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Kurzzusammenfassung 

Die Fähigkeit einer metallorganischen Koordinationsverbindung zwischen zwei elektronischen 

Zuständen zu schalten, wird als Spin-Crossover (SCO) bezeichnet. 3d-Übergangsmetallionen 

können aufgrund der Aufspaltung der d-Orbitale in oktaedrischer Koordinationsumgebung 

abhängig von der Stärke des Ligandenfelds im low-spin (LS) oder im high-spin (HS) Zustand 

vorliegen. Der Wechsel zwischen diesen beiden Zuständen kann durch externe Stimuli wie 

Temperatur, Druck oder Licht herbeigeführt werden. Die mit dem Spinübergang 

einhergehenden Änderungen der strukturellen, magnetischen und spektroskopischen 

Eigenschaften ermöglichen eine potenzielle Anwendung als zentrale Bauteile in 

Speichermedien, Sensoren oder Displays. Für die genannten Anwendungen ist insbesondere 

ein abrupter SCO mit thermischer Hysterese von großer Bedeutung, um die benötigte 

Bistabilität zu gewährleisten. Dieses Verhalten hängt stark von den intra- sowie 

intermolekularen Wechselwirkungen der spintragenden Übergangsmetallionen ab. Hierbei sind 

zweikernige SCO-Verbindungen von besonderem Interesse, da sie einerseits die kleinesten und 

synthetisch einfachsten Einheiten darstellen, welche die Möglichkeit bieten sowohl intra- als 

auch intermolekulare Wechselwirkungen zu studieren, und andererseits zwischen den drei 

potentiellen Zuständen [HS-HS], [HS-LS] und [LS-LS] schalten können. 

 

In der vorliegenden Arbeit wird das SCO-Phänomen anhand neuer, zweikerniger 

Fe(II)-Komplexen basierend auf symmetrischen 1,3,4-Thiadiazolbrückenliganden untersucht. 

Ein in der Literatur bekannter 1,3,4-Thiadiazolbrückenligand wurde hierzu gezielt modifiziert 

und vier neue Liganden konnten synthetisiert und charakterisiert werden. Die Liganden wurden 

zur Darstellung potenziell dinuklearer Fe(II)-Komplexe genutzt und die magnetischen und 

strukturellen Eigenschaften dieser Verbindungen mittels temperaturabhängiger, magnetischer 

Suszeptibilitätsmessung, Einkristall-Röntgenstrukturanalyse und Mößbauer-Spektroskopie 

untersucht. Insgesamt wurden neun symmetrische, bimetallische Fe(II)-Komplexe synthetisiert 

und charakterisiert. Die Verbindungen zeigen unterschiedliche Eigenschaften in Abhängigkeit 

der verwendeten Liganden, der nicht-koordinierenden Gegenionen und der Packung im 

Festkörper, wodurch vier zweikernige Fe(II)-SCO-Komplexe erhalten wurden. Des Weiteren 

konnte jeweils eine einkernige Fe(II)- und Co(II)-Verbindung dargestellt werden. Während der 

Fe(II)-Komplex keinen Spinübergang aufweist, zeigt der Co(II)-Komplex SCO-Eigenschaften. 

Die in der vorliegenden Arbeit vorgestellten Komplexe dienen als hervorragende Beispiele, um 

die komplexen und vielfältigen Einflüsse auf das empfindliche SCO-Verhalten zu 

verdeutlichen und zeigen das große Potenzial von 1,3,4-Thiadiazolliganden zur Darstellung und 

Untersuchung von SCO-Verbindungen. 
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Abstract 

The ability of an organometallic coordination compound to switch between two electronic states 

is called Spin-Crossover (SCO). 3d transition metal ions can either be in the low-spin (LS) or 

high-spin (HS) state due to the splitting of the d-orbitals in an octahedral coordination 

environment. The change between these two states can be induced by external stimuli such as 

temperature, pressure or light. The changes in the structural, magnetic and spectroscopic 

properties associated with the spin transition enable potential applications as central 

components in storage media, sensors or displays. For the mentioned applications, an abrupt 

SCO with a thermal hysteresis is of utmost importance, as it provides the required bistability. 

This behavior strongly depends on the intra- and intermolecular interactions of the spin-bearing 

transition metal ions. In this context, dinuclear SCO compounds are of particular interest, since 

they are the smallest and synthetically simplest units, which offer the possibility to study intra- 

as well as intermolecular interactions, and can switch between three potential states, namely 

[HS-HS], [HS-LS] and [LS-LS]. 

 

In the present work the SCO phenomenon is investigated using new dinuclear Fe(II) complexes 

based on symmetric 1,3,4-thiadiazole bridging ligands. A 1,3,4-thiadiazole bridging ligand 

known in the literature was specifically modified and four new ligands were synthesized and 

characterized. The ligands were used to generate potential dinuclear Fe(II) complexes and the 

magnetic and structural properties of these compounds were investigated by temperature-

dependent magnetic susceptibility measurement, single-crystal X-ray structure analysis and 

Mössbauer spectroscopy. A total of nine symmetrical, bimetallic Fe(II) complexes were 

synthesized and characterized. The compounds show different properties depending on the 

ligands used, the non-coordinating counter ions and the crystal packing in the solid state, 

resulting in four bimetallic Fe(II) SCO complexes. Furthermore, a mononuclear Fe(II) and a 

mononuclear Co(II) compound could be obtained. While the iron(II) complex shows no spin 

transition, the Co(II) complex shows SCO behavior. The complexes presented in this work 

serve as excellent examples to illustrate the complex and diverse intra- and intermolecular 

influences on the sensitive SCO behavior and show the great potential of 1,3,4-thiadiazole 

ligands to form SCO compounds. 
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1. Introduction 

Magnetism is a phenomenon that has occupied human history for thousands of years. However, 

it must be mentioned that the most important findings for the understanding of magnetic 

behavior were only achieved in the last century. Moving electric charges and the intrinsic 

angular momentum of elementary particles have been found to be the cause of magnetism. 

Nowadays, materials, which show magnetic properties, are indispensable in everyday life. They 

are used, for example, in acoustic (loudspeakers, microphones) or magneto-mechanical 

components (frictionless bearings, magnetic separators), in medical diagnostics (magnetic 

resonance imaging), in data processing and telecommunications technology (switches, 

memories, sensors), as well as in chemical-analytical and spectroscopic techniques (NMR, 

EPR, MS, SQUID).[1–3] Due to the wide range of applications, it is obvious that even today’s 

research is still intensively dealing with magnetic materials. The focus lies on the development 

of novel materials on a molecular scale as well as on the combination of magnetic properties 

with other technologically interesting properties.[2,3] Molecular systems are of great interest 

since the feasibility of chemical fine-tuning of the molecules and thus controlling the magnetic 

properties allows for tailor-made applications. Furthermore, chemical creativity can possibly 

lead to materials with previously unknown physical properties.[4] The main focus in the field of 

research towards molecular switches is on molecular magnetism and on electronically bistable 

molecules. 

 

In the field of molecular magnetism, research is dealing, among others, with the maximization 

of storage capacity by reducing the size of magnetically controlled switches. In the early 1990s 

magnetic bistability in a single molecule was reported for the first time by Sessoli et al.[5] 

Molecules that show slow relaxation of their magnetization even in the absence of an external 

magnetic field and retain their magnetization as long as they are kept below a certain 

temperature are known as single molecule magnets (SMMs). These compounds are discussed 

for future applications as key building blocks in high density data storages, spintronic devices 

and quantum computation.[6–8] 

 

Electronically bistable molecules on the other hand show electronic structures that are very 

sensitive to external stimuli such as changes in temperature or pressure, light irradiation or 

chemical triggers.[9] The research herein focuses on molecules that exhibit mixed-valence, 

valence tautomerism or spin crossover. Regardless of the final applications, these molecular 

materials must show molecular bistability, meaning the possibility to switch between two 

distinguishable states when exposed to an external stimulation. Furthermore, the molecular 

switching must be associated with a response function such as changes in optical, magnetic or 

structural properties for the use in applications as sensors, information storage devices or in the 

field of molecular electronics.[10–14] 
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Mixed-valence complexes contain two or more metal ions in different oxidation states. These 

metal ions are bridged by organic linkers, which mediate an intramolecular electron transfer 

between the redox-active centers.[15–17] Depending on the communication between the metal 

centers via the bridging ligand, these molecules are divided into three classes, classified after 

Robin-Day.[18] Class I represents complexes with no interaction of the redox-active centers, e.g. 

for long metal-metal distances or aliphatic ligands. Mixed-valence compounds of Class II 

exhibit weak electronic interactions and a particular valence state can be trapped and localized, 

if the thermal energy is not sufficient to overcome the energy barrier between the different 

states. For Class III complexes, the interaction between the metal ions is so strong, that the 

electron is completely delocalized over the whole molecule. 

Molecules exhibiting valence tautomerism show external stimulus induced switching of their 

electronic ground states by transferring electrons from a donor to an acceptor, which results in 

changes of their chemical, spectroscopic, electronic or magnetic properties.[17,19,20] In order to 

observe the electron’s transfer, thus valence tautomerism, the involved orbitals of the donor and 

the acceptor need to be energetically similar and the intramolecular electronic coupling needs 

to be in a specific range. If the coupling is too weak, the valence tautomeric transition will not 

take place. If the coupling is too strong, the electron will be delocalized and the discrete 

electronic structures are lost. This field of research emerged in the 1950s, with the first example 

of an solely organic molecule, showing valence tautomerism.[21–23] However, in the 1980s the 

transition metal complexes which exhibit valence tautomerism came into the focus of research. 

Generally, the complex-based valence tautomerism can be more precisely described by an 

electron transition from a redox active ligand or so-called “non-innocent ligand” (NIL) to a 

redox active metal ion such as cobalt, manganese or copper or vice versa (Equation 1.1).[24–32] 

 

 (NIL)x+1My−1Ln ⇋ (NIL)xMyLn ⇌ (NIL)x−1My+1Ln (1.1) 

 

The present work focusses on the third reason for electronic lability in metal complexes, namely 

spin crossover. Thus, the field of spin crossover research will be described in more detail in the 

following chapters. 

1.1 The spin crossover phenomenon 

Spin crossover (SCO) describes the transition between two electronic states of first row 

transition metal ions with an electron configuration of d4–d7 in an octahedral coordination 

environment induced by external stimuli such as temperature, pressure or light irradiation 

(Figure 1). This possibility to switch between two different states, thus exhibiting molecular 

bistability, and the changes for instance in color or magnetic moment renders these compounds 

highly promising candidates as key building blocks in data storage devices, displays, actuators 

or sensors.[13,33–38] 
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Figure 1. Schematic representation of the SCO between two electronic states by means of a Fe(II) 3d6 

ion in an octahedral ligand field. 

In an ideal octahedral coordination environment, the d-orbitals are split into the t2g and the eg 

set and the energy difference between these two sets is called ligand field strength ΔO. For 

transition metals with d4–d7 electron configuration, the two different electronic ground states 

result from the two possible occupations of the electrons into these orbital subsets. Depending 

on the ratio between ligand field strength ΔO and the spin pairing energy EP, either the so-called 

high spin (HS) state with maximum spin multiplicity is stabilized (ΔO<EP) or the low spin (LS) 

state with minimum spin multiplicity is preferred (ΔO>EP). When the octahedral ligand field 

strength ΔO and the spin pairing energy are in the same order of magnitude, a SCO can occur 

through small changes of external parameters. 

Even though the spin crossover can be formulated for all transition metal ions with an electron 

configuration of d4–d7, there are some useful rules, resulting from ligand field considerations, 

whether a SCO can occur or not. Considering the fact that the ligand field strength ΔO is 

increasing while the spin pairing energy EP stays almost the same in higher homologue of first 

row transition metal complexes, it is expected that 4d and 5d transition metal complexes show 

a strong tendency to be in the LS state and that there are basically no SCO complexes found. 

Furthermore, oxidation of the metal center ion, while retaining the initial ligand sphere leads, 

to an increase of ΔO whereas the EP is not increasing that much. Thus, it is unlikely that the 

former SCO complex will retain its behavior upon oxidation. In addition, tetrahedral complexes 

will not show any SCO because the ligand field strength ΔT is less than a half compared to ΔO, 

resulting exclusively in complexes in the HS state. Finally, considering the stability of certain 

spin configurations with respect to the metal ion’s nuclear charge, it is not surprising that Fe(II) 

(d6) complexes are by far the most reported SCO compounds, followed by Fe(III) (d5) and 

Co(II) (d7).[39,40] In addition there are also some examples of spin transitions in complexes with 

Co(III) (d6), Mn(II) (d5), Mn(III) (d4) and Cr(II) (d4).[41] However consequently, the ligand 

environment must be specific and well-chosen for every different metal ion in order to observe 

SCO. 
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The SCO phenomenon was first observed in the 1930s when Cambi et al. reported a 

temperature-dependent change in the magnetic properties of Fe(III) 

tris-N,N-dialkyldithiocarbamates (R2NCS2). However, they wrongly interpreted the origin of 

the interesting magnetic properties not as thermally induced SCO, but as the presence of 

different magnetic isomers.[42–44] In principle, this discovery can be regarded as the birth of 

SCO, but nothing more happened for the next thirty years, at least as far as publications are 

concerned. This can certainly be explained by the fact that the spectroscopic possibilities and 

the knowledge of electronic structures were not yet well understood and established. In the 

1960s White, Ewald and coworkers again studied the [FeIII(R2NCS2)3] family described by 

Cambi and clarified the correct underlying physical principles of the interesting magnetic 

properties.[45–47] They also observed that changing the pressure may lead to SCO behavior and 

carried out the first pressure-dependent study.[48] Almost simultaneously the first octahedral 

Fe(II) SCO complex with a six nitrogen donor coordination environment was published by 

König und Madeja. They systematically varied the anionic ligands in the [FeII(phen)2(X)2] 

system (with phen = 1,10-phenanthroline and X = Br−, Cl−, NCS−, N3
−, OCN−, HCOO− and 

CN−), which led to the preparation of the cis-[FeII(phen)2(NCS)2] complex with thermal SCO 

behavior.[49–51] Also the first publications on SCO behavior of Co(II) compounds appeared in 

this decade. Stoufer, Busch and Hadley[52] reported in 1961 on two electronic isomers of 

bis-(2,6-pyridinedicarboxaldehyde)-cobalt(II) iodide [CoII(PdAdH)2]I2 and shortly afterwards 

in 1962 Hogg and Wilkins[53] investigated the [CoII(terpy)2](Br)2·H2O complex (with 

terpy = 2,2’:6’,2’’-terpyridine), which exhibits values for the magnetic moment depending on 

the measuring temperature. The next twenty to thirty years were shaped by the intensive 

research for further novel SCO compounds. Most of these complexes contained an octahedral 

coordinated Fe(II) as central ion featuring a {N6} coordination environment, which were 

summarized in the first review article by König 1968[54], followed by reviews of Goodwin 

1976[55] and Gütlich 1981.[56] The first example for spin state switching upon light irradiation 

in solid state was given in 1984 by Decurtins et al. They reported the compound 

[FeII(ptz)6](BF4)2 (with ptz = 1-propyltetrazole) being in the LS state at low temperatures and 

that the complex can be switched to the HS state when irradiated with monochromatic light 

(λ = 514.5 nm) below 50 K. This effect was introduced as “Light Induced Excited Spin State 

Trapping” (LIESST).[57,58] Furthermore, also the first examples of Mn(II), Co(III), Mn(III), 

Cr(II) and SCO compounds originate from this period. The first 3d5 Mn(II) SCO complexes 

(manganocene and 1,1’-dimethylmanganocene) were synthesized by Ammeter et al. and by 

Switzer et al. in 1974.[59,60] SCO on the basis of 3d6 Co(III) SCO complexes were first realized 

by Kläui in 1979 with [CoIIIL2]PF6, where the central Co(III) is coordinated by two tripodal 

ligands with L = {(C5H5)CoIII[P(O)(OEt)2]2}.[61] Sim and Sinn[62] reported in 1981 the first 3d4 

Mn(III) complex [MnIII(pyrrol)3tren] (where (pyrol)3tren is the trianionic Schiff base 

resulting from the condensation of pyrrole-2-carboxaldehyde with 

2,2′,2′′-tris(ethylamino)amine) and finally Halepoto et al.[63,64] in 1989 the first 3d4 Cr(II) 

complex [CrIII2(depe)2] (with depe = 1,2-bis(diethylphosphino)ethane), showing SCO 

behavior. 

Further examples of SCO compounds of the aforementioned ions are relatively rare even until 

today. In contrast to that, an enormous number of examples for Co(II), Fe(III) and especially 

Fe(II) were prepared with a variety of ligand combinations and certain sets of donor 

https://www.sciencedirect.com/topics/physics-and-astronomy/schiff-base
https://www.sciencedirect.com/topics/physics-and-astronomy/condensation
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functionalities, enabling the syntheses of not only mononuclear complexes but also of 

polynuclear compounds. In fact, the first dinuclear Fe(II) SCO complex was synthesized by 

Kahn, Real et al.[65] in the 1980s as well as the first trinuclear compound by Reedjik,[66] followed 

by the first tetranuclear Fe(II) complex in 2000 reported by Lehn and Gütlich.[67] Even higher 

nuclearities for SCO systems with Fe(II) are achievable as shown by Dunbar (pentanuclear)[68] 

and Batten (hexanuclear)[69] as well as polymeric 1D, 2D or 3D Fe(II) SCO networks[70] based 

on triazole-, tetrazole- and pyridine-type ligands, inspired by the pioneering work of 

Haasnoot.[71] The ideal coordination environment proven to be particularly favorable for 

observing SCO behavior in octahedral Fe(III) complexes are especially chalcogen donor 

ligands with {S6}, {S3O3}, {Se3S3} and {Se6} donor sets as well as Schiff-base ligands with 

{N4O2}, {N3O3} and {N2S2O2} reviewed by Nihei[72] in 2007 and Harding in 2016.[73] The best 

known donor sets for Cobalt(II) SCO complexes are {N6} and {N4O2} provided mainly by 

terimine systems or Schiff-bases with pyridine, pyridazine and phenol core units of the ligand 

which has been reviewed by Hauser et al., Hayami et al. and Brooker et al.[74–76] As already 

mentioned before, the {N6}
[77] coordination environment, commonly provided by five- and 

six-membered heteroaromatic ligands such as pyridines and azoles or a combination of these 

with pseudohalides (i.e. NCS−, NCSe−, NCBH3
− or NCN(CN)2

−), is also most suitable for Fe(II) 

SCO complexes, although there are also examples with {N4O2},[78] {N4S2}
[79] and {N4C2},[80] 

but significantly fewer. The milestones and important examples found until 2004 were 

summarized in a comprehensive book series, called “Spin Crossover in Transition Metal 

Compounds”, edited by Gütlich and Goodwin,[81–83] which was followed by the book “Spin 

Crossover Materials” edited by Halcrow,[84] summarizing the achievements within the SCO 

phenomenon research field until 2013. Today, several decades after the beginning of the SCO 

research area, the properties of SCO materials are still not easy to predict. Although the 

dependence of SCO behavior on electronic as well as structural intra- and intermolecular 

interactions is well understood, the large influence of solid state interactions on the SCO cannot 

be easily controlled. Investigations are ongoing not only on mononuclear compounds, which 

maintained their attractiveness for fundamental studies, but also on polynuclear materials either 

compounds with discrete nuclearity reviewed by Brooker et al. in 2013[85] and 2018[86] or 

coordination polymers reviewed in 2013 by Muñoz and Real[87] and in 2017 by Tong et al.[88] 

Furthermore, several different interesting research areas have emerged, especially focus on 

rendering multifunctionality to the SCO systems. The addition of second functionalities to SCO 

compounds, whose response to external perturbations is synergistically dependent on the 

electronic spin state of SCO molecules, render these materials highly promising candidates for 

building optoelectronic, molecular electronic or spintronic devices. A review article recently 

published by Kumar and Ruben in 2017 covers the newest emerging trends, hence the 

combination of SCO and luminescence, photomagnetism or chirality of SCO materials, hybrid 

SCO materials, SCO-based micro and nanoarchitectures, SCO compounds as solvent sensors 

as well as the newest advances in SCO active grid complexes and in electrical and spin 

transportation of SCO materials.[89] Additionally, in 2019 the same authors published a review 

article targeting sublimable SCO complexes to prepare spin-switchable layers and their use to 

design molecular and thin-film devices.[90] 
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The greater research interest in Fe(II) SCO complexes is not only due to the variety of possible 

ligands systems, but even more to the pronounced change in the properties of these complexes 

when switched between HS and LS state. Namely, the greatest difference in the magnetic 

moment is observed for Fe(II) switching between the diamagnetic LS state with a total spin of 

S = 0, in which the electrons are all antiparallelly oriented in the t2g orbitals (t2g
6eg

0), and the 

paramagnetic HS state with four unpaired electrons and a total spin of S = 2 (t2g
4eg

2). In addition, 

during the SCO the metal-donor atom bond lengths change drastically (≈0.2 Å), due to the 

occupation of antibonding eg orbitals in the HS state, whereas in the LS state these orbitals are 

empty, and Fe(II) SCO complexes often show strong thermochromism. Thus, the analytical 

methods such as temperature-dependent magnetic susceptibility measurements, UV/Vis, NIR 

and Raman spectroscopy as well as X-ray crystallography show the best resolution for Fe(II) 

SCO compounds, which was especially important in the early years in this research field. The 

discovery of the Mössbauer effect (recoilless nuclear resonance absorption) by Mössbauer in 

1958[91,92] opened the possibility to track the SCO behavior by Mössbauer studies, which was 

another contribution to the dominant investigations especially of Fe(II) complexes where the 

resolution is better compared to Fe(III) compounds. 

 

The following chapters will provide a deeper insight in SCO behavior of Fe(II) complexes, by 

explaining in more detail the most important concepts and underlying physical relations. 

1.2 Occurrence of SCO in octahedral Fe(II) complexes 

1.2.1 Ligand field considerations 

As already mentioned in the previous chapter, the five degenerated d-orbitals of a free metal 

ion split up in an ideal octahedral coordination environment into three orbitals with t2g and two 

orbitals with eg symmetry. This splitting is due to purely electrostatic interaction between the 

orbitals and the ligands, which are considered as negative point charges and thus form a 

“perturbation field” around the central ion. Compared to the five degenerated d-orbitals in 

spherically symmetric coordination surroundings, the eg orbitals (x2-y2 and z2), which are 

pointing directly to the ligand point charges in octahedral coordination, are energetically raised. 

The t2g orbitals (xy, xz and yz) located between the metal-ligand binding axes are energetically 

lowered. The splitting of the formerly degenerated orbitals is achieved only with total energy 

conservation. Thus, the two eg orbitals are destabilized by 3/5 O, resulting in an antibonding 

character, whereas the three t2g orbitals are stabilized by 2/5 O (Figure 2), which results in a 

non-bonding character. The octahedral ligand field strength O is generally considered equal to 

10 Dq and depends on the coordinating ligands as well as on the metal ion.[33,93,94] 
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Figure 2. Schematic representation of d-orbitals splitting in an ideal octahedral coordination 

environment. 

Occupation of the d-orbtials with electrons of an octahedral coordinated Fe(II) (3d6) ion results 

either in the LS or in the HS state, depending on the relation between the ligand field strength 

O and the spin pairing energy EP, which is basically referable to the electron-electron 

repulsion. In the LS state, where the octahedral ligand field strength OLS is large compared to 

the spin pairing energy EP, all three t2g orbital will be doubly occupied (t2g
6eg

0) and the electrons 

are antiparallely oriented. This results in in a diamagnetic ground state and a total spin of S = 0 

(sum of the electron spins s, with s = 1/2, depending on whether an electron is pointing 

upwards or downwards). In the HS state, where OHS is small compared to EP the occupation 

of the d-orbitals follows the first Hund’s rule.[95] Thus, each d-orbital is at first occupied with 

one electron before spin pairing occurs in the t2g orbitals (t2g
4eg

2), resulting in a paramagnetic 

ground state with a total spin of S = 2 (Figure 3).[33,93,96] 
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Figure 3. Schematic representation of ligand field splittings in a octahedral coordinated 3d6 Fe(II) ion 

and the resulting two possible electronic configurations by increasing the ligand field strength O. For 

the HS state (5T2g) applies OHS<EP (left) while for the LS (1A1g) OHS>EP is true (right). 

The effect of the ligand field strength O on the spin state of the metal ion is clarified even more 

precisely using the Tanabe-Sugano diagram[97] for octahedral d6 complexes (see Figure 4). In a 

Tanabe-Sugano diagram the influence of the ligand field strength O on the energies of the 

excited electronic states of a transition metal ion relative to the ground state is plotted in units 

of the Racah parameter B.[98] According to the Russel-Saunders coupling scheme, different 

states result due to the electron-electron repulsion of a free transition metal ion, which are 

described by the term symbolism 2S+1L, where 2S+1 stands for the spin multiplicity and L for 

the orbital momentum. The energies of the electronic states for the free d6 metal ion are given 

on the y-axis, where the ligand field strength O equals zero. The ground state term is 5D with 

the lowest electron-electron repulsion and thus the highest spin multiplicity (HS). In weak 

ligand fields this term is split into the 5T2 ground term and the excited 5E term. If O is rising, 

the 1A1 term (LS) originating from 1I of the free metal ion drops drastically and replaces the 5T2 

as ground state at the critical ligand field strength C. At this point, the critical ligand field 

strength C equals the spin pairing energy EP. When O of the HS and the LS state are in vicinity 

to C, a spin transition from one to the other state can take place by an outer perturbation.[33,93,96] 
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Figure 4. Simplified schematic representation of a Tanabe-Sugano diagram for a d6 ion in an octahedral 

coordination environment. The crystal field terms for the HS state are colored in red while the terms for 

the LS state are blue. A more detailed diagram is given in the work of Gütlich or Hauser.[33,93] 

In addition, in the Tanabe-Sugano diagram the maxima of absorption bands of d-d transitions 

correspond to the vertical transitions from the ground state to the respective excited states. This 

is true because according to the Franck-Condon principle the geometry of the complex and thus 

the ligand field strength O do not change within the time required for an absorption process 

(10-15 s). Hence, absorption spectra can be used to directly get the value of the ligand field 

strength O (10 Dq).[93] Typical values for HS, LS and SCO 3d6 Fe(II) complexes are given in 

Table 1. 

Table 1. Typical values for O in cm-1 for HS, LS, and SCO complexes.[33] 

  spin crossover complexes  

 HS HS LS LS 

O (10 Dq)/cm-1 <11000 11500–12500  19000–21000 >21500 
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The octahedral ligand field strength O does not solely depend on the properties of the ligand 

and the central metal ion, but is also a function of the metal-ligand donor atom distance r(M-L). 

For neutral ligands the following equation applies, where  stands for the dipole moment of the 

ligand.[33] 

 

 O  ≈  


𝑟(M−L)6
 (1.2) 

 

This relation results in two harmonic potential wells for the HS and the LS state of a Fe(II) SCO 

complex along the iron-donor atom distance (r(Fe-L)) reaction coordinate (Figure 5). In this 

schematic diagram, the 5T2 potential well is shifted by the value rHL to a higher metal-donor 

atom distance. This results from the occupation of the antibonding eg orbitals in the HS state 

(t2g
4eg

2) leading to a stronger coulomb repulsion between the metal ion and the donor atom of 

the ligand, because the orbital lobes of these orbitals are pointing directly towards the ligand. 

In the LS state (t2g
6eg

0) only the non-bonding t2g orbitals are occupied, thus resulting in 

significantly smaller iron-donor atom bond lengths. For Fe(II) in a {N6} coordination 

environment the average Fe-N bond length is r(LS) = 2.00 Å for the LS state and 

r(HS) = 2.20 Å, resulting in rHL = 0.2 Å (10%). As a consequence of the increased bond 

lengths in the 5T2 state, the bond strength is lowered as well as the vibrational force constant f. 

Therefore, the HS state has a higher vibrational state density compared to the LS (1A1) state. 

The vibratory energy levels for the HS and the LS state are depicted as horizontal lines in the 

harmonic potential well, respectively (Figure 5). The vertical displacement and consequently 

the energetic difference EHL of the HS and LS vibrational ground states strongly depends on 

the specific properties of the ligand such as donor strength and strain. It has to be mentioned 

that the intersection point of the two potential wells corresponds to the critical ligand field 

strength C in the Tanabe-Sugano diagram. However, in a correct physical meaning this 

intersection can never be the ground state of the system. Thus, for SCO systems the values for 

OHS and OLS are only close but never equal to C.[33,93,96] 
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Figure 5. Simplified harmonic potential wells of the iron-donor atom symmetrical stretching vibration 

for a 3d6 Fe(II) ion octahedral coordination sphere in respective to the LS (blue) and the HS (red) state 

as a function of the iron-ligand donor atom distance r(Fe-L). EHL represents the difference between LS 

and HS vibrational ground states and r(LS) as well as r(HS) are the equilibrium iron-donor atom distance 

for the LS and the HS state, which are displaced by the distance rHL. 

1.2.2 Thermally induced SCO  

If EHL is in the vicinity to the thermal energy (kBT = 200 cm-1) a temperature induced spin 

transition can occur which can be described by the Gibbs-Helmholtz equation, with G as the 

difference in the Gibbs free energy, H as the difference in the enthalpy and S as the difference 

in the entropy (Equation 1.3). 

