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Abstract 

Spin crossover (SCO) is a phenomenon of some first-row transition metal complexes in which 

magnetic, optical, and structural properties change as a result of external stimuli. The change in 

properties is induced by the switching between high-spin (HS) and low-spin (LS) states. Prediction 

of the presence of SCO-activity is difficult. Therefore, discovery of novel SCO materials requires 

synthesis of a wide variety of potential SCO-active candidates. Traditional SCO synthesis is done 

by standard solution-state techniques, which are time consuming and have no guarantee of 

obtaining a SCO-active material at the end. The pursuit of novel SCO-active materials is therefore 

extremely slow. Mechanochemistry is an alternative synthetic technique which has recently 

begun to be applied to a variety of different fields, driven by the extremely short reaction times, 

alternative reaction products and the ever-increasing importance of green chemistry. The short 

reaction times make mechanochemistry an ideal solution to synthesis of novel SCO materials. 

This study explores the application of mechanochemical synthesis to SCO research for the first 

time, investigating the viability of the synthetic route for obtaining SCO materials (chapter 2).  The 

known SCO complexes Fe(phen)2(NCS)2, [Fe(Htrz)3](BF4)2, [Fe(atrz)3]SO4, Fe(4-phpy)2[Ni(CN)4] and 

Fe(pz)[Au(CN)2]2 were successfully synthesised using mechanochemical techniques. In general, 

SCO was more gradual, and shifted to a slightly lower temperature with a decrease in hysteresis, 

as seen in Fe(phen)2(NCS)2, Fe(4-phpy)2[Ni(CN)4] and Fe(pz)[Au(CN2)2. However, the SCO 

properties of mechanochemical and solution-state synthesised [Fe(atrz)3]SO4 were 

indistinguishable. Further, mechanochemical synthesis of [Fe(Htrz)3](BF4)2 yielded a polymorphic 

mixture.  

Additional investigation of the differences in properties between mechanochemical and 

solution-state synthetic products was undertaken in Chapter 3 and showed the effects of 

mechanochemical synthesis are not straightforward. Mechanochemical synthesis of both 

[Fe(atrz)3]SO4 and Fe(pz)[Au(CN)2]2 yielded particle sizes smaller than solution-state synthesis, but 

the transition temperature and SCO properties of only Fe(pz)[Au(CN)2]2 were effected. 

Mechanochemical synthesis of [Fe(atrz)3](BF4)2 yielded a previously observed but uncharacterised 
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polymorph. Comparison between manual grinding and ball-milling for different time durations 

yielded the same product with relatively insignificant differences in SCO properties. 

Further application of mechanochemical techniques such as solid-state metathesis, were 

investigated as alternative synthetic routes within mechanochemical synthesis, Chapter 4, and 

was used to successfully exchange chloride anions for both bromide and iodide in the complex 

[Fe(atrz)3]Cl2. The anion exchange was undertaken by post-synthetic grinding of [Fe(atrz)3]Cl2 and 

NaX (where X = Br and I). Further exchange attempts were undertaken using NaBF4, NaSCN and 

NaReO4 yielded products which underwent partial exchange. 

A screening protocol was devised, tested, and optimised for the identification of both 

thermochromic and non-thermochromic SCO-active materials prepared by mechanochemistry, 

Chapter 5. The different analytical techniques used for routine analysis of SCO materials were 

assessed for their speed, cost and the information they can provide, in an attempt to address the 

change in the rate-limiting step that occurs through the rapid synthesis of materials using 

mechanochemistry. 
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1.1. Introduction to Spin Crossover 

1.1.1. Ligand Field Theory 

Ligand field theory (LFT) is used to describe the bonding in coordination complexes. It is a 

branch of molecular orbital theory (MO) used to explain the properties of transition metal 

complexes, providing insight into bonding, complex reactivity and structural factors.1 Transition 

metal ions have five d-orbitals which are considered energetically degenerate in spherical ligand 

fields, when the ligand field is not symmetrical the relative energies of each orbital changes 

depending on its proximity to those ligands. The geometry of transition metal complexes is 

therefore important, with significant differences in energy for the different d-orbitals, where 

electrons in the d-orbitals orientated towards the ligand will be raised in energy and electrons in 

d-orbitals directed between ligands will be lowered in energy. A representative example of this 

effect is shown in Figure 1.1 for a transition metal complex with an octahedral ligand field. The 

total energy of the system in an octahedral ligand field, when all orbitals are occupied, does not 

change from that of the spherical field case. 

 

Figure 1.1: The orientation of the d-orbitals for transition metals in an octahedral configuration. 

In an octahedral field, ligands are located at the vertices of an octahedron centred on a 

transition metal centre, as shown in Figure 1.2. Ligands are considered as negative point charges 
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which repel electrons in orbitals that point directly towards them, which increases the energy of 

these orbitals. As a result, the d-orbitals are split into two sub-sets of degenerate orbitals denoted 

eg and t2g. The dxy, dxz and dyz orbitals are orientated between the axes and thus are not pointed 

towards ligands, therefore they are lower in energy and are described by the symmetry label t2g. 

The remaining dz2-y2 and dz2 orbitals are in orientated directly towards ligands, and thus experience 

electron-electron repulsion from electrons present in the ligands. As such, they are higher in 

energy and denoted by the symmetry label eg. The different energy levels are discussed relative to 

the barycentre, which is described as the proposed energy of the ligand field when the negative 

charge contribution from the ligands is distributed in a sphere around the transition metal, rather 

than in localised point charges as described for octahedral ligand fields. 

 

Figure 1.2: Transition metal centre with an octahedral ligand field geometry. 

The difference in energy between the t2g and eg orbitals in an octahedral field are described 

by the ligand field splitting energy, denoted ∆oct. Factors affecting ∆oct include the specific 

transition metal centre used, oxidation state and the ligand. For a given metal centre, the strength 

of ∆oct changes systematically with the ligand as described by the spectrochemical series. Weak 

field ligands, such as SCN- and Cl-, result in low ∆oct and strong field ligands, such as CN- and CO, 

have large ∆oct. 

MO bonding orbitals are formed by interactions between neighbouring atomic orbitals. When 

the orbitals have the correct symmetry and are in-phase, they interact and undergo constructive 

interference forming bonding orbitals. The energy of electron-occupied molecular bonding 
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orbitals is lower than the corresponding energy of the separate atoms, as shown in Figure 1.3(a). 

If the orbitals are out-of-phase, then destructive interference occurs. The destructive interference 

between the out-of-phase atomic orbitals cancels the amplitude of wave function and forms a 

nodal plane perpendicular to the atom-atom axis, as shown in Figure 1.3(b). Electrons are unable 

to occupy the nodal plane between atoms and therefore occupy higher energy locations, with 

increased energy relative to separate atoms, as shown in Figure 1.3(a). If the orbitals do not have 

the correct symmetry they will not interact or change in energy, they are known as non-bonding 

orbitals. 

 

Figure 1.3: (a) Interaction between two p-orbitals with differences in phase identified by differences in colour, 

denoting bonding and antibonding interactions as a function of energy. (b) The interactions between two p-orbitals 

with nodal plane identified by a dashed line. 

σ-bonding and π-bonding represent two bonding motifs between molecular orbitals. σ-

bonding occurs when there is no nodal plane parallel to the atom-atom axis, therefore strong 

interactions occur. π-bonding occurs with one or more nodal planes in the atom-atom axis, which 

form weaker interactions than in σ-bonding. Representative examples of σ- and π-bonding using 

p-orbitals are shown in Figure 1.4, however the formation of σ- and π- bonding can occur 

between many different orbitals, not only the p-orbitals. 
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Figure 1.4:  Examples of σ-bonding and π-bonding between p-orbitals, with nodal planes denoted by dashed lines. 

The distribution of electrons in d-orbitals is determined by two factors, ∆oct as described 

above and the spin-pairing energy (P). The spin-pairing energy represents the amount of energy 

associated with paired electrons sharing an orbital. In cases where ∆oct is larger than P, the d-

orbitals are filled according to the Aufbau Principle, in which the t2g orbitals are completely filled 

before the higher energy eg orbitals, giving the minimum spin multiplicity. However, in instances 

where ∆oct is smaller than P, the d-orbitals are filled according to Hund’s rules. Whereby both the 

t2g and eg orbitals are singly occupied before spin-pairing occurs, this gives the maximum spin 

multiplicity. For metal ions with d4-d7 electron configuration, two different ground state electronic 

configurations can occur, denoted high spin (HS) and low spin (LS). These states have the 

maximum and minimum spin multiplicity, respectively. The HS and LS electronic configurations for 

a d6 metal ion are presented in Figure 1.5. According to the Russell-Saunders notation, the 

electronic ground state terms for the LS and HS states are 1A1 and 5T2g respectively.  



13 
 

 

Figure 1.5: Distribution of electrons in d-orbitals for d6 metal ions in the high spin and low spin states, denoting 

increasing ∆oct with increasing ligand field strength. 

The two spin states have several significant differences in properties, including changes in 

magnetic, structural and optical properties. The larger number of unpaired electrons in the HS 

state leads to a larger magnetic moment, compared to the LS state. This difference is exemplified 

in d6 metal ions, whereby the HS state has four unpaired electrons resulting in a spin-only 

magnetic moment of 4.8 BM and the LS state has no unpaired electrons and therefore is 

diamagnetic. The structural differences are induced by consideration of molecular orbital theory. 

The t2g orbitals are considered largely non-bonding and the eg orbitals are anti-bonding. As such, 

the increased occupation of the eg orbitals in the HS state weaken, and therefore lengthen, the 

metal-ligand bond.2 Octahedral complexes with Fe(II) and N-donor ligands have Fe-N bond lengths 

of ~2.2 Å in the HS state and ~2.0 Å in the LS state, representing a significant difference of ~10% 

between spin states.3 The structural differences between spin states can easily be observed by 

structural investigation techniques such as single crystal and powder X-ray diffraction.4 Changes in 

optical properties arise due to the different electronic transitions possible in each spin state. 

Colour in transition metal complexes arises due to electron transition between energy levels, 

primarily within the d-orbitals. As such, changing the ground-state electron configuration modifies 

the spin-allowed electron transitions, resulting in a change in colour. The electronic transitions in 

d-orbitals are controlled by two selection rules; Laporte selection rule, which dictates that for 

centrosymmetric molecules, transitions between states with the same symmetry are forbidden5 
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and the spin selection rule, which states that no spin in spin multiplication can occur. In the HS 

state, the number of allowed electronic transitions decreases as a result of the spin selection rule. 

The optical properties are different in the HS and LS states. The ideal octahedral configuration is 

distorted in the HS state, which alters ∆oct and changes the wavelength of absorbed light. Another 

change is an increase in the number of unpaired electrons. In accordance with Hund’s Rule of 

maximum multiplicity all electrons in singly occupied orbitals have the same spin6 and when 

considered with the spin selection rule, the HS state has fewer allowed transitions compared to 

the LS state. When considered together, both the change in ∆oct and difference in allowed 

electron transitions lead to the HS and LS states having different optical properties. 

1.1.2. Spin Crossover Phenomenon 

The spin crossover (SCO) phenomenon describes the change in spin state as a result of 

external stimuli, such as varying temperature,7 pressure,8 irradiating with light,9 external magnetic 

field10 and guest species effects.11 SCO occurs when the difference in energy between the HS and 

LS states is sufficiently small to be overcome by changes in external energy. SCO has been 

observed for several first-row transition metal ions in octahedral complexes with d4-d7 electronic 

configuration. SCO-activity in complexes containing Fe(II), Fe(III), Co(II), Mn(II), Mn(III), Cr(II), 

Cr(III) and Ni(II) have all been reported, with the majority of reports for Fe(II), Fe(III) and Co(II) 

complexes.12,13 The wide availability of Fe(II) salts, the relatively high stability of the resulting 

complexes under ambient conditions and d6 transition metals representing the largest difference 

in properties between the HS and LS states, have resulted in Fe(II) complexes representing the 

largest proportion of reported SCO-active complexes. 

The observation of SCO-activity was first reported by Cambi and Szegö in which they observed 

anomalous magnetic properties in a Fe(III) tris(dithiocarbamate)-based complex.14 Initial studies 

of Co(II) complexes identified SCO-activity denoting the presence of so-called ‘electronic 

isomers’.15 The SCO phenomenon was not fully described until the term ‘spin equilibrium’,  which 

was coined to describe the different spin states observed in Ni(II) complexes by Ballhausen et 
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al.,16 was adopted to describe anomalous magnetic properties in SCO-active complexes. As 

previously discussed, Fe(II) complexes represent the majority of reported SCO-active materials. 

The initial reports of SCO-activity in Fe(II) complexes were made by Baker and Bonbonich17 for the 

complexes Fe(phen)2(NCS)2, Fe(phen)2(NCSe)2 and Fe(bipy)2(NCS)2 (where phen = 1,10-

phenathroline and bipy = 2,2’bypridine), the first of which has been researched extensively using 

a wide variety of techniques allowing for a thorough solid understanding of the SCO-

phenomenon.18–21  

Interest in SCO materials arise due to the possibility of switching between the HS and LS 

states and the changes in properties that occur as a result of the switch. The differences in 

magnetic, optical and structural properties and the occurrence of a transition between two spin 

states, within easily accessible temperature and pressure ranges, understandably commands a 

large interest for potential applications, as discussed in 1.1.6. Changes in dielectric constant also 

occur during SCO, the changing dielectric constant is an artefact of the changes in structure, a LS 

→ HS transition leads to a distortion in local symmetry, which in turn causes a significant change 

in the dipole moment of the system.22 This opens up potential applications in technology. 

Synthesis of bulk SCO materials has typically been carried out via traditional solution state 

chemistry, although more complex techniques for the production of nanoparticles and thin films 

have been developed in the last decades, as discussed further in 1.1.7.23,24 Remarkably, all existing 

techniques use solvents and can be time-consuming; often they require inert atmospheres and 

multiple synthetic steps.  This aspect is particularly limiting in the search for novel SCO-active 

materials, due to long reaction times and difficulties in operating under inert conditions. 

1.1.2.1. Inducing Spin Crossover 

Due to the relative ease of experimental protocols, a change in temperature is the most 

widely investigated stimulus for inducing SCO-activity. Thermal SCO occurs when the difference in 

energy between HS and LS states (∆E°HL) is approximately equal to ambient thermal energy (kBT, 

where kB represents the Boltzmann constant and T is temperature), as shown in Figure 1.6. The 
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extensive research into thermal-SCO has been extremely fruitful, with the foundations of SCO 

built on understanding of thermal-SCO activity. This has resulted in great strides towards 

technological applications of SCO materials, with many complexes that undergo SCO at 

temperatures around ambient temperature reported.25,26 However, inducing SCO by other means 

can provide valuable insight into more fundamental aspects of SCO. 

 

Figure 1.6: Potential wells for LS (1A1) and HS (5T2) states in Fe(II) SCO plotted as a function of Fe-N bond distance. 

The differences in energy between the HS and LS states is denoted ∆E°HL with kbT representing the difference in amount 

of heat between the two states. Adapted with permission from the Royal Society of Chemistry.27 

Pressure-induced SCO has also been thoroughly investigated, with higher pressures favouring 

the LS state, by increasing the energy of the HS state, which in turn increases ∆EHL.8 This may be 

understood by considering the differences in volume between the LS and HS states. FeN6 

octahedral configurations have Fe-N bond lengths of ~2.0 Å and ~2.2 Å in the LS and HS states 

respectively, increasing the Fe-N bond length results in an increase in the total volume of the 

material during SCO. This volume for Fe(II) ion in an octahedral complex is expected to be ≈ 10 Å3 

in the LS state and ≈ 13 Å3 for the HS state, which manifests at the macroscopic scale as a change 

in volume of the whole materials of between 1% and 10%.3 Considering the smaller volume of the 

LS state, the LS state is expected to be stabilised whilst under high pressure. A representative 
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example of the stabilisation of the LS state at different pressures using the complex 

[Fe(hyptrz)3](4-chlorophenylsulfonate).H2O, (where hyptrz = 4-(3’-hydroxproyl)-1,2,4-triazole) is 

shown in Figure 1.7.28 Investigation of pressure induced SCO is not a trivial process. The 

requirement of specialist equipment, such as diamond anvil pressure cells and modification of 

standard operating procedures significantly hamper accessibility.8 Although pressure induced SCO 

can provide valuable insight into many properties and mechanisms behind SCO, pressure studies 

are not largely considered routine. 

 

Figure 1.7: Plot of HS fraction (γHS) vs. temperature at different pressures for [Fe(hyptrz)3](4-

chlorophenylsulfonate).H2O, reproduced with permission from reference.28 

Additional approaches to inducing SCO include the use of hard and soft X-rays29,30 and 

changes in external magnetic field,10 the prospects of which are only beginning to be realised. 

Light-induced excited spin state trapping (LIESST) is another widely investigated process in which 

irradiation by light of specific wavelengths can induce the population of a meta-stable HS state 

(HS*) at low temperatures. LIESST has been observed in variety of complexes which undergo 

thermal SCO.31,32 An example of a thermal SCO complex undergoing LIESST at low temperatures 

for the complex [Fe(dpp)2(NCS)2] (where dpp = dipyrido[3,2-a:2’.3’-c]phenazine), as shown in 

Figure 1.8.33 The mechanism behind LIESST was proposed by Hauser et al.34 in 1985. For Fe(II) 
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complexes, irradiation of a complex at low temperatures with specific wavelengths of light, often 

green for Fe(II), results in population of the 1T1 energy level via spin-allowed excitations. Following 

this excitation are multiple intersystem crossings (radiationless decay) to the HS* and LS states. 

The HS* state can have significant relaxation times due the transition between HS* and LS state 

being spin-forbidden (in accordance to the spin selection rule), therefore the decay can only occur 

when the thermal barrier between the HS and LS states is overcome.34 Relaxation of the HS* state 

at low temperatures can be induced by irradiation with light at a different wavelength, in a 

process known as reverse-LIESST.9 As with pressure-induced SCO, experimental research into 

LIESST requires the use of specialist equipment, in order to irradiate with light at low 

temperatures, which is often not routinely found outside of specialist labs, which to some extent 

limits further exploration of the field. Further, a main limitation on the application of LIESST is the 

instability of the HS* state at high temperatures. The HS* relaxes into the LS state as temperature 

increases, the temperature in which the HS* relaxes is defined as T(LIESST). 
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Figure 1.8: Magnetic susceptibility as a function of temperature for Fe(dpp)2(NCS)2, with thermal magnetic 

properties and shown for heating and cooling without irradiation (Ο) and after irradiation for 1 hour with T(LIESST) 

identified. Adapted under a creative commons’ attribution-NonCommercial license from reference.33  

1.1.3. Classifying Spin Crossover Systems 

The transition between LS and HS states is determined as the temperature in which the 

material consists of approximately equal part HS and LS sites. This is essentially the mid-point 

between a fully HS state and a fully LS state. This term is denoted T1/2↑ on heating and T1/2↓ on 

cooling, as shown in Figure 1.9(a). The difference in temperature between T1/2↑ and T1/2↓ 

characterises the thermal hysteresis in the transition temperature and is reported as ∆T. An 

additional metric that has been used to quantify the abruptness of transition is the ‘smoothness’. 

‘Smoothness’ is defined as the difference in temperature in which 20% (T20) and 80% (T80) of the 

material is in the HS state, as shown in Figure 1.9(b).3 Simple characterisation of SCO properties 

using these metrics assists in characterisation of materials which can undergo more complex SCO-

behaviour, such as stepped-transitions or incomplete transitions.  
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Figure 1.9: (a) Schematic representation of T1/2↑ and T1/2↓. (b) Schematic representation of the determination of 

‘smoothness’ with the temperature in which 20% of the material in the HS state denoted by T20 and the temperature in 

which 80% of the material is in the HS state denoted by T80. 

SCO behaviour can be extremely complex but are generally described by five different 

characteristics, as illustrated in Figure 1.10. A gradual transition occurs when transition between 

fully LS and HS states occurs over a wide temperature range as a result of weak interactions 

between metal centres. Abrupt SCO occurs when a transition between LS and HS states happens 

over a short temperature range. Stepped transitions, as shown in Figure 1.10(c), can occur when 

one or more intermediate steps are present in the SCO transition. Stepped transitions can occur in 

mononuclear and polynuclear materials as a result of the interactions between the metal centres. 

In mononuclear scenarios, the LS to HS transition can modify the ligand environment of nearby 

metal centres thus potentially stabilising the LS state. This modification of the local ligand 

environment can be considered as a short-range interaction which is competing with the general 

long-range interactions.35,36 This is evident in the complex [Fe(bapbpy)(NCS)2] (where bapbpy = 

N6,N6’-di(pyridine-2-yl)-2,2’-bipyridine-6,6’-diamine), which undergoes a phase change resulting 

in stepped SCO with a HS-LS-LS intermediate phase37 and the Fe(III) complex [Fe(lig)]ClO4 (where 

lig = diimine product of N,N’-bis(2-aminoethyl)-1,3-propanediamine and 4,6-

dimethoxysalicylaldehyde), which undergoes a symmetry-breaking spin-state stepped-transition 

with a LS-HS-HS intermediate phase.38 Polynuclear systems can also undergo stepped SCO with 

the presence of distinct crystallographic sites with slightly different ligand environments causing 

different transition temperatures. An extreme example of this is the [Fe3(saltz)6(Pt(CN)4)3].8H2O 
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system (where saltz = (E)-2-(((4H-1,2,4-triazol-4-yl)imino)methyl)phenyol)) which undergoes a 4-

step transition.39 

 Incomplete transitions occur when a complex is unable to reach either a fully HS or fully LS 

state during SCO. This can occur by thermal spin state trapping, where the cooling rate kinetically 

traps the relaxation of the metal centre from a HS to LS state,40 or by structural packing in which 

the transition to LS state of certain metal sites prevents the transition of other sites due to 

introduction of structural stress.41 The final characteristic discussed is hysteresis which is an 

example of bistability. Hysteresis occurs when T1/2↑ is different to T1/2↓ and it is a result of 

cooperativity in the material. Spin crossover behaviour is often complex and can multiple present 

characteristics. Examples of each of the properties described above are presented in Figure 1.10, 

which was reproduced with permission from reference.42 

 

Figure 1.10: Schematic representation of different SCO types denoting HS fraction (γHS) vs temperature (a) Gradual, 

(b) Abrupt, (c) Stepped transition, (d) Incomplete and (e) Hysteresis. Reproduced with permission from reference.42 

Abruptness of transition and ∆T are factors which are strongly dependent on cooperativity in 

the material. Cooperativity describes the interactions between metal sites, whereby a change in 
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environment at one metal site is propagated throughout the material as a result of electron-

phonon coupling between SCO centres in the solid state through elastic and intermolecular 

interactions in the lattice.27 The degree of cooperativity in a material is dependent on these 

interactions, including van der Waals forces, π-π stacking43 and hydrogen bonding.44 The 

propagation of SCO in a material has been attributed to an ‘internal pressure’ created by the 

changing bond lengths between the HS and LS states. The differences in bond lengths induces the 

formation of a point defect in the lattice which can cascade the transition across the entire 

matrix.45,46 Simulations of the propagation of SCO in different particle shapes are presented in 

Figure 1.11, alongside experimental evidence supporting the modelling. Attempts to improve 

cooperativity in materials have been made by preparing materials with strong covalent 

interactions between metal centres in 1-, 2- and 3-dimensional coordination polymers such as: 4-

R-1,2,4-triazole 1-dimensional polymers and 2- and 3- dimensional Hofmann-like clathrates.47–49 

 

Figure 1.11: Schematic representations of the propagation of SCO. (a-f) simulations of the process in different 

shapes.50–54 (g and h) experimental evidence supporting the simulated plots.54,55 Reproduced with permission from 

reference.56 

Further investigation of cooperativity in SCO materials include the use of metal dilution 

studies. Metal dilution studies seek to investigate the role of internal pressure in the propagation 

of SCO materials. The changing bonding lengths of the SCO-active metal centres are diluted with 

metals centres which are not SCO-active. This has the effect of dampening and reducing the 

internal pressure by preventing the formation of ‘point defects’ in the matrix. The most 

commonly used metal for this purpose is Zn(II), which does not undergo SCO-activity due to its d10 
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electronic configuration. The effect of metal dilution is a decrease in transition completeness with 

increasing residual HS fraction and a more gradual SCO, with T1/2↑ shifted to lower temperatures, 

as shown for the system [FexNi1-x(phen)2(NCS)2] in Figure 1.12.41 This effects has been investigated 

in multiple systems, ranging from 0-dimensional systems such as [FexZn1-x(2-pic)3]Cl2.EtOH (where 

2-pic = 2-picolylamine)57  to 3-dimensional coordination polymers such as the Hofmann-like 

clathrate compound [FexNi1-x(pz)[Pt(CN)4] (where pz = pyrazine).58  

 

Figure 1.12: Plot of ΧMT vs T for [FexNi1-x(phen)2(NCS)2] (where phen = 1,10-phenanthroline) with varying degrees 

of metal dilution. Adapted with permission from reference.41 

1.1.4. ‘Run-in’ Effect 

The first heating cycle in a SCO-material is often different to resulting cycles due to an effect 

known as ‘run-in’. Multiple hypothesises have been proposed to describe the origin of this 

difference, with a single conclusive description not yet realised.59–61 Propositions such as the 

release of crystalline strain and relaxation of the lattice during the first cycle could explain the 

changing properties but experimental evidence supporting the theory is not widely reported.60,61 

The release of minute quantities of adsorbed solvents and moisture from the material could also 
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present an explanation for the changing properties, due to the well characterised solvent effects 

on SCO properties.62 However, the effect is not fully understood so far. As a result, the first cycle 

is often omitted from publication with the repeatable and consistent properties of subsequent 

cycling reported as the materials SCO properties. However, this can lead to inaccurate values for 

T1/2↑ and ∆T for some compounds in the literature. 

The ‘run-in’ effect has been extensively investigated in the complex Fe[HB(pz)3]2, with a 

significant difference in the first cycle and subsequent cycling observed (>45 K difference). The 

‘run-in’ effect presents itself as a large apparent first hysteresis. A first explanation of this effect 

was presented by Grandjean et al .63 in which the first heating cycle and SCO transition caused an 

initial shattering of the microcrystalline sample in a self-grinding process. The initial shattering 

was consistent with previous literature reports on effects of grinding, which are discussed further 

in Chapter 3, whereby the transition temperature decreases and becomes more gradual. This 

theory is consistent with the observations of crystals shattering during SCO.63 However, 

reinvestigation of the complex by Bousseksou et al.64 proposed an alternative explanation, instead 

proposing the occurrence of an irreversible phase change in the first heating cycle. This instead 

attributes the change in SCO as a result of polymorphism in the sample. Although the Fe[HB(pz)3]2 

complex presents an extreme example of the ‘run-in’ effect it serves to illustrate that the effect 

may be attributed to several different processes occurring simultaneously and the origin of 

changing properties in the first cycle may well be material dependent.  

1.1.5. Spin Crossover-Active Fe(II) Materials 

There are hundreds of known SCO-active Fe(II) materials in the literature including molecular 

coordination complexes, 1D coordination polymers and 2-/3-dimensional metal organic 

frameworks, with many novel complexes reported each year.65,66 Discovery of novel materials is 

driven by the pursuit of materials with technologically useful properties, such as chemical stability 

and accessible temperatures of operation, as well as a fundamental understanding of the SCO 

process itself. Fe(II) SCO materials are often split into distinct families  with variation of ligands 
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incrementally driving the discovery of novel materials. However, in most instances the FeN6 

octahedral configuration is present. Throughout this work, multiple different families of Fe(II) SCO 

complexes are investigated, including a particular focus on the 4-R-1,2,4-triazoles. 

1.1.6. Applications of Spin Crossover Materials 

The change in properties of a material resulting from SCO can be extremely significant. The 

differences in magnetic, optical and structural properties alongside secondary effects such as 

changing dielectric constant can all occur near or above ambient temperatures. This highlights 

why SCO materials have seen a surge in interest in recent years. The change in properties induced 

by SCO give rise to a number of potential applications in sensing,67 data storage68,69 and actuator 

technologies.70,71 

The sensing aspect of SCO materials is not just limited to temperature sensing, although the 

use of gradual transitions spread over large temperature ranges could provide sensitive 

temperature measurements. SCO can also be induced by changes in pressure, which results in a 

stabilisation of the LS state that can allow visual identification of the increasing pressure, as 

proposed for the system [Fe(Htrz)2(trz)](BF4).72 Chemical sensing using SCO materials has also 

been proposed as a viable application, with solvent sensitivity resulting in solvatochromism 

effects.73,74 This was proposed for the complex [Fe2(L)(CH3CN)4](BF4)4.2CH3CN (where L = 4-(4-

methylphenyl)-3-3(pyridazinyl)-5-pyridyl-4H-1,2,4-triazole), which displays clear colour changes 

when exposed to various different solvents, as shown in Figure 1.13.75 

 

Figure 1.13: Summary of colour changes for [Fe2(L)(CH3CN)4](BF4)4.2CH3CN, when exposed to different solvents 

and conditions. Adapted with permission from reference.75 
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For application in data storage, a material must have two stable states which can be denoted 

as ‘on’ and ‘off’. The materials must also retain the input state without constant power input, 

therefore an element of bistability must be present. Kahn et al.76 explored the possibilities of 

applications in data storage for SCO materials. For technological applications, the proposed 

bistability should be sufficiently large enough to present stability in a range of operational 

temperatures. Kahn et al. proposed bistability of ≈ 50 K as sufficient. However, it has been 

suggested that for genuine applications a thermal hysteresis of 100 K within the range 253 – 353 K 

would be required.68 The switching between states can be initiated by different approaches, 

depending on the device, with applications of LIESST and reverse-LIESST presenting an approach 

closest in line with current technologies. Currently, no SCO materials represent an ideal example 

for application in data storage. However, thermal hysteresis near room temperature has been 

observed in multiple complexes which represent substantial strides towards future 

applications.65,76–78 

Application of SCO materials as molecular actuators is a viable potential application due to the 

relatively large increase in volume resulting from a LS to HS transition. The fundamental definition 

of an actuator is to convert a form of energy into kinetic energy. If harnessed, SCO materials could 

convert thermal, light, pressure and differences in external magnetic field strength into kinetic 

energy. In order to be an ideal material for molecular actuators, a material needs to be able to 

undergo reversible switching between states without significant loss of efficiency. As SCO occurs 

due to a change in spin state, they are not as susceptible to the same loss of efficiency as in 

materials which undergo chemical reactions as a result of external stimuli.9 Application of SCO 

materials in the design and testing of micro- and nano- actuator systems has been carried out 

using two main techniques. The first of which is the use of single crystals of the corresponding 

SCO material coupled with an inert substance in a bilayer70 and the second approach is to form 

composites of inert polymers doped with SCO-active substances in a similar bilayer 

architecture.79,80 The use of a bilayers to amplify small volume changes into significant 

macroscopic motion have been classically used in materials with different thermal expansion 
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rates to induce a bend in the bilayer.79 However, standard differences in thermal expansion rates 

and corresponding bending are small relative to the 5-13% volume changes possible with the use 

of SCO materials.81 

1.1.7. Nanoparticles and Thin Films 

In the majority of potential technological applications of SCO materials, the need for smaller 

and smaller particle sizes is required for real-world applications, and great strides have been 

made to achieve this desired miniaturisation. Two avenues of extensive research are underway 

with focus on synthesis of nanoparticles and preparation of thin films in a controlled manner.24,82 

Synthesis of nanoparticles falls under one of two definitions. The top-down approach, in which 

bulk materials are broken down into smaller particles, and bottom-up, whereby nanoparticles are 

formed from smaller constituents. Top-down synthesis of nanoparticles requires physical 

processing of a solid-state starting material using techniques such as cutting, etching, grinding and 

lithographic techniques.24,82 The effects these procedures would have on the SCO properties in a 

material are largely unrealised, with a consensus on the effects of grinding SCO materials is not 

yet met and further discussion is undertaken in Chapter 3. 

The bottom-up approach requires controlled formation of particles, often in confined spaces, 

with limited quantities of precursors to control the growth of particles. The bottom-up approach 

often makes use of templating, such as hard templating using substances such as MOFs67 and 

mesoporous silica83 to control the growth inside pores, as well as soft templating through use of 

reverse micelle techniques84 and small ‘reactor’ vesicles.85 Template- and surfactant-free methods 

are also available, such as microfluidics86 and spray drying.87 One of the main advantages of using 

hard templating in nanoparticle synthesis is the possibility to control the particle shape, by 

altering the templating used, as evidenced by the formation of 1-D chains of SCO-active 

[Fe(Htrz)3](BF4)2.H2O embedded in the channels of MCM-41, as shown in Figure 1.14(a).83 

However, one major difficulty in using hard templating techniques is preventing growth of the 

material outside of the desired pores which requires special consideration to overcome.82 
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Soft templating takes advantage of the many ways in which surfactants and self-assembling 

polymers can be used to confine growth of materials. One such approach, is the ‘reverse micelle’ 

technique which is done by preparing two different water-in-oil microemulsions, in which the 

reagents are dissolved in water. When combined, the Brownian motion merges pockets of water 

and the exchange of their contents creates microreactors. In instances where the products are 

insoluble in water, the product is removed from the microreactor thus preventing further growth. 

This approach has successfully been used to synthesis sub-50nm particles of [Fe(atrz)3]Br2.3H2O.88 

A schematic representation of the use of vesicles for soft templating is shown in Figure 1.14(b).82 

 

Figure 1.14: Schematic representation of templating nanoparticle growth. (a) Hard templating using MCM-41 (a 

form of mesoporous silica) in which nano-rods of [Fe(Htrz)3](BF4)2 are shown in yellow. Adapted with permission from 

The Royal Society of Chemistry.83 (b) Soft templating using vesicles. Adapted with permission from reference.82 

Thin films represent an ideal approach for deposition of small quantities of materials over 

large surface areas, which are required for use in many applications.24 Many techniques have 

been used to prepare thin films in research laboratories including: vacuum sublimation,89,90 spin-

coating,91,92 drop casting93 and multiple patterning approaches using lithographic techniques.94 

The SCO community has developed several families of materials which can exhibit SCO around 

ambient temperature with many displaying bistability.65,76–78 Application of multiple methods to 

prepare thin-films have previously proved successful, such as high vacuum evaporation, which has 

been used to prepare [Fe(phen)2(NCS)2] thin films, as shown in Figure 1.15(a). Various patterning 
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methods that are crucial for technological applications have also been applied, such as 

lithographically controlled wetting (LCW), a schematic representation of the procedure is shown 

in Figure 1.15(b), which was pioneered by Cavallini et al to pattern [Fe-(4’-(4’’’-pyridyl)-1,2’:6’1’’-

bis-(pyrazolyl) pyridine)2] as shown in Figure 1.15(c). However, the effects of thin film production 

on the properties of SCO materials is not well understood. It is expected that cooperativity in the 

thin films will be different from bulk samples. Based on current literature reports general trends 

are observed but material dependent factors are prevalent, as discussed further in Chapter 3. 

 

Figure 1.15: (a) AFM images of Fe(phen)2(NCS)2 thin film deposited with a thickness of 280 nm on silicon substrate 

by high vacuum evaporation. Adapted with permission from reference.95 (b) Schematic representation of the 

lithographically controlled wetting (LCW) procedure. Reproduced with permission from reference.96 (c) AFM 

morphology of [Fe-(4’-(4’’’-pyridyl)-1,2’:6’1’’-bis-(pyrazolyl) pyridine)2] strips prepared using LCW. Reproduced with 

permission from reference.96 

Both nanoparticle and thin film synthesis have proved successful for SCO materials. But, one 

of the main limitations on applications in technology continues to be a lack of fundamental 

understanding of the factors affecting cooperativity and how to mitigate them in order to 

maintain bistability in these systems at lower particle sizes. For technological applications, a 

deeper understanding of these factors is required and work in this area represents a ‘hot topic’ 

for the SCO community. 

1.2. Introduction to Mechanochemistry 

Mechanochemistry refers to the reaction of materials through the application of mechanical 

energy, often through grinding in the solid state.  While mechanochemistry has long been used in 
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the synthesis of inorganic materials and composites, in recent years it has also been applied in the 

synthesis of molecular systems, coordination complexes and frameworks, co-crystals, 

supramolecular networks and enzymes.97,98 Mechanistic explanations for the success of the 

mechanochemical approach are numerous and as yet no single model can be applied to the 

varied range of systems that can be produced in this manner. One such explanation has been 

described as the “hot-spot” model99 in which momentary pulses of significantly increased 

temperature and pressure are the driving force for mechanochemical reactions. A secondary 

explanation has also been put forward which has a similar approach, attributing the reaction to 

temperature and pressure conditions but this approach suggests the formation of momentarily 

plasma, this is known as the “magma-plasma” model.97 Both approaches depend on point heating 

as a result of the grinding. However, it has been suggested that this is not necessarily the case, 

and in-situ temperature and powder X-ray diffraction studies have questioned both models.100 

Despite the mechanism behind mechanochemistry being not entirely understood, it is clear that 

the technique has the potential to produce both known and novel materials across diverse areas 

of chemistry, including spin crossover. In fact, mechanochemistry has been highlighted as one of 

the IUPAC “10 chemistry innovations that will change the world.”101 

Due to a relatively broad definition of mechanochemistry being ‘chemical synthesis enabled 

or sustained by mechanical force’,102 a number of approaches to apply this mechanical energy 

have been employed. These range from manual grinding via pestle and mortar to various types of 

mills (such as planetary and ball mills)103 and even sonochemical techniques, which supplies 

mechanical energy via ultrasound. Each milling approach has advantages and preferred 

applications. But many require the use of specialised equipment. Manual grinding via pestle and 

mortar is one method which does not require specialised equipment, as pestle and mortars are 

generally present in standard laboratories. This provides a low-cost approach to explore the 

application of mechanochemistry to new fields. 

