry 
reveals the easy plane anisotropy and serves as an argument for the anisotropy in the magnetoresistance measured for a single crystal. 
The comprehensive characterization of CrBr2(pyz)2 leads to a fundamental understanding of the structure-property relationships in 
this type of systems.   

Introduction 
2D materials have been an exciting frontier in materials science 
since the isolation of graphene 15 years ago.1 Subsequently, the 
palette of 2D materials has expanded appreciably with the appear-
ance of other atomically thin materials such as elemental 2D mate-
rials2 including phosphorene,3 transition-metal dichalcogenides,4–6 
and halides.7 Each of those are offering new exciting physical prop-
erties,8,9 and have driven the vision for their potential use to build 
ultra-small circuits for future technologies. Contemporaneously, 
quantum information science has been on the rise seeking to intro-
duce a wholly new set of paradigms for computational operations 
utilizing quantum states. A possible way to store and convey data 
with quantum technologies is investigated within the field of 
spintronics10 with the goal to access and manipulate magnetic spin 
states in a given material such that not the electron charge but the 
spin carries information. Examples of spin devices include mag-
netic tunnel junctions,11,12 and spin valves.13 The potential of mon-
olayers and thin films as materials platforms in quantum infor-
mation science manifests itself through their exciting topological 
properties that appear upon approaching the atomically thin 
limit.7,14,15 In order to yield demanded phenomena including spin-
polarized currents and magnetoresistance, the coexistence of elec-
tronic transport and magnetic spin is desirable in the same material. 
This specific combination of properties is not easily found within 
the existing family of 2D materials and the introduction of a second 
functionality through chemical modification, e.g. the addition of 
magnetic spin to graphene is non-trivial.1616 Consequently, there is 
increasing interest in the discovery of new 2D materials with 

inherent multi-functionality in which the magnetic and conductive 
properties can be tuned.2,17,18 
Less conventionally, synthetic inorganic chemistry provides the 
means for the design of new 2D materials with efficient electronic 
and magnetic communication.19–22 By utilizing established prac-
tices from coordination chemistry, metal-organic framework chem-
istry is particularly suitable as electronic communication and ex-
change interactions between the inorganic and organic building 
blocks can be established through the design of polymeric dπ-pπ 
molecular systems, contrary to other approaches such as polymer 
and zeolite chemistry. For instance, charge delocalization in MOFs 
may be realized through electron hopping between energetically 
close-lying metal ion and ligand centered frontier orbitals.23–25 In 
some cases, the latter implies that the organic ligand bears unpaired 
electrons, which, in combination with paramagnetic metal ion 
nodes, mediates strong magnetic exchange interactions within the 
material.23,26 Following these principles, we recently reported a 
new coordination solid composed of trans-{CrCl2} moieties linked 
in 2D by bridging pyrazine (pyz) ligands, which results in the lay-
ered structure, CrCl2(pyz)2.27 Contrary to MOFs of the same 
MCl2(pyz)2 structure type with the later divalent 3d metals,28–31 the 
use of reducing Cr(II) leads to reduction of pyz by one electron per 
formula unit smeared out over both pyz and the unintuitive formu-
lation CrIIICl2{pyz)2•–}. The non-innocence leads to strong ex-
change coupling between Cr and the radical spins entailing ferri-
magnetic ordering below 55 K, and to the delocalization of the 
electrons within the 2D layer resulting in room temperature con-
ductivity of 31 mS cm–1.
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Figure 1. a, Two-dimensional layer of CrBr2(pyz)2 down the c-direction with axial Br atoms omitted for clarity. b, Staggered packing of 
2D layers in CrBr2(pyz)2. CrCl2(pyz)2 is isostructural with CrBr2(pyz)2. c, Thermal ellipsoid plots drawn at 80% probability level. The 
positional disorder of the pyz ligands is shown as double pyz rings connecting Cr and selected bond lengths are shown in Å. The unit cell is 
indicated by grey lines in (a) and (b). Cr, Br, Cl, N, and C atoms are represented as dark green, orange, light green, blue, and dark grey 
spheres or ellipsoids, respectively. H atoms are omitted for clarity. The structures were determined from single crystal X-ray diffraction data 
at 120 K. 

 
As an extension of the study, we have newly synthesized the related 
CrBr2(pyz)2. Further, development of the synthesis strategy al-
lowed the isolation of single crystals of both CrCl2(pyz)2 and 
CrBr2(pyz)2. We herein report the synthesis and characterization 
of CrBr2(pyz)2 on the level of bulk and single crystals. 
Results and Discussion 
The reaction of CrBr2(thf)2 with pyz under solvothermal conditions 
yields a dark green product, CrBr2(pyz)2 (Figure 1). Single crys-
tals could be isolated, and structure elucidation reveals substantial 
similarities of the new structure to the parent CrCl2(pyz)2. As an 
improvement to the published synthesis procedure of CrCl2(pyz)2, 
small modifications lead likewise to the isolation of single crystals 
of CrCl2(pyz)2, which were measured with single-crystal X-ray 
diffraction. Resembling the previously published structure,27 the Cr 
center is coordinated by two terminal halide anions and four bridg-
ing pyz ligands in an octahedral arrangement to form a square lat-
tice. The pyz ligands are disordered over two equivalent positions, 
which each span an angle close to 45° between the plane of the 
aromatic ring and the equatorial plane of the octahedron. The coor-
dination layers are slipped by half a unit cell length, such that the 
halides are reaching into the cavities of the square grids of the next 
layer. Like CrCl2(pyz)2, the space group of CrBr2(pyz)2 is ortho-
rhombic Immm, (Table 1), implying that CrBr2(pyz)2 exhibits two 
crystallographically distinct pyz ligands with slightly different 
bond lengths and angles (vide infra). Nevertheless, the unit cell pa-
rameters lean towards tetragonal symmetry (a and b are 
6.8895(6) Å and 6.9502(5) Å in CrCl2(pyz)2 and 6.9079(7) Å and 
6.9820(5) Å in CrBr2(pyz)2). The interlayer distance increases 
from CrCl2(pyz)2 to CrBr2(pyz) (5.3785(4) Å, 5.6638(5) Å) by 
0.285 Å, which is close to the expected 0.30 Å from the increase of 
the ionic radius from chloride to bromide.32 The Cr—Br distance 
in CrBr2(pyz)2 of 2.4919(5) Å is much closer to that found in 
trans–[CrIIIBr2(py)4]ClO4 (Cr(III), Figure 2, py = pyridine) than 
in trans–[CrIIBr2(py)4]·2 py33 (2.4695(6) Å and 2.999 Å, respec-
tively). As has been assessed for CrCl2(pyz)2,27 the absence of any 
Jahn-Teller distortion of a HS Cr(II) ion,34 and the close 

resemblance of the bond lengths to CrCl2(pyz)2 and Cr(III) 
strongly suggest a trivalent Cr center in CrBr2(pyz)2. 
 

 

Figure 2: Ellipsoid plot of the crystallographic structure of Cr(III) 
determined from SCXRD at 120 K shown at 70% probability level. 
Selected bond lengths in Å and angles: Cr(III) Cr—Br 2.4695(6), 
Cr—N1 2.110(4), Cr—N2 2.091(7), Cr—N3 2.110(7) Å, ÐBr-Cr-
Br 179.31(7), ÐN1-Cr-N1 178.7(3)°, ÐN2-Cr-N3 180.0°. The 
counter ClO4

– ion was omitted for clarity.  

In order to produce evidence for the oxidation state of Cr, X-ray 
absorption (XAS) spectroscopy was conducted. The Cr K-pre-edge 
absorption results from 1s to 3d electronic transitions which are 
weak quadrupole allowed and electric-dipole forbidden transitions. 
The energy of the 1s to t2g transition as its lowest transition is 
largely valency and ligand independent and is thus diagnostic of 
the oxidation state of Cr while the intensity of the pre-edge transi-
tion is strongly influenced by the electronic and geometric struc-
tures of the metal ion.35 The absorption at the Cr K-edge of 
CrBr2(pyz)2 as well as the newly synthesized reference compound 
for comparison, Cr(III), bearing an established oxidation state of 
Cr(III) (cf. Figure S5), are shown in Figure 3a. The pre-edge ab-
sorption peak of CrBr2(pyz)2 lies at 5991.3 eV, which is only 
0.3 eV above the peak of Cr(III) and close to the absorption of 
CrCl2(pyz)227 and other Cr(III) compounds from the literature.35 
The peak is broadened compared to Cr(III) which can be ac-
counted to a higher degree of dispersion of the final 3d4 state in 
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Figure 3: XAS (left y-axis) and XMCD (right y-axis) spectra: a, Cr 
K-edge region of CrBr2(pyz)2 and Cr(III), recorded at 2.1 K. b, Br 
K-edge spectra of CrBr2(pyz)2 and Cr(III). Spectra were recorded 
at 2.1 K. XMCD spectra resulted from the summation of two spec-
tra taken with right- and left-handed polarized X-rays and were av-
eraged over the results from negative and positive magnetic fields 
of 17 T. To facilitate a direct comparison, data were normalized to 
zero before the edge and to unity far above the edge.  

CrBr2(pyz)2.36 In Figure 3b, the XAS spectrum at the Br K-edge 
of CrBr2(pyz)2 overlaps well with that of Cr(III). The pre-edge 
transition at 13483 eV, which probes directly the Br 1s to the anti-
bonding Br 4p-Cr 3dz2 molecular orbital,37 extends into the rising 
edge. As the intensity of this transition scales by the degree of co-
valency between Cr and Br,37 the slightly more intense absorption 
found for Cr(III) indicates increased bonding, which is reflected 
in slightly shorter distances between Cr and Br in Cr(III) than in 
CrBr2(pyz)2 (2.4695(6) Å, 2.4919(5) Å, respectively). Results 
from X-ray absorption at the K-edge thus substantiate the crystal-
lographic indication for a Cr(III) oxidation state assignment in 
CrBr2(pyz)2. This implies, formally, the transfer of an electron 
from Cr to the LUMO of one of the pyz ligands during the synthe-
sis, resulting in Cr(III) metal nodes and ligand mixed valency in 
CrBr2(pyz)2.  
With the single crystal X-ray structures at hand, a closer analysis 
of the location of the radical in CrCl2(pyz)2 and CrBr2(pyz)2 was 
now possible. As the reduction of the pyz ligand will likely induce 
distortion of its molecular structure, the molecular geometry of the 
pyz ligands in a and b direction of CrCl2(pyz)2 and CrBr2(pyz)2 
were to be compared with a suitable reference of unreduced pyz 
molecules. Recently, we have synthesized CrI2(pyz)2,34 which is 
isostructural to CrCl2(pyz)2 and CrBr2(pyz)2, but contains diva-
lent Cr and zero-valent pyz molecules. As listed in Table 1, the 
bond lengths of the Cr—N, N—C, and C—C in b direction of 
CrCl2(pyz)2 and CrBr2(pyz)2 are significantly closer to those in 
CrI2(pyz)2 than in a direction. Correspondingly, the angles within 
the pyz ligand of CrCl2(pyz)2 and CrBr2(pyz)2 in b direction are 
closer to those of CrI2(pyz)2. This comparison suggests kinship 

 
Table 1. Selected bond lengths and angles of CrCl2(pyz)2, 
CrBr2(pyz)2, CrI2(pyz)2 (ref. 34) . 

Measure CrCl2(pyz)2 CrBr2(pyz)2 CrI2(pyz)2 
T (K) 120  120  120  
Space Group Immm Immm I/4mmm 
a (Å)     6.8895(6)     6.9079(7)     7.0896(3) 
b (Å)     6.9502(5)     6.9820(5)     7.0896(3) 
c (Å)   10.7569(7)   11.328(1)   12.5761(9) 
Cr-X (Å)     2.3305(7)     2.4919(5)     3.0401(5) 
Cr-N a (Å)     2.018(3)     2.024(4) 

    2.149(4) 
Cr-N b (Å)     2.071(3)     2.081(4) 
N-C a (Å)     1.364(4)     1.370(6) 

    1.347(5) 
N-C b (Å)     1.352(4)     1.352(5) 
C-C a (Å)     1.365(8)     1.36(1) 

    1.38(1) 
C-C b (Å)     1.386(7)     1.39(1) 
C-N-C a (°) 114.4(4) 113.33(5)° 

117.0(5)° 
C-N-C b (°) 116.7(4) 116.2(5)° 
N-C-C a (°) 122.8(2) 123.3(2)° 

121.5(2)° 
N-C-C b (°) 121.7(2) 121.9(3)° 

 

between the pyz ligand of CrBr2(pyz)2 in b direction and that of 
CrI2(pyz)2 and, at least to a certain degree, localization of the re-
duced pyz ligands in the a direction of CrCl2(pyz)2 and 
CrBr2(pyz)2.  
The redox event during the formation of CrBr2(pyz)2 has drastic 
influence on the magnetic properties, as the presence of organic 
linker radicals induces strong magnetic coupling between the metal 
nodes.23,26,27,38 The magnetic susceptibility-temperature products, 
χT, with variable temperature under an applied magnetic field of 
0.1 T reveal strong magnetic interactions in CrBr2(pyz)2 and the 
alignment of spins at cold temperatures (Figure 3a). Indeed, mag-
netization hysteresis starts to appear from 40 K which constantly 
widens down to 2 K (Figure 4a, inset). At the shown high temper-
atures, the χT versus T curve has not yet reached a flat plateau, 
which indicates the existence of persisting long-range interactions 
between spins and leaves a comparison of the experimental value 
of 3.25 cm3 K mol–1 at 300 K with the spin-only values for possible 
Cr species ambiguous (assuming g = 2: 1.9 cm3 K mol–1 for S = 3/2 
Cr(III); 3.0 cm3 K mol–1

 for S = 2 high-spin Cr(II); 1.0 cm3 K mol–

1 for S = 1 low-spin Cr(II); 2.25 cm3 K mol–1 for an uncoupled 
S = 3/2 Cr(III) and a S = 1/2 pyz radical spin). More instructively, 
the saturation magnetization (Figure S2) at 9 T and 1.7 K of 
1.97 µB is close to the theoretical value for an antiparallel coupled 
Cr(III)-pyz-radical pair of 2 µB (assuming g = 2). The magnetic 
measurements thus vindicate a ferrimagnetic state below 40 K, 
which appears at slightly lower temperature compared to 
CrCl2(pyz)2 with Tc = 55 K. Measuring a single crystal of 
CrBr2(pyz)2, with respect to the orientation of the applied field to 
the crystal lattice vector, is a probe of the anisotropy. The temper-
ature and magnetic field dependences of the magnetization of a sin-
gle crystal of approximately 0.3 mm ´ 0.3 mm ´ 0.1 mm were 
measured with the magnetic field parallel to its three crystallo-
graphic directions, respectively. The susceptibility temperature 
curves from the directions Hǁa and Hǁb are largely overlapping with 
a sharp increase below 50 K (Figure 4b) approaching 180 cm3 K 
mol–1, which is accompanied by the onset of hysteresis at 42 K with 
maximum remnant magnetization of 0.5 and 0.6 µB for Hǁa and Hǁb 
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Figure 4: Magnetic properties: a, Temperature dependence of the 
magnetic susceptibility of polycrystalline CrX2(pyz)2 (X = Cl [re-
produced from ref 27], Br) obtained in a magnetic field of µ0H = 
0.1 T. The inset shows the magnetization hysteresis loops of poly-
crystalline CrBr2(pyz)2 at selected temperatures. c, Susceptibility 
temperature product of a single crystal of CrBr2(pyz)2 measured 
along its three principal directions. Insets: low-field magnetization 
hysteresis and magnetization versus magnetic field plots at 2 K.  

 
at 2 K, respectively (Figure 4b top inset and Figure S3b). Strik-
ingly, for Hǁc, the increase in susceptibility upon cooling is much 
less pronounced, only amounting to 25 cm3 K mol–1, and the hys-
teresis is much smaller with vanishing values of the remnant mag-
netization of about 0.04 µB at 2 K. The saturation magnetization 
(Figure 4b bottom inset and Figure S3a) is quickly reached for 
Hǁa and Hǁb above around 6000 Oe, whereas the initial increase of 
the magnetization in Hǁc direction is much lower and its maximum 
is first reached around 40000 Oe (Figure 4b inset and Figure S3a). 
As only minor differences appear in between the magnetization of 
Hǁa and Hǁb, the ab plane emerges as the easy plane of magnetiza-
tion in CrBr2(pyz)2. 

 To computationally investigate the electronic ground state, density 
functional calculations were conducted on the hypothetic mononu-
clear fragment trans-[CrBr2(pyz)4]. Broken-symmetry (BS) mag-
netic coupling analysis (cf. SI) of trans-[CrBr2(pyz)4] reveal a 
marked preference for the (3,1)-BS state over the high-spin ST = 2 
state with an energy gap of 6496 cm-1. Deduction of the coupling 
constant of the Cr(III)-pyz radical pair using an exchange Hamilto-
nian of H! = J	S$CrS$radical, gives J ~ 3400 cm–1 which is close to that 
estimated for CrCl2(pyz)2 of 4000 cm–1.27 The result of the Mulli-
ken spin population analysis of the (3,1)-BS state is shown in Fig-
ure 5 revealing significant spin on the pyz molecules, collectively 

 

 

Figure 5: DFT analysis: Spin-density plots shown at an isosurface 
level of ±0.005 of the fragment trans-[CrBr2(pyz)4] using the ex-
perimentally determined crystal structure at 120 K. The indicated 
numbers show the integrated Mulliken spin-populations of selected 
atoms or ligands.  

 approximating the value of one electron on the ligands (–0.76) and 
three unpaired electrons on Cr (2.8). The addition of the Cr and pyz 
spin results in a value of approximately 2, which correlates with the 
experimental value of the magnetization measured at saturation of 
1.97 µB. The majority of the ligands’ spin density is located on the 
nitrogen atoms. Visually and numerically, a difference between the 
spin densities of the ligands in the two crystallographic a and b di-
rections is evident (–0.23 and –0.15 per pyz in a and in b, respec-
tively). Thus, the results from DFT are in excellent agreement with 
the crystallographic indications of a preference for the location of 
the reduced pyz molecules in a rather than in b direction.  
The use of circularly polarized X-rays allows for an experimental 
exploration of the orbital magnetic moment of Cr by means of X-
ray magnetic circular dichroism (XMCD). Figure 3a shows the de-
tected XMCD signal for CrBr2(pyz)2 and Cr(III) at fields of ±17 T 
At these fields a saturation of the magnetization of CrBr2(pyz)2 
and Cr(III) can be expected (Figure S2 and S5) and the signal of 
Cr(III) can be used as a measure for the magnetic moment of tri-
valent Cr. Besides the signal at the pre-edge around 5990 eV stem-
ming from 3d occupation, and multi-electron excitations39 around 
6045 eV, the large XMCD signal at the rising K-edge around 
6000 eV appears due to the Cr 4p orbital polarization induced 
through spin-orbit interactions with magnetic Cr 3d orbitals and is 
therefore probing the magnetic polarization of the 3d orbitals. Any 
contributions from hybridization of the Cr 4p orbital with neigh-
boring spin-containing pyz orbitals can be neglected due to the van-
ishing spin-orbit coupling of the lighter atoms. Indeed, scaling of 
the XMCD signal of CrBr2(pyz)2 by 0.8 results in good overlap 
with the XMCD signal of Cr(III) with only minor deviations. Us-
ing a theoretical magnetization of 3 µB of Cr(III), the resulting 
magnetic moment on Cr is estimated to 2.4 µB. A reduced value 
from the ideal moment of a Cr(III) species has likewise experimen-
tally been found for CrCl2(pyz)2 with ~2.3 µB and is also reflected 
in the here presented DFT result with a Mulliken spin population 
of 2.8 on Cr. As the first example of XMCD for Br, the Br K-edge 
spectra of CrBr2(pyz)2 and Cr(III) are shown in Figure 3b. For 
both compounds, a strong XMCD signal can be found at the pre-
edge absorption, which illustrates the strong hybridization of the 
magnetic Cr 3d orbitals with the Br 4p orbitals. To obtain spectral 
overlap, the XMCD spectrum of Cr(III) is scaled by 0.4, resulting 
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in a good match of the pre-edge XMCD signal. Besides the minor 
contribution of the small increase of the Cr-Br bond from Cr(III) 
to CrBr2(pyz)2 by ~0.02 Å, any explanation for the large decrease 
in the intensity of the XMCD signal of CrBr2(pyz)2 is so far spec-
ulative.  
Ligand mixed-valency can lead to effective charge transport 
through the delocalized π-d orbitals resulting in charge hopping 
through the layers in 2D MOFs.26,27 Commonly, the electronic tran-
sitions between the mixed valent ligands or metals are monitored 
with mid-IR or near-IR spectroscopy.40 The mid-IR spectra of 
CrCl2(pyz)2 and CrBr2(pyz)2 are shown in Figure S8. In both 
compounds broad absorption bands are located around 3000 cm-1 
with an onset at about 1500 cm–1 and which extend into the near-
IR region. An assignment of this band to electronic transitions aris-
ing from the promotion of valence electrons into a conduction band 
would mean a bandgap approaching zero. As previously stated for 
related metal-organic conductors, it is more likely that the transi-
tion corresponds to a population of localized electronic mid-gap 
states.41,42 The slightly narrower and more intense band relative to 
the vibrational bands in CrCl2(pyz)2 as compared to CrBr2(pyz)2 
suggests a slightly larger degree of delocalization of the conducting 
electrons in CrCl2(pyz)2 compared to CrBr2(pyz)2.43 As the oxi-
dation state of Cr was confirmed to be Cr(III) in both compounds, 
the bands are assigned to charge transfer processes between the 
mixed-valent pyz ligands via the Cr d-orbitals. The corresponding 
thermal population of mid-gap states suggest hopping transport to 
occur in CrBr2(pyz)2 as is already established in CrCl2(pyz)2.27 
For CrCl2(pyz)2,27 a metallic ground state was predicted in band 
structure calculations, however pressed powder pellets of 
CrCl2(pyz)227 provided conductivity values of approximately 
1 mS cm–1 and 32 mS cm–1 in 4-probe and 2-probe resistivity meas-
urements, respectively, and a negative temperature curve, that 
could be fitted to Mott’s law for variable range hopping. The dis-
crepancies between the calculations and experiment are likely due 
to the disorder of the pyrazine rings not included in the calculations, 
and which induces a localization of the wavefunction and localized 
electronic states.44,45 Due to the crystallographic, magnetic, and 
electronic structural similarities to CrCl2(pyz)2, it was expected 
that CrBr2(pyz)2 will show similar transport behavior. Resistivity 
measurements were not only conducted on pellets of CrBr2(pyz)2 
(4 contacts), but additionally on single crystals (SC, 2 contacts), 
which is still a rare experiment for metal-organic frameworks as 
sufficiently large crystals are often not obtainable.46 The data ob-
tained are shown in Figure 6a and reveal room temperature con-
ductivity values of 2.4 mS cm–1 and 1.4 mS cm–1, respectively. 
These values lie in close proximity to the reported values of 
CrCl2(pyz)2,27 and lie roughly average within comparable metal-
organic conductors.22,23 The conductivity increases exponentially 
with temperature and can be modelled by Mott’s law for two-di-
mensional variable range hopping (black lines in Figure 6a), sim-
ilarly to CrCl2(pyz)2.47 Hence, the conductivity arises from hop-
ping with aid of mid-gap states that form a narrow conduction band 
around the Fermi level.48 The high temperature (300-275 K) and 
low temperature (125-100 K) regions were further fitted to the Ar-
rhenius plot (Figure S7), from which the activation energies, Ea, 
0.17 eV and 0.11 eV, respectively, could be extracted.49 The de-
crease in Ea at lower temperatures stems from hopping processes 
increasingly occurring in between states of increasingly similar en-
ergy towards low temperatures, due to diminishing of phonons that 
assist the hopping processes.47 In spite of the limitations50 to the 
relationship 2Ea = Eg (Eg = bandgap), the calculated values from Ea 
for Eg of 0.22 to 0.34 eV are close to the absorption maximum of 
the MIR spectroscopy at approximately 0.4 eV. The ability to ma-
nipulate the conducting properties with an outer magnetic field is 
regarded as the phenomena of magnetoresistance.51 To date, much 
of the research about magnetoresistance has been conducted on 
purely inorganic materials,51–53 although few studies address  