 

 𝐺 = 𝐻 − 𝑇𝑆 (1.3) 

 

During the spin transition, the difference in the Gibbs free energy G is equal to zero at the 

transition temperature T1/2, thus depending only on the enthalpy difference H and the entropy 

difference S. Typical values for the enthalpy change H are ranging from 10–20 kJ/mol, while 
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the values for the entropy change S ranging from 50–80 J/mol for Fe(II) complexes. Since, 

the harmonic potential well of the LS state is lower in energy, it is thermodynamically favored 

at low temperatures. Increasing the temperature will cause an occupation of the higher 

vibrational states of the 1A1 electronic state until the intersection between the two potential 

wells is exceeded. Afterwards, an entropy-driven, almost quantitative transition to the HS state 

takes place. The entropy difference between the two spin states is a consequence of electronic 

Sel and vibrational Svib entropy changes. The electronic contribution Sel arises from the 

15-fold degeneration of the HS state (5T2), while the LS state (1A1) in an octahedral Fe(II) ion 

is not degenerate, and is a result of a spin as well as an orbit contribution. However, the orbital 

contribution is often quenched by symmetry lowering in the HS state and can be neglected. 

Hence, Sel can be estimated by just taking into account the spin multiplicities of the HS (S = 2) 

and the LS (S = 0) state of a 3d6 Fe(II) ion. (Equation 1.4).[33,99,100] 

 

 𝑆𝑒𝑙 ≈  𝑆𝑠𝑝𝑖𝑛 = 𝑅ln
(2𝑆+1)HS

(2𝑆+1)LS
= 𝑅ln (

5

1
) = 13.4 Jmol−1K−1 (1.4) 

 

Anyhow, Sel is just the minor contribution to the total entropy difference S and amounts to 

approximately 30%. The remaining 70% arise from Svib and thus from intramolecular 

stretching and deformation modes, due to the elongated metal-ligand donor atom distance and 

consequently the higher density of the vibrational states in the HS compared to the LS state. 

1.2.3 SCO induced by pressure and light irradiation 

As mentioned earlier, another example of external perturbation that can result in a spin 

transition is the use of pressure. This is known since the early 1960s[48] and can be understood 

by considering the contributions to the enthalpy change H (Equation 1.5). 

 

 𝐻 = 𝐸𝑒𝑙 + 𝐸𝑣𝑖𝑏 + 𝑝𝑉 + 𝑉𝑝 (1.5) 

 

A change in pressure will have an influence on the position of the two HS and LS harmonic 

potential wells relative to each other. If pressure is applied, the distance between the ligand and 

the metal center will be reduced. Consequently, the HS state will be destabilized because of its 

longer coordination bond lengths and thus larger volume.[101] Hence, increasing the pressure in 

SCO systems favors the LS state, thus shifting the transition temperature T1/2 to higher values 

due to the resulting larger energy difference between the HS and the LS state.[38,102–105] 

Additionally, the SCO behavior can also be inhibited by applying pressure, if a stable high 

pressure phase is formed.[104] 

 

Spin state switching can also be induced by light irradiation, known as LIESST (Light Induced 

Excited Spin State Trapping) since 1984.[57,106–110] At a sufficiently low temperature (<50 K) it 

is possible to switch Fe(II) SCO complexes upon light excitation from the thermodynamically 

favored LS to the metastable HS state, which has an almost infinite lifetime at these 

temperatures. Shortly afterwards Hauser observed the reverse process by irradiating the HS 
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complex (reverse-LIESST effect).[111] These findings further established the great research 

interest in Fe(II) SCO complexes because these exciting photo-physical properties are unique 

in Fe(II) and cannot be observed in other transition metal ions. Further, it enables the rapid 

switching of individual molecules between two metastable states which is the basic idea of 

information processing and storage.[112–114] 

 

Figure 6. Simplified energy diagram of the different electronic ground and excited states of an 

octahedral 3d6 Fe(II) SCO complex as a function of the metal-ligand donor atom distance r(Fe-L). The 

LS and HS states are represented as harmonic potential wells, whereas the excited singlet, triplet, quintet 

states and the MLCT state are depicted as horizontal lines. In addition, straight arrows indicate 

excitations and curly arrows combine non-radiative and radiative relaxation pathways. 

Figure 6 shows the essential electronic states of a Fe(II) SCO complex versus the metal-donor 

atom distance, which are necessary to explain the LIESST effect. Exciting the 

thermodynamically LS (1A1) ground state with green light (usually with λ = 514.5 nm, green 

arrows in Figure 6) at low temperatures, results either in a spin allowed transition in the excited 
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1T1 state or in a transition to a low-lying metal to ligand charge transfer (MLCT) state, which 

can be possibly observed for ligands with extended -systems. Afterwards, the system can 

either relax directly back to the thermodynamically favored LS ground state (1A1) via 

non-radiative or radiative pathways, or through fast intersystem crossing and internal 

conversion processes via the excited 3T1 also to the LS (1A1) or to the metastable HS (5T2) state. 

Consequently, all molecules can be converted to the HS state after a sufficient irradiation time 

and are basically trapped in this metastable state with a very long lifetime because the energy 

barrier between the HS and the LS state cannot be thermally overcome at low temperatures and 

the forbidden radiative relaxation to the LS state is very slow (5T2→
1A1). The reverse-LIESST 

effect occurs when the SCO complexes in the metastable HS states are excited to the 5E state 

by the use of red light (λ = 820 nm, dark red arrow in Figure 6) and relax again via a subsequent 

cascade of internal conversions as well as inter system crossing decays into the LS state.[112–114] 

The main problem of the LIESST effect is the occurrence at low temperatures, which is highly 

unpractical for future applications. Létard tackled this problem in 2006 by screening about 60 

compounds and relating their photomagnetic properties to the inner coordination sphere of the 

ligand with the ultimate goal to find a light-inducible SCO complex operating at room 

temperature.[115] 

1.2.4 Characterization of SCO behavior 

In Chapter 1.2.2 the fundamental understanding of a thermally induced spin transition in a 

single Fe(II) complex was described. Consequently, it is expected that the transition will always 

be abrupt because the transition takes place between two electronic states and the molecule can 

only be in either the LS or the HS state. However, if there are several switchable spin centers, 

the thermal spin transition in solid state can vary clearly, as it is accompanied by drastic 

structural distortions and volume changes, propagating through the solid. In this regard, the 

level of intermolecular cooperativity (Chapter 1.3.2) plays an important role, which is basically 

a measure for this propagation and is determined by the crystal lattice properties.[33,96] Figure 7 

shows the different spin transition curves for the HS mole fraction versus the temperature, 

observable for SCO behavior of multiple switchable metal centers. If the intermolecular 

cooperative interactions are weak, a gradual SCO behavior is observed. Thus, the spin transition 

takes place over a wide temperature range (Figure 7 a), which is mostly true for SCO complexes 

in solution. The molecules can be interpreted as independent spin centers and therefore the 

thermal population of the HS state follows the Boltzmann statistics.[116,117] A higher level of 

cooperativity results in an abrupt spin transition, which takes place simultaneously for all 

molecules in a narrow range of a few kelvins (Figure 7 b). Furthermore, it can possibly lead to 

a thermal hysteresis (Figure 7 c), which is often a result of structural phase changes. The 

hysteresis grants the system bistability, referring to the ability of a system to be present in two 

different electronic states in a certain range of external perturbation (usually temperature) and 

thus showing a “memory-effect”. Consequently, a SCO with a wide thermal hysteresis and 

preferably with the two transition temperatures T1/2
↓ below and T1/2

↑ above room temperature is 

the most desirable since it is necessary for possible applications in storage or memory 

devices.[13,116,118] A review article provided by Brooker in 2015 highlights the relation between 

scan rate and hysteresis width.[34] Stepwise spin transition can be observed in mononuclear as 
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well as in polynuclear SCO compounds which is also a result of high cooperativity.[33,119–122] 

As a consequence, short-range and long-range interactions of different strength lead to ordered 

HS-LS phases during the spin transition, firstly described by Sasaki and Kambara.[123] 

Especially in dinuclear SCO complexes, the additional intermediate [HS-LS] state can either 

be a 1:1 mixture of [HS-HS] and [LS-LS] molecules or discrete [HS-LS] complexes, however 

this will be explained in more detail in Chapter 1.4.2. An incomplete spin transition usually 

occurs when gaps and defects are present in the crystal lattice (Figure 7 e). Thus, a significant 

fraction of molecules will stay in the HS state even at low temperatures. Sometimes it may be 

a kinetic effect, because as mentioned earlier the HS to LS transition rate becomes extremely 

small at sufficiently low temperatures. Consequently, rapid cooling or quenching of the sample 

can lead to a freezing of the metastable HS state at very low temperatures. This effect is known 

as “Thermally Induced Excited Spin State Trapping” (TIESST).[124–127] The retention of LS 

complexes at elevated temperatures is usually not observed, because of the higher entropy in 

the HS state and because kinetic factors are negligible.[116] 

 

Figure 7. Schematic representation of possible spin transition plotted as the HS mole fraction against 

the temperature: a) gradual, b) abrupt, c) abrupt with hysteresis, d) stepwise and e) incomplete. T1/2 

represents the temperature, where equal amounts of HS and LS molecules are present in the sample 

(γHS = 0.5). 

Many different methods such as magnetic susceptibility measurement, Mössbauer 

spectroscopy, X-ray diffraction, optical spectroscopy as well as IR and Raman spectroscopy 

offer the possibility to study the temperature dependence of the spin transition in Fe(II) SCO 

complexes, due to the pronounced electronic, magnetic and structural changes.[56,116,128] 
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The measurement of temperature-dependent magnetic susceptibility  is nowadays one of 

the most common techniques to follow the thermally induced spin transition in solid state by 

using a SQUID (Superconducting Quantum Interference Device) magnetometer. The SQUID 

magnetometer is based on superconducting loops with Josephson junctions and enables the 

possibility to measure extremely low magnetic fields. Thus, this measurement technique is 

highly sensitive towards a change of the magnetic susceptibility , allowing sample sizes of 

single crystals as well as milligram scales. Additionally, customized sample holders allow the 

measurement under inertgas atmosphere, pressure and light irradiation. The change of the 

magnetic susceptibility  in SCO compounds arises from the changing number of unpaired 

electrons upon switching between the different electronic states. This is especially pronounced 

in Fe(II) complexes, where the spin transition occurs between the diamagnetic LS (S = 0) and 

the strongly paramagnetic HS (S = 2) state. By plotting the T product versus the temperature, 

the spin transition curves are directly obtained, often resembling the ideal characteristic ones as 

shown in Figure 7.[33,96,116,128] To compare the experimentally obtained data with theoretical 

values, the effective magnetic moments eff of the respective spin state can be calculated by 

using the spin-only formalism (Equation 1.6), with the Landé factor g ≈ 2, the total spin S and 

the Bohr magneton B.[94,129] 

 

 
𝑒𝑓𝑓

= 𝑔√𝑆(𝑆 + 1)
𝐵

  (1.6) 

 

The resulting effective magnetic moment eff  is in fact related to the T product (Equation 1.7), 

with the Boltzmann constant kB, the Avogadro number NA and the Bohr magneton B.[94] 

 

 
𝑒𝑓𝑓

= √
3𝑘𝐵

𝑁𝐴𝐵
2
𝑇 = 2.827915√𝑇 (1.7) 

 

The experimental data are usually slightly higher than the calculated ones for Fe(II) in the HS 

state, since the orbit contribution to the magnetic moment is not taken into account by the 

formalism described above. 

 

In solution, the temperature dependency of the magnetic susceptibility can be followed by the 

Evans NMR method.[79,117,130–135] This method is especially well suited to study the influence 

of electronic modifications to the ligand on the SCO behavior, because cooperative effects are 

negligible in solution. Specialized double-walled NMR tubes are used to measure the NMR 

spectra of the SCO sample in deuterated solvents. The outer tube is filled with the dissolved 

sample while in the inner tube the deuterated solvent is placed as reference. As a consequence 

of the additional magnetic field of the paramagnetic substance, the NMR solvent signals 

corresponding to the outer tube will be shifted by  compared to those of the inner tube. With 

 , the mass of the paramagnetic sample m, the frequency of the spectrometer  as well as the 

density of the pure deuterated solvent solvent and the sample solution sample the magnetic mass 

susceptibility of the paramagnetic sample m,sample can be calculated (Equation 1.8).[79] 
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𝑚,𝑠𝑎𝑚𝑝𝑙𝑒

=
3

4𝑚
+ 

𝑚,𝑠𝑜𝑙𝑣𝑒𝑛𝑡
+ 

𝑚,𝑠𝑜𝑙𝑣𝑒𝑛𝑡

𝑠𝑜𝑙𝑣𝑒𝑛𝑡−𝑠𝑎𝑚𝑝𝑙𝑒

𝑚
 (1.8) 

 

Single-crystal X-ray diffraction is another valuable analysis technique, which can be used to 

detect and analyze the SCO phenomenon. Already mentioned in previous chapters, the spin 

transition goes along with the redistribution of electrons between the antibonding eg and the 

non- to weak-bonding t2g orbitals, which will affect the metal-ligand donor atom bond lengths. 

Again, for Fe(II) this change is most pronounced resulting in a coordination bond length 

difference of r(Fe-L) ≈ 0.2 Å between the HS and the LS state. The different states can be 

detected by measuring the crystal structure of the SCO sample before and after the transition 

temperature T1/2. The change of bond lengths during the spin transition directly alters the 

geometry of the complex leading to a more distorted octahedral coordination environment in 

the HS state for Fe(II) compared to the almost ideal octahedral coordination sphere in the LS 

state, which is a result of the isomeric electron distribution in the d-orbitals. The distortion of a 

Fe(II)-{N6} coordination sphere can be described by the octahedral distortion parameter Σ (sum 

of the deviation from 90° of the 12 cis-N-Fe-N angles φi in the FeN6 coordination sphere). 

 

 𝛴 = ∑ |90° − 𝜑𝑖|12
𝑖=1  (1.9) 

 

This parameter was firstly introduced by Hendrickson to measure small deviations of the 

coordination geometry in Fe(II) HS complexes[136] and adopted by Guionneau to assign rough 

values to the HS and the LS state in Fe(II) SCO compounds.[137] Thus, complexes in the HS 

state usually have values of Σ>100° whereas in the LS states Σ<80°. Furthermore, single-crystal 

X-ray diffraction structure analysis gives the possibility to determine intermolecular 

interactions in the solid state such as hydrogen bonding or --stacking of aromatic moieties in 

the ligand backbone. Short- and long-range interactions have a significant influence on the 

cooperativity and therefore on the SCO properties.[116,128,138] 

 

Another well suited measurement technique to study the SCO behavior of Fe(II) complexes is 

the Mössbauer spectroscopy, which was firstly used by König et al. in 1966.[50] The 

Mössbauer spectroscopy is based on the recoil-free resonant absorption and emission of gamma 

rays in solids and two important values can be obtained which differ significantly for the HS 

and the LS state in Fe(II) SCO complexes. Namely, the isomer shift , giving information about 

the oxidation and spin state of the Mössbauer absorber, and the quadrupole splitting EQ, 

providing information about the electronic environment around the Mössbauer-active element. 

Typical Mössbauer spectra for Fe(II) in the HS state show an isomer shift of HS ≈ 1 mms-1 and 

a large quadrupole splitting of EQ
HS ≈ 2 – 3 mms-1, whereas for the LS state these parameters 

are generally smaller with LS≤0.5 mms-1and of EQ
LS≤1 mms-1. If both spin states are present 

at a given temperature and the time-scale of the HS→LS relaxation is slower than the 

Mössbauer time window (10-7 s for 57Fe), it is possible to distinguish the two subspectra even 

though they strongly overlap. Further, the area fractions of the resonance lines are proportional 

to the concentration of the respective spin state and can be fitted using the Lorentzian 

fit.[96,116,128,139] 
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Since the SCO in Fe(II) complexes is often accompanied by a color change when switching 

between the different electronic states (thermochromism), the thermal spin transition 

phenomenon can be followed by the naked eye or even more precisely by using 

UV/Vis spectroscopy. If the color of a SCO complex is solely attributed to the d-d transitions, 

it follows that the LS state is usually intensively colored and the HS state mostly colorless. This 

can be explained by looking again at the Tanabe-Sugano diagram (Figure 4). The only spin 

allowed d-d transition in the HS state (5T2→
5E) is located in the near infrared region (800–

900 nm) whereas the two spin allowed transition in the LS state (1A1→
1T1, 500–700 nm and 

1A1→
1T2, 300–400 nm) appears in the visible region. The reason for the coloration is that the 

ligand field strength O in the LS state is larger compared to the HS state and therefore higher 

energetic radiation is necessary for excitation. Consequently, upon cooling a SCO sample the 

band for the HS state decreases while the two bands for the LS are increasing. Additionally, 

information about the ligand field strength O can be extracted as well as possible irradiation 

band to observe the LIESST effect.[33,56,58,93,128] 

 

The temperature-dependent spin transition in Fe(II) SCO materials can also be monitored by 

vibrational spectroscopy such as IR or Raman spectroscopy. Key feature for these techniques 

are the changes of the metal-ligand donor atom bond lengths. The corresponding Fe-L vibration 

band can be found in the range of 500 to 250 cm-1 for a Fe(II)-{N6} complex and should show 

the greatest difference when changing the electronic state. However, these bands are often hard 

to assign since there are a lot of bands in the so-called “finger print” region arising from various 

different vibration modes in the solid state. More suitable to follow the thermally induced SCO 

phenomenon are vibrational modes of coordinating ligands that are directly linked to the 

coordination bond modes, for example the C-N stretching vibrations of coordinating 

pseuodhalide anions as they appear in the region of 2200–2000 cm-1.[56,99,116,140–142] 

 

A thermal SCO can also be interpreted as a first order phase transition which is cooperatively 

propagating through the solid state.[99] Hence, it can be monitored by differential scanning 

calorimetry (DSC). A DSC measurement can be used to determine the transition temperature 

T1/2 because the excessive heat capacity CP is observed as a peak at this temperature, which is 

a result of the enthalpy and entropy changes during the spin transition. Depending on the peak 

size, the different thermal transition types can be directly seen. Namely, a broad signal 

corresponds to a gradual SCO and a sharp signal to an abrupt one. Furthermore, by integration 

over the peak area in the CP vs. T plot, the values for the enthalpy change H and the entropy 

change S can be calculated because the change in free Gibbs energy G equals zero at 

T1/2.
[33,39,128,141,143–147] 

 

These are by far the most common techniques to investigate the thermal SCO behavior in Fe(II) 

complexes but there are some more which come in handy in special cases.[39,116,128] They will 

not be discussed in detail but should be mentioned: Electron Paramagnetic Resonance 

spectroscopy (EPR),[148–152] X-ray Absorption Spectroscopy (XAS),[153–156] Positron 

Annihilation Spectroscopy (PAS),[157,158] Muon Spin Relaxation (SR),[159–162] and Nuclear 

Resonance Scattering (NRS).[163–165] 
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1.2.5 Some aspects regarding the difference between Fe(II) and Co(II) SCO complexes 

This chapter emphasizes in a more detailed way on the differences between Fe(II) and Co(II) 

complexes even though some were already mentioned before. 

 

In Fe(II) complexes the SCO has a huge influence on the properties, because in the HS state the 

antibonding eg orbitals are occupied by two electrons (t2g
4eg

2), while in the LS state only the 

non- or weak-bonding t2g orbitals are occupied (t2g
6eg

0). This results in the aforementioned 

drastic changes of for example the magnetic susceptibility (SHS = 2, SLS = 0) or the metal-ligand 

donor atom bond lengths (r(Fe-L) ≈ 0.2 Å). The property changes in Co(II) are much less 

pronounced. The transition takes place between the 2E (LS) and the 4T1 (HS) state with the 

corresponding electronic configurations t2g
6 eg

1 and t2g
5eg

2. As a consequence, the change of the 

metal-ligand donor atom distance is smaller with r(Co-L) ≈ 0.10 Å, because in both electronic 

states the antibonding eg orbitals are occupied.[74,75,166] Since the molecular volume changes in 

Co(II) compounds is less pronounced during the spin transition, cooperative interactions, which 

help to propagate local distortions through the solid, are usually less important.[74] Thus, the 

probability of the occurrence of a thermal hysteresis is less expected. In fact, the vast majority 

of the Co(II) complexes showing SCO behavior exhibit a gradual transition. Consistent with 

the above mentioned, the magnitude of both thermodynamic parameters, the enthalpy change 

H and the entropy change S is smaller.[166] The smaller entropy difference S for Co(II) SCO 

complexes, which can be calculated with Equation 1.4, as well as the possibility of spin state 

mixing through spin-orbit coupling causes a lower activation barrier compared to Fe(II) SCO 

compound. This results in spin interconversion between the HS and the LS state induced by 

smaller changes of external stimuli.[75,166] Another important difference is the respective 

contribution of the Jahn-Teller effect. The HS state of an Fe(II) SCO complex is influenced 

solely to a very small extent while the LS state of a Co(II) SCO compound is strongly affected, 

which results in trigonal or tetragonal distortions.[74] The most important method to characterize 

a thermally induced SCO in Co(II) complexes is the temperature-dependent magnetic 

susceptibility measurement, as it is also for Fe(II). However, the evaluation is more difficult for 

Co(II) ions. The LS state has one unpaired electron (S = 1/2) and the T product can be 

calculated by using the spin only formalism (T ≈ 0.38 cm3Kmol-1, Equation 1.6 and 1.7) which 

is usually very close to the experimentally obtained data, independent of different local 

geometries. The spin-only value for the HS state with three unpaired electrons (S = 3/2) state is 

calculated as T ≈ 1.88 cm3Kmol-1. But the experimental values can deviate drastically from 

this value, due to the orbital angular moment of the 4T1 state and the resulting spin-orbit 

coupling which contributes to the magnetic moment.[39,74–76,166] According to the 

spectrochemical series of metal ions, the contribution to the ligand field strength O is smaller 

in Co(II) compared to Fe(II) ions and can be explained by the higher spin pairing energy of the 

former.[40,41,166,167] Thus, to obtain SCO complexes with Co(II), ligands with stronger ligand 

field strength are necessary which is especially well studied for the bis(terpyridine) systems.[75] 
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1.3 Influences on the SCO behavior 

1.3.1 Ligand design 

The ligand field strength O appropriate in energy to the used metal ion plays a significant role 

for observing SCO behavior. As already mentioned, every metal ion in a specific oxidation state 

has an individual natural splitting of the d-orbitals, thus there are only a few suitable donor sets 

to exhibit the spin transition. Although the SCO research field now exists for almost 60 years, 

there is still no rational approach to predict the exact ligand field and often the ligand field 

strength O need to be adjusted, since it does not solely depend on the type of donor atom 

sets.[96,116,128,168] 

 

One approach to modify the ligand field is the replacement of chelating ligands by coordinating 

counter ions, which directly alters the ligand field strength O. From an empirical point of view, 

for mixed heteroleptic complexes [MAnB(6-n)] the rule of the "averaged environment" applies, 

which illustrates that the O (10 Dq) values of mixed complexes can be approximated by a 

linear relationship between O values for the homoleptic complexes [MA6] and [MB6] 

(Equation 1.10).[94] 

 

 O([MAnB(6−n)]) =
n

6
O([MA6]) +

(6−n)

6
O([MB6]) (1.10) 

 

A prime example is the Fe(II) complex [FeII(phen)3]
2+ which is in the LS state at room 

temperature, independent of the non-coordinating anions. Substitution of one of the bidentate 

phenanthroline ligands for two NCS- ions results in the first known Fe(II) SCO complex 

[FeII(phen)2(NCS)2], which was reported by Baker and Bobonich in 1964.[49] Another example 

is given by Zarembowitch in 1990. The complex [FeII(py)4(NCS)2] (with py = pyridine) is in 

the HS state at room temperature and does not show a spin transition until very low 

temperatures. However, by substituting two pyridine molecules for either a 2,2’-bipyrimidine 

(bpym) or a 1,10-phenanthroline (phen) molecule, which naturally has a stronger ligand field 

strength O, the resulting complexes [FeII(py)2(bpym)(NCS)2] and [FeII(py)2(phen)(NCS)2] 

exhibit thermally induced abrupt SCO behavior. In addition, the bpym complex even shows a 

small thermal hysteresis.[169,170] In both examples NCS− has been used as coordinating anion. 

However, there are many other pseudohalides such as NCO−, NCBH3
−, NCSe−, CN− or 

(CN)2N
−, which differ in ligand field strength O and thus allow fine tuning of the SCO 

properties. For example Brooker et al reported a shift of the spin transition temperature T1/2 of 

the SCO complex [FeII(L)2(X)2] (with X = NCS−, NCSe− and NCBH3
− and 

L = 4-p-tolyl-3-(2-pyrazinyl)-5-(2-pyridyl)-1,2,4-triazole) upon variation of the coordinating 

counter ions. By increasing the ligand field strength O of the pseudohalide anions 

(NCS−<NCSe−< NCBH3
−) T1/2 is shifted to higher temperatures.[171] This effect is well 

documented in literature.[99,110,172–177] 
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Another way to vary the ligand field can be achieved by adding substituents to the ligand 

system, either to add steric hindrance or to effect the electronic properties of the donor atoms 

by incorporating electron-donating or electron-withdrawing groups. As the electronic state 

correlates with the metal-ligand bond length, the addition of a bulky substituent close to the 

donor atom leads to steric hindrance between the metal center and the ligand. Thus, the 

coordination geometry will be distorted and the HS state will be favored. This approach can be 

used to change the spin state of the system. Here again the complex [FeII(phen)3]
2+ serves as 

an excellent example. Functionalization in the 2-position of the phenanthroline ligand by 

substituting the proton atom for the sterically hindered methyl group leads to an extension of 

the Fe-N bond length and thus to stabilization of the HS state at room temperature. Although 

the -donor strength of the nitrogen donor atom increases due to the positive inductive effect 

(+I-effect) of the CH3 group, the steric hindrance of the methyl substituent has the greater 

influence on the ligand field. Furthermore, the complex with the methylated phenanthroline 

ligand shows SCO behavior when cooled.[178,179] Similar behavior was found in other ligand 

systems as well.[55,180–182] 

The effect of electron-donating or electron-withdrawing groups on the SCO behavior was nicely 

demonstrated by Halcrow et al.[183] They used the complex [FeII(bpp)2]
2+ (with 

bpp = 2,6-di(pyrazol-2-yl)pyridine) to generalize a relationship between ligand substituents 

and spin state by replacing the hydrogen atom on the 4-position in the pyridine ring, para to the 

nitrogen donor atom, as well as on 4-position in the pyrazole, meta to the nitrogen donor atom, 

for substituents with different electronic properties. They were able to correlate the transition 

temperature T1/2 of twenty-five different substituted complexes to the relevant Hammett 

parameter[184], which basically takes into account mesomeric and inductive effects of the 

substituents. The study was performed on complex solutions with the Evans NMR method 

because in solution, crystal-packing effects can be neglected and thus the spin state is only 

dependent on the electronic nature of the ligand. As a result, substitution at the pyridine ring 

with electron-withdrawing groups or at the pyrazole ring with electron-donating groups 

stabilizes the LS state. However, the authors emphasize that there is no generality to the 

question whether electron-donating or electron-withdrawing groups will stabilize either 

exclusively the HS or the LS state. The spin state depends on the position of the substituent 

within the ligand backbone and the competing influence of opposing metal to ligand - and 

-bonding effects.[183] 

 

Further possibilities to modify the ligand field strength O of the ligand are the replacement of 

six-membered heteroaromatic rings by five-membered ones, the replacement of aromatic by 

aliphatic donating moieties or varying the chelating ring size. All these modifications result in 

different strain within the ligand backbones as well as an alteration of the -donor and 

-acceptor character of the system[96,185] Recently, a nice example has been given by 

Brooker.[135] Substitution of the pyridine moieties in the side arms of the TDPT ligand (4-Tolyl-

3,5-di(2-pyridyl)-4H-1,2,4-triazole) for thiazoles (TDTT = 4-Tolyl-3,5-di(2-thiazolyl)-4H-

1,2,4-triazole) resulted in the complex [FeII(TDTT)3](BF4)2. While the complex with the TDPT 

ligand remains in the HS state, the new complex with the TDTT ligand shows SCO behavior. 
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1.3.2 Cooperativity 

Even though there are many possibilities to design the ligand systems and thus vary the ligand 

field strength O to ultimately reach SCO behavior at room temperature with a wide thermal 

hysteresis as final goal for future applications, the properties in the solid state are not 

predictable. DSC measurements show that a spin transition can be seen as a first order phase 

transition that propagates through the material, which originates from the change of 

coordination bond lengths.[99] Cooperative effects have a significant impact on this propagation 

and often influence the type of the spin transition or even the appearance. As mentioned earlier, 

weak cooperativity results in a gradual or incomplete SCO behavior whereas strong 

communication leads to abrupt transitions and possibly to the occurrence of a thermal 

hysteresis.[33,128,186,187] The cooperativity in the solid state can be enhanced intermolecularly by 

classical and non-classical hydrogen bonding directly between the complexes or facilitated by 

non-coordinating solvent molecules or non-coordinating counter ions. Further, the 

communication can be mediated by van der Waals’ contacts via --stacking of aromatic 

moieties in the ligand backbone and there are also some examples of lone pair- and halogen 

bonding interactions.[33,142,188–190] 

 

The effect of cooperativity on the properties and the shape of a spin transition can be 

investigated when comparing the SCO behavior of a crystalline compound to its behavior in 

solution. In solution the SCO complexes as well as the solvent molecules and the coordinating 

anion are randomly disordered and thus the complexes act as isolated molecules whereas in the 

solid state the aforementioned cooperative interactions lead to a systematic orientation of the 

complexes which enables communication.[117] Alternatively, the intermolecular communication 

between the SCO metal ions can be suppressed by metal dilution with other transition metals 

which are not SCO-active or at least not with the chosen ligand system (Zn(II), Ni(II), Mn(II) 

or Co(II)). In the doped material, the intermolecular interactions are still available but the 

propagation of the phase transition in the SCO-active metal ions will be buffered by complexes 

bearing the foreign metal ions, which do not show any structural change. As an example, the 

SCO complex [FeII(2-pic)3](Cl)2·EtOH (with pic = picolylamine), reported 1967 by Renovitch 

and Baker, shows an abrupt spin transition at about 115 K.[191] Single-crystal structure analysis 

revealed hydrogen bonding interactions mediated by the solvent molecules.[192] Successively 

replacing Fe(II) with Zn(II) ions, which have isostructural complex cations, resulted in a series 

of mixed complexes with the chemical composition of [FeII
xZnII

1-x(2-pic)3](Cl)2·EtOH with x 

ranging from 0.0007 to 1. Upon decreasing Fe(II) concentration, the spin transition becomes 

more gradual and the transition temperature T1/2 is shifted to lower temperatures. At very high 

dilution with about one percent of Fe(II), the spin transition curve can be described by the 

Boltzmann distribution, normally observed for complex solutions, where cooperativity is 

practically non-existent.[193] This work was the first to show clearly the existence of cooperative 

elastic interactions in the solid state and the effect of these interactions on the SCO behavior, 

leading to further metal dilution studies in other SCO complexes.[128,194–198] Additionally, due 

to the importance of cooperative effects in solid SCO materials a theoretical approach, the so-

called “Mainz Model” based on pure mechanical communication between the spin-carrying 

metal centers was developed by Spiering and Willenbacher.[199,200] 
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1.3.3 Solvent and non-coordinating anion effects 

The intermolecular interactions in the solid material rarely occur directly between the complex 

molecules but are mostly mediated by non-coordinating anions and solvent molecules. Classical 

and non-classical hydrogen bonding leads to short contacts between the complex cations and 

non-coordinating molecules and the formation of intermolecular interaction pathways. 