One of the major advantages of mechanochemical synthesis over standard synthetic 

techniques is the relatively short synthetic times. It has been shown that the same reactions can 
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be carried out by mechanochemical means with only a fraction of time required for the reaction 

to take place.104 This makes mechanochemistry an ideal candidate for screening large 

combinations of varied reagents.  Further advantages include the possibility of carrying out 

reactions completely solvent free. This is an incredibly important aspect is some fields, where 

solvent effects on the properties of materials are significant, such as in SCO research. This would 

allow the properties of completely solvent free products to be investigated, allowing for the 

fundamental effects of solvent presence to be investigated. 

The application of mechanochemical synthesis to new fields is currently expanding 

substantially, with frequent reports of the technique being used in new and exciting ways. As 

such, certain aspects of the technique are not fully understood. One such aspect is a fundamental 

understanding of how reactions proceed under mechanochemical conditions, this could give rise 

to potential issues with reproducibility of results. Additionally, there is not a current standardised 

approach to undertaking mechanochemistry, with various different devices and equipment 

applied. Such as manual grinding, ball milling and twin-screw extrusion.105,106 It is unclear thus far 

whether mechanochemical synthesis using one technique is comparable to another technique. 

These are certain problems which will likely be addressed with further research. 

1.2.1. Liquid Assisted Grinding 

One of the limiting factors of mechanochemistry is a potential lack of ‘selectivity’. Although, a 

wide variety of conditions in standard ‘neat grinding’ can be modified and controlled, such as 

milling frequency, milling duration, energy input and container / pestle and mortar materials. The 

same degree of ‘selectivity’ available in standard solvent methods cannot readily be achieved by 

altering the conditions mentioned above. Liquid assisted grinding (LAG) is a potential avenue to 

achieve this desired selectivity.  

LAG is a modification of the standard mechanochemical procedure in which sub-

stoichiometric amounts of solvent are added to the reagents during grinding. The presence of 

small amounts of solvent, in volumes insufficient to dissolve significant quantities of reagents, has 
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been shown to accelerate mechanochemical reactions in addition to facilitating reactions not 

possible by ‘neat’ grinding.97 The amount of solvent utilised in mechanochemical reactions is 

described by a variety of terms ranging from ‘neat’ grinding, ‘slurry’ and standard solution, as 

shown schematically in Figure 1.16. In order to be termed LAG, the ratio of solvent (μL) to weight 

of reactants (mg) known as η should be between 0-1 μL mg-1.103 

 

Figure 1.16: The η scale denoting type of reaction relative to solvent contribution, described using μL mg-1. 

LAG has seen extensive use in the screening of cocrystals and polymorphs in pharmaceuticals 

and chemical industries,102 in part for the possibility of more efficient reactions with significantly 

reduced reaction times, but also for the possibility cleaner and potentially safer synthesis. The use 

of a minute quantity of solvent the reagents are not soluble in, may open avenues into 

introducing previously unseen solvent effects in materials. This could have significant applications 

in SCO research. 

1.3. Overview 

The aims of this chapter have been to introduce some fundamental concepts behind SCO, 

exploring the changing properties and means to induce SCO, as well as describing the ligand field 

considerations and standard synthetic procedures used in the SCO field. The principles behind 

mechanochemical synthesis were described with a discussion on the driving forces behind 

reactions and the absence of a fundamental understanding of the factors controlling 

mechanochemical synthesis. The analytical techniques used to investigate SCO material 

properties were described with regard to the information they can provide. 
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Chapter 3 will describe the combination of SCO and mechanochemistry research for the first 

time, with mechanochemical synthesis of a range of SCO-active materials. Characterisation of the 

materials and comparison with solution-synthesised materials is also undertaken. Chapter 3 

continues to explore the effects of mechanochemical synthesis on SCO properties, expanding 

further on particle size, molecular structure, degree of amorphisation, morphology and hydration 

effects on the SCO properties in different SCO families. In Chapter 4, the mechanochemical 

technique of solid-state metathesis was explored as a viable method for synthesis of novel SCO 

materials in the 4-R-1,2,4-triazole family, by exploring the anion exchange potential. Chapter 5 

describes the proposition and development of a rapid mechanochemical screening procedure, in 

which characterisation and identification of SCO-activity was optimised by identifying the most 

suitable analytical techniques which sufficient information to identify SCO-activity. The developed 

screening procedures were assessed for their suitability by screening a large quantity of materials 

in different SCO families, using mechanochemical synthesis. Chapter 6 presents an overall 

conclusion of the work carried out across all other chapters. The appendix contains additional 

screening of some samples discussed in Chapter 5. 
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2.1. Introduction 

2.1.1. Aims 

The aims of this chapter are to introduce the experimental theory and synthetic approach 

used in every other chapter. This begins by introducing the a series of SCO families used 

throughout the thesis, starting with the 0-D complex Fe(phen)2(NCS)2 before moving onto to the 

increasingly complex structures of the 1-D 1,2,4-triazole family and then onto the more 

structurally complex 2-D and 3-D Hofmann Clathrate-like complexes. The theory behind the 

instrumentation used was addressed. The methods used for synthesis and modification of the 

samples will be reported, broken down into each chapter. 

2.1.2. Mechanochemical Synthesis 

As discussed in 1.2, mechanochemical synthesis has seen a relatively recent resurgence in 

interest as a viable alternative green synthetic route. The scientific fields in which 

mechanochemical synthesis can be applied are ever expanding, with research ongoing in a broad 

range of scientific fields including: cathode/anode material synthesis,1 metallic alloying,2 cocrystal 

formation3 and organic synthesis.4 Prior to our work, mechanochemical synthesis had not been 

applied in spin crossover (SCO) research. The quick reaction times make mechanochemical 

synthesis ideal for synthesis and screening of potential SCO-active materials. Predicting SCO-

activity is extremely difficult, therefore discovery of novel materials requires synthesis of large 

numbers of compounds. Previous research into the effects of post-synthetic grinding of SCO 

materials, showing significantly diminished SCO properties has likely played a role in the absence 

of research into this area.5 

2.1.3. [Fe(phen)2(NCS)2] 

One of the most frequently studied Fe2+ SCO molecular materials is [Fe(phen)2(NCS)2], 

shown in Figure 2.1(a), (where phen = 1,10-phenanthroline, compound 1). Since its discovery,6 

compound 1 became the most studied SCO material, with significant research into identifying the 
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magnetic properties7,8 undertaken including: structural studies,9 extensive theoretical studies,10,11 

exploration of crystal size and quality effects,5,12,13 nanoparticle synthesis12 and testing alternative 

synthetic routes.14 At ambient temperature compound 1 is in the HS state and undergoes SCO to 

the LS state with T1/2 of 178 K without any hysteresis.  

Early synthetic routes to Fe(phen)2(NCS)2 required the use of template complexes in order 

to prevent the more favourable formation of [Fe(phen)3](SCN)2, structure shown in Figure 2.1(b).6,8 

Reports on the complex from Ganguli el al.15 and Gallois et al.9 identified the significant 

differences in properties depending on the synthetic route and proposed the possibility of 

different polymorphs for the complex. Two routes, denoted ‘precipitation’ and ‘extraction’, were 

purported to yield the two different forms. The ‘precipitation’ route used a template complex, 

such as Fe(pyz)2(NCS)2 or Fe(py)4(NCS)2 (where pyz = pyrazine and py = pyridine) and required 

subsequent exchange of ligands in solution. By contrast, the ‘extraction’ approach removed one 

phenanthroline ligand from the complex [Fe(phen)3](SCN)2 by continuous extraction using 

acetone9
 or by thermal decomposition.14 Both approaches yielded products that display similar 

transition temperatures (T1/2↑ = T1/2↓ ≈ 175 K). However, the samples prepared by ‘extraction’ 

showed more abrupt transitions and a lower residual HS fraction at low temperatures. The 

differences between the transition properties were consistent with the effects of differences in 

crystal quality described by Haddad et al. for the [Fe(OCH3-SalEen)2]Y series of SCO complexes 

(where OCH3-SalEen = 3-methoxysalicylaldhyde and Y = NO3 and PF6).16 

 

Figure 2.1: (a) Structure of Fe(phen)2(NCS)2. (b) Structure of [Fe(phen)3](SCN)2. 
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The effects of crystal quality on the complex Fe(phen)2(NCS)2 were further explored by 

Müller et al.5 who found reducing crystal quality led to a more gradual transition, higher residual 

HS fraction at low temperature and a decrease in hysteresis. Further discussion on the effects on 

SCO of crystal quality in the context of mechanochemistry can be found in Chapter 3. In the 

absence of any structural evidence in support of polymorphism, it is now largely accepted that 

only one form of Fe(phen)2(NCS)2 exists; the differences in magnetic properties are primarily 

attributed to differences in both crystal quality and particle size.17 The abruptness of the 

transition has been shown to be sensitive to varying crystallinity that results from differing 

preparation methods6,14 and batch to batch variation has been reported with a wide range of 

transition temperatures, 165-190 K.6,8,9,15,18,19 

2.1.4. 4-R-1,2,4-triazoles 

4-R-1,2,4-triazoles and Fe(II) materials form one-dimensional chains with the general formula 

[Fe(Rtrz)3](A)x.nH2O (where Rtrz = 4-substituted-1,2,4-triazoles) represent an incredibly versatile 

family of SCO-active materials, which have long been a focus of research in SCO and have 

continue to be relevant to a lot of recent developments.20–23 The versatility of the triazole family 

arises due to chemical flexibility with the SCO-properties being dependent on substitution on the 

4-position, variation of the anion and the presence of solvents. The SCO complexes exhibit clear 

thermochromism alongside their transitions, changing from a purple LS state to a white HS state. 

Due to the use of Fe(II) the LS state is diamagnetic, and the HS state is paramagnetic. Members of 

the triazole family of SCO materials have been reported to display high temperature transitions 

with transitions reported above 400 K.24 The complex [Fe(Htrz)2(trz)](BF4) has also been reported 

to display a large hysteresis of 40 K with transitions above room temperature, which indicates a 

high degree of cooperativity is obtainable in these materials.24 

The 4-R-1,2,4-triazole ligands form triply bridged links between Fe(II) centres, forming 

‘infinite’ one-dimensional chains, as shown in Figure 2.2. The ‘infinite’ chains are important for 

maintaining the ligand field environment required for SCO. In the middle of the chains where the 
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FeN6 configuration is maintained, SCO of the metal centres can occur. But, in short chain lengths,  

the end of chains may not be suitable for the occurrence of SCO due to likely solvent and strongly 

coordination anions ‘capping’ of the chains, as seen in trimer analogues. The effect is visible in 

short-chain systems such as the trinuclear complex [Fe(npt)6(EtOH)4(H2O)2](ptol)6.4EtOH (where 

npt = 4-(4’-nitrophenyl)-1,2,4-triazole and ptol = p-tolylsulfonate), in which only one Fe(II) site 

undergoes SCO.25  

 

Figure 2.2: Schematic representation of (a) 4-R-1,2,4-triazole with sites numbers. (b) A 4-R-1,2,4-triazole chain in 

an ideal 1D coordination chain with Fe(II) centres (purple) triply bridged by triazole bridges. Reproduced with 

permission from reference.20 

Synthesis of Rtrz complexes with Fe(II) are relatively simple, with the reactions often 

occurring in water or alcohol-based solvents and consisting of room temperature stirring of the 

Rtrz ligand and the corresponding Fe(II) salt. However, for more exotic anions the in-situ 

formation of the appropriate salt is first required, which has been used to prepare iron-triazole 

complexes with exotic anions such as MF6
2- (where M = Ti, Zr, Sn and Ta).26 The catalogue of 

reported SCO-active materials in the iron-triazole family is extensive, with many different 

substitutions in the 4-position, ranging from simple 1,2,4-triaozle to large aliphatic chains27 and 

bulky aromatic regions.28 The effects of solvents used in the synthesis of iron-triazole complexes 

can be significant, with the impact of degree of hydration well characterised.29 The transition 

temperatures in the family have presented across the board, with transition temperatures lower 

than 150 K30 and above 400 K.24 
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2.1.5. Hofmann-type Clathrate Frameworks 

Iron(II)-containing Hofmann-type clathrates are 3D framework materials that have also been 

extensively studied for their attractive SCO properties. These two- and three- dimensional 

frameworks have the general formula {Fe(L)n[M(CN)2]2}.xH2O (where L = monodentate or 

bidentate N-donor aromatic ligands, M = Ni(II), Pd(II), Pt(II), Cu(I), Ag(I) or Au(I) and x ≥ 0).31 Fe(4-

phpy)2[Ni(CN)4] (4-phpy = 4-phenylpyridine), compound 4, and Fe(pz)[Au(CN)2]2 (pz = pyrazine), 

compound 5, shown in Figure 2.3(b) and (d) respectively. Two-dimensional iron dicyanometallate or 

tetracyanometallate layers form the basis of the frameworks, which can be pillared by organic 

bidentate bridging ligands (such as pyrazine) to form three- dimensional frameworks or capped by 

monodentate ligands (such as 4-phenylpyridine) to form two- dimensional networks. 

 

Figure 2.3: (a) Structure of 4-phenylpyridine (4-phpy). (b) Schematic representation of the complex Fe(4-

Phpy)2[Ni(CN)4] presenting the two- dimensional iron tetracyanometallate layer capped by 4-phenylpyridine. (c) 

Structure of pyrazine (pz) and (d) Schematic representation of the complex Fe(pz)[Au(CN)2]2 presenting two- 

dimensional iron dicyanometallate layers bridged by pyrazine. 
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Interest in this family arises due to high temperature transitions,32 high cooperativity,33 ease 

of modification34 and exploitable host-guest properties.35 Further features include 

interpenetrating frameworks,36 porosity,37 supramolecular isomerism,38  and both physi- and 

chemisorption, all of which have an impact on SCO behaviour.39,40 This family generally displays 

abrupt SCO transitions at temperatures above room temperature, up to and exceeding 400 K.41 

The high temperature transitions can also be coupled with wide thermal hysteresis and associated 

bi-stability, attributed to the highly cooperative extended covalent network structure.   

2.1.6. Experimental Theory 

2.1.6.1. SQUID Magnetometry 

Superconducting quantum interference device (SQUID) magnetometry is an incredibly 

sensitive technique which can be used to investigated magnetic properties in a variety of different 

materials including those with low magnetic moments such as ultrathin films,42,43 nanoparticles44 

and dilute magnetic semiconductors.45 The operating principle behind the technique is the 

conversion of magnetic flux into voltage through the use of Josephson junctions. A Josephson 

junction is a device in which two superconducting electrodes are separated by a non-

superconducting barrier. Pairs of electrons, known as Cooper pairs, can tunnel through the non-

superconducting barrier, with certain frequencies. Two types of SQUID magnetometers are 

available, radio frequency (rf) and direct current (dc). Rf SQUIDs are made up of one Josephson 

junction that is mounted on a superconducting ring, magnetic flux is measured by recording the 

change in voltage on external circuit with an oscillating current. DC SQUIDs are significantly more 

sensitive and are made with two Josephson junctions in parallel. The tunnelling electrons exhibit 

quantum interference which is affected by magnetic flux within the loop. A current is generated 

proportional to the phase difference between the two junctions. 

𝛸𝑀𝑇 (𝑐𝑚3 𝐾 𝑚𝑜𝑙−1) = (
𝑀𝑎𝑔𝑛𝑒𝑡𝑖𝑐 𝑀𝑜𝑚𝑒𝑛𝑡(𝑒𝑚𝑢) 𝑥 𝑀𝑤

𝑀𝑎𝑔𝑛𝑒𝑡𝑖𝑐 𝐹𝑖𝑒𝑙𝑑 (𝑂𝑒) 𝑥 𝑀𝑎𝑠𝑠(𝑔)
)  𝑥 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 (𝐾) 

Equation 2. 1 
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SQUID magnetometry is used extensively in SCO research to characterise the transition 

between spin states by measuring the change in magnetic flux. The difference in magnetic 

susceptibility between the HS and LS state is orders of magnitude larger than the limit of 

detection for modern SQUID magnetometers. Molar magnetic susceptibility as a function of 

temperature (ΧMT) is calculated using Equation 2. 1, long magnetic moment is directly measured by 

the instrument, molecular weight (Mw), magnetic field strength (Oe) and the sample mass (g). 

Magnetic susceptibility is plotted as a function of temperatures, this allows for easier 

identification of SCO-activity as well as minimising the tailing induced by temperature effects. 

Data can also be plotted as a function HS fraction (γHS) to emphasise minute differences, limit the 

effects of impurities or substrates present in the material and to allow comparison between 

different samples, as shown in Figure 2.4. 

 

Figure 2.4: Comparison of SQUID data for two materials containing different amounts of impurities. (a) Plotted as a 

function of magnetic susceptibility (ΧNT) and (b) plotted as a function of high spin fraction (γHS) 

2.1.6.2. Powder X-Ray Diffraction 

Powder X-ray diffraction (PXRD) is an analytical technique that is commonly used to 

investigate the structural properties of a material. It operates on the interactions between X-rays 

and the atoms present in materials. Electrons in atoms coherently scatter X-rays, therefore the 

atoms can be considered as point diffraction sources, as shown in Figure 2.5(a), atoms need to be 

ordered in a lattice to provide sufficient diffraction to be measured. PXRD can be used to 

investigate the structural characteristics of the entire bulk crystalline material. This include the 



47 
 

presence of impurities and can be used determine overall purity through detailed analysis such as 

Rietveld refinement. Further extensions of PXRD analysis can be collection of data at variable 

temperatures and the application of particle size estimation techniques such as Scherrer analysis, 

discussed further in Chapter 3.  

 

 

Figure 2.5: (a) Generic scattering of an X-ray by a point atom. (b) Schematic representation of Bragg’s Law, 

denoting two incident X-rays with identical wavelength and phase scattering off different atoms. If the extra distance 

travelled by the lower beam is equal to 2dsin(θ) then constructive interference occurs.  

The basic principle behind PXRD analysis is the incident X-rays are scattered by atoms and 

either form constructive or destructive interference with each other. Constructive interference 

results in peaks in diffractions patterns. Constructive interference occurs according to Bragg’s Law 

(Equation 2.2), with a schematic representation shown in Figure 2.5(b). The difference in distance 

travelled by X-rays must be equal to an integer multiple (n) of 2dsin(θ) for constructive 

interference to occur. Where d represents the difference between planes and θ is the angle of 

incidence. This description is suitable for idealised scenarios in which discrete planes of atoms 

exist in a material. However, the reality for most materials are not this simple, with many 

interacting planes of atoms. This results in patterns with very sharp peaks surrounded with mostly 

destructive interference. 

𝑛𝜆 = 2𝑑𝑠𝑖𝑛(𝜃) 

Equation 2.2 
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2.1.6.3. Raman Spectroscopy 

Raman spectroscopy is a technique that probes inelastic scattering of monochromatic 

radiation when incident on materials. Incident photons are mostly scattered elastically, known as 

Rayleigh scattering (same wavelength and energy). But, a small fraction of incident photons, on 

the order of 1 in 10 million,46 are scattered inelastically, and this is known as Raman scattering. 

Raman scattering can either increase in energy (anti-Stokes) or decrease in energy (Stokes) and it 

can provide information on vibrations within a molecule. The principle has been proposed as a so-

called virtual electronic energy level, incident photons are absorbed and excite the molecule into 

a virtual state.47 Re-emission of the photon results in either Rayleigh or Raman scattering. 

Collection of the scattered photons using detectors, such as charge coupled device (CCD) 

detectors, results in the measurement of a Raman spectrum.  

Raman spectra are plotted as a function of wavenumber (cm-1) or λ (nm) and intensity. In 

instances of relatively simple molecules, with high quality data, it is possible to assign specific 

peaks to certain bond vibrations. However, for increasingly complex molecules this approach 

becomes much more complicated. Although possible, the quality of data, time commitments and 

specific specialities required for full interpretation in this manner make full assignment unviable 

for routine use in SCO. Therefore, for a large number of materials the Raman spectrum is 

collected as a ‘fingerprint’ of the material and they are often stored in large databases which can 

be used for rapid identification of materials. The fingerprint approach can be used to observe the 

presence of certain materials in mixtures of compounds. One of the main advantages of Raman 

spectroscopy over other spectroscopic techniques is the limited sample preparation required, 

with viable spectra able to be collected through glass sample vials without any special 

considerations. The technique is non-invasive and can be used in conjunction with temperature-

controlled stages on small quantities of material. 

In SCO research, Raman spectroscopy can be used to determine differences in spin states as a 

result of changing bond lengths inducing changing vibrational modes, as shown in Figure 2.6. 

However, the effects of changing bond length can be difficult to observe due to the potential for 
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‘pre-resonance’ effects. Pre-resonance occurs when the excitation wavelength is similar to a 

discrete electronic transition in the material.48,49 To overcome these difficulties, it is possible to 

identify specific spin marker bands, separate from metal-ligand stretches, in certain materials. 

One such example of this is the NCS- ligand which is isolated from other vibrations in many 

materials and it has been used extensively for monitoring of SCO-activity.14,50,51 It is worth noting 

potential problems arising from using Raman spectroscopy to investigate SCO materials. One such 

disadvantage is the potential for localised heating of the sample under laser irradiation. This 

effect has been observed causing a localised 50 – 60 K beam-induced heating, which is sufficient 

to induce SCO.52 Although this is highly dependent on experimental setup (magnification, laser 

power and wavelength of excitation). 

 

Figure 2.6: Representative example of using Raman spectroscopy in SCO research, showing significant differences 

in spectra between the HS and LS state for the SCO-active complex [Fe(atrz)3])SO4. 

2.1.6.4. Thermogravimetric Analysis and Differential Scanning 

Calorimetry 

Thermogravimetric analysis (TGA) is an analytical technique which records the mass of a 

sample as a function of temperature. This provides information on solvent and gas adsorption and 

absorption and degree of hydration in a material. It can also provide insight into thermal stability 

of a material. TGA is often coupled with the means to record differential scanning calorimetry 

data (DSC) which records the difference in energy required to heat a sample relative to a 
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standard. This can provide insight into phase transitions, including glass transitions temperatures 

(Tg) and SCO transitions. 

In SCO research TGA analysis is used to determine amounts of solvent present, which is 

important considering the significant solvent effects observed for SCO.53 Differential scanning 

calorimetry (DSC) can be used to identify SCO transition temperatures and can be used to 

determine the change in entropy resulting from the SCO transition. However, measurements at 

temperatures below 100 K after often difficult and the data is strongly dependent on scan-rate, 

which can lower the sensitivity of the technique if not considered. The combination of TGA and 

DSC allows rapid study of mass loss, resulting from solvent loss or sample decomposition and 

phase transitions (such as melting and crystallographic solid-solid) or SCO, a representative 

example is shown in Figure 2.7. 

 

Figure 2.7: Representative example of using DSC to identify and characterise the presence of SCO, for the complex 

[Fe(H2Bpz2)2(L)] (where L = diisopropyl-2,2′-bipyridine-5,5′-dicarboxylate), reproduced with permission from 

reference.54 

2.1.6.5. X-Ray Absorption Spectroscopy 

X-Ray absorption spectroscopy (XAS) is an analytical technique that serves to provide 

element-specific information on local electronic structure. This can provide insight into chemical 

environment, oxidation state and bonding configuration of a specific atom type without 

interference from other components present in the system.55 The X-ray energy used is on the 
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order of 104 eV, which corresponds to wavelengths around 1 Ångstrom. This is of the same order 

of magnitude as atom-atom separation, which allows XAS to be used to determine local atomic 

structure.56 High-energy X-ray excitation of a sample from a synchrotron source causes emission 

of core electrons and the creation electron holes in the target element. XAS measures the 

relaxation of the system as a continuous function of energy of the incident X-rays. The XAS 

spectrum is divided into two regions: X-ray absorption near edge structure (XANES) and extended 

X-ray fine structure (EXAFS), as shown in Figure 2.8.57 

 

Figure 2.8: X-ray absorption spectrum showing the X-ray absorption region near edge structure (XANES) including 

the pre-edge-feature and extended X-ray absorption fine structure (EXAFS) region. Reproduced with permission from 

reference.57 

2.1.6.5.1. EXAFS 

The extended X-ray absorption fine structure (EXAFS) region is defined between ca. 50 eV to 

1000 eV above the absorption edge. EXAFS is used to determine the atomic arrangement of 

neighbouring atoms by investigating oscillations in the intensity of X-ray absorption as a function 

of energy. The oscillations are the result of interference between outgoing and backscattered 

photoelectrons, which occur at defined energies. When the outgoing and backscattered 

photoelectrons are in phase, they result in constructive interference which causes an increase in 

absorption. Whereas, at other energies the outgoing and backscattered photoelectrons are out of 
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phase which causes destructive interference, as shown in Figure 2.9. As a result of the constructive 

and destructive interference, atomic structure, coordination number and bond lengths can be 

determined, making EXAFS a sensitive probe for the local atomic structure. Variation and 

uncertainty in oscillations allows for disorder and amorphisation to be estimated. 

The ability for EXAFS to determine changes in local atomic structure makes EXAFS an ideal 

method to investigate changes in structure caused by SCO activity. The change in Fe-N bond 

length resulting from the increased population of the antibonding eg orbital in the HS state, has 

been observed and confirmed with confidence using the technique.58 

 

Figure 2.9: Schematic representation of the origin of EXAFS oscillations, showing the constructive and destructive 

interference of an absorption atom and a neighbouring atom. 

Fe-edge EXAFS can be used to probe the short-range structure of a system, providing 

information on the Fe-atom bond distances. This is particularly important for investigating SCO 

materials whereby the change in Fe-N distance resulting from SCO can be investigated. 

Comparison of the Fe-atom bonds between solution-state and mechanochemically synthesised 

samples provides valuable insight into the structural similarities and differences in the two 

synthetic procedures. Further, the uncertainty in bond distances represents disorder that can be 
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used to determine degree of amorphisation in a sample, which is an important consideration in 

comparing solution-state and mechanochemically synthesised samples. 

2.2. Experimental 

2.2.1. Material and Equipment 

All reagents were bought from either Sigma Aldrich or Fisher Scientific and used without 

further purification. 1,10’ phenanthroline (99+ %, Sigma), 2,2’-bipyridine (99%, Fisher), 4,4’ 

dinonyl-2,2’-dipyridyl (97%, Sigma), 4,7-dimethyl-1,10 phenanthroline (98%, Fisher), 4,7-diphenyl-

1,10 phenanthroline (99+%, Fisher), 4-amino-1,2,4-triazole (99 %, Fisher), 1H-1,2,4-triazole (99.5 

%, Fisher), 4-phenylpyridine (99 %, Fisher), 5,5’-dimethyl-2,2’-dipyridyl (98%, Sigma), ammonium 

iron(II) sulphate hexahydrate (99+ %, Fisher), iron(II) chloride tetrahydrate (99+ %, Fisher), iron(II) 

chloride tetrahydrate (99+%, Fisher), iron(II) oxalate trihydrate (99%, Sigma), iron(II) sulphate 

heptahydrate (99+ %, Fisher), iron(II) tetrafluoroborate hexahydrate (97 %, Fisher), L-ascorbic acid 

(99 %, Fisher), potassium thiocyanate (99+ %, Sigma), potassium tri(1-pyrazolyl)borohydride (93%, 

Sigma), potassium tri(3,5-dimethyl-1-pyrzolyl)borohydride (97%, Sigma) and pyrazine (99 %, 

Fisher). 2,2’-(pyridine-2,6-diylbis(1H-pyrazole-5,3’diyl)diphenol (3-bpp-PhOH) and 2,6-bis(3-(2-

methoxyphenyl)-1H-pyrazol-5-yl)pyridine (3-bpp-PhOCH3) and 2,6-bis(3-(naphthalen-2-yl)-1H-

pyrazol-5-yl)pyridine (3-bpp-Napth) were provided by Dr. P. Rosa from the ICMCB, CNRS, 

Bordeaux, France.  

3-bpp-PhOH 1H NMR 400 MHz (DMSO-d6), Figure B.3, found ppm δ: 6.93-7.24 [m, 10H, PhOH, 

CH], 7.66-8.08 [m, 5H, py, CH], 13.79 [s, 2H, NH]. 

3-bpp-PhOCH3 1H NMR 400 MHz (DMSO-d6), Figure B.4, found ppm δ: 3.96 [s, 6H, CH3], 7.03-

7.21 [m, 4H, CH3OCPhCNNHCCHPyCCHNNCPhCOCH3], 7.32-7.43 [m, 4H, 

CH3OCPhCNNHCCHPyCCHNNCPhCOCH3], 7.70-7.89 [m, 5H, Py(3H) and Pz(2H)], 13.12-13.58 [s, 

2H, NH]. 
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3-bpp-Napth 1H NMR 400 MHz (DMSO-d6), Figure B.5, found ppm δ: 7.51-7.86 [m, 4H, CH], 

7.86-8.14 [m, 11H, CH], 8.43 [s, 6H, CH], 13.69 [s, 2H, NH]. 

Magnetic susceptibility measurements were carried out using a Quantum Design MPMS 

SQUID magnetometer. Temperature dependent measurements were made using a 1000 Oe 

magnetic field across the stated temperature ranges at a rate of 2 K min-1.  

Simultaneous thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) 

was carried out using a Netzsch STA 409 PC25 under nitrogen with a constant heating rate 5 K 

min-1 within the range 298 – 723 K, using an aluminium crucible. Compound specific isotherms are 

stated on plots.  

Variable temperature Raman spectra were recorded using a Horiba LabRam spectrometer 

equipped with a 600 grating, x50 LWD NIR objectives and a 632.81 nm laser. The variable 

temperature stage used to control sample temperature was a Linkam THMS 600 with a 

heating/cooling rate of 10 K min-1. Measurements were taken at fixed temperatures, after 

thermal stabilisation at the target temperature for two mins, as shown on Raman plots.  

Powder x-ray diffraction data (PXRD) were collected at room temperature using a Rigaku 

MiniFlex 600 desktop XRD using Cu Kα radiation, λ = 1.54051 Å, 15 mA, 40 KV, 5 – 50° (2θ). 

Scherrer analysis of compound 7 and compound 7-Cl, was carried out using PXRD data collected 

on a Panalytical X’Pert3 using Cu Kα radiation, λ = 1.54051 Å, with a power rating 40 kV and 20 

mA. The 2θ range 5 – 40° was recorded with continuous scanning using a step size 0.0041778° 

with 400 seconds exposure per step.  Samples were mounted on a silicon crystal sample holder. A 

LaB6 standard was used to determine peak broadening originating in the experimental setup. The 

Scherrer equation includes a dimensionless shape factor which accounts for the shape of the 

crystallite, the value used in calculations assumes a spherical shape to the particles. Triazole SCO 

materials have previously been shown to have multiple different shapes depending on the 

method of synthesis, including spherical, rod-like and plates.59  
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EDX measurements were recorded using a Hitachi-3400n SEM fitted with an Oxford 

Instruments X-Max 80 mm2 Silicon drive detector for EDX analysis. The data were recorded in the 

0-20 KeV range with 20 s live time, with an accelerating voltage of 20 kV and 5 s processing time. 

The samples were analysed as rough particles without polishing, consequently the potential error 

within the reported values is not insignificant. This is evident in the values obtained for standard 

deviation of the samples. As such, the relative ratios of each element are discussed, rather than 

the absolute values. 

XAS scans were collected for Fe-edge at room temperature on beam line B18 at the Diamond 

Light Source by Dr. David Pickup and Prof. Alan Chadwick. Data were collected in transmission 

mode with ion chamber detectors. Continuous scanning (QEXAFS) was employed; an individual 

scan required 180 s and several scans were performed to improve the signal-to-noise ratio. The 

synchrotron energy and current were 3 GeV and 300 mA, respectively. The beam size at the 

sample was 700 × 700 microns. Powdered samples were mixed with polyvinylpyrrolidone (PVP) as 

a diluent and pressed into 13 mm diameter pellets. The spectra were normalized in Athena60 and 

fitted to scattering models in R-space produced by FEFF61 in Artemis60 by Dr Dave Pickup. 

Transmission Electron Microscopy (TEM) was done using a Jeol 1230 120 kV Transmission 

Electron Microscope equipped with a Gatan One View 16 MP camera with automatic drift 

correction. Samples were prepared by adapting the method described by Petri-Fink et al.62 10 mg 

was added to MilliQ water (10 mL) and sonicated for 30 minutes. Bovine Serum Albumin (BSA) (15 

mg) was dissolved in MilliQ water (10 mL) and sonicated for 15 minutes. An aliquot of the BSA 

solution (100 μL) was added to an aliquot of the compound solution (100 μL) and sonicated for an 

additional 15 minutes. 600 Mesh coppers grids purchased from Agar Scientific were coated in ~70 

nm of formvar and ~5 nm of evaporated carbon using a QuorumQ150T ES Evaporative coater. 2 

μL aliquots of sample/BSA solution were deposited on the copper grids and vacuum dried at 30 °C 

for 30 minutes. 
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Elemental analysis was performed by Mr. S. Boyer at the elemental analysis service of London 

Metropolitan University, U.K. Due to the nature of the mechanochemical procedure, the final 

products may well contain traces of unreacted starting materials and by-products from the 

reaction. Calculated values for elemental analysis discussed below were based on likely 

compositions of the product at each stage but should be interpreted with a degree of caution. 

2.2.2. Synthesis 

Mechanochemical synthesis of all complexes was carried out using the following procedure, 

unless otherwise stated below. Reagents were manually ground in stoichiometric ratios for 5-10 

minutes in a glass pestle and mortar. A fraction of the resulting powders were dried at 175 °C for 

10 hrs. A second fraction was washed using water and ethanol and dried under vacuum at 45 °C 

overnight. Mechanical synthesis yielded one product which was split into three portions; as 

synthesised (x-Mech), dried (x-Dried) and washed (x-Wash). Solution synthesis of each complex is 

described below.  

2.2.2.1. Chapter 3: Initial Synthesis and Exploring the Effects of 

Mechanochemical Synthesis of Spin Crossover Materials  

2.2.2.1.1. Mechanochemical Synthesis 

Compounds 2, 3, 5 and 6 were synthesised using the general mechanochemical procedure 

described above.  

3-Mech CHN analysis for [Fe(atrz)3](SO4)·0.5(NH4)2(SO4)·2H2O found (calc). C 14.95 (14.24), H 

3.97 (3.98), N 35.06 (35.97). 3-Dried CHN analysis for [Fe(atrz)3](SO4)·0.5(NH4)2(SO4) found (calc). 

C 14.13 (15.33), H 3.32 (3.43), N 32.52 (38.72). 3-Sol CHN analysis for [Fe(atrz)3](SO4)·2H2O found 

(calc). C 16.66 (16.37), H 4.02 (3.66), N 41.73 (38.19). 5-Mech CHN analysis for 

Fe(pz)[Au(CN)2]2·0.04KAu(CN)2·2KBF4·H2O found (calc). C 9.84 (10.94), H 0.36 (0.68), N 8.79 (6.44). 

2.2.2.1.1.1. Fe(phen)2(NCS)2 – Compound 1 

[Fe(phen)3](SCN)2 (compound 1-Mech) was prepared by manually grinding Fe(BF4)2.6H2O (0.5 

g, 1.5x10-3 mol), 1,10’-phenathroline (0.7 g, 3.9 x10-3 mol) and KSCN (0.3 g, 3.1x10-3 mol) for 5 
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minutes in a glass pestle and mortar. CHN analysis for 

[Fe(phen)3](NCS)2·0.15(Fe(BF4)2·6H2O·0.63KSCN·2KBF4 found (calc). C 42.50 (41.85), H 2.43 (2.39), 

N 11.03 (11.50). The calculated formula assumes that everything in the reactants remained in the 

product. As discussed in 2.1.3, [Fe(phen)3](SCN)2 can be converted into Fe(phen)2(NCS)2 via 

thermolysis.14 A fraction of the resulting powder was dried at 80 °C for 3 hours then heated to 200 

°C for 10 hours (1-Heat). CHN analysis for [Fe(phen)2(NCS)2]·0.15(Fe(BF4)2)·0.63KSCN·2KBF4 found 

(calc). C 34.84 (36.35), H 1.82 (1.83), N 9.74 (10.55).  A third of the sample was washed with H2O 

(300 ml) and ethanol (300 ml) collected by filtration and dried under vacuum at 45 °C (1-Wash). 