 

Figure 6: Conductivity: a, Temperature dependence of the conduc-
tivity of 2-contact single crystal and 4-contact pellet measurements. 
The black lines are the best fits (R2=0.99992 and 0.99867 for pellet 
and SC) to the Mott law for two-dimensional variable range hop-
ping with values for the single crystals of σ0 = 3.6 ´ 108 mS cm–1 
and T0 = 2.1 ´ 106 K and for the pellet of σ0 = 2.7 ´ 1012 S cm–1 and 
T0 = 2.9 ´ 106 K. b, Magnetoresistance of a pellet of CrBr2(pyz)2 
at varying temperatures, and of a crystal, measured in two direc-
tions at 35 K. The square of the magnetization is additionally 
shown scaled by the same factor for all temperatures 

magnetoresistance in molecule based compounds.46,54–57 Hence, it 
is of interest to study the response of charge transport to an applied 
magnetic field in CrBr2(pyz)2. The resistivities of a pellet and sin-
gle crystal were measured with sweeping magnetic field from –9 T 
to +9 T at selected temperatures (Figure 6b). Upon increasing the 
field in each direction, the resistivity of the pellet dropped by a 
maximum of –17.5% at ±9 T and 125 K. By fitting55,56,58 the square 
of the magnetization to the magnetoresistance curves with xM2 us-
ing the same constant, x, for all temperatures, the proportionality 
between the two properties become obvious (green lines in Figure 
5b). In contrast, the magnetoresistance of the single crystal was 
measured below TC at 35 K (Figure 5b). For comparison the single 
crystal was oriented with the field perpendicular and parallel to the 
c direction, respectively (H⊥c and Hǁc), corresponding to parallel 
and perpendicular to the current direction, and reaching a maxi-
mum negative magnetoresistance of –37% and –35% at ±9 T. The 
shape of the magnetoresistance is now narrower at low fields and 
flattens out at higher fields, which compares with the strong in-
crease of the magnetization at low fields and flattening of the curve 
at higher fields at this temperature (Figure S2). In the H⊥c direc-
tion, the magnetoresistance reaches higher negative values earlier 
and the curve shows a stronger degree of inflection compared to 
Hǁc. This correlates with the stronger initial increase seen for the 
magnetization with the orientation of the crystal in Hǁa and Hǁb 
compared to Hǁc (Figure 4b and Figure S3a). Taken together, the 
alignment of spins through the outer magnetic field induces a de-
crease of electrical resistance of the material. Due to the extremely 
strong exchange coupling constant, as obtained from DFT, the an-
tiparallel alignment of the Cr-pyz radical spins should hold for all 
assessable temperatures and would not be affected by the magnetic 
field. Possible origins for the observed magnetoresistance are the 
parallel alignment of the moments of magnetized domains within 
layers or the parallel alignment between magnetized layers exacted 
through the outer magnetic field.  
Conclusion 
The high crystallinity of CrBr2(pyz)2 allows for to-date rare exper-
iments within magnetic and conducting MOFs, such as magnetic 
anisotropy measurements, single-crystal charge transport and 
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magnetoresistance measurements, and illuminates the localization 
of the radical with structural analysis of the single-crystal X-ray 
structure. Although CrBr2(pyz)2 and the previously characterized 
CrCl2(pyz)2 are largely akin in crystallographic and electronic 
structure, narrow differences of ordering temperatures and conduc-
tivity values appear. Chloride and bromide ions have highly cog-
nate chemistry and ligand properties. Hence, it can be envisaged 
that the further tuning of the properties by varying the ligand field 
around Cr with other ligands to either side of the spectrochemical 
series may result in large extents of property modifications. As re-
lated compounds do not exhibit exchangeable co-ligands and solely 
rely on modifications via exchange of the bridging ligand, the 
metal, or possible pore guests, such a tunability may be unparal-
leled by any of the other conducting MOF magnets.  
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Synthesis 

All syntheses were carried out under an inert Ar atmosphere using an InertLab glovebox (H2O, O2 < 
0.5 ppm) or Schlenk line techniques. Dry and air-free solvents were obtained from a Puresolv MD 7 

solvent purification system. Elemental analyses were performed on a ThermoScientific FlashSmart 

CHNS/O Elemental Analyzer or at the Mikroanalytisches Laboratorium Kolbe, Oberhausen, Ger-
many.  

 

CrBr2(pyz)2  

Microcrystalline samples were synthesized in a 50-mL Teflon lined stainless steel autoclave reactor 
with high-pressure valve, which was charged with CrBr2(thf)2 (0.40 g, 1.1 mmol, for synthesis see 

below) and pyrazine (4.0 g, 50 mmol; Aldrich,  99%) and placed on a heating foot at 200 °C for 
3 days. The reactor was cooled to RT and the green-black polycrystalline powder was washed with 

20 ml acetonitrile and dried under vacuum. Yield: 350 mg (85% based on Cr). Anal. calcd. (found) 
for C8H8CrBr2N4: C, 25.83% (25.60%); H, 2.17% (2.14%); Cr, 13.98% (13.91%); Br 42.96% 

(42.61%); N, 15.06% (15.13%). 

Single crystals of up to 0.5 mm diameter were obtained in an ampule (V = 21 ml), which was filled 
with CrBr2(thf)2 (0.10 g, 0.28 mmol) and pyrazine (1.1 g, 14 mmol; Aldrich,  99%). After sealing under 

vacuum, the ampule was ramped for 5 h to 200 °C in an oven, left at this temperature for 80 h and 
subsequently cooled to room temperature over 20 h. The dark green crystals and green-black pow-

der were washed with 20 ml acetonitrile and dried under vacuum. Yield: 80 mg (75% based on Cr). 
 

CrCl2(pyz)2  
Single crystals of up to 0.2 mm diameter were obtained in an ampule (V = 21 ml), which was filled 

with CrCl2 (0.060 g, 0.49 mmol) and pyrazine (1.5 g, 19 mmol). After sealing under vacuum, the am-

pule was ramped for 5 h to 200 °C in an oven, left at this temperature for 100 h and subsequently 
cooled to room temperature over 30 h. Dark green crystals could directly be isolated from the reac-

tion mixture. 
 

CrBr2(thf)2 
Chromium powder (3 g, 57 mmol) was distributed on a ceramic boat which was placed at the centre 

of a furnace tube. At the inlet, the tube was connected to a bottle containing 20 ml Br2, which was 
further connected to an argon bottle with an empty wash bottle in between. At the outlet, the furnace 

tube was connected to a wash bottle containing a saturated solution of sodium thiosulphate. The 
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argon stream was adjusted to a very light constant flow in order to secure that no nitrogen and 

oxygen enters the apparatus. The furnace was heated to 1000 °C and the Br2 was heated to 50 °C 
so that the bromine gas slowly evaporated and flowed over the Cr powder inside the furnace tube. 

After 4 h the furnace was allowed to cool to room temperature and 14 g of crude CrBr3 could be 

isolated. 2.5 g of the crude product was placed on a furnace tube boat and added to a furnace tube, 
which was positioned in a tube furnace and attached to an argon and hydrogen bottle. A slow argon 

stream was generated, and the furnace was heated to 200 °C for 30 min. Afterwards a constant 
stream of hydrogen gas was installed, and the furnace was heated to 600 °C for 6 h. The reaction 

was then cooled to room temperature. Under an argon flow, the tube was quickly emptied into an 
Ar-filled, dry Schlenk flask. The flask was then added to the glove box and the light green crude 

product were dissolved in approximately 400 ml THF under slight heating and the solution was fil-
tered to remove insoluble impurities. The filtrate was concentrated to about 100 ml under vacuum 

and added to the freezer (-30° C) over night for CrBr2(thf)2 to crystallize. White crystals of CrBr2(thf)3 
were filtered and washed with a small amount of -30° C cold THF and dried under vacuum. The 

filtrate was used for a second crystallization. Yield: 2.2 g (48% based on Cr metal). The crystal struc-

ture was identified as the same as published by Twamley et al..1 Anal. calcd. (found) for 
C8H16CrBr2O2: C, 26.99% (27.41%); H, 4.53% (4.61%); Cr, 14.61% (14.39%); Br, 44.89% (44.19%). 

 
 

CrBr2py4ClO4 
Anal. calcd. (found) for C20H20CrBr2N4ClO4: C, 38.27% (38.33%); H, 3.21% (3.28%); N, 8.93% 

(8.84%). 
 

 

 

 

 

 

 

 

 

 

 

203



 

 

4 

Crystallography 

Single crystals were covered in polybutene oil (Sigma-Aldrich, >90%) under a dry argon atmosphere, 
mounted onto a nylon loop, and attached to a SuperNova Dual Source CCD-diffractometer. Data was 

collected at cold temperatures using the Mo X-ray source. The structure was solved by Direct Methods 

using Olex22 with the ShelXS3 structure solution program of Olex2 and refined by Least Squares using 
version 2018/3 of ShelXL4. All non-hydrogen atoms were refined anisotropically. Powder X-ray diffraction 

was measured in sealed bags in transmission mode at room temperature with a Huber G670 powder 
diffractometer using Cu Kα1 source (λ = 1.5406 Å, quartz monochromator).  

 

Table 1. Crystallographic information 

 

 

 

Compound CrCl2(pyz)2 CrBr2(pyz)2 120 K CrBr2(pyz)2 20 K Cr(III) 
CCDC number     
Empirical formula C8H8CrCl2N4 C8H8CrBr2N4 C8H8CrBr2N4 C20H20CrBr2N4ClO4 
Formula weight / g mol–1 283.08 372.00 372.00 627.67 
Temperature / K 120.0 120 20 120 
Crystal system orthorhombic orthorhombic orthorhombic orthorhombic 
Space group Immm Immm Immm Pnna 
a / Å 6.8895(6) 6.9079(7) 6.9180(3)  16.3723(11)  
b / Å 6.9502(5) 6.9820(5) 6.9988(3)  16.2343(9)  
c / Å 10.7569(7) 11.3275(10)  11.3407(5)  8.6866(6)  
a / ° 90 90 90 90 
b / ° 90 90 90 90 
g / ° 90 90 90 90 
Volume / Å3 515.08(6) 546.34(8)  549.09(4)  2308.9(3)  
Z 2 2 2 4 
rcalc / g cm–3 1.825 2.261 2.250 1.806 
µ / mm–1 1.596 8.330  0.479 4.107 
F(000) 284.0 356.0 356.0 1244.0 
Radiation Mo Ka (l = 

0.71073 Å) 
Mo Ka (l = 0.71073 
Å) 

 Mo Ka (l = 0.71073 
Å) 

q range for data collection / ° 6.98-56.546 5.302–52.744 2.406-36.106 5.308–52.74 
Index ranges –9 ≤ h ≤ 6  

–9 ≤ k ≤ 9 
–13≤ l ≤ 14 

–8 ≤ h ≤ 7  
–8 ≤ k ≤ 8 
–14 ≤ l ≤ 6 

–16 ≤ h ≤ 16  
–17 ≤ k ≤ 17 
–28 ≤ l ≤ 26 

–20 ≤ h ≤ 20  
–20 ≤ k ≤ 19 
–10 ≤ l ≤ 9 

Reflections collected 1579 1041 41347 9388 
Independent reflections 392 [Rint = 0.0343] 351 [Rint = 0.0175] 2486 [Rint = 0.0415] 2438 [Rint = 0.0404] 
Data/restraints/parameters 392/0/42 351/0/42 2486/0/40 2438/0/163 
Goodness-of-fit on F2 1.117 1.203 1.024 1.080 
Final R1 index [F2 ³ 2s(F2)] 0.0311 0.0219 0.0115 0.0439 
Final wR2 index [F2] 0.0827 0.0617 0.0277 0.1012 
Largest diff. peak/hole / e Å–3 0.83/–0.78 0.98/–0.52 0.77/–1.52 0.69/–0.68 
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Figure S1. Experimental powder X-ray diffractograms of CrBr2(pyz)2, and Cr(III) (trans-[CrIIBr2(pyr-

idine)4](ClO4)) (bold traces) overlap well with the calculated patterns from the SCXRD structure (fine 
traces) proving the validity of the structure as well as the purity of the powder.  
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Magnetic measurements 

Magnetic characterizations of polycrystalline samples sealed in QuantumDesign powder capsules 
were obtained using the VSM option on a QuantumDesign Dynacool PPMS. The accurate sample 

masses (typically ~10 mg) were determined using a Mettler-Toledo WXTSDU microbalance.  

For single crystal magnetization measurements, an indexed single crystal of CrBr2(pyz)2 was flatly 
glued onto a piece of plastic, which was adhered onto a glass rod (Qunatum Design) with Apiezon® 

N Grease and oriented, so that the magnetic filed will be parallel to the crystals a or b directions, 

denoted as H‖a or H‖b. For H‖c, the plastic piece was glued with thermal varnish from cryo-technics 

(GE-7031-CT) onto the glass rod so it was standing upright on the glass rod. The approximate mass 

of the crystal was determined from the volume, which was obtained during indexation with the crystal 
shape toolbox of the CrysAlisPro software.  

 
 

 

 

 
Figure S2. a, Field dependence of the magnetization of a powdered sample of CrBr2(pyz)2 at dif-

ferent temperatures. The saturation magnetization is close to that expected for a Cr(III) radical pair 

of 2 µB. b, Temperature dependence of the susceptibility of CrBr2(pyz)2 measured at different 
fields.  

 
 

 
 

a b 
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Figure S3. a, Hysteresis plots of a single crystal of CrBr2(pyz)2 measured in its three crystallo-

graphic orientations. b, Field dependence of the magnetization of a single crystal of CrBr2(pyz)2 at 
different temperatures. The ab plane appears to be the easy plane of magnetization, whereas the c 

axis is the hard axis. The legend is the same for all plots.  
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Figure S4. FCZFC measurement of the three crystallographic directions. The insets show zooms 
of the bifurcation point of the field-cooled and zero field-cooled curves at approximately 40 K. 

 
 

 

 
 

 
Figure S5. a, Susceptibility temperature products of Cr(III) at variable temperatures. The high tem-
perature value approaches that for the theoretical value of a Cr(III) ion with g = 2 of 1.9 cm3 K mol-

1. b, Field dependence of the magnetization of Cr(III) at selected temperatures. The low tempera-

ture 3 K curve approaches the theoretical saturation value for a Cr(III) ion of 3 µB. 
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Scanning electron microscopy  

Scanning electron microscopy (SEM) images of crystals of CrBr2(pyz)2, deposited on carbon tape, 
were recorded on a FEI Quanta 200 ESEM FEG instrument at the Centre for Electron Nanoscopy 

(Technical University of Denmark, Kgs. Lyngby, Denmark) with operating voltages of 8 kV.  

 
Figure S6. Representative SEM images of crystals of CrBr2(pyz)2. The zoom on the right-hand 
side shows the lamella structure of the crystals, which presumably originate from the layered struc-

ture of the compound. 
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Conductivity 

Pressed pellets of CrBr2(pyz)2 were contacted using copper wires (Sigma Aldrich, 99.9%, 0.1 mm 
diameter) and conductive carbon glue (PELCO®) and four-point dc conductivity measurements with 

variable temperature and field were obtained in a Quantum Design PPMS in constant current mode 

of 0.1 µA or 1 µA. 
 

Single crystals of CrBr2(pyz)2 were contacted inside an argon glove box with platinum wires (Good-
fellow, 99.99%, 25 μm diameter) and conductive epoxy (EPO-TEK® E4110) in a 2-probe configura-

tion. Transport measurements were conducted with a Keithley 2450 source meter in a Quantum 
Design PPMS-9 cryostat and with a fixed current bias of 2 nA.  

 
The conductivity, σ, was calculated with the resistance and the geometrical factors determined from 

optical microscopy, 

𝜎𝜎 = 	
1
𝑅𝑅
	 ∙ 	

1
𝑤𝑤 ∙ 𝑡𝑡

			, 

 
where R is the resistance, l is the length between the leads, w is the width of the sample, and t is its 

thickness.  
 

The temperature dependence of the conductivity was modelled by Mott’s law for variable range hop-
ping,  

𝜎𝜎(𝑇𝑇) = 𝜎𝜎! exp0−2
𝑇𝑇!
𝑇𝑇 3

"
#$"

4		, 

in which d = 2, the dimensionality of the hopping process, and σ0 and T0 are empirical constants 
which depend on the spatial extension of the electron wavefunction and the electronic density of 

states at the Fermi energy. σ0 is a measure for the magnitude of electronic transport and T0 is a 

measure of the temperature dependence of the conductivity For instance, a high electronic density 
of states results in both high electronic transport, measured by σ0, and a small temperature depend-

ence, T0.5 
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Table S2. Resistance, conductivity, and the constants σ0 and T0 from modelling Mott’s law for differ-

ent devices. 

# Pellet 1 Pellet 2 Pellet 3 SC 1 SC 2 SC 3 

R (kΩ)†  2.950 3.555 1.820 74.05(3) 12.87(2) 107.6(1) 
σ (mS/cm)† 1.4 1.2 2.9 1.6 4.5 1.5 

σ0 (mS/cm) 2.7 x 109 1.3 x 109 2.9 x 1010 3.6 x 108 2.5 x 1012 6 x 1011 
T0 (K) 2.9 x 106 2.7 x 106 3.6 x 106 2.1 x 106 5.8 x 106 5.7 x 106 

† Measured at 300 K. 
 

 
 

 

The magnetoresistance (MR) was calculated via 𝑀𝑀𝑀𝑀(%) = %('))%('*!)
%('*!)

· 100 , where H is the external 

applied field. 