Furthermore, hydrogen bonding can have a relayed effect on the ligand field due to a small 

change in the electron density of the coordinating ligand. Thus, the non-coordinating anions 

and solvent molecules embedded in the crystal lattice can drastically effect the SCO properties, 

resulting in a shift of the transition temperature T1/2, a different shape of the transition curve or 

even in a total absence of any spin transition. This influence is hardly predictable and makes 

systematic studies of the relation between intermolecular interactions and the SCO behavior 

inevitable. 

 

Again the [FeII(2-pic)3](Cl)2·EtOH SCO complex is a nice example to introduce the effect of 

non-coordinating anions as well as solvent molecules on the SCO properties. By replacing the 

chloride in the former complex for bromide or iodide, the spin transition is less abrupt and 

complete in the mentioned order. Furthermore, changing the co-crystallized ethanol molecules 

in the chloride complex for methanol results in a more gradual SCO near 150 K. In the case of 

the monohydrate complex it leads to the occurrence of a 90 K wide thermal hysteresis with the 

two transition temperatures of T1/2
↓ = 200 K and T1/2

↑ = 290 K. However, the dehydrated 

sample does not show any SCO properties.[116,128,201–203] The importance of hydrogen bonding 

on the SCO has later been intensively studied by Gütlich et al. by isotopic exchange of hydrogen 

for deuterium and 14N for 15N in various positions within the 2-picolylamine ligand system as 

well as in the solvent molecules. This work clarified that the spin transition is only affected 

when isotopic substitution is performed on atoms directly involved in the hydrogen bonding 

network, which was confirmed by other studies as well.[39,116,204,205] Besides the presented 

complex, there are many other examples in literature showing the influence of the solvent 

molecules as well as non-coordinating anions and their incorporation in hydrogen bonding 

interaction pathways on the properties of different SCO compounds.[206–212] 

 

Another example is given by Brooker et al.[213] They were able to show that the variation of the 

solvent molecules by reversible single-crystal to single-crystal transformation leads to 

distinguishable magnetic properties and to different colors of the Fe(II) complexes. The 

transformation processes were facilitated by exposure to vapors of different solvent molecules 

(acetonitrile, ethanol and water). Remarkably, crystal transformation is reversible even though 

the Fe(II) complexes with coordinating acetonitrile and ethanol molecules are dinuclear 

whereas the Fe(II) compound with coordinating water molecules is a 1D chain. The varying 

nuclearity is explained by two different bridging modes of the ligand. While the MeCN complex 

is dark red and shows hysteretic SCO behavior, the orange EtOH complex and the yellow H2O 

complex remain in the HS state over the whole measured temperature region.[213] Usually, such 

sensing of guest molecules, which renders these compounds promising candidates for 

application as chemical sensors, is observed for porous Metal Organic Frameworks (MOFs). 

There are also many examples of MOFs that show guest-dependent SCO behavior.[214–218] 
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1.4 Polynuclear Fe(II) SCO complexes 

In the previous chapters, the general concepts and many phenomena of SCO behavior were 

explained mainly for mononuclear compounds. However, in the 1980s the focus within the 

research field shifted towards SCO materials with higher nuclearity. Multinuclear compounds 

are in advantage to mononuclear complexes because they potentially exhibit intramolecular 

cooperative effects additionally to the intermolecular interactions such as hydrogen bonding 

and --stacking. The direct connection of SCO-active metal centers via organic molecules can 

lead to increased cooperativity and thus to more abrupt transitions and the occurrence of wide 

thermal hysteresis. In this regard, a large number of SCO materials where the spin switching 

metal centers are embedded in discrete polynuclear structures or in coordination polymers, have 

been synthesized and investigated.[85–88] 

1.4.1 Fe(II) coordination polymers 

Among the coordination polymers the Fe(II)-1,2,4-triazole system has proven to be a perfect 

candidate for designing 1D chains, 2D layers or 3D networks.[70] In fact, one of the most 

promising materials for future applications is the 1D polymer with the chemical composition 

[FeII(Rtrz)3]A2·solvent (with Rtrz = 4-R-1,2,4-triazole and A = mono negative 

non-coordinating anion) because there are some examples showing large thermal hysteresis 

around room temperature and strong thermochromism.[13,87,219] Within these chains the Fe(II) 

ions are bridged by three 1,2,4-triazole molecules. Substitution at the 4-position of the ligands 

as well as changing the counter ions and the solvent molecules allows the investigation of 

different intermolecular interactions and thus different SCO behavior. Despite the great 

research interest in such compounds due to the potential application as memory or display 

devices outlined by Kahn,[13] the poor crystallinity makes structural characterization of those 

compound very difficult. It is mostly limited to X-ray absorption as well as powder diffraction 

experiments and comparison to related structural characterized structures as discussed in a 

number of reviews.[220–223] The incorporation of these coordination polymers into 

technologically convenient substrates such as composites, gels, nanoparticles or liquid-

crystalline materials has been successful. However, up until now they have never been used in 

commercially available devices.[87] Coupling two triazole ligands at the 4-position results in 

SCO materials with a 2D layer structure. In the [FeII(btr)2(NCS)2]·H2O (with btr = 4,4’-bis-

1,2,4-triazole) coordination polymer, the Fe(II) are bridged by four 4,4’-bis-1,2,4-triazole 

ligands which are coordinating in plane whereas two NCS− anions in the apical positions, trans 

to each other, fill the octahedral coordination sphere. The layers are connected via weak van 

der Waals contacts and hydrogen bonding interactions between the water molecules and the 

non-coordinating nitrogen atoms of the ligand. This compound was the first example, showing 

abrupt SCO behavior and a 25 K wide thermal hysteresis centered around 134 K in a 2D 

network, and still remains a model material in SCO research.[224,225] Furthermore, replacing the 

coordinating NCS− anions for non-coordinating ClO4
− resulted in a 3D network where each 

Fe(II) ions is coordinated by six 4,4’-bis-1,2,4-triazole ligands and is bridged to six other Fe(II) 

centers. The compound with the chemical composition [FeII(btr)3](ClO4)2 shows a two-step 
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SCO behavior with a plateau region centered around 200 K after 50% of the Fe(II) have 

changed the spin state.[226] Besides the 1,2,4-triazole ligand there are many other possible ligand 

systems such as fused tetrazoles or pyridines with different lengths and functionalities within 

the organic linkers resulting in two- or three-dimensional networks which exhibit SCO 

behavior.[70,87] Additionally, metal organic frameworks of the Hofmann-type are excellent 

examples of coordination polymers that show SCO properties, which can be varied by host 

guest chemistry in these porous materials.[88] 

1.4.2 Dinuclear Fe(II) SCO complexes 

Coordination polymers have proven to be excellent candidates to propagate local distortion as 

a result of a spin transition throughout the solid state. Consequently, they often show abrupt 

SCO behavior with the occurrence of wide thermal hysteresis. However, there are many 

difficulties regarding these materials. Indeed, the limited control over the overall structure of 

such compounds, the reproducibility of chemical and physical properties and more importantly 

the poor crystallinity and thus the structural characterization, makes the full understanding of 

the SCO properties within such coordination polymers a very challenging task. 

Considering these facts, the research in SCO compounds with discrete nuclearity, which 

combine the advantages of the intramolecular cooperative interactions of SCO coordination 

polymers with the easier structural characterization, has increased. There are many discrete 

oligomeric SCO compounds ranging from dinuclear to octanuclear synthesized by 

supramolecular self-assembly strategies or by incorporation of the metal ions in rational 

designed multidentate chelating ligands. The supramolecular approach benefits from the rather 

easy synthesis by combining commercially available or easily synthesized capping and bridging 

ligands in precise ratios with metal ions while the nuclearity is controlled via the geometrical 

requirements of the metal center and the denticity of the ligands. The main disadvantage of this 

route is that side products can form due to rearrangement of the ligands and/or the presence of 

dynamic equilibria between different possible nuclearities and thus prediction of the final 

compound is not straightforward. The other approach of rational designing chelating ligands 

has the advantage that the nuclearity is controlled by the number of binding pockets within the 

ligand system. Further, this route offers the possibility to systematically investigate material 

properties by variation of the ligand backbones. However, the main problem is the often 

required multistep organic synthesis that sometimes is very time consuming and 

challenging.[86,119,168] 

 

Among the polynuclear SCO compounds the dimeric structural motif is most valuable. It is the 

simplest and smallest unit of two interacting spin switching metal centers allowing for 

systematic investigations of intra- and intermolecular cooperative interactions. Furthermore, 

the dinuclear complexes with two SCO-active centers may exhibit a two-step spin transition 

leading to three accessible states ([HS-HS], [HS-LS] and [LS-LS]), which potentially allow 

higher information storage capacities and complex operations based on trinary logic.[67,227,228] 

The intermediate state can be displayed either by a 1:1 mixture of molecules in the [HS-HS] 

and [LS-LS] state or by isolated molecules with one of the two SCO-active metal ions being in 

the LS state while the other is in the HS state. The possibility of an intermediate spin state led 
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to an increased interest in dimeric SCO compounds. However, not all dinuclear complexes 

exhibit multistep SCO behavior. Whether the spin transition occurs directly in one-step 

[HS-HS]→[LS-LS] or in a two-step manner via the intermediate spin state 

[HS-HS]→[HS-LS]→[LS-LS] depends on the enthalpy difference between the mixed [HS-LS] 

state and the halfway point between the enthalpies of the [HS-HS] and the [LS-LS] state 1/2H. 

If the [HS-LS] state lies in energy between the [HS-HS] and 1/2H, the spin transition occur 

directly from the [HS-HS] to the [LS-LS] state (Figure 8 a). Thus, the more the mixed spin state 

is stabilized in energy relative to 1/2H meaning closer in energy to the [LS-LS] state, the more 

likely a step-wise transition takes place (Figure 8 b). However, if the energy gap between the 

[HS-LS] and the [LS-LS] is too small, the system will remain trapped in the intermediate spin 

state and no second spin transition to the ground state is observable (Figure 8 c). This 

phenomenological model was introduced by Kahn and Zarembowitch and was proven to be 

applicable in many cases.[229–234] 

 

Figure 8. Representation of [HS-HS], [HS-LS] and [LS-LS] enthalpies relative to each other for a 

one-step spin transition from the [HS-HS] to the [LS-LS] state (a), for a two-step spin transition via the 

intermediate [HS-LS] state (b) and for a one-step transition from the [HS-HS] to the [HS-LS] state (c) 

according to the phenomenological model of Kahn and Zarembowitch.[229] 

The first bimetallic Fe(II) SCO complex [FeII
2(bpym)(bzp)2(NCS)4] (with 

bpym = 2,2’-bipyrimidine and bzp = bromazepam) was reported 1987 by Real et al. showing 

a spin transition between 260 and 220 K from the [HS-HS] to the intermediate [HS-LS] state.[65] 

Further investigation of related ligand systems led to the synthesis and characterization of 

[FeII
2(bpym)(bt)2(NCS)4] (with bt = 2,2’-bis-1,3-thiazole) in 1992. Within this dinuclear 

complex each Fe(II) ion is coordinated by two NCS− anions and one bidentate bis-thiazole 

ligand and bridged by the bipyrimidine ligand providing the {N6} coordination environment. 

This compound shows for the first time abrupt two-step thermal SCO 



1. Introduction 

27 

([HS-HS]→[HS-LS]→[LS-LS]) behavior within a dimeric structural motif. Based on 

calorimetric and Mössbauer measurements, Real et al. proposed that the intermediate spin state 

is displayed by discrete [HS-LS] and thus both metal ions undergo spin transition separately at 

slightly different temperature.[229] Furthermore, they suggested that the synergistic interplay 

between intra- and intermolecular cooperative interactions is the key factor whether the 

intermediate state consists of a 1:1 mixture of [HS-HS] and [LS-LS] molecules or of localized 

[HS-LS] molecules. The final evidence for the existence of localized molecules with one Fe(II) 

in the HS and one in the LS state in the intermediate state was given by Ksenofontov et al. by 

using applied field Mössbauer spectroscopy. With this measurement method they were able to 

distinguish two different HS signals for the Fe(II) ions belonging either to the [HS-HS] or the 

[HS-LS] state.[235] 

Almost twenty years after the discovery of the first bimetallic Fe(II) complex showing two-step 

SCO behavior, in 2005 Klingele et al. were the first observing localized [HS-LS] molecules 

crystallographically (Figure 9, left).[236] By using the bis-tridentate bridging ligand PMAT 

(4-amino-3,5-bis{[(2-pyridylmethyl)amino]methyl}-4H-1,2,4-triazole), which is strongly 

predestinated to build the dimeric structure motif, they were able to synthesize the bimetallic 

compound [FeII
2(PMAT)2](BF4)4·H2O. The complex exhibits an abrupt spin transition from the 

[HS-HS] to the [HS-LS] state centered around T1/2 = 224 K investigated by 

temperature-dependent magnetic moment measurement (Figure 9, right). The crystal structure 

of the complex cation [FeII
2(PMAT)2]

4+ recorded at 123 K shows two crystallographically 

distinguishable Fe(II) ions with different Fe-N bond lengths corresponding to the HS (Fe(2)) 

and the LS (Fe(1)) state. 

 

Figure 9. Crystal structure of the complex cation of [FeII
2(PMAT)2](BF)4·H2O with one Fe(II) in the 

LS (Fe(1)) and one in the HS (Fe(2)) state, resulting in the [HS-LS] state for the complex, measured at 

123 K (left) and the temperature dependency of its magnetic moment in the range of 4–300 K (right). 

Reproduced from literature[236] with the permission from the Royal Society Of Chemistry. 
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This crystallographical differentiation was possible due to a molecular symmetry breaking. In 

the [HS-HS] state an inversion center is located between the two metal centers and the 

asymmetric unit consists of one half of the dinuclear complex whereas in the [HS-LS] state the 

inversion center is in-between two cations and a whole complex molecule is part of the 

asymmetric unit. The [HS-LS] state remains trapped until very low temperatures and no spin 

transition to the [LS-LS] state is observable.[236] Replacing the amino function in the 4-position 

of the 1,2,4-triazole moiety by other substituents resulted in similar bimetallic Fe(II) complexes. 

Despite the fact that the substitution is remote from the donor atoms, the synthesized 

compounds show very different SCO properties. However, none of the complexes exhibited the 

second potential spin transition to the [LS-LS]. The authors explained the inhibited conversion 

[HS-LS]↛[LS-LS] by strain between the metal ions arising from the rigidity and the wide biting 

angle of the ligand systems.[236,237] Only recently, substitution of the amino linkages for 

thioether linkages between the 1,2,4-triazole unit and the pyridine rings in the side arms resulted 

in new complexes with the chemical composition [FeII
2(PSRT)2](BF4)4 

(PSRT = 4-R-3,5-bis{[(2-pyridylmethyl)thio]methyl}-4H-1,2,4-triazole). By variation of the 

substituents in the 4-position, they were able to observe a spin transition to the [LS-LS] with 

the phenyl substituent.[79] 

 

Inspired by the work of Brooker et al. our work group started in 2013 to investigate structural 

and electronic influences of the bridging unit on the SCO behavior.[210,211,238–240] Herold et al. 

reported in 2015 on the synthesis and characterization of new symmetric dinuclear complexes 

[FeII
2(PMTD)2](X)4·solvent (with X = BF4

−, ClO4
− and F3CSO3

−) based on the PMTD 

(2,5-bis[(2-pyridylmethyl)amino]methyl-1,3,4-thiadiazole) ligand  (Figure 10, left). The 

PMTD ligand is isostructural to the PMAT ligand and has two tridentate {N3} binding pockets, 

only the 1,2,4-triazole bridging unit was substituted for 1,3,4-thiadiazole. The basic idea here 

is that by exchanging the nitrogen atom in the triazole for the larger sulphur atom, the strain in 

the dimeric complex will be reduced and the ligand field strength O will be increased. 

According to these changes, the [LS-LS] state should be thermally accessible and stabilized at 

low temperatures, which was not possible with the related PMAT ligand. In fact, all three 

complexes are in the [LS-LS] state as revealed by single-crystal X-ray structure analysis 

recorded at 173 K. Unfortunately, they stay in the ground state until room temperature as shown 

by magnetic susceptibility measurements. Only above room temperature, a rise in the 

T product indicates a possible gradual spin transition to the [HS-LS] state.[238,239] Small 

differences between the three complexes can be explained by the different intermolecular 

interactions in the solid state attributed to the incorporation of the various non-coordinating 

counter ions. Additionally, Herold et al. investigated the influence of solvent molecules on the 

SCO properties in the case of [FeII
2(PMTD)2](BF4)4·4DMF (Figure 10, right).[210,239] The 

complex remains in the [LS-LS] ground state until room temperature. When heated to 400 K 

solvent loss results in an abrupt one-step spin transition for the complex molecules directly from 

the [LS-LS] to the [HS-HS] state. However, the desolvated complex [FeII
2(PMTD)2](BF4)4 

shows a rather gradual SCO event to the [HS-LS] state upon cooling and remains trapped in 

this state until very low temperatures, inhibiting the possible second spin transition to the 

[LS-LS]. The stabilization of the [LS-LS] state in the DMF complex is explained by 

intermolecular hydrogen bonding between the complex cations and the DMF molecules which 
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also increases the ligand field strength O.[210] Further modifications of the PMTD ligand 

system performed by Herold, either for electronic or steric reasons, resulted in different 

bimetallic complexes, but the dimeric compounds stayed in the [HS-HS] state and the SCO 

properties were lost in all cases.[239] 

 

Figure 10. Crystal structure of the complex cation of [FeII
2(PMTD)2](BF)4·4DMF with thermal 

ellipsoids recorded at 173 K (color code: Fe dark red, N blue, S yellow and C grey) (left) and the 

temperature dependency of the T product in the range of 2–400 K for [FeII
2(PMTD)2](BF4)4·4DMF 

(filled dots) and for [FeII
2(PMTD)2](BF4)4 (empty dots) (right). The figure was reproduced from 

literature[210] with the permission from the American Chemical Society. 

More recently, Bittner described the synthesis of an asymmetric 1,3,4-thiadiazole ligand 

(PBPMTD = 2-(2-pyridyl)-5-[N,N-bis(2-pyridylmethyl)amino]methyl-1,3,4-thiadiazole). 

With this ligand he generated a series of dinuclear Fe(II) SCO complexes varying in the non-

coordinating counter ions and the solvent molecules. [FeII
2(PBPMTD)2](BF4)4·solvent was 

obtained as microcrystalline needles from a vapour diffusion of diethyl ether, hexane and 

cyclohexane (1:1:1) to an acetone complex solution. The freshly prepared complex yielded a 

two-step SCO behavior with two rather gradual spin transitions centered around 305 and 187 K, 

as shown by temperature-dependent magnetic susceptibility measurements (Figure 11, top). 

Interestingly, remeasuring of the sample resulted in a more abrupt two-step SCO and both spin 

transitions were shifted to higher temperatures (T1/2 = 333 K and 204 K), which is ascribed to 

stronger intermolecular interactions due to the loss of solvent molecules. However, this could 

not be proven. Due to a poor crystallinity no structural characterization was possible. An 

analogue complex [FeII
2(PBPMTD)2](BF4)4·0.5H2O·MeNO2 was obtained as single crystals 

suitable for X-ray structure analysis. The structure analysis of the complex was performed at 

two different temperatures (250 and 120 K) to get an insight into the structure of the different 

spin states. Both structures show a vast network of hydrogen bonding mainly between the 

complex cations and the non-coordinating anions leading to intermolecular cooperative 
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interaction pathways, while the solvent molecules interactions can almost be neglected. The 

high temperature structure reveals the [HS-HS] states at 250 K, which fits the DFT optimized 

structure. At 120 K the author suggests the complex being in the [HS-LS] state arising from a 

1:1 mixture of [HS-HS] and [LS-LS] molecules after comparison with the calculated structures 

for the [HS-HS] and the [LS-LS] state. No magnetic data of this complex could be obtained due 

to the lack of crystalline material. It is noteworthy, that the two solvatomorphs of the 

tetrafluoroborate complexes cannot directly be compared since the different solvent content 

most likely results in different crystal packing. Similar solvent dependent SCO behavior was 

observed for the complex with perchlorate as non-coordinating anion 

[FeII
2(PBPMTD)2](ClO4)4·solvent. The freshly prepared sample shows a direct one-step spin 

transition from the [LS-LS] to the [HS-HS] state centered around room temperature when 

heated from 2–400 K and after solvent loss an abrupt two-step SCO 

[HS-HS]→[HS-LS]→[LS-LS] event occurs upon subsequent cooling (Figure 11, bottom).[241] 

 

Figure 11. Top: Temperature-dependent magnetic susceptibility data of 

[FeII
2(PBPMTD)2](BF4)4·solvent. The freshly prepared sample was measured from 300–2 K (empty 

dots) and subsequently from 2–400 K (filled triangles) while the dried sample was recorded 14 days 

later (empty squares). Bottom: Temperature-dependent magnetic susceptibility data of 

[FeII
2(PBPMTD)2](ClO4)4·solvent. The freshly prepared sample was measured from 300–2 K (open 

circles) and subsequently heated from 2–400 K (filled triangles) and cooled from 400–175 K (empty 

squares). Reproduced from literature[241] with the permission of Bittner. 
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Köhler et al. reported the first dinuclear Fe(II) SCO complexes [FeII
2(PMOD)2](X4)4·solvent 

(with X = BF4
−, ClO4

− and F3CSO3
−) based on the isostructural PMOD ligand 

(2,5-bis[(2-pyridylmethyl)amino]methyl-1,3,4-oxadiazole) (Figure 12, left).[211,240] The 

tetrafluoroborate complex remains in the [HS-HS] within the measured temperature range of 2 

to 300 K while the perchlorate compound shows an abrupt spin transition to the [HS-LS] state 

around 150 K, which is also explained in analogy to the PMAT system of Brooker by strong 

tension in the ligand backbone. Interestingly, the triflate complex shows the same spin transition 

but it is shifted to higher temperatures with the occurrence of thermal hysteresis. The authors 

correlate the strong anion dependency with the degree of intermolecular cooperativity between 

the complex cations and the non-coordinating anions (Figure 12, right).[211] Ongoing 

investigations were performed by Eppelsheimer who replaced the pyridine functionalities in the 

side arms for imidazole groups to further increase the intermolecular connectivity through 

additional hydrogen bonding possibilities. In fact, the synthesized dimeric complexes of the 

type [FeII
2(I2MOD)2](X4)4·solvent (with X = BF4

−, ClO4
− and F3CSO3

−) based on the modified 

oxadiazole ligand I2MOD (2,5-bis[(1H-imidazol-2-ylmethyl)amino]methyl-1,3,4-oxadiazole, 

the superscript 2 stands for the connection between the imidazole group and the ligand 

backbone) shows an extended hydrogen bonding network, but the imidazole derivatives do not 

show any spin transition and remain in the [HS-HS] state, which is ascribed to the lower ligand 

field strength O of the I2MOD compared to the PMOD ligand.[242] 

 

Figure 12. Crystal structure of the complex cation of [FeII
2(PMOD)2](ClO4)4·4MeCN, being in the 

[HS-LS] state, recorded at 100 K (color code: Fe orange, N blue, O red, C grey and H white) (left) and 

the temperature dependency of the T product in the range of 2–300 K for 

FeII
2(PMOD)2](BF4)4·2MeCN (triangles) and for [FeII

2(PMOD)2](ClO4)4·4MeCN (dots) as well as in 

the range of 100–200 K for [FeII
2(PMOD)2](F3CSO3)4·2MeCN (dots, small picture). The filled symbols 

represent the cooling mode while the empty symbols account for the heating (right). The figure was 

reproduced from literature[211] with permission from John Wiley & Sons, Inc. 
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Concluding, these studies together with many others in literature nicely demonstrate that the 

synergistic inter- and intramolecular interactions strongly influences the SCO behavior of 

bimetallic complexes. In many cases, the intermolecular interactions can be systematically 

varied to alter the type of the spin transition due to the formation of hydrogen bonding networks 

between complexes and solvent molecules and/or non-coordinating anions. The intramolecular 

interactions are adjusted by ligand design and some reports relate the occurrence of a two-step 

spin transition to the strain between the SCO-active metal ions. However, it remains difficult 

to predictably fine-tune or even control SCO behavior (including step-wise transitions, 

transition temperature T1/2 or hysteresis). Intermolecular effects such as crystal packing and/or 

hydrogen bonding mediated by solvent molecules or anions can dominate ligand field effects 

in the solid state. Hence, designing new ligand systems for dinuclear SCO complexes and thus 

providing better insight in the delicate interplay between these different cooperative interactions 

is still highly desired. Only by fully understanding and thus rational controlling of all these 

potential influences on the SCO properties, future application in sensors, data storages, displays 

or actuators can be envisaged.[85,86,119] 

1.5 Objectives and scope of this thesis 

The previous chapters provide an insight in the SCO phenomenon, its occurrence, its different 

transition types, its advantages, its potential applications and its possible drawbacks, especially 

for mononuclear and dinuclear compounds. This research field has rapidly developed in the 

past decades and it has been shown that cooperative interactions, meaning the “communication” 

between the spin-carrying metal ions, effectively propagate the local distortions which 

accompany the spin transition throughout the solid state and lead to more abrupt transition and 

in some cases to the occurrence of thermal hysteresis. Abrupt spin transitions and especially 

thermal hysteresis is strongly recommended for future applications since it offers bistability, 

allowing the system to be in two different states within a certain range of external stimuli 

depending on its history, and thus a memory effect. The cooperativity can either be enhanced 

intermolecularly by, for example, hydrogen bonding networks between the complex cations, 

often facilitated by solvent molecules or non-coordinating anions, or intermolecularly by 

bridging metal ions via multidentate organic ligand systems. Despite the numerous studies 

concerning the origin of cooperativity between the SCO-active metal centers, the prediction of 

its behavior in the solid state solely from rational designing SCO complexes is hardly possible. 

 

The previous work of Herold and Bittner of our group nicely demonstrated the potential of 

1,3,4-thiadiazole bridging ligands to generate bimetallic complexes showing solvent-dependent 

SCO behavior (Chapter 1.4.2).[210,238,239,241] However, for [FeII
2(PMTD)2](BF4)4·4DMF the 

three possible spin states ([HS-HS, [HS-LS] and [LS-LS]) were accessible only upon solvent 

loss while the other PMTD based complexes, synthesized by Herold, showed gradual spin 

transition only above room temperature not even reaching the intermediate [HS-LS] state. 

Further, the [FeII
2(PBPMTD)2](X)4·solvent systems (with X = BF4

− and ClO4
−) of Bittner 
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could not be fully characterized due to the lack of crystalline material suitable for X-ray 

structure analysis and thus the origin of the various SCO behavior could only be estimated. 

 

Based on these previously obtained results, the major goal of this work was the modification of 

the PMTD ligand. The new ligands should then be used to synthesize new dinuclear complexes 

possibly stabilizing the [HS-HS] state at elevated temperatures, ultimately exhibiting two-step 

SCO behavior with all three possible spin states thermally accessible 

([HS-HS]→[HS-LS]→[LS-LS]). Furthermore, the origin of the SCO properties should be 

investigated to provide a better understanding of competing cooperative intra- and 

intermolecular interactions in the solid state by correlating their magnetic to the structural 

properties. The modification followed two different approaches. On one hand the substitution 

of the six-membered pyridine donor moieties in the side arms for five-membered 

N-heterocycles with a second heteroatom within the aromatic ring should increase the biting 

angle between the amine linkages and the heterocycle and weaken the ligand field strength O. 

This should result in a larger binding pocket for the metal ions and in an extension of the 

metal-ligand donor atom bond lengths, which favors the HS state. In addition, by varying the 

position and the nature of the second heteroatom within the pentamerous unit the electronic and 

structural properties of the ligand can be subtly altered, which gives the possibility to fine-tune 

the ligand field strength O and possibly change the intermolecular interaction pathways. On 

the other hand replacing the amino linkages for thioether linkages should lead to longer C‐S 

bonds compared to the C‐N bonds thus rendering greater flexibility to the ligand. This could 

possibly result in the population of the [HS‐LS] and/or the [HS‐HS] state at elevated 

temperatures (Figure 13). 