CHN analysis for [Fe(phen)2(NCS)2]·KBF4 found (calc). C 46.85 (47.44), H 2.36 (2.45), N 12.97 

(12.77). 

2.2.2.1.1.2. Fe(4-phpy)2[Ni(CN)4] – Compound 4 

Mechanical synthesis of Fe(4-phpy)2[Ni(CN)4] was attempted using the standard procedure 

described in 2.2.2 yielding compound 4-Mech. 

Fe(4-phpy)2[Ni(CN)4] (compound 4-LAG) was synthesised by liquid assisted grinding (LAG), the 

principles of LAG are described in 1.2.1. Fe(BF4)2.6H2O (0.11 g, 3.2x10-4 mol), 4-phenyl pyridine 

(0.10 g, 6.7x10-4 mol) and K2Ni(CN)4.xH2O (0.08 g, 3.1x10-4 mol) were ground in an agate pestle 

and mortar with water (72 μl, η = 0.25) for 10 minutes. The resulting yellow powder was dried 

under vacuum at 45 °C overnight. 

2.2.2.1.2. Solution-State Synthesis 

2.2.2.1.2.1. [Fe(Htrz)3](BF4)2 – Compound 2 

[Fe(Htrz)3](BF4)2 (compound 2-Sol) was prepared by adding 4-H-1,2,4-triazole (0.23 g, 3.3x10-3 

mol) in methanol (100 ml) to a solution of Fe(BF4)2.6H2O (0.34 g, 1x10-3 mol) in methanol (60 ml) 

at 0°C and stirred for 48hrs. The precipitate was collected by filtration and dried overnight under 

vacuum at 45 °C, yielding a fine pink powder (0.26 g, 60%). 
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2.2.2.1.2.2. [Fe(atrz)3]SO4 – Compound 3 

[Fe(atrz)3]SO4 (compound 3-Sol) was synthesised by the addition of 4-amino-1,2,4-triazole 

(0.51 g, 6.0x10-3 mol) in water (1.5 ml) to a stirred solution of (NH4)2Fe(SO4)2.6H2O (0.41 g, 1.2x10-3
 

mol) in water (3 ml). The solution was stirred for 30 minutes at room temperature. The resulting 

purple precipitate was collected by filtration and dried under vacuum overnight at 45 °C. Yield 

(0.35 g, 71%). 

2.2.2.1.2.3. Fe(4-phpy)2[Ni(CN)4] – Compound 4 

Compound 4-Sol was prepared using a modified reported synthetic procedure.31 

Fe(BF4)2.6H2O (0.10g, 3.2x10-4mol) in methanol (10 ml) was added to a stirred solution of 4-

phenylpyridine (0.10 g, 6.4x10-4
 mol) in methanol (10ml). After 1 hour, K2[Ni(CN)4].xH2O (0.07 g, 

2.9x10-4 mol) in methanol (10 ml) was added dropwise and stirred for 5 hours. The yellow 

precipitate was collected by filtration, washed with methanol, and dried under vacuum at 45 °C 

overnight.  

2.2.2.1.2.4. Fe(pz)[Au(CN)2]2 – Compound 5 

Compound 5-Sol was synthesised by modifying a reported synthetic procedure.32 K[Au(CN)2] 

(0.50 g, 1.74x10-3
 mol) in water (10 ml) was added dropwise to a stirred mixture of Fe(BF4)2.6H2O 

(0.29 g, 8.7x10-4 mol) and pyrazine (0.07 g, 8.7x10-4
 mol) in water (30 ml). After stirring for 1 hr, 

the red precipitate was collected by filtration, washed with water (30 ml) and methanol (30 ml) 

and dried under vacuum at 45 °C overnight. Yield (0.28 g, 50%). 

 

2.2.2.1.2.5. [Fe(atrz)3](BF4)2 – Compound 6 

[Fe(atrz)3](BF4)2 (6-Sol) was prepared by dropwise addition of Iron(II) tetrafluoroborate 

hexahydrate (0.94 g, 2.8 mM) and L-ascorbic acid (0.05 g) in methanol (100 ml) to 4-amino-4-H-

1,2,4-triazole (0.7 g, 8.3 mM) in methanol (100 ml). The mixture was stirred under ambient 

conditions overnight. The white precipitate was collected by filtration and washed with water and 

methanol then dried overnight under vacuum yielding a fine white powder (0.88 g, 64%). 
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2.2.2.1.3. Automated Milling – Compound 6 

Fe(BF4)2.6H2O (1 eqv.) and 4-amino-4H-1,2,4-triazole (atrz, 3 eqv.) were added to Teflon cups 

with two 7 mm Teflon balls.  The cups were inserted into a Retsch MM400 mill and shaken at 

frequency of 25 Hz for either 10 or 90 minutes. No washing was carried out on mechanically 

prepared samples, yielding compounds 6-BM10 and 6-BM90 respectively. 

2.2.2.2. Chapter 4: Post-synthetic Solid-State Metathesis of 1,2,4-

Triazole Based Spin Crossover Materials 

2.2.2.2.1. Mechanochemical Synthesis 

[Fe(atrz)3]Cl2 (compound 7) was prepared by grinding iron(II) chloride tetrahydrate (4.00 g, 

20.12 mM) and 4-amino-4H-1,2,4-triazole (5.10 g, 60.66 mM) in a glass pestle and mortar in the 

absence of solvent. Within 2 minutes of grinding, the sample became a wet purple paste. 

Continued grinding for 10 minutes resulted in a dry purple powder. The resulting powder was 

washed using a 9:1 ratio of methanol and water containing L-ascorbic acid (2% by mass), filtered 

and dried under vacuum at 45 °C, yielding a fine purple powder (7.20 g, 94.5% yield).   

2.2.2.2.2. Solid State Metathesis 

All solid-state metathesis reactions were carried out using the same procedure. Compound 7 

(0.5 g, 1.32 mM) and the corresponding sodium salt in a 5x excess (NaReO4 was only used in a 2x 

excess, due to cost of the starting material) were ground in a glass pestle and mortar in the 

absence of solvent. After grinding for 15 minutes, the resulting powder was collected and washed 

using a 9:1 ratio of methanol and water containing L-ascorbic acid (2% by mass), filtered and dried 

under vacuum at 45°C. 
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2.2.2.3. Chapter 5: Developing a Systematic Approach to 

Mechanochemical Screening for New Spin Crossover 

Materials 

2.2.2.3.1. Screening of 1,2,4-Triazole Systems 

Preliminary testing on the potential mechanochemical synthesis of triazole systems was carried 

out using four iron(II) salts, and two triazole ligands known to yield SCO-active products by 

traditional solution-state methods. The salts used were Fe(BF4)2.6H2O, FeCl2.4H2O, FeSO4.7H2O 

and (NH4)2Fe(SO4)2.6H2O. The two triazole ligands used were 4-H-1,2,4-triazole (Htrz) and 4-

amino-1,2,4-triazole (atrz), the structures of which are shown in Figure 2.10. In all instances, the 

iron(II) salt (1 eqv.) was manually ground in a pestle and mortar for 5 minutes with the triazole 

ligand (3 eqv.) yielding samples S1-8, whereby S refers to screening sample, actual quantities used 

during screening are shown in Table 2.1. No washing was carried out on these samples to save time 

during the screening process. L-ascorbic acid (10% by mass) was added to both FeCl2.4H2O 

reactions, to reduce oxidation of the iron(II) salt. 

 

Figure 2.10: (a) Structure of 1H-1,2,4-triazole (Htrz). (b) Structure of 4-amino-4H-1,2,4-triazole (atrz). 

Table 2.1: Table of quantities used in triazole screening. 

4-H-1,2,4-triazole (Htrz) Sample 

Iron Salt Salt (mol) Ligand (mol) L-Ascorbic Acid  

Fe(BF4).6H2O 1.5x10-4 4.5x10-4 - S1 

FeCl2.4H2O 5.0x10-4 2.1x10-3 10% S2 

FeSO4.7H2O 1.8x10-4 8.7x10-4 - S3 

(NH4)2Fe(SO4)2.6H2O 2.3x10-4 1.1x10-3 - S4 

4-Amino-1,2,4-triazole (atrz)  

Fe(BF4).6H2O 2.4x10-4 9.5x10-4 - S5 

FeCl2.4H2O 2.6x10-4 1.1x10-3 10% S6 

FeSO4.7H2O 1.6x10-3 5.3x10-3 - S7 

(NH4)2Fe(SO4)2.6H2O 2.0x10-4 9.0x10-4 - S8 



61 
 

2.2.2.3.2. Screening of 1,10-phenanthroline and 2,2’-bipyridine 

Derivatives 

2.2.2.3.2.1. Fe(phen)2(NCS)2 

Screening of Fe(phen)2(NCS)2 was done by both one-pot and two-pot approaches. One-pot 

synthesis was done by combining (NH4)2Fe(SO4)2.6H2O (0.121 g, 3.1x10-4
 mol),  KSCN (0.094 g, 

5.1x10-4 mol) and 2 equivalents of 1,10’-phenathroline (0.087 g, 5.2x10-4 mol) in a pestle and 

mortar with manual grinding for 5 minutes, yielding S9-1pot. No washing was carried out on the 

products. A portion of the product (S9-1pot) was dried at 80 °C for 3 hours followed by thermal 

treatment at 200 °C for 10 hours, yielding S9-1pot-Heat. 

Two-pot synthesis was done by manual grinding of (NH4)2Fe(SO4)2.6H2O (0.102 g, 2.6x10-4 mol) 

with 1,10’-phenanthroline (0.102 g, 6.1x10-4 mol) for 5 minutes in an agate pestle and mortar. To 

the resulting powder, KSCN (0.085 g, 8.7x10-4 mol) was added with additional grinding for 5 

minutes, yielding S9-2pot.  No washing was carried out on the products. 

2.2.2.3.2.2. 1,10-phenathroline and 2,2’-bipyridine Derivatives 

Screening of 1,10-phenanthroline (phen) and 2,2’-bipyridine (bipy) derivatives was carried out 

using the same synthetic approach. Fe(BF4)2.6H2O (1 eqv.) was ground with KSCN (2 eqv.) and the 

phen or bipy derivatives (3 eqv.) for 5 minutes, yielding x-As (where x is the compound number 

and -As represents a sample which had not been modified or washed). A portion of x-As for each 

complex was heated to 150 °C for 10 hours, yielding x-Heat. Exact quantities used are shown in 

Table 2.2. 
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Table 2.2: Quantities used in the ligand screening of 4,7-diphenyl-1,10’-phenanthroline (Ph-phen), 4,7-dimethyl-

1,10’-phenanthroline (Me-phen), 2,2’-bipyridyl (bipy), 5,5’-dimethyl-2,2’bipyrdyl (Me-bipy) and 4,4’-dinonyl-

2,2’bipyridyl (Nonyl-bipy). 

Sample Name Fe(BF4)2.6H2O KSCN Ligand Quantity 

S10 35.0 mg  
(0.10 mmol) 

20.1 mg 
(0.21 mmol) 

Ph-phen 103 mg 
(0.31 mmol) 

S11 57.0 mg 
(0.17 mmol) 

32.8 mg 
(0.34 mmol) 

Me-phen 100 mg 
(0.48 mmol) 

S12 180.0 mg  
(0.53 mmol) 

104.0 mg 
 (1.01 mmol) 

bipy 250 mg  
(1.60 mmol) 

S13 153.0 mg  
(0.45 mmol) 

87.9 mg 
(0.90 mmol) 

Me-bipy 250 mg 
(1.36 mmol) 

S14 27.0 mg 
(0.08 mmol) 

15.5 mg 
(0.16 mmol) 

Nonyl-bipy 100 mg 
(0.25 mmol) 

Heteroleptic complex synthesis was attempted using a similar approach. Fe(BF)4.6H2O (1 

eqv.), KSCN (2 eqv.) and two bipyridyl derivatives (1.5 eqv. Each) were ground in a glass pestle and 

mortar for 5 minutes yielding x-As. A portion of x-As for each complex was heated to 150 °C for 

10 hours, yielding x-Heat. Exact quantities used are shown in Table 2.3. 

Table 2.3: Quantities used in the mixed ligand screening of 2,2’-bipyridyl (bipy), 5,5’-dimethyl-2,2’bipyrdyl (Me-

bipy) and 4,4’-dinonyl-2,2’bipyridyl (Nonyl-bipy). 

Sample  
Name 

Fe(BF4)2 

.6H2O 
KSCN Ligand  

One 
Quantity Ligand  

Two 
Quantity 

S15 324.2 mg 
(0.96 mmol) 

186.7 mg 
(1.92 

mmol) 

bipy 150.0 mg 
(0.96 mmol) 

Me-bipy 176.9 mg 
(0.96 mmol) 

S16 123.9 mg  
(0.37 mmol) 

71.3 mg 
(0.73 

mmol) 

bipy 57.3 mg 
(0.36 mmol) 

Nonyl-
bipy 

150.0 mg 
(0.37 mmol) 

S17 123.9 mg 
(0.37 mmol) 

71.3 mg 
(0.72 

mmol) 

Me-bipy 67.6 mg 
(0.37 mmol) 

Nonyl-
bipy 

150.0 mg 
(0.37 mmol) 

 

2.2.2.3.3. Hydrotris(1-pyrazolyl)borates 

Complexes with hydrotris(1-pyrazolyl)borates were prepared using the same approach. 

Fe(BF4)2.6H2O (1 eqv.) and  K[HB(pz)3] (2 eqv.) or K[HB(3,5-dimethyl-pz)3] (2 eqv.) were ground in 

glass pestle and mortar for 5 minutes. The mixed ligand product was prepared using the same 

approach but with one equivalent of each ligand, yielding the products labelled x-As. A fraction of 
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x-As was purified by reduced pressure sublimation, yielding x-Sublim. Actual reagent quantities 

are shown in Table 2.4.  

Table 2.4: Quantities used in screening of Hydrotris(1-pyrazolyl)borates. Potassium tri(3,5-dimethyl-1-

pyrzolyl)borohydride, K[HB(pz)3], and potassium tri(1-pyrazolyl)borohydride, K[HB(3,5-(CH3)2-pz)3]. 

Sample  
Name 

Fe(BF4)2.6H2O K[HB(pz)3] K[HB(3,5-(CH3)2-pz)3] 

S18 100.4 mg 
(0.30 mmol) 

153.2 mg 
(0.61 mmol) 

- 

S19 79.0 mg 
(0.23 mmol) 

- 153.4 mg 
(0.46 mmol) 

S20 200.8 mg 
(0.59 mmol) 

157.0 mg 
(0.62 mmol) 

201.0 mg 
(0.60 mmol) 

 

2.2.2.3.3.1. Synthesis of   2,6-di(pyrazol-3-yl)pyridine  

2,6-di(pyrzol-3-yl)pyridine was prepared in two steps using a previously reported method, as 

shown in Scheme 2.1.63 A suspension of 2,6-diacetyl pyridine (5 g, 30 mmol) in dimethylformamide 

dimethyl acetate (10 ml, 75 mmol) was refluxed for 10 hrs. The solution was cooled, and the 

solvent removed in vacuo. The resulting solid was recrystallized from chloroform, yielding a 

yellow powder (3-bpp-Intermediate, 2.7 g, 32 %). 1H NMR 400 MHz (DMSO-d6), Appendix B.1, 

found ppm δ: 2.95-3.20 [s, 12H, (CH3)2NCHCHCOPyCOCHCHN(CH3)2], 6.53 [d, 2H, 

(CH3)2NCHCHCOPyCOCHCHN(CH3)2] J = 9.8 Hz, 7.85-7.82 [d, 2H, 

(CH3)2NCHCHCOPyCOCHCHN(CH3)2] J = 13.2 Hz, 8.06 [m, 3H,   (CH3)NCHCHCOPyCOCHCHN(CH3)2, J 

= 6.7 Hz]. 13C NMR (DMSO-d6), Appendix B.2., found ppm δ:  36.91, 44.67, 122.74, 137.99, 154.39, 

154.46 and 184.32. 

To a suspension of 3-bpp-Intermediate (2.7 g, 10 mmol) in ethanol (15 ml), hydrazine hydrate 

(51%, 2 ml, 20 mmol) was added dropwise. The resulting solution was stirred at room 

temperature for 3 hours. Water (70 ml) was added, a light brown precipitate formed and was 

collected by filtration. The resulting powder was recrystallized in chloroform, yielding a white 

powder (3-bpp, 1.7 g, 80%). 1H NMR 400 MHz (DMSO-d6), Figure B.2, found ppm δ: 6.91-6.98 [s, 
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2H, NHNCHCHCPyCCHCHNNH], 7.59-7.95 [m, 5H, NHNCHCHCPyCCHCHNNH], 13.01-13.49 [s, 2H, 

NH].  

 

Scheme 2.1: Synthetic route to 3-bpp. Reaction conditions: (a) Reflux, 10 hours and (b) Room temperature, 3 

hours. 

2.2.2.3.3.2. Screening of 3-bpp and Derivatives 

For all 3-bpp and derivative screening, the same procedure was used, unless otherwise stated. 

FeAx.sH2O (1 eqv.) was ground in a glass pestle and mortar with 3-bpp, or derivatives, (2 eqv.) for 

5 minutes. The resulting materials were tested for visually observable thermochromism on 

heating and/or cooling. Actual quantities used are shown below in Table 2.5. 
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Table 2.5: Quantities used in the screening of 3bpp and its derivatives, using four different iron(II) salts. 

Sample 
Name 

FeAx.SH2O Quantity 3-bpp 

Sample 
21-BF4 

Fe(BF4)2.6H2O 14.2 mg 
(0.04 mmol) 

19.0 mg 
(0.09 mmol) 

Sample 
21-Cl 

FeCl2.4H2O 8.8 mg 
(0.04 mmol) 

18.8 mg 
(0.09 mmol) 

Sample 
21-SO4 

(NH4)2Fe(SO4)2.6H2O 17.7 mg 
(0.05 mmol) 

18.9 mg 
(0.09 mmol) 

Sample 
21-C2O4 

FeC2O4.2H2O 8.5 mg 
(0.05 mmol) 

18.2 mg 
(0.09 mmol) 

 

Sample 
Name 

FeAx.SH2O Quantity 3-bpp-PhOH (g) 

Sample 
22-BF4 

Fe(BF4)2.6H2O 42.7 mg 
(0.13 mmol) 

100.8 mg 
(0.26 mmol) 

Sample 
22-Cl 

FeCl2.4H2O 25.1 mg 
(0.13 mmol) 

101.5 mg 
(0.26 mmol) 

Sample 
22-SO4 

(NH4)2Fe(SO4)2.6H2O 49.6 mg 
(0.13 mmol) 

100.5 mg 
(0.26 mmol) 

Sample 
22-C2O4 

FeC2O4.2H2O 22.8 mg 
(0.13 mmol) 

102.0 mg 
(0.26 mmol) 

 

Sample 
Name 

FeAx.SH2O Quantity 3-bpp-PhOCH3 (g) 

Sample 
23-BF4 

Fe(BF4)2.6H2O 12.0 mg 
(0.35 mmol) 

31.0 mg 
(0.72 mmol) 

Sample 
23-Cl 

FeCl2.4H2O 7.0 mg 
(0.35 mmol) 

30.5 mg 
(0.72 mmol) 

Sample 
23-SO4 

(NH4)2Fe(SO4)2.6H2O 13.9 mg 
(0.35 mmol) 

31.7 mg 
(0.75 mmol) 

Sample 
23-C2O4 

FeC2O4.2H2O 6.4 mg(0.35 mmol) 30.2 mg 
(0.71 mmol) 

 

Sample 
Name 

FeAx.SH2O Quantity 3-bpp-Napth (g) 

Sample 
24-BF4 

Fe(BF4)2.6H2O 29.1 mg 
(0.86 mmol) 

80.5 mg 
(0.17 mmol) 

Sample 
24-Cl 

FeCl2.4H2O 17.2 mg 
(0.87 mmol) 

81.0 mg 
(0.18 mmol) 

Sample 
24-SO4 

(NH4)2Fe(SO4)2.6H2O 33.8 mg 
(0.86 mmol) 

80.4 mg 
(0.17 mmol) 

Sample 
24-C2O4 

FeC2O4.2H2O 15.5 mg 
(0.86 mmol) 

80.5 mg 
(0.17 mmol) 

 

Synthesis of heteroleptic ligand (3bpp and derivatives) systems was done using the same 

synthetic approach. Fe(BF4)2.6H2O (1 eqv.) and one equivalent of two different ligands were 

ground in a glass pestle and mortar for 5 minutes. In a similar manner to the homoleptic systems 
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tested above, the resulting complexes were tested for visible thermochromism. Actual quantities 

used are shown in Table 2.6. 

Table 2.6: Quantities used in the mixed ligand screening of 3-bpp, 3-bpp-PhOH, 3-bpp-PhOCH3 and 3-bpp-Napth. 

Sample 
Name 

Fe(BF4)2.6H2O Ligand One Quantity Ligand Two Quantity 

Sample 25 8.0 mg 
(0.24 mmol) 

3-bpp 5.0 mg 
(0.24 mmol) 

3-bpp-PhOH 9.4 mg 
(0.22 mmol) 

Sample 26 4.1 mg 
(0.12 mmol) 

3-bpp 2.5 mg 
(0.12 mmol) 

3-bpp-PhOCH3 5.0 mg 
(0.18 mmol) 

Sample 27 8.0 mg 
(0.24 mmol) 

3-bpp 5.0 mg 
(0.24 mmol) 

3-bpp-Napth 11.0 mg 
(0.24 mmol) 

Sample 28 8.0 mg 
(0.24 mmol) 

3-bpp-PhOH 9.3 mg 
(0.25 mmol) 

3-bpp-PhOCH3 10.0 mg 
(0.24 mmol) 

Sample 29 8.5 mg 
(0.25 mmol) 

3-bpp-PhOH 5.0 mg 
(0.13 mmol) 

3-bpp-Napth 5.9 mg 
(0.13 mmol) 

Sample 30 8.0 mg 
(0.24 mmol) 

3-bpp-
PhOCH3 

10.0 mg 
(0.24 mmol) 

3-bpp-Napth 11.0 mg 
(0.24 mmol) 
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3.1. Introduction 

3.1.1. Mechanochemical Synthesis 

Proof of concept demonstrating the application of mechanochemistry to synthesise SCO 

materials is presented. Attempted synthesis of known materials is undertaken to determine the 

applicability of mechanochemical synthesis to several different families of SCO compounds and 

comparison between mechanochemically synthesised and solution-state synthesised samples will 

be used to determine any effects on SCO properties resulting from mechanochemical synthesis. 

The synthesis of several SCO families serves to act as a proof of concept for mechanochemical 

synthesis and to determine whether a general approach can be used or whether each family 

requires different mechanochemical approaches.  

3.1.2. Effect of Grinding Solution-Synthesised Materials 

The effects of grinding solution synthesised SCO materials were first reported by Haddad et al. 

in the ferric complex [Fe(3-OCH3-SalEen)2]PF6 (3-OCH3-SalEen = Schiff base product of 3-methoxy-

salicylaldehye and N-ethylethylenediamine). Both manually grinding a portion of the sample in a 

pestle and mortar and milling a separate fraction in a ball mill caused a decrease in both 

abruptness and completeness of transition, with a substantial increase in residual HS fraction at 

low temperatures. Recrystallisation of the ground sample regenerated the original SCO 

properties, thus, they attributed the changing properties to the grinding process and not an 

alternative degenerative process, as later confirmed by Sorai et al.2 Continued investigation of the 

effects of grinding and the related effect of metal dilution in the ferric complexes was carried out 

by Haddad at al.3,4 Metal-dilution by cobalt doping was observed to cause the same decrease in 

abruptness and completeness of transition, as well as a decrease in HS fraction at high 

temperatures. The effects caused by both grinding and metal-dilution were consistent but the 

effects of grinding were attributed to changes in crystal quality affecting long-range 

communication between SCO-active sites4 and the effects of metal dilution is attributed to 
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reduced communication between SCO-active sites. The same effects of grinding were observed in 

multiple ferric complexes.5 

Investigation of the effects of grinding in the extensively studies ferrous complex 

[Fe(phen)2(NCS)2] was also carried out by Ganguli et al.6, in an attempt to address the 

discrepancies in SCO properties reported by different synthetic procedures. The complex had 

been studied using a wide variety of analytical techniques including: SQUID magnetometry,7–9 

Mössbauer spectroscopy,8,9 IR and Far-IR,8,10 UV-vis,8 heat capacity11 and XRD.7,8 But the only 

technique that showed differences between the differently prepared samples was magnetometry, 

which showed significant differences in transition abruptness and residual HS fraction at low 

temperatures. Ganguli et al.6 prepared samples using two different reported procedures, 

‘precipitation’ and ‘extraction’, and investigated the differences in crystal quality and size. This 

correlated the more gradual transition and increase in residual HS fraction with the smaller 

crystals and the larger proportion of crystalline defects prepared by the ‘extraction’ method, as 

shown in Figure 3.1. The relationship between crystal quality and SCO abruptness and 

completeness was further confirmed in multiple ferrous complexes.12–14 

 

Figure 3.1: HS fraction χHS from the Mössbauer spectra as a function of temperature of [Fe(phen)2(NCS)2] prepared 

by ‘precipitation’ (◼) and ‘extraction’ (◆), digitised from literature.6 
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The effects of particle size on spin crossover properties are of particular importance due to 

recent interest in preparation and application of nanoparticles.15 Amongst other methods, 

synthesis of SCO nanoparticles (SCO NPs) has been carried out using the reverse micelle 

technique.16,17 This has provided opportunities to investigate size effects without the 

corresponding crystalline defects introduced by grinding and milling of macroscopic samples. 

Forestier et al.18 investigated the effect of particle size in the system [Fe(atrz)3]Br2, with particles 

between 1.2 µm and 30 nm. The SCO properties remained consistent between bulk samples and 

particles in size down to 70 nm, with similar abruptness and hysteresis width. Across all particle 

sizes, the transitions presented comparable abruptness with relatively insignificant differences in 

residual HS fraction at low temperature. At sizes around 30-50 nm the hysteresis almost 

completely disappeared, which was attributed to a proposed ‘limit’ on the presence of hysteresis 

that is thought to be dependent on the triazole class of SCO materials owing to different surface 

chemistry. Further studies on two other members of the triazole family [Fe(Htrz)2(trz)](BF4)2 and 

[Fe(Htrz)2.95(atrz)0.05](ClO4)2 by Galán-Mascarós et al.19  contradicted these initial reports with 

nanoparticles as small as 4-18 nm displaying wide hysteresis up to 40 K.  

It is clear from literature that the grinding process introduces at least two variables: 

introduction of crystal defects and reduction of particle size. Introduction of crystalline defects 

appears to cause a decrease in both abruptness and completeness of transition, with an increase 

in residual HS fraction at low temperatures.4,6 However, the effects of reducing particle size are 

less clear, with an apparently complicated dependence on the changing properties. For 

[Fe(atrz)3]Br2, Fe(Htrz)2(trz)](BF4)2 and [Fe(Htrz)2.95(atrz)0.05](ClO4)2 the abruptness of the 

transitions was maintained down to the smallest particle sizes.18,19 However, the particle size at 

which hysteresis was retained varied from sample to sample. 

The very fact that mechanochemical synthesis yields crystalline materials indicates some 

degree of crystallite growth occurring during the grinding process, which is in opposition to the 

decrease in crystallinity observed for post-synthetic grinding. It is unclear whether the effects of 

synthetic grinding (mechanochemistry) will be the same as the effects observed for post-synthetic 
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grinding and milling of macroscopic samples previously reported in literature. All 

mechanochemical synthesis of spin crossover materials currently reported have been synthesised 

using manual grinding (by hand).  

3.1.3. Aims 

In this chapter, mechanochemistry will be used to synthesise SCO-materials for the first time. 

Synthesis of a simple 0-D structure will be undertaken ([Fe(phen)2(NCS)2) following by attempted 

synthesis of increasingly complex structures going from 1-D triazole chains, to 2-D and 3-D 

Hofmann Clathrate-like materials. Prior to this work, mechanochemical synthesis of SCO materials 

had not been reported. Previously reported SCO materials were synthesised by both 

mechanochemistry and solution-state techniques for comparison. The resulting complexes were 

then analysed by PXRD, VT Raman spectroscopy and SQUID magnetometry to determine if 

mechanochemistry is possible for SCO materials and to provide an initial evaluation of the effect 

of the procedure on SCO properties. Following the initial synthesis, detailed analysis of ideal 

compounds was undertaken to further investigate the effects of mechanochemical synthesis on 

the properties. Detailed comparison of mechanochemically and solution-state synthesised 

compounds ([Fe(atrz)3]SO4 and Fe(pz)[Au(CN)2]2) will allow for the effects of mechanochemical 

synthesis to be investigated. After which, comparison between different mechanochemical 

techniques (manual grinding and automatic milling for different amounts of time) would allow for 

effects of different mechanochemical synthetic routes to be observed. Following the discussion, 

SQUID magnetometry was used to characterise SCO properties, PXRD analysis allowed structural 

effects and coherent domain size to be investigated. Fe-edge EXAFS was used to investigate short-

range structural order and degree of amorphisation, hydration effects were characterised by TGA 

and particle size and shape was measured by TEM. 
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3.1.4. Samples 

Below is a list of samples used in this chapter.  

Compound 1-Mech: [Fe(phen)3](SCN)2 (Mechanically synthesised) 

Compound 1-Heat: [Fe(phen)2(NCS)2] (Thermolysis) 

Compound 1-Wash: [Fe(phen)2(NCS)2] (Washed) 

Compound 2-Mech: [Fe(Htrz)3](BF4)2 (Mechanically synthesised) 

Compound 2-Dried: [Fe(Htrz)3](BF4)2 (Oven Dried) 

Compound 2-Sol: [Fe(Htrz)3](BF4)2 (Solution Synthesised) 

Compound 3-Mech: [Fe(atrz)3]SO4 (Mechanically synthesised) 

Compound 3-Dried: [Fe(atrz)3]SO4 (Oven Dried) 

Compound 3-Wash: [Fe(atrz)3]SO4 (Washed) 

Compound 3-Sol: [Fe(atrz)3]SO4 (Solution Synthesised) 

Compound 4-Mech: Fe(4-phpy)2[Ni(CN)4] (Mechanically synthesised) 

Compound 4-LAG: Fe(4-phpy)2[Ni(CN)4] (Liquid Assisted Grinding) 

Compound 4-Sol: Fe(4-phpy)2[Ni(CN)4] (Solution Synthesised) 

Compound 5-Mech: Fe(pz)[Au(CN)2]2 (Mechanically synthesised) 

Compound 5-Sol: Fe(pz)[Au(CN)2]2 (Solution Synthesised) 

Compound 6-Sol: [Fe(atrz)3](BF4)2 (Solution synthesised) 

Compound 6-Mech: [Fe(atrz)3](BF4)2 (Mechanically synthesised) 

Compound 6-BM10: [Fe(atrz)3](BF4)2 (Ball milled for 10 minutes) 

Compound 6-BM90: [Fe(atrz)3](BF4)2 (Ball milled for 90 minutes) 
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3.2. Results and Discussion 

3.2.1. Fe(phen)2(NCS)2 

Thermogravimetric analysis (TGA) showing the conversion of [Fe(phen)3](SCN)2 to 

Fe(phen)2(NCS)2 by thermolysis as shown in Figure 3.2, with an overall reaction scheme presented 

in Scheme 3.1.  Water loss at an 80°C isotherm was calculated by assuming all mass lost was due 

to removal of water and no water remained in the sample. The mass loss corresponds to ≈ 5 H2O. 

The loss of phenanthroline was calculated using the same assumption that all mass lost by 250°C 

was due to the removal of phenanthroline. The mass loss indicates the loss of 0.90 moles of 

phenanthroline per mole of [Fe(phen)3](SCN)2. The loss of phenanthroline is less than 1 equivalent 

relative to [Fe(phen)3](SCN)2, this is attributed to the presence of impurities in the sample, such as 

the by-product of the reaction (KBF4) and the possibility of unreacted reagents. 

 

Scheme 3.1:Mechanochemical synthesis of [Fe(phen)3](SCN)2 and thermolysis to form Fe(phen)2(NCS)2. 

 

Figure 3.2: TGA showing the conversion of 1-Mech to 1-Heat via Thermolysis. 
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Formation of the SCO-active complex Fe(phen)2(NCS)2 was monitored by comparison of PXRD 

using data simulated from single crystal x-ray diffraction (Fe(phen)3](SCN)2.3H2O CSD Code: 

KOQDEZ,20 Fe(phen)2(NCS)2 – CSD Code: KEKVIF).20,21 The pattern collected for 1-Mech shows a 

combination of [Fe(phen)3](SCN)2, unreacted reagents and by-products, as shown in Figure 3.3.  

 

Figure 3.3: PXRD patterns of compound 1. Bottom to top: [Fe(phen)3](SCN)2 simulated from single crystal data 

(CSD Code: KOQDEZ)20, 1-Mech, KSCN simulated from single crystal data,22 1,10-phenathroline simulated from single 

crystal data (CSD Code: OPENAN)23 and KBF4 simulated from single crystal data.24 

After thermolysis, 1-Heat yielded a crystalline powder with a qualitative match to the 

simulated Fe(phen)2(NCS)2 pattern (denoted Bissim in Figure 3.4). The magnetic properties of the 

molecular compound Fe(phen)2(NCS)2 have not been reported as being sensitive to the presence 

of solvents, unlike the triazole and clathrate complexes.25,26 As a consequence, the effect of 

washing the sample to remove residual impurities was investigated on this sample so as to 

minimise the possibility of inducing solvent effects. Comparison of powder diffraction patterns 

before and after washing shows virtually no difference in the composition of the product as a 

result of washing. The exception is the removal of peaks in the range 25 – 30° on washing, which 

is attributed to the removal of impurities that are also observed in the PXRD pattern of the 1-

Mech sample. The main impurity was KBF4, as shown in Figure 3.4. An important factor to 

consider is that despite grinding for several minutes, the powders remained crystalline. 
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Figure 3.4: PXRD patterns of compound 1. Bottom to top: [Fe(phen)3](SCN)2, simulated from single crystal data 

(CSD Code: KOQDEZ)20, 1-Mech, 1-Heat, 1-Wash, Fe(phen)2(NCS)2 simulated from single crystal data (CSD Code: 

KEKVIF)21 and KBF4 simulated from single crystal data.24 

Variable temperature Raman spectroscopy was used to confirm the presence of SCO activity. 

Literature has previously reported the transition temperature around 175 K, therefore Raman 

spectra were collected at 298 K and 130 K. As expected for 1-Mech, no significant changes in the 

Raman spectra were observed, see Figure 3.5(a), reflecting the absence of SCO behaviour in this 

complex. The differences in peak intensities are attributed to temperature effects on the ligand. 

After thermolysis, 1-Heat exhibited significant differences in multiple regions of the spectra, as 

shown in Figure 3.5(b). With notable differences in three regions, 300-800 cm-1, 1200-1700 cm-1 

and 2000-2200 cm-1. The spectra obtained at 298 K, represents the high spin state of 

Fe(phen)2(NCS)2 as confirmed by comparison with spectra reported by Bousseksou et al.27 

However, the spectra collected at low temperature (130 K) includes characteristic peaks of both 

spin states, indicating an intermediate temperature. The intermediate state is consistent with 

observations of Bousseksou et al.27 in which the presence of both spin states was attributed to the 

fact that spin crossover occurs as a statistical phenomenon in which the proportion of each spin 

state present at any given temperature may vary smoothly or abruptly, there is no progressive 

structural change on the molecular level.28,29 Further discussion on the use of Raman spectroscopy 

for characterisation of SCO materials is available at 2.1.6.3. 
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Figure 3.5: Normalised Raman spectra at 298 K and 130 K. (a) 1-Mech indicating no SCO activity and (b) 1-Heat 

showing changes attributed to SCO activity. 

SQUID magnetometry was used to confirm SCO activity, as shown in Figure 3.6(a). The 

absence of SCO-activity in 1-Mech was confirmed by the constant magnetic response across the 

full temperature range. However, 1-Heat underwent SCO with T1/2↑ = T1/2↓ = 174 K and 

‘smoothness’ = 16 K. After washing, the product maintained SCO-activity with a slight increase in 

transition temperature with T1/2↑ = T1/2↓ = 175 K and a more abrupt transition, ‘smoothness’ = 9 

K which was tentatively attributed to the potential removal of the smallest particles during the 

filtering process. 1-Wash also showed a larger ∆χMT compared to 1-Heat which was attributed to 

the removal of impurities that allowed for a more accurate estimation of Mw, when calculating 

χMT. T1/2↑, T1/2↓ and ∆T were not significantly altered by the washing process, confirming the 

insensitivity of Fe(phen)2(NCS)2 to solvents.  