 

 
 

 
Figure S7. Arrhenius plot of the temperature dependence of the pellet measurement of 

CrBr2(pyz)2 with linear fits to the Arrhenius equation in the high temperature and low temperature 

regions giving activation energies Ea of 0.17 and 0.11 eV.  
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Spectroscopy 

X-ray Absorption Near-Edge Structure (XANES) spectra at the Cr and Br K-edges (XANES and 
XMCD) were taken of powder samples in oil at beam line ID12 at the European Synchrotron (ESRF, 

Grenoble, France). Spectra were recorded using total fluorescent yield detection mode and normal-

ized to zero before the edge and unity after the edge jump to correct for difference in sample amount. 
XMCD spectra were taken using left- and right circularly polarized X-rays as emitted from helical 

undulatory devices. The XMCD spectra were systematically obtained in both magnetic field direc-
tions at 17 T to preclude experimental artefacts. The resulting XMCD spectra were subjected to 

baseline correction. 

 
Attenuated-total-reflectance (ATR) Fourier Transform infrared (FTIR) spectra were obtained with a 

Bruker VERTEX80v FTIR vaccum spectrometer using a single-refletion Ge ATR accessory (IRIS, 
PIKE Technologies Inc.). The A KBR on Ge beam splitter, a liquid nitrogen cooled HgCDTe detector 

and a globar thermal radiation source were employed. The spectra were collected with 1 cm-1 res-

olution and were corrected for residual water vapor absorption. The resulting absorption spectra 
were baseline corrected. To account for wavelength-dependent penetration depth, extended ATR 

corrections were applied. 
 

 
 

 
Figure S8. Mid-IR spectra of CrCl2(pyz)2 and CrBr2(pyz)2. Besides the vibrational modes at low 

energies, broad bands corresponding to electronic transitions are visible with maxima around 3300 
and 3200 cm-1, respectively.  
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Computational Methods 
Using ORCA, DFT calculations were conducted on the fragment [CrBr2(pyz)4] from the experimental 

crystal geometry of CrBr2(pyz)2 with the zeroth order regular approximation (ZORA) for scalar rela-

tivistic effects.6,7 The TPSSh functional8 and the scalar relativistically recontracted (SARC) version 
of the triple-ζ def2-TZVP(-f) basis set9,10 were combined on top of the auxiliary basis. In order to 

extract the exchange coupling constant J after Yamaguchi,11,12 single point high-spin and broken-
symmetry, BS(3,1), calculations were performed. 

𝐽𝐽 =
𝐸𝐸+, − 𝐸𝐸-,

〈�̂�𝑠.〉-, − 〈�̂�𝑠.〉+,
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Abstract 

Metal-organic framework chemistry is a promising strategy for the synthesis of materials with 

tailored properties, including dimensionality, electronic structure, and chemical functionality. 

With an extra stepping stone to tweak the magnetic and electronic properties, besides the 

conventional exchange of the metal or the ligand, the halide co-ligand in the recently 

synthesized layered ferrimagnetic conductor, CrCl2(pyz)2, can serve as a handle to tune the 

ligand field around Cr. Exploring the influence of the ligand field we find that, whereas the 

ligand field in CrCl2(pyz)2 and CrBr2(pyz)2 is strong enough to promote electron transfer from 
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Cr to pyz during synthesis, the ligand field of the iodide co-ligand is not sufficient to trigger the 

ligand reduction in CrI2(pyz)2. As a result, antiferromagnetic ordering and insulating properties 

in CrI2(pyz)2 contrast the ferrimagnetic and hopping-conducting properties of CrCl2(pyz)2 and 

CrBr2(pyz)2. More generally, our results demonstrate the large potential of metal-organic 

materials in materials science owing to the facile property modification through judicious choice 

of building blocks.  
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Introduction 

Since the discovery of graphene1, 2D science has been a quickly evolving field2–4 with groundbreaking 

discoveries such as the detection of layer-dependent magnetic order in atomically thin CrI3,5–7 the layer-

dependent bandgap in MoS2,8,9 high carrier mobility, anisotropy, and functionalization- or layer-control 

of the bandgap in phosphorene10, and an electrostatically tunable bandgap in bilayer graphene.11 

Dimensionality and quantum confinement effects result in the discovery of new phenomena inspiring 

their implementation in future technological applications. Naturally, the discovery of new 2D materials 

is at the forefront of 2D science. Metal-organic framework materials stand out with heightened structural 

control compared to the classical 2D materials, as their secondary building units can be modified or 

exchanged. we  introduced a new type of layered metal-organic framework with increased adjustability, 

CrCl2(pyz)2, in which mixed-valent ditopic organic pyrazine (pyz) ligands, link the magnetic Cr 

nodes.12 Compared to other metal-organic framework structures that bear conductivity and long-range 

magnetic interactions,13–15 this structure provides for an additional stepping stone, the halide co-ligand, 

to permit chemical and structural fine-tuning in spite of preserving the base structure of the framework. 

In this vein, we recently extended the study to the synthesis and characterization of the closely related 

ferrimagnetic conductor CrBr2(pyz)2,16 for which the isolation of single-crystals allowed for the further 

exploration of the physical properties, including single-crystal conductivity, magnetoresistance, and 

magnetic anisotropy. Contemplating how the further decrease of the ligand-field will influence the 

electronic structure around Cr and its reducing strength, we sought out to synthesize the sister compound 

of CrCl2(pyz)2 and CrBr2(pyz)2, CrI2(pyz)2, through pre-synthetic modifications. In this work, we 

present the synthesis, and chemical and physical characterizations of CrI2(pyz)2 and investigate how a 

slight change in ligand field from bromide to iodide can be used to switch the innocence of pyz and the 

entailing collective properties of the framework.  
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Results 

 

Fig. 1: SCXRD structures at 120 K: a, Reticular coordination layer of CrI2(pyz)2 with the iodide ligands 

and hydrogen atoms omitted for clarity. The unit cell down the c-direction is shown in grey lines. b, 

Stack of layers with hydrogen atoms omitted for clarity. The unit cell down the a/b direction, as a = b, 

is outlined with grey lines. c, Thermal ellipsoid plot (80% probability level) of fragments of CrCl2(pyz)2, 

CrBr2(pyz)2, (represented as in [ref. 16]) and CrI2(pyz)2 with selected bond lengths in Å for comparison. 

Atom colors: Cr green, Cl light green, Br orange, I purple, N blue, C grey.  

The reaction of CrI2(thf)3 (thf = tetrahydrofuran, Fig. S1) with pyrazine yielded a dark grey powder, 

identified as CrI2(pyz)2. Small crystals were isolated from the powder and structure solution of single 

crystal X-ray diffraction (SCXRD) data (Fig. 1) revealed a layered structure, in which each layer consists 

of a square grid of {CrI2} nodes and pyz as the linking moieties. The pyz ligands are hereby disordered 

over two positions with angles between the equatorial plane of the octahedron around Cr and the pyz-

planes of ±50°. The layers are stacked such that the iodide ligand extents towards the center of the square 

tile of the next layer and each second layer is reproduced identical crystallographically. CrI2(pyz)2 forms 

the tetragonal space group I4/mmm, which is the first distinct difference to CrCl2(pyz)2 and 

CrBr2(pyz)2 , which crystallize orthorhombically in Immm, containing two distinct pyz ligands with 
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slightly different bond lengths and angles in the a and b directions.12,16 Next neighbor Cr…Cr distances, 

which at the same time comprise the unit cell lengths a and b, are 7.0896(3) Å, which is slightly longer 

than the average lengths in CrCl2(pyz)2 (6.8895(6) and 6.9502(5) Å) and CrBr2(pyz)2 (6.9079(7) and 

6.9820(5) Å). Notably, the increase in the interlayer distance from CrBr2(pyz)2 (5.6638(5) Å) to 

CrI2(pyz)2 (6.2881(5) Å) by 0.624 Å is significantly larger than that from CrCl2(pyz)2 (5.3785(4) Å) 

to CrBr2(pyz)2 by 0.285 Å and exceeds the 0.48 Å expected from the change of the ionic radius from 

Br— to I—.17  

 

Fig. 2: Thermal ellipsoid plot (70% probability level) of Cr(II) determined from SCXRD at 120 K. 

Selected bond lengths in Å: Cr(II) Cr—I 3.235, Cr—N 2.161(2) and 2.124(2).  

The cause for the interlayer increase appears to be the appearance of Jahn-Teller distortion. Owing to 

the trivalent Cr species, Jahn-Teller distortion is absent in CrCl2(pyz)2 and CrBr2(pyz)2 with regular 

Cr-halide bond lengths of 2.3305(7) and 2.4919(5) Å for Cr—Cl and Cr—Br, respectively.12,16 To the 

contrary, Jahn-Teller distortion is detectable in CrI2(pyz)2 with enlarged Cr—I bonds of 3.0401(5) Å, 

supposedly caused by high-spin Cr(II). Moreover, the Cr—I distance is relatively close to that of trans–

[CrIII2(pyridine)4] · 2 pyridine (Cr(II), Fig. 2, S6) of 3.235 Å containing divalent Cr(II). According to 

this structural analysis, the tipping point at which the reduction event occurs would be marked exactly 

in between the ligand fields exerted by bromide and iodide onto the Cr center.  
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X-ray absorption spectroscopy has led to the unambiguous identification of the trivalent oxidation in 

CrCl2(pyz)2 and CrBr2(pyz)2.12,16 Therefore, we sought out to measure XAS spectra of CrI2(pyz)2 for 

further indications of its electronic structure. The lowest pre-edge absorption at the Cr K-edge arising 

from the 1s to t2g transition is weak due to its dipole forbidden character, nevertheless useful as its 

position is mainly influenced by the oxidation state of Cr and little by its ligand environment.18 A 

comparative study between the absorption in CrI2(pyz)2 and Cr(II) with a defined divalent oxidation 

state and resembling coordination environment can lead to the identification of the oxidation state of Cr. 

Indeed, the XANES spectra in Fig. 3a show a weak pre-edge absorption of CrI2(pyz)2 at 5989 eV which 

overlaps well with the reference, Cr(II).  

 

Fig. 3: a, Cr K-edge spectra of CrI2(pyz)2 and Cr(II) together with those of CrCl2(pyz)2 and 

CrBr2(pyz)2 from [ref 12] and [ref 16]. b, I L1,3-edge spectra of CrI2(pyz)2 and Cr(II). All spectra were 

recorded at 2.1 K. 

As expected for divalent Cr,18,19 the pre-edge absorption is comparably weaker and lower-lying in 

CrI2(pyz)2 compared to CrCl2(pyz)2 and CrBr2(pyz)2 with more intense absorptions around 5991 eV, 

energies typical for trivalent Cr.18,19 As has been established previously,12,16 these compounds are thus 

best described as CrIIICl2{pyz)2•–} and CrIIIBr2{pyz)2•–}, whereas CrI2(pyz)2 follows the straight forward 

formulation CrIII2(pyz)2. Accordingly, the I L1 and L3 edges of CrI2(pyz)2, which arise from transitions 

from the I 2s and 2p orbitals to the outer levels, were probed and compared to that of Cr(II) (Fig. 3b). 
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The spectra overlap to a great extent, which underlines the general resemblance of the electronic 

structure of the compounds. The slight increase in the Cr—I bond lengths from CrI2(pyz)2 to Cr(II) is 

observable through the shift of the broad absorption peak around 4590 eV. This study unambiguously 

proves that the decrease in ligand field strength from bromide to iodide and the associated decline in 

reducing strength of the ligated Cr species effectively impedes the reduction of the pyz ligands in 

CrI2(pyz)2 and leads to an assignment of the oxidation state to Cr(II). In CrCl2(pyz)2 and CrBr2(pyz)2, 

the redox event during synthesis leads to the delocalization of a radical electron over two pyz ligands 

entailing a conducting pathway via electron hopping.12,16 CrI2(pyz)2 on the other hand displays 

resistivities in the GΩ cm range, which is consistent with the absence of mixed-valency and divalent Cr 

established from crystallography and XAS. Mid-infrared (MIR) spectroscopy further corroborates this 

relationship (Fig. S3). In contrast to the spectra of CrCl2(pyz)2 and CrBr2(pyz)2, which show broad 

absorption bands with maxima around 3200 cm–1 arising from inter-valence charge transfer, the 

spectrum of CrI2(pyz)2 exhibits no broad absorptions from electronic transitions in the measured range 

from 430 to 5000 cm–1.  

In an attempt to initiate the redox event in CrI2(pyz)2 by squeezing the iodide ligands to move closer to 

the Cr center, thereby inducing an increase in the axial ligand field, and destabilizing the dz2 orbital, 

single crystals were subjected to pressure dependent single-crystal X-ray crystallography. Fig. 4 displays 

the crystallographic structure under pressures of 1.54 GPa. The pressure induces an astonishingly large 

contraction of the interlayer distance by 15% from 6.2881(5) Å in pristine CrI2(pyz)2 to 5.3791(5) Å 

and a phase transition to monoclinic C/2c. The contraction leads to a distortion of the octahedron with 

nonlinear I—Cr—I angles of 172.3° and slight deviations of the N—Cr—N angles from the 90° found 

in the ambient structure. In contrast, the atom distances remain nearly unchanged with Cr—I distances 

of 3.09 Å, Cr×××Cr distances of 7.09 and 7.03 Å, and Cr—N distances of 2.15(1) and 2.16(1) Å. Thus, 

the Jahn-Teller distortion appears to remain, and the redox event was not initiated under the given 

pressure, albeit the stark reduction of the interlayer distance. 
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Fig. 4: High pressure structure of CrI2(pyz)2 from SCXRD at 1.54 GPa: a, staggered arrangement of 

2D layers, b. Ellipsoid plot of a fragment at 70% probability level with selected angle and bond lengths 

in Å. C, H, and N were refined isotropically (see methods). 

The magnetic susceptibility temperature product, χT, versus temperature curve of CrI2(pyz)2 deviates 

fundamentally from that of CrCl2(pyz)2 and CrBr2(pyz)2 (Fig. 4). Upon decreasing temperature, the χT 

product decreases and approaches zero at low temperatures with a value of 0.0581 cm3 K mol–1 at 2 K. 

At 300 K, the χT value reaches 2.4 cm3 K mol–1, likely converging towards a spin-only value for high 

spin Cr(II) at higher temperatures (with g = 2: 3.0 cm3 K mol–1 for high-spin Cr(II), S = 2). The χT data 

can be modelled by an analytical solution of the square lattice two-dimensional Heisenberg 

antiferromagnet21 (grey line in Fig. 4). From the fit the coupling constant, J, of 3.8 cm–1 could be 

extracted with a g-factor of 1.97. Heat capacity measurements of CrI2(pyz)2 reveal an anomaly around 

26 K (Fig. S4b), which may be attributed to the occurrence of a magnetic phase transition at this 

temperature from a paramagnetic to an antiferromagnetic phase. Computational methods by means of 

density functional theory (DFT) calculations of the two fragments trans–[CrI2(pyz)4] and the dinuclear 

trans–[Cr2I4(pyz)6(µ-pyz)] allows for the theoretical analysis of the electronic ground state (Fig. 5). 

Broken symmetry (BS) calculations of trans–[CrI2(pyz)4] reveal a preference for the high-spin ST = 2 

state with an energy gap of –2019 cm–1over the (3,1)–BS ground state 
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Fig. 4: Susceptibility temperature product versus temperature in magnetic fields of µ0H = 0.1 T of 

polycrystalline CrI2(pyz)2 and CrCl2(pyz)2, CrBr2(pyz)2 for comparison. The light grey line shows a 

fit of an analytical solution to the 2D Heisenberg model21 to the data of CrI2(pyz)2.  

found for CrCl2(pyz)2 and CrBr2(pyz)2.12,16 The Mulliken spin population analysis of the high-spin 

state predicts the location of four unpaired electrons on Cr and vanishing spin density on the ligands, 

reflecting the presence of a high-spin Cr(II) ion. The (4,4)-BS calculation of the dinuclear fragment 

reveals the presence of a weak Cr(II)×××Cr(II) antiferromagnetic exchange coupling of ~14 cm–1 (using 

H! = J	S$!"!S$!"") which is in reasonable proximity to the experimentally found coupling constant from 

magnetism (3.8 cm–1). The Mulliken spin population analysis indicates that the magnetic exchange 

interactions can be rationalized by the spin-polarization pathway through the π orbitals of the bridging 

pyz molecule.22–24  
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Fig. 5: Spin-density plots from DFT calculations of the fragments trans-[CrI2(pyz)4] and the dinuclear 

trans-[Cr2I4(pyz)6(µ-pyz)] (isosurface level of ±0.005) using the experimentally determined crystal 

structure at 120 K. The indicated numbers show the integrated Mulliken spin-populations of selected 

atoms or ligands.  

 

Discussion 

The foregoing results explore property-modification of a metal-organic framework magnet by pre-

synthetic modifications. The change from the prototype chloride-structure to the bromide and iodide 

structures, has a stark effect on the electronic structure as the small change in ligand field between 

bromide and iodide fully impedes the reduction event of pyz by Cr(II). CrCl2(pyz)2 and CrBr2(pyz)2, 

on one hand, are ferrimagnetic semiconductors, CrI2(pyz)2, on the other hand, is an antiferromagnetic 

insulator. The possibility of deliberately selecting magnetic ordering and electronic transport in 

CrX2(pyz)2 is unprecedented for similar structures displaying ferrimagnetic ordering and conducting 

properties.13–15 Some quantum physical experiments could make use of this variety, e.g. spin injection25 

experiments could be conducted with CrCl2(pyz)2 or CrBr2(pyz)2, whereas the same device with 

CrI2(pyz)2 would serve as a control. This example proves how coordination chemists, by using tools 

such as the ligand field, can contribute to the manifoldness of materials with low dimensionality, 

tunability, and rich electronic properties, which contain potential within materials, nano, physical 
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sciences and spintronics. Current work is geared toward the incorporation of ligands towards the high 

field end of the spectrochemical series, in order to increase magnetic ordering temperatures and 

electrical conductivity.  

 

Methods 

Synthesis. All manipulations and sample preparations took place inside an InertLab glovebox (H2O, O2 

< 0.5 ppm) under inert Ar atmosphere or with Schlenk line techniques. A Puresolv MD 7 solvent 

purification system was used for provision of dry and air-free solvents. Elemental analyses were 

obtained on a ThermoScientific FlashSmart CHNS/O Elemental Analyzer or at the Mikroanalytisches 

Laboratorium Kolbe in Oberhausen, Germany. Synthesis of CrI2(pyz)2 (CrI2(pyz)2): Powdered samples 

were synthesized in a 50-mL Teflon lined stainless steel autoclave reactor with high-pressure valve, 

which was charged with CrI2(thf)3 (0.57 g, 1.1 mmol, for synthesis see below) and 2 g of pyrazine (2.0 g, 

25 mmol; Aldrich,  99%) and placed on a heating food at 180 °C for 3 days. The reactor was cooled to 

RT and the dark grey powder and crystals were washed with 20 ml acetonitrile and dried under vacuum. 

Yield: 440 mg (86% based on Cr). Anal. calcd. (found) for C8H8CrI2N4: C, 20.62% (20.53%); H, 1.73% 

(1.85%); I, 54.47% (54.02%); N, 12.02% (11.87%). Flat single crystals of up to 0.2 mm diameter were 

obtained in an ampule (V = 21 ml), which was filled with CrI2(thf)3 (0.10 g, 0.19 mmol) and pyrazine 

(1.0 g, 12.5 mmol; Aldrich, 99%). After sealing under vacuum, the ampule was heated in an oven to 

200 °C over the course of 5 h to, left at this temperature for 80 h and subsequently cooled to room 

temperature over 20 h. The dark grey crystals and powder were washed with 20 ml acetonitrile and dried 

under vacuum. Yield: 67 mg (75% based on Cr). Synthesis of CrI2(thf)3 (CrI2(thf)3): Chromium powder 

(8.10 g, 156 mmol) was added to a degassed aqueous solution of HI (57%, 70.4 ml, 468 mmol), which 

was subsequently heated to 100° C for 2 h. Afterwards the water was evaporated and the solid product 

was dried at 160° C under vacuum over night before entering the dark brown solid (46.2 g) into the 

glove box. About a quarter of the crude CrI2 (12 g) was dissolved in approximately 400 ml THF and the 

solution was filtered to remove insoluble impurities. The filtrate was concentrated to about 100 ml and 
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added to the freezer (-30° C) over night for CrI2(thf)3 to crystallize. Three times, the dark supernatant 

was pipetted off and replaced by about 40 ml fresh -30° C cold THF in order to clean the solid. The 

supernatant was collected for a second crystallization. White crystals of CrI2(thf)3 were filtered and 

washed with a small amount of -30° C cold THF and dried under vacuum. Yield 11.2 g (53% based on 

Cr metal). Anal. calcd. (found) for C12H24CrI2O3: C, 27.60% (27.97%); H, 4.63% (4.73%); Cr, 9.96% 

(9.81%); I, 48.61% (47.89%). Synthesis of CrI2py4 · 2py (Cr(II)): CrI2(thf)3 (200 mg, 3.8 mmol) and 

3 ml pyridine were added to a Teflon lined stainless steel autoclave and heated to 180° C over night. 

After cooling to room temperature, the precipitate was filtered and dried under vacuum. Yield: 180 mg 

(60%). Anal. calcd. (found) for C20H20CrI2N4, C10H10N2: C, 46.17% (46.07%); H, 3.87% (3.97%); I, 

32.52% (32.47%); N, 10.77% (10.77%). 