 

Figure 13. The intended ligand systems for this thesis. I2MTD (2,5-bis[(1H-imidazol-2-

ylmethyl)amino]methyl-1,3,4-thiadiazole), TMTD (2,5-bis[(thiazol-2-ylmethyl)amino]methyl-1,3,4-

thiadiazole), I4MTD (2,5-bis[(1H-imidazol-4-ylmethyl)amino]methyl-1,3,4-thiadiazole) and PSTD 

(2,5-bis[(2-pyridylmethyl)thio]methyl-1,3,4-thiadiazole). 
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The present Chapter 1 gives an introduction and an overview of the relevant literature of SCO, 

which is necessary to follow and understand the results presented in this thesis. 

 

Chapter 2 describes the synthesis and characterization of the novel ligands I2MTD and TMTD 

and the new dinuclear complexes obtained based on these two bridging ligands. Depending on 

the ligand and on the non-coordinating counter ions, these complexes show different magnetic 

properties ranging from a temperature-independent [HS-HS] state, over a one-step spin 

transition, towards a two-step SCO behavior. In fact, for one of the complexes all three spin 

states ([HS-HS], [HS-LS] and [LS-LS]) are subsequently accessible simply by varying the 

temperature. This two-step spin crossover is accompanied by two crystallographic phase 

transitions upon slow cooling. This results in unambiguously identifiable [HS-LS] Fe(II) pairs 

for the mixed [HS-LS] state. However, upon rapid cooling of the sample no phase transition 

was detected and the [HS-LS] state is a superposition of HS and LS Fe(II) ions in the complex 

cation. These results are presented by thorough interpretation of the data obtained by 

temperature-dependent magnetic susceptibility measurements, single-crystal X-ray structure 

analysis and Mössbauer measurements. The salient feature of this paper is the cooling rate 

dependency of the single-crystal diffraction experiment for the observability of the phase 

transition associated with the SCO behavior. 

 

Chapter 3 covers the synthesis and characterization of three novel dinculear Fe(II) complexes 

based on the I4MTD bridging ligand. Temperature-dependent magnetic susceptibility 

measurements revealed that two complexes stay in the [HS-HS] state until very low 

temperatures while the third complex shows a spin transition from the [HS-HS] to the [HS-LS]. 

The intermediate [HS-LS] is displayed by a 1:1 mixture of [HS-HS] and [LS-LS] molecules, 

which are arranged in layers, containing solely [HS-HS] or [LS-LS] complexes. These layers 

are clearly separated from each other by solvent molecules and counter ions proven by single-

crystal X-ray structure analysis. The different magnetic behavior is attributed to different crystal 

packings in the complexes arising from the incorporation of the different non-coordinating 

anions. This paper is a nice example for crystal packing effects dominating over the ligand field 

strength O the SCO properties in the solid state. 

 

Chapter 4 presents the synthesis and characterization of the new thioether-linked PSTD 

bridging ligand. The ligand was used to generate bimetallic Fe(II) complexes, resulting in a 

mononuclear complex in which two ligands are coordinating the Fe(II) metal center with only 

one of the tridentate coordination pocket. The Fe(II) compound stays in the LS state until above 

room temperature. Based on this result, a mononuclear Co(II) complex was synthesized. This 

complex is isostructural to the previous one but show gradual SCO behavior. The 

characterization and interpretation of the properties have been done on the basis of 

temperature-dependent magnetic susceptibility measurements and single-crystal X-ray 

structure analysis. To our knowledge, this is the first Co(II) SCO complex with a {N4S2} donor 

atom set. 

 

Finally, Chapter 5 summarizes all the obtained results and will provide an outlook. 
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2. Phase Trapping in Multistep Spin Crossover 

compound 

This chapter describes the synthesis and characterization of six novel dinuclear Fe(II) 

complexes based on the new tris-bidentate I2MTD (2,5-bis[(1H-imidazol-2-

ylmethyl)amino]methyl-1,3,4-thiadiazole) and TMTD (2,5-bis[(thiazol-2-

ylmethyl)amino]methyl-1,3,4-thiadiazole) ligands. Depending on the ligand and the various 

non-coordinating anions, these complexes show distinct different magnetic behavior. The 

properties and their origin were investigated by single-crystal X-ray structure analysis, 

magnetic susceptibility measurements and Mössbauer spectroscopy. The results are presented 

as scientific article previously published in Inorganic Chemistry. Reprinted with the permission 

from: 

 

F. Fürmeyer, L. M. Carrella, V. Ksenofontov, A. Möller, E. Rentschler, Inorg. Chem. 2020, 59, 

2843–2852. DOI: 10.1021/acs.inorgchem.9b03170. 

Copyright 2020 American Chemical Society 
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2.1 Graphical Abstract 

 

2.2 Abstract 

The dimeric motif is the smallest unit for two interacting spin centers allowing for systematic 

investigations of cooperative interactions. As spin transition compounds, dinuclear complexes 

are of particular interest, since they potentially reveal a two-step spin crossover (SCO), 

switching between the high spin – high spin [HS-HS], the high spin – low spin [HS-LS], and 

the low spin – low spin [LS-LS] states. Herein, we report the synthesis and characterization of 

six dinuclear iron(II) complexes [FeII
2(µ2-L1)2](BF4)4 (C1), [FeII

2(µ2-L1)2](ClO4)4 (C2), 

[FeII
2(µ2-L1)2](F3CSO3)4 (C3), [FeII

2(µ2-L2)2](BF4)4 (C4), [FeII
2(µ2-L2)2](BF4)4 (C5) and 

[FeII
2(µ2-L2)2](BF4)4 (C6), based on the 1,3,4-thiadiazole (TDA) bridging motif. The two novel 

bis-tridentate ligands (L1 = 2,5-bis{[(1H-imidazol-2-ylmethyl)-amino]-methyl}-1,3,4-

thiadiazole and L2 = 2,5-bis{[(thiazol-2-ylmethyl)-amino]-methyl}-1,3,4-thiadiazole) were 

employed in the presence of iron(II) salts with the different counter ions. Upon varying ligands 

and counter ions we were able to change the magnetic properties of the complexes from a 

temperature-independent [HS-HS] spin state over an one-step spin transition towards a two-step 

SCO. When cooled slowly from room temperature, the two-step SCO goes along with two 

distinct phase transitions, and in the intermediate mixed [HS-LS] state distinct HS/LS pairs can 

be identified unambiguously. In contrast, rapid cooling precludes a crystallographically 

observable phase transition. For the mixed [HS-LS] state Mössbauer spectroscopy confirms a 

statistical (random) orientation of adjacent [HS-LS]•[HS-LS]•[HS-LS] chains. 
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2.3 Introduction 

Spin crossover (SCO) describes the transition between two different electronic states, the so-

called high spin (HS) and low spin (LS) states, which can be induced by external stimuli such 

as temperature, pressure, or light irradiation. The resulting changes of the optical and the 

magnetic properties of compounds containing switchable spin centers renders them highly 

promising candidates for future application. On the basis of the molecular switching ability of 

these inorganic materials, they are discussed for high-density data storage, sensing, or display 

devices.1─4 

Among the reported SCO materials with several different metal ions (3d4–3d7), iron(II) 

compounds (3d6) are the far most investigated ones. When switched between the different 

electronic states, a significant difference in the magnetic moment between the diamagnetic LS 

(S = 0) and the paramagnetic HS (S = 2) occurs. Upon (un)occupying antibonding σ*-orbitals 

huge changes in the average Fe-N bond distance are observed possibly leading to phase 

transition for the crystal structure.3,5─7 For future applications, the presence of a wide thermal 

hysteresis of the spin transition in solid state is advantageous. It is known that the abruptness 

and the occurrence of such a hysteresis is strongly dependent on the cooperativity of the 

spin-carrying metal centers. Cooperativity can be enhanced either intramolecularly by bridging 

the metal ions via organic ligand systems or intermolecularly by hydrogen bonding between the 

complex molecules or π-π-stacking interactions of neighboring aromatic functionalities in the 

ligand backbone. The cooperative interactions can be facilitated even with the assistance of 

solvent molecules or non-coordinating anions.3,8─13 Polynuclear complexes were anticipated to 

propagate efficiently local distortions throughout the material due to their high connectivity. In 

fact, SCO coordination polymers often show large thermal hysteresis.1,14─16 However, there are 

many challenges associated with these systems such as a limited control over the nuclearity of 

the formed complexes, the reproducibility of samples, as well as the full characterization via 

crystallographic techniques. Considering these facts, the dimeric structural motif is most 

valuable. It is the simplest and smallest system of two interacting SCO centers suitable for 

systematic investigations of intra- and intermolecular cooperative interactions. Furthermore, 

dinuclear complexes represent the first synthetic step toward new functional polynuclear 

nanomaterials. Finally, dinuclear complexes are of particular interest, since they may show 

two-step spin crossover switching between the [HS-HS], the [HS-LS], and the [LS-LS] states. 

For three accessible states a higher data storage capacity and the applicability of complex 

mathematical operations based on trinary logic can be envisaged.17,18 Since the first report of a 

two-step SCO behavior in dinuclear iron(II) complexes in 1987 by Kahn et al. only a few 

examples examining this phenomena have been reported. Most of them are using different 

ligands that bridge the metal ions and the ones that complete the coordination sphere.19─30 This 

is probably due to the difficulty of designing ligands that simultaneously act as a bridge and 

induce an appropriate ligand field strength. 

Brooker and co-workers are among the first who reported dinuclear SCO compounds using 

solely one ligand based on the 1,3,4-triazole motif as well as substituted derivatives of it, always 

keeping the core of the ligand intact. These chelate ligands provide two tridentate pockets and 

are perfectly suitable to bridge two metal centers in dinuclear complexes.31─36 Our group has 
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been working on the synthesis and characterization of symmetric dinuclear iron(II) complexes 

with 1,3,4-thiadiazole (TDA) and 1,3,4-oxadiazole (ODA) bridging ligands. In previous studies 

we demonstrated the influence of counter ions as well as solvate molecules on the intra- and 

intermolecular cooperativity and on the magnetic hysteresis.37─39 For the latter, recent reports 

show the key influence of the cooling rate on the width of the hysteresis.40,41 We figured out 

that the cooling rate is not only crucial for the magnetic properties but as well for 

crystallographic differentiation of the HS and LS iron(II) ions in the mixed [HS-LS] state. This 

crystallographic distinction was first reported by Brooker in 200531 and for a two-step SCO 

compound by Murray et al. in 2006.27 Herein we report for the first time a discrete two-step 

SCO behavior accompanied by two phase transitions. On the one hand, when slowly cooled 

(e.g., often applied during physical properties studies) in the mixed [HS-LS] state the HS and 

LS iron(II) ions can be identified unambiguously. On the other hand, fast cooling or quenching 

(which is usually done in single X-ray diffraction studies) leads to no observable phase 

transition and to a superposition of the HS and LS iron(II) ions. This crystallographic 

superposition of HS and LS iron(II) ions in the [HS-LS] state is reported in several 

examples.22,25,28−30,42 However, until now no satisfying reasoning to that observation is given. 

2.4 Experimental Section 

2.4.1 Genral Methods and Materials 

All chemicals were purchased from Alfa Aesar, Deutero, Fisher Chemicals, TCI, Sigma-

Aldrich, and Acros Organics and used without further purification. Absolute solvents were 

dried according to literature known procedures and used freshly distilled.43 The NMR spectra 

were recorded at room temperature with a Bruker Avance DSX 400 and analyzed with the 

program MestReNova.44 Magnetic susceptibility measurements were performed on a Quantum 

Design SQUID magnetometer MPMSXL in a temperature range between 2 and 400 K with an 

applied field of 1 kOe. Field desorption (FD) mass spectra as well as elemental analyses (C, H, 

and N) were measured at the microanalytical laboratories of the Johannes Gutenberg University 

Mainz. X-ray diffraction data were collected at 100, 120, 160, 193, 240, and 250 K with a STOE 

IPDS 2T at the Johannes Gutenberg University Mainz and at 100 K with a STOE STADIVARI 

at STOE & Cie GmbH in Darmstadt. The structures were solved with ShelXT45 and refined 

with ShelXL46 implemented in the program Olex2.47 57Mössbauer spectra were recorded using 

the gas-flow N2 cryostat with He-exchange gas. The Mössbauer spectrometer is operating in 

the velocity range from −4 to +4 mm/s (constant acceleration mode) equipped with a 57Co(Rh) 

source. The spectra were fitted using the Lorentzian analysis of the program Recoil.48 Caution! 

The prepared perchlorate complexes are potentially explosive. Even though no explosions 

occurred, only small amounts should be prepared and handled with care. 
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2.4.2 Ligand Synthesis 

1,2-Bis(chloroacetyl)hydrazine and 2,5-bis-(chloromethyl)-1,3,4-thiadiazole (1) were prepared 

as described in literature.37 2,5-Bis(azidomethyl)-1,3,4-thiadiazole (2) and 

2,5-bis(aminomethyl)-1,3,4-thiadiazole (3) were prepared according to modified synthesis in 

literature.49,50 The ligands (L1 = 2,5-bis{[(1H-imidazol-2-ylmethyl)-amino]-methyl}-1,3,4-

thiadiazole and L2 = 2,5-bis{[(thiazol-2-ylmethyl)-amino]-methyl}-1,3,4-thiadiazole) were 

synthesized based on a modified reductive amination known in literature.51 

 

2,5-Bis(azidomethyl)-1,3,4-thiadiazole (2). A suspension of 2,5-bis(chloromethyl)-1,3,4-

thiadiazole (1) (3.60 g, 19.7 mmol, 1.0 equiv), sodium azide (5.10 g, 78.8 mmol, 4.0 equiv), 

and 18-crown 6 (0.50 g, 1.9 mmol, 0.1 equiv) in acetone (40 mL) was stirred at room 

temperature for 19 h. The solvent was removed under reduced pressure, and the resulting crude 

product was purified by column chromatography (SiO2, dichloromethane/diethyl ether 4:1) to 

give the pure product as yellow oil. Yield: 3.11 g (15.9 mmol, 81.0%) 1H-NMR (400 MHz, 

CDCl3, 25 °C): δ = 4.80 (s, 4H, CH2) ppm. 13C-NMR (100 MHz, CDCl3, 25 °C): δ = 167.0 (C, 

TDA), 48.8 (CH2) ppm. FD-MS (CHCl3): m/z (%) = 196.08 (100) [M+], 197.07 (16) [M+H+]. 

 

2,5-Bis(aminomethyl)-1,3,4-thiadiazole (3). 2,5-Bis-(azidomethyl)-1,3,4-thiadiazole (2) 

(5.14 g, 26.2 mmol, 1.0 equiv) was dissolved in tetrahydrofuran (THF; 280 mL), and 

triphenylphosphine (16.52 g, 63.0 mmol, 2.4 equiv) and water (14 mL) were added. The 

solution was stirred at room temperature for 24 h. The solvent was removed under reduced 

pressure. The resulting orange brown oil was purified by column chromatography (SiO2). First 

residual triphenylphosphane and formed triphenylphosphane oxide were eluated with 

chloroform/methanol (2:1). The pure product as orange solid was isolated by adding 

triethylamine (1%) to the former solvent mixture. Yield: 3.78 g (26.2 mmol, quant). 1H-NMR 

(400 MHz, CDCl3, 25 °C): δ = 4.21 (s, 4H, CH2), 1.78 (s, 4H, NH2) ppm. 13C-NMR (100 MHz, 

CDCl3, 25 °C): δ = 173.9 (C, TDA), 41.5 (CH2) ppm. FD-MS (CHCl3): m/z (%) = 288.66 (85) 

[(2M)+], 432.59 (100) [(3M)+], 576.49 (33) [(4M)+]. 

 

2,5-Bis{[(1H-imidazol-2-ylmethyl)-amino]-methyl}-1,3,4-thiadiazole (L1). 1H-Imidazol-2-

carbaldehyde (4a) (847 mg, 8.80 mmol, 2.1 equiv) was dissolved in methanol (80 mL). To this 

solution 2,5-bis(aminomethyl)-1,3,4-thiadiazole (3) (615 mg, 4.20 mmol, 1.0 equiv) in 

methanol (20 mL), sodium cyanoborohydride (1320 mg, 21.00 mmol, 5.0 equiv) and acetic acid 

(528 mg, 8.80 mmol, 2.1 equiv) were added. The solution was refluxed for 18 h, and then the 

solvent was removed under reduced pressure. The resulting oil was purified by column 

chromatography (SiO2, chloroform/methanol 2:1) to give the pure product as brown solid. 

Yield: 898 mg (2.95 mmol, 70.3%). 1H-NMR (400 MHz, CDCl3, 25 °C): δ = 6.97 (s, 4H, H-4, 

H-5, Imz), 4.14 (s, 4H, CH2, TDA), 3.89 (s, 4H, CH2, Imz) ppm. 13C-NMR (100 MHz, CDCl3, 

25 °C): δ = 174.2 (C, TDA), 147.7 (C-2, Imz), 122.8 (C-4, C-5 Imz), 48.1 (CH2, Imz), 46.5 

(CH2, TDA) ppm. FD-MS (MeOH): m/z (%) = 305.20 (100) [M+H+], 327.23 (44) [M+Na+]. 
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2,5-Bis{[(thiazol-2-ylmethyl)-amino]-methyl}-1,3,4-thiadiazole (L2). Thiazol-2-

carbaldehyde (4b) (2.38 g, 21.00 mmol, 2.1 equiv), 2,5-bis(aminomethyl)-1,3,4-thiadiazole (3) 

(1.44 mg, 10.00 mmol, 1.0 equiv), sodium cyanoborohydride (3.14 g, 50.00 mmol, 5.0 equiv), 

and acetic acid (1.26 g, 21:00 mmol, 2.1 equiv) were dissolved in methanol (200 mL). The 

solution was refluxed and monitored by thin-layer chromatography (TLC) 

(chloroform/methanol 2:1). After disappearance of 3 the solvent was removed under reduced 

pressure. The resulting oil was purified by column chromatography (SiO2, 

chloroform/methanol 19:1) to give the pure product as brown orange solid. Yield: 1.90 g 

(5.61 mmol, 56.1%). 1H-NMR (400 MHz, CDCl3, 25 °C): δ = 7.71 (d, 2H, 3JH-H = 3.3 Hz, H-4, 

Ta), 7.52 (d, 2H, 3JH-H = 3.3 Hz, H-5, Ta), 4.24 (s, 4H, CH2, TDA), 4.17 (s, 4H, CH2, Ta) ppm. 
13C-NMR (100 MHz, CDCl3, 25 °C): δ = 174.6 (C, TDA), 173.5 (C-2, Ta), 143.1 (C-4, Ta), 

121.0 (C-5, Ta), 50.7 (CH2, Ta), 48.3 (CH2, TDA) ppm. FD-MS (MeOH): m/z (%) = 339.01 

(28) [M+H+], 676.46 (100) [(2M)+]. 

2.4.3 General Synthesis of Complexes [FeII
2(μ2-L1,2)2](X)4. 

All complex reactions were performed under nitrogen atmosphere in a glovebox. To an orange 

solution of the ligand (0.10 mmol) in absolute acetonitrile/methanol (2:1, 2 mL) a solution of 

the corresponding iron(II) salt [0.10 mmol, Fe(BF4)2·6H2O, Fe(ClO4)2·xH2O, or Fe(F3CSO3)2] 

in absolute acetonitrile (2 mL) was added. The reddish to brownish solutions were exposed to 

vapor diffusion of absolute diethyl ether or absolute tetrahydrofuran, and after several weeks 

crystals suitable for X-ray diffraction or microcrystalline solids were obtained. 

 

[FeII
2(μ2-L1)2](BF4)4·2/3THF·1/3(2MeCN) (C1). Fe(BF4)2·6H2O (34 mg) and 2,5-bis{[(1H-

imidazol-2-ylmethyl)-amino]-methyl}-1,3,4-thiadiazole (L1, 30 mg) were used to obtain C1 

(33 mg, 57.7%) as light brown crystals suitable for X-ray diffraction. 

C28H39.3B4F16Fe2N16.65O0.67S2 [FeII
2(μ2-L1)2](BF4)4·2/3THF·1/3(2MeCN) (1143.13): calcd. 

C 29.43, H 3.47, N 20.40; found (after drying in vacuo) C 29.28, H 3.04, N 20.39. 

 

[FeII
2(μ2-L1)2](ClO4)4 (C2). Fe(ClO4)2·xH2O (27 mg) and 2,5-bis{[(1H-imidazol-2-ylmethyl)-

amino]-methyl}-1,3,4-thiadiazole (L1, 30 mg) were used to obtain C2 (33 mg, 59.0%) as light 

brown microcrystalline powder. C24H32Cl4Fe2N16O16S2 [FeII
2(μ2-L1)2](ClO4)4 (1118.23): calcd. 

C 25.78, H 2.88, N 20.04; found (after drying in vacuo) C 25.43, H 2.73, N 20.01. 

 

[FeII
2(μ2-L1)2](F3CSO3)4·2/3THF·1/3(2MeCN) (C3). Fe(F3CSO3)2 (35 mg) and 2,5-bis{[(1H-

imidazol-2-ylmethyl)-amino]-methyl}-1,3,4-thiadiazole (L1, 30 mg) were used to obtain C3 

(28 mg, 40.2%) as dark brown crystals suitable for X-ray diffraction. C32H39.3F12Fe2N16.7O12.7S6 

[FeII
2(μ2-L1)2](F3CSO3)4·2/3THF·1/3(2MeCN) (1392.13): calcd. C 27.61, H 2.85, N 16.77; 

found (after drying in vacuo) C 27.38, H 2.61, N 16.78. 
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[FeII
2(μ2-L2)2](BF4)4·3MeCN (C4). Fe(BF4)2·6H2O (34 mg) and 2,5-bis{[(thiazol-2-

ylmethyl)-amino]-methyl}-1,3,4-thiadiazole (L2, 34 mg) were used to obtain C4 (14 mg, 

24.7%) as brown crystals suitable for X-ray diffraction. C24H28B4F16Fe2N12S6 

[FeII
2(μ2-L2)2](BF4)4 (1135.84): calcd. C 25.38, H 2.48, N 14.80; found (after drying in vacuo) 

C 25.43, H 2.21, N 14.82. 

 

[FeII
2(μ2-L2)2](ClO4)4·3MeCN (C5). Fe(ClO4)2·xH2O (27 mg) and 2,5-bis{[(thiazol-2-

ylmethyl)-amino]-methyl}-1,3,4-thiadiazole (L2, 34 mg) were used to obtain C5 (29 mg, 

48.8%) as brown crystals suitable for X-ray diffraction. C24H28Cl4Fe2N12O16S6 

[FeII
2(μ2-L2)2](ClO4)4 (1186.41): calcd. C 24.30, H 2.38, N 14.17; found (after drying in vacuo) 

C 24.69, H 2.37, N 14.04. 

 

[FeII
2(μ2-L2)2](F3CSO3)4·2MeCN (C6). Fe(F3CSO3)2(35 mg) and 2,5-bis{[(thiazol-2-

ylmethyl)-amino]-methyl}-1,3,4-thiadiazole (L2, 34 mg) were used to obtain C6 (28 mg, 

19.1%) as dark brown crystals suitable for X-ray diffraction. C30H31F12Fe2N13O12S10 

[FeII
2(μ2-L2)2](F3CSO3)4·MeCN (1425.93): calcd. C 25.27, H 2.19, N 12.77; found (after drying 

in vacuo) C 25.20, H 2.11, N 12.80. 

2.5 Results and Discussion 

2.5.1 Synthesis 

The synthesis of the ligands (L1 and L2) is presented in Scheme 1. The preparation of the 

2,5-bis(chloromethyl)-1,3,4-thiadiazole (1) we reported previously.37 2,5-Bis(azidomethyl)-

1,3,4-thiadiazole (2) was synthesized by a nucleophilic substitution of the chloride with sodium 

azide in the presence of an 18-crown 6.49 2,5-Bis-(aminomethyl)-1,3,4-thiadiazole (3) was 

prepared from 2 in a Staudinger reaction.50 The ligands (L1 = 2,5-bis{[(1H-imidazol-2-

ylmethyl)-amino]-methyl}-1,3,4-thiadiazole and L2 = 2,5-bis{[(thiazol-2-ylmethyl)-amino]-

methyl}-1,3,4-thiadiazole) were synthesized in a reductive amination reaction of the precursor 

3. The imine was formed by reacting 3 with the respective aldehyde {1H-imidazole-2-

carbaldehyde (4a, Imz) and thiazole-2-carbaldehyde (4b, Ta)} and then in situ reduced with 

sodium cyanoborohydride to the desired ligands (L1 and L2) in total yields of 56.9% (L1) and 

45.5% (L2) over three steps.51 
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Scheme 1. Synthesis of the ligands L1 and L2 starting from 2,5-bis(chloromethyl)-1,3,4-thiadiazole (1). 

The compounds FeII
2(μ2-L1,2)2](X)4 (with X = BF4

−, ClO4
−, and F3CSO3

−) were synthesized in 

a stoichiometric reaction between the ligand (L1 or L2) and the corresponding iron(II) salt. The 

compounds were obtained as single crystals (C1, C4–C6), suitable for X-ray diffraction 

experiments, or as microcrystalline solids (C2 and C3). The synthesis was facilitated under 

nitrogen atmosphere by vapor diffusion of absolute diethyl ether or absolute tetrahydrofuran in 

complex solutions of absolute acetonitrile and absolute methanol (5:1 volume ratio). 

2.5.2 Crystal Structures 

The complex [FeII
2(μ2-L1)2](BF4)4·2/3THF·1/3(2MeCN) (C1) crystallizes in the triclinic space 

group P1̅ at 193 K. The crystal structure contains two distinguishable complex cations with two 

crystallographic different iron(II) centers–one per cation (Figures S15 and S16 in Supporting 

Information). Each cation consists of two metal centers bridged by two ligand molecules (L1) 

via the two nitrogens of the thiadiazole backbone. The two imidazolyl groups in the side arms 

of the ligand are coordinating in a cis-axial manner (Figure 1), and the iron(II) ions are 

coordinated by six nitrogen donor atoms in distorted octahedral geometries. 

 

Figure 1. Sketch of the two possible binding modes for the obtained complexes. 
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The average Fe-N bond length is 2.200 Å (Fe1)/2.196 Å (Fe2), and the octahedral distortion 

parameter Σ (sum of the deviation from 90° of the 12 cis-N-Fe-N angles in the FeN6 

coordination sphere) equals 115.3° for both iron(II) (Fe1 and Fe2). These values are typical for 

iron(II) in HS state.52,53 For more detailed information on bond lengths and angles see Table S1 

(Supporting Information) for C1 (for C4–C6 see Table 1). The crystal structure further 

comprises four non-coordinating tetrafluoroborate (BF4−) anions per cation, which 

counterbalance the charge. The voids between two complex cations are partially filled with 

non-coordinating solvent molecules (Figure S15 in Supporting Information). Complexes 

[FeII
2(μ2-L1)2](ClO4)4(C2) and [FeII

2(μ2-L1)2](F3CSO3)4 (C3) could be obtained only as 

microcrystalline solids. However, from the IR spectra we assume that C1–C3 have the same 

complex cation structures. All IR spectra are very similar except for the bands assigned to the 

different counter ions (see Supporting Information). Elemental analyses confirm the 

composition of the complexes as [FeII
2(μ2-L1)2](ClO4)4 (C2) and [FeII

2(μ2-L1)2](F3CSO3)4 (C3). 

Likewise to the previous described complex (C1), the complexes [FeII
2(μ2-L2)2](BF4)4·3MeCN 

(C4), [FeII
2(μ2-L2)2](ClO4)4·3MeCN (C5), and [FeII

2(μ2-L2)2](F3CSO3)4·2MeCN (C6) consist 

of two iron(II) ions bridged by two ligand molecules. The binding mode of the ligand L2 for 

complexes C4, C5, and C6 is different. While in C4 and C5 a cis-axial mode is realized, in C6 

the trans-axial mode is present (see Figure 1). However, for our system, as well as for similar 

ligands forming dinuclear complexes, there seems no easy control over the cis- or trans-axial 

coordination mode of theligand. Hydrogen networking of the anions (tetrafluoroborate C4, 

perchlorate C5, triflate C6) with the complex cations leads to the formation of one-dimensional 

(1D) chains (Figure S17 in Supporting Information). Additionally, acetonitrile solvent 

molecules are present in the crystal structure. The different hydrogen-bonded anions lead to 

various intermolecular distances between the complex cations and to an ecliptic (C4 and C5) 

or to a staggered (C6) orientation of the complex cations along the 1D chain (Figure S18 in 

Supporting Information). 
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2.5.3 Magnetic Susceptibility Measurements 

Variable-temperature magnetic susceptibility measurements were performed on freshly 

prepared crystalline as well as on dried samples of C1–C6 in the temperature range of 2–400 K 

with an external magnetic field of 1000 Oe (0.1 T). It is noteworthy that solvent loss upon 

drying did not lead to different magnetic behavior for freshly prepared and dried samples (see 

Figures S29 and S30 in Supporting Information). Compound C5, though, is an exception. Here, 

solvent deficiency (dried sample) clearly leads to the disappearance of the SCO behavior. Thus, 

it is necessary to ensure that, for the magnetic studies, only freshly prepared samples are used. 

All magnetic studies were performed with a heating and cooling rate of 1.5 K/min. 

The temperature-dependent magnetic susceptibility data of the samples [FeII
2(μ2-L1)2](X)4 

(with X = BF4
−, ClO4

−, and F3CSO3
−) C1–C3 are shown in Figure S29 (in Supporting 

Information). In all three complexes the iron(II) centers are in the HS state at 300 K as indicated 

by χMT values between 6.52 and 6.61 cm3Kmol−1 per dinuclear complexes depending on the 

different counter ions. The value for one iron(II) dimer with two non-interacting HS iron ions 

is calculated as 6.00 cm3Kmol−1 by using the spin-only formalism. The iron(II) centers remain 

in the [HS-HS] state over the whole measured temperature range. Only below 50 K the χMT 

values rapidly decrease to a final value between 0.36 and 0.52 cm3Kmol−1 at 2 K. This overall 

temperature-dependent behavior is consistent with the presence of weak anti-ferromagnetic 

exchange interactions between the two iron(II) ions in the dimer. These results further confirm 

that C2 and C3 are similar to C1 regarding the complex cations. 