81 
 

 

Figure 3.6: Temperature dependent SQUID data (2nd cycle) for compound 1. (a) Overlaid 1-Mech, 1-Heat and 1-

Wash. (b) 1-Lit digitised plot from literature.21 

The magnetic properties of both 1-Heat and 1-Wash are consistent with previous literature 

reports (T1/2↑ = T1/2↓ = 178 K and ‘smoothness’ = 4 K), as shown in Figure 3.6(b).21 However, the 

SCO transition temperatures have shown significant variation between batches in literature (165-

190 K)6,8,21,30,31 The mechanochemically synthesised samples exhibited a slightly lower transition 

temperature and a more gradual transition than previous reports. This was attributed to 

differences in crystallinity which are explored further below. The SCO properties of 

Fe(phen)2(NCS)2 have previously been shown to be significantly dependent on crystal quality and 

size.12,32 As crystal size and quality decrease, a decrease in transition temperature and more 
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gradual transitions have been reported. However, previous reports have also suggested the 

almost complete loss of SCO properties in samples with prolonged post-synthetic milling.6,8,21,30,31 

By contrast, direct mechanochemical synthesis yielded crystalline products that showed SCO 

activity comparable to solution synthesised materials. Comparisons of SCO properties prepared by 

mechanochemistry and literature solution methods are shown in Table 3.1. 

Table 3.1: SCO properties for compound 1. *Values calculated based on data in references.6,8,21,30,31 

 T1/2↑(K) T1/2↓ (K) ∆T (K) ‘Smoothness’ (K) 

1-Mech - - - - 

1-Heat 174 174 0 16 

1-Wash 175 175 0 9 

1-Lit* 165 - 190 165 - 190 0 4 - 12 

 

3.2.2. 1-D Coordination Polymers 

Triazole-based 1-D SCO coordination polymers have become the subject of a huge number of 

studies owing to their high temperature range of operation and relative ease of chemical 

modification, making them extremely attractive from the point of view of applications.33 Two 

members of the family were prepared using mechanochemistry, namely [Fe(Htrz)3](BF4)2 

(compound 2) and [Fe(atrz)3]SO4 (compound 3). 

3.2.2.1.  [Fe(Htrz)3](BF4)2 (Compound 2) 

[Fe(Htrz)3](BF4)2 (T1/2↑ = 282 K and T1/2↓ = 276 K) and [Fe(Htrz)3](BF4)2.H2O (T1/2↑ = 345 K and 

T1/2↓ = 323 K) have been previously reported with different SCO properties.34 Thermal conversion 

from the hydrated to dehydrated form occurs above 400 K, with reversion back to the hydrated 

form over time at room temperature on absorption of atmospheric H2O. The Htrz ligand has also 
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been shown to deprotonate leading to the complex [Fe(Htrz)2(trz)](BF4) which has two 

polymorphs. An α phase (T1/2↑ = 385 K and T1/2↓ = 345 K) and a β phase (T1/2↑ = 350 K and T1/2↓ 

= 325 K).34 Mechanochemical synthesis yielded a purple powder, indicating the presence of a LS 

species, which underwent a reversible colour change to white on heating. 

 

 

Figure 3.7: (a) Temperature dependent SQUID magnetometry data (2 cycles) for compound 2-Mech. Cycle 1 

Heating ◼, Cycle 2 Heating  and Cooling . (b) Digitised plots of [Fe(Htrz)3](BF4)2, α-form denoted α-lit and β-form 

denoted β-lit.34 (Heating ◼ and Cooling ) 

The magnetic properties of the mechanochemically synthesised product are shown in Figure 

3.7(a). As previously discussed, the first heating cycle was different to subsequent cycling. The 

first heating cycle suggested the presence of a two-step transition whereby the low temperature 
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step represents 80% of the total change and the high temperature step represents the remaining 

20% (Low temperature step: T1/2↑ = 346 K and High temperature step: T1/2↑ = 373 K). The low 

temperature step was similar to the β-form of [Fe(Htrz)2(trz)](BF4) (T1/2↑ = 350 K))34 and the high 

temperature step was consistent with the α-form of [Fe(Htrz)2(trz)](BF4) (T1/2↑ = 385 K).34 The 

presence of a two-step transition strongly supports the formation of at least two reaction 

products, both of which have previously been reported in literature, as shown in Figure 3.7(b). 

The second cycle yielded slightly different properties, showing the presence of two forms with 

(Low temperature step: T1/2↑ = 303 K, T1/2↓ = 291 K and High temperature step: T1/2↑ = 351 K, 

T1/2↓ = 329 K). As with the first heating cycle, the ratio of the two-step transitions was 80:20. 

 

 

Figure 3.8: Temperature dependent SQUID data (2 cycles) for compound 2-Dried. Cycle 1 Heating ◼ and Cooling 

, Cycle 2 Heating  and Cooling . 

2-Mech was dried to reduce potential solvent effects. After drying, 2-Dried exhibited slightly 

modified SCO properties, as shown in Figure 3.8. The number of different forms in the sample 

appeared to increase with the presence of a three-step transition in a 40:50:10 ratio (1: T1/2↑ = 

280 K, 2: T1/2↑ = 330 K and 3: T1/2↑ = 373 K). The first step corresponds to the β-form of 

[Fe(Htrz)3](BF4)2 and the second and third transitions are similar in temperature to the α phases of 
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[Fe(Htrz)3](BF4)2 and [Fe(Htrz)2(trz)](BF4) respectively, as shown in Figure 3.7(b). The first heating 

cycle converted the α-form into the β-form, therefore repeated cycling only showed the presence 

of two different forms. (1: T1/2↑ = 295 K, T1/2↓ = 291 K and 2: T1/2↑ = 350 K, T1/2↓ = 326 K). 

Further research into polymorph selectivity for this complex system would require extensive 

solution-state and mechanochemical experimentation, with the possibility of applying various 

liquid assisted grinding and seeding techniques, which was beyond the scope of this work. 

However, it is clear that the mechanochemical synthesis yielded a SCO-active material that is a 

mixture of previously reported forms. Due to the presence of multiple forms, further investigation 

using PXRD was not undertaken. 

 

Figure 3.9: Temperature dependent SQUID data (2 cycles) for compound 2-Sol. Cycle 1 Heating ◼ and Cooling , 

Cycle 2 Heating  and Cooling . 

The difficulty of polymorph selection was highlighted by the attempted solvent synthesis of 

[Fe(Htrz)3](BF4)2, resulting in the presence of at least two forms, as shown in Figure 3.9. As with 

other samples of compound 2, the first heating cycle is different to subsequent cycling. The first 

heating shows SCO (1: T1/2↑ = 275 K and 2: T1/2↑ = 377 K), consistent with [Fe(Htrz)3](BF4)2 and β-

[Fe(Htrz)2(trz)](BF4) in a 30:70 ratio. In subsequent cycling, the first transition is significantly more 

gradual but two transitions remained with a 30:70 ratio (1: T1/2↑ = 270 K, T1/2↓ = 270 K and 2: 
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T1/2↑ = 377 K, T1/2↓ = 332 K). Comparison of SCO properties for 2-Mech, 2-Dried, 2-Sol and 

literature reports are shown in Table 3.2. 

Table 3.2: SCO properties for compound 2, with comparison with literature.34 *Represents mixtures of different 

forms, exhibiting two different transition temperatures. 

 Synthesised 

 2nd T1/2↑ (K) 2nd T1/2↓ (K) ∆T1/2 (K) 

2-Mech* 303 and 351 291 and 329 12 and 22 

2-Dried* 295 and 350 291 and 326 4 and 24 

2-Sol* 270 and 377 270 and 332 0 and 45 

 Literature 

[Fe(Htrz)3](BF4)2 282 276 6 

[Fe(Htrz)3](BF4)2.H2O 345 323 18 

α-[Fe(Htrz)2(trz)](BF4) 385 345 40 

β-[Fe(Htrz)2(trz)](BF4) 350 325 25 

 

The aim for this investigation was to prepare SCO materials mechanochemically; this was 

shown to be successful. However, further research into the potential for polymorph selectivity 

was not explored in this instance. Future work with this complex should focus on exploring the 

possibility of polymorph selectivity, likely by controlling grinding duration or intensity and 

introducing various solvents to explore their effects in the form of liquid assisted grinding (LAG). 
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3.2.2.2. [Fe(atrz)3]SO4 (Compound 3) 

[Fe(atrz)3]SO4 (where atrz = 4-amino-1,2- 4-triazole, compound 3) is a member of the triazole 

family and has been previously prepared using solution-state techniques.35 Like other members of 

this family it shows a pronounced colour change from purple in the LS state at ambient 

temperature, to white in the HS state above 350 K. Previous solution-state synthesis of 

[Fe(atrz)3]SO4 used FeSO4.7H2O as the iron salt, while mechanochemical synthesis was carried out 

using (NH4)2Fe(SO4).6H2O (Mohr’s salt). The use of Mohr’s salt led to an increase in by-products 

for the reaction, through the formation of (NH4)2SO4. However, Mohr’s salt is less susceptible to 

oxidation due to the acidic ammonium ions slowing the oxidation process.36 Due to the stability 

and ease of use of this compound, a more thorough investigate was undertaken. 

As with previously discussed compounds, mechanochemical synthesis yielded crystalline 

powders suitable for PXRD analysis, as shown in Figure 3.10. No PXRD patterns were previously 

reported in literature for the complex [Fe(atrz)3]SO4 therefore direct comparison was not possible. 

However, comparison with the patterns obtained for the solution synthesis sample (3-Sol) 

showed similarities. The pattern of 3-Mech was consistent with 3-Sol and after washing (3-Wash) 

impurities were removed. High temperature drying of 3-Mech yielded 3-Dried which also had a 

similar PXRD pattern. However, washing was not carried out on the dried product, due to known 

effects of water on triazole complexes,37 and the additional peak at 12° was attributed the 

presence of impurities, such as (NH4)2SO4, formed during the drying process. 
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Figure 3.10: PXRD patterns of compound 3. Bottom to top: 3-Mech, 3-Dried, 3-Wash and 3-Sol. 

Additional PXRD patterns of both 3-Sol and 3-Mech, are shown in Figure 3.11 and allow for 

the use of Scherrer analysis to investigate particle size. Both 3-Sol and 3-Mech have similar 

patterns, with the exception of additional peaks present in 3-Mech associated with the presence 

of (NH4)2SO4, which is formed as a by-product through the use of (NH4)2Fe(SO4)2.6H2O as the 

iron(II) salt, as confirmed by comparison with the simulated pattern.38 Both patterns are 

consistent with the previously reported pattern for solution synthesised [Fe(atrz)3]SO4.39 Further 

analysis of Bragg peak width indicates significant broadening attributable to a reduction in 

coherent domain size, which was estimated using the Scherrer equation. The crystalline domain 

size of 3-Mech was determined to be c.a. 30 nm. This value represents a lower estimate for 

domain size as the equation is unable to differentiate between broadening introduced by 

crystalline domain size and crystalline defects. Additionally, as the unit cell of the complex is 

unknown, is it not possible to determine the correct shape-factor contribution for the sample. As 

a result, the standard shape-factor value was used (0.9) which assumes a spherical shape. 

Application of the Scherrer equation to 3-Sol was not possible as the Bragg peaks showed no 

broadening due to particle size, indicating an exceptionally large domain size. The ability to 

determine domain size of 3-Mech via Scherrer analysis but not 3-Sol is clear evidence of the 

significantly smaller domain sizes in the mechanochemically prepared sample. 
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Figure 3.11: Normalised PXRD for [Fe(atrz)3]SO4 prepared by solution (Top: 3-Sol) and mechanochemistry (Middle: 

3-Mech). Bottom: Simulated (NH4)2SO4.38 

Variable temperature Raman spectroscopy was used to characterise the HS and LS species in 

3-Mech, as shown in Figure 3.12. After heating to 415 K, the Raman spectrum was significantly 

different to the spectrum collected at 300 K, confirming changes in bonding for the system as a 

function of temperature. The most significant changes in spectra occurred in the ranges 50-300   

cm-1
 and 1250-1500 cm-1. The changes within the range 50-300 cm-1 were previously discussed by 

Urakawa et al.40 where the transition from LS to HS for the complex [Fe(Htrz)2(trz)]BF4 caused 

three bands, previously attributed to Fe-N,41 to be redshifted, similar changes were observed in 

Figure 3.12, for 3-Mech. 
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Figure 3.12: Normalised variable temperature Raman spectra at 300 K and 415 K for compound 3-Mech. 

The molar magnetic susceptibility as a function of temperature, also indicated the presence of 

SCO in 3-Mech, as shown in Figure 3.13(a). As previously discussed, the first cycle displayed 

different SCO properties to subsequent cycling (T1/2↑ = 365 K), this is primarily attributed to the 

removal of water from the system (7.5 %), as shown by mass loss via TGA (Figure 3.14). 

 

Figure 3.13: Temperature dependent SQUID data, two cycles. Cycle 1 Heating ◼ and Cooling , Cycle 2 Heating  

and Cooling . (a) Mechanochemically synthesised [Fe(atrz)3]SO4, 3-Mech. (b) Washed version of 3-Mech, 3-Wash. 

Subsequent cycling resulted in reproducible SCO transitions, (T1/2↑ = 346 K, T1/2↓ = 315 K and 

‘smoothness’ = 20 K). Triazole systems have previously displayed high sensitivity to the degree of 

hydration.25,35,42 Washing 3-Mech led to significantly modified SCO properties (T1/2↑ = 350 K, T1/2↓ 

= 334 K and ‘smoothness’ = 28 K), as shown in Figure 3.13(b).  The addition of water during the 
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washing procedure increased the transition temperature leading to a potentially incomplete 

transition at 400 K and a more gradual transition, the extent of the effects water has on the SCO 

properties was not fully investigated and requires further research. Repeated cycling led to a 

decrease in transition temperature (T1/2↑ = 350 K). Therefore, high temperature drying was used 

to improve reproducibility of the SCO properties (3-Dried). 

 

Figure 3.14: TGA plot for 3-Mech, showing mass loss as a function of temperature with a 1 hr Isotherm at 80 °C. 

After drying, the SCO properties were also modified, as shown in Figure 3.15(a). For 3-Dried, 

T1/2↑ decreased compared to 3-Mech from 346 K to 338 K and T1/2↓ increased from 315 K to 325 

K which reduced the width of hysteresis significantly (31 K to 13 K). The SCO properties after 

drying were significantly more reproducible and comparison with a solution synthesised sample 

(3-Sol) shows similar properties. 3-Dried transitions were significantly more abrupt (‘Smoothness’ 

= 9 K) than 3-Mech and 3-Wash, with comparable abruptness to 3-Sol (‘Smoothness’ = 12 K), as 

shown in Figure 3.15(b). A difference between the magnetic properties of the solution and 

mechanochemically synthesised samples is the calculated values for χMT. In 3-Sol, the values are 

close to the standard values for an ideal triazole system, between 0 and 3.5 cm3 mol-1 K in LS and 

HS states, respectively. However, 3-Dried shows both an increase in residual HS at low 

temperatures and a decrease in χMT at high temperatures, with χMT between 0.75 and 2.25 cm3 

mol-1 K for LS and HS states respectively. The increase in residual HS fraction at low temperatures 
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may be attributed to similar causes as in post-synthetic grinding (particle size) but again, absolute 

ΧMT must be interpreted with caution, due to the presence of impurities, which is inevitable 

without inducing solvent effects through post-synthetic washing. 

 

Figure 3.15: Temperature dependent SQUID data, 2 cycles. (a) 3-Dried and (b) 3-Sol. Cycle 1 Heating ◼ and Cooling 

, Cycle 2 Heating  and Cooling . 

The SCO behaviour in [Fe(atrz)3]SO4 has previously been reported to be highly sensitive to the 

degree of hydration.35  This initial literature report stated the presence of a large hysteresis (∆T = 

32 K based on T1/2↑ = 355 K and T1/2↓ = 323 K). However, this report only showed magnetic data 

for one heating and cooling cycle; as previously discussed in 1.1.4, due to the ‘run-in’ effect, it is 

not uncommon for the first heating cycle to be different from subsequent cycles in many SCO 

species, with significant differences observed for triazole complexes on cycling with an ‘apparent 

hysteresis’ much larger than that observed on subsequent cycling.43 We previously reported the 

SCO properties for this complex after vacuum drying and repeated cycling (3-Lit), T1/2↑ = 338 K, 

T1/2↓ = 325 K (∆T = 13 K) and a ‘smoothness’ of 12 K.39 The observed properties for 3-Sol are very 

similar to these values, with only slight differences of 4 K in the absolute temperature values of 

the transitions. By contrast, the properties of 3-Mech are moderately different. Both T1/2↑ and 

T1/2↓ are shifted to lower temperatures, consistent with previous studies into the effects of post 

synthetic grinding of SCO active materials.4 However, 3-Mech also exhibits an increase in both 

abruptness and width of hysteresis (∆T) when compared to 3-Sol, which indicates an increase in 
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cooperativity, which is contrary to the effects seen in post-synthetic grinding. Comparison 

between the SCO properties 3-Sol, 3-Mech and 3-Lit are shown in Table 3.3. 

Table 3.3: SCO properties determined by SQUID magnetometry for 3-Sol and 3-Mech compared with previous 

literature reports (3-Lit).39 

Sample T1/2↑ (K) T1/2↓ (K) ∆T (K) ‘Smoothness’ 

3-Sol 342 327 15 8 

3-Mech 333 315 18 9 

3-Lit 338 325 13 12 

 

 

Figure 3.16: Temperature dependent SQUID data, digitised from literature.35 (a) 3-Lit and (b) 3-Lit.H2O. On Heating 

◼ and Cooling . 

Digitised plots of the previously reported effective magnetic moment as a function of 

temperature, are shown in Figure 3.16.35 Two forms were proposed, [Fe(atrz)3]SO4 (3-Lit) and a 

hydrated form [Fe(atrz)3]SO4.H2O (3-Lit.H2O). 3-Lit displayed SCO activity with T1/2↑ = 355 K, 

T1/2↓ = 323 K and a calculated ‘smoothness’ = 24 K. Whereas, 3-Lit.H2O showed slightly different 

activity with ↑ = 346 K, T1/2↓ = 319 K and a calculated ‘smoothness’ = 23 K. Both 3-Lit and 3-

Lit.H2O displayed more gradual SCO transitions than 3-Dried. The differences in properties for 3-

Lit and 3-Lit.H2O are relatively small and when differences in particle size and degree of 

crystallinity are considered, the perceived difference become less significant. The SCO properties 

of 3-Mech are similar to both 3-Lit and 3-Lit.H2O with similar transition temperatures, bi-stability 
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and abruptness. Comparison of magnetic properties for compound 3 with literature are shown in 

Table 3.4. 

Table 3.4:  SCO properties for each of compound 3. *Data taken from 35. 

 T1/2↑(K) T1/2↓ (K) ∆T (K) ‘Smoothness’ (K) 

3-Mech 346 315 31 20 

3-Dried 338 325 13 9 

3-Wash 350 334 16 28 

3-Sol 338 325 13 12 

3-Lit* 355 323 32 24 

3-Lit.H2O* 346 319 27 23 

 

TEM was used to determine particle morphology and size, as shown in Figure 3.17. Particles 

of 3-Sol presented a rod-like morphology, as previously reported for the triazole family.17 By 

contrast, the particles of 3-Mech were a mixture of both rods and spheres. The formation of 

spherical particles by mechanical synthesis is expected; previous literature reports on the milling 

of particles with different morphologies have shown a tendency to form spherical particles.44,45 

Due to the rod-like morphology the average length of particles was determined, for 3-Sol particles 

of average length 612 ± 371 nm with the range: 130nm to 2030 nm and a median length of 539 

nm were measured. For 3-Mech a significantly smaller average particle size was measured with 92 

± 64 nm calculated with the range: 24 nm to 416 nm and a median length of 73 nm. In both 

instances a significant particle size distribution was observed.  



95 
 

 

Figure 3.17: (a) Representative TEM image for compound 3-Sol. (b) Particle length distribution for compound 3-

Sol, where n = 105. (c) Representative TEM image for compound 3-Mech. (d) Particle length distribution for compound 

3-Mech, where n = 196. Additional images of both 3-Sol and 3-Mech are shown in Appendix B. 

In both 3-Sol and 3-Mech, the particles displayed sensitivity to the electron beam, undergoing 

apparent decomposition upon exposure, as shown in Figure 3.18. The particles appeared to melt 

and expand and change shape when exposed to the beam. As a result, the particle sizes 

determined using this approach represent an upper estimate on the particle size. 
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Figure 3.18: Degradation of 3-Sol in the electron beam. (a) First exposure (b) Second exposure lighter areas are 

believed to shown regions of melting. 

Fe-edge EXAFS data were collected at room temperature in which 3-Sol and 3-Mech are in the 

LS state. The pseudo-radial distribution function (RDF) of Fe for both 3-Sol and 3-Mech is shown in 

Figure 3.19. Both sets of data represent the same short-range structure of the triazole complex. 

The peak at 1.98(1) Å corresponds to the Fe-N distance, consistent with a Fe2+ LS species.46 The 

next peaks represent Fe-C (2.98(1) Å), Fe-N (2.99(1) Å) and Fe-Fe (3.65(3) Å) shells. As observed in 

previous EXAFS studies of SCO Fe2+ triazole systems, the peak at c.a. 7 Å represents Fe-Fe-Fe 

multiple scattering, demonstrating the polymeric structure of iron centers bridged by triazole 

ligands.47 The presence of the Fe-Fe-Fe multiple scattering peak in both 3-Mech and 3-Sol 

confirms the formation of 1-D triazole chains by both traditional solution and mechanochemical 

synthetic techniques. 
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Figure 3.19: (a) k3 weighted R-Space pseudo-radial distribution function of Fe k-Edge spectra for 3-Sol and 3-Mech. 

(b) Combined Fe-Edge k Space EXAFS spectrum (k3 weighted) for 3-Sol and 3-Mech. 

The only significant difference between the plots is visible at 3.5 Å, which is attributed to the 

different k-weighting used in fitting EXAFS data, which was performed by Dr. D. Pickup. Different 

K-weightings are used in data fitting in order to assist in distinguishing different atom types. 

However, fitting parameters have different k-dependences. As a result, fitting is done by 

attempting to minimise the differences in raw data and fit for all stated k-weightings. In Figure 

3.20, the 3 K-weightings (k1, k2 and k3) used in our fit are plotted against their corresponding 

calculated fits. The peak of interest at 3.5 Å exhibits a different peak structure for each of the 

three K weightings. As the k-weight is increased, part of the peak increases in intensity which 

indicates the shell that the peak represents may include atoms with larger atomic number, such 

as the Fe-Fe shell. Due to part of the peak decreasing with increasing k-weight, it is likely the peak 

represents at least two shells; where the second shell corresponds to atoms with smaller atomic 

number, such as the Fe-C shell. Although the k3-weighted plot could be visually improved by 

modifying the fitting parameters, this causes a decrease in the accuracy of the overall fit. The 

artefact is visible due to standard practice in the field being to represent the data using the k3 

weighted pseudo-RDF plot. However, it is unlikely to represent a significant structural difference 

due to the consistency of the fitting parameters shown in Table 3.5. 
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Figure 3.20: Pseudo-RDF for Fe-Edge EXAFS with different k weighting for 3-Mech. 

The degree of amorphisation within the systems was analysed through comparison of the 

Debye-Waller factors (σ2), which can be used to describe uncertainty in atomic positions, 

increased uncertainty indicates a higher degree of disorder. In both cases, the amount of 

amorphisation is comparable, differences between the values are within error and thus synthesis 

via mechanochemistry does not introduce increased disorder into this system, at least within the 

resolution of the EXAFS technique. 

Table 3.5: Coordination spheres, interionic distances (R), variance of the absorber-scatterer distances (σ2), energy 

shift (Ef) and quality of fit (R-fit) of the EXAFS data for (3-Sol and 3-Mech). 

Sample Neighbour N R / Å σ2 x103 / Å2 Ef / eV AFAC R-fit 

3-Sol N 
C 
N 
Fe 

6 
6 
6 
2 

1.98(1) 
2.98(1) 
2.99(1) 
3.65(3) 

3.9(10) 
3.1(19) 
8.4(24) 
8.1(32) 

1.45(125) 1.45(125) 0.0273 

Fe-Fe-Fe 
linear chain 

MS 

4 7.16(5) 15.0(40) 1.31(98) 0.83(8) 0.0471 

3-Mech N 
C 
N 
Fe 

6 
6 
6 
2 

1.98(1) 
2.98(1) 
2.99(1) 
3.62(3) 

3.4(11) 
2.0(18) 
7.8(23) 
6.9(30) 

1.74(124) 0.74(9) 0.0300 

Fe-Fe-Fe 
linear chain 

MS 

4 7.12(5) 13.8(38) 1.58(93) 0.75(7) 0.0448 
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The switching properties of the triazole family of SCO materials have previously shown 

significant dependence on the presence of solvents.48 The water content for both 3-Sol and 3-

Mech was determined by TGA, as shown in Figure 3.21. The amount of water present in both 

samples was very similar with 3-Sol, Figure 3.21(a), showing a mass loss of 0.4% (< 0.1 H2O) at 

150°C and 3-Mech, Figure 3.21(b), losing 1.7% (< 0.5 H2O). In both 3-Sol and 3-Mech the mass loss 

indicates a low presence of water and any water found is likely adsorbed onto the surface rather 

than a direct stoichiometric component of the system. 3-Mech was synthesised by neat grinding 

under atmospheric conditions, potential sources of water include both the hydrated iron(II) salt 

used and moisture in the air. The plot of 3-Mech also includes an additional mass loss of ~11% at 

280°C consistent with the loss of 0.7 equivalents of ammonium sulphate which decomposes at 

this temperature.49 As previously discussed, the presence of 1 eqv. of (NH4)2SO4 was expected as a 

by-product of using (NH4)2Fe(SO4)2.6H2O in synthesis, which was used in preference to FeSO4.7H2O 

due to the reduced rate of oxidation. This is attributed to the presence of the slightly acidic 

ammonium ions and was discussed previously in 2.2.  

 

Figure 3.21: TGA plots of % mass vs temperature. Collected between 50-500 °C with a heating rate of 10 K/min. (a) 

3-Sol and (b) 3-Mech 
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3.2.3. Fe(4-phpy)2[Ni(CN)4] (Compound 4) 

Fe(4-phpy)2[Ni(CN)4] (Compound 4) is a two-dimensional coordination polymer which 

undergoes an incomplete SCO transition at low temperatures (T1/2↑ = 158 K, T1/2↓ = 135 K).50 

Neat grinding to yield compound 4 resulted in a dark green powder which did not display 

thermochromism on either heating or cooling (4-Mech). Liquid assisted grinding, as discussed in 

1.2.1, was attempted by the addition of a small quantity of water (η = 0.25) during mechanical 

synthesis. LAG using H2O modified the product, yielding a fine yellow powder which partially 

darkened to orange on cooling in liquid nitrogen (4-LAG). A solution sample was also synthesised, 

which yielded a yellow powder that also transitioned to orange on cooling. 

 

Figure 3.22: PXRD patterns of compound 4. Bottom to top: 4-Mech, 4-LAG and 4-Sol. 

PXRD patterns obtained for each sample are shown in . It is clear that 4-Mech yielded a poorly 

crystalline powder which was significantly different to 4-Sol. The patterns for 4-LAG and 4-Sol 

were similar. Comparison with a literature pattern of Fe(Figure 3.224-Phpy)2[Ni(CN)4] reported by 

Seredyuk et al.50 showed agreement with the collected patterns of both 4-LAG and 4-Sol. 

Raman spectroscopy was not used to characterise the HS and LS spin states. This was due to 

limitations of the variable temperature stage used, it was not possible to accurately cool the 

sample as low enough temperatures to observe the transition. Reported SCO properties indicated 

gradual SCO transitions with T1/2↑ = 158 K and T1/2↓ = 135 K.50 Due to the gradual transition, the 
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complete LS state was not accessible until significantly lower in temperature (60 K). As such it was 

not possible to collect a completely LS spectra with the liquid nitrogen cooling stage used. 

 

Figure 3.23: : Temperature dependent SQUID data, 2nd cycle. (a) Overlaid 4-Mech and 4-LAG (b) 4-Sol, (c) 4-Lit 

digitised from reference 50. (d) Structure of Fe(4-phpy)2[Ni(CN)4]. 

The χMT values as a function of temperature were measured using SQUID magnetometry. To 

improve clarity only the 2nd cycle is shown in Figure 3.23, full measurements are shown in 

Appendix A. The constant magnetic response across the full temperature range for 4-Mech 

confirms the absence of SCO. However, LAG yielded a product which underwent SCO with T1/2↑ = 

130 K, T1/2↓ = 125 K and ‘Smoothness’ = 27 K. 4-Sol also presented SCO properties T1/2↑ = 140 K, 

T1/2↓ = 135 K and ‘Smoothness’ = 23 K. Mechanochemistry was used in the successfully synthesis 

of the 2-D coordination polymer Fe(4-phpy)2[Ni(CN)4] via LAG. The structure and magnetic 

properties were comparable to a solution synthesised sample with a decrease in transition 

temperature and width of hysteresis. 4-LAG also showed a slightly more gradual transition (27 K) 
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compared to 4-Sol (23 K). The observed differences between 4-LAG and 4-Sol are consistent with 

particle size and crystal quality effects described in 1.1.7. Literature SCO properties for compound 

4, reported a higher transition temperature (T1/2↑ = 158 K, T1/2↓ = 135 K) and a larger hysteresis 

(∆T = 23 K) in comparison to both 4-LAG (∆T = 5 K) and 4-Sol (∆T = 11 K). These differences were 

consistent with particle size and crystal quality effects first described by Haddad et al.4 SCO 

properties of compound 4 are shown in Table 3.6. 

Table 3.6: SCO properties for each of compound 4. *Data taken from reference50, ‘smoothness’ calculated using 

digitised data. 

 T1/2↑(K) T1/2↓ (K) ∆T (K) ‘Smoothness’ (K) 

4-Mech - - - - 

4-LAG 130 125 5 27 

4-Sol 140 129 11 23 

4-Lit* 158 135 23 22 

 

3.2.4. Fe(pz)[Au(CN)2]2 (Compound 5) 

Fe(pz)[Au(CN)2]2 (compound 5) is a three-dimensional Hofmann-type clathrate framework 

which undergoes SCO transition at high temperatures (T1/2↑ = 367 K, T1/2↓ = 349 K).51 Iron-

containing dicyanoheterometallic frameworks are a widely studied family of SCO materials. 

Further investigation into the system was carried out as the 3-D structure represents a highly 

cooperative network that can display bistability across a wide range of temperatures.52 This 

presents an ideal opportunity to investigate the effects mechanochemistry has on cooperativity 

within a different family to the Fe-triazole complexes. Mechanochemical synthesis yielded a red 

powder which transitioned to yellow on heating (5-Mech). PXRD was used to compare 5-Mech 

with a solution synthesised sample (5-Sol) and a simulated pattern from SC-XRD data (CSD Code: 

IRIKUR),51 as shown in Figure 3.24. PXRD analysis of 5-Sol and 5-Mech was carried out and 

compared with a simulated pattern from SC-XRD data (CSD code: IRIKUR)51 as shown in Figure 

3.24. The patterns for all three were consistent, indicating the formation of the same material. 

The most significant differences between 5-Sol and 5-Mech is the broadening of Bragg peaks in 5-

Mech, which corresponds to a decrease in crystalline domain size. Scherrer analysis was used to 
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obtain an estimated crystalline domain size for both 5-Sol obtaining particles c.a. 1595 nm and 5-

Mech giving particles of c.a. 240 nm.  Due to the shape of the particles determined by TEM below, 

the calculated domain sizes are not reliable due to the spherical shape factor contribution used in 

the calculation. 

 

Figure 3.24: PXRD patterns of compound 5. Bottom: Fe(pz)[Au(CN)2]2 pattern simulated from (CSD code: IRIKUR).51 

Middle: 5-Mech. Top: 5-Sol. 

Raman spectroscopy was used to characterise HS and LS states in 5-Mech, see Figure 3.25. 

After heating to 425 K, the spectrum was significantly altered compared to the spectrum collected 

at 225 K. The low frequency modes (<200 cm-1) are attributed to FeN6 vibration modes,53 the 

differences shown in Figure 3.25, indicate changing bonding interactions in Fe-N. The peaks 

shown at 1200 cm-1 and 1600 cm-1 remain consistent across both temperature ranges, indicating 

the responsible vibration modes are not affected by a change in spin state. Therefore, these peaks 

are attributed to the pyrazine ligand. Full analysis of the vibrational modes was beyond the scope 

of this work. 
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Figure 3.25: Normalised variable temperature Raman spectra at 425 K and 225 K for compound 5-Mech.  

Temperature dependent SQUID magnetometry results are shown in Figure 3.26, where the 

presence of SCO in both 5-Mech and 5-Sol was confirmed. 5-Mech displayed SCO with T1/2↑ = 

368 K, T1/2↓ = 352 K with ‘smoothness’ = 10 K. Comparison with 5-Sol showed similar results 

T1/2↑ = 367 K, T1/2↓ = 354 K with a ‘smoothness’ = 5 K. 5-Sol displayed a slightly more abrupt 

transition than 5-Mech with a similar abruptness to literature reports (5-Lit: ‘smoothness’ = 3 K). 

Previous literature reports on the Fe(pz)[Au(CN)2]2 complex (5-Lit)51 exhibit SCO activity consistent 

with both 5-Mech and 5-Sol. Literature reports describe SCO in Fe(pz)[Au(CN)2]2 with T1/2↑ = 369 

K, T1/2↓ = 349 K and ‘smoothness’ = 3 K. Both 5-Sol and 5-Mech undergo slightly more gradual 

SCO than the literature report but the differences are relatively small. The biggest differences 

correspond to the smaller hysteresis in both 5-Sol and 5-Mech, these differences are attributed to 

the use of single crystals for analysis in literature which are expected to be inherently more 

cooperative. Comparison between 5-Sol and 5-Mech with literature reports are shown in Table 

3.7. 

Table 3.7: SCO properties determined by SQUID magnetometry for 5-Mech and 5-Sol compared with previously 

literature reports for Fe(pz)[Au(CN)2]2  (5-Lit).51 

Sample T1/2↑(K) T1/2↓ (K) ∆T (K) ‘Smoothness’ (K) 

5-Mech 368 352 16 10 

5-Sol 367 354 13 5 

5-Lit51 369 349 20 3 
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Figure 3.26: χMT verses T for (a) 5-Mech, (b) 5-Sol and (c) 5-Lit Cycle 1 Heating ◼ and Cooling , Cycle 2 Heating  

and Cooling . (d) Structure of Fe(pz)[Au(CN)2]2. 

Fe-edge EXAFS data was collected at room temperature, which corresponds to the material 

being in the LS state for both 5-Sol and 5-Mech. The pseudo-radial distribution function (RDF) of 

Fe for both 5-Sol and 5-Mech are shown in Figure 3.27. Both sets of data represent the same 

short-range structure of the 3-D Hofmann Clathrate-like system. The peak at 1.94(1) Å 

corresponds to the Fe-N distance, consistent with a Fe2+ LS species.46 The next peaks represent 

the Fe-C (2.93(1) Å), Fe-C (3.08(1) Å) and Fe-Au (5.04(2) Å) shells. Comparison of 5-Sol and 5-Mech 

appeared to show major differences in the K3 weighted plots. However, as discussed in 3.2.2.2, 

the K3 weighted plots only represent one aspect of the applied fit.  The R-space plot shows clear 

differences in the patterns at low R values, the primary origin of these differences is due to 

imperfect background subtraction and truncation ripples introduced by the Fourier transform. 
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Truncation of data is done at a data dependent Kmax to allow for data fitting to be carried out. 

Additionally, the sharp peaks present in the K-space plot, Figure 3.27(b), at 6 Å-1
 are due to well-

characterised monochromator glitches originating from the use of double crystal 

monochromators.  The spikes at c.a. 6 Å-1
  correspond to energies in which two or more sets of 

Bragg planes in the monochromator crystal simultaneously diffract X-rays at the same energy.54 

The imperfect background subtraction does not significantly affect the resulting fitting 

parameters, this is due to the oscillations below 1.5 Å-1
 not having a significant weighting for the 

fitting parameters. Similarly, the monochromator artifacts are well-characterised, and the effects 

are minimised during fitting.  

 

Figure 3.27: (a) K3 weighted R-Space pseudo-radial distribution function of Fe k-Edge spectra for 5-Sol and 5-Mech. 

(b) Combined Fe-Edge K-Space EXAFS spectrum (k3 weighted) for 5-Sol and 5-Mech. 

The degree of amorphisation within the systems was compared by analysis of the Debye-

Waller factors (σ2). In the mechanically synthesised system, 5-Mech, the degree of amorphisation 

was larger than in 5-Sol with variation outside the error potential, significantly greater differences 

in disorder than observed in compound 9. Full fitting data is shown in Table 3.8. 
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Table 3.8: Coordination spheres, interionic distances (R), variance of the absorber-scatterer distances (σ2), energy 

shift (Ef) and quality of fit (R-fit) of the EXAFS data for (5-Sol and 5-Mech). 