Crystallography. Single crystals of CrI2(pyz)2 and Cr(II) wear measured in a nitrogen stream at 120 K 

with a SuperNova Dual Source CCD-diffractometer using the Mo X-ray source, mounted onto a nylon 

loop and priorly covered in polybutene oil (Sigma-Aldrich, >90%). Olex226 was used for structure 

solution with direct methods using the ShelXS27 structure solution program and the structure was refined 

by Least Squares version 2018/3 of ShelXL.28 Non-hydrogen atoms were refined anisotropically. 

Powdered samples for powder X-ray diffraction were confined in sealed bags before mounting on a 

Huber G670 powder diffractometer. Diffractograms were obtained in transmission mode at room 

temperature using a Cu Kα1 X-ray tube (λ = 1.5406 Å, quartz monochromator). Single crystal X-ray 

diffraction of CrI2(pyz)2 under high pressure was conducted at the School of Chemistry, University of 

Edinburgh (Edinburgh, United Kingdom). A single crystal of CrI2(pyz)2 was selected and loaded into a 

DAC with a hydrostatic medium of Daphne oil and pressurized to 1.54 GPa on a Bruker D8 Venture 

laboratory diffractometer. The phase transition from the ambient to the high-pressure structure was 

partially destructive leading to a splitting of the single crystal into multiple domains under pressure. The 

shading from the DAC and the low symmetry, monoclinic unit cell, leads to lower than ideal 

completeness. Every attempt was made to maximize the quality of data obtained. Four major domains 

were identified, and the data was integrated as a twin using SAINT and TWINABS for the absorption 
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correction. The solution was solved with ShelXT using the HKLF4 and the refinement was carried out 

using the unmerged HKLF5. It was not possible to refine a fully anisotropic model for these data. The 

main issue was the low completeness in specific directions due to the systematic shading from the DAC. 

This gives little information on the lighter elements of the pyrazine ring in one direction leading to 

unreasonable ADPs in a fully anisotropic refinement. Therefore, it was deemed more appropriate to 

isotropically refine this whole group leaving the Cr and I as anisotropic. 

Magnetic measurements. Isofield dc magnetization measurements were performed on polycrystalline 

samples sealed in QuantumDesign powder capsules with a QuantumDesign Dynacool Physical Property 

Measurement System (PPMS). Using the VSM option, the susceptibility was measured from 2 K to 

300 K at 1 T and the magnetization versus field was measured up to 9 T. The sample masses were 

measured with a Mettler-Toledo WXTSDU microbalance and the experimental data were corrected for 

diamagnetism.  

Conductivity. Resistivity measurements of CrI2(pyz)2 were carried out using a home-made 4-point 

probe installed inside a Quantum Design PPMS-9 system working between 1.8 and 400 K. Acquisitions 

were performed with the use of an external device (Keithley 2401 source-meter). These measurements 

were performed on pellets of polycrystalline samples (typically 7 mm diameter and 1 mm thickness; 

about 50-60 mg) prepared under dinitrogen atmosphere with a manual press. The pellets were loaded in 

the homemade resistivity cell allowing the four aligned needle probes (mounted on springs) to be in 

contact with the pellet.  

Spectroscopy. X-ray Absorption Near-Edge Structure (XANES) spectra at the Cr K- and the I L-edges 

were recorded in total fluorescent yield detection mode of powder samples in oil at beam line ID12 at 

the European Synchrotron (ESRF, Grenoble, France). Spectra were normalized to zero before the edge 

and unity after the edge to correct for variations in sample quantity. The attenuated-total-reflectance 

(ATR) Fourier Transform infrared (FTIR) spectra were collected by a Bruker VERTEX80v FTIR 

vacuum spectrometer employing a single-reflection germanium ATR accessory (IRIS) from PIKE 

Technologies Inc. The FTIR apparatus was configured with a KBr on Ge beam splitter, a liquid nitrogen 
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cooled HgCDTe detector and a globar thermal radiation source. The collected ATR spectra of 1 cm–

1 resolution have been corrected for residual water vapor absorption and the resulting absorption spectra 

have been corrected for minor baseline drifts. Subsequently, extended ATR corrections were applied to 

account for the wavelength-dependent penetration depth of the infrared probe beam into the solid 

samples. 

Computational Methods. DFT calculations were conducted on the fragments trans-[CrI2(pyz)4] and 

the dinuclear trans-[Cr2I4(pyz)6(µ-pyz)] with their geometry determined from the experimental crystal 

geometry of CrI2(pyz)2 with the zeroth order regular approximation (ZORA) for scalar relativistic 

effects using ORCA.29,30 The TPSSh functional31 and the scalar relativistically recontracted (SARC) 

version of the triple-ζ def2-TZVP(-f) basis set32,33 were combined with the auxiliary basis. The exchange 

coupling constant J after Yamaguchi34,35 was obtained from single point high-spin and broken-symmetry, 

BS(3,1), calculations. 

𝐽𝐽 =
𝐸𝐸#$ − 𝐸𝐸%$

〈�̂�𝑠&〉%$ − 〈�̂�𝑠&〉#$
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Table 1. Crystallographic information 

 

 

 
 

 
 

 

Compound CrI2(thf)3 
Cr(II) CrI2(pyz)2,  

1.54 GPa 
CrI2(pyz)2 

CCDC number     
Empirical formula C12H24CrI2O3 

C20H20CrI2N4,C10H1

0N2 
C8H8CrI2N4 C8H8CrI2N4 

Formula weight / g mol–1 522.10 780.40 465.98 465.98 
Temperature / K 120 120 290 120 
Crystal system orthorhombic orthorhombic Monoclinic tetragonal 
Space group P212121 Ccce C2/c I4/mmm 
a / Å 10.7632(2) 15.3650(4) 10.7581(10) 7.0896(3)  
b / Å 11.40691(18) 11.8425(3) 10.3243(5) 7.0896 (3)  
c / Å 13.9908(3) 16.7247(4)  9.6976(5) 12.5761(9)  
a / ° 90 90 90 90 
b / ° 90 90 98.578(3) 90 
g / ° 90 90 90 90 
Volume / Å3 1717.72(6) 3043.23(13)  1065.34(12) 632.10(8)  
Z 4 4 4 4 
rcalc / g cm–3 2.019 1.703  2.448 
µ / mm–1 4.259  2.434  3.61 5.763 
F(000) 1000.0 1528.0  428 
Radiation (l in Å) Mo Ka (0.71073) Mo Ka (0.71073) Ag Ka (0.56086) Mo Ka (0.71073) 
q range for data collection / 
° 

6.832–64.508 5.302–52.744 2.6 – 20.5 6.48-52.674 

Index ranges –16 ≤ h ≤ 16  
–16 ≤ k ≤ 16 
–20 ≤ l ≤ 20 

–17 ≤ h ≤ 19  
–11 ≤ k ≤ 14 
–19 ≤ l ≤ 20 

–5 ≤ h ≤ 5  
–0 ≤ k ≤ 12 
–0 ≤ l ≤ 12 

–8 ≤ h ≤ 7  
–7 ≤ k ≤ 8 
–14 ≤ l ≤ 15 

Reflections collected 61987  11884 2057 2154 
Independent reflections 5681 [Rint = 0.0570] 1559 [Rint = 0.0175] 2057 217 [Rint = 0.0395] 
Data/restraints/parameters 5681/0/163 1559/0/93 2057/0/42 217/0/23 
Goodness-of-fit on F2 1.083 1.122 1.066 1.183 
Final R1 index [F2 ³ 2s(F2)] 0.0278 0.0164 0.048 0.0160 
Final wR2 index [F2] 0.0524 0.0368 0.125 0.0379 
Largest diff. peak/hole / e 
Å–3 

1.27/–0.76 0.26/–0.29 0.75/.0.70 0.87/–0.46 
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Fig. S1. Thermal ellipsoid plot of CrI2(thf)3 (70% probability level; Cr dark green, I purple, O red, C 
grey, H white).  
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Fig. S2. Powder X-ray diffractograms of CrI2(pyz)2, Cr(II) (trans-CrI2(pyridine)4·2(pyridine)) at 

300 K shown as bold traces, and the calculated patterns (fine traces) from the SCXRD structures at 
120 K. The good overlap between the patterns indicate the validity of the SCXRD structure and the 

purity of the powdered sample. Small discrepancies may arise from the difference in the 
temperatures of the experimental and the theoretical patterns.  
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Fig. S3: MIR spectra of CrCl2(pyz)2, CrBr2(pyz)2, and CrI2(pyz)2. Besides the vibrational modes, 
CrCl2(pyz)2 and CrBr2(pyz)2 show broad absorptions from inter-valence charge transfer, which does 

not appear for CrI2(pyz)2. 
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Fig. S4. a, Magnetization versus magnetic field at different temperatures of CrI2(pyz)2. b, Heat 

capacity of CrI2(pyz)2. The anomaly around 25 K indicates the magnetic phase transition from the 
high temperature paramagnetic phase to low temperature antiferromagnetically ordered phase. 
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Fig. S6. a, Susceptibility temperature products of Cr(II) at variable temperatures. The high 

temperature value is close to that expected for a Cr(II) ion of 3.0 cm3 K mol-1 assuming g = 2. b, 
Magnetization versus magnetic field at different temperatures. The cold temperature curve 

approaches the theoretical saturation value for a Cr(II) ion of 4 µB. 
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Engendering redox-noninnocence in the 2D coordination solid 
GaCl2(pyrazine)2  
Laura Voigt,a Wenjie Wan,b Mariusz Kubus,a David Nielsen,a Susanne Mossin, a René Wugt Larsen,a 
Ivica Zivkovic,c Henrik M. Rønnow,c Niels Bech Christensen,b and Kasper S. Pedersena*   

Mapping out strategies for the tailoring of physical properties, 
including the introduction of electronic spins, in synthetic materials 
is an important cornerstone in materials research. Group 13 metal 
ions are inherently non-magnetic. However, by utilizing the 
reducing, deceptively divalent oxidation state of GaCl2 and the 
ability for non-innocence of the pyrazine (pyz) linker, we provide 
for the formation of the 2D coordination solid GaCl2(pyz)2. 
Computational, crystallographic, and spectroscopic results help 
fathom the nature of the electronic configuration of this unusual 
spin-bearing material, suggesting Ga(III) and radical-character on 
the pyrazine ligands solely.  

The realization of tailored magnetic properties in metal-organic 
coordination solids is a focus of contemporary inorganic 
chemistry.1 The volitional introduction of spin into synthetically 
designed periodic molecule-based networks, can lead to the 
establishment and tuning of spin-related phenomena, for 
instance the implementation of magnetic long-range 
interactions,2,3 and spin frustration.4,5 Herein, the generation of 
new spin-bearing 2D materials is especially desirable for the 
exploration of quantum phenomena6,7 leading to their potential 
use as solid state platforms in quantum information science.8–10 
Whereas magnetic moments solely on the metal nodes 
necessitate the use of short organic linkers to produce efficient 
magnetic interactions between spins, therewith hampering 
porosity,11 it has been shown that a more successful route 
towards high ordering temperature magnets is the utilization of 
spin-bearing redox active organic linkers additionally to the 
magnetic metal nodes.2,3,12–15 In that way, direct exchange 
between the metal and the spin-bearing ligand is implemented 
which leads to stronger interactions than the spin-polarization 

or super exchange via diamagnetic linkers. Recently some of us 
contributed to the family of metal-organic magnets with the 
synthesis of the layered coordination solid CrCl2(pyz)2 (pyz = 
pyrazine).16 During synthesis, one electron is transferred from 
reducing Cr(II) to pyz giving CrIIICl2 {(pyz)2･–}. The ligand mixed-
valency allows for high magnetic ordering temperatures of 55 K 
and hopping conduction through the π-d orbitals of the reticular 
layers. The concept used in CrCl2(pyz)2 has been shown to be 
transferable to other related building blocks, such as {CrBr2}17, 
and may also apply for other reducing divalent metal species 
than Cr(II).  
Some elements in group 13 form reducing dihalide salts MCl2 
(M = Ga, In, Tl), in which the apparent divalent oxidation state 
is better formulated as the Robin-Day Class I mixed-valent salt 
MIMIIIX4.18–21 Indeed, the M(II) species is usually only found as 
unstable transient species and the only structurally 
characterized M(II) compounds have exceedingly bulky and 
electron donating ligands,22 or are diamagnetic dimers with M-
M bonds.23 Non-innocence in azaarenes, evoked through metal-
ligand redox reaction with low-valent Ga has been previously 
studied. Starting from a Ga(I) salt, the reaction with 2,2’-
bipyridine (bipy) leads to disproportionation into gallium metal 
and [Ga(bipy)3]2+, which exhibits ligand non-innocence and 
delocalization of the radical over the ligands.24 
Encouraged to imitate the reaction of pyrazine and CrCl2 with 
the entailing redox event, we reacted the dihalides of indium 
and gallium with pyrazine at elevated temperatures. In the 
reaction with GaCl2, a crystalline dark green solid could be 
isolated, which was insoluble in e.g., tetrahydrofuran and 
acetonitrile, whereas the reaction between InCl2 and pyrazine 
lead to a formation of metallic In. Single crystal X-ray diffraction 
experiments disclosed a layered structure, GaCl2(pyz)2, highly 
cognate to CrCl2(pyz)2 (Figure 1). In orthorhombic Immm space 
group, the layers are stacked in a staggered manner with an 
interlayer distance of 5.378 Å. Approaching a square lattice, 
GaCl2 nodes are linked by pyrazine in reticular layers with 
Ga×××Ga distances of 6.8808(6) and 7.0742(6) Å, which comprise

a. Technical University of Denmark, Department of Chemistry, Kemitorvet, 2800 
Kongens Lyngby, Denmark. 

b. Technical University of Denmark, Department of Physics, Fysikvej, 2800 Kongens 
Lyngby, Denmark. 

c. EPFL SB IPHYS LQM, CH-1015 Lausanne, Switzerland. 
† Footnotes relating to the title and/or authors should appear here.  
Electronic Supplementary Information (ESI) available: [details of any supplementary 
information available should be included here]. See DOI: 10.1039/x0xx00000x 
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Figure 1: a, Top view of the two-dimensional layer of GaCl2(pyz)2. b A stack of the layers in GaCl2(pyz)2. c, Thermal ellipsoid plot of GaCl2(pyz)2 drawn at 80% probability 
level and with an illustration of the positional disorder of the pyz ligands. Ga, Cl, N, C, H atoms are represented as dark green, light green, blue, grey, and white spheres 
respectively. H atoms are omitted for clarity in a and b. The structure is determined from single crystal X-ray diffraction data at 120 K. Unit cell dimensions in Å: a b 
6.8808(6), c 7.0742(6), and 10.7558(9). Selected bond lengths in Å: Ga–Cl 2.359(1), Ga–Na 2.027(4), Ga–Nb 2.138(4), Na–Ca 1.366(5), Nb–Cb 1.352(5), Ca–Ca 1.366(9), Cb–Cb 
1.39(1). 

the unit cell lengths in a and b directions, respectively. The 
difference between the two values is slightly higher than that 
observed in CrCl2(pyz)2 (a =6.90351(4) and b = 6.97713(4) Å) 
and may indicate, similarly to CrCl2(pyz)2, the existence of 
electron density on pyz leading to the structural distortion. In 
CrBr2(pyz)2, likewise containing Cr(III) and a pyz-radical species, 
it could be established that the bond-lengths of the pyz rings 
contain information about the reduction of the pyrazine ring 
with the help of spin-density calculations and single crystal X-
ray crystallography.17 Here, shorter Cr-N and C-C bonds and 
longer N-C bonds of the pyz ligand in crystallographic a direction 
compared to the b direction were shown to arise from a larger 

 
Figure 2. a, X-band continuous wave EPR spectrum of GaCl2(pyz)2 measured of the 
solid phase, resulting in a g value of 2.0048. b, Susceptibility temperature product, 
χT, with the fit to a model of S = ½ spin chains resulting in a J of 8.1 cm-1 and a g 
value of 1.991. The inset shows the magnetization versus field at selected 
temperatures (2 to 40 K in 2 K increments).  

extent of reduction of the pyz in a direction over those in b 
direction. These are exactly the trends observed for GaCl2(pyz)2 
with Ga–Na 2.027(4), Ga–Nb 2.138(4), Na–Ca 1.366(5), Nb–Cb 
1.352(5), Ca–Ca 1.366(9), and Cb-Cb 1.39(1) Å, and hence the 
reduction of the pyz in a direction is suggested. A further 
indication for electron transfer is the dark green colour of the 
compound previously observed for Ga(III) imine-radical pairs,24–

26 and contrasted by the red-orange colour of the previously 
reported Ga(II) compound. Indeed, the EPR spectrum of solid 
GaCl2(pyz)2 exhibits a sharp absorption (Figure 2a), which 
translate into a giso value of 2.0048 close to the value of the free 
electron, as expected for an organic radical.22,24 In comparison, 
the giso value for an unpaired electron located on the Ga ion, is 
expected to lie close or slightly below 2, as observed previously 
for Ga(II).22 The fine structure of the absorption could not be 
revealed as the concentration of the radical is too high in the 
solid phase, dissolving of the compound for solution EPR was 
not possible, and attempts of resolving the signal via dilution by 
insertion of GaCl2 into MgCl2(pyz)2 or ZnCl2(pyz)2 were 
unsuccessful. The magnetic susceptibility temperature product 
versus temperature reveals a paramagnetic signal, which 
decreases steadily with temperature and then abruptly below 
25 K, attributed to local antiferromagnetic interactions of 
neighbouring spins and the approaching of the magnetic singlet 
ground state at cold temperatures (Figure 2b). The room 
temperature value of χT = 0.37 cm3 K mol-1 lies close to the 
theoretical spin-only value for an S = ½ system with a g of 2 of 
about 0.375 cm3 K mol–1. As hypothesized from the structural 
data, the radicals are located on the pyz molecules in the a 
direction. The diamagnetic Ga(III) then likely serves as a 
pathway for super exchange of the neighbouring radical, similar 
to the observations of Zn(II)-organic radical frameworks.27 This 
leads to spin chains with stronger magnetic interactions in a 
direction, and weak magnetic interactions through space in 
between neighbouring chains in b direction. Hence, the data 
was fitted to the Bonner-Fisher Model for S = ½ spin chains.28 
The model converged with the χT versus T data, potentially 
revealing antiferromagnetically correlated spin chains with a 
coupling constant J of 8.1 cm–1 and g = 1.991. In contrast, the fit 
to the data plotted as χ versus T gave J = 6.9 cm–1 and g = 2.005 
(Figure S2). The discrepancy of the fits arises due to a larger 
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impact of the low temperature data when using χ instead of 
χT. When comparing the result to that from EPR spectroscopy, 
the latter fit seems to be more realistic, displaying a g value 
characteristic for an organic radical. The antiferromagnetic 
interactions at low temperatures are reflected in the 
magnetization versus field curves, which are slightly curved at 
the coldest temperatures (Figure 2b inset). Even at high fields, 
the magnetization ~0.26 µB is far away from the saturation 
magnetization of an S = ½ system of 1 µB.  
In the related CrCl2(pyz)2, inter-valence charge transfer in 
between the mixed-valent ligands via the Cr d-orbitals leads to 
a broad electronic absorption around 4200 cm–1 and the 
process is assumed to be responsible for the existence of 
hopping conduction within the coordination layers.16 To find 
out if a similar process is feasible in GaCl2(pyz)2 with its closed-
shell d-configuration, MIR measurements were conducted 
(Figure 3). The observable MIR range is devoid of a broad 
absorption with many sharp vibrational bands appearing at 
lower energies. Likewise, the electronic transport 
measurements of pressed pellets showed resistivities in the GΩ 
range. Likely, the absence of partially filled d-orbitals prevents 
the inter-valence charge transfer in GaCl2(pyz)2 and results in a 
localized configuration of the radical electrons as also suggested 
from magnetism and crystallography. 

 

Figure 3: ATR-IR plot of GaCl2(pyz)2 at RT. 

Conclusions 
As previously shown for CrCl2(pyz)2, the reaction of reducing 
divalent metal species with pyz can result in electron transfer to 
pyz and the establishment of unusual electronic configurations. 
The generation of magnetic coordination layers with Ga atoms 
in GaCl2(pyz)2 exemplifies how coordination chemists are able 
to design materials with rare physical properties. It is yet to 
determine, if the magnetic interactions in GaCl2(pyz)2 are long-
range at accessible temperatures or if solely short-range 
correlations persist. The comparison to the hypothetical ScIIICl2 

{(pyz)2･–} would be of interest to study the influence on 
magnetic exchange of empty d-orbitals in comparison to full d-
orbitals in GaCl2(pyz)2. Potentially, such a compound would 
allow for delocalization of the unfilled d-partially filled π 
conjugated molecular orbitals, likely resulting in an increased 
tendency of parallel orientations of unpaired spins and charge 
transport properties, not present in GaCl2(pyz)2.  
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Synthesis 

All procedures were carried out in an InertLab glovebox with a dry Ar atmosphere. Dry and air-free 
solvents were obtained from a Puresolv MD 7 solvent purification system. GaCl2 and pyrazine (pyz) were 

supplied by Sigma-Aldrich and used as received. Elemental analyses were performed by the 

Mikroanalytisches Laboratorium Kolbe (Oberhausen, Germany).   