The magnetic data for [FeII
2(μ2-L2)2](X)4 (with X = BF4

−, ClO4
−, and F3CSO3

−) C4–C6 are 

shown in Figure 2. At low temperature compound C4 shows a χMT value of 3.65 cm3Kmol−1, 

which accounts for an [HS-LS] state in accordance with the single X-ray structure analysis for 

120 K (described below) that showed one iron(II) center in the HS state and one in the LS state 

for the complex cation. By raising the temperature to 180 K the χMT value remains almost 

constant. Between 180 and 220 K an abrupt increase of the χMT product occurs, which reaches 

a value of 6.08 cm3Kmol−1 at 220 K. This can be explained by an abrupt spin transition of the 

complexes from the [HS-LS] to the [HS-HS] state with a transition temperature of T1/2 = 200 K. 

At low temperature, the χMT value of C5 is ~0.65 cm3Kmol−1 per dinuclear complex, consistent 

with almost all iron(II) centers being in the LS state. Thus, the thermodynamic stable state for 

C5 is the [LS-LS] state. The remaining magnetic susceptibility can account for 16% of the 

complex cations being in the [HS-LS]. The magnetic data are consistent with the 

crystallographically obtained values at 100 K (see next chapter). When heated, an abrupt SCO 

occurs between 90 and 120 K resulting in a plateau region from 120 until 180 K with a χMT of 

~3.64 cm3Kmol−1 (at 160 K). This means that, in this transition with T1/2 of 105 K, one iron(II) 

cation per dimer is switching from LS to HS state. The second SCO transition starting at 180 K 

is more gradual and takes place over a temperature range of 70 K with T1/2 of 215 K. The χMT 

value rises to 6.70 cm3Kmol−1 at 300 K, consistent with the complex being in the [HS-HS] state. 

The magnetic susceptibility data of C6 finally show a fully diamagnetic ground state ([LS-LS]) 

at low temperatures. Again, this is in good agreement with the information obtained from the 

Fe-N bond lengths and the octahedral distortion parameter from single-crystal structure 

analysis. By raising the temperature, the χMT product rapidly increases above 300 K to a final 

value of 5.04 cm3Kmol−1 at 400 K as a result of a gradual one-step SCO from the diamagnetic 
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[LS-LS] to the paramagnetic [HS-HS] state. The spin transition is not complete until the 

measurement limit of 400 K. The obtained value corresponds to ~77% of the iron(II) centers 

being in the HS state. 

 

Figure 2. χMT vs T data for the compounds C4 (■), C5 (▲), and C6 (●). The data are given per 

dinuclear iron(II) molecule. 

All here described spin-change phenomena occur without any observation of magnetic 

hysteresis. The χMT versus T plots are indistinguishable for the measurements when heated or 

cooled with a cooling/heating rate of 1.5 K/min. The distinguished SCO properties of C4–C6 

reflect different intermolecular interactions that we attribute for our ligand system to the various 

counter ions in the structures, which lead to different distances between the complex cations. 

For C5 the intermolecular distance of 4.380 Å (at 250 K) between the complex cations is 

slightly larger than in C4, leading to the observed two-step SCO behavior. The strong rigidity 

of C4 due to the smaller intermolecular distance of 4.363 Å (at 240 K) leads basically to the 

full loss of the switching ability for the second iron(II) center. Thus, the complex remains in 

the [HS-LS] state until very low temperatures, although we could observe a spin transition of 

the second iron(II) ion for a small amount of dinuclear molecules (less than 30%) upon very 

slow cooling (0.1 K/min). C6 has the largest intermolecular distance of 4.642 Å, thus showing 

the lowest level of rigidity, which allows the system to reach the thermodynamic favored 

[LS-LS] state in one-step already above room temperature. Furthermore, because of the 

trans-axial coordination of the ligand in compound C6 the iron(II) ions are almost perfectly 

coordinated in an octahedral environment. The cis and trans N-Fe-N angles are close to 90° 

and 180°, which is highly preferred by the thermodynamic favored [LS] state. 
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2.5.4 Crystallographic Observation of Phase Transition 

For [FeII
2(μ2-L2)2](ClO4)4·3MeCN (C5), which shows a twostep SCO, we investigated the 

change of the crystal structure in dependence of the temperature. C5 crystallizes in the 

monoclinic space group C2/m at 250 K, where only one–fourth of the complex cation with one 

independent iron(II) ion is part of the asymmetric unit (Figure 3). The dimeric complex cation 

is generated by symmetry (Figure S21 in Supporting Information). The C2-axis runs through 

the Fe-Fe trajectory of the dimer, while the inversion center is located between the two iron(II) 

ions. The average (ave) Fe-N distance is 2.166 Å, and the octahedral distortion parameter is 

Σ = 100.68°. Both values correspond to an iron(II) ion in the HS state, which accounts for the 

[HS-HS] state at this temperature. 

 

Figure 3. Schematic representation of the SCO and phase transition at different temperatures and 

different cooling rates for C5. The asymmetric unit is depicted in bold, while the symmetry-generated 

part of the dimeric cationic complex is kept translucent. 

When the temperature is slowly lowered to 160 K, a phase transition is observed, and the space 

group changes to I2/a. For better comparison with the high, low temperature and the quenched 

structure, the space group setting C2/c was selected. The cell volume is nearly quadrupled from 

2549.1(5) to 9866.2(6) Å3. Now the asymmetric unit consists of two times half complex cations 

with in total four independent iron(II) ions (Figures S22–S24 in Supporting Information). In 

contrast to the structure at 250 K only the C2-axis runs through the Fe-Fe trajectory of the 

dimeric cations, while the inversion centers are next to the dimers. Consequently, two 

independent iron ions per dimer exist (Figure 4a). 
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Figure 4. Crystal structures for the two different complex cations of C5 with Fe-N bond lengths at 

160 K. (a) Slow cooldown: two crystallographic distinguishable iron(II) ions. (b) Quenching or rapid 

cooling: two crystallographic indistinguishable iron(II) ions. Hydrogens, solvent molecules, and counter 

ions were omitted for clarity. Color code: Fe dark red, N blue, S yellow, and C gray. 

The average Fe-N distances for Fe2[LS] and Fe3[LS] decrease from 2.166 to 2.012 Å and to 

2.009 Å, while for Fe1[HS] and Fe4[HS] the distances remain nearly the same with 2.161 and 

2.162 Å, respectively. Similarly, the octahedral distortion parameters for Fe2[LS] and Fe3[LS] 

decrease from Σ = 100.68° to Σ = 64.51° and 68.19° and remain rather constant for Fe1[HS] and 

Fe4[HS] with Σ = 113.27° and 104.05°. The change for Fe2[LS] and Fe3[LS] is typical for Fe(II) 

centers switching from the HS state to the LS state. Now, each complex cation possesses one 

iron(II) ion in the HS and one iron(II) ion in the LS state. Along the 1D chain this leads to an 

ordered orientation of the cations ([HS-LS]•[HS-LS]•[HS-LS]) (Figure S17 in Supporting 

Information). However, the next neighbor 1D chains are arranged in an antiparallel way 

(Figure 5). The spin transition that occurs between 250 and 160 K from the [HS-HS] to the 

[HS-LS] state is accompanied by a phase transition from C2/m to I2/a. Further, slow cooling to 

100 K leads to a second phase transition accompanied by a space group change back to C2/m 

(Figure S26 in Supporting Information). Again, only one–fourth of the complex cation with one 

independent Fe(II) ion is part of the asymmetric unit. The average Fe-N distance shrinks to 

2.040 Å, and the octahedral distortion parameter goes to Σ = 72.22°. This corresponds to the 
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iron(II) ions being in the LS state. However, the values are slightly higher than the ones 

expected for all iron(II) centers being in the [LS] state.52,53 This indicates that a small percentage 

of the metal ions stays in the [HS] state at this temperature and that the SCO is not complete, 

as it is confirmed also by magnetic measurements, discussed above. To conclude, a second SCO 

transition takes place between 160 and 100 K, switching almost all [HS-LS] dimers to the 

[LS-LS] state. In strong contrast to the slow cooling procedure, fast cooling (quenching) of the 

compound from 250 to 160 K by mounting the crystal directly under the cold nitrogen stream 

leads to no observable phase transition. The space group does not change, and the complex 

stays in the monoclinic space group C2/m (Figure S25 in Supporting Information). Similar to 

the structures measured at 250 and 100 K, just one–fourth of the complex cation is part of the 

asymmetric unit. The average Fe-N distance is 2.082 Å, and the octahedral distortion parameter 

is Σ = 82.48° (Figure 4b). Both values are between the HS and the LS values in the discrete 

[HS-LS] state of the previous measurement obtained from the slow cooling procedure. This 

means that the cooling rate is crucial to observe the phase transition, which is associated with 

the SCO behavior (Figure 3). Both cooling modes lead to an orientation of the distinct HS/LS 

dimers along the 1D chain ([HS-LS]•[HS-LS]•[HS-LS]). The 1D chains are oriented 

antiparallel after slow cooling. In contrast, fast cooling (quenching) leads to no orientation of 

the 1D chains (Figure 5). 

 

Figure 5. Schematic representation of the orientation of the 1D chains after slow cooling (left) and 

quenching (right). In the slow-cooled structure the HS iron(II) ions within the HS-LS dimers are pointing 

toward the head of the arrow (red). Fast cooling leads to a randomized orientation of the 1D chains 

(orange). 

The compound [FeII
2(μ2-L2)2](BF4)4·3MeCN (C4) crystallizes in the monoclinic space group 

I2/m at 240 K, with one–fourth of the complex cation and one independent iron(II) ion being 

part of the asymmetric unit (Figure S19 in Supporting Information). The average Fe-N distance 

is 2.150 Å, and the octahedral distortion parameter Σ is 97.05°. Both values account for an 

iron(II) ion in the [HS], which reveals the [HS-HS] state at this temperature. When slowly 

cooled the space group changes to I2/a at 120 K, while the cell volume is nearly quadrupled 

(2469.8(10) to 9515.2(8) Å3). Likewise to C5 now two times one–half complex cations with 

four independent iron(II) ions are part of the asymmetric unit (see Figure S20 in Supporting 

Information). In each complex cation one iron(II) ion is in the [HS] state, and the other one is 

in the [LS] state. The average Fe-N distance for the LS iron(II) ion is 2.010 Å, and the average 
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octahedral distortion parameter Σ is 65.17°. For the HS iron(II) ion the average Fe-N distance 

is 2.155 Å, and Σ is 102.53°. The position of the HS and LS iron(II) centers in each cation is 

statistically disordered by 15%. Thus, a spin transition occurs between 240 and 120 K from the 

[HS-HS] to the [HS-LS] state. Further cooling leads to no additional phase transition or SCO. 

The rapid cooling measurement was also done for C4. However, the phase transition, which 

accompanies the SCO while slow cooling, also takes place while quenching. 

The crystal structure of complex C6 was measured at 100 K (Figures S27 and S28 in the 

Supporting Information). The asymmetric unit of C6 contains two complex cations with four 

slightly different coordinated iron(II) centers. Contrary to the other obtained structures, the 

ligand is coordinating in a trans-axial manner (see Figure 1) with one side arm up and one 

down. This coordination mode of the ligand results in average Fe-N distances ranging from 

1.978 to 1.988 Å for the four different iron(II) ions. The average octahedral distortion parameter 

values Σ range from 57.09° to 61.43°, respectively. The average cis N-Fe-N angle values of 90° 

and the average trans N-Fe-N angle values of 172.6°–174.2° resemble an almost perfect 

octahedral coordination sphere compared to the previous described structures (see Table 1). 

These values are typical for iron(II) ions in the [LS] state. 

By a direct comparison of C1 and C4 the slightly different electronic and geometric properties 

of L1 and L2 can clearly be seen. The average Fe-N distance is a little bit longer for the former 

compound, but the octahedral average values for the Fe-N distance and the octahedral distortion 

parameter Σ differ drastically (C1: 115.26° and C4: 97.05°). Thus, it is very unlikely that C1 

shows any SCO behavior. 

2.5.5 Mössbauer Studies 

A freshly prepared sample of C5 was further investigated by using 57Fe Mössbauer 

spectroscopy. In Figure 6 we show six spectra recorded in the cooling/heating mode sequence: 

(a) quenched from room temperature to 130 K and measured at 154 K; (b) further quenched to 

79 K; (c) heated to 260 K; (d) slowly cooled to 81 K; (e) heated to 153 K; and (f) fast cooled 

within 11 min to 81 K. Table 2 lists the fitted hyperfine parameters of the individual HS and 

LS subspectra to the experimental data. The spectra (c) and (d) show mainly one signal, 

accounting for the pure [HS-HS] (FeHS(1)) state at 260 K and the pure [LS-LS] (FeLS(1)) at 81 K 

(after slow cooling), respectively. This is in accordance with the magnetic and crystallographic 

data. To further investigate the interesting results obtained by single-crystal structure analysis, 

two Mössbauer spectra were recorded at the plateau region (Figure 6a,e). The spectrum at 153 K 

recorded after slow cooling from 260 K and the spectrum at 154 K obtained after quenching 

are quite similar. Both spectra show a doublet that can be assigned to an iron(II) ion in the LS 

state (FeLS(2)). However, the quadrupole splittings indicate that, in both cases, the neighboring 

ion in the dimer must be an HS iron(II) ion. In fact, both spectra show a second doublet, which 

can be attributed to an iron(II) ion in the HS state (FeHS(2)). These values for the HS and the LS 

iron(II) ions are neither identical with the values for the HS iron(II) ions in the [HS-HS] state 

nor with the values for the LS iron(II) ions in the [LS-LS] state. Thus, the spin state at the 

plateau region clearly can be assigned to localized [HS-LS] dimers. Interestingly, in the 

spectrum of the quenched sample a second HS doublet is observed (FeHS(3)). The appearance of 

this second HS doublet in the quenched sample is explained by the randomized orientation of 
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the 1D chain. In fact, the relative orientation of the 1D chains to each other is different. In case 

of the slow cooling, the 1D chains are aligned antiparallel, while quenching leads to a 

randomized orientation (see Figure 5). The different interchain neighbors have a clear influence 

on the local environment of the iron(II) ions, leading to mainly two different HS doublets. For 

the iron(II) ions in the LS state two doublets are expected, as well. However, the resolution 

limit does not allow to distinguish between the FeLS components due to the small quadrupole 

splitting. The two additional spectra at ∼80 K (Figure 6b,f) show the possibility to stabilize the 

[HS-LS] state even at very low temperatures. The randomized or ordered phase is maintained 

upon rapid cooling from the plateau region, dependent on its initial phase. However, the right 

cooling rate is crucial for this observation. Indeed, the spectrum at 79 K (Figure 6b) after 

quenching from 154 K shows only a small difference to the one recorded at 154 K (Figure 6a). 

This observation was further confirmed by magnetic susceptibility measurements conducted 

with a cooling rate of 10 K/min (see Figure S31 in Supporting Information). In contrast, the 

spectra at 81 K (Figure 6f) after cooling from 153 K within 11 min show a second LS signal 

(FeLS(1)). Despite the high cooling rate, a partial transition to the [LS-LS] (FeLS(1)) takes place. 

Now, 14% of the dimers are in the [LS-LS] state. Overall, the hyperfine parameters obtained 

from Lorentzian fittings of the Mössbauer spectra for the respective FeHS and FeLS sites 

(Table 2) are in good agreement with the reported ones in the literature.23,27−29,37,39 

 

Figure 6. Mössbauer spectra recorded for C5 at the given temperatures. The temperature sequence starts 

from 293 K and is referenced chronologically (a–f) by intermediate quenching, heating, or cooling 

mode. Three different HS- and two LS-subspectra are depicted. Color code: FeHS(1) in [HS-HS] dimer 

orange; FeLS(1) in [LS-LS] dimer dark blue; FeHS(2) in [HS-LS] dimer (interchain ordered) yellow; FeHS(3) 

in [HS-LS] dimer (interchain disordered) dark yellow; and FeLS(2) in [HS-LS] dimer blue. 
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Table 2. Chemical shifts (δ) quadrupole splittings (), and site populations for all measured 

Mössbauer spectra of C5. 

spectra site assignment δ  
site 

population, % 
T, K 

(a) 

FeHS(2) 

FeHS(3) 

FeLS(2) 

HS-LS 

HS-LS 

HS-LS 

1.03(1) 

0.95(3) 

0.45(1) 

2.70(3) 

2.54(6) 

0.26(1) 

30.4 

17.0 

52.6 

154 

(b) 

FeHS(2) 

FeHS(3) 

FeLS(2) 

HS-LS 

HS-LS 

HS-LS 

1.04(1) 

1.00(1) 

0.45(1) 

2.75(2) 

2.67(5) 

0.25(2) 

28.2 

17.5 

54.3 

79 

(c) 
FeHS(1) 

FeLS(2) 

HS-HS 

HS-LS 

0.94(1) 

0.42(1) 

2.47(1) 

0.32(1) 

92.7 

7.34 
260 

(d) 

FeLS(1) 

FeHS(2) 

FeLS(2) 

LS-LS 

HS-LS 

HS-LS 

0.47(1) 

1.03(1) 

0.46(1) 

0.15(1) 

2.77(1) 

0.26(1) 

58.3 

20.8 

20.9 

81 

(e) 
FeHS(2) 

FeLS(2) 

HS-LS 

HS-LS 

1.00(1) 

0.46(1) 

2.65(1) 

0.26(1) 

47.6 

52.4 
153 

(f) 

FeHS(2) 

FeLS(2) 

FeLS(1) 

HS-LS 

HS-LS 

LS-LS 

1.04(1) 

0.46(1) 

0.47(1) 

2.76(1) 

0.27(1) 

0.16(1) 

42.8 

43.0 

14.2 

81 

2.6 Conclusion 

We synthesized and characterized six new dinuclear iron(II) complexes in all of which the two 

metal ions are μ2-bridged by two new bis-tridentate 1,3,4-thiadiazole ligands. While the 

complexes formed from a thiadiazole ligand with imidazole side-arms remain in the [HS-HS] 

state over the whole temperature range, different spin crossover properties were observed for 

C4, C5, and C6 bearing thiazole side arms. We attribute the origin of the various spin crossover 

behavior to the different intermolecular distances between the complex cations originating from 

different counteranions. By reducing the volume of the anion the intermolecular distances 

shrink, destabilizing the [LS-LS] state. Thus, C6 (F3CSO3
−, with the largest volume) shows a 

spin crossover transition from the [LS-LS] state above room temperature, while for C4 (BF4
−) 

the [LS-LS] is not reached even at very low temperatures. Here, an abrupt transition between 

the [HS-LS] and [HS-HS] is observed. Only for C5 (ClO4
−) all three spin states ([LS-LS], 

[HS-LS], [HS-HS]) are accessible. The two-step spin crossover is accompanied by two phase 

transitions when slowly cooled. In the mixed [HS-LS] state distinct [HS-LS] iron(II) pairs can 

be identified unambiguously. Remarkably, upon rapid cooling or quenching no phase transition 

is detected, and the [HS-LS] state is a superposition of HS and LS iron(II) ions in the complex 

cation. Mössbauer studies for C5 support these findings. To summarize, we found that the 

cooling rate is crucial to observe the phase transition associated with the SCO behavior. This 

finding is important for the further understanding of SCO behavior. Notably, special attention 

should be paid when comparing results of physical properties studies (mostly slow cooling) and 

crystallographic measurements (usually fast cooling or quenching). 
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2.7 Associated Content 

Supporting Information 

The supporting Information is available free of charge at 

https://pubs.acs.org/doi/10.1021/acs.inorgchem.9b03170. 
1H and 13C NMR spectra of 2, 3, L1, and L2; IR spectra of dried C1−C6; X-ray diffraction 

measurements; magnetic data. 

 

Accession Codes 

CCDC 1949841−1949845 and 1959864−1959867 contain the supplementary crystallographic 

data for this paper. These data can be obtained free of charge via 

www.ccdc.cam.ac.uk/data_request/cif, or by emailing data_request@ccdc.cam.ac.uk, or by 

contacting The Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 

1EZ, UK; fax: +441223 336033. 
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2.11 Supporting Information 

2.11.1 NMR Spectroscopy 

 

Figure S1. 1H-NMR of 2,5-bis(azidomethyl)-1,3,4-thiadiazole (2). 

 

Figure S2. 13C-NMR 2,5-bis(azidomethyl)-1,3,4-thiadiazole (2). 
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Figure S3. 1H-NMR of 2,5-bis(aminomethyl)-1,3,4-thiadiazole (3). 

 

Figure S4. 13C-NMR of 2,5-bis(aminomethyl)-1,3,4-thiadiazole (3). 
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Figure S5. 1H-NMR of 2,5-bis{[(1H-imidazol-2-ylmethyl)-amino]-methyl}-1,3,4-thiadiazole (L1). 

 

Figure S6. 13C-NMR of 2,5-bis{[(1H-imidazol-2-ylmethyl)-amino]-methyl}-1,3,4-thiadiazole (L1). 
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Figure S7. 1H-NMR of 2,5-bis{[(thiazol-2-ylmethyl)-amino]-methyl}-1,3,4-thiadiazole (L2). 

 

Figure S8. 13C-NMR of 2,5-bis{[(thiazol-2-ylmethyl)-amino]-methyl}-1,3,4-thiadiazole (L2). 
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2.11.2 IR Spectroscopy 

 

Figure S9. IR spectrum of dried [FeII
2(µ2-L1)2](BF4)4 (C1). 

 

Figure S10. IR spectrum of dried [FeII
2(µ2-L1)2](ClO4)4 (C2). 
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Figure S11. IR spectrum of dried [FeII
2(µ2-L1)2](F3CSO3)4 (C3). 

 

Figure S12. IR spectrum of dried [FeII
2(µ2-L2)2](BF4)4 (C4). 
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Figure S13. IR spectrum of dried [FeII
2(µ2-L2)2](ClO4)4 (C5). 

 

Figure S14. IR spectrum of dried [FeII
2(µ2-L2)2](F3CSO3)4 (C6). 
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2.11.3 X-ray Diffraction Measurements 

 

Figure S15. Packing of the molecules in complex [FeII
2(µ2-L1)2](BF4)4·2/3THF·1/3(2MeCN) (C1) with 

thermal ellipsoids. Color code: Fe dark red, N blue, S yellow, C grey, H white, O red, B pink and F light 

green. 

 

Figure S16. Asymmetric unit of [FeII
2(µ2-L1)2](BF4)4·2/3THF·1/3(2MeCN) (C1) without hydrogens, 

solvent molecules and counter ions. Color code: Fe dark red, N blue, S yellow and C grey. 
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Table S1. Selected bond lengths [Å], N-Fe-N bond angles [°] and the octahedral distortion parameter 

 [°] for the compound C1 at 193 K. 

 C1 (@ 193 K) 

Fe-NTDA
[a] 

2.150(3), 2.185(3)/ 

2.169(3), 2.172(3) 

Fe-NImz/Ta
[a] 

2.096(4), 2.111(4)/ 

2.084(4), 2.090(4) 

Fe-NNH
[a] 

2.313(3), 2.342(3)/ 

2.321(3), 2.343(4) 

ave Fe-N 2.200/2.196 

ave cis N-Fe-N[a] 90.3/90.4 

ave trans N-Fe-N[a] 167.1/167.0 

[a][b] 115.26/115.30 

[a] Fe1/Fe2. [b] Octahedral distortion parameter  (sum of the deviation from 90° of the 12 cis-N-Fe-N angles 

in the FeN6 coordination sphere) 

 

Figure S17. Representation of the 1D chain for C5 (@160 K, slow cooling). The dimers along the chain 

are ordered in the same way ([HS-LS]•[HS-LS]•[HS-LS]). This figure is representative for all formed 

1D chains with the different counter ions (C4 – C6) although the intermolecular distances differ. Solvent 

molecules and non-bridging counter ions have been omitted for clarity. Hydrogen bonds are shown as 

black dashed lines. Color code: Fe dark red, N blue, S yellow, C grey, H white, O red and Cl green. 

 

Figure S18. Different orientation of the complex cations of a) [FeII
2(µ2-L2)2](BF4)4·3MeCN (C4), b) 

[FeII
2(µ2-L2)2](ClO4)4·3MeCN (C5) and c) [FeII

2(µ2-L2)2](F3CSO3)4·2MeCN (C6) along the 1D chain. 

Hydrogens, solvent molecules and counter ions have been omitted for clarity. Color code: Fe dark red, 

N blue, S yellow and C grey. 
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Figure S19. a) Molecular structure of [FeII
2(µ2-L2)2](BF4)4·3MeCN (C4) with thermal ellipsoids at 

240 K. b) Asymmetric unit without hydrogens, solvent molecules and counter ions. Color code: Fe is 

dark red, N blue, S yellow, C grey, H white, B pink and F light green. 

 

Figure S20. a) Molecular structure of [FeII
2(µ2-L2)2](BF4)4·3MeCN (C4) with thermal ellipsoids at 

120 K. b) Asymmetric unit without hydrogens, solvent molecules and counter ions. Color code: Fe dark 

red, N blue, S yellow, C grey, H white, B pink and F light green. 



2. Phase Trapping in Multistep Spin Crossover compound 

76 

 

Figure S21. a) Molecular structure of [FeII
2(µ2-L2)2](ClO4)4·3MeCN (C5) with thermal ellipsoids at 

250 K. b) Asymmetric unit without hydrogens, solvent molecules and counter ions. Color code: Fe dark 

red, N blue, S yellow, C grey, H white, O red and Cl green. 

 

Figure S22. a) Molecular structure of [FeII
2(µ2-L2)2](ClO4)4·3MeCN (C5) with thermal ellipsoids at 

160 K after slow cooling. b) Asymmetric unit without hydrogens, solvent molecules and counter ions. 

Color code: Fe dark red, N blue, S yellow, C grey, H white, O red and Cl green. 
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Figure S23. Packing of [FeII
2(µ2-L2)2](ClO4)4·3MeCN (C5) along b-axis with thermal ellipsoids at 

160 K after slow cooling. Hydrogens have been omitted for clarity. Color code: Fe dark red, N blue, S 

yellow, C grey, O red and Cl green. 

 

Figure S24. Packing of [FeII
2(µ2-L2)2](ClO4)4·3MeCN (C5) along the bisecting between a and c with 

thermal ellipsoids at 160 K after slow cooling. Hydrogens, solvent molecules and counter ions have 

been omitted for clarity. Color code: Fe dark red, N blue, S yellow, C grey. 
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Figure S25. a) Molecular structure of [FeII
2(µ2-L2)2](ClO4)4·3MeCN (C5) with thermal ellipsoids at 

160 K after quenching. b) Asymmetric unit without hydrogens, solvent molecules and counter ions. 

Color code: Fe dark red, N blue, S yellow, C grey, H white, O red and Cl green. 

 

Figure S26. a) Molecular structure of [FeII
2(µ2-L2)2](ClO4)4·3MeCN (C5) with thermal ellipsoids at 

100 K. b) Asymmetric unit without hydrogens, solvent molecules and counter ions. Color code: Fe dark 

red, N blue, S yellow, C grey, H white, O red and Cl green. 
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Figure S27. Molecular structure of [FeII
2(µ2-L2)2](F3CSO3)4·2MeCN (C6) with thermal ellipsoids at 

100 K. Color code: Fe dark red, N blue, S yellow, C grey, H white, O red and F light green. 

 

Figure S28. Asymmetric unit of [FeII
2(µ2-L2)2](F3CSO3)4·2MeCN (C6) without Hydrogens, solvent 

molecules and counter ions. Color code: Fe dark red, N blue, S yellow and C grey. 
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2.11.4 Magnetic Data 

 

Figure S29. MT vs T data for the compound C1 (freshly prepared: filled squares; dried: open squares), 

C2 (freshly prepared: filled triangles; dried: open triangles) and C3 (freshly prepared: filled dots; dried: 

open dots). The Data is given per dinuclear iron(II) molecule. 

 

Figure S30. MT vs T data for the compound C4 (freshly prepared: filled squares; dried: open squares), 

and C6 (freshly prepared: filled dots; dried: open dots). The Data is given per dinuclear iron(II) 

molecule. 
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Figure S31. MT vs T data for C5 in sweeping mode with a cooling rate of 10 K/ min. The Data is given 

per dinuclear iron(II) molecule. 
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2.12 Additional Results 

This chapter covers the crystal structures of C2 and C3, which unfortunately could only be 

obtained after the acceptance of the publication. [FeII
2(μ2-L1)2](ClO4)4·2Et2O C2 crystalizes in 

the space group P1̅ at 120 K and [FeII
2(μ2-L1)2](F3CSO3)4·2/3(2MeCN)·1/3(Et2O) C3 in P21/n 

at 173 K. The two iron(II) ions in both complex cations are coordinated by two ligand molecules 

in the cis-axial manner, similar to C1 (Figure AR1 and Figure AR2). For both crystal structures, 

the asymmetric unit contains one-half of the complex cation. The average Fe-N bond lengths 

of 2.179 Å (C2) and 2.186 Å (C3) as well as the octahedral distortion parameters of 103.57° (C2) and 

108.42° (C3) account for an iron(II) ion in the HS state. Thus, the dimeric complex cations are in the 

[HS-HS] at the measured temperatures. The crystal structures further compromise four non-coordinating 

anions per complex cation (ClO4
− or F3CSO3

−) and solvent molecules. Detailed information about bond 

lengths and the crystal parameters of C2 and C3 are given in Table AR1 and Table AR2. 

Table AR1. Selected bond lengths [Å] and bond angles [°] and the octahedral distortion parameter 

Σ [°] for C2 and C3. 