Sample Neighbour N R / Å σ2 x103 / Å2 Ef / eV AFAC R-fit 

5-Sol N 
C 
C 

Au 

6 
4 
4 
4 

1.94(1) 
2.93(1) 
3.08(1) 
5.04(2) 

5.7(12) 
4.4(25) 
7.4(46) 
5.5(16) 

0.81(152) 0.94(14) 0.0244 

5-Mech N 
C 
C 

Au 

6 
4 
4 
4 

1.95(1) 
2.94(1) 
3.10(1) 
4.88(2) 

7.5(11) 
14.6(60) 
4.6(23) 
8.0(24) 

-2.97(147) 0.90(9) 0.0122 

 

The water content for both 5-Sol and 5-Mech was calculated using TGA, as shown in Figure 

3.28. At 150 °C, 5-Sol showed a 0.4% mass loss which approximately 0.2 equivalents of H2O. Both 

5-Sol and 5-Mech begin to undergo significant mass loss at c.a. 300 °C. 5-Sol also displayed an 

additional stepped ≈3% mass loss between 364 °C and 396 °C. The stepped decomposition is 

consistent with the removal of all non-metal atoms (pyrazine and cyanides) with 22% mass loss 

similar to observations with the Cobalt analogue (Co(pz)[Au(CN)2]2).55 The mechanically 

synthesised sample, 5-Mech displayed a 0.7% mass loss which is consistent with the presence of 

0.3 equivalents of H2O. However, it is also possible that this corresponds to the removal of 

unreacted pyrazine remaining the pores, Unlike 5-Sol, 5-Mech did not undergo a clear stepped 

decomposition between 364 °C and 396 °C and only displayed a total mass loss of 18% attributed 

to the removal of all non-metal atoms. The origin of the difference between total mass loss is 

attributed to the presence of by-products in 5-Mech, such as KBF4 which does not thermally 

decompose until temperatures higher than 500 °C.56 The absence of a stepped transition is 

consistent with the nickel analogue (Ni(pz)[Au(CN)2]2)55 but the origin of difference between 5-Sol 

and 5-Mech is unclear. 
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Figure 3.28: TGA plots of % mass vs temperature. Collected between 50-500 °C with a heating rate of 10 K/min. (a) 

5-Sol and (b) 5-Mech. 

Particle size for 5-Sol and 5-Mech was determined by TEM, as shown in Figure 3.29. The 

particles of 5-Sol had an average particle size of 1282 ± 391 nm, but the large particles were 2-D 

plates, circular or elliptical in appearance, but due to their size, it was difficult to obtain 

measurements from a large number of particles.  The 5-Mech particles were significantly smaller, 

with an average size of 59 ± 24 nm. The majority of particles in 5-Mech were circular with a small 

proportion with a similar elliptical shape to 5-Sol. Particles of 5-Mech also appeared to aggregate 

significantly, even after application of BSA to reduce the aggregation, as shown in Figure 3.29(c). 
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Figure 3.29: (a) Representative TEM image for compound 5-Sol. (b) Particle length distribution for compound 5-

Sol, where n = 40. (c) Representative TEM image for compound 5-Mech. (d) Particle length distribution for compound 5-

Mech, where n = 201. 

Mechanochemistry was used to synthesise the 3-D Hofmann Clathrate-like system 

Fe(pz)[Au(CN)2]2 by neat mechanochemical synthesis. Comparisons of properties were made with 

both a solution synthesised product and with previous literature report.  PXRD analysis showed 

similar patterns across all three samples. Red → Yellow thermochromism indicated SCO-activity in 

5-Mech which was confirmed by variable temperature Raman spectroscopy and SQUID 

magnetometry. SCO properties were consistent across the samples with characteristic decrease in 

transition temperature, width of hysteresis and abruptness of transition observed for the 

mechanical sample as a result of decreases in particle size and crystal quality.4 

3.2.5. Summary 

Mechanical synthesis of multiple different families of SCO materials was successfully carried 

out. In the past, post-synthetic grinding of SCO materials has primarily been used to decrease 
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grain size, such as in the grinding of single crystals for PXRD analysis.12 The synthesis of materials 

containing long range coordination networks, such as the one-dimensional triazole family and 

both two and three-dimensional iron(II) containing cyanaoheterometallic frameworks, indicates 

the presence of a growth-phase during the mechanochemical procedure.  

Literature reports on the effects of post-synthetic grinding SCO-active materials indicate a 

number of changes in properties.12 The general described trend is a decrease in transition 

temperature, width of hysteresis, abruptness of transition and an increase in residual HS fraction 

at low temperatures.4,6,12 For all materials discussed in this work, the second heating cycle is used 

for interpretation. This is due to the potential for changing properties caused by the ‘run-in’ 

effect, which is described in detail in 1.1.4. Where possible, comparison with literature is done 

using the second cycle. However, it is not always clear in the literature which cycle is being 

reported. As discussed in 2.1, both the triazole and cyanoheterometallic families can display 

solvent sensitivity. Therefore, the degree of hydration is also an important factor to consider.  

Compounds 1, 2 and 4 displayed a decrease in transition temperature, width of hysteresis, 

abruptness of transition and an increase in residual HS fraction at low temperature. However, for 

compounds 3 and 5 one or more of the predicted effects was not observed. Compound 3 

displayed properties consistent with a solution synthesised sample with the indication of a slightly 

more abrupt transition. Compound 5 on the other hand had a more gradual transition, but the 

transition temperatures were not significantly affected. In fact, 5-Mech showed SCO-activity with 

an increased ∆T compared to 5-Sol, with transition temperatures closer to literature reports.  

The effects of mechanochemical synthesis on SCO materials at this stage appear to be system 

and sample dependent, there does not appear to be a definitive trend in the effects. Properties 

such as the inherent cooperativity in the systems show a significant effect on SCO behaviour.  It is 

worth noting the differences observed in some systems  prepared by mechanochemistry is no 

greater than differences observed between different batches prepared using the same solution-

state procedure, illustrated, for example, by the wide range of transition temperatures reported 
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for the Fe(phen)2(NCS)2 system (T1/2↑ = 165 – 190 K).6–8,21,30,57  Similarly, different reports on SCO 

properties for the complex Fe(4-phpy)2[Ni(CN)4] (compound 4) have reported different SCO 

transition temperatures (T1/2↑ = 150 – 158 K).50,58 This was further evidenced with synthesis of a 

comparative solution synthesised sample (4-Sol) in which T1/2↑ = 140 K.  

For compound [Fe(atrz)3]SO4 (compound 3), the different synthetic routes had a small effect 

on the magnetic properties. The transition temperature for the mechanically synthesised sample 

(3-Mech) was at a slightly lower temperature and underwent a slightly more gradual transition 

than the solution-state sample (3-Sol). Analysis by PXRD and EXAFS confirmed the same structure 

for both types of synthesis with no significant increase in the degree of amorphisation. No 

differences in degree of solvation were observed by TGA, confirming the differences in magnetic 

properties are not due to hydration. However, TEM analysis showed differences in morphology 

and particle size between the samples. 3-Sol exhibited an elliptical morphology whereas 3-Mech 

was a mixture of elliptical and circular particles. The particle size for 9-Sol (612 ± 371 nm) was 

significantly greater than 3-Mech (92 ± 64 nm). Scherrer analysis confirmed a significant 

difference in coherent domain length between the two samples with a lower limit of 30 nm for 3-

Mech. The differences in magnetic properties were thus attributed to differences in particle size 

and morphology. However, it is worth noting the smaller particle size did not result in a complete 

loss of hysteresis with an apparent increase recorded, emphasising the maintenance of 

cooperativity in the mechanical sample, which has been seen previously in the Fe-trz family.18 

Similarly, for Fe(pz)[Au(CN)2]2 (compound 5), synthesis by both solution-state (5-Sol) and 

mechanochemical synthesis (5-Mech) yielded products which displayed similar SCO activity. 5-

Mech underwent a slightly more gradual transition than 5-Sol. Analysis by PXRD and EXAFS 

confirmed the formation of the same product, with an increased degree of amorphisation 

observed in 5-Mech. The possibility of solvent effects was again eliminated by TGA, with no 

significant differences in degree of hydration observed. Particle size determination was carried 

out using TEM, with particle sizes of 59 ± 24 nm measured for 5-Mech and significantly larger 
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particles of 1282 ± 391 nm for 5-Sol. The slightly more gradual transition observed in 5-Mech was 

thus attributed to a decrease in particle size and a slight increase in the degree of amorphisation. 

The effects observed for mechanochemical synthesis of both compounds 3 and 5 corroborate 

previous literature reports, which state the effects of grinding vary between each family.2,4,12 

Although the effects of mechanochemical synthesis vary between compounds, in general, the 

effects are relatively small compared to post-synthetic grinding for several hours as described in 

literature.12 

3.2.6. Effects of Duration of Grinding 

 [Fe(atrz)3](BF4)2 was synthesised by mechanochemistry yielding a compound which displays 

significantly different SCO properties to a solution synthesised sample, with a large decrease in 

T1/2↑ <40 K. This decrease in T1/2↑ was significantly greater than previously observed decreases 

in T1/2↑ after post-synthetic grinding and milling. Initial synthesis also indicated the presence of 

only one step in the SCO. Here, [Fe(atrz)3](BF4)2 was prepared using manual grinding in a pestle 

and mortar and by a previously reported solution-state technique in order to identify the effects 

of mechanochemical synthesis on [Fe(atrz)3](BF4)2. Further mechanochemical synthesis of 

[Fe(atrz)3](BF4)2  was done using a ball mill with two different milling times, which allows for 

investigation of size control and the effects of prolonged mechanical synthesis. The complexes 

were analysed using SQUID magnetometry, PXRD, TGA, Fe-edge EXAFS and TEM. 

3.2.6.1.  [Fe(atrz)3](BF4)2 Compound 6 

Literature reports on [Fe(atrz)3](BF4)2 present a complex situation with multiple reported 

temperature ranges for the SCO identified25,59–61 and significant potential for solvent effects.33 The 

properties measured for 6-Sol are consistent with previously reported literature values for the 

[Fe(atrz)3](BF4)2 complex first described by Kahn59 then confirmed by both Roubeau25 and 

Grosjean,62 which exhibits SCO with T1/2↑ = 260 K and T1/2↓ = 250 K, as shown in Figure 3.30(a). A 

second form of [Fe(atrz)3](BF4)2 with T1/2↑ = 245 K and T1/2↓ = 239 K was observed by Grosjean.63 

However, in the latter study, the authors were only able to observe a polycrystalline mixture of 
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forms, and were unable to isolate either form; the two-step SCO behaviour is shown in Figure 

3.30(b). The form with a higher transition temperature, hereby denoted the ‘α-form’, was 

significantly more crystalline and allowed for structural analysis. Whereas the form with a lower 

transition temperature, hereby denoted the ‘β-form’, was weakly crystalline and no structural 

characterisation was possible. It is worth noting the possibility of a third SCO transition 

temperature, which has been previously reported in literature with T1/2↑ = 312 K and T1/2↓ = 302 

K.60 However, in that report the difference in transition temperature was noted but no 

explanation for the difference was suggested. No subsequent literature on this complex has 

shown SCO at T1/2↑ = 312 K and T1/2↓ = 302 K. 
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Figure 3.30: Plots of χMT vs T for literature reported versions of [Fe(atrz)3](BF4)2. (a) α only form digitised from 

reference.59 (b) Polycrystalline mixture showing the presence of two-step SCO, digitised from reference.62 One Cycle: 

heating ◼, cooling . 

[Fe(atrz)3](BF4)2 (compound 6) was synthesised using four different synthetic routes. 6-Sol was 

prepared by a traditional solution-based method. 6-Mech was prepared by manual grinding of the 

reagents in a pestle and mortar. 6-BM10 and 6-BM90 were synthesised in a ball mill for 10 and 90 

minutes respectively. All four synthetic routes yielded white powders that underwent a 

characteristic HS to LS transition on cooling accompanied by a change in colour to purple. The 

variable temperature magnetic properties for each product were recorded by SQUID 

magnetometry, as shown in Figure 3.31. 6-Sol exhibited a relatively gradual transition with a 
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‘smoothness’ of 39 K, T1/2↑ = 251 K and T1/2↓ = 250 K, as shown in Figure 3.31(a). Consistent with 

the α-form. 

 

Figure 3.31: Plots of χMT vs T for compound 6 three cycles. (a) 6-Sol, (b) 6-Mech, (c) 6-BM10 and (d) 6-BM90. First 

cycle: heating ◼, cooling . Second cycle: heating , cooling . Third cycle: heating  and cooling . 

All three mechanically synthesised samples underwent SCO at a significantly lower 

temperature (>30 K) than 6-Sol. 6-Mech underwent a more abrupt transition than 6-Sol 

(‘Smoothness’ = 31 K) with T1/2↑ = 215 K and T1/2↓ = 212 K, as shown in Figure 3.31(b). 6-BM10 

also showed a more abrupt transition than 6-Sol (‘Smoothness’ = 30 K) with transition 

temperatures comparable to 6-Mech (T1/2↑ = 216 K and T1/2↓ = 212 K), as shown in Figure 

3.31(c). Finally, 6-BM90 exhibited similar transition properties to other mechanically synthesised 

samples (‘Smoothness’ = 30 K) centred on T1/2↑ = 215 K and T1/2↓ = 211 K, consistent with the β-

form, as shown in Figure 3.31(d). To emphasise similarities between the mechanically prepared 

samples and the corresponding differences to 6-Sol, the second heating cycles were normalised 
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between 0 and 1, and overlaid, as shown in Figure 3.32. In all four of our samples, only one SCO 

transition is visible in the magnetic data. This strongly indicates the presence of one form in each 

sample. Comparison of SCO activity for all four samples and both the α-form and β-form are 

shown in Table 3.9. 

 

Figure 3.32: Normalised χMT vs Temperature plots, second heating cycles, for 6-Sol (◼), 6-Mech (), 6-BM10 (⚫) 

and 6-BM90 (). 

Table 3.9: SCO properties determined by SQUID magnetometry for 6-Sol, 6-Mech, 6-BM10 and 6-BM90. Compared 

with previous literature reports on the α-form and β-form.62 

Sample T1/2↑ (K) T1/2↓ (K) ∆T (K) ‘Smoothness’ 

6-Sol 251 250 1 39 

6-Mech 215 212 3 31 

6-BM10 216 212 4 30 

6-BM90 215 211 4 30 

α-Form 
Literature62 

260 250 10 18 

β-Form 
Literature62 

245 239 6 8 

 

PXRD was carried out on each sample, as shown in Figure 3.33. The pattern for 6-Sol 

closely resembles that described by Grosjean,62 thus confirming the solution-state formation of 

the α-form. However, the patterns for all three mechanically synthesised samples are virtually 



117 
 

identical to each other but significantly different to the solution synthesised sample. In the 

pattern described by Grosjean, a number of peaks present in the pattern are outside of the 

proposed fit. These additional peaks correlate well with the patterns collected for 6-Mech, 6-

BM10 and 6-BM90, therefore supporting the formation of the β-form by mechanical synthesis. 

Additionally, the signal: noise ratio is significantly worse in 6-Mech, 6-BM10 and 6-BM90, this is 

consistent with reduced crystallinity, as suggested by Grosjean. The PXRD patterns for 6-Mech, 6-

BM10 and 6-BM90 were not suitable for size determination by Scherrer analysis, this was due to 

the significant splitting in the Bragg peaks preventing accurate determination of full width half 

maximum (FWHM) thus preventing particle size determination. 

 

Figure 3.33: Normalised PXRD for 6-Sol, 6-Mech, 6-BM10 and 6-BM90. 

The Fourier transform of Fe-edge EXAFS data are shown in Figure 3.34. The data were 

collected at room temperature in which the complex is in the HS state, in both α and β forms. 

Data show that all of the samples have the same short-range order. The peak at 2.20(1) Å 

corresponds to the Fe-N distance, consistent with a Fe2+ HS species.47 The following peaks 

represent the Fe-C (3.17(1) Å), Fe-C (3.18(1) Å) and Fe-Fe (3.90(5) Å) shells. It is not possible to 

observe Fe-Fe-Fe multiple scattering in any of the samples of compound 6, the absence of such a 
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peak in the HS state is expected and has been discussed extensively in literature, owing to a 

greater Fe-N bond length distribution as a result of the degenerate 5T1g state.47,64 

 

Figure 3.34: K3 weighted pseudo-radial distribution function of R-Space Fe-Edge spectra for 6-Sol, 6-BM10, 6-BM90 

and 6-Mech. (b) Combined Fe-Edge k Space EXAFS spectrum (k3 weighted) for 6-Sol, 6-BM10, 6-BM90 and 6-Mech. the 

difference at 3.8 Å is attributed to a fitting artefact as discussed in 2.2.1. 

As discussed previously, the degree of amorphisation was compared by analysis of the 

Debye-Waller factors (σ2). In all four cases, the amount of amorphisation is comparable; 

differences between the values are within the error or the measurement. Therefore, synthesis via 

mechanochemistry does not introduce amorphisation into this system; even after prolonged 

grinding in a ball mill as seen in 6-BM90.  Full fitting data and associated Debye-Waller factors are 

shown in Table 3.10. 
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Table 3.10 Coordination spheres, interionic distances (R), variance of the absorber-scatterer distances (σ2), energy 

shift (Ef) and quality of fit (R-fit) of the EXAFS data for (6-Sol, 6-Mech, 6-BM10 and 6-BM90). 

Sample Neighbour N R / Å σ2 x103 / Å2 Ef / eV AFAC R-fit 

6-Sol N 
C 
N 
Fe 

6 
6 
6 
2 

2.19(1) 
3.17(1) 
3.18(1) 
3.90(5) 

7.4(11) 
7.7(28) 

10.8(28) 
25.6(146) 

8.3(6) 0.88(8) 0.0135 

6-Mech N 
C 
N 
Fe 

6 
6 
6 
2 

2.20(1) 
3.16(1) 
3.17(1) 
3.89(6) 

6.4(12) 
7.9(40) 

10.1(31) 
17.4(85) 

8.1(7) 0.85(9) 0.0189 

6-BM10 N 
C 
N 
Fe 

6 
6 
6 
2 

2.20(1) 
3.17(1) 
3.18(1) 
3.91(6) 

6.5(12) 
7.5(35) 

10.2(29) 
16.6(75) 

8.4(6) 0.81(8) 0.0178 

6-BM90 N 
C 
N 
Fe 

6 
6 
6 
2 

2.20(1) 
3.16(1) 
3.18(1) 
3.89(6) 

6.2(12) 
7.7(39) 
9.6(29) 

16.4(75) 

8.3(7) 0.80(8) 0.0176 

Solvent effects on SCO properties were explored by TGA, as shown in Figure 3.35. The 

mechanically synthesised samples showed a slight variation in mass loss with 6-Mech losing 2.3% 

(0.6 eqv. H2O), 6-BM90 losing 2.6% (0.7 eqv. H2O) and 6-BM10 losing the least at 0.9% (0.2 eqv. 

H2O). The difference in water content for mechanically synthesised samples has proved 

insignificant with regard to their SCO properties. The water content for 6-Sol was slightly greater 

than 6-BM10 at 1.5% (0.4 eqv. H2O), but still remained lower than both 6-Mech and 6-BM90; all 

calculated mass loss remains within potential error of the calculation. As such the differences in 

magnetic properties are not attributed to differences in hydration and previously reported effects 

of hydration are not observed in these samples. The amount of water varied between samples 

without affecting the properties as such this water was likely adsorbed onto the surface of the 

material rather than a stoichiometric component of the complex. 
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Figure 3.35: TGA plots of % mass vs temperature. (a) 6-Sol (b) 6-Mech (c) 6-BM10 (d) 6-BM90. 

Particle size and morphology was determined by TEM, as shown in Figure 3.36 and Figure 

3.37. In all four samples, the particles had a spherical morphology. Particles of 6-Sol were 

determined to be 48 ± 22 nm in diameter and 6-Mech particles were measured at 53 ± 20 nm. 

Both 6-Sol and 6-Mech showed large particle size distribution with similar particle sizes, strongly 

indicating the differences in magnetic properties are not due to size effects. Both 6-BM10 and 6-

BM90 showed smaller particle sizes than 6-Sol, with 6-BM10 = 27 ± 11 nm and 6-BM90 = 22 ± 7 

nm. The variation in particle size observed in the mechanically synthesised samples is not 

accompanied by differences in magnetic properties, aside from the irreversible first cycle 

observed for 6-BM10 which is attributed to the ‘run-in’ effect discussed in 1.1.4. However, longer 

grinding of the samples led to a slight decrease in both particle size and particle size distribution 

which remained within the potential error, whilst maintaining magnetic properties. There is a 

visible decrease in size distribution between ball milled samples. 
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Figure 3.36: (a) Representative TEM image for compound 6-Sol. (b) Particle length distribution for compound 6-

Sol, where n = 565. (c) Representative TEM image for compound 6-Mech. (d) Particle length distribution for compound 

6-Mech, where n = 284. 
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Figure 3.37: (a) Representative TEM image for compound 6-BM10. (b) Particle length distribution for compound 6-

BM10, where n = 162. (c) Representative TEM image for compound 6-BM90. (d) Particle length distribution for 

compound 6-BM90, where n = 433. 

3.2.6.1.1. Post-synthetic vs. Synthetic Grinding 

Conversion between the two polymorphs of [Fe(atrz)3](BF4)2 was attempted by post-synthetic 

grinding a sample of 6-Sol for 10 minutes, in attempt to replicate the conditions of the synthetic 

grinding process of 6-Mech, yielding 6-Sol-10.  The magnetic properties of 6-Sol-10 were recorded 

by SQUID magnetometry as shown in Figure 3.38(a). After grinding, 6-Sol-10 displayed a two-step 

transition, as indicated by the first derivative Figure 3.38(c), with the first-step T1/2↑ = T1/2↓ = 212 

K representing ≈ 60% of the sample and the second-step T1/2↑ = T1/2↓ = 252 K representing the 

remaining ≈ 40%. The former is consistent with the transition temperature measured for the β-

form in the mechanochemically synthesised samples (6-Mech, 6-BM10 and 6-BM90) and the 

latter is similar in temperature to 6-Sol prior to grinding, the α-form. 6-Sol-10 was ground for an 

additional 20 minutes, yielding 6-Sol-30. 6-Sol-30 displayed two-step SCO with the first-step 
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consistent with 6-Sol-10, T1/2↑ = T1/2↓ = 212 K representing an increased proportion of the 

transition (75%) and the second-step T1/2↑ = T1/2↓ = 252 K representing the remaining 25%, as 

shown in Figure 3.38(b) with the first derivative included in Figure 3.38(d) to emphasise the two-

step transition. Thus, as grinding time increases, the conversion of the α-form into the β-form 

increases. 

 

Figure 3.38: Plots of χMT vs T for compound three cycles, with the stepped transitions indicated by dashed lines. 

First cycle: heating ◼, cooling   Second cycle: heating , cooling  Third Cycle: Heating  and cooling . (a) 6-Sol-

10 (b) 6-Sol-30. First derivative of 2nd heating cycle. (c) 6-Sol-10 and (d) 6-Sol-30. 

Due to the solution-state synthesis of 6-Sol including a washing step to remove impurities and 

both 6-Sol-10 and 6-Sol-30 originating from the same original sample, the absolute ΧMT values 

and their relative changes can be used to investigate the change in residual HS fraction, induced 

by post-synthetic grinding. The residual HS fraction remaining at 100 K for 6-Sol was a value of                              

0.6 cm3mol-1K which slightly increased in 6-Sol-10 with a 0.9 cm3mol-1K and a similar value in 6-

Sol-30 (0.8 cm3mol-1K) . It is worth noting the residual HS fractions for 6-Mech (0.4 cm3mol-1K),    
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6-BM10 (0.2 cm3mol-1K) and 6-BM90 (0.3 cm3mol-1K) do not indicate that the β-form inherently 

contains a higher residual HS fraction. Therefore, this increase in residual HS fraction is likely 

attributed to a decrease in particle size caused by the grinding process and not an inherent 

property of the β-form. Further investigation via Mössbauer spectroscopy could provide crucial 

insight into these effects. 

The conversion of the α-form into the β-form, shown in Figure 3.38, was also monitored by 

PXRD analysis, as shown in Figure 3.39, which showed the structure remained mostly unchanged 

after grinding for 10 minutes (6-Sol-10). The majority of the peaks remained consistent with the 

exception of the presence of a shoulder on the peak at 8° 2θ and the appearance of two peaks at 

13° and 21° 2θ. Continued grinding for a total of 30 minutes increased the size of the shoulder at 

8° 2θ. The size of the peaks at 13° and 21° 2θ further increased after 30 minutes of grinding. The 

peaks and peak splitting present after 30 minutes of grinding are consistent with the pattern 

collected for 6-Mech. Grinding 6-Sol also decreased the signal-noise ratio, which is attributed to a 

lower crystallinity for the β-form, as previously discussed by Grosjean.62 The pattern for 6-Sol-30 

appears to be a mixture of the patterns for 6-Sol and 6-Mech.  

 

Figure 3.39: Normalised PXRD for 6-Sol, 6-Sol-10, 6-Sol-30 and 6-Mech. * denotes some of the key peaks in 6-

Mech that are visible after grinding. 
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As previously discussed, when comparing 6-Sol with the three mechanically prepared 

samples, the degree of hydration was investigated by TGA analysis, as shown in Figure 3.40. At 

150 °C, 6-Sol-10 lost 3.5% mass which is equivalent to 0.9 H2O and 6-Sol-30 lost 4.2% mass which 

is equivalent 1.0 H2O. Both 6-Sol-10 and 6-Sol-30 showed a mass loss greater than 6-Sol indicating 

the moisture content increased during the grinding process. This may indicate a link between 

moisture content and the polymorph identified. However, initial comparisons between 6-Sol and 

the three mechanically prepared samples indicated water content was not a significant factor 

affecting the form observed, as shown in Table 3.11. Therefore, the increased water content 

observed for 6-Sol-10 and 6-Sol-30 is tentatively attributed to external factors , such as variation 

in environmental humidity. However, further investigation into the effects of hydration should be 

carried out in future work, to confirm this conclusion. 

 

Figure 3.40: TGA plots of % mass vs temperature. (a) 6-Sol-10 (b) 6-Sol-30. 

Table 3.11: Mass loss at 150 °C determined by TGA with corresponding equivalence of H2O per complex, for 6-

Mech, 6-BM10, 6-BM90, 6-Sol, 6-Sol-10 and 6-Sol-30. 

Sample Mass Loss (%) Stoichiometric Ratio of Water 

6-Mech 2.3 0.6 

6-BM10 0.9 0.2 

6-BM90 2.6 0.7 

6-Sol 1.5 0.4 

6-Sol-10 3.5 0.9 

6-Sol-30 4.2 1.0 
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3.2.6.1.2. Summary 

Synthesis of the [Fe(atrz)3](BF4)2 complex was carried out using a previously reported solution-

state procedure and three different mechanochemical techniques (manual grinding, ball milling 

for 10 minutes and ball milling for 90 minutes). The solution synthesised product displayed SCO 

consistent with previously literature reports (T1/2↑ = 251 K and T1/2↓ = 250 K), hereby denoted 

the α-form. All three mechanically synthesised products displayed SCO activity at 40 K lower 

(T1/2↑ = 216 K and T1/2↓ = 212 K), which was consistent with a previously reported but 

uncharacterised second form, hereby denoted the β-form. Characterisation of all four products 

was carried out using SQUID magnetometry, PXRD, Fe-Edge EXAFS, TGA and TEM and indicated 

the presence of only one polymorph in each sample. PXRD analysis confirmed the formation of 

same polymorph in all three mechanically prepared samples with a different form in the solution-

state synthesised sample. EXAFS analysis confirmed the same short-range order for all four 

samples with comparable degrees of amorphisation. TGA analysis showed the absence of 

significant solvents contributions to differences in SCO properties. Similarly, variation in particle 

sizes did not contribute to changes in SCO properties. Conversion of the α-form to the β-form was 

possible through manually grinding 6-Sol in a pestle and mortar, yielding a 75% conversion after 

30 minutes. 

As discussed for compounds 3 and 5, the effects of mechanochemical synthesis on the SCO 

properties was investigated by synthesising via manual mechanochemistry and solution-state 

techniques. The effects for [Fe(atrz)3](BF4)2 were significantly greater than observed for any other 

compounds. The mechanochemical product (6-Mech) displayed SCO behaviour at < 40 K lower 

than 6-Sol. However, no significant differences in particle size, short-range structural order or 

hydration were observed, which showed the decrease in transition temperature was not due to 

differences in crystal quality, that were previously discussed for compounds 3 and 5. This 

indicated mechanochemical synthesis yielded a different polymorph to solution-state synthesis. 

To investigate the effects of automatic milling on the reaction products, [Fe(atrz)3](BF4)2 was 

synthesised using a ball mill (6-BM10). No significant differences in properties were observed 
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between 6-Mech and 6-BM10. In a similar vein, the effects of prolonged synthetic grinding were 

investigated by comparing the products of automated milling for 10 minutes (6-BM10) and 90 

minutes (6-BM90) of synthesis. For both 6-BM10 and 6-BM90 the SCO properties remained 

relatively unchanged, aside from the first cycle in which the ‘run-in’ effect was reduced in 6-

BM90. The particle size and morphology remained largely unchanged with prolonged grinding, 

indicating the effects of prolonged synthetic grinding are relatively insignificant. 

3.3. Conclusions and Prospects 

Mechanochemistry was used to synthesise a range of SCO-active materials. The molecular 

system Fe(phen)2(NCS)2, two 1-D triazole complexes ([Fe(Htrz)3](BF4)2 and [Fe(atrz)3]SO4) and both 

two- (Fe(4-phpy)2[Ni(CN)4]) and three- (Fe(pz)[Au(CN)2]2) dimensional Hofmann-type clathrates 

were synthesised and analysed by SQUID magnetometry, Raman spectroscopy and PXRD. 

Comparison with both solvent synthesised and, where possible, literature reported properties 

was made. Mechanically synthesised Fe(phen)2(NCS)2 displayed similar SCO properties to 

literature reports, with slight variations in temperatures observed. The differences in properties 

were within the range of temperatures previously reported for the system. The wide range of 

temperatures reported for Fe(phen)2(NCS)2, show significant variation in the properties between 

different batches prepared using the same synthetic technique (165-190 K)6,8,21,30,31, in addition to 

the differences observed for alternative synthetic approaches. This is important for this study 

because the variation in properties between batches may potentially mask changes in properties 

resulting from mechanochemical synthesis. Mechanochemical synthesis of [Fe(Htrz)3](BF4)2  

yielded a product which was polymorphic, showing multiple different forms present in the 

magnetic data. Attempts to convert the product into one form by extended drying in an oven, 

yielded a three-component mixture. Further analysis of [Fe(Htrz)3](BF4)2 was not carried out.  

Mechanical synthesis of [Fe(atrz)3]SO4 highlighted hydration effects, indicating the importance of 

water content. But, after drying, the SCO properties were almost identical to a solvent 

synthesised sample.  
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Synthesis of the two- dimensional Hofmann-type Clathrate compound Fe(4-phpy)2[Ni(CN)4] by 

neat grinding was unsuccessful and required the addition of a small quantity of water to the 

grinding process (LAG). After LAG synthesis, magnetic properties were similar to a solution 

synthesised sample. However, synthesis of the three-dimensional Hofmann-type Clathrate 

complex Fe(pz)[Au(CN)2]2 by neat grinding was possible, indicating the required addition of water 

may be dependent on the specific complex and not a requirement for synthesis of two- and three- 

dimensional Hofmann-type clathrate networks. 

Mechanochemistry was used successful in the synthesis of 0-D, 1-D, 2-D and 3-D networks of SCO-

active materials. The products were crystalline and display SCO properties consistent with 

solution synthesised samples. Although a general trend that showed decreases in both T1/2↑ and 

T1/2↓, a decrease in ∆T and more gradual SCO behaviour was seen, this is not a rule, as 

demonstrated by [Fe(atrz)3]SO4, which showed that the SCO properties of mechanochemically 

synthesised products are not always worse than solution synthesised products. In conclusion, 

three different complexes were more thoroughly investigated and synthesised using solution-

state and mechanochemical synthetic procedures to investigate the effects of mechanochemical 

synthesis on the structure and properties of the materials. Analysis was carried out by SQUID 

magnetometry, PXRD, TGA, Fe-Edge EXAFS and TEM. Two of the complexes, [Fe(atrz)3]SO4 

(compound 3) and Fe(pz)[Au(CN)2]2 (compound 5) yielded the same compound using both 

synthetic techniques. But, [Fe(atrz)3](BF4)2 (compound 6) prepared by mechanochemistry resulted 

in a different polymorph than the solution-state product. 

Analysis of [Fe(atrz)3]SO4 (compound 3) and Fe(pz)[Au(CN)2]2 (compound 5) has indicated that 

the effects of mechanochemical synthesis are not straightforward. In both cases, 

mechanochemical synthesis yielded smaller particle sizes and slightly more gradual SCO 

transitions. But, only in [Fe(atrz)3]SO4 (compound 3) was the transition temperature affected. 

Therefore, the effects of mechanochemical synthesis appear to be dependent on the specific 

complex. 
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Mechanochemical synthesis of [Fe(atrz)3](BF4)2 (compound 6) yielded a previously observed 

but uncharacterised polymorph. Comparison of mechanochemical synthesis by manual grinding 

and ball-milling for two different time periods indicated the synthesis of the same product with 

relatively insignificant differences in degree of hydration, amorphisation and SCO properties. The 

magnetic properties of all three mechanically prepared samples indicated the presence of only 

one polymorph with a T1/2↑ ≈ 40 K lower in temperature. No significant differences in hydration 

were observed for either synthetic approach, proving reaction products of manual 

mechanochemical synthesis can be representative of products obtained by ball-milling. Similarly, 

prolonged synthetic grinding did not significantly affect the SCO properties. Both polymorphs 

possessed the same short-range order and comparable amorphisation, as confirmed by EXAFS. 

Conversion of the α-form to the β-form was possible by manually grinding 6-Sol in a pestle and 

mortar, yielding a 60% conversion in 10 minutes and an increase to 75% conversion after 30 

minutes. 

The potential applications of mechanochemistry in the field of SCO research are vast. The 

short reaction times are ideal for the rapid screening of potential SCO materials, as explored in 

Chapter 5. As previously discussed, many SCO materials have high solvent sensitivity, and 

mechanochemical synthesis represents an ideal method for solvent free synthesis, allowing 

solvent effects to be systematically explored. Mechanical synthesis could also represent an 

opportunity for particle size-control without the use of surfactants, an important requirement for 

potential applications. Mechanochemical synthesis, either manual grinding or automated milling, 

has some exciting prospects for discovery of novel SCO materials. The effects of mechanical 

synthesis on the SCO properties of known materials appears to be complex-dependent and 

further research into the changing properties could provide valuable insight. It has been shown 

that mechanochemistry can produce materials with comparable properties to solution methods, 

but much more rapidly. There is also a possibility of identifying further novel polymorphs of 

known materials, which may not be accessible by solution-state approaches, opening an exciting 

avenue for future SCO research. 
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Chapter 4: Post-synthetic Solid-State Metathesis of 1,2,4-

Triazole Based Spin Crossover Materials 
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4.1. Introduction 

4.1.1. Solid State Metathesis 

Solid state metathesis (SSM) is a technique commonly used in the synthesis of inorganic 

materials.1,2 The technique is a ‘double displacement’ reaction carried out in the solid state that 

can be initiated by external stimuli such as ignition sources, mechanical or microwave energy.3 

SSM reactions use intrinsically available energy of reacting species to promote the exchange of 

ions between compounds. Activation energy barriers in SSM reactions are initially overcome by 

external stimuli as described above. The process then proceeds as a chain reaction, whereby the 

released energy is sufficient to sustain anion metathesis.4 Applications of SSM thus far are mostly 

limited to the synthesis of solid state materials including metal borides,5–7 nitrides8–10 and 

carbides,11,12 with particular interest in the synthesis of novel rare earth salts such as 

nitridoborates and carbodiimides, in yields and speeds inaccessible via direct synthetic routes.13 In 

most SSM reactions, the formation of highly stable alkali halide salts acts as the major driving 

force for the reaction.1 The majority of successful SSM reactions are the result of very large 

enthalpies of reaction (∆Hrxn°) resulting in a huge amount of energy released as the reaction 

proceeds. Due to this, the reactions are usually exceptionally quick and self-sufficient.5 The 

application of SSM to SCO material synthesis has not previously been investigated. However, the 

possibility of introducing alternative anions to known SCO materials could allow for the 

identification of a significant number of novel compounds. However, application of SSM requires 

consideration of thermodynamic properties, as discussed below.  
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4.1.2. Thermodynamic Properties 

4.1.2.1. Enthalpy 

Enthalpy is a thermodynamic expression representing the total heat content within a 

system.14 Total enthalpy of a system is calculated according to (Equation 4.1). Enthalpy (H) is 

defined by the internal energy of the system (U), pressure (p) and volume of the system (V), as 

shown. 