 

Synthesis of GaCl2pyz2: GaCl2 powder (100 mg, 711 µmol) and pyz (1 g, 12.45 mmol) were placed in an 

ampule (V = 21 ml). The ampule was flame sealed and placed in an oven to be heated to 100 °C for 2 

days. The dark green polycrystalline product was washed with acetonitrile and dried in vacuo. Yield: 
180 mg (85% based on Ga). Calculated elemental analysis (found) for C8H8GaCl2N4: C, 38.26% 

(36.67%); H, 2.81% (2.63%); I 28.88% (28.79%); N, 10.36% (9.51%). 
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 3 

Crystallography 

Single-crystals of GaCl2(pyz)2 were covered with polybutene oil (Aldrich, >90%) and mounted onto a 
nylon loop, which was attached to a SuperNova Dual Source CCD-diffractometer. Data were collected 

using Mo Ka radiation at T = 120(1) K. Using Olex2,[1] the structure was solved with the olex2.solve[2] 

structure solution program and refined with the ShelXL[3] refinement package using least squares 
minimization. All non-hydrogen atoms were refined anisotropically. The crystal structure of GaCl2(pyz)2 

was refined as a twin with the twin operator at -179.9753° rotation around the -0.01 -0.00 1.00 direction. 

The pyrazines are disordered over two positions, which were fixed at 0.5 occupancy, respectively.  

Powder X-ray diffraction patterns were measured at room temperature in transmission mode with a Huber 

G670 powder diffractometer using Cu Kα1 (λ = 1.5406 Å, quartz monochromator) radiation. The powder 
samples were contained in sealed bags during measurements 

Table 1. Crystallographic information and refinement parameters of GaCl2(pyz)2. 

 

 

 

 

 

 

 

 

 

 
 

 
 

 

 
 

Compound GaCl2(pyz)2 
CCDC number 1988174 
Empirical formula C8H8Cl2GaN4 
Formula weight / g mol–1 300.80 
Temperature / K 120.0(1) 
Crystal system Orthorhombic 
Space group Immm 
a / Å 6.8808(6) 
b / Å 7.0742(6) 
c / Å 10.7558(9) 
a / ° 90 
b / ° 90 
g / ° 90 
Volume / Å3 523.55(8) 
Z 2 
rcalc / g cm–3 1.908 
µ / mm–1 3.106 
F(000) 298.0 
Radiation Mo Ka (l = 0.71073 Å) 
2q range for data collection / ° 6.894 to 60.99 
Index ranges –9 ≤ h ≤ 6  

–10 ≤ k ≤ 8 
–15 ≤ l ≤ 15 

Reflections collected 742 
Independent reflections 742 [Rint = 0.0384] 
Data/restraints/parameters 742/0/43 
Goodness-of-fit on F2 0.995 
Final R1 index [F2 ³ 2s(F2)] 0.0356 
Final wR2 index [F2] 0.0898 
Largest diff. peak/hole / e Å–3 1.34/–0.70 
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Figure S1. Room-temperature powder X-ray diffractograms of GaCl2(pyz)2 together with the 

simulation from the single-crystal X-ray structure at T = 120 K. 
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 5 

Magnetization measurements 

The isofield dc magnetization measurements were performed using the VSM option on a 
QuantumDesign Dynacool Physical Property Measurement System equipped with a 9 T dc magnet 

in the temperature range from 1.7 K to 293 K in a magnetic field of 0.1 T. The polycrystalline samples 

were loaded into standard QuantumDesign powder capsules inside an Ar-filled glovebox. The 
experimental data were corrected for diamagnetic contributions from the sample holder and the 

intrinsic sample diamagnetism. 

 

 

 

 

 
Figure S2: χT and χ versus T curves with respective fits to the Born-Fisher model of S = ½ 
spin chains.  
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 6 

EPR 

Electron Paramagnetic Resonance spectroscopy (EPR) was measured on a Bruker EMX X-band 
continuous wave spectrometer. The sample was transferred to a Suprasil quartz tube under inert 

conditions, sealed and placed in a ER4102ST cavity. The magnetic field was scanned from 335 mT 

to 341 mT with a field modulation frequency of 100 KHz and a modulation amplitude of 0.5 G. The 
spectrum was recorded as an average over 3 scans with a resolution of 2000 points. The microwave 

frequency was 9.48 GHz at a power of 6.67 mW. Simulation of the EPR spectrum was performed  
by using the open source software EasySpin v. 5.2.28 in Matlab R2019a.[4] The spectrum was 

simulated ad an S=1/2 system with a g-value of 2.0048 and a Lorentzian line broadening of 0.4 mT 
FWHM.  

 

Spectroscopy 

Using a Bruker VERTEX80v FTIR vacuum spectrometer, the attenuated-total-reflectance (ATR) 
Fourier Transform infrared (FTIR) spectrum displayed in Fig. 3 was obtained employing a single-

reflection germanium ATR accessory (IRIS) from PIKE Technologies Inc., a KBr on Ge beam splitter, 

a liquid nitrogen cooled HgCDTe detector, and a globar thermal radiation source. The collected ATR 
spectrum is of 1 cm–1 resolution and has been corrected for residual water vapor absorption. 

The resulting absorption spectrum has further been corrected for minor baseline drifts, and, 
subsequently, extended ATR corrections were performed taking into consideration wavelength-

dependent penetration depth of the infrared probe beam into the solid sample. 
 

Electronic Transport 

The resistivity of GaCl2(pyz)2 was measured of a pressed powder contained in a cylinder in between 

two metal screws. The resistivity of the sample was beyond the voltmeter’s limits (GΩ). 
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A B S T R A C T

We report a simple synthesis and the structural characterization of a small, isostructural series of distorted
pentagonal-bipyramidal LnI2(CH3CN)5 (Ln = Sm, Eu, Yb) complexes. These complexes could be employed as
versatile, labile starting materials in Ln(II) chemistry when the presence of oxygen-containing ligands is un-
desired.

Complexes of the divalent lanthanides (Ln(II)) attract significant
interest for both fundamental and applied reasons due to their unusual
magnetic, electronic, and optical properties [1]. For instance, Ln(II)
complexes have multifaceted application potential in catalysis [2], in-
dustrial polymerizations [3], luminescence [1,4], and for biomedical
applications [5,6]. Further, they have, due to their combination of
Lewis acidity and reducing properties, proved useful in organic synth-
esis [7,8]. For instance, SmI2 is widely used as a reductant in organic
chemistry [9,10]. Notably, the reactivity and selectivity is strongly
dependent on the coordination sphere of the Sm(II) ion [11]. There are
numerous reported crystal structures of Ln(II) ions with O-donor

ligands [12], and mixed O,N-donor ligands [13], due to their pro-
nounced oxophilicity. In contrast, the number of Ln(II) (and Ln(III))
structures with oxygen-free ligands is significantly limited, with a small
number of compounds being crystallographically characterized [14].
Herein, we report a facile synthesis and the structural and magnetic
characterization of a small series of lanthanide(II) complexes;
LnI2(CH3CN)5 (Ln = Sm, Eu, Yb; the compounds hereafter denoted Sm,
Eu, and Yb). Indeed, the existence of a compound formulated as
YbI2(CH3CN)5, prepared by the reaction between Yb and 1,2-diio-
doethane in acetonitrile, was suggested by Watson in 1980 [15] how-
ever, without any structural proof. We found that the dissolution of LnI2
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in acetonitrile followed by cooling the solution to −25 °C yields dark
green, bright yellow, and dark yellow crystals of Sm, Eu, Yb, respec-
tively, suitable for single-crystal X-ray structure determination. The Sm,
Eu, and Yb complexes are isostructural and crystallize in the orthor-
hombic space group Pbca. The crystal structure contains a seven-co-
ordinated Ln(II) ion featuring two axially positioned iodide ligands and
five equatorial acetonitrile ligands, arranged in an approximate pen-
tagonal-bipyramidal fashion with Baur's distortion indices [16] of 0.080
(Sm), 0.081 (Eu), and 0.086 (Yb) (cf. Fig. 1, S1 and S2; Supporting
Information file).

This structural motif is paralleled by, for example, SmI2(THF)5 [7],
SmI2(DME)(THF)3 (DME = 1,2-dimethoxyethane), SmI2(DME)2(THF)
[12], and TmI2(DME)3 [17], but no related acetonitrile complexes of
the divalent lanthanides and actinides have been structurally char-
acterized. On the other hand, for trivalent lanthanides, a structural
motif similar to LnI2(CH3CN)5 was found for [YbCl2(CH3CN)5]+ [18].
The LneX (X = I, N) bond lengths (see Fig. 1, caption) follow the
lanthanide contraction from Sm2+, to Eu2+, and Yb2+, which have
effective ionic radii of 1.22 Å, 1.20 Å, and 1.08 Å, respectively [19].
The distances between the Ln centres and the I and N are very similar
for Sm and Eu, with a maximal difference of 0.5%. The bond lengths in
Yb are significantly shorter, with a ~5% decrease in the bond length of
LneN and ~3.5% of LneI compared to Sm. The LneI bond lengths are
similar to those of the binary metal iodides, e.g. in SmI2 [20], the SmeI
bond lengths are between 3.14 and 3.39 Å. In EuI2 [21], EueI contacts
are slightly longer and between 3.25 and 3.40 Å, and in YbI2, the YbeI
distance is only 3.11 Å [22]. In comparison, for Sm(μ2-I)2(NCCMe3)2
where the Sm2+ ions are six-coordinate, the average SmeI distance is
3.24 Å, with SmeN bond lengths of 2.60 Å [23]. Interestingly, in this
structure, a strongly bent SmeN^C bond with an angle of 151.3° was
found. The SmeI distances are noticeably shorter for Sm(III) complexes,
e.g. in [SmI2(THF)5][Co(CO)4] with 3.01 and 3.03 Å [24]. In the [EuI(μ-
I)(N-MeIm)3]2 (N-MeIm = N-methylimidazole) structure featuring a
six-coordinate Eu(II), the EueI contacts are from 3.22 to 3.31 Å and
EueN distances range from 2.58 to 2.61 Å [25]. The LneN distances are
also comparable to the values observed for related systems, e.g. in the
mononuclear complexes [Ln(TPA)2]I2 (Ln = Sm, Eu, Yb, TPA = tris(2-
pyridylmethyl)amine) (SmeN 2.67–2.73 Å, EueN 2.65–2.73 Å, YbeN
2.57–2.68 Å), and [Yb(TPA)I2(CH3CN)] (YbeN 2.55–2.62 Å) or the
dinuclear complex [Eu(TPA)I2] (EueN 2.66–2.75 Å) [26].

The acetonitrile ligands have a moderate deviation from the equa-
torial position of the ideal pentagonal bipyramid, with the highest
distortion from ideality of ~11% for the N5eLneI1 bond (cf. Table S1,
Supporting Information file). The NeCeC bond angles of the acetoni-
trile ligands deviate only slightly from linearity and are approximately
similar for all molecules, between 178.5(2)–179.2(3)° for Sm,

178.6(3)–179.2(4)° for Eu, and 178.7(3)–179.6(3)° for Yb. In Sm, the
CeN bonds are between 1.118(3)–1.137(3) Å, in Eu 1.132(3)–1.139(4)
Å, and in Yb 1.134(4)–1.140(4) Å.

Attempts to generalize the synthesis to other lanthanide(II) iodides
including NdI2 and TmI2, were unsuccessful. This observation is likely
related to the much stronger reductive power of Nd(II) and Tm(II) over
Sm(II), Eu(II), and Yb(II) [27]. For thulium, we afforded crystals of the
Tm(III) complex [Tm(CH3CN)9](I)3, isostructural to the previously re-
ported [U(CH3CN)9](I)3 [28]. Prolonged storage of an acetonitrile so-
lution of TmI2 yields the already known [LTm(MeCN)6]I3 (L = 1,1′-bis
(iminoethyl)ethylamine), resulting from reductive acetonitrile coupling
[29].

Magnetization measurements were used to corroborate the oxida-
tion state assignment of the lanthanide ions in Ln. The temperature
dependence of the magnetic susceptibilities of Sm, Eu, and Yb were
measured with an applied magnetic field of 0.1 T (Fig. 2). The 4f6

configuration of Sm(II) results in a non-magnetic 7F0 ground term.
However, Sm(II) compounds acquire a magnetic moment at higher
temperatures due to the thermal population of the first excited 7F1 term.
The room temperature χT value for Sm of 1.40 cm3 K mol−1 is lower
than expected for the 7F1 state [30]. For comparison, values determined
for other complexes of Sm(II) are for example 1.49 cm3 K mol−1 and
1.1 cm3 K mol−1 for [(Me3Si)2N]2Sm(THF)2 and [[(Me3Si)2N]Sm(μ-I)
(DME)(THF)]2, respectively [33]. The room temperature χT product
value of Eu of 7.82 cm3 K mol−1 is close to the expected value for the
spin-only 8S7/2 term (7.88 cm3 K mol−1). The χT remains constant upon
descending temperature before rising steeply below ~10 K indicative of
weak ferromagnetic interactions between adjacent Eu(II) ions. The χT
product data could be modelled using the MagProp programme [31]
and considering only the Zeeman interaction and the interaction be-
tween Eu(II) ions parametrized through the molecular field model.
Fitting the entire temperature regime affords an isotropic g factor of 2.0
and a molecular field parameter of λ = 0.030 cm−3 mol. No para-
magnetic signal could be detected for Yb, as expected for the closed-
shell 4f14 configuration of Yb2+. The magnetic field dependence of the
magnetization for Eu is shown in the inset of Fig. 2 and reaches the
saturation value of 7.0 μB expected for a S = 7/2 ion with zero orbital
momentum. The data, acquired at different temperatures, coincide
when plotted against μ0H T−1, reflecting the isotropic nature of the

Fig. 1. Thermal ellipsoid plots of the single-crystal X-ray structures of Yb
shown at 70% probability level. Color code: Yb, pale green; I, purple; N, blue; C,
grey; H, white. Selected bond lengths (Å) and angles (°): Sm: SmeN:
2.669(2)–2.693(2), SmeI: 3.2254(2), 3.2526(2), IeSmeI: 175.572(6),
NeSmeI: 79.86(6)–95.79(5); Eu: EueN: 2.660(2)–2.685(2), EueI: 3.2174(2),
3.2432(2), IeEueI: 175.656(7), NeEueI: 79.99(5)–95.71(5); Yb: YbeN:
2.537(2)–2.566(3), YbeI: 3.1124(2), 3.1326(2), IeYbeI: 176.331(6), NeYbeI:
80.86(6)–96.27(6). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 2. Temperature dependence of the χT (χ ≡ M/μ0H, H = 1000 Oe) pro-
ducts for Eu and Sm. The inset shows theM vs μ0H at selected low temperatures
for Eu. Red solid lines are fits as described in the main text. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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magnetization of the 4f7 ion and the absence of sizeable magnetic in-
teractions. Indeed, the data could be fitted satisfactorily (giso = 2.0)
without inclusion of molecular field terms underlining the weak nature
of these interactions in Eu. Magnetization measurements for Sm com-
pounds at different temperatures are shown in Figure S4 (Supporting
Information file). The isothermal magnetization of Sm increases line-
arly with the applied magnetic field without reaching saturation
(M = 0.12 μB at 9 T) as expected for a non-magnetic ground state.

In conclusion, we have reported an unsophisticated route to novel
acetonitrile complexes of the divalent lanthanide iodides LnI2 with
Ln = Sm, Eu, Yb. The structural analysis reveals close proximity to a
local D5h symmetry of the lanthanide site with the iodide ligands placed
along the approximate C5 axis. These complexes are unique examples of
lanthanide(II) iodide solvate complexes that do not rely on oxygen-
based ligands. Thus, we envision these compounds as useful starting
materials for lanthanide(II) chemistry where the inherent oxophilicity
of the Ln(II) needs to be tamed.
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Synthesis 
 
The syntheses were carried out under a dry argon atmosphere in an InertLab glovebox 

(H2O, O2 < 0.5 ppm). Dry and air-free solvents were supplied by a Puresolv MD 7 solvent 

purification system. All other reagents were used as received from commercial suppliers. 

100 mg of LnI2 (Ln = Sm, Eu, Yb; 99.99%, Sigma-Aldrich) was dissolved in 1 mL of 

anhydrous acetonitrile. Crystalline material was obtained after cooling of the resulting 

solution to –25 °C, and isolated by filtration and drying under nitrogen at room temperature. 

The dark green Sm, bright yellow Eu, and dark yellow Yb crystals were stored under 

nitrogen at –25 °C to suppress solvent loss. Typical yields were as follows: Sm 41%, Eu 

53%, Yb 37%. The compounds behave relatively stable at room temperature when kept 

under inert conditions, but slowly lose CH3CN. In air, decomposition occurs within seconds. 

Elemental analyses was performed under at dry Ar atmosphere at the Mikrolab Kolbe, 

Fraunhofer Institute in Oberhausen, Germany. Anal. Calcd. for C10H15I2N5Sm: C 19.71, H 

2.48, N 11.49, I 41.65. Found: C 19.83, H 2.52, N 11.56, I 41.21. Anal. Calcd. for 

C10H15I2N5Eu: C 19.66, H 2.47, N 11.46, I 41.54. Found: C 19.23, H 2.45, N 11.10, I 40.17. 

Anal. Calcd. for C10H15I2N5Yb: C 19.00, H 2.39, N 11.08, I 40.15. Found: C 19.18, H 2.51, 

N 11.21, I 39.85.  

 

Crystallography  
 
Single crystals of LnI2(CH3CN)5 were selected and immobilized in polybutene oil under a dry argon 

atmosphere and mounted on a nylon loop on a SuperNova Dual Source CCD-diffractometer. The 

crystals were kept at 120 K during the data collection. Using Olex2,1 the structure was solved by 

Direct Methods using the SIR20042 structure solution program and refined by Least Squares 

using version 2014/7 of ShelXL.3 All non-hydrogen atoms were refined anisotropically and the 

hydrogen atom positions were calculated geometrically and refined using the riding model.  
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Table S1. Crystal data and structure refinement for Sm, Eu, and Yb. 
 Sm Eu Yb 
CCDC number 1896514 1896515 1896516 
Empirical formula C10H15I2N5Sm C10H15EuI2N5 C10H15I2N5Yb 
Formula weight 609.42 611.03 632.11 
Temperature/K 120.0 (1) 120.9(1) 120.0(1) 
Crystal system orthorhombic orthorhombic orthorhombic 
Space group Pbca Pbca Pbca 
a/Å 14.3939(2) 14.4032(2) 14.1510(3) 
b/Å 14.6266(2) 14.6205(2) 14.4930(3) 
c/Å 18.1669(3) 18.1411(3) 17.9426(4) 
V/Å3 3824.8(1) 3820.2(1) 3679.9(1) 
Z 8 8 8 
ρcalc /g cm–3 2.117 2.125 2.282 
μ/mm–1 6.292 6.509 8.431 
F(000) 2224.0 2232.0 2288.0 
Crystal size/mm3 0.1 × 0.08 × 0.05 0.1 × 0.1 × 0.05 0.1 × 0.1 × 0.05 
Radiation Mo Kα (λ = 0.71073) Mo Kα (λ = 0.71073) Mo Kα (λ = 0.71073) 
2q range for data collection/° 5.304 to 59.418 5.572 to 59.39 5.376 to 59.324 
Index ranges –20 ≤ h ≤ 20  

–20 ≤ k ≤ 20  
–25 ≤ l ≤ 23 

–19 ≤ h ≤ 19 
–15 ≤ k ≤ 18 
–24 ≤ l ≤ 23 

–19 ≤ h ≤ 19 
–20 ≤ k ≤ 19 
–24 ≤ l ≤ 23 

Reflections collected 60248 14645 60629 
Independent reflections 5203 [Rint = 0.0439, 

Rsigma = 0.0231] 
4682 [Rint = 0.0267, 
Rsigma = 0.0298] 

4996 [Rint = 0.0377, 
Rsigma = 0.0183] 

Data/restraints/parameters 5203/0/168 4682/0/168 4996/0/168 
Goodness-of-fit on F2 1.044 1.043 1.080 
Final R indexes [I³2σ(I)] R1 = 0.0224, wR2 = 

0.0456 
R1 = 0.0210, wR2 = 
0.0328 

R1 = 0.0213, wR2 = 
0.0423 

Final R indexes [all data] R1 = 0.0317, wR2 = 
0.0488 

R1 = 0.0324, wR2 = 
0.0359 

R1 = 0.0265, wR2 = 
0.0441 

Largest diff. peak/hole / e Å–3 0.64/–0.60 0.57/–0.77 0.61/–0.84 
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Table S2. Interatomic distances (Å) and angles (°) for Sm, Eu, and Yb. 