Selected Parametersa C2 (@120 K) C3 (@173 K) 

Fe-NTDA 2.131(3), 2.149(3) 2.145(2), 2.159(2) 

Fe-NImz
 2.101(3), 2.105(3) 2.098(2), 2.107(2) 

Fe-NNH 2.290(3), 2.300(3) 2.299(2), 2.306(2) 

ave Fe-N 2.179 2.186 

ave cis N-Fe-N 90.2 90.2 

ave trans N-Fe-N 168.6 168.3 

Σ 103.57 108.42 

 

Figure AR1. a) Molecular structure of [FeII
2(µ2-L1)2](ClO4)4·2Et2O (C2) with thermal ellipsoids at 

120 K. b) Asymmetric unit without hydrogens, solvent molecules and counter ions. Color code: Fe dark 

red, N blue, S yellow, C grey, H white, O red and Cl green. 
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Figure AR2. a) Molecular structure of [FeII
2(µ2-L1)2](F3CSO3)4·2/3(2MeCN)·1/3(Et2O) (C3) with 

thermal ellipsoids at 173 K. b) Asymmetric unit without hydrogens, solvent molecules and counter ions. 

Color code: Fe dark red, N blue, S yellow, C grey, H white, O red and F light green. 

Table AR2. Crystallographic parameters for C2 and C3. 

 C2 (@120 K) C3 (@173 K) 

formula C32 H48 Cl4 Fe2 N16 O18 S2 
C32 H39.33 F12 Fe2 N17.33 

O12.33 S6 

molar weigth [g/mol] 1262.48 1396.14 

crystal system Triclinic monoclinic 

space group P-1 P21/n 

a/Å 10.6283(6) 10.6125(3) 

b/Å 10.5458(5) 12.5033(4) 

c/Å 12.5477(7) 20.2563(5) 

α/° 93.794(4) 90 

β/° 106.320(4) 90.944(2) 

γ/° 108.281(4) 90 

V/Å3 1263.10(12) 2687.47(13) 

Z 1 2 

T/K 120(2) 137(2) 

ρcalcd. [g/cm3] 1.66 1.695 

μ [mm-1] 0.954 0.885 

R(int) 0.0256 0.0425 

S 1.040 1.025 

R1 (l > 2σ (l)) 0.0677 0.0517 

wR2 (all data) 0.2070 0.1496 
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3. 2D Layer Arrangement of Solely [HS-HS] or 

[LS-LS] Molecules in the [HS-LS] State of a Dinuclear 

Fe(II) Spin Crossover Complex 

In this chapter the synthesis and characterization of the novel bridging ligand I4MTD 

(2,5-bis[(1H-imidazol-4-ylmethyl)amino]methyl-1,3,4-thiadiazole), which was used to 

generate a series of three new bimetallic iron(II) complexes [FeII
2(I4MTD)2](X)4·solvents with 

the respective counter ions (F3CSO3
−, ClO4

− and BF4
−) and different solvent content. The 

compounds have been magnetically and structurally investigated, while it has been observed 

that the tetrafluoroborate complex shows SCO behavior. The different properties are accounted 

to crystal packing effects in the solid state. The results are presented as scientific article 

previously published in Crystals. Reprinted with the permission from: 

 

F.Fürmeyer, L.M. Carrella, E. Rentschler, Crystals 2020, 10(6), 488. 

Copyright 2020 by the authors Licensee MDPI, Basel, Switzerland. This article is an open 

access article distributed under the terms and conditions of the Creative Commons Attribution 

(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 
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3.1 Abstract 

Herein we report the synthesis and characterization of three new dinuclear iron(II) complexes 

[FeII
2(I4MTD)2](F3CSO3)4 (C1), [FeII

2(I4MTD)2](ClO4)4 (C2) and [FeII
2(I4MTD)2](BF4)4 (C3) 

based on the novel ligand (I4MTD = 2,5-bis{[(1H-imidazol-4-ylmethyl)amino]methyl}-1,3,4-

thiadiazole). Magnetic susceptibility measurements and single-crystal structure analysis show 

that the iron(II) spin centers for all complexes are in the high spin state at high temperatures. 

While the magnetic data of air-dried samples confirm the [HS-HS] state for C1 and C2 down 

to very low temperature, for C3, a gradual spin crossover is observed below 150 K. The crystal 

structure of C3·THF at 100 K shows that a spin transition from [HS-HS] to an intermediate 

state takes place, which is a 1:1 mixture of discrete [HS-HS] and [LS-LS] molecules, as 

identified unambiguously by crystallography. The different SCO properties of C1–C3 can be 

attributed to crystal packing effects in the solid state. 

3.2 Introduction 

The growing interest and the necessity of miniaturizing processes lead to multiple research 

areas in the past decades [1]. The ability to switch between different states at the molecular 

scale, thus exhibiting molecular bistability, renders spin crossover (SCO) compounds highly 

promising candidates for memory storage devices, sensors, actuators or displays [2–11]. 

Complexes of first-row transition metal ions with an electron configuration of d4–d7 can either 

be in the high spin [HS] or in the low spin [LS] state, depending on the octahedral field splitting 

(O) and the spin pairing energy (P). Switching between these two states by external stimuli 

such as the change of temperature, pressure or light is called SCO [12–14]. Iron(II) complexes 
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in the N6 coordination environment are by far the most investigated SCO compounds. Their d6 

electron configuration allows switching between a diamagnetic LS state (S = 0) and a 

paramagnetic HS state (S = 2). Occupying or, vice versa, complete depopulating of the 

antibonding eg* orbitals gives rise to a large change in the average Fe-N bond length. This 

allows the investigation of SCO in iron(II) compounds by standard methods such as 

temperature-dependent magnetic measurements and X-ray crystallography. Since the interest 

in SCO is mainly due to the possible application as a molecular switch in information storage 

or sensors, the research focus is on a complete, abrupt and hysteretic spin switch [1,15–17]. In 

the solid state, the abrupt change in the properties upon switching and even more, the 

occurrence of a thermal SCO hysteresis strongly depends on the cooperativity between the spin 

centers. This is highly favored by intermolecular hydrogen bridges and – interactions 

between the ligand backbones. However, an even better tool to improve cooperativity is to take 

advantage of intramolecular covalent linking of the metal centers in polymeric compounds 

[1,3,13,18–21]. Drawbacks are here the difficulties to control the polymerization that hampers 

crystallization. This can be overcome with oligonuclear compounds. Especially, dinuclear 

compounds are of particular interest due to the easier control of synthesis and characterization 

[19,22–25]; furthermore, dinuclear complexes offer the possibility of addressing three 

accessible states ([HS-HS], [HS-LS] and [LS-LS]) [26], which opens the chance for higher 

information storage capacities and mathematical operations based on trinary logic [27–29]. In 

2005, Brooker reported the dinuclear triazole bridged iron(II) complex [FeII
2(PMAT)2](BF4)4 

(PMAT = 3,5-bis{[(2-pyridylmethyl)amino]methyl}-4-amino-4H-1,2,4-triazole) (Figure 1) 

that shows a spin switch from the [HS-HS] state at high temperature to an [HS-LS] state at 

lower temperatures [30]. Our group reported the synthesis and characterization of symmetric 

dinuclear complexes incorporating the PMTD (2,5-bis[(2-pyridylmethyl)amino]methyl-1,3,4-

thiadiazole, Figure 1) and PMOD ligand (2,5-bis[(2-pyridylmethyl)amino]methyl-1,3,4-

oxadiazole, Figure 1) which both show spin crossover in dependence of the solvent and non-

coordinating counter ions used [31–33]. Like the PMAT ligand, the bridging bis-tridentate 

ligands PMTD and PMOD provide six donor atoms, respectively, allowing for octahedral 

coordination of both iron(II) ions. Recently, we reported six new dinuclear iron(II) complexes 

based on two new 1,3,4-thiadiazole bridging ligands (I2MTD = 2,5-bis{[(1H-imidazol-2-

ylmethyl)amino]methyl}-1,3,4-thiadiazole and TMTD = 2,5-bis{[(thiazol-2-yl-

methyl)amino]methyl}-1,3,4-thiadiazole, Figure 1). For the complex 

[FeII
2(TMTD)2](ClO4)4·3MeCN a two-step spin crossover is observed that is accompanied by 

two distinct phase transitions. While slow cooling leads to distinguishable HS/LS pairs in the 

mixed [HS-LS] state, rapid cooling leads to a superposition of the HS and LS iron(II) ions in 

the [HS-LS] state. Thus, quenching prevents the phase transition to be observable 

crystallographically. In contrast, all complexes with the I2MTD ligand remain in the [HS-HS] 

state until very low temperatures [34]. We now report on the modification of the I2MTD ligand 

by changing the binding of the imidazolyl heteroaromatic ring to the thiadiazole backbone. The 

novel I4MTD (2,5-bis{[(1H-imidazol-4-ylmethyl)amino]methyl}-1,3,4-thiadiazole, Figure 1) 

was synthesized and characterized. The purpose of this modification was to investigate the 

intermolecular cooperative interaction pathways of the dinuclear complexes bridged by the 

I4MTD ligand compared to the I2MTD based complexes. Since the position of the protonated 

nitrogen atom in the imidazolyl ring is changed, different hydrogen bonding is expected. We 
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synthesized and characterized three new bimetallic iron(II) complexes [FeII
2(I4MTD)2](X)4 

(with X = BF4
−, ClO4

− and F3CSO3
−), which exhibit distinct different hydrogen bonding 

networks via the non-coordinating counter ions, resulting in different magnetic properties. 

 

Figure 1. Summary of the ligand systems mentioned in the introduction. 

3.3 Experimental Section 

3.3.1 General Methods and Materials 

All chemicals were purchased as commercially available from Alfa Aesar (Thermo Fisher 

(Kandel) GmbH, Kandel, Rhineland-Palatinate, Germany), Deutero (Deutero GmbH, 

Kastellaun, Rhineland-Palatinate, Germany), TCI (TCI Deutschland GmbH, Eschborn, Hesse, 

Germany), Sigma-Aldrich (Sigma-Aldrich Chemie GmbH, Munich, Bavaria, Germany) and 

Acros Organics (Thermo Fisher Scientific, Geel, Belgium) and used without further 

purificationas described in the literature [35]. 1H- and 13C-NMR spectra were recorded at room 

temperature on a Bruker Avance DSX 400 and analyzed with the program MestReNova 

(Mestrelab Research, Santiago de Compostela, Spain) [36]. Variable-temperature magnetic 

susceptibility data for bulk crystalline to powderous samples were measured from 2 to 300 K 

and in an applied field of 1 kOe with a Quantum Design SQUID magnetometer MPMSXL. FD 

mass spectrometry measurements and elemental analysis (C, H, N) were performed at the 

microanalytical laboratories of Johannes Gutenberg University Mainz. Single-crystal X-ray 

diffraction data were collected at 100 K, 173 K and 200 K with a STOE STADIVARI at the 

Johannes Gutenberg University Mainz. The structures were solved with ShelXT [37] and 

refined with ShelXL [38] implemented in the program Olex2 (OlexSys Ltd., Durham, United 

Kingdom) [39]. CCDC-1995090-1995093 contains the supplementary crystallographic data for 

this paper. These data can be obtained free of charge from the Cambridge Crystallographic Data 

Centre via www.ccdc.cam.ac.uk/data_request/cif. Caution! The prepared perchlorate 

complexes are potentially explosive. Even though no explosions occurred, only small amounts 

should be prepared and handled with care. 
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3.3.2 Ligand synthesis 

1,2-Bis(chloroacetyl)hydrazine, 2,5-bis(chloromethyl)-1,3,4-thiadiazole, 2,5-

bis(azidomethyl)-1,3,4-thiadiazole and 2,5-bis(aminomethyl)-1,3,4-thiadiazole (1) were 

prepared according to literature-known procedures [31,34]. The ligand (I4MTD = 2,5-

Bis{[(1H-imidazol-4-ylmethyl)amino]methyl}-1,3,4-thiadiazole) was synthesized based on 

similar reductive amination recently published by us [34]. 

 

2,5-Bis{[(1H-imidazol-4-ylmethyl)amino]methyl}-1,3,4-thiadiazole (I4MTD) 

A solution of 1H-Imidazol-4-carbaldehyde (2) (2.02 g, 21.00 mmol, 2.1 equiv.), 2,5-

bis(aminomethyl)-1,3,4-thiadiazole (1) (1.44 g, 10.00 mmol, 1.0 equiv.), sodium 

cyanoborohydride (3.14 g, 50.00 mmol, 5.0 equiv.), and acetic acid (1.26 g, 21.00 mmol, 

2.1 equiv.) in methanol (200 mL) was refluxed and followed with TLC (chloroform/methanol 

2:1) until the disappearance of 1. After removal of the solvent under reduced pressure, the 

obtained oil was purified by column chromatography (SiO2, chloroform/methanol 2:1). The 

brown and oily product crystallized upon drying under reduced pressure. The product could not 

be separated from small impurities. Yield: 2.80 g (9.20 mmol, 92.0%). 1H-NMR (400 MHz, 

CDCl3, 25 °C): δ = 7.64 (s, 2H, H-2, Imz), 6.99 (s, 2H, H-5, Imz), 4.14 (s, 4H, CH2, TDA), 3.80 

(s, 4H, CH2, Imz) ppm. 13C-NMR (100 MHz, CDCl3, 25 °C): δ = 174.2 (C, TDA), 136.8 (C-4, 

Imz), 136.5 (C-2, Imz), 118.6 (C-5, Imz), 47.7 (C, TDA), 45.7 (C, Imz) ppm. FD-MS (MeOH): 

m/z(%) = 304.05 (100) [(M+H)+], 327.05 (23) [(M+Na)+]. 

3.3.3 General complex synthesis of [FeII
2(I4MTD)2](X)4 

The complex syntheses were carried out in a glovebox under nitrogen atmosphere and exclusion 

of water and oxygen. After a solution of the ligand (I4MTD, 0.10 mmol) in absolute 

acetonitrile/methanol (2:1, 2 mL) was added to a solution of the corresponding iron(II) salt 

(0.10 mmol, Fe(BF4)2·6H2O, Fe(ClO4)2·xH2O or Fe(F3CSO3)2) in absolute acetonitrile (2 mL) 

the resulting yellowish to orange complex solutions were exposed to vapor diffusion of absolute 

diethyl ether or absolute tetrahydrofuran. After several days to weeks, crystals have formed, 

which were suitable for single-crystal X-ray studies. 

 

[FeII
2(I4MTD)2](F3CSO3)4·solvents (C1) 

Fe(F3CSO3)2 (35 mg) and 2,5-bis{[(1H-imidazol-4-ylmethyl)amino]methyl}-1,3,4-thiadiazole 

(I4MTD, 30 mg) were used to obtain C1 (23 mg, 33.6%) as yellow crystals. 

C28H32F12Fe2N16O12S6 [FeII
2(I4MTD)2](F3CSO3)4 (1316.50): calcd. C 25.54 H 2.45 N 17.02; 

found (after air-drying) C 25.17 H 2.15 N 16.61. 

 

[FeII
2(I4MTD)2](ClO4)4·THF (C2) 

Fe(ClO4)2·xH2O (27 mg) and 2,5-bis{[(1H-imidazol-4-ylmethyl)amino]methyl}-1,3,4-

thiadiazole (I4MTD, 30 mg) were used to obtain C2 (26 mg, 45.6%) as yellow crystals 

C24H32Cl4Fe2N16O16S2 [FeII
2(I4MTD)2](ClO4)4·(1118.22): calcd. C 25.78 H 2.88N 20.04; 

found (after air-drying) C 26.48 H 2.61 N20.52. 
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[FeII
2(I4MTD)2](BF4)4·THF (C3) 

Fe(BF4)2·6H2O (34 mg) and 2,5-bis{[(1H-imidazol-4-ylmethyl)amino]methyl}-1,3,4-

thiadiazole (I4MTD, 30 mg) were used to obtain C3 (26 mg, 43.7%) as yellow crystals. 

C24H32B4F16Fe2N16S2 [FeII
2(I4MTD)2](BF4)4 (1067.66): calcd. C 27.00 H 3.02 N 20.99; found 

(after air-drying) C 26.67 H 2.59 N 20.97. 

3.4 Results and Discussion 

3.4.1 Synthesis 

The synthesis of the precursor molecule 2,5-bis(aminomethyl)-1,3,4-thiadiazole (1) was 

previously reported by us [34]. The ligand (I4MTD = 2,5-bis{[(1H-imidazol-4-

ylmethyl)amino]methyl}-1,3,4-thiadiazole) was synthesized according to a published 

reductive amination [34] by reacting 1 with 1H-imidazole-4-carbaldehyde (2) followed by an 

in situ reduction of the formed imine to the respective amine with sodium cyanoborohydride. 

The reaction scheme for the synthesis of the ligand (I4MTD) is shown in Scheme 1. 

 

Scheme 1. Synthesis of the ligand (I4MTD) starting from 2,5-bis(aminomethyl)-1,3,4-thiadiazole (1). 

The complexes [FeII
2(I4MTD)2](F3CSO3)4 (C1), [FeII

2(I4MTD)2](ClO4)4 (C2) and 

[FeII
2(I4MTD)2](BF4)4 (C3) were synthesized in stoichiometric reactions of the ligand 

(I4MTD) with the respective iron(II) salt FeII(F3CSO3)2, FeII(ClO4)2·xH2O or FeII(BF4)2·6H2O. 

Single crystals suitable for X-ray diffraction have been obtained by vapor diffusion of diethyl 

ether or tetrahydrofuran into complex solutions of acetonitrile and methanol (5:1 volume ratio). 

The syntheses were performed under nitrogen atmosphere using absolute solvents to prevent 

oxidation of the iron(II) ions. 

3.4.2 Crystal structures 

The crystal structures of the complexes [FeII
2(I4MTD)2](F3CSO3)4·Et2O/2MeCN 

(C1·Et2O/2MeCN, @173 K), [FeII
2(I4MTD)2](ClO4)4·THF (C2·THF, @173 K) and 

[FeII
2(I4MTD)2](BF4)4·THF (C3·THF, @100 and 200 K) all have the centrosymmetric 

[Fe2L2]
4+ complex cation in common. The two iron(II) centers are bridged by two ligand 

molecules via the two nitrogen donor atoms of the thiadiazole moiety. The two ligands provide 

an N6 octahedral environment for each metal center. Despite the possibility of cis- or trans-axial 
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coordination of the ligand, as shown for compounds with related ligands [30,31,34,40], all here 

described complexes feature the cis-axial coordination (see Figure 2). The crystal structures 

comprise four respective anions counterbalancing the charge. For C2 and C3, the 

non-coordinating solvent molecule included is tetrahydrofuran. For C1, the electron density can 

be interpreted as either one diethyl ether molecule or two acetonitrile molecules per cation. The 

highly disordered solvent molecules were treated with SQUEEZE [41] in the program Olex2 

[39]. The formula [FeII
2(I4MTD)2](F3CSO3)4·solvent (C1·solvent) is used throughout the 

paper. All crystallographic parameters are given in Table S1. 

C1 is found to be in the monoclinic space group C2/c (@173 K), C2 in the triclinic space group 

P1̅ (@173 K) and C3 in the orthorhombic group Pbca (@200 K). For all three structures, one 

half of the complex cation is part of the asymmetric unit and the full cation is symmetry 

generated by an inversion center located between the two metal centers in the bimetallic 

complex. The average Fe-N bond lengths of 2.188 Å (C1·solvents), 2.192 Å (C2·THF) and 

2.187 Å (C3·THF, @200 K), account for an iron(II) ion in the HS state, resulting in the [HS-HS] 

state for the whole complex molecule at the given temperatures. This is further confirmed by 

the octahedral distortion parameters  (sum of the deviation from 90° of the 12 cis-N-Fe-N 

angles in the FeN6 coordination sphere) of 108.0° (C1·solvents), 105.3° (C2·THF) and 116.5° 

(C3·THF, @200 K) [5,12,13,42]. Information on bond lengths and angles of C1–C3 are 

summarized in Table 1. 

 

Figure 2. Sketch of the centrosymmetric complex cation [FeII
2(I4MTD)2]4+, showing the 

cis-coordination of the ligand as well as octahedral coordination environment for the iron(II) ions. 
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Table 1. Selected bond lengths (Å), N-Fe-N bond angles (°) and the octahedral distortion parameter 

 [°] for the compounds C1–C3. For compound C3 the values are given for different temperatures. 

Selected 

Parameters a b 

C1·Solvents 

(@173 K) 

C2·THF 

(@173 K) 

C3·THF 

(@100 K) 

C3·THF 

(@200 K) 

Fe-NTDA(L1) 2.157(2) 2.150(2) 
LS 1.967(8)/ 

HS 2.147(8) 
2.154(2) 

Fe-NTDA(L2) 2.161(2) 2.174(2) 
LS 1.971(7)/ 

HS 2.170(8) 
2.158(2) 

Fe-NNH(L1) 2.298(2) 2.296(2) 
LS 2.055(8)/ 

HS 2.239(7) 
2.255(2) 

Fe-NNH(L2) 2.304(2) 2.297(2) 
LS 2.103(8)/ 

HS 2.290(8) 
2.301(2) 

Fe-NImz(L1) 2.106(2) 2.114(2) 
LS 1.995(8)/ 

HS 2.131(7) 
2.132(2) 

Fe-NImz(L2) 2.104(2) 2.120(2) 
LS 1.958(8)/ 

HS 2.124(7) 
2.122(2) 

av. Fe-N 2.188 2.192 
LS 2.008/ 

HS 2.184 
2.187 

av. cis N-Fe-N 90.2 90-2 
LS 90.0/ 

HS 90.2 
90.2 

av. trans N-Fe-N 169.5 169.5 
LS 172.9/ 

HS 168.1 
168.2 

 c 108.0 105.3 
LS 69.5 

HS 115.6 
116.5 

a NTDA = donor atom on thiadiazole; NImz = donor atom on imidazole; NNH = amine donor atom. b Fe1/Fe2. 
c Octahedral distortion parameter  (sum of the deviation from 90° of the 12 cis-N-Fe-N angles in the FeN6 

coordination sphere). 

Variable-temperature magnetic susceptibility measurements have been performed for all 

complexes (see below). For C3, a partial spin state switching below 150 K was observed. To 

elucidate this finding, we decided to investigate the X-ray data at lower temperatures. Thus, the 

single-crystal X-ray data were collected for C3·THF at 100 K. The yellow crystal turned red 

during cooling, but also got fine cracks, which lowers the quality of the crystallographic data. 

However, a phase transition was seen unambiguously when lowering the temperature to 100 K. 

The space group changed from orthorhombic Pbca (@200 K) to monoclinic P21/c (@100 K). 

The asymmetric unit of the monoclinic phase consists now of two half complex cations with 

two crystallographic independent iron(II) ions; one per cation (Figure 3). 
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Figure 3. Crystallographic independent complex cations for C3·THF at 200 (top) and 100 K (bottom). 

The asymmetric units are depicted in bold, while the second half of the cations (wireframe) are 

symmetry generated. The orientation of the molecules and the labeling is the same as for Figure 2. 

Hydrogens, solvent molecules and cations are omitted for clarity. Color code: Fe dark red, N blue, S 

yellow, C gray. 

For one complex cation in the asymmetric unit, the iron(II) ion (FeHS) stays in the HS state. The 

average Fe-N bond length of 2.184 Å and the octahedral distortion  of 115.6° remain almost 

the same as in the structure obtained at 200 K (2.187 Å and 116.3°), confirming a localized 

[HS-HS] dimer. For the other complex cation, the average Fe-N bond lengths and the octahedral 

distortion parameter  for the iron(II) ion (FeLS) decrease to 2.008 Å and 69.5°, which accounts 

for a localized [LS-LS] complex cation. Thus, a spin transition occurs between 200 and 100 K 

from the [HS-HS] to the mixed [HS/LS] state, which is a 1:1 mixture of localized dimers either 

in the [HS-HS] or in the [LS-LS] state (Figure 3). The crystallographic differentiation, whether 

the [HS-LS] state is realized by discrete [HS-LS] molecules or it composes from a 1:1 mixture 

of [HS-HS] and [LS-LS] molecules, is not possible in most cases due to higher symmetry in the 

space group. In centrosymmetric molecular structures, a superposition of the HS and LS iron(II) 

ions might be observed [43–49]. Fortunately, this is not the case for C3, where at low 

temperatures the dimeric spin crossover complexes can be clearly identified as either [HS-HS] 

or [LS-LS] molecules. 
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However, to get a better understanding of why C3·THF shows SCO while C1·solvents and 

C2·THF do not, we have to take a closer look at the crystal packing, which has a crucial 

influence on the SCO behavior [3,25,42,50]. 

Along the crystallographic c-axis in C3·THF (@200 K), the dinuclear [HS-HS] molecules are 

arranged in two-dimensional layers formed by hydrogen bonds between the amine protons and 

the fluorine atoms of the tetrafluoroborate ions (Figure 4, bottom). These layers are separated 

by 3.11 Å and non-coordinating tetrahydrofuran solvent molecules, as well as tetrafluoroborate 

counter ions which are located between the layers (Figure 4, top). However, there is no 

cooperative interaction pathway via hydrogen bonding between the two layers. When lowering 

the temperature, the occurring SCO phenomenon, ([HS-HS]→[HS-LS]) is accompanied by a 

phase transition and the space group changes from Pbca to P21/c. At low temperatures, the 

complex cations in every second layer are switched to the [LS-LS] state, resulting in alternating 

layers of either [LS-LS] or [HS-HS] molecules. This layered arrangement of molecules solely 

in the HS or in the LS is rare and we found only a few examples in the literature for which the 

spin crossover is accompanied by shrinking or expanding of one distinguished crystallographic 

axis [51–56]. Note that although the direction of the stacking does not change, the 

crystallographic c-axis of the high-temperature space group Pbca turns to be the a-axis in P21/c 

(Figures 4 and 5). While the intramolecular bond lengths and angles for the iron(II) centers 

change significantly when going from the HS to the LS state, the intermolecular hydrogen 

bridges between the dimers in each layer do not change significantly. Thus, to give way to the 

overall reduced required space for [LS-LS] dimers, compared to the [HS-HS] ones, the stacking 

changes. With the SCO the interlayer diameter reduces by 0.3 Å from 3.110 Å to 2.804 Å. This 

drastic impact of the phase transition on only one of the crystallographic axes results inevitably 

to the small cracks in the crystal. 
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Figure 4. Crystal packing and hydrogen bonding (black dashed lines) toward neighboring anions in 

C3·THF at 200 K (space group Pbca). Top. View along the crystallographic b-axis. Bottom. View 

along the crystallographic c-axis. Solvent molecules, as well as non-bridging counter ions, have been 

omitted for clarity. Color code: Fe dark red, N blue, S yellow, C gray, B pink, F green and H white. 

For C1 and C2, the dinuclear complex cations show hydrogen bonding between the amino or 

the imidazolyl groups and the respective counter anions triflate or perchlorate (Figures S8 and 

S10). While for C1, a three-dimensional network is realized for C2 intertwined layers are 

formed. In both cases, the molecules are quite densely packed in the solid state and there is 

basically no “space” to compensate for bond lengths and volume changes that come together 

with a spin transition. Thus, single-crystal structure analysis reveals that it is very unlikely that 

C1 and C2 show any SCO behavior. 
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Figure 5. Crystal packing and hydrogen bonding (black dashed lines) toward neighboring anions in 

C3·THF at 100 K (space group P21/c). Top. View along the crystallographic c-axis. Bottom. View 

along the crystallographic a-axis. Left. Layer with only [LS-LS] molecules. Right. Layer with [HS-HS] 

molecules. Solvent molecules, as well as non-bridging counter ions, have been omitted for clarity. Color 

code: Fe dark red, N blue, S yellow, C gray, B pink, F green and H white. 

3.4.3 Variable-Temperature Magnetic Susceptibility Measurements 

Variable-temperature magnetic susceptibility measurements were performed on 

microcrystalline to powderous air-dried samples of C1–C3 in the temperature range of 2–300 K 

in an applied magnetic field of 1000 Oe (0.1 T) (Figures 6 and S12). It is important to mention 

that the freshly prepared crystalline samples of C1–C3 almost immediately lose crystallinity, 

when exposed to air, explained by the loss of the volatile solvents (diethyl ether or 

tetrahydrofuran). Thus, we did not succeed to obtain magnetic data of freshly prepared 

crystalline samples. The magnetic studies were performed with a cooling/heating rate of 

1.5 K/min and the MT vs T plots are indistinguishable for the measurements when heated or 

cooled. In all three compounds C1–C3, the dimers are in the [HS-HS] state at 300 K as indicated 

by MT values between 6.54 and 6.96 cm3Kmol−1 per complex cation varying with the counter 

ions. All measured values are slightly higher than the calculated one for an iron(II) dimer with 

two non-interacting HS iron(II) ions of 6.00 cm3Kmol-1 using the spin-only formalism. 
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However, this difference is expected, as the spin-only formula does not account for any orbital 

angular momentum. Upon lowering the temperature, the MT values for C1 and C2 remain 

almost invariant, indicating that the iron(II) ions remain in the HS state down to low 

temperature. Below 50 K, for both complexes, the MT value decreases which can be explained 

by the presence of weak anti-ferromagnetic exchange interactions between the iron(II) ions 

and/or by the zero-field splitting of the S = 2 state. For C3, the MT value remains high until 

about 150 K before it drops to ~4.40 cm3Kmol−1. The resulting small plateau between 70 and 

50 K can be explained by a gradual spin transition of a major part of the dimers (calculated to 

70%) from the [HS-HS] to the [HS-LS] state. The decrease of the MT value for C3 below 50 K 

is again explained with the presence of weak anti-ferromagnetic exchange interactions between 

the HS iron(II) ions in the remaining [HS-HS] dimers and/or by the zero-field splitting of the 

S = 2 state. The difference between the magnetic data and the single-crystal structure analysis 

(described above) of C3 is explained by the loss of the volatile solvent molecules and thus by 

the loss of crystallinity upon air-drying of the sample. The effect of the solvent loss on the 

magnetic data is shown in Figure S13 in the supporting information. 