𝐻 = 𝑈 + 𝑝𝑉 

(Equation 4.1) 

Change in enthalpy (∆H) is used to observe the change of energy in a system after undergoing 

a transformation or chemical reaction. The standard enthalpy change, ∆H°, describes the change 

in enthalpy under standard conditions.15 Depending on the process undertaken, multiple terms 

are used to describe the change in energy. For example, standard enthalpy change of combustion 

(∆HC°) is used to describe the enthalpy change when a substance undergoes complete combustion 

at standard temperature and pressure, and standard enthalpy of reaction (∆Hrxn°) is used to 

describe the change in enthalpy when one mole of a substance reacts completely.  

4.1.2.2. Total Lattice Potential Energies 

Multiple different terms relating to the ‘lattice energy’ for a system have been proposed. 

These include; lattice formation enthalpy, which represents the change in energy when one mole 

of the ionic solid is formed from scattered gaseous ions, and lattice dissociation enthalpy, which 

represents the energy required for the conversion of one mole of the ionic solid into scattered 

gaseous ions.  The suitability of both terms for application in determining changes in energy,  

generally depends on the presence of monoatomic ionic species, whereby the ions are treated as 

point charges. In instances with polyatomic ions, the formation of the ion itself requires significant 

energy. The energy contributions for the formation of polyatomic ions skew the formation and 

dissociation energies, which prevents stability comparisons between materials with monoatomic 

and polyatomic anions using these metrics. 16 
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In polyatomic ions the charge distribution often prevents the point charge assumptions being 

made. As such, sophisticated calculations are required to correctly assign the total ion charge 

distribution between the atomic components of the complex polyatomic ions, which allows the 

lattice energy to be calculated.17 Total lattice potential energy (UPOT) is the term used to represent 

the relative stability of ionic solids when comparing lattice energies of both monoatomic and 

polyatomic atoms. It represents the energy ‘stored’ within the lattice. As a simple assumption, the 

larger the values for UPOT, the more stable the lattice.16 

4.1.2.2.1. Kapustinskii Equation Estimates 

The Kapustinskii equation is used to obtain an estimate value for total lattice potential energy, 

as shown in (Equation 4. 2). The requirement for such an equation arises due to inherent 

difficulties in determining lattice energies for ionic crystals. Calculating UPOT using the equation 

requires multiple terms including elementary charge of the cation (zα) and anion (zβ), number of 

ions in the empirical formula (v) and the ionic radii of the cation (rα) and anion (rβ).16 

𝑈𝑃𝑂𝑇 =
121.4z𝑎z𝑏𝜐

(𝑟𝑎 + 𝑟𝑏)
(1 −

0.0345

(𝑟𝑎 + 𝑟𝑏)
) 

(Equation 4. 2) 

4.1.3. Anions in [Fe(atrz)3](A)x 

The Fe(II) 4-R-1,2,4-triazole (Rtrz) family of SCO materials has been prepared using a wide 

variety of anions, ranging from simple monoatomic anions such as the halides18 (Cl, Br and I) to 

large polyatomic sulfonates such as C18H37SO3
-
.
19 A significant number of the  4-amino-4-H-1,2,4-

triazole complexes reported with different anions display different SCO properties, the 1-D Fe-

triazole chain structure is shown in Figure 4.1. 
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Figure 4.1: Structural representation of the 1-D triazole chains formed for [Fe(atrz)3]2+. 

4.1.3.1. Halogens 

Spin crossover behaviour has previously been reported for [Fe(atrz)3]Ax (where A = anion) 

with three halogens, Cl,20 Br21,22 and I.23 [Fe(atrz)3]Cl2 was first reported by Lavrenova et al.20 

displaying a relatively abrupt transition centred at T1/2↑ = 355 K. However, the subsequent 

cooling cycle shown by Lavrenova et al. suggested a significant decrease in the transition 

temperature, T1/2↓= 300 K with an apparent hysteresis of 55 K, as shown in Figure 4.2(a). In that 

study, this change in transition temperature was accompanied by an increase in residual HS 

fraction on cooling, demonstrating the occurrence of a quasi-irreversible process. The proposed 

hydrated form, [Fe(atrz)3]Cl2.2H2O, showed T1/2↑ = 315 K, T1/2↓ = 306 K with no significant 

change in residual HS fraction on cooling, as shown in Figure 4.2(b). In the work by Lavrenova et 

al. only one heating and cooling cycle is shown, but it is common for the first heating cycle to be 

different from subsequent cycles in many SCO species, particularly the triazole family of 

complexes, due to the ‘run-in’ effect discussed further in 1.1.4. Differences in transition 

temperature between the first and subsequent heating cycles of up to 40 K were previously 

observed.24 The absence of subsequent cycles in reported literature highlights the difficulty in 

comparison with SCO properties for compound 7. 
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Figure 4.2: (a) Digitised variable temperature magnetic data for [Fe(atrz)3]Cl2 from literature.20 (b) Digitised 

variable temperature magnetic data for [Fe(atrz)3]Cl2.2H2O from literature.20 Heating ◼,Cooling . 

The complex [Fe(atrz)3]Br2 was first reported by Lavrenova et al. with T1/2↑ = 312 K.25 It 

displays significant particle size dependence, where decreasing particle size was accompanied by 

a clear decrease in the width of hysteresis.21 Additional literature reports on the complex have 

shown SCO behaviour with significantly different SCO temperatures with Kahn et al.26 giving 

values of T1/2↑ = 307 K and T1/2↓ = 279 K, as shown in Figure 4.3. The particle size effects were 

explored with particles ranging from >1000 nm to 30-70 nm, displaying SCO activity within the 

range: T1/2↑ = 312 K – 320 K and T1/2↓ = 304 K – 313 K.21  The range of SCO temperatures 

emphasises the sensitivity of these complexes to different synthetic techniques. The [Fe(atrz)3]Br2 

complex was also reported as being prone to oxidation by Kahn et al. with a chemical stability 

reported as lower than two comparable complexes [Fe(atrz)3](BF4)2 and [Fe(trz)(Htrz)2](BF4).26 
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Figure 4.3: Digitised variable temperature magnetic data plot for [Fe(atrz)3]Br2.H2O from literature.26 Heating ◼, 

Cooling . 

[Fe(atrz)3]I2 was first reported by Lavrenova et al.,23 and synthesis of the complex required the 

multistep generation of FeI2 from FeSO4.7H2O. The resulting complex displayed SCO behaviour 

with T1/2↑ = 270 – 280 K and T1/2↓ = 260 – 278 K, as shown in Figure 4.4. 

 

Figure 4.4: Digitised variable temperature magnetic data for [Fe(atrz)3]I2 from literature.23 Heating ◼, Cooling . 

4.1.3.2. Perrhenate 

The complex [Fe(atrz)3](ReO4)2 was previously reported by Lavrenova et al.27 with T1/2↑ = 228 

K, T1/2↓ = 223 K, as shown in Figure 4.5. In a similar manner to [Fe(atrz)3]I2, synthesis of 

[Fe(atrz)3](ReO4)2 required the in-situ formation of Fe(ReO4)2 from NaReO4, FeSO4.7H2O and 



140 
 

Ba(NO3)2. The perrhenate complex was reported as showing a substantial residual HS fraction at 

low temperatures, which was attributed to the possibility of two structurally non-equivalent 

forms of the complex. However, no structural investigation of [Fe(atrz)3](ReO4)2 was presented so 

it is impossible to evaluate the validity of this claim. Another explanation is that partial oxidation 

of the iron occurred, or impurities remained in the sample, either unreacted reagents or reaction 

by-products. Further, it is also possible that the complex undergoes an incomplete transition.28 

 

Figure 4.5: Digitised variable temperature magnetic data for [Fe(atrz)3](ReO4)2 from literature.27 Heating ◼,  

Cooling . 

4.1.3.3. Thiocyanate 

Thiocyanate (NCS) is an ambidentate ligand that can act as a nucleophile at either the sulphur 

or nitrogen. In some instances, the thiocyanate anion can bridge Fe(II) centers, which results in 

usual FeN5S coordination environments and lead to the formation of 1-D coordination polymers.29 

In most instances, for a complex with thiocyanate as the anion to be SCO active, the anion binds 

through the nitrogen. The thiocyanate anion strongly coordinates to hard acids such as iron. The 

strong coordination can cause the anion to cap the growth of ‘infinite’ 1-D chains, of the type 

shown in Figure 4.1. The strongly coordinating anions can prevent the potential for obtaining long 

chain complexes with triply bridged triazole chains, this has been observed in which complexes 

with strongly coordinating anions preferably form short chain complexes such as dimers30–32 and 
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trimers.31,33 [Fe(atrz)3]Cl2 could potentially be used as a template for the synthesis of long 1-D 

triazoles chains and then exchange the Cl anions for the thiocyanate anions. This could be used as 

a strategy to synthesise long 1-D triazole chains with thiocyanate anions, which could possibly 

improve cooperativity in the system and lead to a more abrupt transition and potentially modify 

the transition temperature compared to short chains accessible via solution synthetic methods. 

 

Figure 4.6: Digitised variable temperature magnetic data for [Fe(atrz)3](NCS)2 from literature.23 

A complex with the proposed formula [Fe(atrz)3](NCS)2 was first reported by Lavrenova et al.23 

with a gradual SCO, T1/2↑ = 200 K, T1/2↓ = 200 K, as shown in Figure 4.6. However, no structural 

characterisation was presented. The thiocyanate complex included a large residual HS fraction at 

low temperatures. The complex was analysed using Mössbauer spectroscopy and similarities in 

the HS octahedral distortion to the dimeric complex, Mn2(4-methyl-1,2,4-triazole)5(NCS)4 were 

identified. Therefore, the residual HS fraction at low temperature is likely due to only some of the 

Fe-centres being SCO active. Further examples of short chain Fe(II) complexes with the NCS- anion 

include [Fe2(4Phtrz)5(NCS)4](H2O)2.5 (where 4-Phtrz = 4-phenyl-1,2,4-triazole)34 and 

[Fe5(4PTotrz)12(NCS)10(H2O)2] (where 4PTotrz = 4-Ptoluyl-1,2,4-triazole).30 

4.1.4. Aims 

In this chapter, solid state metathesis will be explored as a technique to introduce novel 

anions to 1,2,4-triazole based SCO materials. This will be done by attempting the exchange of 
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halogens in the material [Fe(atrz)3]Cl2 (where atrz = 4-amino-4H-1,2,4-triazole) using sodium 

halide salts. This method would allow for the exchange potential to be investigated and the 

properties of the products to be compared to literature reported properties for the expected 

products.  

4.2. Results and Discussion 

4.2.1. [Fe(atrz)3]Cl2  

4.2.1.1. Mechanochemical Synthesis 

[Fe(atrz)3]Cl2 (compound 7) exhibits SCO with T1/2↑ = 334 K, T1/2↓ = 328 K, showing a narrow 

hysteresis of 6 K, as shown in Figure 4.7(a). The abruptness of the transition was defined by the 

‘smoothness’, which was calculated as 39 K, repeated cycling of the system showed consistent 

SCO properties after the first heating cycle. As discussed above, literature reports for the complex 

[Fe(atrz)3]Cl2.xH2O (where x = 0 or 2).20 reported T1/2↑ = 355 K, with significant cycling 

dependence. In this work, magnetic properties were collected for three heating and cooling 

cycles, to ensure consistency, with only the second cycle shown for clarity in Figure 4.7. The 

differences in properties for compound 7 and the previous literature report are attributed to run-

in effects described in 1.1.4.    

 

Figure 4.7: (a) Plot of XMT vs T for compound 7, second cycle. (b) Normalised PXRD data for compound 7. 
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The PXRD data for compound 7 is shown in Figure 4.7(b). Previous literature reports on the 

complex have not presented PXRD data therefore comparison was not possible. However, the 

pattern clearly shows mechanochemical synthesis yielded a crystalline powder. 

4.2.1.2. Effects of Grinding 

The effects of grinding are investigated further in 3.2.6. For members of the 4-R-1,2,4-triazole 

family of SCO materials the effects of post-synthetic grinding generally follow the same trend, a 

slight decrease in both T1/2↑ and T1/2↓ as well as a slightly more gradual transition. 

The applied SSM procedure required the further grinding of the mechanically synthesised 

compound 7, in the presence of various sodium salts. Therefore, the effects of this additional 

grinding on [Fe(atrz)3]Cl2 were investigated using a control experiment. Compound 7 was ground 

in the presence of NaCl for 15 minutes, yielding compound 7-Cl. This procedure should not lead to 

a change in the anion composition of the compound, due to both NaCl and compound 7 

containing the same anion (Cl-). Therefore, it was possible to isolate and evaluate the effects of 

grinding and anion exchange individually. The inclusion of the inactive salt, NaCl, allowed close 

simulation of the experimental conditions for other SSM experiments. 

After grinding with NaCl and washing, the PXRD pattern for 7-Cl was collected. The pattern is 

almost identical to compound 7, as shown in Figure 4.8, indicating that the overall structure of 

compound 7 is retained after grinding. Crystallite size was estimated from peak broadening using 

the Scherrer equation, this allowed for domain sizes to be determined rather than aggregated 

particle size. The average domain size for 7 was calculated to be 62 nm and 40 nm for 7-Cl, 

revealing a significant reduction in particle size resulting from the SSM procedure.  
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Figure 4.8: Comparison of normalised PXRD data for compound 7 and 7-Cl. 

As seen from the magnetic data in Figure 4.9, the reduction in particle size in 7-Cl results in a 

decrease in transition temperature (T1/2↑ = 334 K to 318 K and T1/2↓ = 328 K to 316 K), decrease 

in width of hysteresis (5 K to 2 K) and a more gradual transition, with a calculated ‘smoothness’ of 

55 K compared to 39 K prior to grinding. This is within expectation of literature reports37 and our 

own investigation in 3.2.6. Comparison of the SCO properties for 7 and 7-Cl with literature reports 

are presented in Table 4.1. 

 

Figure 4.9: Comparison of XMT vs T for compound 7 and 7-Cl, second cycle. 
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Table 4.1: Spin crossover properties of 7, 7-Cl and literature properties for [Fe(atrz)3]Cl2 and [Fe(atrz)3]Cl2.2H2O.20 

*Apparent hysteresis, as discussed in 4.1.3.1. 

 T1/2↑ (K) T1/2↓ (K) ∆T (K) 

7 334 325 6 

7-Cl 318 316 2 

Lit [Fe(atrz)3]Cl2 355 300 55* 

Lit [Fe(atrz)3]Cl2.2H2O 315 306 9 

 

Transmission electron microscopy (TEM) was used to further explore particle size and 

morphology, for compound 7 (Figure 4.10(a)) and compound 7-Cl (Figure 4.10(c)). As shown in 

Figure 4.10(b), compound 7 shows a wide distribution of particle sizes, ranging from 10 nm to 89 

nm, with an average particle size of 28 ± 19 nm. The size distributions for 7-Cl (Figure 4.10(d)) 

were smaller, ranging from 5 nm to 42 nm, with the mean particle also decreasing to 19 ± 8 nm. 

Further analysis on the effects of mechanochemistry on the synthesis and modification are 

discussed in 3.2.6.  
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Figure 4.10: (a) Representative TEM image for compound 7. (b) Particle size distribution for compound 7, where n 

= 150. (c) Representative TEM image for compound 7-Cl. (d) Particle size distribution for compound 7-Cl, where n = 129. 

In both compound 7 and 7-Cl, the observed particles were spherical and prone to forming aggregates. To reduce the 

formation of aggregates, bovine serum albumin (BSA) was added according to the method described in 2.2.1, the 

presence of which is visible in the background of (c). 

4.2.2. Halogen Exchange 

4.2.2.1. Bromide 

Solid state metathesis of compound 7 was carried out using an excess of NaBr, yielding 

product 7-Br. The magnetic properties were measured, which showed significantly different SCO 

properties from the control sample 7-Cl, T1/2↑ = 318 K to 298 K and T1/2↓ = 316 K to 295 K, as 

shown in Figure 4.11(a). The width of hysteresis slightly increased (2 K to 3 K) and abruptness of 
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the transition remained similar with a calculated ‘smoothness’ of 41 K compared to 39 K prior to 

SSM.  

 

Figure 4.11: (a) XMT vs T for compound 7-Br, second cycle. (b) Comparison of normalised PXRD data for compound 

7-Br and 7-Cl. 

The SCO properties were similar to previously reported transitions for the [Fe(atrz)3]Br2 

complex, as discussed in 4.1.3.1, significant size dependence on SCO properties with a range on 

temperatures reported (T1/2↑ = 312 K – 320 K and T1/2↓ = 304 K – 313 K). The width of hysteresis 

for this complex was also previously observed as having considerable dependence on particle size, 

with ∆T being observed as low as 2 K for the smallest particles synthesised by traditional solution 

methods.21 The observed hysteresis for 7-Br (3 K) was within previously reported values; complete 

comparison between experimental and literature values for SCO properties are shown in Table 

4.2.  

Table 4.2: Spin crossover properties of 7-Cl, 7-Br and literature properties for [Fe(atrz)3]Br2.21 

 T1/2↑ (K) T1/2↓ (K) ∆T (K) 

7-Cl 318 316 2 

7-Br 298 295 3 

Lit [Fe(atrz)3]Br2 Range: 312 to 320  Range: 304 to 313 Range: 1 to 16 

 

The PXRD pattern collected for the bromide exchange showed significant changes in the 

structure of the product when compared with 7-Cl, as shown in Figure 4.11(b). The collected PXRD 
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pattern was similar to previously reported patterns for the complex [Fe(atrz)3]Br2.21 The 

broadening of the peaks was an expected effect of the reduction in the crystallinity, crystalline 

domain size and the increase in crystalline defects resulting from the grinding process, as 

discussed in section 4.2.1.2. The large broad peak centred on 2θ = 18° indicates the presence of 

an amorphous material, further investigation on the origin of this was not undertaken. 

4.2.2.2. Iodide 

Repeating the SSM procedure using NaI yielded a white powder, compound 7-I. A below room 

temperature transition was then confirmed by analysis of the magnetic properties as shown in 

Figure 4.12(a). 7-I displayed SCO properties T1/2↑ = 253 K, T1/2↓ = 251 K and in contrast to the 

reported effects of grinding on SCO materials, the product maintained abruptness, with a 

calculated ‘smoothness’ = 39 K, equivalent to compound 7, prior to exchange attempts. The 

resulting SCO properties showed a significant difference from the properties of compound 7, with 

changes in both T1/2↑ >70 K, T1/2↓ >70 K and an increase in abruptness (‘smoothness’ 55 K to 39 

K) when compared with the control sample 7-Cl. The observed change in T1/2↑ and T1/2↓ was 

significantly greater than the observed changes for 7-Cl.  

 

Figure 4.12: (a) XMT vs T for compound 7-I, second cycle. (b) Comparison of normalised PXRD data for compound 

7-I and 7-Cl. 
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The PXRD pattern of 7-I (Figure 4.12(b)) is significantly different from 7-Cl, representing 

substantial differences in the structure of the product after SSM. PXRD data for [Fe(atrz)3]I2 is not 

available in literature and therefore comparison with previously reported data was not possible.  

The complex [Fe(atrz)3]I2 has been previously reported with T1/2↑ = 270-280 K and T1/2↓ = 

260-278 K.23 The SCO properties of the 7-I were identified as consistent with the complex 

[Fe(atrz)3]I2. Comparison between measured magnetic properties and those from literature23 for 

7-I are shown in Table 4.3. 

Table 4.3: Spin crossover properties of 7-Cl, 7-I and literature properties for [Fe(atrz)3]I2.23 

 T1/2↑ (K) T1/2↓ (K) ∆T (K) 

7-Cl 318 316 2 

7-I 253 251 2 

Lit [Fe(atrz)3]I2 Range: 270 to 280 Range: 260-278 Range: 8 to 20 

 

4.2.2.3. Fluoride 

Grinding with NaF was not expected to cause anion exchange. NaF is a stable salt and 

dissociation of the ions requires a significant amount of energy. Literature magnetic properties for 

the proposed SSM product [Fe(atrz)3]F2 are not available, and previous attempts to synthesise the 

complex were unsuccessful.20 This was attributed to fundamental differences in the radii of the 

complex cation and anion which prevent the formation of a stable reaction product. 

Compound 7 was ground with NaF for 15 minutes; yielding compound 7-F. Analysis of the 

magnetic properties of the sample was carried out using SQUID magnetometry, as shown in 

Figure 4.13. The sample underwent a transition with T1/2↑ = 318 K, T1/2↓ = 316 K and with a 

‘smoothness’ = 55 K. The properties of 7-F were consistent with 7-Cl including the transition 

temperatures and abruptness of transition. A significant difference in the values of χMT are 

shown, this is attributed the presence of NaF remaining in the sample, which affected the sample 

mass used in calculating χMT; leading to a reduced response, as confirmed via EDX, vide-infra. 
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Figure 4.13: (a) XMT vs T for compound 7-F, second cycle. (b) Comparison of normalised PXRD data for compound 

7-F and 7-Cl. 

As discussed in 4.2.1.1, previously reported magnetic properties of [Fe(atrz)3]Cl2 show 

significant cycling effects. However, the consistency in SCO properties between both 7-Cl and 7-F 

show both materials are the same composition, with Cl- anions. Comparison between literature 

properties and both 7-Cl and 7-F are shown in Table 4.4. 

Table 4.4: Spin crossover properties of 7-Cl, 7-F and literature properties for [Fe(atrz)3]Cl2. 20 *First cycle only. 

 T1/2↑ (K) T1/2↓ (K) ∆T (K) 

7-Cl 318 316 2 

7-F 318 316 2 

Lit [Fe(atrz)3]Cl2 300 and 306 355 and 315 55* and 9 

 

After attempted exchange with NaF, the PXRD pattern was collected, as shown in Figure 

4.13(b). The PXRD pattern was consistent with 7-Cl confirming that no exchange had occurred. 

Three additional peaks at 22°, 33° and 35° 2θ are attributed to the presence of impurities, the 

peaks are consistent with α-Fe2O3.38 It is also likely, NaF remains in the sample however, the 

pattern for NaF has peaks beyond the scanning range used.39 
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4.2.2.4. Degree of Exchange 

The degree of anion exchange in each sample was evaluated by energy-dispersive X-ray 

spectroscopy (EDX). An approximation for the relative elemental abundance was calculated based 

upon the characteristic elemental Kα emissions, and representative EDX spectra are shown in 

Figure 4.14. 

 

Figure 4.14: Representative EDX spectra for exchange products, with characteristic energies identified. (a) 7-Cl, (b) 

7-Br, (c) 7-I and (d) 7-F. 

For the control sample 7-Cl, the only halogen observed is chlorine 16.70 ± 4.85% by weight. A 

representative EDX spectrum with characteristic atomic energies for 7-Cl, after washing, is shown 

in Figure 4.14(a). The full elemental composition of 7-Cl is similar to the calculated composition of 

[Fe(atrz)3]Cl2, with the differences within the standard deviation of the measurements taken. 7-Cl 

also contains a small quantity of Na owing to the presence of some NaCl which was not 
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completely removed during washing. EDX analysis found (calc). C 23.24 ± 1.15 (19.00), N 42.99 ± 

6.53 (44.35), Na 0.36 ± 0.10 (0.00), Fe 12.41 ± 3.63 (14.74) and Cl 16.70 ± 4.85 (18.71). 

After exchange with NaBr, 7-Br shows trace chlorine (1.22 ± 0.29 %) and a significant presence 

of bromine (27.52 ± 4.74 %). Both 7-Br and 7-Cl contain trace sodium (0.36 ± 0.10 % and 0.50 ± 

0.10 % respectively), thus indicating unreacted NaBr is not present in significant quantities. Figure 

4.14(b) shows a representative EDX spectrum for 7-Br. The full elemental composition of 7-Br was 

similar to the calculated elemental composition for [Fe(atrz)3]Br2. EDX analysis found (calc). C 

20.60 ± 1.32 (15.39), N 37.09 ± 4.25 (35.92), Na 0.50 ± 0.10 (0.00), Fe 8.38 ± 1.71 (11.94), Cl 1.22 ± 

0.29 (0.00) and Br 27.52 ± 4.74 (34.16). 

Further, after exchange with NaI, 7-I, also showed trace chlorine presence (0.59 ± 0.05 %) and 

a significant abundance of iodine (30.21 ± 4.10 %). In 7-I, no significant presence of sodium was 

detected, indicating no unreacted NaI remained in the sample after washing, as shown in Figure 

4.14(c). However, the full elemental composition measured was significantly different to the 

calculated composition for [Fe(atrz)3]I2. EDX analysis found (calc). C 18.42 ± 0.65 (12.82), N 40.34 ± 

3.46 (29.91), Fe 6.22 ± 0.78 (9.94), Cl 0.59 ± 0.05 (0.00) and I 30.21 ± 4.10 (45.18). The lower 

abundance of iron and iodine are attributed to the partial oxidation of the complex [Fe(atrz)3]I2. 

After attempted exchange with NaF, 7-F showed a high quantity of chlorine in the system 

(11.62 ± 1.02 %), but lower than that observed in 7-Cl. The amount of carbon and nitrogen also 

decreased, which is attributed to the presence of NaF in the system, supported by site dependent 

ratios of sodium and fluorine being consistent with the presence of NaF. Figure 4.14(d) shows a 

representative EDX spectrum of 7-F, in which the proportion of impurities present in the washed 

sample can be observed. Increased presence of NaF was expected due to the relative insolubility 

of NaF in methanol (the washing solution used in this study). Additional workup of 7-F was not 

carried out in order to maintain consistency throughout the exchange procedure and to limit the 

possibility of altering SCO properties as a result of solvent interactions, which has been frequently 

observed in SCO materials.40–42 The result is an overall lower abundance of C, N, Fe and Cl within 
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the sample. EDX analysis found (calc). C 17.83 ± 0.30 (19.00), N 29.69 ± 0.48 (44.35), Na 6.68 ± 

1.22 (0.00), Fe 13.41 ± 2.88 (14.74), Cl 11.62 ± 1.02 (18.71) and F 16.11 ± 3.05 (0.00). Full 

comparison between calculated and measured %weight for all samples are shown in Table 4.5.  

Table 4.5: Average %weight of elements per sample based on EDX measurements. *The elemental composition of 

the 7-F sample was strongly location dependent with significant variation in the presence of NaF. This is due to the 

relative insolubility of NaF in alcohol preventing sufficient washing.43 

Sample C % N % Na % Fe % Cl % Br % I% F% 

7-Cl 23.24 
± 1.15 

42.99 
± 6.53 

0.36 ± 
0.10 

12.41 
± 3.63 

16.70 
± 4.85 

- - - 

7-F 17.83 
± 0.30 

29.69 
± 0.48 

6.68 ± 
1.22 

13.41 
± 2.88 

11.62 
± 1.02 

- - 16.11 
± 3.05 

[Fe(atrz)3]Cl2 
Calculated 

19.00 44.35 - 14.74 18.71 - - - 

         

7-Br 20.60 
± 1.32 

37.09 
± 4.25 

0.50 ± 
0.10 

8.38 ± 
1.71 

1.22 ± 
0.29 

27.52 
± 4.74 

- - 

[Fe(atrz)3]Br2 
Calculated 

15.39 35.92 - 11.94 - 34.16 
- - 

         

7-I 18.42 
± 0.65 

40.34 
± 3.46 

- 6.22 ± 
0.78 

0.59 ± 
0.05 

- 30.21 
± 4.10 

- 

[Fe(atrz)3]I2 
Calculated 

12.82 29.91 - 9.94 - - 45.18 - 

 

4.2.2.5. Summary of Halogen Exchange 

In summary, SSM was carried out on [Fe(atrz)3]Cl2, using NaBr and NaI. This yielded products 

that exhibited properties significantly different to the control sample 7-Cl. After exchange, 7-Br 

underwent SCO with T1/2↑ = 298 K which was 20 K lower than the control sample 7-Cl. The 

difference resulting from exchange with NaI was even greater with a change in T1/2↑ greater than 

65 K (T1/2↑ = 318 to 253 K). The resulting properties for both 7-Br and 7-I, were comparable to 
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literature reported temperatures.  Exchange with NaF did not modify the SCO properties (T1/2↑ = 

318 K and T1/2↓ = 316 K), implying no anion exchange takes place. Due to the presence of 

impurities within certain samples, direct comparison of magnetic data proved difficult. In order to 

aid visualisation of effect of anion exchange on SCO properties, ΧMT was normalised within the 

range 150 – 400 K for all samples, as shown in Figure 4.15(a). Complete comparison between 

literature reported SCO properties and experimentally collected data are available in Table 4.6. 

 

Figure 4.15: (a) Comparison of 2nd heating cycle ΧMT data normalised within the range 150 to 400 K for 7-Cl (), 7-

F (), 7-Br (◆) and 7-I (). (b) Comparison of normalised PXRD data, bottom to top: 7 (Black), 7-Cl (Red), 7-F (Orange), 

7-Br (Purple) and 7-I (Green). 

PXRD analysis of 7 and 7-Cl was carried out, revealing no structural changes except for 

increased Bragg peak broadening observed in 7-Cl. The increase in peak width was attributed to a 

decrease in particle size, as confirmed by TEM analysis. Due to absence of available data, 

literature comparison of the patterns for 7 and 7-Cl was not possible. However, both compounds 

7 and 7-Cl powders were crystalline. After exchange with sodium salts, the PXRD patterns for both 

7-Br and 7-I were significantly different to 7-Cl, as shown in Figure 4.15(b). The pattern of 7-Br 

was consistent with previous literature reports. No PXRD pattern of 7-I was previously reported, 

therefore comparison was not possible. 
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Table 4.6: SCO properties for Fe(atrz)3]A2, where A = Cl, Br and I, comparison between literature values and 

experimental values for anion exchange products.20,21,23 

 Fe(atrz)3]Cl2 Fe(atrz)3]Br2 Fe(atrz)3]I2 

Literature T1/2 ↑ (K) 355 312-320 270-280 

Literature T1/2 ↓ (K)  304-313 260-278 

Literature ∆T (K)  2-15 8-20 

    

 Compound 
7 

Compound 
7 - Cl 

Compound  
7 - F 

Compound 
7 - Br 

Compound 
7 - I 

Experimental T1/2 ↑(K) 334 318 318 298 253 

Experimental T1/2 ↓(K) 328 316 316 295 251 

Experimental ∆T (K) 6 2 2 3 2 

‘Smoothness’ (K) 39 55 55 41 39 

 

4.2.2.6. Driving Force for Anion Exchange 

SSM was used successfully to exchange the Cl anions in compound 7, for both Br (compound 7-Br) 

and I (compound 7-I). The exchange of anions followed the change in ionic radii, where F < Cl < Br 

< I, this approach represents a simple understanding of the exchange process and a more 

thorough understanding is required. In the SSM literature, ∆Hrxn° has been used as a tool to 

predict the exchange potential for a system. However, enthalpy calculations based on compound 

7 are particularly difficult due to the complexity of the material and as such, calculating enthalpy 

of formation (∆Hf°) for compound 7 was beyond the scope of this project. This prevented the 

calculation of ∆Hrxn° and an alternative metric for describing the exchange was required. Total 

lattice potential energy (UPOT) was identified as a suitable alternative due to the availability of 

values for multiple sodium salts (Table 4.7). This term was used as a half reaction addressing the 

formation of NaCl from NaX (where X = F, Br, and I), the change in UPOT for this reaction is denoted 

by ∆UPOT and calculated as shown in Equation 4.3. 
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∆𝑈𝑃𝑂𝑇 = 𝑈𝑃𝑂𝑇(𝑃𝑟𝑜𝑑𝑢𝑐𝑡) −  𝑈𝑃𝑂𝑇(𝑅𝑒𝑎𝑐𝑡𝑎𝑛𝑡) 

(Equation 4. 3) 

Using this approach, the complex calculations required for calculating enthalpy of the SCO 

complexes could be bypassed with the assumption that differences in UPOT for exchanging anions 

in sodium salts represents the greatest change in energy occurring during the reaction. As such, 

UPOT was used to rationalise which anions would exchange with compound 7. Both NaBr and NaI 

(NaBr - ∆UPOT = +37 kJ mol-1 and NaI - ∆UPOT = +87 kJ mol-1) were predicted to exchange, whereas 

NaF would not proceed (NaF - ∆UPOT = -141 kJ mol-1). The predictions were consistent with 

observations of magnetic properties and changing PXRD patterns, as previously discussed in 4.2.2. 

Table 4.7: Total lattice potential energies, UPOT, for sodium halides (F, Cl, Br and I). 44 

 NaF NaCl NaBr NaI 

UPOT (kJ mol-1) 910 769 732 682 

4.2.3. Additional Screening 

Having demonstrated the ability to exchange halide anions, additional screening was 

attempted in order to expand the applications of SSM in the discovery of SCO materials. A series 

of anions that represented common and uncommon anions in the triazole family was explored. 

Successful exchange of the halogens was described using change in total lattice potential energy 

of the sodium salts (∆UPOT). Using ∆UPOT as a metric to predict exchange, three sodium salts; NaBF4 

(∆UPOT = -112 kJmol-1), NaSCN (∆UPOT = -87 kJmol-1) and NaReO4 (∆UPOT = +132 kJmol-1) were used 

to further test the SSM procedure and viability of the ∆UPOT metric for prediction of exchange. 

Unless stated, products remained unwashed to limit solvent effects. Without washing, excess 

sodium salts and impurities remained in the sample which affected the calculated χMT values. The 

absolute χMT values reported represent the product mixture which contains a high proportion of 

SCO-inactive by-products and therefore the response was considerably reduced.  Additionally, the 

significant quantities of excess sodium salts prevented PXRD data collection.  
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The magnetic properties after SSM were explored by SQUID magnetometry and in instances 

where SSM modified the properties, work-up of the products was attempted. However, complete 

exploration of the potential applications of SSM was not undertaken due to time constraints. The 

huge number of possible exchanges predicted leaves plenty of scope for further research. Future 

work focusing on the exchanges described below could potentially yield new and exciting SCO 

materials, whereby previously unexplored anions and reaction pathways could be introduced to 

the triazole family of SCO materials. 

4.2.3.1. Tetrafluoroborate 

After exchanging the Cl anion with NaBF4, the magnetic properties of the material were 

modified, as shown in Figure 4.16. No indication of a SCO transition near 318 K is visible in SQUID 

data, which indicates no [Fe(atrz)3]Cl2 (compound 7) remained in the sample. However, SCO 

behaviour was identified in the magnetic data. The first heating cycle showed a two-step 

transition with T1/2↑: 1 = 125 K and 2: 280 K. After repeated cycling, the second step was 

significantly suppressed, while the first step transition (T1/2↑ = T1/2↓ = 125 K) remained 

repeatable. Although supressed, a gradual transition for the second step (T1/2↑ = T1/2↓ = 250 K) 

was observed. The potential mechanism behind the differences between the first heating cycle 

and resulting cycling was explored further in 1.1.4.  
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Figure 4.16: Temperature dependent SQUID data for 7-BF4, two cycles. Cycle 1 Heating ◼ and Cooling , Cycle 2 

Heating  and Cooling . 

The first-step transition temperature for 7-BF4 did not correspond to transitions previously 

reported for either [Fe(atrz)3]Cl2 or [Fe(atrz)3](BF4)2. However, the gradual second step has a 

similar temperature to the proposed α-form of [Fe(atrz)3](BF4)2. The mechanochemical synthesis 

of the [Fe(atrz)3](BF4)2 complex is discussed further in 3.2.6.1. Comparison of literature reports 

and 7-BF4 are presented in Table 4.8. Based on the change in χMT, the lower temperature first-

step (T1/2↑ = 125 K) represented 70% of the SCO, with the remaining 30% attributed to the higher 

temperature second step (T1/2↓ = 280 K).   

The low χMT values calculated strongly indicated the presence of impurities in the sample, as 

expected. However, repeated attempts to isolate the SCO active components of the product by 

washing were unsuccessful, due to complete oxidation of the material on addition of solvents. 

This significantly hampered research into the origins of these transitions. Attempts to use PXRD 

for further analysis were unsuccessful; instead presenting the PXRD patterns for NaBF4, as 

predicted due to the excess NaBF4 used in the SSM procedure. 
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Table 4.8: SCO properties for compound 7-BF4, comparison with literature values for [Fe(atrz)3](BF4)2
26 and 

measured SCO properties of 7-Cl. 