 
 Sm Eu Yb 
Ln–I1 3.2254(2) 3.2174(2) 3.1124(2) 
Ln–I2 3.2526(2) 3.2432(2) 3.1326(2) 
Ln–N1 2.689(2) 2.675(3) 2.554(2) 
Ln–N2 2.669(2) 2.660(2) 2.540(2) 
Ln–N3 2.671(2) 2.666(2) 2.537(2) 
Ln–N4 2.677(2) 2.664(3) 2.545(3) 
Ln–N5 2.693(2) 2.685(2) 2.566(3) 
    I1–Ln–I2 175.572(6) 175.656(7) 176.331(6) 
N1–Ln–I1 95.79(5) 95.71(5) 96.27(6) 
N2–Ln–I1 85.78(5) 85.89(5) 85.88(6) 
N3–Ln–I1 83.19(5) 83.25(5) 83.94(6) 
N4–Ln–I1 94.47(5) 94.56(5) 94.54(6) 
N5–Ln–I1 79.86(6) 79.99(5) 80.86(6) 

 

 
Powder X-ray Diffraction: The PXRD patterns of all materials were measured in  a polybutene 

oil suspension prepared in a dry Ar atmosphere (Aldrich, >90%) with a Huber G670 powder 

diffractometer using Cu Kα1 (λ = 1.5406 Å, quartz monochromator) radiation. The lattice 

parameters of the Sm, Eu, and Yb compounds were refined at room temperature in space group 

Pbca with the Jana2006 software.4 Cell parameters (Å): Sm, a = 14.402(2), b = 14.805(2), c = 

17.915(3); Eu, a = 14.246(2), b = 14.586(2), c = 17.820(2); Yb, a = 14.342(2), b = 14.755(2), c = 

17.958(3). 
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Figure S1. Thermal ellipsoid plots of the single-crystal X-ray structures of Sm shown at 70% 

probability level. Color code: Sm, turquoise; I, purple; N, blue; C, grey; H, white. Selected bond 

lengths (Å) and angles (°): Sm–N: 2.669(2)–2.693(2), Sm–I: 3.2254(2), 3.2526(2), I–Sm–I: 

175.572(6), N–Sm–I: 79.86(6)–95.79(5). 

 

Figure S2. Thermal ellipsoid plots of the single-crystal X-ray structures of Eu shown at 70% 

probability level. Color code: Eu, red; I, purple; N, blue; C, grey; H, white. Selected bond lengths 

(Å) and angles (°): Eu–N: 2.660(2)–2.685(2), Eu–I: 3.2174(2), 3.2432(2), I–Eu–I: 175.656(7), N–

Eu–I: 79.99(5)–95.71(5). 
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Figure S3. Powder X-ray diffraction pattern of Sm, Eu, and Yb obtained at room temperature 

together with a simulation (black trace). 

 

 

Magnetism measurements: Magnetic susceptibility measurements were performed on 

polycrystalline samples in QuantumDesign powder capsules on a Quantum design MPMS-5XL 

SQUID magnetometer in the temperature range 2-300 K and in field 0.1 T. The intrinsic 

diamagnetism from the sample and the sample holder was subtracted from the magnetization 

data using Pascal's constants.5  
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Figure S4. M vs µ0H data for Sm at selected low temperatures. 
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ARTICLE

Chemical engineering of quasicrystal approximants
in lanthanide-based coordination solids
Laura Voigt 1, Mariusz Kubus1 & Kasper S. Pedersen 1✉

Tessellation of self-assembling molecular building blocks is a promising strategy to design

metal-organic materials exhibiting geometrical frustration and ensuing frustrated physical

properties. Appearing in two-dimensional quasiperiodic phases, tilings consisting of five-

vertex nodes are regarded as approximants for quasicrystals. Unfortunately, these structural

motifs are exceedingly rare due to the complications of acquiring five-fold coordination

confined to the plane. Lanthanide ions display the sufficient coordinative plasticity, and large

ionic radii, to allow their incorporation into irregular molecule-based arrays. We herein

present the use of ytterbium(II) as a five-vertex node in a two-dimensional coordination solid,

YbI2(4,4′-bipyridine)2.5. The semi-regular Archimedean tessellation structure verges on

quasicrystallinity and paves the way for lanthanide-based metal-organic materials with

interesting photonic and magnetic properties.

https://doi.org/10.1038/s41467-020-18328-5 OPEN
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Quasicrystals are ordered materials lacking translational
symmetry1, which leads to unique physical properties2,
including novel magnetic and photonic phenomena3–5.

They exhibit symmetries that are forbidden for any periodic
structure, such as the 5-fold rotational symmetry first discovered
in an Al–Mn alloy by Shechtman et al.6 or the 12-fold symmetry
in dodecagonal quasicrystals7. Dodecagonal symmetry is achieved
in a maximally random assembly of squares and triangles linked
through four-, five-, and six-vertex nodes8,9. Dodecagonal qua-
sicrystallinity has been observed in a plethora of materials
including alloys10,11, mesoporous silica12, nanoparticle super-
lattices13, and copolymers14. Notably, all of these quasicrystalline
phases have motifs of, or coexist with, domains of periodic tilings
of squares and triangles, whose existence was hypothesized by
Frank and Kasper15, and whose topologies were first introduced
by Kepler in Harmonices Mundi in 161916. The tilings of squares
and triangles belong to the uniform tessellations of the two-
dimensional (2D) (Euclidian) plane17, where all vertices are
identical and the tilings are labeled by the sequence of their
surrounding polygons. For instance, six-vertex nodes are found
only in the regular triangular tiling (36; Fig. 1a) containing a
single equilateral polygon, whereas five-vertex nodes are part of
the snub hexagonal (34.6), elongated triangular (33.42), and snub
square tilings (32.4.3.4; cf. Fig. 1b, e, f). Due to their similarities
with the local structure of dodecagonal quasicrystals, crystalline
phases with structure motifs of five-vertex semi-regular Archi-
medean tessellations (ATs) are referred to as quasicrystal
approximants9,12,18–20. The appearance of approximants suggests
the possibility of designing quasicrystallinity by chemical means.
The realization of regular tilings in chemistry and nature is ubi-
quitous. However, of the ATs only the trihexagonal tiling ((3.6)2;
cf. Fig. 1c), the kagomé lattice, appears frequently21. Notably, ATs
in materials have been hailed as a key component for exploring
novel photonics applications22–24 and to host peculiar magnetic
phenomena, such as frustration25–28, which call for novel syn-
thetic strategies to their authentication. Whereas for inter-
metallics29 numerous quasicrystalline approximants have been
isolated, ATs have remained almost elusive in metal-organic
materials. Reticular coordination chemistry harbors the synthetic

handles on controlling dimensionality and topology of metal-
organic coordination solids, suitable for targeting complex tes-
sellations. Indeed, applying this strategy resulted in a singular
example of a metal-organic quasicrystal consisting of a surface
self-assembled array of Eu atom nodes linked by ditopic carbo-
nitrile bridging ligands7. This network is reminiscent of a random
tiling containing nanoscale motifs of the semi-regular ATs. The
flexibility and the large atomic radii of Eu allowed for coordi-
nating up to six ligands in the equatorial plane allowing the
formation of local dodecagonal symmetry7. Notably, small dif-
ferences in the preparation conditions led to the formation of
prevailing 33.42 or 32.4.3.4 tilings, which underlines the close
relationship of the periodic approximants with the dodecagonal
phase. Accordingly, the assembly of atomic Ce and the same
ditopic ligand on a Ag(111) surface lead to the formation of a
32.4.3.4 tiling30. Only recently, an ionic liquid-based approach led
to the isolation of a bulk coordination solid containing layers of
[(UO2)(1,2,4-triazolate)2.5](1/2)−, constituting the first example of
an 32.4.3.4 tiling realized through fivefold coordinated trans-
{UO2}2+ nodes20. Herein, however, the presence of a net charge
of the 2D layer could impede the possibilities for further pro-
cessing of this material for nanostructuring and the nonmagnetic
uranyl nodes hinder the exploration of magnetic properties.
Similar to uranium, the lanthanide ion series distinguishes itself
by a strong propensity to high coordination numbers. In addition,
the lanthanide ions exhibit paramount plasticity in their chemical
bonding and unique optical and magnetic properties, of immense
technological importance, which are not paralleled by any other
elements31. Motivated by the possibilities to extend these prop-
erties to ATs and quasiperiodic materials, we, herein, report a
coordination-assembly strategy and the crystallographic char-
acterization of the first example of a lanthanide-based AT in a
bulk, molecule-based material.

Results
Structural characterization and description. Numerous exam-
ples of first-row transition element-based 2D coordination solids
pillared on 4,4′-bipyridine (bipy) and related ditopic, organic
ligands are known32. Therein, the limiting, prevailing coordina-
tion number of six imposes a square (44; cf. Fig. 1d) tessellation of
the 2D plane calling for employment of significantly larger metal
ions for the generation of ATs. The tendency to high coordina-
tion numbers in di- and trivalent lanthanide (Ln(II/III)) com-
pounds offers the possibility of generating, for instance,
[LnI2(pyridine)5]+/0 (Ln= Lu33, Sm34). Notably, these systems
closely resemble a local D5h coordination geometry of the Ln(II/
III) with the organic ligands placed in the equatorial plane, pre-
sumably directed by the space-filling, axial iodide ligands.
Translating this structure-directing motif to 2D coordination
solids seems key for tailoring metal-organic ATs and quasicrys-
tals. Indeed, the self-assembly reaction of ytterbium(II) iodide
with bipy in acetonitrile at room temperature under strictly
anaerobic conditions yielded dark blue, block-shaped crystals of
YbI2(bipy)2.5·1.5 CH3CN (1) suitable for single-crystal X-ray
diffraction analysis. Compound 1 crystallizes in the triclinic space
group P�1 hosting a single Yb in the asymmetric unit (Fig. 2 and
Supplementary Fig. 1). The {YbN5} moiety deviates marginally
from planarity with a maximal distortion from ideality of ∼5% for
I2–Yb–N3 and approximates closely a D5h coordination envir-
onment with N–Yb–N angles in the range from 69° to 77°, close
to the ideal angle of 72° (Fig. 2b). Within the 2D plane, the
linking of bipy and Yb(II) forms both square and triangular
tiles with the bipy linkers spanning the edges. The squares
and triangles closely approximate equilateral geometries with
edge lengths of 12.14 Å and 12.25 Å for the squares and 12.32 Å,
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36 34.6 (3.6)2

44 33.42 32.4.3.4

Fig. 1 Archimedean tessellations. Six of the 11 regular (a, d) and semi-
regular (b, c, e, f) Archimedean tessellations of the Euclidean plane: a
triangular, b snub hexagonal, c trihexagonal (kagomé), d square, e
elongated triangular, and f snub square tiling.
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12.14 Å, and 12.34 Å for the triangles. Despite the local D5h

symmetry, a slight bending of the bipy linkers leads to the for-
mation of an ideal 33.42 tessellation (Fig. 2a). The 2D layers are
stacked with an inter-plane separation of ∼6 Å imposed by the
axial iodide ligands (Fig. 3).

The packing motif of the 2D layers leads to the formation of
solvent-accessible pore channels of distorted 33.42 topology
along both the crystallographic a and b directions and of
distorted 36 topology along the c direction (Supplementary
Fig. 2). To our knowledge, 1 is the first example of any
coordination solid constructed from divalent lanthanide ions.
The presence of potentially reducible bipy and strongly
reducing Yb(II) (E⦵Yb

3+
/Yb

2+ = –1.1 V) could be expected to
lead to the occurrence of redox events, similar to what is found
in the reaction between elemental sodium and bipy35. However,
the single-crystal structure revealed Yb–N bond lengths
between 2.564(4) Å and 2.633(4) Å and Yb–I bond lengths of
3.1210(4) Å and 3.1321(4) Å, which are close to those found in
the related [YbIII2(3,5-lutidine)4] (Yb–N 2.586(3) Å, Yb–I 3.132
(1) Å)36, and [YbIII2(CH3CN)5] (Yb–N 2.537(2)–2.566(3) Å,
Yb–I3.1124(2), 3.1326(2) Å)37, and much further away from
[YbIIII2(pyridine)5]I·1/2 pyridine (Yb–N 2.454(4)–2.482(3) Å,
Yb–I 2.9645(3) 2.9729(3) Å)38.

The structural data thus echo the presence of Yb(II) and
the absence of any Yb(III)–bipy•– valence tautomer formation,
which has been observed in related, molecular Yb(II) complexes
of 2,2′-bipyridine39,40. Changing the solvent of the synthesis to
tetrahydrofuran (THF) resulted in a slightly different compound,
YbI2(bipy)2(THF)·1.5 THF (2). The dark green 2 is structurally
related to 1 but lacks the square tiles due to coordination of a
THF solvent molecule and can be considered to be composed of
isolated strands of a bisected 36 tessellation (Figs. 1a and 4, and
Supplementary Fig. 3). Notably, the crystal packing enforces a
supramolecular distorted 33.42 tessellation with interchain
Yb···Yb···Yb angles of 72°, and similar inter- and intrachain

a b

90°

60°

59°

61°

90°

77° 75°

70°

69°

71°

Fig. 2 Structure of 1. Representations of the crystal structure of 1 as determined by single-crystal X-ray diffraction at T= 120(1) K. a Fragment of the
constituent coordination layers with an overlay of the ideal 33.42 tessellation. b The five-vertex node of trans-{YbI2} and bipy linkers in 1. The ∠N–Yb–N
and ∠Yb–Yb–Yb are shown in blue and gray, respectively. Selected bond lengths (Å, e.s.d.): Yb–I 3.1210(4), 3.1321(4), Yb–N 2.564(4)–2.633(4). Yb···Yb
separations (Å) amount to 12.14 and 12.25 for the squares, and 12.32, 12.14, and 12.34 for the triangles (Yb light blue; I dark red; N blue; C gray; hydrogen
atoms and co-crystallized CH3CN have been omitted for clarity).

Fig. 3 Perspective view of the 2D nature of 1. Layers of 1 in which the
iodide ligands point towards the cavities of the adjacent layers. ∠I–Yb–I
175.60(1)°. (Yb, light blue; I, dark red; N, blue; C, gray; hydrogen atoms and
co-crystallized CH3CN have been omitted for clarity).

59°

61°60°

72°
12.8

12.1

12.3
12.4

12.1

Fig. 4 Structure of 2. Fragment of the structure of 2 as determined by
single-crystal X-ray diffraction with indicated Yb···Yb separation lengths (Å)
and ∠Yb···Yb···Yb angles. Selected additional bond lengths (Å, e.s.d.) and
angles (°, e.s.d): Yb–I 3.1311(8), 3.1038(8); Yb–N 2.585(5)–2.666(5); Yb–O
2.454(5); ∠N–Yb–N 69.0(2)–71.9(2); ∠N–Yb–O 73.7(2)–74.1(2). (Yb, light
blue; I, dark red).
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Yb···Yb separations (12.8 Å vs. ~12.2 Å; Fig. 4). Interestingly,
considering only the Yb sites, the structure can be described as
resting at an intermediate position between the 33.42 (with
quadratic tiles: ∠Yb···Yb···Yb= 90°) and the 36 (∠Yb···Yb···Yb=
60°) tessellations. The Yb–I (3.1311(8), 3.1038(8) Å) and Yb–N
(2.585(5)–2.666(5) Å) bond lengths are all close to those of 1,
indicating the presence of divalent Yb in 2. The oxidation state
assignment of Yb(II) and the absence of any valence-tautomerism
in 1 and 2 were further corroborated by bulk magnetometry. Yb
(II), having a closed-shell [Xe]4f14 electronic configuration, is
expected to be fully diamagnetic. Indeed, the magnetic
susceptibility-temperature products, χT, of both 1 and 2 at 273
K were typically vanishing at ∼0.06 cm3 Kmol–1 (Supplementary
Fig. 4). Assuming the identity of a paramagnetic impurity as Yb
(III) (2.57 cm3 Kmol–1 calculated for 2F7/2 and gJ= 8/7), its
concentration is estimated to be <2%.

Discussion
A quasicrystalline tiling consisting solely of squares and triangles
has an optimal square-to-triangle ratio of √3/4 ≈ 0.438,41. Hence,
to approach a dodecagonal quasicrystalline tiling with the 33.42

tessellation structure at hand, triangle-rich motifs need to be
introduced into the tiling. The lanthanide ions here stand out as
ideal materials modules due to their exceptional structural ver-
satility that is inimitable amongst the inner and outer transition
metal elements of the periodic table. This allows their accom-
modation into the in-plane tetra-, penta-, and hexa-coordinated
nodes that coexist in dodecagonal quasicrystals7,12. It is here
particularly important that the strategy is not reserved for diva-
lent lanthanide ions. Indeed, several molecular complexes of the
trivalent lanthanide ions possess an approximate D5h (e.g.,
[LnI2(THF)5]+ 42–47 and [LuI2(pyridine)5]+ 33,38) coordination
environment necessary for their incorporation into such materi-
als. Notably, contrasting the intermetallics, the typical optical
transparency of lanthanide-based coordination solids provides for
exploitation of optical properties of complex tilings. For instance,
ATs offer the potential of photonic band gap opening23,48, which
in conjunction with the unique luminescence characteristics of
the lanthanide ions31, lays the foundation for materials with novel
optical properties. In addition, the field of molecular magnetism
has recently seen a blossoming of approximate C5 symmetric
single-ion magnets with exceedingly high magnetization reversal
barriers 49–51. Linking of single-ion magnets or lanthanide-based
qubits52 into ATs and quasicrystals to yield spin-frustrated arrays
would be an attractive extension of this work53. This approach
also comprises controlling metal–ligand redox events with the
aim of introducing electronic conductivity and increasing the
strength of inter-ion magnetic interactions in ATs and derived
network structures as has been developed for regular tessellations
with lighter first-row transition element analogs54.

In conclusion, we have reported a chemical strategy to tailor
AT topologies in coordination solids by employing the propensity
for high coordination numbers intrinsic to the lanthanide series
ions. The appearance of five-vertex tilings suggests the possibility
for the occurrence of metal-organic quasicrystalline phases in a
bulk material. Exemplified by the structure of 2, our approach
opens up a novel route to design supramolecular metal-organic
AT analogs, which is currently pursued for fully organic mate-
rials55–57. In addition, the 2D nature hosts potential for nanos-
tructuring and exfoliation of complex tilings, as is now intensively
practiced for the 3d congeners with regular tessellation struc-
tures58. Although nanoscale arrays of lanthanide-based ATs have
previously been observed on surfaces using scanning tunneling
microscopy30, the isolation of 1 demonstrates the possibilities to
design lanthanide-based ATs in bulk, crystalline materials. This

result paves the way for next-generation materials with complex
and non-periodic tiling structures hosting novel photonic and
magnetic phenomena originating from the unique physical
properties of the lanthanide ions.

Methods
Synthesis. All procedures were carried out in an InertLab glovebox with a dry Ar
atmosphere. Dry and air-free solvents were obtained from a Puresolv MD 7 solvent
purification system. YbI2 and 4,4′-bipyridine (bipy) were supplied by Sigma-
Aldrich and were used as received. Elemental analyses were performed by the
Mikroanalytisches Laboratorium Kolbe (Oberhausen, Germany). Synthesis of
YbI2(bipy)2.5·1.5 CH3CN (1): YbI2 powder (160 mg, 375 µmol) was placed in a
standard test tube (160 × 16 mm, soda glass). The solid was carefully covered with
acetonitrile (18 mL) with a pipette, as to not swirl up the YbI2. An acetonitrile
solution (3 mL) of bipy (293 mg, 1.88 mmol) was slowly layered on top of that and
the reaction mixture was left undisturbed for 7 days. Dark blue crystals formed at
the bottom of the reaction tube were isolated using a pipette and carefully washed
with cold acetonitrile (−20 °C; 2 × 5 mL). Yield: 210 mg (65% based on Yb). Cal-
culated elemental analysis (found) for C25H20YbI2N5, C3H4.5N1.5: C, 38.26%
(36.67%); H, 2.81% (2.63%); I 28.88% (28.79%); N, 10.36% (9.51%). Synthesis of
YbI2(bipy)2(THF)·1.5 THF (2): YbI2 (108 mg, 253 µmol) and bipy (216 mg, 1.38
mmol) were separately dissolved in THF (3.7 mL and 1.3 mL, respectively) and the
YbI2 solution was added dropwise to the bipy solution. Afterwards the mixture was
kept at −20 °C for 2 days. The dark green crystals formed at the bottom of the vial
were filtered and washed with toluene (10mL) and dried under vacuum. Yield: 177mg
(70% based on Yb). Calculated elemental analysis (found) for YbI2C24H24N4O1,
C6H12O1.5: C, 39.19% (37.95%); H, 3.95% (3.66%); I 27.60% (28.59%); N, 6.09%
(6.35%).