 

Figure 6. MT vs T data for the compound C3. The data are given per dinuclear iron(II) molecule. 
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3.5 Conclusion 

Concluding, we synthesized the new bis-tridentate 1,3,4-thiadiazole bridging ligand 

(I4MTD = 2,5-Bis{[(1H-imidazol-4-ylmethyl)amino]methyl}-1,3,4-thiadiazole, from which 

we obtained a series of three potentially SCO active dinuclear iron(II) complexes 

([FeII
2(I4MTD)2](X)4 with X = F3CSO3

− (C1), ClO4
- (C2) and BF4

− (C3)). Magnetic 

susceptibility measurements and single-crystal structure analysis revealed a temperature-

independent [HS-HS] state for C1 and C2. In contrast, magnetic data for C3 showed a gradual 

spin transition below 200 K suggesting an intermediate [HS-LS] state at low temperatures. 

However, single-crystal X-ray analysis proved the supposed intermediate spin state to be a 1:1 

mixture of [HS-HS] and [LS-LS] molecules. While the local ligand field strength for the iron(II) 

ions is the same in all three complexes, very clearly, different crystal packing causes the 

different spin switching properties of the complexes. For C1 and C2, three-dimensional 

hydrogen bridged networks or strongly intertwined layers of iron(II) dimer molecules are found. 

In contrast, the dimers in C3 arrange in two-dimensional layers that are well separated by the 

non-coordinating counter ions and solvent molecules. The SCO is accompanied by a 

crystallographic phase transition that accounts for the molecular re-arrangement. With this, the 

interlayer spacing is already reduced by 0.3 Å although only the molecules in every second 2D 

layer change the spin state. At 100 K alternating layers of [HS-HS] and [LS-LS] dimers are 

observed in the crystal structure. In magnetic data obtained from the bulk sample, an average 

“[HS-LS]” state is featured. Thus, our results clearly underline the importance of investigations 

of SCO phenomena using complementary methods. 

 

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, 

Figure S1. 1H-NMR of 2,5-bis{[(1H-imidazol-4-ylmethyl)amino]methyl}-1,3,4-thiadiazole 

(I4MTD)., Figure S2. 13C-NMR of 2,5-bis{[(1H-imidazol-4-ylmethyl)amino]methyl}-1,3,4-

thiadiazole (I4MTD)., Figure S3. Field desorption mass spectrum of 2,5-bis{[(1H-imidazol-4-

ylmethyl)amino]methyl}-1,3,4-thiadiazole (I4MTD)., Figure S4. IR spectrum of air-dried 

[FeII
2(I4MTD)2](F3CSO3)4 (C1)., Figure S5. IR spectrum of air-dried [FeII

2(I4MTD)2](ClO4)4 

(C2)., Figure S6. IR spectrum of air-dried [FeII
2(I4MTD)2](BF4)4 (C3)., Figure S7. Molecular 

structure of [FeII
2(I4MTD)2](F3CSO3)4·solvents (C1·solvents) with thermal ellipsoids at 173 K. 

Solvent molecules could not be solved. Color code: Fe is dark red, N blue, S yellow, C grey, H 

white, O red and F light green., Figure S8. Crystal packing and hydrogen bonding (black 

dashed lines) via anions in [FeII
2(I4MTD)2](F3CSO3)4·solvents (C1·solvents) at 173 K. 

Non-bridging counter ions have been omitted for clarity. a) View along crystallographic b-axis. 

b) View along crystallographic a-axis. Color code: Fe is dark red, N blue, S yellow, C grey, H 

white, O red and F light green., Figure S9. Molecular structure of [FeII
2(I4MTD)2](ClO4)4·THF 

(C2·THF) with thermal ellipsoids at 173 K. Color code: Fe is dark red, N blue, S yellow, C 

grey, H white, O red and Cl green., Figure S10. Crystal packing and hydrogen bonding (black 

dashed lines) via anions in [FeII
2(I4MTD)2](ClO4)4·THF (C2·THF) at 173 K. Non-bridging 

counter ions and solvent molecules have been omitted for clarity. a) View along 

crystallographic a-axis. b) View along the angle bisector of the crystallographic a- and b-axis. 

Color code: Fe is dark red, N blue, S yellow, C grey, H white, O red and Cl green., Figure S11. 
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Molecular structure of [FeII
2(I4MTD)2](BF4)4·THF(C3·THF) with thermal ellipsoids at a) 

200 K and b) 100 K. Color code: Fe is dark red, N blue, S yellow, C grey, H white, O red, B 

pink and F light green., Figure S12. MT vs T data for the air-dried compounds C1 (squares) 

and C2 (triangles). The data are given per dinuclear iron(II) molecule, Figure S13. MT vs T 

data for C3 for a freshly taken sample measured from 10 – 300 K after direct low-temperature 

freezing within the magnetometer (filled squares), subsequently measured from 300 - 10 K 

(empty squares) and for a dried sample from 10 – 300 K after heating the sample to 400 K for 

2 hours (filled circles). The data are given per dinuclear iron(II) molecule., Table S1. 

Crystallographic parameters for all discussed crystal structures of C1 – C3. 
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3.7 Supporting Information 

3.7.1 NMR Spectroscopy 

 

Figure S1. 1H-NMR of 2,5-bis{[(1H-imidazol-4-ylmethyl)amino]methyl}-1,3,4-thiadiazole (I4MTD). 

 

Figure S2. 13C-NMR of 2,5-bis{[(1H-imidazol-4-ylmethyl)amino]methyl}-1,3,4-thiadiazole (I4MTD). 
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3.7.2 Mass Spectrometry 

 

Figure S3. Field desorption mass spectrum of 2,5-bis{[(1H-imidazol-4-ylmethyl)amino]methyl}-1,3,4-

thiadiazole (I4MTD). 

3.7.3 IR Spectroscopy 

 

Figure S4. IR spectrum of air-dried [FeII
2(I4MTD)2](F3CSO3)4 (C1). 
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Figure S5. IR spectrum of air-dried [FeII
2(I4MTD)2](ClO4)4 (C2). 

 

Figure S6. IR spectrum of air-dried [FeII
2(I4MTD)2](BF4)4 (C3). 
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3.7.4 X-ray Diffraction Measurements 

 

Figure S7. Molecular structure of [FeII
2(I4MTD)2](F3CSO3)4·solvents (C1·solvents) with thermal 

ellipsoids at 173 K. Solvent molecules could not be solved. Color code: Fe is dark red, N blue, S yellow, 

C grey, H white, O red and F light green. 

 

Figure S8. Crystal packing and hydrogen bonding (black dashed lines) via anions in 

[FeII
2(I4MTD)2](F3CSO3)4·solvents (C1·solvents) at 173 K. Non-bridging counter ions have been 

omitted for clarity. a) View along crystallographic b-axis. b) View along crystallographic a-axis. Color 

code: Fe is dark red, N blue, S yellow, C grey, H white, O red and F light green. 
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Figure S9. Molecular structure of [FeII
2(I4MTD)2](ClO4)4·THF (C2·THF) with thermal ellipsoids at 

173 K. Color code: Fe is dark red, N blue, S yellow, C grey, H white, O red and Cl green. 

 

Figure S10. Crystal packing and hydrogen bonding (black dashed lines) via anions in 

[FeII
2(I4MTD)2](ClO4)4·THF (C2·THF) at 173 K. Non-bridging counter ions and solvent molecules 

have been omitted for clarity. a) View along crystallographic a-axis. b) View along the angle bisector 

of the crystallographic a- and b-axis. Color code: Fe is dark red, N blue, S yellow, C grey, H white, O 

red and Cl green. 



3. 2D Layer Arrangement of Solely [HS-HS] or [LS-LS] Molecules in the [HS-LS] State of a 

Dinuclear Fe(II) Spin Crossover Complex 

109 

 

Figure S11. Molecular structure of [FeII
2(I4MTD)2](BF4)4·THF(C3·THF) with thermal ellipsoids at a) 

200 K and b) 100 K. Color code: Fe is dark red, N blue, S yellow, C grey, H white, O red, B pink and F 

light green. 

Table S1: Crystallographic parameters for all discussed crystal structures of C1 – C3. 

 
C1·solvents 

(@173 K) 

C2·THF 

(@173 K) 

C3·THF 

(@100 K) 

C3·THF 

(@200 K) 

formula 
C28 H32 F12 Fe2 

N16 O12 S6 

C28 H40 Cl4 Fe2 

N16 O17 S2 

C64 H96 B8 F32 

Fe4 N32 O4 S4 

C128 H192 B16 

F64 Fe8 N64 O8 

S8 

molar weigth 

[g/mol] 
1316.75 1190.38 2423.84 4847.68 

crystal system monoclinic triclinic monoclinic orthorombic 

space group C2/c P-1 P21/c Pbca 

a/Å 19.7359(6) 10.3301(9) 23.2819(9) 19.1991(3) 

b/Å 12.3918(2) 11.0779(10) 18.9278(6) 10.6968(2) 

c/Å 23.0394(7) 11.5540(9) 10.8273(4) 24.2411(5) 

α/° 90 116.252(6) 90 90 

β/° 110.176(2) 90.726(7) 93.334(3) 90 

γ/° 90 107.913(7) 90 90 

V/Å3 5288.8(3) 1111.07(18) 4763.2(3) 4978.37(16) 

Z 4 1 2 1 

T/K 173(2) 173(2) 100(2) 200(2) 

ρcalcd. [g/cm3] 1.654 1.779 1.69 1.617 

μ [mm-1] 0.895 1.077 0.812 0.777 

R(int) 0.0313 0.0177 0.0488 0.0317 

S 1.058 1.057 1.053 1.082 

R1 (l > 2σ (l)) 0.0511 0.0455 0.1316 0.0432 

wR2 (all data) 0.1438 0.124 0.3981 0.1402 
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3.7.5 Magnetic Data 

 

Figure S12. MT vs T data for the dried compounds C1 (squares) and C2 (triangles). The data are given 

per dinuclear iron(II) molecule. 
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4. First Cobalt(II) Spin Crossover Compound with 

N4S2-Donorset 

This chapter covers the synthesis and characterization of the novel bis-tridentate PSTD 

(2,5-bis[(2-pyridylmethyl)thio]methyl-1,3,4-thiadiazole) ligand. Although the ligand was 

synthesized to generate dinuclear complexes, only mononuclear complexes were obtained. 

While the Fe(II) complex stays in the LS over the whole measured temperature region, the 

Co(II) shows a gradual SCO behavior. The properties were investigated with the help of 

single-crystal structure analysis and magnetic susceptibility measurements. The results are 

presented as scientific article previously published in Molecules. Reprinted with the permission 

from: 

 

F. Fürmeyer, D. Münzberg, L. M. Carrella, E. Rentschler, Molecules 2020, 25(4), 855. 

DOI: 10.3390/molecules25040855. 

Copyright 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open 

access article distributed under the terms and conditions of the Creative Commons Attribution 

(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 
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The magnetic data was gathered and analyzed by Fabian Fürmeyer. Luca M. Carrella performed 

the single-crystal X-ray structure measurement and refined the data. The manuscript was 

written by Fabian Fürmeyer and improved with the help of Luca M. Carrella and Eva 

Rentschler. Finally, Eva Rentschler had the overall supervision in the interpretation of the data 

throughout the manuscript process. All authors have read and agreed to the published version 

of the manuscript. 
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4.1 Graphical Abstract 

 

4.2 Abstract 

Herein we report the synthesis and characterization of a novel bis-tridentate 1,3,4-thiadiazole 

ligand (L = 2,5-bis[(2-pyridylmethyl)thio]methyl-1,3,4-thiadiazole). Two new mononuclear 

complexes of the type [MII(L)2](ClO4)2 (with M = FeII (C1) and CoII (C2)) have been 

synthesized, containing the new ligand (L). In both complexes the metal centers are coordinated 

by an N4S2-donorset and each of the two ligands is donating to the metal ion with just one of 

the tridentate pockets. The iron(II) complex (C1) is in the low spin [LS] state below room 

temperature and shows an increase in the magnetic moment only above 300 K. In contrast, the 

cobalt(II) complex (C2) shows a gradual spin crossover (SCO) with T1/2 = 175 K. To our 

knowledge, this is the first cobalt(II) SCO complex with an N4S2-coordination. 
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4.3 Introduction 

Switching metal complexes between two different electronic states, high spin [HS] and low 

spin [LS], by external stimuli such as temperature, light irradiation or pressure is known as spin 

crossover (SCO). Due to the molecular bistability and the associated change in the optical and 

magnetic properties upon switching, these compounds can possibly be used in memory 

storages, displays and sensors [1–8]. However, abruptness of the property changes and the 

occurrence of a thermal hysteresis is necessary for future applications. Both depend on the 

cooperative interactions between the metal centers in the solid state. ‘Intermolecularly’, the 

cooperativity can be enhanced by hydrogen bonding or --stacking interactions between the 

complexes. ‘Intramolecularly’, in polynuclear complexes, the spin-bearing metal centers can 

be bridged via organic ligands, leading to close proximity and a stronger communication of 

these metal centers [5,9–13]. Although SCO coordination polymers often show large thermal 

hysteresis [14,15], research on discrete polynuclear, and in particular in dinuclear SCO systems 

recently increased because the latter have better reproducibility and easier characterization. The 

dimeric structural motif as the simplest and smallest model for investigating intramolecular 

cooperative interactions also offers potential access to three states ([HS-HS], [HS-LS] and 

[LS-LS]) [4,16,17]. However, the design of ligands that simultaneously act as a bridge and 

induce a suitable ligand field is a difficult task. 

Our group recently reported on the synthesis and characterization of symmetrical dinuclear 

iron(II) compounds with bridging ligands based on the 1,3,4-oxadiazole as well as on the 

1,3,4-thiadiazole backbone [18–20]. For the thiadiazole-based ligand 

2,5-bis[(2-pyridylmethyl)amino]methyl-1,3,4-thiadiazole with pyridyl donor sidearms, the 

complexes are in the [LS-LS] state at low temperatures and show a gradual but incomplete spin 

crossover only above room temperature [19]. Inspired by the fruitful work of S. Brooker et al. 

[21], we herein report the modification of the previous reported ligand [19] by replacing the 

amino for thioether linkages. The longer C-S bonds compared to the C-N bonds give greater 

flexibility of the ligand, and thus, should enable the population of the [HS-LS] and/or the 

[HS-HS] state at elevated temperatures. However, rather than obtaining the dimeric 

[Fe2(-L)2]
4+ complex cation, we exclusively isolated two new mononuclear complexes 

[MII(L)2](ClO4)2 (with M = FeII (C1) and CoII (C2) and L = 2,5-bis[(2-

pyridylmethyl)thio]methyl-1,3,4-thiadiazole). While the iron(II) complex (C1) remains in the 

[LS] state as well, the cobalt(II) complex shows a gradual SCO. 

4.4 Results and Discussion 

4.4.1 Synthesis 

The synthesis of the ligand is presented in Scheme 1. We have previously reported the 

preparation of 2,5-bis(chloromethyl)-1,3,4-thiadiazole (1) [19]. Thioacetic acid 

S-pyridine-2-ylmethylester (2) was synthesized as described in literature [21]. Finally, the 

ligand (L = 2,5-bis[(2-pyridylmethyl)thio]methyl-1,3,4-thiadiazole) was obtained according to 



4. First Cobalt(II) Spin Crossover Compound with N4S2-Donorset 

114 

[21] by treating 2 with sodium ethanolate and thereafter reacting with 1 in a nucleophilic 

substitution. 

 

Scheme 1: Synthesis of the Ligand (L) starting from 2,5-bis(chloromethyl)-1,3,4-thiadiazole (1). 

The iron(II) and cobalt(II) complexes, [MII(L)2](ClO4)2, have been synthesized in a 

stochiometric reaction of the ligand (L) with the corresponding perchlorate salt 

(Fe(ClO4)2·xH2O and Co(ClO4)2·6H2O) in methanol. The compounds were obtained as single 

crystals (C1 and C2) suitable for X-ray diffraction experiments via slow evaporation of the 

complex solutions. The iron(II) complex reaction was performed under nitrogen atmosphere 

and by using absolute methanol. The dried complexes are stable to air, no oxidation was 

observed. 

4.4.2 Variable Temperature Magnetic Susceptibility Measurements 

Variable temperature magnetic susceptibility measurements were carried on dried samples in 

the temperature range of 300–400 K for C1 and of 10–400 K for C2 in an applied magnetic 

field of 1000 Oe (0.1 T) and with a scan rate of 1.5 K/min. The temperature-dependent magnetic 

susceptibility date of the samples C1 and C2 are shown in Figure 1. C1 shows a χMT value of 

0.15 cm3Kmol−1 at 300 K accounting for a diamagnetic iron(II) ion in the [LS] state. Also, the 

structural data obtained by X-ray crystallography at 173 K (described below) confirms an LS 

state of the iron(II) indicating that no spin crossover occurs until 300 K. Raising the temperature 

to 400 K, the χMT value slightly increases to 0.36 cm3Kmol−1. Although this rise is no evidence 

of a spin crossover, it is at least a strong indication. The diamagnetic nature of C1 at room 

temperature is further confirmed by the 1H-NMR spectra of the complex, shown along with 

that of the ligand in Figure S3 in the supporting information. 

At low temperature, compound C2 shows a χMT value of 0.47 cm3Kmol−1, which accounts for 

a cobalt(II) ion in the [LS] state in accordance with the single X-ray structure analysis at 120 K. 

With increasing temperature, the χMT product remains almost constant until 100 K, then raises 

up to 2.20 cm3Kmol−1 at 250 K. This is explained by a gradual spin transition of the complex 

from [LS] to [HS] with a transition temperature T1/2 of 175 K. No magnetic hysteresis is 

observed. In fact, when using a cooling/heating rate of 1.5 K/min, the χMT vs. T curves for the 

heating or cooling mode cannot be distinguished. The χMT values for [LS] and [HS] cobalt(II) 

are slightly higher than the calculated ones ([LS] = 0.38 cm3Kmol−1 and 

[HS] = 1.88 cm3Kmol−1) using the spin-only formalism. This is expected because the spin-only 

formalism does not take into account orbit angular momentum contribution. 
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Figure 1. χMT vs. T data for the compounds C1 (dots) and C2 (squares). The Data is given per molecule. 

It is known from literature that cobalt(II) complexes with N-donor ligands, which form with 

iron(II) only [LS] complexes, might show SCO and is well studied for terpyridine complexes 

[2,4,22]. However, to the best of our knowledge, the cobalt(II) complex reported here is the 

only one showing this phenomena with Co(II) in a N4S2 coordination. 

4.4.3 Crystal Structures 

The complex [FeII(L)2](ClO4)2 (C1) crystallizes in the monoclinic space group P21/c at 173 K. 

The crystal structure of complex [CoII(L)2](ClO4)2 (C2) was measured at two different 

temperatures (120 K and 250 K) to confirm the spin crossover phenomenon. For both 

temperatures, the monoclinic space group is P21/c. In all three structures, C1 (@173 K) and C2 

(@120 K) and C2 (@250 K) the complex cation consists of one metal ion and two ligand 

molecules, showing pseudo centrosymmetry as sketched in Figure 2. Each ligand contributes 

with one of the tridentateN2S binding pockets to the N4S2 octahedral coordination sphere. The 

second potentially donating binding pocket is not coordinating. 
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Figure 2. Sketch of the pseudo centrosymmetry of the complex cation representative for all three 

structures of C1 and C2. 

For all complex cations (C1 and C2 at both temperatures), the cis-angles within the donor atoms 

of one ligand (NTDA(L,L’)-M-NPy(L,L’), NTDA(L,L’)-M-S(L,L’) and NPy(L,L’)-M-S(L,L’), 

Figure 3) are ranging from 83° to 85°, while the cis-angles between the donor atoms of the 

different ligands (NTDA(L)-M-NPy(L’), NTDA(L)-M-S(L’) and NPy(L)-M-S(L’) and vice versa) 

are ranging from 95° to 97°. This results in trans-angles (NTDA(L)-M-NTDA(L’), 

NPy(L)-M-NPy(L’) and S(L)-M-S(L’)) of almost 180° and in a slightly distorted octahedral 

coordination for the metal centers, in which the axis NPy(L)-M-NPy(L’) is inclined around 5–6° 

from the ideal geometry (black lines) towards the ligands due to the strain within the ligand 

backbone. 

 

Figure 3. Coordination octahedron for the metal(II) ion of C1 and C2. 
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The crystal structures further compromise two perchlorate anions to counterbalance the charge. 

All the complexes crystallize without any solvent molecules, which allows to investigate dried 

crystalline samples. 

The average Fe-N bond length of 1.990 Å and Fe-S bond length of 2.264 Å in C1 (@173 K) 

are in accordance with those reported in literature and account for an iron(II) ion in the [LS] 

state [23–29]. Figure S7 shows the crystal structure/asymmetric unit of C1 (@173 K). Detailed 

information on bond lengths and angles for C1 and C2 are summarized in Table 1. 

Table 1. Selected bond lengths [Å] and bond angles [°] for the compounds [FeII(L)2](ClO4)2 (C1) and 

[CoII(L)2](ClO4)2 (C2). 

Selected Parameters [a] C1 (@173 K) C2 (@120 K) C2 (@250 K) 

M-NTDA(L) 1.967(1) 1.979(4) 2.057(2) 

M-NPy(L) 2.014(1) 2.019(4) 2.075(2) 

M-NTDA(L’) 1.964(1) 1.981(4)  

M-NPy(L’) 2.016(1) 2.027(4)  

M-S(L) 2.263(1) 2.472(2) 2.479(1) 

M-S(L’) 2.264(1) 2.470(2)  

cis NTDA-M-NPy 84.1–95.9 84.6–95.6 85.1, 94.1 

cis NTDA-M-S 85.3–94.8 82.9–97.4 83.8, 96.2 

cis NPy-M-S 84.8–95.2 83.2–96.7 82.8, 97.2 

av. trans X-M-X 179.8 179.6 180.0 

[a] NTDA = N donor atom on thiadiazole; NPy = N donor atom pyridine; X = S, NTDA or NPy donor atom. 

For C2 (@250 K), the average Co-N bond length of 2.066 Å, as well as the average Co-S bond 

length of 2.479 Å indicate a [HS] cobalt(II) ion [30–36]. Cooling to 120 K results in a spin 

crossover from the [HS] to the [LS] state for the cobalt(II) center as shown by magnetic data. 

The average Co-N distance decreases to from 2.066 Å to 2.002 Å, which is in accordance with 

literature [37–39]. The shortening of the Co-N bond is explained by the decrease of electron 

density in the antibonding d-orbitals from t2g
5eg*

2in the [HS] state to t2g
6eg*

1 in the [LS] state. 

Notably, the average Co-S distance remains about the same (2.479 Å @250 K and 2.472 Å 

@120 K) upon changing the electronic state of the cobalt(II) ion. This is explained by the 

Jahn-Teller distortion expected for a d7-Co(II) ion in [LS] state, with four short Co-N bonds in 

equatorial plane and two long ‘axial’ Co-S bonds. Upon cooling down the transition from [HS] 

to [LS] also affects the counter ion. Ordering of one of the perchlorate anions in the crystal 

structure results in a phase change. While at 250 K only half of the complex is in the asymmetric 

unit, the entire complex cation is found at 120 K. This is accompanied by a doubling of the cell 

volume from 1990 Å3 (@250 K) to 3874 Å3 (@120 K) (see Figure 4 and Figures S8 and S9 in 

ESI). 
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Figure 4. Crystal structures of the complex cations of C2 (asymmetric unit) with thermal ellipsoids at 

(a) 120 K and (b) 250 K. Hydrogens, solvent molecules ions have been omitted for clarity. Color code: 

Co is dark blue, N blue, S yellow, and C grey. 

When comparing our findings with the dinuclear structures obtained by S. Brooker et al. [21], 

the question arises, why the use of our new ligand (L) results in mononuclear complexes? In 

the dimeric complexes of S. Brooker et al. two iron(II) ions are coordinated by two ligand 

molecules, thus each iron(II) center has a N4S2 coordination sphere, and the two sulphur donor 

atoms are coordinating cis to each other as depicted in Figure 5a. Changing the 1,3,4-triazole 

to the 1,3,4-thiadiazole as the backbone in the thioether-linked ligand leads to a different strain 

and to closer proximity of the sulphur donor atoms in the cis coordination, which is highly 

unfavorable. Hence, we exclusively obtained mononuclear complexes in which the sulphur 

donor atoms are coordinating trans to each other (Figure 5b). Similar findings were previously 

reported for iron(II) complexes with 1,3,4-triazole or 1,3,4-thiadiazole bridging ligands with an 

amino–rather than a thioether-linker group. Here, changing from the 1,3,4-triazole to the 

1,3,4-thiadiazole backbone results in a larger angle between the intraligand donor atoms and 

the amine donor atoms of the two facing ligands, which are in closer proximity compared to the 

ones in the 1,3,4-triazole [19]. 

  



4. First Cobalt(II) Spin Crossover Compound with N4S2-Donorset 

119 

 

Figure 5. Schematic representation of the two coordination modes for the sulphur donor atoms. (a) The 

sulphur donor atoms are coordinating cis to each other, which is necessary to obtain dinuclear 

complexes. (b) The sulphur donor atoms are coordinating trans to each other, as described for the 

mononuclear complexes herein. 

4.5 Materials and Methods 

4.5.1 General Methods and Materials 

All chemicals were purchased from Alfa Aesar, Deutero, Fisher Chemicals, TCI, Sigma-

Aldrich and Acros Organics and used without further purification. Absolute solvents were dried 

according to known procedures and used freshly distilled [40]. The NMR spectra were recorded 

at room temperature with a Bruker Avance DSX 400 and analyzed with the program 

MestReNova [41]. Magnetic susceptibility measurements were performed on a Quantum 

Design SQUID magnetometer MPMSXL in a temperature range between 10–400 K with an 

applied field of 1 kOe. ESI and FD mass spectra as well as elemental analysis (C,H and N) were 

measured at the microanalytical laboratories of the Johannes Gutenberg University Mainz. 

X-ray diffraction data were collected at 173 K with STOE STADIVARI and at 120 K with a 

STOE IPDS 2T at the Johannes Gutenberg University Mainz. The structures were solved with 

ShelXT [42] and refined with ShelXL [43] implemented in the program Olex2 [44]. 

Caution! The prepared perchlorate complexes are potentially explosive. Even though no 

explosions occurred, only small amounts should be prepared and handled with care. 

4.5.2 Ligand Synthesis 

2,5-Bis(chloromethyl)-1,3,4-thiadiazole (1) and thioacetic acid S-pyridine-2-ylmethyl ester (2) 

were prepared as described in literature [19,21]. The ligand 

(L = 2,5 bis[(2-pyridylmethyl)thio]methyl-1,3,4-thiadiazole) was synthesized based on similar 

nucleophilic substitution to that found in literature [21]. 
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2,5-Bis[(2-pyridylmethyl)thio]methyl-1,3,4-thiadiazole (L) 

Sodium (1.17 g, 51.0 mmol, 8.5 equiv.) was dissolved in ethanol (100 mL) at 0 °C and under 

nitrogen atmosphere. Thioacetic acid S-pyridine-2-ylmethyl ester (2) (2.11 g, 12.6 mmol, 

2.1 equiv.) in ethanol (25 mL) was added, and the resulting brown solution was stirred at 0 °C 

for 30 min. Afterwards, 2,5-bis(chloromethyl)-1,3,4-thiadiazole (1) (1.10 g, 6.0 mmol, 

1.0 equiv.) in ethanol (25 mL) was added at room temperature and the orange suspension was 

stirred for 17 h. The reaction mixture was poured into water (150 mL) and ethanol was removed 

under reduced pressure. The resulting suspension was extracted three times with 

dichloromethane (50 mL). The combined organic extracts were washed with brine (30 mL) and 

dried over magnesium sulfate. The solvent was removed under reduced pressure and the 

resulting crude product was purified by column chromatography (SiO2, 

dichloromethane/methanol 49:1) to give the pure product as brown oil. Yield: 1.54 g 

(4.28 mmol, 71.4%). 1H-NMR (400 MHz, CDCl3, 25 °C): δ = 8.57–8.51 (m, 2H, H-6, py), 

7.67–7.54 (m, 2H, H-4, py), 7.32–7.29 (m, 2H, H-3, py), 7.19–7.05 (m, 2H, H-5, py), 4.01 (s, 

4H, CH2, tda), 3.84 (s, 4H, CH2, py) ppm. 13C-NMR (100 MHz, CDCl3, 25 °C): δ = 170.7 (C, 

tda), 157.3 (C-1, py), 149.9 (C-6, py), 136.8 (C-4, py), 123.5 (C-3, py), 122.3 (C-5, py), 37.8 

(CH2, py), 29.5 (CH2, tda) ppm. ESI-MS (MeOH): m/z (%) = 361.06 (96) [(M+H)+], 

383.04 (32) [(M+Na)+], 743.10 (100) [(2M+Na)+]. Elemental analysis (C16H16N4S3): calcd. 

C 53.30, H 4.47, N 15.54; found C 52.83, H 4.58, N 15.78. 

4.5.3 Complex Synthesis 

To a yellow solution of the ligand (L) (0.1 mmol) in methanol (3 mL), an almost colorless 

solution of the corresponding metal(II) salt [0.1 mmol, Fe(ClO4)2·xH2O or Co(ClO4)2·6H2O] 

in methanol (3 mL) was added. Slow evaporation at room temperature of the obtained orange 

solutions resulted in the formation of crystals suitable for X-ray diffraction after several hours. 

The iron(II) complex was prepared under nitrogen atmosphere and by using dried solvents. 

 

[FeII(L)2](ClO4)2·(C1) 

Fe(ClO4)2·xH2O (27 mg) and 2,5-bis[(2-pyridylmethyl)thio]methyl-1,3,4-thiadiazole (L, 

36 mg) were used to obtain C1 (38 mg, 77.9%) as dark brown crystals suitable for X-ray 

diffraction. C32H32Cl2FeN8O8S6 [FeII(L)2](ClO4)2 (975.76): calc. C 39.39, H 3.31, N 11.48; 

found (after drying in vacuo) C 38.96, H 3.03, N 11.28. 