 T1/2↑ (K) T1/2↓ (K) ∆T (K) 

7-BF4 1: 125, 2: 250 1: 125, 2: 250 0 

Lit [Fe(atrz)3](BF4)2 α 260 250 10 

Lit [Fe(atrz)3](BF4)2 β 245 239 6 

7-Cl 318 316 2 

 

The exchange with NaBF4 was predicted to successfully exchange based on the total lattice 

potential energy (UPOT = 657 kJ mol-1).44
 Using the half equation described in Equation 4.3., ∆UPOT = 

+112 kJ mol-1. The exchange was confirmed by grinding with NaBF4 and yielded approximately 30% 

conversion into the α-form of [Fe(atrz)3](BF4)2, as calculated from the relative change in χMT. The 

remaining 70% of the sample displayed SCO properties with T1/2↑ = T1/2↓ = 125 K, which had not 

previously been reported. Although only 30% of the product displayed properties consistent with 

the predicted exchange products, the complex responsible for the transition at 125 K is currently 

unknown and should be the focus of future work, increasing grinding time using SSM would be a 

logical approach to improving percentage exchange. 

4.2.3.2. Thiocyanate 

Exchange with NaSCN (to form 7-SCN) led to modification of the magnetic properties, as 

shown in Figure 4.17. It shows a very gradual transition with T1/2↑ = T1/2↓ = 180 K, and repeated 

cycling does not significantly modify the magnetic properties. Lavrenova et al23 described the 

synthesis of a complex with the proposed formula [Fe(atrz)3](NCS)2, as discussed in 4.1.3.3. 

However, Mössbauer spectroscopy indicated the potential formation of a dimeric Fe2+ complex 

with SCO with T1/2↑ = 200 K and T1/2↓ = 200 K. The exchange between NCS and Cl was predicted 

to occur due to the total lattice potential energy of NaSCN (UPOT = 682 kJ mol-1) being lower than 

NaCl, as such, ∆UPOT = +87 kJ mol-1. Potentially offering a route to thiocyanate complexes with 

long chain structures. 
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Figure 4.17: Temperature dependent SQUID data for 7-SCN, two cycles. Cycle 1 Heating ◼ and Cooling , Cycle 2 

Heating  and Cooling . 

Without washing, 7-SCN included residual NaSCN which caused a gradual increase in χMT as 

temperature increased and very gradual SCO, this is attributed to the difference between actual 

Mw and Mw used to calculate ΧMT which is emphasised as temperature increased. The SCO 

properties after SSM are clearly different to 7-Cl, indicating exchange has occurred. Attempts to 

clean the sample led to oxidation of the iron and decomposition of the sample, limiting further 

analysis of 7-SCN. The change in SCO properties suggests additional research into the changing 

properties caused by SSM with NaSCN is required. Due to difficulty in purifying 7-SCN it was not 

possible to determine the structure of the resulting complex and whether the thiocyanate was 

bound or unbound. The change in magnetic properties imply a successful anion exchange, but, 

further research is required. 

4.2.3.3. Perrhenate 

Exchange with NaReO4 (to form 7-ReO4) modified the magnetic properties, with the first 

heating cycle being significantly different to subsequent cycles, as shown in Figure 4.18. The 

second cycle showed the presence of two transitions, with the 1st
 step: T1/2↑ = T1/2↓ = 222 K and 

the 2nd step: T1/2↑ = T1/2↓ = 317 K. The first transition was similar in temperature to previous 

literature reports on [Fe(atrz)3](ReO4)2 (T1/2↑ = 228 K, T1/2↓ = 223 K).27 The second step was 
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consistent with [Fe(atrz)3]Cl2 and the mechanical control sample, 7-Cl. Comparison between 

literature transition temperatures and the exchange product are shown in Table 4.9. The small 

decrease in T1/2↑, T1/2↓ and loss of hysteresis observed for the first transition step was consistent 

with previously discussed effects of grinding on spin crossover properties, as described in 4.2.1.2. 

 

Figure 4.18: Temperature dependent SQUID data for 7-ReO4, two cycles. Cycle 1 Heating ◼ and Cooling , Cycle 2 

Heating  and Cooling . 

The presence of the first-step (T1/2↑ = 222 K) indicates partial anion exchange, based on 

differences in χMT the exchange with NaReO4 was calculated at 64%. The exchange was predicted 

to successfully occur due to the UPOT = 637 kJ mol-1
 for NaReO4 (calculated using the Kapustinskii 

equation presented in [Equation 4.2.], representing ∆UPOT = +132 kJmol-1. The partial exchange 

was attributed to a smaller excess of NaReO4 used in the exchange attempt. A greater degree of 

exchange may have been possible with increased grinding and using a larger excess of NaReO4. 

Further research is required. 

Table 4.9: SCO properties for compound 7-ReO4, comparison with literature values for [Fe(atrz)3]Cl220 and 

[Fe(atrz)3](ReO4)2.27 

 T1/2↑ (K) T1/2↓ (K) ∆T (K) 

7-ReO4 1: 222, 2: 317 1: 222, 2: 317 0 

Lit [Fe(atrz)3](ReO4)2 228 223 5 

Lit [Fe(atrz)3]Cl2 300 and 306 355 and 315 55* and 9 
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4.3. Conclusions and Prospects 

In conclusion, SSM was used in the post-synthetic anion exchange of a triazole based SCO 

system. The effects of the proposed SSM procedure on SCO properties were investigated: leading 

to a slight decrease in T1/2↑, T1/2↓ and ∆T, in addition to a reduction in abruptness of transition, 

which is consistent with literature reports on the effects of post-synthetic grinding.37 SSM was 

then used to exchange anions in [Fe(atrz)3]Cl2, using sodium halide salts as the anion source. Total 

lattice potential energies of the sodium salts (UPOT) was used as a metric to predict the likelihood 

of exchange. Based on the half equation for the formation of NaCl from compound 7 and NaX 

(where X = F, Br and I), the exchange with both NaBr and NaI was predicted and observed to be 

successful. The exchange using NaF was predicted to be unsuccessful and the resulting product 7-

F maintained SCO properties comparable to 7-Cl, indicating the prediction was correct. 

The properties of SSM halide exchange products were analysed using SQUID magnetometry 

and PXRD. Where possible, comparison to literature reported data was carried out. The SCO 

properties of both 7-Br and 7-I were comparable to literature values for [Fe(atrz)3]Br2 and 

[Fe(atrz)3]I2 respectively, when the effects of grinding during the SSM procedure are accounted 

for. The degree of exchange was investigated via EDX, in both 7-Br and 7-I the exchange was 

complete with only trace Cl remaining in the sample. 

Further exchange using SSM was carried out using a variety of both coordinating and non-

coordinating anions that were predicted to exchange based on ∆UPOT values. Application of the 

SSM procedure with NaBF4 modified the magnetic properties, with 7-BF4 displaying a 2-step 

transition (1: T1/2↑ = 125 K and 2: T1/2↑ = 250 K). The 2nd step was consistent with the previously 

identified β-form of [Fe(atrz)3](BF4)2 whereas the origin of the 1st step (T1/2↑ = 125 K) remains 

unknown. Exchange with NaSCN also modified the magnetic properties but attempts to identify 

the product (7-SCN) were unsuccessful. Exchange with a smaller excess NaReO4 led to partial 

exchange (64%), yielding a mixture of [Fe(atrz)3](ReO4)2 and [Fe(atrz)3]Cl2.  
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SSM could be an especially useful tool for the rapid screening for novel materials. Carrying out 

reactions in the solid state allows for differences in solubility of reagents to be bypassed and allow 

for the formation of products that would otherwise by unfavourable via solution-state synthesis. 

The wide availability of sodium salts with complex anions has the potential to introduce additional 

anions to the triazole family of SCO materials, with the possibility of novel SCO materials being 

derived from both known and novel ligands. Additional research into the recovery of SCO 

properties after grinding could prove invaluable in the field of SCO. 
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Chapter 5: Developing a Systematic Approach to 

Mechanochemical Screening for New Spin Crossover 

Materials 
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5.1. Introduction 

5.1.1. Mechanochemical Screening 

It has already been shown in 3.2 that synthesis of SCO materials using mechanochemistry can 

be extremely rapid, with synthesis occurring within 5 minutes, compared to solution-state 

methods, in which reactions can take days or weeks. Many families of complexes have been 

known to display SCO behaviour with small variations in anion, ligand substitutions, guest 

molecules, solvates and metal dilution.1–4 However, while SCO properties primarily arise from 

ligand field considerations, there are important contributions from outer sphere affects such as 

packing and solvation. Polymorphism arising from packing differences can have significant effects 

on SCO properties5 with a large variety of complexes reported to display polymorph specific SCO-

activity.6–9 This is exemplified by the complex [Fe(BT)2(NCS)2] (where BT = 2,2’-bi-2-thiazoline, as 

shown in Figure 5.1), in which polymorph A undergoes SCO T1/2↑ = 185 K and T1/2↓ = 177 K and 

polymorph B remains in the HS state at all temperatures.10–13  

Therefore, in pursuit of novel SCO materials, incremental modification of ligands and anions 

can be used to tune switching properties to a certain extent, the time required to screen all of the 

variables by solution-state techniques is substantial and without the guarantee of obtaining SCO-

active products, the process becomes even more arduous. A substantial majority of complexes 

with a FeN6 coordination sphere are not SCO-active and it is not possible to predict SCO-activity in 

a given complex, as the case of Fe(BT)(NCS)2 illustrates. 
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Figure 5.1: View of crystal packing of SCO-active polymorph A of [Fe(BT)2(NCS)2] in the (b, c) plane. Reproduced 

with permission from reference.13 

Mechanochemistry presents an opportunity for rapid screening of variables including ligands, 

metal salts and solvent/guest molecules. In order to optimise the chances of discovery of novel 

SCO materials, a systematic protocol for the screening procedure is required. It should be rapid, 

cost effective and capable of identifying SCO-activity in both known and novel materials across 

families of SCO-active materials. Whereby the rate limiting step using solution-state techniques is 

the synthesis of compounds, the fast reaction times of mechanochemistry shifts the rate limiting 

step to characterisation of the material properties. Therefore, to optimise the screening process, 

characterisation of the properties must also be as efficient as possible. Using experience gained 

throughout this study, all characterisation techniques that were used will be evaluated for their 

speed and the information they provide and a systematic protocol for the identification of 

promising SCO candidates will be developed. The aims of this chapter are to assess 

characterisation techniques to develop a rapid mechanochemical screening protocol for use as a 

new tool for materials discovery. The protocol will then be tested using a wide variety of SCO 
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families with confirmation for the suitability of the protocol determined by screening of both 

known and novel compounds. 

5.1.2. 2,6-di(pyrazole-3-yl)pyridine and Derivatives 

The 2,6-di(pyrazole-3-yl)pyridine class of SCO materials hereby denoted 3-bpp, represents the 

use of terimine ligands in preparation of SCO-active materials. Chelating two molecules of 3-bpp 

and its derivatives around one Fe(II) centre provides the metal centre with the important FeN6 

first coordination sphere, which is commonly observed in SCO-active Fe2+ materials.14 Derivatives 

of the 3-bpp ligand have been researched less frequently for SCO than their regio-isomer 1-bpp, 

due to difficulties in ligand synthesis.15 However, significant steps have been made recently in the 

development of the synthetic techniques required for synthesis of 3-bpp derivatives.16 Structures 

of the corresponding Fe(II) complexes with 3-bpp and 1-bpp are shown in Figure 5.2. 

 

Figure 5.2: The structures of [Fe(3-bpp)2]2+ (a) and [Fe(1-bpp)2]2+ (b). 

Synthesis of these systems is generally carried out using one of two methods. The first of 

which is the direct synthesis of the complex using the corresponding Fe(II) salts, such as Fe(BF4)2 

or Fe(ClO4)2 in hot ethanol/water mixtures with the product precipitated using diethyl ether.17 The 

second synthetic route consists of the mixing of the ligand with FeCl2 followed by anion exchange 

with a corresponding Na salt, such as NaBr and NaNO3. The resulting yellow and orange powders 

(depending on spin state) often contain excess moisture which darkens the colour of the powders, 

due to stabilising the LS state.18 On drying the excess moisture can be removed, which is 

accompanied by a lightening in colour. The 2,6-di(pyrazole-3-yl)pyridine family undergoes visible 
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thermochromism from orange (in the LS state) to yellow (in the HS state) on heating. The 

magnetic properties of these complexes significantly depend on their degree of hydration and 

solvation, with T1/2↑ for [Fe(3-bpp)2](BF4)2 in different solvents reported between 244 – 317 K.18 

So far, all discussed 3-bpp family complexes represent homoleptic complexes, where two 

equivalents of the same ligand are used. This is due to the more straightforward and traditionally 

favourable formation of homoleptic complexes using solution techniques.19,20 Solution synthesis 

of iron-based heteroleptic complexes, where one equivalent of two different ligands is used, is 

often difficult due to the lability of Fe-N bonds.21 This leads to a thermodynamic mixture of 

reaction products where the two homoleptic products and the one heteroleptic product are 

formed in a 1:1:2 ratio. Isolation of the complexes is often difficult and significantly increases the 

reaction work-up and time. 

 

Figure 5.3: Structure of 2,6-di(pyrazole-3-yl)pyridine and the derivatives, with their representative abbreviations 

used throughout. 

The 3-bpp family presents an interesting contradiction to the belief of the homoleptic 

complexes being formed preferentially to heteroleptic complexes.  The 3-bpp family of complexes 
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generally organise into sheets according to the so-called terpyridine embrace.22 The terpyridine 

embrace described an interlocked assembly which exhibits offset face-to-face and edge-to-face 

interactions forming a layered structure.23 The differing dimensions of the different 3-bpp ligands 

allows for secondary interactions which would otherwise not be possible.24 This has been shown 

to lead to the preferential formation of heteroleptic complexes often without a significant 

homoleptic fraction.24,25 The 3-bpp derivatives screened in both homoleptic and heteroleptic 

complexes in this work are shown in Figure 5.3. 

5.1.3. 2,2’-bipyridine Derivatives 

Fe(bipy)2(NCS)2 (where bipy = 2,2’-bipyridine) was first reported by Baker et al. alongside 

[Fe(phen)2(NCS)2.26 Further investigation by König et al. identified the possibility of three different 

polymorphs (I, II and III),27 with crystallographic differences between polymorphs I and II later 

identified.28 Preparation of Fe(bipy)2(NCS)2 has been reported using multiple techniques but all 

are based upon the conversion of [Fe(bipy)3](SCN)2 by either extraction or precipitation.27 The 

ionic species [Fe(bipy)3]2+ undergoes LIESST in solution but has not been reported to display SCO 

as a neutral species with counter anions.29 The SCO properties of Fe(bipy)2(NCS)2 have been 

shown to vary between different preparation techniques and different batches prepared using 

the same technique.30 The polymorphs of Fe(bipy)2(NCS)2 display SCO with T1/2↑ ≈ 214 K with 

varying degrees of residual HS fraction at low temperatures.27 Very few reports of simple 

complexes prepared using derivatives of bipy being SCO-active are available in literature. 

However, some reports on using bipy and bipy derivatives as building blocks in heteroleptic 

complexes have been presented. One such example is using the heteroleptic complex 

[Fe(bipy)(CN)4]- as a building block for designing cyanide-bridged heterobimetallic complexes. But 

neither the building block nor resulting complexes display SCO-activity.31  

The complexes discussed above and throughout this work represent the 2,2’-bipyridine 

isomer in the bipyridine family, which serves as a bidentate chelating ligand. The 4,4’-bipyridine 

isomer has also been used in SCO research with the ligand acting as a bridge between metal 
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centres, as reported in the Hofmann-type coordination polymers Fe(4,4’-

bipridyl)[Au(CN)2]2.nGuest.32 However, further investigation of the 4,4’-bipy ligand and complexes 

formed with it is not undertaken here. 

 

Figure 5.4: Structure of 2,2’-bipyridine and the derivatives used for screening. 

Many Fe2+ complexes ligated by substituted derivatives of bipy have been reported in 

literature.33 Comparatively, few reports of their application in SCO research are available. Of the 

available SCO literature, a large amount focuses on heteroleptic. One such example was reported 

by Garcia et al.34 in which a series of complexes with the general formula [Fe(H2Bpz2)2(L)] (where 

pz = pyrazolyl and L = 5,5’ substituted bipyridine derivatives) displayed interesting SCO properties. 

The derivatives of bipy investigated further in this work are presented in Figure 5.4, due to the 

absence of literature reports on the use of these ligands in proposed complexes with the general 

formula Fe(L)2(NCS)2, screening will be carried out. 

5.1.4. Hydrotris(1-pyrazolyl)borates 

Transition metal complexes with the tridentate ligand hydrotris(1-pyrazolyl)borates (general 

formula HB(pz)3
-) were first investigated by Trofimenko.35–37 Since their discovery, they have been 

intensively investigated with many papers describing the nature and coordination capabilities of 

these ligands,38 with particular focus on iron and cobalt derivatives, due to their potential to 

display SCO.39 The nature of these ligands was described by Trofiemnko38 coining the term 
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‘scopionates’. These ligands are usually at least bidentate with many tridentate ligands. The 

‘Scopionate’ name originates from the coordination through two nitrogen atoms, in plane, acting 

as the claws of the scorpion, with the third coordination acting as the sting of the scorpion. A 

schematic representation of the structure is shown in Figure 5.5.  

 

Figure 5.5: Structural representation of the hydrotris(1-pyrazolyl)borate metal complexes, displaying the 

scopionate structure - one equivalent of ligand is shown for clarity, with the second ligand denoted by Ln. (a) 

Fe[HB(pz)3]2 and (b) Fe[HB(3,5-(CH3)2-pz)3]2 

The Fe[HB(pz)3]2 complex represents an early observation of SCO activity, with the 

identification of thermochromism on heating.37 Confirmation of reversible SCO behaviour in 

Fe[HB(pz)3]2 was made by Hutchinson et al40 with T1/2↑ ≈ 391 K and T1/2↓ ≈ 350 K. Further 

investigation of the complex by Grandjean et al.41 confirmed the SCO properties and began 

studies into changes in optical absorption on SCO and identified a crystallographic phase 

transition accompanying SCO. Grandjean et al. also began investigation in the effects of grinding 

on this solution-synthesised complex with a lowering of T1/2↑ observed. In all literature reports of 

Fe[HB(pz)3]2, the first heating cycle was different to subsequent cycling, which gave the illusion of 

a large apparent hysteresis for the first cycle with no hysteresis observed for subsequent cycling. 

Grandjean et al. attributed this change to shattering the initial microcrystalline sample as a result 

of the SCO transition.41 Reinvestigation of the system by Salmon et al42 challenged this 

assumption, instead attributing the property change to rich polymorphism, with heating causing 
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an irreversible structural change from a metastable tetragonal form to a stable monoclinic form. 

After the first heating cycle, subsequent cycling displays SCO with T1/2↑ = T1/2↓ = 358 K. 

Extensive modification of the ligand [HB(pz)3]- has been carried out, with particular focus on 

substituent positioning and effects this has on SCO properties.43 Of particular interest to this work 

is the methyl substitution on the 3 and 5 positions of the pyrazolyl ring. Fe[HB(3,5-(CH3)2-pz)3]2 

was first reported alongside Fe[HB(pz)3]2,37 with Fe[HB(3,5-(CH3)2-pz)3]2 reported to display SCO 

with T1/2↑ = 204 and T1/2↓ = 173 K,44 the dimethyl derivative has not received as much attention 

in subsequent reports on the family.  Further, interest in these materials in modern times arises 

due to their ability to be sublimed, which allows them to be used to fabricate high quality thin 

films for precise applications.45 

5.1.5. Aims 

The aim of this chapter is to create and develop a screening protocol that can be used with 

both thermochromic and non-thermochromic SCO families. Mechanochemical synthesis shifts the 

rate limiting step from synthesises of the complexes in traditional synthetic methods, to 

characterisation and analysis of the products. This shift is due to the significantly reduced reaction 

times. As a result, developing a method to identify promising complexes for further investigation 

becomes difficult and time consuming. The characterisation techniques used in SCO research are 

compared and evaluated for value of data, cost and time to collect data. Using this information, a 

protocol is designed and tested using a series of different thermochromic and non-

thermochromic families of SCO materials. 

5.2. Results and Discussion 

5.2.1. Assessment of SCO Characterisation Techniques 

As discussed in 1.1.3, a wide variety of techniques can be used to characterise SCO materials 

and their properties. Each technique provides insight into certain aspects of the material and no 

method can be solely used to completely characterise a compound. With mechanochemistry, the 
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rate-limiting step in screening novel compounds shifts from synthesis of the compounds to 

characterisation and identification of SCO properties. Using experience gained throughout this 

work, each in-house technique will be assessed for the characterisation potential and speed of 

analysis to allow for an optimised screening method to be developed. 

5.2.1.1. SQUID Magnetometry 

Superconducting quantum interference device (SQUID) magnetometry is a sensitive 

technique, which can be used to measure magnetic properties as a function of temperature. If the 

technique can be optimised for materials discovery, it would be an incredibly powerful technique. 

The device uses a liquid helium cooled superconducting magnet coupled with a Josephson 

junction to measure small changes in magnetic moment.47 This allows for magnetic properties to 

be measured across a wide range of temperatures from as low as 5 K up to and exceeding 400 K 

depending on the instrument. Variable temperature SQUID magnetometry is able to detect the 

intrinsic changes in magnetic moment that occur during SCO; SQUID is not reliant on changes in 

optical properties such as visible thermochromism, which is not always observable.48 This makes 

SQUID magnetometry an ideal method for detection of SCO allowing identification of small multi-

step transitions in materials.49 However, the required use of liquid helium significantly increases 

the operation costs (< £200 per measurement) for the instrument which reduces the availability 

of the instrument and considering the large number of negative results expecting during 

screening it is impractical to use SQUID magnetometry as an initial technique. Also, SQUID 

measurements take a long time to obtain data, with data collection times up to and beyond 20 

hours, during which more than 40 samples could be mechanochemically synthesised, which 

would significantly slow identification of novel SCO materials. Modern SQUID magnetometers 

have begun to address these issues, do to operating on a closed system, modern systems do not 

require frequent helium filling and improvements in the technology has resulted in significantly 

reduced measurement times. The main issue remaining with modern systems is their availability, 

they are expensive to purchase. 
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5.2.1.2. Differential Scanning Calorimetry 

Differential Scanning Calorimetry (DSC) is a thermoanalytical technique that measures the 

differences in amount of heat required to increase the temperature of a sample relative to a 

reference.48 The instrument can access a wide range of temperatures by cooling down to ≈ 77 K 

using liquid nitrogen and by heating up to 850 K, with the possibility of controllable repeated 

cycling. The use of liquid nitrogen significantly reduces operation costs compared to SQUID 

magnetometry. Regarding SCO, the transition between spin states is accompanied by a change in 

entropy (∆S), which can be measured using DSC. Similar to changes in magnetic properties, the 

change in enthalpy is an intrinsic property of SCO materials. The transition from LS to HS induces 

an increase in metal-to-ligand bond distance ≈ 0.2 Å and this in turn is accompanied by a 

significant change in vibrational density of states. In calorimetry measurements, the large ∆S 

manifests as a discontinuity at the transition temperature, as shown in Figure 5.6.50 DSC can 

either be used for very detailed analysis of thermodynamic properties, which requires significant 

analysis times, or as a crude method to observe the phase change associated with SCO.48 

 

Figure 5.6: Molar heat capacity of [Fe(NCS)2(phen)2]. Displaying discontinuity attributed to SCO. Reproduced with 

permission from reference.50 
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5.2.1.3. Thermochromism and Reflectivity 

As discussed in 1.1.3, the characteristic thermochromic response to SCO can be used to 

rapidly identify SCO activity in a material. Cooling the compounds in liquid nitrogen or heating 

with a heat gun can be used to crudely observe the presence of SCO in a material. Visual 

observation of thermochromism is an ideal method for rapid identification of SCO activity in 

compounds, which allows quick screening of interesting materials. Rapid screening using this 

technique has some limitations including difficulties in testing complexes with significant charge 

transfer transitions, which mask the thermochromic response to SCO and the increased possibility 

of missing SCO active materials. The use of a reflectivity setup with precise temperature control 

and a high-quality camera could be used to reduce possibility of missing SCO active materials but 

this increased precision is accompanied by an increase in time required for each measurement. 

Precise temperature control combined with the reflectivity camera can be used to obtain SCO 

profiles by plotting response against temperature.51 The camera allows for minute changes in 

colour to be recorded and using a greyscale, the SCO transition can be monitored.  

5.2.1.4. Powder X-ray Diffraction 

PXRD is the one of the main techniques used for analysis of the structure of materials. 

Complete identification and refinement of a structure using PXRD is non-trivial, requires high-

quality data, is time consuming and often requires a starting model for structure solution. 

However, using the technique to obtain a qualitative fingerprint to compare with reported 

patterns can significantly reduce times for identification of known materials. For unknown 

materials, the presence of previously unidentified peaks, not corresponding to starting materials 

or by-products, indicates the formation of a new product which should be investigated using 

additional techniques. Measurements using PXRD can take multiple hours for high quality data, 

depending on quality of the samples. But, for qualitative data scanning for approximately one 

hour is sufficient to obtain patterns for comparison. Further, the use of auto-sampling stages 

allows for large numbers of samples to be screened overnight. Variable temperature (VT) setups 

can be and have been used to characterise HS and LS states, which are structurally different due 
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to changing bond lengths and consequent distortion of the structure. The screening of 

mechanochemical reaction products using PXRD can rapidly provide valuable insight as to 

whether any chemical reaction has occurred. However, the presence of excess reagents and by-

products introduced by the mechanochemical screening process could potentially mask the 

reaction product peaks. Therefore, it is important to note the possibility of false negatives in the 

screening process.  

5.2.1.5. Raman Spectroscopy 

Raman spectroscopy is a non-invasive, non-destructive analytical technique that provides 

detailed information about chemical structure and in turn polymorphism, by probing the chemical 

bonding in a material.52 Therefore, Raman spectroscopy does not depend on visibly changing 

properties such as thermochromism and can be used for non-thermochromic materials. A full 

description of the technique itself is presented in 2.1.6.3. For SCO research, standard room 

temperature Raman spectroscopy can be used to identify the bonding in a material, with the 

resulting spectra operating as a ‘fingerprint’ for the complex that can be compared with previous 

reports on the complex allowing for rapid identification of known materials. Full assignment of 

spectra to specific vibrational modes can be undertaken but this process requires extensive 

computational and/or experimental input and time for full interpretation.53 For previously 

unreported materials, standard room temperature Raman spectroscopy does not provide 

significant information for rapid screening. However, variable temperature Raman spectroscopy 

(VT-Raman) can take advantage of the changing bond lengths induced by the occurrence of SCO, 

which results in a different spectrum for the HS and LS states.52 This provides an interesting 

opportunity to use Raman spectroscopy for identification of SCO-active materials that have not 

previously been reported, by comparing spectra at different temperatures and identifying 

significant differences induced by the change in bonding. Variable temperature Raman 

spectroscopy is undertaken using a similar variable temperature stage as in reflectivity, vide 

supra. Screening of materials using VT-Raman is slower than thermochromic screening due to 

temperature being precisely controlled, which ultimately depends on the ramp rate of the 
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thermal stage. Collecting of the spectra themselves can also be time consuming and thus slow the 

screening process. However, in many cases, qualitative data can be collected quickly, which can 

allow rapid indication of SCO-activity. However, for detailed analysis higher quality data would be 

required. The information provided by Raman spectroscopy for non-thermochromic materials is 

crucial for identification of SCO-activity, therefore it can be used to optimise the screening 

procedure. However, the differences induced by SCO for many complexes is often difficult to 

observe due to noise and overlaying peaks. Therefore, in order to be rapidly identify the presence 

of SCO, a Raman active component should be present. One such example of this is the NCS- ion, 

shows characteristic peaks which are well separated from the rest of the spectrum (at 

approximately 2000-2200 cm-1). During SCO, the bonding of the thiocyanate significantly changes, 

which in turn changes the position of the thiocyanate peaks between both spin states, allowing 

rapid identification of SCO. 

5.2.1.6. Summary 

Each technique described above can provide valuable information for SCO materials. Some 

additional techniques non available in-house can be used to provide further characterisation such 

as EXAFS and Mössbauer. But access to these techniques are limited by availability at central 

facilities and for routine screening with mechanochemistry, they are not suitable. The technique 

which provides the most insight into SCO behaviour is SQUID magnetometry. But, the high cost of 

operation and long scanning times mean that using SQUID magnetometry for analysis of 

mechanochemical screening products is not feasible. As such, prior investigation using other 

techniques is required to identify promising candidates before using SQUID magnetometry. For 

thermochromic responsive materials rapid identification can be carried out using visual analysis 

on heating and cooling, this allows promising materials to be identified before confirmation of 

their SCO activity by SQUID magnetometry. For strongly coloured SCO materials that mask 

thermochromic response, such as Fe(phen)2(NCS)2, preliminary analysis by variable temperature 

Raman spectroscopy can be used to identify SCO activity before confirmation by SQUID 

magnetometry. Using the above discussion,  
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5.2.2. Application of Screening Procedure 

The flow chart presented in Figure 5.7 was developed based upon the discussion above, to 

optimise identification of SCO-active materials prepared by mechanochemistry. Once materials 

are identified as SCO-active, further analysis can be carried out to fully characterise the materials. 

The suitability of the screening procedure described in Figure 5.7, will be assessed by screening 

two families of potentially SCO-active materials. The thermochromic 4-R-1,2,4-Triazole family will 

be used to assess the thermochromic branch and derivatives of 1,10-phenantholine will be used 

to assess the non-thermochromic branch. Screening of previously active reported complexes for 

both families will be included to validate the procedure.  

 

Figure 5.7: Flow chart describing the proposed screening procedure for both thermochromic and non-

thermochromic SCO families. 
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5.2.2.1. 4-R-1,2,4-Triazole Family 

The triazole family of SCO materials are ideal for rapid screening by mechanochemistry due to 

their large potential for modification and clear thermochromic response. Complexes in the 

triazole family have characteristic colours dependent on spin state, where HS complexes are 

typically white and LS complexes are typically purple.3 The difference in colour allows for quick 

visual identification of SCO using the thermochromic branch of the flow chart shown in Figure 5.7. 

Depending on the initial colour, and therefore spin state, of the synthesised product, 

thermochromic screening of the complexes was carried out by heating LS (purple) products with a 

heat-gun (≈ 500 K) or cooling HS (white) products in liquid nitrogen (≈ 80 K). Screening with two 

triazole ligands, 4-H-1,2,4-triazole (Htrz) and 4-amino-1,2,4-triazole (atrz) and four Fe(II) salts; 

Fe(BF4)2.6H2O, FeCl2.4H2O, Fe(SO4)2.7H2O and (NH4)2Fe(SO4)2.6H2O was done. Some of the 

complexes being screened had previously been reported as having SCO properties, this serves to 

assess the suitability of the screening procedure with successful identification of known materials 

confirming mechanochemical screening procedure can identify SCO-activity in 

mechanochemically synthesised materials. Further, two sulphate salts were used, this allows for 

comparison between anion sources with investigation on the attempts to reduce oxidation, with 

ammonium iron(II) sulphate less susceptible to oxidation due to the slightly acidic nature of 

(NH4
+). 

4-H-1,2,4-Triazole Complexes 

Two of the proposed screening products, [Fe(Htrz)3](BF4)2 and [Fe(Htrz)3]Cl2 have been 

previously reported as SCO-active, with multiple forms of [Fe(Htrz)3](BF4)2  identified. The 

mechanical grinding of Htrz with all four Fe(II) salts, yielded purple powders, strongly indicating 

the presence of a LS species.54 On heating, all four products underwent a purple → white colour 

change, as shown in Figure 5.8. After allowing to cool, the Fe(BF4)2.6H2O (S1) and FeCl2.4H2O 

products (S2) reverted back to their initial purple colour. But, both Fe(SO4)2.7H2O (S3) and 

(NH4)2Fe(SO4)2.6H2O (S4) samples remained white. In accordance to Figure 5.7, after observation 
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of thermochromic response in all four samples, confirmation of SCO activity was determined using 

SQUID magnetometry, as shown in Figure 5.9. 

 

Figure 5.8: Thermochromic response. (a) S1 – RT, (b) S1 – Cooled in LN2, (c) S2 – RT, (d) S2 – Heated, (e)  S3 – RT, (f) 

S3 – Heated, (g) S3 – Cooled in LN2  after heating, (h) S4 – RT, (i) S4-Heated and (j) S4 – Cooled in LN2 after heating. 

SQUID analysis of the samples confirmed the presence of an initial SCO transition for all four 

complexes on heating above room temperature, as shown in Figure 5.9. S1 is expected to show 

SCO activity,51 which was identified using the visual thermochromism test. SQUID showed 

reversible SCO behaviour in temperature ranges consistent with some polymorphs of 

[Fe(Htrz)3](BF4)2.3 Ultimately, this screening procedure successfully identified the presence of SCO-

activity in S1 and further analysis of mechanically synthesised [Fe(Htrz)3](BF4)2 is discussed in 

section 3.2.2.1, see Compound 2. S2 was also expected to exhibit SCO-activity and this was 

confirmed by SQUID magnetometry. S2 underwent reversible SCO with a significant change in 

residual HS fraction and completeness of transition between the first heating cycle and 
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subsequent cycling. This difference is primarily attributed to mass loss owing to the removal of 

water at high temperatures, as shown by the increase in χMT at low temperature. Potential 

sources of water in mechanochemical synthesis are from the hydrated FeCl2.4H2O salt used and 

atmospheric moisture. Although, the observed differences could also be attributed to the ‘run-in’ 

effect described in 1.1.4. The magnetic properties, including the differences between heating and 

cooling cycles, are consistent with previous reports on the complex [Fe(Htrz)3]Cl2.xH2O.55 As with 

S1, the screening procedure was successful in identifying and confirming SCO-activity in 

compound S2. 

 

Figure 5.9: Temperature dependent SQUID data, two cycles. Cycle 1 Heating and ◼ Cooling , Cycle 2 Heating  

and Cooling . (a) [Fe(Htrz)3](BF4)2 – S1, (b) [Fe(Htrz)3]Cl2 – S2, (c) [Fe(Htrz)3]SO4 from FeSO4.7H2O – S3 and (d) 

[Fe(Htrz)3]SO4 from (NH4)2Fe(SO4)2.6H2O – S4. 

Neither S3 nor S4 represent materials previously reported in literature, but confirmation of 

the presence of SCO-activity was carried out using SQUID magnetometry. Both S3 and S4 undergo 

an irreversible transition. Transition onset temperatures for both complexes are similar (S3 = 300 



185 
 

K and S4 = 300 K) indicating the presence of the same material, which indicates both 

(NH4)2Fe(SO4)2.6H2O and FeSO4.7H2O yield the same product, likely [Fe(Htrz)3]SO4. In the instance 

of S3 and S4, further analysis of the properties was not carried out at this stage. The screening 

procedure was successful in identifying and confirming SCO-activity in a previously unreported 

material, as shown in Table 5.1. 

Table 5.1: Measured transition temperatures for Htrz complexes. Two cycles of S1, S2, S3 and S4. 

    Cycle 1 Cycle 2 

Proposed Formula Sample Thermochromic 
Response 

Reversible 
Transition 

T1/2↑ 
(K) 

T1/2↓ 
(K) 

T1/2↑ 
(K) 

T1/2↓ 
(K) 

[Fe(Htrz)3](BF4)2 S1 Yes Reversible 330 301 314 297 

[Fe(Htrz)3]Cl2 S2 Yes Reversible 353 305 305 301 

[Fe(Htrz)3]SO4  
FeSO4.7H2O 

S3 Yes Irreversible Onset: 
300 

- - - 

[Fe(Htrz)3]SO4  

(NH4)2Fe(SO4)2.6H2O 
S4 Yes Irreversible Onset: 

300 
- - - 

4-Amino-1,2,4-Triazole 

All four of the proposed reaction products prepared with atrz have previously been reported 

to display SCO-activity in literature. Thermochromic screening indicated the presence of 

reversible colour changes in S5, S6, S7 and S8 as shown in Figure 5.10. The reaction product of 

Fe(BF4)2.6H2O and atrz (S5), was previously reported as HS at room temperature.56 This was 

consistent with the observed white → purple transition observed on cooling for S5. Similarly, 

[Fe(atrz)3]Cl2 (proposed product S6) and [Fe(atrz)3]SO4 (proposed product of the reactions with  

both FeSO4.7H2O (S7) and (NH4)2Fe(SO4)2.6H2O (S8)) have reported SCO transitions above room 

temperature, consistent with the observed purple → white transitions on heating.55  



186 
 

 

Figure 5.10: Thermochromic response. (a) S5 – RT, (b) S5 – Cooled in LN2, (c) S6 – RT, (d) S6 – Heated, (e) S7 – RT, 

(f) S7 – Heated, (g) S8 – RT and (h) S8 – Heated. 