Crystallography. Single crystals of 1 and 2 were covered with polybutene oil
(Aldrich, >90%) and mounted onto a nylon loop, which was attached to a
SuperNova Dual Source CCD diffractometer. Data were collected using Mo Kα
radiation at T= 120(1) K. Using Olex259, the structure was solved with the
ShelXT60 structure solution program and refined with the SHELXS61 refinement
package using least squares minimization. All non-hydrogen atoms were refined
anisotropically (cf. Supplementary Table 1). The crystal structure of 1 consists of
one additional, highly disordered solvent molecule in the unit cell, i.e., half a
solvent molecule per formula unit, which could not be modeled accurately and was
treated by solvent mask method implemented in Olex262. Twenty-three electrons
were found in a volume of 282 Å3 in one void per unit cell. This indicates the
presence of one acetonitrile molecule per unit cell, which accounts for 22 electrons.
Similarly, a solvent mask was calculated for 2 and 38 electrons were found in a
volume of 177 Å3 in one void per unit cell. This is consistent with the presence of
one molecule of THF per unit cell, which accounts for 40 electrons. Powder X-ray
diffraction patterns (Supplementary Fig. 5) were measured at room temperature in
transmission mode with a Huber G670 powder diffractometer using Cu Kα1 (λ=
1.5406 Å, quartz monochromator) radiation. The powder samples were measured
in sealed bags and the powder of 1 was additionally immersed in polybutene oil
(Aldrich, >90%) to suppress loss of co-crystallized CH3CN molecules. The resulting
powder patterns were background corrected.

Magnetization measurements. The isofield dc magnetization measurements were
performed using the VSM option on a QuantumDesign Dynacool Physical Prop-
erty Measurement System equipped with a 9T dc magnet in the temperature range
from 1.7 K to 273 K in a magnetic field of 0.1 T. The polycrystalline samples were
loaded into standard QuantumDesign powder capsules inside an Ar-filled glove-
box. The experimental data were corrected for diamagnetic contributions from the
sample holder and the intrinsic sample diamagnetism.

Data availability
The X-ray crystallographic coordinates for structures reported in this Article have been
deposited at the Cambridge Crystallographic Data Centre (CCDC), under the deposition
numbers CCDC 1988173–1988174. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. All
other relevant data are available from the authors on request.
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Supplementary Fig. 1. Thermal ellipsoid plot of 1 drawn at 60% probability level (Yb, light blue; I, 

dark red; N, blue; C, grey; H, white). One of the bipy ligand is slightly disordered over two 

positions.  
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 3 

 

Supplementary Fig. 2. Packing motif of 1 shown along its three crystallographic directions (a top, 

b middle, c bottom), as determined from single-crystal X-ray diffraction. Solvent molecules and 

hydrogen atoms were omitted for clarity (Yb, light blue; I, dark red; N, blue; C, grey).  
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Supplementary Fig. 3. Thermal ellipsoid plot of 2 drawn at 60% probability level (Yb, light blue; I, 

dark red; O, red; N, blue; C, grey; H, white).  
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Supplementary Fig. 4. cT products (µ0H = 1000 Oe) of 1 and 2 and the theoretical cT value of 

Yb(III) shown for comparison.  
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Supplementary Table 1. Crystallographic information and refinement parameters of 1 and 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Compound 1 2 
CCDC number 1988174 1988173 
Empirical formula C25H20YbI2N5, C2H3N C24H24YbI2N4O, C4H8O 

Formula weight / g mol–1 858.35 883.41 
Temperature / K 120 120 
Crystal system Triclinic Triclinic 
Space group P1! P1! 
a / Å 8.8824(3) 9.1540(6) 
b / Å 9.9235(3) 12.1469(6) 
c / Å 19.5290(5) 14.4851(8)  
a / ° 96.183(2) 94.419(4) 
b / ° 101.009(2) 91.510(5) 
g / ° 99.783(2) 93.165(4) 
Volume / Å3 1647.55(9) 1602.64(16)  
Z 2 2 
rcalc / g cm–3 1.730 1.831 
µ / mm–1 4.735 4.873 
F(000) 806.0 840.0 
Radiation Mo Ka (l = 0.71073 Å) Mo Ka (l = 0.71073 Å) 
q range for data collection / ° 5.628–59.428 5.35–59.408 
Index ranges –12 ≤ h ≤ 12  

–12 ≤ k ≤ 13 
–27 ≤ l ≤ 26 

–11 ≤ h ≤ 11 
–16 ≤ k ≤ 16 
–19 ≤ l ≤ 13 

Reflections collected 15780 14460 
Independent reflections 7798 [Rint = 0.0382] 7608 [Rint = 0.0536] 
Data/restraints/parameters 7798/0/344 7608/0/334 
Goodness-of-fit on F2 1.043 0.946 
Final R1 index [F2 ³ 2s(F2)] 0.0385 0.0490 
Final wR2 index [F2] 0.0832 0.0629 
Largest diff. peak/hole / e Å–3 1.54/–1.21 1.32/–1.22 
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Supplementary Fig. 5. Room-temperature powder X-ray diffractograms of 1 (top) and 2 (bottom) 

and the simulated powder diffractograms obtained using the single-crystal X-ray structures 

measured at T = 120 K. 
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Zero-valent metals in metal-organic frameworks:  
fac-M(CO)3(pyz)3/2 
Laura Voigt, René Wugt Larsen and Kasper S. Pedersen* 

We report the synthesis of pyrazine-pillared metal-organic 
frameworks (MOFs) generated through ligand substitution of the 
group 6 metal hexacarbonyls. The obtained frameworks exhibit 
hexagonal pore channels with CO-plasted porewalls. This series 
constitutes the first crystallographically characterized examples of 
Cr(0), Mo(0), and W(0)-based MOFs and suggests the exploration 
of using homoleptic metal carbonyls as starting materials to 
generate polymeric materials with low-valent metal nodes.  

The diverse chemical composition and crystallographic 
structure of MOFs is responsible for their appointment as 
promising candidates for materials science. In addition, their 
crystalline nature allows for precise predictability and 
modelling of their electronic structure1 and of interactions 
with the surface and pore walls of the MOFs with potential 
guest molecules including reactants and gasses,2,3 necessary 
for, e.g., shape selective catalysis,4,5 gas-storage or -capture,6–9 
and -separation.10–12 The discovery of new MOFs has vastly 
accelerated in the recent years, often inspired by already 
existing molecular counterparts, which were then translated 
into a polymeric material.13 The development of new 
methodologies for the synthesis of MOFs with unusual metal 
ion oxidation states and reactivities may thus ascend from 
well-explored reactivities from coordination or organometallic 
chemistry and translating it to reticular chemistry. The reaction 
of the homoleptic carbonyl complexes of group 6 metals, 
M(CO)6 (M = Cr, Mo, W) with neutral, strong-field ligands leads 
to heteroleptic M0(CO)6–nLn complexes. The transferability of 
this strategy to MOFs entails the use of bridging ligands that 
substitute for two or several of the CO ligands. Despite the 
simplicity of the substitution reaction, the use of M(CO)6 (M = 
Cr, Mo, W) as starting materials to form M0(CO)6–nLn polymeric 
solids remains largely unexplored, except for the few, recent 
examples of post-synthetic integration of M(CO)x (M = Cr, Mo) 
units.14–17 Moreover, the exploration of structurally well-
defined MOFs with zero-valent nodes rests merely upon a 

singular example, which consists of Ni(0) and isocyanide 
molecular linkers.18 Herein, we report the synthesis and 
characterization of a series of M0(CO)3L3 MOFs obtained from 
M(CO)6 (M = Cr, Mo, W) through the substitution by the 
ditopic pyrazine (pyz) ligand.  
 The reaction of M(CO)6 (M = Cr, Mo, W; 0.45, 0.30, 
0.36 mmol) and an excess of pyz (13, 16, 6.0 mmol) in a sealed 
ampoule at elevated temperatures leads to highly crystalline 
dark products (Scheme 1). Different temperatures were 
necessary for the formation: Whereas the reaction with M = 
Mo commenced at only 150°C in high yield, the same 
conditions provided for M = Cr revealed minuscule amounts of 
product, but higher temperatures (170°C) resulted in 
decomposition. For M = W, no indication of reactivity could be 
observed at 150°C, but at 200°C the conversion was readily. 
Hence, the substitution with Mo(CO)6 happens most easily, in 
line with the low first CO dissociation energy found for 
Mo(CO)6 (ΔH = 119 kJ mol-1), whereas those for Cr(CO)6 and 
W(CO)6 lie in close proximity at ΔH = 147 and 142 kJ mol-1.19  

 
Scheme 1  Synthesis of Cr, Mo, W. 

After cooling to room temperature, dark shiny crystals were 
isolated from the reaction vessels, suitable for structure 
elucidation with single-crystal X-ray diffraction. The 
compounds were identified as fac-M(CO)3(pyz)3/2 · ½ pyz (with 
M = Cr, Mo, W denoted as Cr, Mo, W, respectively) (Fig. 1). 
Whereas Cr and Mo crystallize in the triclinic P-1 space group, 
W crystallizes with higher symmetry in the monoclinic C2/m 
space group. The  
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Fig. 1 Single crystal structure of Cr, Mo, W: a, View of the hexagonal pore channels in W. b, Stack of coordination layers in W. c, chair conformation of the hexagonal arrangement 
shown for W (the solvent molecules inside the pores and the disorder is not shown for clarity in a-c). d – f, hexagonal fragment of Cr, Mo, W together with the pyrazine molecule 
contained in the pores. The disorder of the pyz molecules in W is also shown.  

structure consists of fac-M(CO)3(pyz)3/2 layers lying parallel to 
the bc-plane in Cr and Mo and parallel to the ab-plane in W. 
The facial coordination geometry imposes a hexagonal tiling 
with the pyz ligands on the edges and the metal atoms forming 
the conformation (Fig. 1c) nodes. The three remaining 
carbonyl ligands reach into the voids of the hexagonal tiling. 
The hexagon is in chair conformation leading to ÐM—M—M 
angles approaching 90°. The stacking of the coordination 
layers along the a-axis in Cr and Mo, and along the c-axis in W 
leads to the formation of hexagonal pore channels of roughly 
5.5–6.5 Å diameter as defined by the O×××O distances between 
opposite O atoms in the same plane. The higher 
crystallographic symmetry of W is visually apparent in Fig. 1d-f 
and when analysing the Cr×××Cr distances and ÐM—M—M 
angles: In W, the hexagon is nearly equilateral, owning two 
different edges with W×××W distances, of 7.328 and 7.322 Å 
and two different ÐW—W—W angles of 86.0° and 88.7°. In 
contrast, Cr and Mo exhibit three different edges of 7.132, 
7.137 and 7.146 Å for Cr and 7.376, 7.378 and 7.396 Å for Mo 
and three different angles 84.8°, 90.6°, and 92.0° for ÐCr—
Cr—Cr and 82.4°, 85.6°, and 90.5° for ÐMo—Mo—Mo. As 
visible in Fig. 1d-f, the void space inside of the pores is 
occupied by a non-coordinated pyz molecule. Solely in W, the 
pyz molecules are disordered over two or several positions. As 
expected, the compounds show strong IR absorptions (Fig. 2), 
with observed CO band origins typical for azaarene-
trisubstituted group 6 metal carbonyl complexes.20 The fac 
orientation of the CO ligands is expected to give rise to two 
strongly IR-active and non-degenerate carbonyl stretching 
transitions. The first stretching band origin is the highest for 
Mo with 1896 cm–1 followed by Cr and W with 1891 and 
1885 cm–1 (Fig. 2) revealing similar spectral red-shifts in the 
order of ~250 cm–1 relative to the unbound (free) CO 
molecule. This trend is the same as observed for similar 
compounds,20 including the complexes M(CO)3(phen)(py) with 
1898, 1902, and 1894 cm–1 for M = Cr, Mo, and W, 
respectively. The second stretching band origin lies at 1798, 
1809, and 1809 cm–1 for Cr, Mo, and W, respectively. The 

comparison to similar fac-M(CO)3L320 series shows that the 
compound with M = Mo generally exhibits the highest band 
origin of the second CO stretch, although the general trend is 
less clear than for the first carbonyl stretch. For example, the 
second carbonyl stretches in M(CO)3(phen)(py) occur at 1780, 
1902, and 1894 cm–1 for M = Cr, Mo, and W, respectively. 
 In the synthesis products of the reaction with W(CO)6, and 
to a significantly smaller extent with Cr(CO)6 and Mo(CO)6, 
crystals of a second crystalline phase could be isolated which 
was identified as a structurally related cubic phase (space 
group I-43d) with single crystal X-ray diffraction (Fig. 3b and c). 
Through slightly different connectivity of the M(CO)3(pyz)3/2 
building units a dense framework consisting of two 
interpenetrating coordination networks is formed with the 
formula M(CO)3(pyz)3/2 (M = Cr, Mo, W; cubicCr, cubicMo and 
cubicW). Notably, Cr, Mo, and W, and cubicCr, cubicMo, and 
cubicW are the first examples of structurally characterized 
zero-valent MOFs of the group 6 metals, as well as crystalline 
zero-valent MOFs with metal nodes derived from the neutral  

 

Fig. 2 IR spectra of Cr, Mo, W.  
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Fig. 3 Single crystal structure of cubicW (cubicMo and CubicCr are isostructural): a and b, Comparison of selected bond lengths in W and cubicW. c, 3D structure of 

cubicW. Hydrogen atoms are left out for clarity. Mo light green, W light blue, C grey, N blue, O red.  

 

carbonyls. This shows the applicability of the well-explored 
substitution reaction of carbonyl complexes for the formation 
of MOFs with structural integrity. The separation of two metal-
organic framework phases from a reaction mixture is non-
trivial, as normal solution techniques used for the separation 
of coordination compounds are not applicable. In order to 
separate cubicW from W, the mixture was therefore separated 
by density.21 A solvent mixture of tribromomethane (r = 
2.89 g cm–3) and N,N-dimethylformamide (r = 0.948 g cm–3) 
was adjusted aiming for a density in between r(W) = 
2.37 g cm–3 and r(cubicW) = 2.45 g cm–3 (T = 120 K). The 
separation was monitored with PXRD and a purified phase of 
W was isolated from the top layer of the suspension.  
 As the bonding to CO by electron rich metals leads to 
donation from the metal into the π* orbital of CO, stronger 
donation with shorter M—C bonds results in lower C—O bond 
order and longer C—O bonds. In the simple harmonic oscillator 
approximation, the value of the force constant for the bound 
CO ligands relative to the force constant of the unbound CO 
molecule can be estimated. From an average spectral red-shift 
of more than 13% obtained from the IR data in Fig. 2, a 22% 
decrease of the force constant in the harmonic approximation 
is estimated. This will be at the origin of a strong elongation of 
the CO bonds upon complexation compared to the free CO 
molecule, indirectly witnessing a high affinity to the metal. 
Indeed, an increase of the C—O bond length by 4% from 
1.128 Å in the free CO molecule22 to an average of 1.170 Å in 
Cr, Mo, and W is observed. Within the series of Cr, Mo, and W, 
W has the shortest C—O bond in average with 1.167 Å, 
followed by Cr with 1.168 Å and Mo with 1.174 Å. In contrast, 
in the series cubicCr, cubicMo, and cubicW, cubicCr has the 
shortest bond C—O length with 1.160(5) Å, followed by 
cubicMo with 1.164(6) Å, and cubicW with 1.172(5) Å. This is 
the same trend as observed in a related series of trisubstituted 

group 6 carbonyls with a methyltris(pyrazol)silane ligand 
(TpsMe2). The C—O bond in (TpsMe2)Cr(CO)3 is the shortest with 
an average of 1.173 Å, followed by the Mo analogue with 
1.180 Å and the W analogue with 1.181 Å (from SCXRD at 
170 K).23 The deviation of the trend in the series Cr, Mo, W 
may arise from the structural differences of W compared to Cr 
and Mo. Indeed, the W—C bond in W (W—C 1.948 Å) is 
significantly longer than that in cubicW (W—C 1.942) (Figure 
3a and b), which might be a sign of decreased π back donation 
of W to CO in W resulting in the especially short CO bond in W.  
 The thermal stability of the compounds was assessed by 
thermogravimetric analysis. Mo appeared to have the highest 
thermal stability with an onset of degradation around 180° C,  

Figure 4: Thermogravimetric analysis of Cr, Mo, W measured at 1 K min-1. 
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whereas Cr and W underwent significant mass loss from 
around 150° C and 130° C, respectively. Likewise, Mo exhibited 
the highest stability towards degradation in air, as some extent 
of structural integrity was still detectable with PXRD after 
approximately a year of air exposure. In contrast, Cr and W 
decompose in atmospheric air over a timescale of several days. 
From the mass loss data of Cr and W, no plateau 
corresponding to the loss of half a pyz per formula unit is 
observable (87% and 91%, respectively), corresponding to the 
intercalated pyz molecule in the pores. For Mo, there appears 
to be a slight dent around 88% weight, likely insinuating the 
loss of the pyz molecules in the pores.  
However, it appears that the loss of the pore molecules also 
here, as seen by the lack of any plateau, leads to the 
destruction of the whole compound. Further methods 
attempted for the removal of pyz in W, including evacuation at 
elevated temperatures for several days, sonication and reflux 
in volatile solvents for solvent exchange, did not lead to the 
removal or exchange of the pyz molecules in the pores as 
verified by SCXRD.  
 To summarize, we have demonstrated the feasibility of 
M(CO)6 synthons for zero-valent metal-based MOFs through 
the exchange of several CO-ligands. The π-back bonding nature 
of the remaining CO ligands effectively stabilizes the low 
oxidation state of the metal and provides for robust 
frameworks. This concept can potentially be transferred to 
other d-metals and ligands leading to a whole new class of 
MOFs relying on low-valent nodes. The tuning of pore volumes 
could be handled through appropriate choice of organic 
linkers, which potentially could also facilitate the possibility for 
non-destructive removal of the pore-filling molecules. In that 
vein, pore walls plastered with zero valent metal-nodes could 
be attractive architectures for the exploration of catalytic 
applications. 
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Synthesis 

Chemicals and solvents were used as received from Sigma-Aldrich®. Reaction products were 
stored under Argon gas.  

 

Synthesis of Cr: In an oven-dried ampule (V = 21 ml) were placed CrCO6 (100 mg, 
0.454 mmol) and pyz (1 g, 12.5 mmol). The ampule was evacuated for 2 min to remove all 
oxygen and afterwards flame sealed. The ampule was inserted into a furnace oven and therein 
ramped to 170 °C over the course of 4 h. The ampule was left at 170 °C for 40 h and 
afterwards cooled to room temperature over 16 h. The dark shiny product was washed with 
100 ml acetonitrile to remove excess pyz and residual CrCO6. Yield: 18 mg (13% based on 
Cr). Calculated (experimental) elemental analysis for C9CrH6N3O3·C2H2N: C 44.60% 
(44.35%), H 2.72% (2.72%), N 18.92% (18.72%), Cr 17.55% (17.41%). 

 

Synthesis of Mo: In an oven-dried ampule (V = 21 ml) were placed MoCO6 (80 mg, 0.30 mmol) 
and pyz (1.25 g, 15.6 mmol). The ampule was evacuated for 2 min to remove all oxygen and 
afterwards flame sealed. The ampule was inserted into a furnace oven and therein ramped to 
150 °C over the course of 4 h. The ampule was left at 150 °C for 40 h and afterwards cooled 
to room temperature over 16 h. The product was washed with 20 ml acetonitrile to remove 
excess pyz and residual MoCO6. Yield: 70 mg (70% based on Cr). Calculated (experimental) 
elemental analysis for C9H6MoN3O3·C2H2N: C 38.84% (38.54%), H 2.37% (2.36%), N 16.47% 
(16.40%), Mo 28.21% (28.05%). 

 

Synthesis of W: In three oven-dried ampules (V = 21 ml) were placed WCO6 (each: 128 mg, 
0.36 mmol) and pyz (each: 480 g, 6.0 mmol). The ampules were evacuated for 2 min to 
remove all oxygen and afterwards flame sealed. The ampules were inserted into a furnace 
oven and therein ramped to 200 °C over the course of 4 h. The ampules were left at 200 °C 
for 40 h and afterwards cooled to room temperature over 16 h. The dark product was washed 
with 20 ml acetonitrile to remove excess pyz and residual WCO6. The product of the three 
syntheses were combined into a separation funnel. Under slight evolution of heat, N,N-
dimethylformamide (14 ml) was stirred into bromoform (45 ml). The solvent mixture was added 
to the separation funnel and the solid divided into a lower and an upper fraction of cubicW 
and W, respectively. After a few hours of separation, the upper fraction was removed from the 
separation funnel and filtered, washed with 10 ml MeCN and dried in vacuo. Yield: 272 mg 
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(58% based on W). Calculated (experimental) elemental analysis for C9H6N3O3W·C2H2N: C 
30.87% (30.51%), H 1.88% (1.85%), N 13.09% (12.89%), W 42.95% (42.51%). 

 

To remove intercalated pyz molecules or exchange intercalated pyz molecules with more 
volatile solvent molecules, powdered samples of W were  

• subjected to vacuum at 150° C over three days, 

• grinded and subjected to vacuum at 150° C over three days, 

• heated in dichloromethane at 150° C in an autoclave for three days,  

• heated in cyclohexane at 110° C for three days, 

• sonicated in pentane, or 

• sonicated in diethyl ether. 

Subsequently, SCXRD (or PXRD for the ground sample) were used to investigate the content 
of the pores. None of the methods showed the undestructive removal of the intercalated pyz 
molecules.  