 

[CoII(L)2](ClO4)2·(C2) 

Co(ClO4)2·6H2O (36 mg) and 2,5-bis[(2-pyridylmethyl)thio]methyl-1,3,4-thiadiazole (L, 

37 mg) were used to obtain C2 (48 mg, 98.1%) as orange crystals suitable for X-ray diffraction. 

C32H32Cl2CoN8O8S6 [CoII(L)2](ClO4)2 (978.85): calc. C 39.27, H 3.30, N 11.45; found (after 

drying in vacuo) C 39.00, H 3.21, N 11.34. 
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4.6 Conclusion 

In conclusion, using the novel bis-tridentate 1,3,4-thiadiazole ligand 

(L = 2,5-bis[(2-pyridylmethyl)thio]methyl-1,3,4-thiadiazole), we were able to synthesize and 

characterize two new complexes [MII(L)2](ClO4)2 (with M = FeII (C1) and CoII (C2)). Due to 

the fact that mononuclear complexes were obtained, rather than the expected dinuclear ones, 

we assume this is due to the fact that the sulphur donor atoms of the thioether linkages are large 

compared to the nitrogen donor atoms of the amino linkages reported by Herold [19]. Thus, the 

cis-coordination of two Sulphur donor atoms is unfavorable. The magnetic data of the 

mononuclear compound together with the single-crystal X-ray structure analysis reveal a [LS] 

state for the iron(II) complex (C1) until 400 K. The cobalt(II) compound (C2) shows a gradual 

SCO between 100 K and 250 K from [LS] to [HS] state with a transition temperature T1/2 of 

175 K. To our knowledge, this is the first cobalt(II) complex with a N4S2 coordination 

environment, showing SCO behavior, that has been reported. 

 

Supplementary Materials: The following are available online at 

http://www.mdpi.com/1420-3049/25/4/855/s1, Figure S1: 1H-NMR of 2,5-bis[(2-

pyridylmethyl)thio]methyl-1,3,4-thiadiazole (L). Figure S2: 13C-NMR of 2,5-bis[(2-

pyridineylmethyl)thio]methyl-1,3,4-thiadiazole (L). Figure S3: Comparison of the 1H-spectra 

of a) [FeII(L)2](ClO4)2 (C1) and b) 2,5-Bis{[(pyridine-2-ylmethyl)-thio]-methyl}-1,3,4-

thiadiazole (L). Figure S4: Mass spectrum of 2,5-bis[(2-pyridylmethyl)thio]methyl-1,3,4-

thiadiazole (L). Figure S5: IR spectrum of dried [FeII(L)2](ClO4)2 (C1). Figure S6: IR spectrum 

of dried [CoII(L)2](ClO4)2 (C2). Figure S7: Molecular structure of [FeII(L)2](ClO4)2 (C1) with 

thermal ellipsoids at 173 K. b) Asymmetric unit without hydrogens, solvent molecules and 

counter ions. Color code: Fe dark red, N blue, S yellow, C grey, H light grey, Cl green and O 

red. Figure S8: Molecular structure of [CoII(L)2](ClO4)2 (C2) with thermal ellipsoids at 120 K. 

Color code: Co dark blue, N blue, S yellow, C grey, H white, Cl green and O red. Figure S9: 

Molecular structure of [CoII(L)2](ClO4)2 (C2) with thermal ellipsoids at 250 K. Color code: Co 

dark blue, N blue, S yellow, C grey, H white, Cl green and O red. Table S1: Crystallographic 

parameters for the discussed crystal structures of C1 and C2. CCDC 1980403 for C1 (@173 

K), 1980401 for C2 (@120 K), 1980402 for C2 (@250 K) contain the supplementary 

crystallographic data for this paper. These data can be obtained free of charge from The 

Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. 
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4.8 Supporting Information 

4.8.1 NMR Spectroscopy 

 

Figure S1. 1H-NMR of 2,5-bis[(2-pyridylmethyl)thio]methyl-1,3,4-thiadiazole (L). 

 

Figure S2. 13C-NMR of 2,5-bis[(2-pyridylmethyl)thio]methyl-1,3,4-thiadiazole (L). 
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Figure S3. Comparison of the 1H-NMR spectra of a) [FeII(L)2](ClO4)2 (C1) in DMSO-d6 and b) 2,5-

bis[(2-pyridylmethyl)thio]methyl-1,3,4-thiadiazole (L) in CDCl3. 

4.8.2 Mass Spectrometry 

 

Figure S4. Mass spectrum of 2,5-bis[(2-pyridylmethyl)thio]methyl-1,3,4-thiadiazole (L). 
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4.8.3 IR Spectroscopy 

 

Figure S5. IR spectrum of dried [FeII(L)2](ClO4)2 (C1). 

 

Figure S6. IR spectrum of dried [CoII(L)2](ClO4)2 (C2). 
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4.8.4 X-ray Diffraction Measurements 

 

Figure S7. Molecular structure/ asymmetric unit of [FeII(L)2](ClO4)2 (C1) with thermal ellipsoids at 

173 K. Color code: Fe dark red, N blue, S yellow, C grey, H light grey, Cl green and O red. 

 

Figure S8. Molecular structure/ asymmetric unit of [CoII(L)2](ClO4)2 (C2) with thermal ellipsoids at 

120 K. Color code: Co dark blue, N blue, S yellow, C grey, H white, Cl green and O red. 
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Figure S9. Molecular structure of [CoII(L)2](ClO4)2 (C2) with thermal ellipsoids at 250 K. Color code: 

Co dark blue, N blue, S yellow, C grey, H white, Cl green and O red. 

Table S1. Crystallographic parameters for the discussed crystal structures of C1 and C2. 

 C1 (@173 K) C2 (@120 K) C2 (@250 K) 

formula 
C32 H32 Cl2 Fe N8 O8 

S6 

C32 H32 Cl2 Co N8 O8 

S6 

C32 H32 Cl2 Co N8 

O8 S6 

molar weigth [g/mol] 975.76 978.84 978.84 

crystal system monoclinic monoclinic monoclinic 

space group P21/c P21/c P21/c 

a/Å 10.7228(2) 10.6468(8) 10.7440(13) 

b/Å 18.2829(5) 18.1665(10) 18.254(2) 

c/Å 20.0702(4) 20.2042(15) 10.9219(15) 

α/° 90 90 90 

β/° 97.117(2) 97.583(6) 111.706(10) 

γ/° 90 90 90 

V/Å3 3904.3(2) 3873.6(5) 1990.24(4) 

Z 4 4 2 

T/K 173(2) 120(2) 250(2) 

ρcalcd. [g/cm3] 1.660 1.678 1.633 

μ [mm-1] 0.906 0.967 0.941 

R(int) 0.0226 0.0487 0.0272 

S 1.041 1.032 1.097 

R1 (l > 2σ (l)) 0.0365 0.1484 0.0944 

wR2 (all data) 0.1033 0.1802 0.1148 
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5. Summary and Outlook 

The present work aimed at the synthesis and characterization of new dinuclear Fe(II) SCO 

complexes using novel bis-tridentate 1,3,4-thiadiazole bridging ligands. Previous results of our 

group showed the potential of the 1,3,4-thiadiazol bridging motif to synthesize symmetric 

bimetallic Fe(II) complexes which show SCO behavior. However, the complexes based on the 

PMTD (2,5-bis[(2-pyridylmethyl)amino]methyl-1,3,4-thiadiazole) ligand are found to be in the 

[LS-LS] state independent of the non-coordinating anions, showing only a gradual and 

incomplete spin transition to the [HS-LS] state above room temperature. In this work, the 

PMTD ligand was modified with the goal to thermally access all three spin states [HS-HS], 

[HS-LS] and [LS-LS]. In total, four new ligands were synthesized, allowing for nine dinuclear 

complexes and two mononuclear complexes, which were characterized with a variety of 

complementary techniques including single-crystal X-ray structure analysis, 

temperature-dependent magnetic susceptibility measurements and Mössbauer spectroscopy. 

The presented complexes nicely demonstrate the various intra- and intermolecular influences 

that may alter the sensitive SCO properties. 

 

One modification was the substitution of the pyridyl side arms of the PMTD ligand for the 

pentamerous N-donating heterocycles imidazole and thiazole, resulting in the two novel 

I2MTD (2,5-bis[(1H-imidazol-2-ylmethyl)amino]methyl-1,3,4-thiadiazole) and TMTD 

(2,5-bis[(thiazol-2-ylmethyl)amino]methyl-1,3,4-thiadiazole) ligands. The five-membered 

rings enlarge the biting angle between the amine linkages and the heterocycle and thus form a 

larger coordination pocket for the metal ions, possibly stabilizing the [HS-HS] state at elevated 

temperatures due to the longer metal ion-donor atom bond lengths. The variation of the second 

heteroatom within the heteroaromatic rings in the side arms gives the possibility to subtle 

modify the electronic and structural properties of the ligand and thus the ligand field strength 

O. Both ligands were used to generate a series of three new dinuclear Fe(II) complexes 

[FeII
2(I2MTD/TMTD)2](X)4·solvents (with X = BF4

−, ClO4
− or F3CSO3

−). The I2MTD based 

complexes are in the [HS-HS] state at room temperature and remain in this state until very low 

temperatures independent from the different counter ions as shown by magnetic data and X-ray 

structure analysis. On the other hand, all three bimetallic Fe(II) compounds using the TMTD 

ligand show different SCO behavior. By means of single-crystal X-ray structure analysis, this 

is attributed to the different intermolecular distances between the complex cations along the 

formed 1D chains in the solid state, originating from the various non-coordinating anions. 

While [FeII
2(TMTD)2](F3CSO3)4·2MeCN with the largest counter ion shows a gradual one-

step spin transition from the [LS-LS] directly to the [HS-HS] state above room temperature, 

[FeII
2(TMTD)2](BF4)4·3MeCN with the smallest counter ion undergoes a rather abrupt SCO 

around 200 K from the [HS-LS] to the [HS-HS] as revealed by temperature-dependent magnetic 

susceptibility measurements. However, two-step SCO behavior was achieved for 
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[FeII
2(TMTD)2](ClO4)4·3MeCN  with two separate spin transition from the [LS-LS] to the [HS-

LS] state at around 100 K and from the [HS-LS] to the [HS-HS] state at around 215 K. When 

slowly cooled, the SCO is accompanied by two phase transitions, allowing to unambiguously 

identify distinct [HS-LS] molecules in the [HS-LS] state crystallographically. On contrary, 

upon rapid cooling no phase transition is observable, resulting in the superposition of the HS 

and LS Fe(II) ions in the [HS-LS] state. Mössbauer studies could support the interesting finding 

that the cooling rate is crucial to detect the phase transition. This result will be of importance 

for further understanding and investigation of SCO compounds, since in the past it was not 

always be possible to elucidate whether the [HS-LS] state is displayed by a 1:1 mixture of 

[HS-HS] and [LS-LS] molecules or by discrete [HS-LS] molecules. 

 

On the basis of the probed properties of the complexes with the I2MTD ligand, the I4MTD 

(2,5-bis[(1H-imidazol-2-ylmethyl)amino]methyl-1,3,4-thiadiazole) ligand was synthesized. 

The ligand was designed to alter the position of the protonated nitrogen atom in the imidazolyl 

side arm and thus to investigate the different intermolecular hydrogen bonding interaction 

pathways between the complex cations compared to the complexes based on the I2MTD ligand. 

In fact, the variation of the side arm resulted in two to three dimensional hydrogen bonding 

networks between the complex cations and the different non-coordinating counter ion within 

the complex series [FeII
2(I4MTD)2](X)4·solvents (with X = BF4

−, ClO4
− or F3CSO3

−). The 

complexes [FeII
2(I4MTD)2](F3CSO3)4 Et2O/2MeCN and [FeII

2(I4MTD)2](ClO4)4·THF show a 

temperature-independent [HS-HS] as proven by single-crystal structure analysis and magnetic 

susceptibility measurements. Interestingly, while magnetic data revealed an incomplete gradual 

spin transition from the [HS-HS] to the [HS-LS] state below 200 K for 

[FeII
2(I4MTD)2](BF4)4·THF, single-crystal structure analysis showed that the intermediate 

[HS-LS] spin state is a 1:1 mixture of localized [HS-HS] and [LS-LS] molecules. The distinct 

difference between the properties of the bulk material and the crystal structure is attributed to 

different solvent content, since the freshly prepared samples almost immediately lose the 

volatile solvent molecules and therefore crystallinity, when exposed to air. The different 

properties within the complexes of this series is explained by different crystal packing effects, 

since the local ligand field strength for the Fe(II) ions is the same for all three complexes. While 

the triflate and perchlorate complexes show a densely packed 3D hydrogen network or strongly 

intertwined 2D layers, respectively, the complex cations in the tetrafluoroborate compound are 

arranged in 2D layers, which are clearly separated by solvent molecules and anions. To 

compensate for the local volume change of the [LS-LS] dimers compared to the [HS-HS] ones 

after the spin transition, the stacking between the layers changes, resulting in alternating layers 

of solely [HS-HS] or [LS-LS] molecules for [FeII
2(I4MTD)2](BF4)4·THF. 

 

The bridging ligand PSTD (2,5-bis[(2-pyridylmethyl)thio]methyl-1,3,4-thiadiazole) was 

synthesized to give the ligand system greater flexibility, since the C-S bonds are longer 

compared to the C-N bonds in the PMTD ligand. This should result in dinuclear Fe(II) 

complexes based on the PSTD ligand able to populate the [HS-LS] and/or the [HS-HS] state at 

higher temperatures. However, no dimeric Fe(II) complexes were obtained. Instead a 

mononuclear Fe(II) complex [FeII(PSTD)2](ClO4)2 was synthesized and characterized by 

single-crystal X-ray structure analysis and magnetic susceptibility measurements, showing a 
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temperature-independent LS state over the whole measured temperature region. Since the 

ligand field was too strong for Fe(II), a mononuclear Co(II) complex [FeII(PSTD)2](ClO4)2 was 

synthesized, which shows a gradual spin transition from the LS to the HS state. This was the 

first time SCO behavior was achieved for a Co(II) ion in N4S2 coordination environment. Only 

mononuclear compounds were obtained because the sulphur donor atoms of the thioether 

linkages are large compared to the nitrogen donor atom of the amino linkages. Hence, the 

necessary cis-coordination of the sulphur donor atoms to obtain bimetallic complexes is highly 

unfavorable. 

 

In conclusion, the presented results show the great potential of 1,3,4-thiadiazole bridging 

ligands to synthesize SCO materials. Future work should focus on generating more complexes 

based on the TMTD ligand with different non-coordinating anions to further establish the 

correlation between the counter ion size and the SCO behavior. Furthermore, LIESST studies 

would be interesting to investigate the properties of [FeII
2(TMTD)2](ClO4)4·3MeCN under 

light irradiation, as well as TIESST studies to gain a deeper insight into the temperature 

dependence of the SCO behavior. 

 

Since the TMTD ligand provides the appropriate ligand field to observe SCO behavior, it would 

be interesting to combine the coordination pocket of the ligand with other fascinating properties 

in mononuclear complexes. Thus, by replacing one side arm of the ligand with other 

functionalities such as thiol or azide, it would be possible to click the SCO complexes with 

nanoparticles, polymers or surfaces via chemisorption. Particularly suitable in this respect 

would be gold surfaces or polymers as well as nanoparticles functionalized with alkyne or 

alkene functions. Suitable functionalized fluorophores could also be added to the complex via 

“click chemistry” to combine the SCO with luminescent properties. These modifications would 

be one step towards multifunctional materials. 

 

Figure 1. Sketch of a mononuclear Fe(II) complex with the coordination pocket of the TMTD ligand 

combined with further functionalities such as thiol or azide and an undefined spacer R. 
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Deprotonating the synthesized ligands I2MTD and I4MTD at the imidazolyl groups in the side 

arms is a perfect starting to point for new bimetallic neutral Fe(II) complexes. The 

deprotonation should increase the ligand field strength of the ligand, which would lead to 

smaller Fe-N bond length, thus stabilizing the [LS-LS] state for dimeric complexes at lower 

temperatures. Since there is no need for additional non-coordinating anions, hydrogen bonding 

are less likely to form, allowing for in depth intramolecular investigations of possible SCO 

properties. Additionally, neutral SCO complexes can be used to obtain thin films of switching 

molecules by thermal vacuum deposition, which is a key feature for future applications. 

 

Finally, the 2,5-bis(aminomethyl)-1,3,4-thiadiazole still suits as perfect precursor for many 

other ligand systems, by reacting various aldehydes containing nitrogen donor heterocycles in 

a reductive amination reaction similar to the on described in this work. This will further 

establish the SCO systems based on 1,3,4-thiadiazole bridging ligands and provide a better 

insight of SCO properties in dinuclear complexes. 

 

Figure 2. Possible aldehydes for new 1,3,4-thiadiazole ligand systems. 
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6. Experimental Section 

6.1 Materials and Methods 

This chapter gives more detailed information on the materials and methods that were used to 

synthesize and characterize the obtained compounds than the respective parts in each 

publication. 

6.1.1 General Information 

All reactions, which were carried out under exclusion of air and moisture, previously heated 

glassware was used. A rotary evaporator with membrane pump vacuum and a water bath with 

a temperature of 40 °C was used. Solids and high-boiling liquids were dried in a fine vacuum 

by using an oil pump. 

6.1.2 Solvents and Chemicals 

Unless otherwise stated, solvents with a purity level p.a., per analysi, were used for the 

reactions. Absolute solvents were used dried and freshly distilled according to literature 

methods.[1] The complex reactions with iron(II) were performed in a glovebox under nitrogen 

atmosphere and only dried and degassed solvents were used to prevent oxidation of iron(II) to 

iron(III). All other chemicals were purchased from Alfa Aesar, Acros Organics, Fisher 

Chemicals, Sigma-Aldrich, or TCI Chemicals and, unless otherwise specified, were used 

without further purification. 

6.1.3 Chromatography 

The purification with column chromatography was performed by rapid chromatography.[2] 

Silica gel with a particle size of 35 - 70 µm from Acros Organics was used as stationary phase. 

The reaction control was  by using silica gel coated aluminium plates from Macherey-Nagel 

(Alugram SIL G/UV254). Detection was done under UV-light of the wavelength λ = 254 nm 

and λ = 365 nm and with the help of the following staining reagents. 

• Vanillin: 1.0 g vanillin, 100 mL methanol, 12 mL acetic acid, 4 mL conc. sulfuric acid 

• Ninhydrin: 0.2 g ninhydrin, 100 ml ethanol, 3 mL acetic acid 

The chromatograms were immersed in the solution and then developed using a hot air blower. 

The mixing ratios given for the eluents refer to volume fractions. 
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6.1.4 NMR Spectroscopy 

The samples were dissolved in deuterated solvents and the spectra were recorded at room 

temperature on a Bruker Avance DSX 400 (ν(1H = 400.13 MHz, ν(13C) = 100.61 MHz). The 

chemical shift (expressed in ppm) refers to the signal of the deuterated solvent used relative to 

tetramethylsilane as standard (CDCl3  [ppm] = 7.26 {1H}, 77.16 {13C}; MeOD-d4 

 [ppm] = 3.31 {1H}, 49.00 {13C}; DMSO-d6  [ppm] = 2.50 {1H}, 39.52 {13C}).[3] The 

deuterated solvents were purchased from the company Deutero. The program MestReNova 

from Mestrelab Research was used for the evaluation.[4] 

6.1.5 IR Spectroscopy 

The IR spectra were measured at room temperature in the range from 4000 cm-1 to 400 cm-1 on 

the following instruments: 

• FT/IR NICOLET 5700 from Thermo Fisher Scientific. The evaluation was performed 

with the software Omnic. 

• FT/IR-4100 from JASCO. A small amount of the sample was homogenized with 

potassium bromide in a ratio of 1:10 and processed under pressure (10 t) to a pellet. The 

data was evaluated with the JASCO Spectra Manager software. 

The diagnostic and the 8 - 12 bands with the highest intensity were given. 

6.1.6 Mass Spectrometry 

• FD mass spectra were recorded by the analytical department of the Institute of Inorganic 

Chemistry and Analytical Chemistry of the Johannes Gutenberg University in Mainz on 

a DFS mass spectrometer (Trace 1310) from Thermo Fisher Scientific. 

• ESI mass spectra were recorded by the analytical department of the Institute of Organic 

Chemistry of the Johannes Gutenberg University in Mainz on an Agilent 6545 

QTOF-MS from Agilent. 

6.1.7 X-ray Structure Analysis 

X-ray structure analysis of suitable single crystals were performed on the following 

instruments: 

• STOE IPDS 2T, measurements executed by Dr. Dieter Schollmeyer at the Institute of 

Organic Chemistry of the Johannes Gutenberg University in Mainz. 

• STOE STADIVARI, measurement executed at the company STOE & Cie GmbH in 

Darmstadt. 

• STOE STADIVARI, measurements executed by Dr. Luca M. Carrella at the Institute of 

Inorganic Chemistry and Analytical Chemistry of the Johannes Gutenberg University 

in Mainz. 

Further details of the measurements are given separately for each measurements in the 

corresponding publications or in the appendix. The crystal structures were solved with 

SHELXT[5] and refined with SHELXL[6] implemented in the program Olex2.[7] 



6. Experimental Section 

137 

6.1.8 Magnetic Measurements 

Magnetic susceptibility measurements were performed in the range of 2 to 400 K with an 

applied field of 1 kOe (0.1 T), unless otherwise specified, on a Quantum Design MPMSXL 

SQUID magnetometer. The crystalline samples were filled into a gelatine capsule and fixed 

inside a plastic straw. The magnetic contribution of the capsule and straw was determined 

experimentally and subtracted from the measured value. The molar magnetic susceptibilities 

M were calculated using the molar masses of the compounds and taking into account the 

diamagnetic contribution D. The diamagnetic contribution D of the samples was calculated 

using equation 5.1. The values obtained correspond very well to the Pascal constants.[8] 

 


𝐷

~ 
𝑀

2
10−6 emu mol−1         (5.1) 

 

6.1.9 57Mössbauer Spectroscopy 

57Mössbauer spectra were recorded by Dr. Vadim Ksenofontov using a gas-flow N2-cryostat 

with He-exchange gas at the Institute of Inorganic Chemistry and Analytical Chemistry of the 

Johannes Gutenberg University in Mainz. The Mössbauer spectrometer is operating in the 

velocity range from -4 to +4 mm/s (constant acceleration mode) equipped with a 
57Co(Rh)-source. The spectra were fitted using the Lorentzian-analysis of the program Recoil.[9] 

6.1.10 Elemental Analysis 

Elemental analyses (C, H, N) were performed by the analytical department of the Institute of 

Organic Chemistry of the Johannes Gutenberg University in Mainz using a vario EL cube 

element analyzer from Elementar. 

 

  



6. Experimental Section 

138 

6.2 Syntheses 

This chapter contains the syntheses and characterization of precursors for the ligands reported 

in this work, which were not described in the publications. 

6.2.1 1,2-Dichloroacetyl hydrazide 

 

1,2-Dichloroacetyl hydrazide was synthesized by a modified procedure from literature.[10,11] 

Chloroacetyl chloride (31.8 mL, 0.40 mol, 1.0 equiv.) in diethyl ether (120 mL) was added 

dropwise to a suspension of hydrazine hydrate (20.1 g, 0.40 mol, 1.0 equiv.) in diethyl ether 

(60 mL), while the temperature was kept below 35 °C. The mixture was stirred for 30 minutes 

and afterwards water (80 mL) and sodium carbonate (42.4 g, 0.40 mol, 1.0 euqiv.) was added. 

After completion of the CO2 evolution, further chloroacetyl chloride (31.8 mL, 0.40 mol, 

1.0 equiv.) in diethyl ether (60 mL) was added dropwise. The suspension was stirred over night 

at room temperature and afterwards filtrated. The precipitate was washed with diethyl ether and 

recrystallized from ethyl acetate to give the product as colorless solid. Yield: 31.1 g (0.17 mol, 

42.0%). 1H- NMR (400 MHz, CDCl3, 25 °C): δ = 10.48 (s, 2H, NH), 4.15 (s, 4H, CH2) ppm. 

FD-MS (MeOH): m/z (%) = 183.73 (86) [M+], 185.70 (53) [M+]. 

6.2.2 2,5-Bis(chloromethyl)-1,3,4-thiadiazole 

 

2,5-Bis(chloromethyl)-1,3,4-thiadiazole was synthesized following the procedure from 

literature.[11,12] 1,2-Dichloroacteyl hydrazide (6.0 g, 32.4 mmol, 1.0 equiv.) and Lawesson 

reagent (15.8 g, 38.9 mmol, 1.3 equiv.) was dissolved in absolute toluene and refluxed over 

night. The solvent was removed under reduced pressure and the yellow residue was purified by 
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column chromatography (SiO2). The side products were eluated with dichloromethane and then 

the product was isolated as yellow oil with a solvent mixture of dichloromethane and diethyl 

ether (9:1). Yield: 5.0 g (27.3 mmol, 84.3%). 1H- NMR (400 MHz, CDCl3, 25 °C): δ = 4.96 (s, 

4H, CH2) ppm. 13C NMR (100 MHz, CDCl3, 25 °C): δ = 169.4 (C, TDA), 38.4 (CH2).  ESI-MS 

(CHCl3): m/z (%) = 182.95 (100) [M+H+], 184.95 (68) [M+H+], 186.95 (11) [M+H+]. 

6.2.3 Thioacetic acid S-pyridine-2-ylmethyl ester 

 

Thioacetic acid S-pyridine-2-ylmethyl ester was synthesized following the procedure from 

literature.[13] Potassium thioacetate (2.30 g, 20.1 mmol, 1.1 equiv.), potassium carbonate 

(5.06 g, 36.6 mmol, 2.0 equiv.) and 2-picolylchlorid hydrochloride (3.00 g, 18.3 mmol, 

1.0 equiv.) were dissolved in absolute dimethylformamide (40 mL). The solution was stirred 

over night at room temperature under nitrogen atmosphere and exclusion from light. The 

mixture was filtered and the solvent was removed under reduced pressure. The residue was 

dissolved in toluene (3 x 40 mL) and the solvent was removed under reduced to remove the 

dimethylformamide. The resulting oil was dissolved in dichloromethane (40 mL), washed with 

water (2 x 40 mL) and brine (40 mL) and dried over magnesium sulfate. After removal of the 

solvent under reduced pressure, the pure product was obtained as brown oil. Yield: 2.53 g 

(15.1 mmol, 82.5%). 1H- NMR (400 MHz, CDCl3, 25 °C): δ = 8.52 – 8.50 (m, 1H, H-6, py), 

7.63 – 7.57 (m, 1H, H-4, py), 7.36 – 7.31 (m, 1H, H-3, py), 7.17 – 7.10 (m, 1H, H-5, py), 4.23 

(s, 2H, CH2), 2.34 (s, 3H, CH3). ESI-MS (MeOH): m/z (%) = 168.05 (100) [M+H+]. 
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7. Appendix 

This chapter contains additional figures, which were not provided in the publications and their 

respective supporting information. 

7.1 NMR Spectroscopy 

 

Figure A1. 1H-NMR of 1,2-Dichloroacteyl hydrazide. 
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Figure A2. 1H-NMR of 2,5-bis(chloromethyl)-1,3,4-thiadiazole. 

 

Figure A3. 13C-NMR of 2,5-bis(chloromethyl)-1,3,4-thiadiazole. 
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Figure A4. 1H-NMR of thioacetic acid S-pyridine-2-ylmethyl ester. 

7.2 IR Spectroscopy 

 

Figure A5. IR spectrum of 1,2-Dichloroacteyl hydrazide. 
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Figure A6. IR spectrum of 2,5-bis(chloromethyl)-1,3,4-thiadiazole. 

 

Figure A7. IR spectrum of 2,5-bis(azidomethyl)-1,3,4-thiadiazole. 
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Figure A8. IR spectrum of 2,5-bis(aminomethyl)-1,3,4-thiadiazole. 

 

Figure A9. IR spectrum of 2,5-bis[(1H-imidazol-2-ylmethyl)amino]methyl-1,3,4-thiadiazole (I2MTD). 
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Figure A10. IR spectrum of 2,5-bis[(thiazol-2-ylmethyl)amino]methyl-1,3,4-thiadiazole (TMTD). 

 

Figure A11. IR spectrum of 2,5-bis[(1H-imidazol-4-ylmethyl)amino]methyl-1,3,4-thiadiazole 

(I4MTD). 
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Figure A12. IR spectrum of thioacetic acid S-pyridine-2-ylmethyl ester. 

 

Figure A13. IR spectrum of 2,5-bis[(2-pyridylmethyl)thio]methyl-1,3,4-thiadiazole (PSTD). 
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7.3 Mass Spectrometry 

 

Figure A14. FD mass spectrum of 1,2-Dichloroacteyl hydrazide. 

 

Figure A15. ESI mass spectrum of 2,5-bis(chloromethyl)-1,3,4-thiadiazole. 
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Figure A16. FD mass spectrum of 2,5-bis(azidomethyl)-1,3,4-thiadiazole. 

 

Figure A17. FD mass spectrum of 2,5-bis(aminomethyl)-1,3,4-thiadiazole. 
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Figure A18. FD mass spectrum of 2,5-bis[(1H-imidazol-2-ylmethyl)amino]methyl-1,3,4-thiadiazole 

(I2MTD). 

 

Figure A19. FD mass spectrum of 2,5-bis[(thiazol-2-ylmethyl)amino]methyl-1,3,4-thiadiazole 

(TMTD). 
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Figure A20. ESI mass spectrum of thioacetic acid S-pyridine-2-ylmethyl ester. 
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