 

 

IR Spectroscopy 

The attenuated-total-reflectance (ATR) Fourier Transform infrared (FTIR) spectra shown in 
Fig. 2 were collected by a Bruker VERTEX80v FTIR vacuum spectrometer employing a single-
reflection germanium ATR accessory (IRIS) from PIKE Technologies Inc. The FTIR apparatus 
was configured with a KBr on Ge beam splitter, a liquid nitrogen cooled HgCDTe detector and 
a globar thermal radiation source. The collected ATR spectra of 1 cm–1 resolution have been 
corrected for residual water vapor absorption and the resulting absorption spectra have been 
corrected for minor baseline drifts. Subsequently, extended ATR corrections were applied to 
account for the wavelength-dependent penetration depth of the infrared probe beam into the 
solid samples. 
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Crystallography 

Crystals were isolated from the reaction products and mounted on a loop onto a Supernova 
DualSource diffractometer. Experiments were conducted in a nitrogen stream at 120 K with 
Mo radiation. Structure solution was conducted with Olex21 with the ShelXS2 structure solution 
program and the structure was refined with ShelXL3 by Least Squares. All efforts were made 
to improve the refinement for Cr. The N atoms of µ-pyz and the C atoms of (CO) were refined 
isotropically. Nevertheless, the final refinement resulted in one “A-alert” in the basic structural 
check from checkCIF/PLATON, due to unaccounted electron density close to the Cr atom. 
Likely, this is due to a twinning of the crystal. However, refining the data as a twin resulted in 
a worsen of the fit. All efforts to produce better crystals were to no avail.  

The diffraction data of Mo was reduced as a twin and the structure was solved using the 
HKLF4 and the solution was refined using the HKLF5.  

The pyz molecules in W are all disordered over several positions. The positions of the H atoms 
could not be found, likely due to the disorder leading to small electron density for each H 
position. 

Powder diffraction experiments were conducted at room temperature with a Cu Kα1 (λ = 
1.5406 Å) source on a Huber G679 diffractometer in transmission mode and with a quartz 
monochromator.
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 Table 1: C
rystallographic inform

ation and refinem
ent param

eter. 

Com
pound 

Cr 
cubicCr 

M
o 

cubicM
o 

W
 

cubicW
 

CCDC num
ber 

1988174 
 

1988174 
 

1988174 
 

Em
pirical form

ula 
C
11 H

8 CrN
4 O

3  
C
9 H

6 CrN
3 O

3  
C
11 H

8 M
oN

4 O
3  

C
9 H

6 M
oN

3 O
3  

C
11 H

8 W
N
4 O

3  
C
9 H

6 W
N
3 O

3  
Form

ula weight / g m
ol –1 

296.20 
256.17 

340.15 
300.11 

428.05 
388.02 

Tem
perature / K 

120.0(1) 
120.0(1) 

120.0(1) 
120.0(1) 

120.0(1) 
120.0(1) 

Crystal system
 

triclinic 
Cubic 

triclinic 
Cubic 

m
onoclinic 

Cubic 
Space group 

P-1 
I-43d 

P-1 
I-43d 

C/2m
 

I-43d 
a / Å 

6.812(2) 
15.8757(8) 

6.8571(8) 
16.2253(5) 

17.89741(7) 
16.1383(2) 

b / Å 
9.619(3) 

16.8757(8) 
9.7204(11) 

16.2253(5) 
9.9861(5) 

16.1383(2) 
c / Å 

10.153(3) 
16.8757(8) 

10.0406(10) 
16.2253(5) 

6.7067(3) 
16.1383(2) 

a / ° 
62.53(3) 

90 
64.131(10) 

90 
90 

90 
b / ° 

87.97(3) 
90 

88.185(9) 
90 

90.482(4) 
90 

g / ° 
86.43(3) 

90 
86.345(10) 

90 
90 

90 
Volum

e / Å
3 

589.1(3) 
4001.3(5) 

600.95(13) 
4271.5(4) 

1198.61(9) 
4203.2(1) 

Z 
2 

16 
2 

16 
4 

16 
r
calc  / g cm

–3 
1.67 

1.701 
1.880 

1.867 
2.37 

2.453 
µ / m

m
–1 

0.979 
1.137 

1.101 
1.222 

9.645 
10.987 

F(000) 
284.0 

2064.0 
336.0 

2352.0 
768.0 

2864.0 

Radiation 
M

o K
a (l = 0.71073 

Å) 
M

o K
a (l = 0.71073 

Å) 
M

o K
a (l = 0.71073 

Å) 
M

o K
a (l = 0.71073 

Å) 
M

o K
a (l = 0.71073 

Å) 
M

o K
a (l = 0.71073 

Å) 
2q range for data collection / ° 

7.472 to 54.97 
7.26 to 56.422 

7.358 to 52.736 
7.104 to 54.158 

7.562 to 54.202 
7.142 to 59.382 

Index ranges 
–8 ≤ h ≤ 8  
–11 ≤ k ≤ 12 
–13 ≤ l ≤ 12 

–12≤ h ≤ 16  
–20 ≤ k ≤ 12 
–17 ≤ l ≤ 4 

–8 ≤ h ≤ 8  
–11 ≤ k ≤ 12 
–12 ≤ l ≤ 12 

–18≤ h ≤ 4  
–20 ≤ k ≤ 13 
–16 ≤ l ≤ 13 

–22≤ h ≤ 21  
–11 ≤ k ≤ 12 
–8 ≤ l ≤ 6 

–20≤ h ≤ 21  
–21 ≤ k ≤ 21 
–19 ≤ l ≤ 21 

Reflections collected 
4834 

1916 
4212 

2128 
5042 

18475 
Independent reflections 

2604 [R
int  = 0.0906] 

739[R
int  = 0.0373] 

4212  
727[R

int  = 0.0539] 
1392 [R

int  = 0.0384] 
972[R

int  = 0.0567] 
Data/restraints/param

eters 
2604/0/142 

739/0/55 
4212/0/177 

727/0/49 
1392/0/134 

972/0/49 
G

oodness-of-fit on F
2 

1.065 
1.107 

0.868 
1.071 

1.067 
1.113 

Final R
1  index [F

2 ³ 2s(F
2)] 

0.1281 
0.0359 

0.0361 
0.0305 

0.0251 
0.0170 

Final w
R
2  index [F

2] 
0.3503 

0.0766 
0.0672 

0.0546 
0.0550 

0.0252 
Largest diff. peak/hole / e Å

–3 
4.11/–1.00 

0.28/–0.22 
0.35/–0.64 

0.38/–0.32 
1.27/–0.88 

0.47/–0.53 
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Figure S1: Thermal Ellipsoid plot of Cr at 80% probability level. The N atom of µ-pyz and the 
C atom of (CO) are refined isotropically. The positions of the H atoms could not be obtained 
from the solving of the SCXRD data. Cr green, C grey, N blue, O red, H not solved. 
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Figure S2: Thermal Ellipsoid plot of Mo at 80% probability level. Mo turquoise, C grey, H 
white, N blue, O red. 
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Figure S3: Thermal Ellipsoid plot of W at 80% probability level. The positions of the H atoms 
could not be obtained from the solving of the SCXRD data. Some of the C atoms of µ-pyz 
were refined isotropically. W light blue, C grey, N blue, O red, H not solved.  
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Figure S4: Thermal Ellipsoid plot of cubicCr at 80% probability level. Cr green, C grey, N 
blue, O red, H grey. 
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Figure S5: Thermal Ellipsoid plot of cubicMo at 80% probability level. Mo turquoise, C grey, 
N blue, O red, H grey. 
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Figure S6: Thermal Ellipsoid plot of cubicW at 80% probability level. W light blue, C grey, N 
blue, O red, H grey. 
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Figure S7: Experimental (RT) and simulated (120 K) PXRD spectra. For W spectra from 
before and after the separation from cubicW are shown. 
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Figure S8: Experimental (RT) and simulated (120 K) PXRD spectra of Mo after a year of air 
exposure. 
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Appendix 1 

Experimental information to Cr(NCS)2(pyz)2 
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Synthesis 

Reactions and manipulations were conducted in an inert Ar InertLab Glovebox (H2O < 20 ppm, O2 
< 0.5 ppm) or with Schlenk line techniques using Ar gas. Solvents were obtained dry and air-free 

from a solvent purification system, Puresolv MD 7. Elemental analyses were performed at the 
Mikroanalytisches Laboratorium Kolbe, Oberhausen, Germany.  

 

Cr(NCS)2(acetonitrile)2  

Cr(NCS)2(acetonitrile)2 was obtained through a modified procedure of [ref. 1,2] CrCl2 (1 g, 
8.14 mmol) and KSCN (1600 mg, 16.46 mmol) were loaded into a round bottom flask. Acetone 

(60 mL) was added under stirring and the mixture was stirred for 1-2 days. The mixture was 
filtered, and the filtrate was evaporated to dryness under vacuum. The powder was dissolved 

in MeCN under stirring and heating. Subsequently the solution was filtered and left to 

crystallize at -20 °C. The blue crystals were filtered off and dried under vacuum. The filtrate 
may be used for a second crystallization. Yield: 636 mg (31% based on Cr).  

 
Cr(NCS)2(pyz)2 

Cr(NCS)2(acetonitrile)2 (400 mg, 1.6 mmol) and pyz (4 g, 50 mmol) were added to a stainless 
steel autoclave with a  Teflon liner. The autoclave was set on a heating food and heated to 

150 °C. After 4 days the autoclave was cooled to room temperature. The dark reaction product 
was washed with MeCN (2 times 20 ml) and dried under vacuum. Yield 307 mg (59% based 

on Cr). Anal. calcd. (found) for C10H8CrN6S2: C, 36.58% (35.83%); H, 2.46% (2.43%); Cr, 
15.84% (15.49%); N, 25.69% (25.11%); S, 19.53% (19.13%). 

Alternatively, Cr(NCS)2(acetonitrile)2 (150 mg, 0.60 mmol) and pyz (4 g, 15 mmol) were added 

to an ampule (V = 21 ml). The ampule was flame-sealed under vacuum and placed in an oven. 
The oven was ramped to 125 °C over 5h, left at this temperature for 96 h, and ramped to room 

temperature over 10 h. The dark product was washed with MeCN (2 times 20 ml) and dried 
under vacuum. Single crystals could be isolated from the polycrystalline powder, suitable for 

single crystal X-ray diffraction. Yield 82 mg (42% based on Cr).  
 

Cr(II)NCS (trans-[Cr(NCS)2(py)4]) 
Cr(NCS)2(acetonitrile)2 (90 mg, 0.36 mmol) was dissolved in 2 ml py (26 mmol). The solution 

was cooled to -20 °C resulting into the formation of brown crystals. The crystals were placed 

on a filter paper for the solvent to evaporated to dryness. Yield 84 mg (48% based on Cr). 
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Anal. calcd. (found) for C22H20CrN6S2: C, 54.53% (53.87%); H, 4.16% (4.27%); Cr, 10.73% 

(10.51%); N, 17.34% (17.01%); S, 13.23% (13.11%). 
 

Cr(III)NCS (trans-[Cr(NCS)2(py)4](OSO2CF3)·py) 
Cr(NCS)2(acetonitrile)2 (80 mg, 0.32 mmol) was dissolved in 4.5 ml py (58 mmol). AgOtf 

(82.1 mg, 32 mmol) was added to the solution under stirring. The mixture was filtered through 
a 0.45 µm Teflon filter to remove Ag metal. Dropwise, 30 ml of Et2O were added under stirring, 

during which a light pink precipitate formed. The mixture was filtered, and the precipitate 
washed with Et2O (10 ml) and dried under vacuum. Yield 134 mg (75% based on Cr). Anal. 

calcd. (found) for C28H25CrF3N7O3S2: C, 49.41% (48.63%); H, 3.70% (3.64%); Cr, 7.64% 
(7.71%); N, 14.40% (14.12%); S, 9.42% (9.21%). 

 

Crystallography 
Single crystal X-ray diffraction was conducted on a Bruker SuperNova Dual Source CCD-

diffractometer using Mo radiation. The single crystal was fixed on a nylon loop and placed into 
a N2 stream during measurements for control of temperature (Oxford Cryosystems). Using 

Olex23 and the olex2.solve4 structure solution program the structure was solved and 
subsequently refined with the SHELXL5 refinement package by Least Squares minimisation.  

Powder X-ray diffraction data was obtained on a Huber G670 powder diffractometer in 
transmission mode at room temperature using Cu Kα1 radiation. Powders were contained in 

sealed bags for measurements.  
Synchrotron powder X-ray diffraction was conducted at the Paul-Scherrer Institute in Villigen, 

Switzerland at the MS – X04SA, Materials Science, beam line (l = 0.70866 Å). The sample 

was measured from 300 K to 85 K and back to 360 K with a heating rate of 0.5 K min–1. 
 

 
Rietveld Refinement 

The refinement of the structure after heating to 380 K and at 160 K was conducted with 
Rietveld refinement using Fullprof. Additionally to the C2/m phase originating from the 

Ni(NCS)2(pyz)2 structure exchanging Ni for Cr,6 a phase of Cr(NCS)2(pyz)2 in I4/mmm space 

group from the SCXRD structure at room temperature and the impurity KCl phase in Fm-3m 
were added to the model and refined for their profile. From the refinement of the heated sample 

(sample at 160 K), the contribution of the C2/m phase is 58% (12%), compared to 38% (78%) 
for the phase in I4/mmm and 4% (8%) KCl. For the heated sample the atom position of all 

atoms, except for the C and H atoms of the pyz ring in the monoclinic unit cell were refined. 
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For the sample at 160 K only the atom positions of Cr and S were refined. The isotropic 

displacement parameters were only refined for the heavy atoms, Cr and S, whereas they were 
fixed at 0.05 for all other atoms. Heated sample: Rwp = 18.3, Bragg R-factor = 6.795, Rf-

factor = 4.927. 160 K: Rwp = 15.1, Bragg R-factor = 45.31, Rf-factor = 33.80. These values are 
somewhat deficient and are attributed to the relatively low quality of the pattern after heating 

and the relatively low intensity of the C2/m phase in the 160 K-pattern. Currently, efforts are 
made to improve the PXRD data or synthesize a purer phase of the C2/m phase.  

 
 

Table 1. Crystallographic Information of the SCXRD structures 

 

 

 

 

Compound Cr(NCS)2(pyz)2 Cr(III)NCS Cr(II)NCS  CrBr2(pyz)2 
CCDC number     
Empirical formula C10H8CrN6S2 C28H25CrF3N7O3S2 C22H20CrN6S2 C8H8CrBr2N4 
Formula weight / g mol–1 328.34 712.73 484.56 372.00 
Temperature / K 300.0(1) 120.0(1) 120.0(1) 300 
Crystal system tetragonal monoclinic monoclinic orthorhombic 
Space group I4/mmm P21/n C2/c Immm 
a / Å 6.9279(3) 12.781(1) 12.167(1)  6.9293(6)  
b / Å 6.9279(3) 12.7794(9) 12.964(1)  6.9870(7)  
c / Å 15.390(1) 19.613(2)  15.438(2)  11.3889(8)  
a / ° 90 90 90 90 
b / ° 90 97.958(9) 107.34(1) 90 
g / ° 90 90 90 90 
Volume / Å3 738.66(7) 3172.6(5)  2324.4(4)  551.39(8)  
Z 2 4 4 2 
rcalc / g cm–3 1.476 1.492 1.385 2.241 
µ / mm–1 1.051 0.618 0.693 8.254 
F(000) 332.0 1460.0 1000.0 356.0 
Radiation Mo Ka (l = 

0.71073 Å) 
Mo Ka (l = 0.71073 
Å) 

Mo Ka (l = 0.71073 
Å) 

Mo Ka (l = 0.71073 
Å) 

q range for data collection / ° 6.45-58.9 6.712–52.744 6.868-59.254 6.842–52.574 
Index ranges –8 ≤ h ≤ 9  

–8 ≤ k ≤ 9 
–21≤ l ≤ 17 

–15 ≤ h ≤ 13  
–15 ≤ k ≤ 15 
–23 ≤ l ≤ 24 

–15 ≤ h ≤ 15  
–14 ≤ k ≤ 17 
–21 ≤ l ≤ 16 

–8 ≤ h ≤ 8  
–8 ≤ k ≤ 7 
–14 ≤ l ≤ 9 

Reflections collected 3465 26528 6897 1045 
Independent reflections 335 [Rint = 0.0305] 6403 [Rint = 0.0848] 2782 [Rint = 0.0559] 353 [Rint = 0.0261] 
Data/restraints/parameters 335/0/29 6403/0/406 2782/0/182 353/0/142 
Goodness-of-fit on F2 1.165 1.066 1.018 1.145 
Final R1 index [F2 ³ 2s(F2)] 0.0562 0.1266 0.0523 0.0289 
Final wR2 index [F2] 0.1461 0.3611 0.1040 0.0760 
Largest diff. peak/hole / e Å–3 1.16/–1.01 3.31/–0.72 0.48/–0.49 1.19/–1.05 
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Figure 1: Ellipsoid plot at 80% probability level of Cr(NCS)2(pyz)2. Cr green, N blue, S yellow, 

C grey, H white.  
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Figure 2: Ellipsoid plot at 80% probability level of CrBr2(pyz)2. Cr green, N blue, Br orange, 
C grey, H white.  
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Figure 3: Ellipsoid plot at 80% probability level of Cr(II)NCS. Cr green, N blue, S yellow, C 
grey, H white.  
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Figure 4: Ellipsoid plot at 80% probability level of Cr(III)NCS. Cr green, N blue, S yellow, O 
red, F light green, C grey, H white.  
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Figure 5: Temperature dependent synchrotron PXRD of Cr(NCS)2(pyz)2 together with the 

simulated PXRD pattern from the SCXRD structure at room temperature.  
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Magnetic measurements 

Magnetic measurements were conducted with a DynaCool Physical Property Measuring 
System (PPMS) by QuantumDesign. Powdered samples were sealed in QuantumDesign 

powder capsules and magnetic data was obtained with the VSM and the AC option. The 
accurate sample mass was measured with a Mettler-Toledo microbalance. The heating and 

cooling rate of the AC measurement and the DC measurement of the sample synthesized in 
the ampule was 1 K min–1, whereas the rate of the sample synthesized in the autoclave was 

0.5 K min-1. 
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Appendix 2 

Experimental information to EuBr2(pyz)1.5·0.5 MeCN 
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Synthesis 
All manipulations were carried out with glove-box techniques under a dry Ar atmosphere. 

Solvents were obtained from a PureSolv MD7 solvent purification system.  
 

Synthesis of EuBr2(pyz)1.5·0.5MeCN: A solution of pyz (200 mg, 0.64 mmol) in MeCN (2 mL) 
was added dropwise to a suspension of EuBr2 (200 mg, 2.5 mmol) in MeCN (10 mL) with 

vigorous stirring over 10 min. The reaction mixture was left to stir for one day. The orange, 
product was washed with with MeCN (20 mL) and dried in vacuo. Yield 268 mg (82% based 

on Eu with x = 1). Calculated elemental analysis (found) for C6H6EuBr2N3 (x = 0): C, 16.7% 
(17.3%); H, 1.40% (1.62%); Br 37.00% (39.0%) N, 9.73% (10.34%). 
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Crystallography 
Single crystal X-ray diffraction data was collected on a Buker SuperNova Dual Soure CCD-

diffractometer at 120 K with Mo radiation. Crystals were covered with polybutene oil to protect 
from degradation in air. The structure was solved using Olex21 and refined with the SHELXL 

refinement package.2  
Powder X-ray diffraction data were collected in transmission mode on a Huber G670 powder 

diffractometer at room temperature with samples contained in sealed backs for protection 
from air.  

 
 
 

Table 1. Crystallographic information and refinement parameters of EuBr2(pyz)1.5·0.5MeCN. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Compound EuBr2(pyz)1.5·0.5MeCN 
Empirical formula C7H9Br2EuN3.5 
Formula weight / g mol–1 453.96 
Temperature / K 120.0(1) 
Crystal system Monoclinic 
Space group C2/m 
a / Å 8.3529(8) 
b / Å 20.352(2) 
c / Å 8.0311(9) 
a / ° 90 
b / ° 111.54(1) 
g / ° 90 
Volume / Å3 1269.9(2) 
Z 4 
rcalc / g cm–3 2.374 
µ / mm–1 11.199 
F(000) 834.0 
Radiation Mo Ka (l = 0.71073 Å) 
2q range for data collection / ° 5.612 to 59.22 
Index ranges –10 ≤ h ≤ 10 

–18 ≤ k ≤ 25 
–10 ≤ l ≤ 9 

Reflections collected 5765 
Independent reflections 1567 [Rint = 0.0563] 
Data/restraints/parameters 1567/0/73 
Goodness-of-fit on F2 1.122 
Final R1 index [F2 ³ 2s(F2)] 0.0414 
Final wR2 index [F2] 0.0974 
Largest diff. peak/hole / e Å–3 3.58/–1.22 
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Figure 1: PXRD data of EuBr2(pyz)1.5·0.5MeCN (top) together with the simulated pattern 

from the SCXRD structure at 120 K (bottom).  
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