Having identified the presence of a thermochromic response, variable temperature SQUID 

magnetometry was used to confirm the presence of reversible SCO transitions in all four products, 

as shown in Figure 5.11. S5 underwent SCO with T1/2↑ = 201 K, which is consistent with a 

previously observed but uncharacterised form of [Fe(atrz)3](BF4)2.57 Further discussion on S5 is 

presented in 3.2.2.2. S6 underwent SCO with a two-step first heating cycle (T1/2↑ = 320 and 351 

K), repeated cycling after the first heating cycle yielded reproducible results, displaying SCO 

behaviour with T1/2↑ = 331 K and T1/2↓ = 322 K consistent with previous literature reports. The 

magnetic properties of S7 and S8 are similar, with similar transition temperatures in the second 

cycle (S7: T1/2↑ = 335 K, T1/2↓ = 324 K and S8: T1/2↑ = 334 K, T1/2↓ = 317 K).  
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Figure 5.11: Temperature dependent SQUID data, two cycles. Cycle 1 Heating ◼ and Cooling , Cycle 2 Heating  

and Cooling . (a) [Fe(atrz)3](BF4)2 – S5, (b) [Fe(atrz)3]Cl2 – S6, (c) [Fe(atrz)3]SO4 from FeSO4.7H2O – S7 and (d) 

[Fe(atrz)3]SO4 from (NH4)2Fe(SO4)2.6H2O – S8. 

As discussed above, the values for ∆χMT are lower than expected for triazole complexes due 

to the presence of impurities which were not removed during preliminary screening. However, 

this does not negatively affect the screening procedure as it is only used as a crude tool for 

materials discovery, any novel materials identified will be studied in much greater detail. 

Comparison of SCO properties for the screened complexes are shown in Table 5.2. The screening 

procedure successfully identified SCO-activity in all four products with confirmation of the 

properties made by variable temperature SQUID magnetometry. 
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Table 5.2: Measured transition temperatures for atrz complexes. Two cycles are shown for S5, S6, S7 and S8. *2-

Step transition. 

    Cycle 1 Cycle 2 

Proposed Formula  Thermochromic 
Response 

Reversible 
Transition 

T1/2↑ 
(K) 

T1/2↓ 
(K) 

T1/2↑ 
(K) 

T1/2↓ 
(K) 

[Fe(atrz)3](BF4)2 S5 Yes Reversible 201 199 201 200 

 
[Fe(atrz)3]Cl2 

 
S6 

 
Yes 

 
Reversible 

320 
and 

351* 

326 331 322 

[Fe(atrz)3]SO4 
FeSO4.7H2O 

S7 Yes Reversible 357 326 335 324 

[Fe(atrz)3]SO4 

(NH4)2Fe(SO4)2.6H2O 
S8 Yes Reversible 354 318 334 317 

 

5.2.2.2. Fe(phen)2(NCS)2 and Derivatives 

The complex Fe(phen)2(NCS)2 is intensely coloured, which makes the colour change resulting 

from SCO difficult to observe, the strong colouration results from metal-ligand charge transfer. As 

discussed in Chapter 2, one solution-state synthetic route to the complex Fe(phen)2(NCS)2  

requires synthesis of the complex [Fe(phen)3](SCN)2 before conversion to the SCO-active complex 

Fe(phen)2(NCS)2 by extraction of one phenanthroline ligand either by continuous solvent 

extraction58 or thermal conversion.59 Interest in mechanochemical screening of this complex 

arises due to the possibility for direct synthesis of the SCO-active complex, which was assessed by 

screening one-pot and two-spot synthetic routes. In accordance with the non-thermochromic 

branch of Figure 5.7, the reaction products for one-pot (S9-1pot) and two-pot synthesis (S9-2pot) 

were analysed by  variable temperature Raman spectroscopy. In order to identify whether the 

products were the desired SCO-active complex or the inactive complex, the temperature-

dependent magnetic properties were measured by SQUID magnetometry. 
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Figure 5.12: (a) Overlaid Normalised Raman Spectrum for one-pot product (S9-1pot) and two-pot product (S9-

2pot). (b) Temperature dependent SQUID data for S9-1pot, two cycles. Cycle 1 Heating ◼ and Cooling , Cycle 2 

Heating  and Cooling . 

It can be seen in Figure 5.12(a) that independent of the reaction route taken, the product was 

the same. Small differences in the spectra at 2100 cm-1 are attributed to differences in quantities 

of reagents used, with a greater ratio of NCS present in S9-1pot. The magnetic properties of S9-

1pot, shown in Figure 5.12(b), exhibited no SCO activity in the temperature range expected for 

Fe(phen)2(NCS)2.60 Therefore, it was concluded that the product of both one-pot and two-pot 

synthesis was [Fe(phen)3](SCN)2, this was confirmed using a variation on a previously reported 

procedure for the thermal conversion of [Fe(phen)3](SCN)2 into Fe(phen)2(NCS)2.59 A portion of S9-

1pot was dried by heating to 80 °C for 3 hours, followed by heating to 200 °C for 10 hours. This 

yielded the product S9-1pot-Heat. 

S9-1pot-Heat was first screened using variable temperature Raman spectroscopy, as shown in 

Figure 5.13(a). There are clear differences between the spectrum collected at 298 K and that at 

130 K. Due to the significant differences, the magnetic properties were measured by SQUID 

magnetometry, as shown in Figure 5.13(b). 
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Figure 5.13: (a) Raman Spectra for S9-1pot-Heat taken at 298 K (Top) and 130 K (Bottom). Three sections shown to 

emphasise differences, full plots in 2.3.1.1. (b) Temperature dependent SQUID data for S9-1pot-Heat, 2 cycles. Cycle 1 

Heating and ◼ Cooling , Cycle 2 Heating  and Cooling . 

Variable temperature SQUID magnetometry confirmed the presence of SCO-activity in S9-

1pot-Heat, with similar T1/2↑ = T1/2↓ = 175 K to previous literature reports.26,60–62 Further 

discussion on the mechanochemical synthesis of Fe(phen)2(NCS)2, with comparisons to literature 

reports and solution synthesised samples, as well as the effects of washing can be found in 

3.2.2.2. The proposed screening procedure was successful in identifying SCO-activity in S9-1pot-

Heat. 

5.2.2.2.1. 1,10-phenathroline Derivatives 

Having identified SCO-activity in the previously reported complex Fe(phen)2(NCS)2, further 

screening was carried out using the phenanthroline derivatives 4,7-diphenyl-1,10-phenathroline 

(ph-phen) and 4,7-dimethyl-1,10-phenathroline (me-phen) the structures of both derivatives are 

shown in Figure 5.14. Screening of the complexes immediately after mechanochemical synthesis 

and after thermal treatment were undertaken. As with Fe(phen)2(NCS)2, the proposed products 

would be expected to be strongly coloured, which would mask the colour change resulting from 

SCO, therefore both derivatives were screened using the non-thermochromic branch of the 

screening procedure described in Figure 5.7. 
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Figure 5.14: Structures of 1,10-phenathroline (top), 4,7-dimethyl-1,10-phenanthroline (middle) and 4,7-diphenyl-

1,10-phenanthroline (bottom). 

5.2.2.2.1.1. 4,7-diphenyl-1,10-phenanthroline 

The screening product of ph-phen (S10-As) was screened using VT-Raman (at 123 K and 298 

K), as shown in Figure 5.15(a). There are significant differences between the spectrum collected at 

123 K and the second spectrum collected at 298 K. The area around 2000-2200 cm-1 underwent a 

drastic change, similar to changing bonding in the thiocyanate ion observed for Fe(phen)2(NCS)2.59 

Due to this, further investigation of S10-As was undertaken via variable temperature SQUID 

magnetometry. The thermally treated component of S10-As, sample S10-Heat did not display 

differences Raman spectra collected at 123 K and 298 K, as shown in Figure 5.15, therefore 

further investigation was not carried out on S10-Heat. 
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Figure 5.15: Raman spectra at 298 K (top) and 123 K (Bottom). (a) Compound S10-As and (b) Compound S10-Heat. 

Analysis of the variable temperature SQUID data indicates 23-As does not display SCO-activity 

across the range 50 K to 400 K, as shown in Figure 5.16. The constant and gradual increase in χMT 

is due to the sample being diamagnetic and the absence of a visible jump or sudden increase in 

χMT suggests the material does not undergo SCO. There is also no significant difference between 

the first and second heating cycle. 

 

Figure 5.16: Variable temperature SQUID magnetometry for compound S10-As. Cycle 1 Heating ◼ and Cooling , 

Cycle 2 Heating . 

The origin of the difference observed in VT-Raman for S10, is not clear but may be due to 

sample inhomogeneity or an impurity introduced during the analysis. Multiple measurements at 

each temperature were made and each display the sample spectra consistent with the spectra 
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presented in Figure 5.15. Additional origins of the differences may be due to sample 

decomposition or oxidisation, as the Raman measurements were taken soon after synthesis 

whereas the SQUID measurements were taken some time after. However, repeated synthesis did 

not display the same differences in Raman spectra and no indication of SCO-activity was observed 

in the repeated SQUID measurements. This compound highlights potential limitations of the 

screening procedure and serves to emphasise the potential for false positive and the need to use 

several characteristic techniques. One such origin for the differences observed in the Raman data 

could be a structural phase transition, however, further investigation was beyond the scope of 

this work. 

5.2.2.2.1.2. 4,7-dimethyl-1,10-phenanthroline 

Screening of the complex prepared with the ligand 4,7-dimethyl-1,10-phenathroline (me-

phen) was undertaken using the same general approach. Neither the as-synthesised product or 

the temperature treated complex showed significant differences in the Raman spectra collected 

at 298 K and 123 K. Therefore, no further analysis of the products was undertaken. Variable 

temperature Raman spectra are shown in Appendix C.  

5.2.2.3. Assessment of Screening Procedure 

Application of the screening procedure described in Figure 5.7 to the 4-R-1,2,4-triazole family 

of SCO complexes proved the procedure successful and suitable for purpose, for thermochromic 

materials. SCO activity was identified in the previously reported complexes: [Fe(Htrz)3](BF4)2, 

[Fe(Htrz)3]Cl2, [Fe(atrz)3](BF4)2, [Fe(atrz)3]Cl2 and [Fe(atrz)3]SO4.  The presence of an unreported 

irreversible SCO in [Fe(Htrz)3]SO4 was also identified. The thermochromic response of the 4-R-

1,2,4-triazole family was very distinctive which reduced the possibility of a false negative 

classification.  

For non-thermochromic materials, the screening procedure was not entirely optimised. 

However, the procedure was able to identify SCO-activity in a previously reported complex 

(Fe(phen)2(NCS)2), screening of the ligand 4,7-diphenyl-phenathroline provided a false positive 
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response, with significant differences observed in the variable temperature Raman spectra 

without SCO-activity confirmed by SQUID magnetometry. This highlighted further analysis is 

required during the screening procedure, particularly for non-thermochromic materials. 

Development of the screening procedure by including PXRD analysis prior to further analysis 

would allow for reduction of a false positive response. By comparing patterns of starting materials 

and reaction products, it is possible to confirm a reaction had occurred, which can be done by 

identifying peaks present in the pattern which are not from starting materials. The inclusion of 

PXRD analysis would not significantly alter the total screening time, due to the possibility of using 

auto-sampling systems for PXRD analysis. This significantly reduces the active time required whilst 

providing valuable information which can help to optimise the screening procedure. An improved 

screening procedure is presented in Figure 5.17. 
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Figure 5.17: Developed Flow chart describing the proposed screening procedure for both thermochromic and non-

thermochromic SCO families. 

5.2.3. Testing Modified Screening Procedure 

The suitability of the modified screening procedure described in Figure 5.17, was investigated 

by screening three families of potentially SCO-active materials. The thermochromic hydrotris(1-

pyrazolyl)borate family, which undergoes purple to white thermochromism, was used to assess 

the thermochromic branch with particular interest in the possibility of forming mixed ligand 

complexes by mechanochemistry. Further, a second thermochromic family will be investigated, 

the 2,6-di(pyrazole-3-yl)pyridine (3-bpp) family undergoes a more subtle thermochromic response 

with a characteristic yellow-orange transformation, this will test the limitations of the screening 
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procedure for thermochromic materials. The final family investigated will be the non-

thermochromic bipyridine family which will further test the non-thermochromic branch of the 

screening procedure. 

5.2.3.1. Fe[HB(pz)3]2 

The complex Fe[HB(pz)3]2 (S18) has previously been reported as SCO-active, with T1/2↑ = 358 

K.42 Therefore it will be used to assess the suitability of the procedure and to serve as further 

evidence of mechanochemical synthesis of SCO-active materials. Mechanochemical synthesis 

yielded a pinkish powder which was purified by sublimation yielding S18-Sublim. Purification was 

done on this complex as an additional step to improve PXRD analysis. In accordance with the 

screening procedure, PXRD analysis was done, as shown in Figure 5.18. It is clear that the pattern 

for sample S18-Sublim is similar to that of the simulated pattern for Fe[HB(pz)3]2 (CSD Code: 

HPZBFE)63 with multiple additional peaks likely resulting from the absence of a washing step. 

Comparison of PXRD indicates mechanochemical synthesis is promising and further analysis 

should be carried out.  

 

Figure 5.18: Comparison of normalised PXRD data for Top: Fe[HB(pz)3]2 complex, simulated from SC-XRD data (CSD 

Code: HPZBFE)63 and Bottom: S18-Sublim. 
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The thermochromic response was investigated by heating the pink (proposed LS species) 

powder using a heat gun. In response to heating, the powder underwent a thermochromic 

response changing into a white (proposed HS species) powder, as shown in Figure 5.19. In 

accordance with the screening procedure described in Figure 5.17, further investigation was 

carried out to confirm SCO-activity in S18-Sublim. 

 

Figure 5.19: Thermochromic response for S18-Sublim. (a) RT and (b) Heated. 

Confirmation of the presence of SCO-activity in S18-Sublim was done by variable temperature 

SQUID magnetometry, as shown in Figure 5.20(a). The first cycle transition temperature was 

reported in literature with T1/2↑ = 405 K which is a higher temperature than accessible in the 

SQUID magnetometer used, as shown in Figure 5.20(b). Therefore, it is only possible to observe 

the onset of the SCO-transition. Comparison of SCO properties are presented in Table 5.3. The 

screening procedure was successful in identifying SCO-activity in a previously reported SCO-active 

material. 
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Figure 5.20: Temperature dependent SQUID data (a) S18-Sublim two cycles: Cycle 1 Heating ◼ and Cooling , 

Cycle 2 Heating  and Cooling , (b) Digitised literature plot for Fe[HB(pz)3]2-lit.42 

 

Table 5.3: Comparison of SCO properties for S18-Sublim and literature reports on the complex Fe[HB(pz)3]2.42 

 T1/2↑ (K) T1/2↓ (K) ΔT (K) ‘Smoothness’ (K) 

S18-Sublim >400  - - - 

Literature  
Fe[HB(pz)3]2 

First Cycle 

 
405 

 
- 

 
- 

 
24 

Literature  
Fe[HB(pz)3]2  

Subsequent Cylcing 

 
358 

 
358 

 
0 

 
52 
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5.2.3.2. Fe[HB(3,5-(CH3)2-pz)3]2 

The complex Fe[HB(3,5-(CH3)2-pz)3]2 (S19) has previously been reported as SCO-active, with 

T1/2↑ = 358 K.44 Therefore it was used to assess the suitability of the procedure and to serve as 

further evidence of mechanochemical synthesis of SCO-active materials. Mechanochemical 

synthesis yielded a white powder which was purified by sublimation (S19-Sublim). As previously 

discussed, purification via Sublimation was used as an additional step to improve PXRD analysis. In 

accordance with the screening procedure, PXRD analysis was done, as shown in Figure 5.21. The 

pattern for S19-Sublim shows some similarities to the simulated pattern of Fe[HB(3,5-(CH3)2-pz)3]2 

(CSD Code: HMPBFE).63 Comparison of PXRD indicates a mechanochemical reaction had occurred. 

 

Figure 5.21: Comparison of normalised PXRD data for Top: Fe[HB(3,5-(CH3)2-pz)3]2 complex, simulated from SC-XRD 

data (CSD Code: HMPBFE)63 and Bottom: S19-Sublim. 

In accordance with the screening procedure described in Figure 5.17, the thermochromic 

response was investigated by cooling the white (proposed HS species) powder in liquid nitrogen. 

In response to cooling, the powder underwent a thermochromic response changing into a pink 

(proposed LS species) powder, as shown in Figure 5.22. Further investigation was carried out to 

confirm SCO-activity in S19-Sublim. 
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Figure 5.22: Visible thermochromism for S19-Sublim. (a) RT and (b) Cooled in LN2. 

 

Figure 5.23: Temperature dependent SQUID data (a) S19-Sublim two cycles: Cycle 1 Heating ◼ and Cooling , 

Cycle 2 Heating  and Cooling , (b) Digitised literature plot for Fe[HB(3,5-(CH3)2-pz)3]2-lit.44 
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SQUID magnetometry was used to confirm SCO-activity in S19-Sublim, as shown in Figure 5.23. 

SCO-activity is clearly visible with differences between the first and subsequent cycles observed. 

Sample 32 undergoes a first cycle transition with T1/2↑ = 173 K, T1/2↓ = 154 K and ‘smoothness’ = 

72 K. Subsequent cycling displays SCO with T1/2↑ = 180 K, T1/2↓ = 155 K and ‘smoothness’ = 65 K. 

The presence of SCO was successfully identified using the screening procedure, as shown in Table 

5.4. 

 

Table 5.4: Comparison of SCO properties for S19-Sublim and literature reports on the complex Fe[HB(3,5-

(CH3)pz)3]2.44 

 T1/2↑ (K) T1/2↓ (K) ΔT (K) ‘Smoothness’ (K) 

S19-Sublim 
First Cycle 

173 154 18 72 

S19-Sublim  
Second Cycle 

180 155 25 65 

Literature  
Fe[HB(3,5-(CH3)2pz)3]2 

204 173 31 55 

 

5.2.3.3. Fe[HB(pz)3][HB(3,5-(CH3)2-pz)] 

The heteroleptic compound Fe[HB(pz)3][HB(3,5-(CH3)2-pz)] (S20) has not previously been 

reported in literature. It was investigated as part of the screening process to identify whether 

mechanochemistry can be used as a synthetic route to compound not currently reported for 

solution-state synthetic methods. Mechanochemical synthesis yielded a reddish powder which 

was purified by sublimation (S20-Sublim). As previously discussed, purification was done on this 

complex as an additional step to improve PXRD analysis. In accordance with the screening 

procedure, PXRD analysis was done, as shown in Figure 5.24. The PXRD pattern for S20-Sublim 

does not solely match the patterns for either Fe[HB(pz)3]2 or Fe[HB(3,5-(CH3)2pz)3]2, therefore 

further interpretation should be undertaken. 
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Figure 5.24: Comparison of normalised PXRD data for Top: Fe[HB(3,5-(CH3)2-pz)3]2 complex, simulated from SC-XRD 

data (CSD Code: HMPBFE),63 Middle: S20-Sublim and Bottom: Fe[HB(pz)3]2 complex, simulated from SC-XRD data (CSD 

Code: HPZBFE).63 

In accordance with the screening procedure, the thermochromic response was investigated 

by heating the reddish powder using a heat gun. In response to heating, the powder underwent a 

thermochromic response changing into a brownish powder, as shown in Figure 5.25. Further 

investigation was carried out to confirm SCO-activity in S20-Sublim. 

 

 

Figure 5.25: Visible thermochromism for S20-Sublim. (a) RT and (b) Heated. 
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Confirmation of the presence of SCO-activity was done by variable temperature SQUID 

magnetometry, as shown in Figure 5.26. The attempted synthesise of a heteroleptic complex 

yielded a SCO-active product which contained two distinct transitions. The first step displays SCO 

with T1/2↑ = 160 K, T1/2↓ = 159 K and ‘smoothness’ = 65 K, consistent with literature reports on 

the complex Fe[HB(3,5-(CH3)2pz)3]2.44 The second step begins to occur at 350 K with T1/2↑ and 

T1/2↓ above 400 K, which is consistent with literature reports on Fe[HB(pz)3]2.42 The screening 

procedure was successfully able to identify the presence of SCO-activity in S20-Sublim, with the 

presence of two distinct transitions, consistent with a mixture of the two reported homoleptic 

SCO-active materials. Comparison of the SCO properties with literature reports are shown in Table 

5.5. 

 

Figure 5.26: Temperature dependent SQUID data for S20-Sublim three cycles: Cycle 1 Heating ◼ and Cooling , 

Cycle 2 Heating  and Cooling , Cycle 3 Heating ⧫ and Cooling ◊. 
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Table 5.5: Comparison of SCO properties for S20-Sublim and literature reports on both Fe[HB(pz)3]2
42 and 

Fe[HB(3,5-(CH3)pz)3]2.44 

 T1/2↑ (K) T1/2↓ (K) ΔT (K) ‘Smoothness’ (K) 

S20-Sublim 
First Step 

160 159 1 65 

S20-Sublim 
Second Step 

< 400 < 400 - - 

Literature  
Fe[HB(pz)3]2 

First Cycle 

 
405 

 
- 

 
- 

 
24 

Literature  
Fe[HB(3,5-(CH3)2pz)3]2 

204 173 31 55 

5.2.3.4. 2,6-di(pyrazole-3-yl)pyridine and Derivatives 

Fe2+ complexes of the 3-bpp family, introduced in 5.1.2, usually undergo a characteristic SCO 

transition from yellow in the HS state to red in the LS state.14 Here, this characteristic colour 

change was applied as the thermochromic branch of Figure 5.17. Complexes of 3-bpp and three 

derivatives were screened using four different Fe(II) salts. The complexes screened included the 

ligands 3-bpp, 3-bpp-PhOH, 3-bpp-PhOCH3 and 3-bpp-Napth with Fe(BF4)2.6H2O, FeCl2.4H2O, 

(NH4)2Fe(SO4)2.6H2O and Fe(C2O4)2.3H2O. Each Fe(II) salt was used due to their relatively high 

stability under atmospheric conditions, low cost and wide availability from chemical suppliers, all 

factors which are important for commercial applications. Additionally, various solvates of 

complexes with BF4
- had previously been reported, making it an ideal candidate for discovery of 

novel SCO-active products.14 

Stoichiometric ratios of the ligands and Fe(II) salts were ground in a pestle and mortar for 5 

minutes. The resulting powders were collected, and one portion was heated using a heat gun until 

decomposition or a colour change and a second portion was cooled in liquid nitrogen. In the 

event of a colour change in either portion, further analysis was carried out by SQUID 

magnetometry. In accordance with the proposed screening procedure, if no thermochromism was 

observed, then no further analysis was carried out. 
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5.2.3.4.1.  [Fe(3-bpp)2](BF4)2 

Grinding 3-bpp with Fe(BF4)2.H2O yielded an orange powder. After allowing the sample to dry 

in air, a fine yellow powder was obtained (S21-BF4). PXRD was used to characterise the reaction 

product of S21-BF4, as shown in Figure 5.27. The collected pattern for S21-BF4 was consistent with 

previous literature reports for the complex [Fe(3-bpp)2](BF4)2.17 Comparison with a simulated 

pattern of 3-bpp (CSD Code: QETVEQ01)64 confirms the absence of a significant quantity of 

unreacted 3-bpp. 

 

Figure 5.27: Comparison of normalised PXRD data for Top: 3bpp ligand, simulated from SC-XRD data (CSD Code: 

QETVEQ01)64 Middle: Sample S21-BF4 and Bottom: [Fe(3-bpp)2](BF4)2 digitised from literature.17 

Sample S21-BF4 was previously reported in literature,17 with significant solvents effects. In 

fact, Halcrow et al.18 observed significant stabilisation of the low-spin state (red) with different 

degrees of hydration. On cooling in liquid nitrogen, S21-BF4 underwent a yellow → orange colour 

change, characteristic of a SCO-transition for this family, as shown in Figure 5.28. Due to the 

presence of thermochromism, SQUID magnetometry was used to confirm SCO activity. 
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Figure 5.28: Thermochromic response for S21-BF4. (a) Room temperature. (b) Cooled in liquid nitrogen. 

The SCO behaviour of S21-BF4 was confirmed by temperature dependent SQUID 

magnetometry, as shown in Figure 5.29(a). S21-BF4 underwent SCO with T1/2↑ = 164 K, T1/2↓ = 

153 K, ΔT = 11 K and a relatively gradual transition with ‘smoothness’ = 37 K. Previous literature 

reports on the complex [Fe(3-bpp)2](BF4)2 has shown similar SCO behaviour with T1/2↑ = 185 K, 

T1/2↓ = 174 K, ΔT = 11 K and a comparably more abrupt transition with ‘smoothness’ = 15 K, as 

shown in Figure 5.29(b).17 The effects of hydration were also described by Goodwin et al. with a 

partial transition observed with T1/2↑ = 287 K. The decrease in T1/2↑, T1/2↓ and ‘Smoothness’ 

observed for S21-BF4 are consistent with the effects of grinding and crystalline quality, further 

discussion on the effects of grinding is in 3.2.6. The developed screening procedure was successful 

in identifying a known SCO-active compound within the 3-bpp family. PXRD analysis was able to 

confirm the formation of a product which was compared with previous literature reports, whilst 

the SCO properties were first identified by thermochromic response and confirmed by SQUID 

magnetometry, comparison of SCO properties with literature are shown in Table 5.6. 
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Figure 5.29: Temperature dependent SQUID data (a) [Fe(3bpp)2](BF4)2, S21-BF4, three cycles: Cycle 1 Heating ◼ 

and Cooling , Cycle 2 Heating  and Cooling , Cycle 3 Heating  and cooling . (b) Digitised literature plots 1: 

[Fe(3bpp)2](BF4)2 and 2: [Fe(3bpp)2](BF4)2.2H2O.17 

Table 5.6: Comparison of SCO properties for S21-BF4 with literature reports of [Fe(3-bpp)2](BF4)2.xH2O (x = 0 and 

2).17 

 T1/2↑ (K) T1/2↓ (K) ΔT (K) ‘smoothness’ (K) 

Sample S21-BF4 164 153 11 37 

Lit. [Fe(3-bpp)2](BF4)2 185 174 11 15 

Lit. [Fe(3-bpp)2](BF4)2.2H2O 287 - - - 
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5.2.3.4.1.1. Samples S21-Cl, S21-SO4 and S21-C2O4 

Screening with FeCl2.4H2O, (NH4)2Fe(SO4)2.6H2O and FeC2O4.2H2O did not yield products which 

displayed thermochromism on either heating or cooling. The FeCl2.4H2O product (S21-Cl) was an 

off-white powder which partially oxidised to a brown powder when left in air. Similarly, both the 

(NH4)2Fe(SO4)2.6H2O and FeC2O4.2H2O products (S21-SO4 and S21-C2O4 respectively) were off-

white products and no change in appearance was observed when left exposed to air. In 

accordance with the proposed screening procedure, the absence of visible thermochromism on 

both heating and cooling, meant no further analysis of these products was carried out. The effects 

of heating and cooling all products made with 3-bpp are described in Table 5.7. 

Table 5.7: Test of thermochromism for 3-bpp; S21-BF4, S21-Cl, S21-SO4 and S21-C2O4. 

 Original Appearance Colour on Heating Colour on Cooling 

S21-BF4 Yellow powder No Change Orange Powder 

 
S21-Cl 

Off-white powder. 
Turned slightly brown 

in air. 

 
No Change 

 
No Change 

S21-SO4 Off-white powder No Change No Change 

S21-C2O4 Off-white powder No Change No Change 

5.2.3.4.2. [Fe(3-bpp-PhOH)2]Ax 

Similar to complexes formed with 3-bpp, the ligand 3-bpp-PhOH also forms complexes which 

undergo yellow (HS) → red (LS) thermochromism. As discussed in 5.1.2, the 3-bpp family have 

significant solvent sensitivity with multiple solvatomorphs exhibiting different SCO properties. 

3pp-PhOH, is no exception, with at least five solvatomorphs reported with the ClO4
- anion, 

investigation of the perchlorate anion cannot be routinely carried out using mechanochemistry 

due to the explosive risk. 3-bpp-PhOH was screened with four iron(II) salts by mechanochemistry, 

and the resulting products were investigated using the protocol described in Figure 5.17.  

5.2.3.4.2.1. Samples S22-BF4, S22-Cl, S22-SO4 and S22-C2O4 

Mechanically reacting 3-bpp-PhOH with Fe(BF4)2.6H2O, FeCl2.4H2O, (NH4)2Fe(SO4)2.6H2O and 

FeC2O4.2H2O yielded S22-BF4, S22-Cl, S22-SO4 and S22-C2O4 respectively. All four reactions initially 

yielded white powders but none of the products displayed thermochromic behaviour on either 

heating or cooling, as shown in Table 5.8. As observed with S22-Cl, the reaction product with 



209 
 

FeCl2.4H2O appeared to partially turn brown when left in air, which was attributed to partial 

oxidation. The proposed products of this reaction were not previously reported in literature. Due 

to the absence of thermochromism, no further analysis was carried out.  

Table 5.8: Test of thermochromism for 3-bpp-PhOH; S22-BF4, S22-Cl, S22-SO4 and S22-C2O4. 

 Original Appearance Colour on Heating Colour on Cooling 

S22-BF4 Off-white powder No Change No Change 

 
S22-Cl 

Off-white powder. 
Turned slightly brown 

in air. 

 
No Change 

 
No Change 

S22-SO4 Off-white powder No Change No Change 

S22-C2O4 Off-white powder No Change No Change 

 

5.2.3.4.3. [Fe(3-bpp-PhOCH3)2]Ax 

Fe(II) complexes with the 3-bpp-PhOCH3 ligand has previously been reported to display SCO 

activity with three different anions (ClO4
-, CF3SO3

- and BF4
-).65 The complexes reported with ClO4

- 

and BF4
- contain solvents and solvent-free forms were not described.14 As previously discussed, 

the solvent effects on SCO activity are significant within the 3-bpp family. Neither the solvent-free 

nor hydrated products of the anions screened have been previously been reported in literature. 

Screening carried out below explores the potential products without the addition of solvents, 

potential hydrates can occur due to the use of hydrated Fe2+ salts. Although anhydrous Fe2+ salts 

could be used, the use of anhydrous salt is non-trivial and would require special consideration 

which would drastically slow the screening process at this stage. 

5.2.3.4.3.1. Samples S23-BF4, S23-Cl, S23-SO4 and S23-C2O4 

The reactions between 3-bpp-PhOCH3 and the four Fe2+ salts: Fe(BF4)2.6H2O, FeCl2.4H2O, 

(NH4)2Fe(SO4)2.6H2O and FeC2O4.2H2O yielded S22-BF4, S22-Cl, S22-SO4 and S22-C2O4 respectively. 

In all four instances an off-white powder was obtained. Neither heating nor cooling caused a 

change in appearance for all four products, as shown in Table 5.9. In accordance with the 

screening procedure, without the presence of thermochromism, no further analysis was carried 

out. 
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Table 5.9: Test of thermochromism for 3-bpp-PhOCH3; S23-BF4, S23-Cl, S23-SO4 and S23-C2O4. 

 Original Appearance Colour on Heating Colour on Cooling 

S23-BF4 Off-white powder No Change No Change 

 
S23-Cl 

Off-white powder. 
Turned slightly brown 

in air. 

 
No Change 

 
No Change 

S23-SO4 Off-white powder No Change No Change 

S23-C2O4 Off-white powder No Change No Change 

 

5.2.3.4.4. [Fe(3-bpp-Napth)2]Ax 

Complexes of 3-bpp-Napth were previously reported by Barrios et al.66 with SO3CF3
-, ClO4

- and 

BF4
-
 as the anions. In all instances the SCO-active complexes contained either acetone and water 

or THF as solvent molecules. The complexes prepared with 3-bpp-Napth were shown to crystallise 

with the two equivalents of 3-bpp-Napth in different conformations, as shown in Figure 5.30, 

leading to an unusual crystal packing. Solvent-free complexes with the anions BF4
-, Cl-, SO4

2- and 

C2O4
- had not previously been reported in literature.  

 

Figure 5.30: Conformations of the 3-bpp-Napth ligand, as described by Barrios et al.66 
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5.2.3.4.4.1. Samples S24-BF4, S24-Cl, S24-SO4 and S24-C2O4 

The reactions between 3-bpp-Napth and the four Fe2+ salts: Fe(BF4)2.6H2O, FeCl2.4H2O, 

(NH4)2Fe(SO4)2.6H2O and FeC2O4.2H2O yielded S24-BF4, S24-Cl, S24-SO4 and S24-C2O4 respectively. 

All four reactions yielded off-white powders which did not display thermochromism on either 

heating or cooling, as shown in Table 5.10. Due to the absence of thermochromism, no further 

analysis was undertaken. 

Table 5.10: Test of thermochromism for 3-bpp-Napth; S24-BF4, S24-Cl, S24-SO4 and S24-C2O4. 

 Original Appearance Colour on Heating Colour on Cooling 

S24-BF4 Off-white powder No Change No Change 

 
S24-Cl 

Off-white powder. 
Turned slightly brown 

in air. 

 
No Change 

 
No Change 

S24-SO4 Off-white powder No Change No Change 

S24-C2O4 Off-white powder No Change No Change 

5.2.3.4.5. Mixed Ligands 

Here, a range of heteroleptic complexes prepared using the ligands 3-bpp, 3-bpp-PhOH, 3-

bpp-PhOCH3 and 3-bpp-Napth were screened vide supra. To focus the screening process, only the 

Fe(BF4)2.6H2O salt was used. The BF4 salt was chosen due to the various solvates of the BF4 

complexes representing a significant quantity of SCO-active complexes in the 3-bpp 

family.14,18,65,67–69 A potential explanation for the large number of SCO-active complexes in the 3-

bpp family  including the BF4 anion was proposed by Halcrow.70 Halcrow compared the crystal 

structures of [Fe(3-bpp)2](BF4)2, which display SCO, and [Fe(3-bpp)2](PF6)2, which stays in HS state 

at all temperatures. This highlighted an unusual C2-distorted, twisted structure in the PF6 

analogue, which Halcrow suggested stabilised the HS state. Similarly, the ClO4 and SbF6 analogues 

are isostructural with [Fe(3-bpp)2](PF6)2 and also remain in the HS state across all temperatures.71 

Heteroleptic complexes prepared with 3-bpp, 3-bpp-PhOH, 3-bpp-PhOCH3 and 3-bpp-Napth 

were screened with Fe(BF4)2.6H2O, according to the screening procedure described in Figure 5.17. 

None of the proposed reaction products had previously been reported in literature. The ligand 

combinations and their assigned names are shown in Table 5.11. 
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Table 5.11: Sample names for heteroleptic screening of ligands. 

Sample Name Proposed Formula Ligand One Ligand Two 

Sample 25 [Fe(3-bpp)(3-bpp-PhOH)](BF4)2 3-bpp 3-bpp-PhOH 

Sample 26 [Fe(3-bpp)(3-bpp-PhOCH3)](BF4)2 3-bpp 3-bpp-PhOCH3 

Sample 27 [Fe(3-bpp)(3-bpp-Napth)](BF4)2 3-bpp 3-bpp-Napth 

Sample 28 [Fe(3-bpp-PhOH)(3-bpp-PhOCH3)](BF4)2 3-bpp-PhOH 3-bpp-PhOCH3 

Sample 29 [Fe(3-bpp-PhOH)(3-bpp-Napth)](BF4)2 3-bpp-PhOH 3-bpp-Napth 

Sample 30 [Fe(3-bpp-PhOCH3)(3-bpp-Napth)](BF4)2 3-bpp-PhOCH3 3-bpp-Napth 

5.2.3.4.5.1. Heteroleptic Sample Screening 

In all instances of mixed ligand screening with Fe(BF4)2.6H2O, an off-white powder was 

obtained. On heating, all samples remained off-white until decomposition occurred. On cooling, 

no thermochromism was observed. This indicated an absence of SCO in these samples. As a result 

of the absence of thermochromism, no further analysis of Samples 25-30 was carried out. 

5.2.3.4.6. Summary 

A wide range of complexes, both homoleptic and heteroleptic, were screened. Although, no 

new SCO-active complexes were identified, all previously reported complexes were successfully 

identified. If this screening was done using traditional methods, then the time requirements 

would have been a lot more substantial. It is also worth noting than further screening could be 

carried out using LAG, other ligands and anions and screening of this family is not yet exhausted. 

5.2.3.5. Bipy and Derivatives 

Screening of 2,2’-bipyridine (bipy) and 2,2’-bipyridine derivatives was undertaken to prepare 

both homoleptic and heterolytic complexes with Fe(II) and the counter anion thiocyanate. As with 

1,10-phenanthroline and derivates, the bipy family is strongly coloured due to charge transfer 

bands and visible thermochromism due to SCO is absent. 

5.2.3.5.1. 2,2’-bipyridine 

The complex Fe(bipy)2(NCS)2 is expected to display SCO-activity.72 However, reported 

synthetic routes require the synthesis of the complex [Fe(bipy)3](SCN)2 which does not display 

SCO-activity in the solid state. Mechanochemical screening of 2,2’-bipyridine yielded S12-As. 
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Comparison of PXRD data patterns for S12-As, Fe(BF4)2.6H2O with simulated patterns of bipy (CSD 

Code: BIPYRL)73 and KSCN (ICSD-16073)74, as shown in Figure 5.31, showed the product of 

mechanochemical synthesis was significantly different to the reagents and a reaction had 

occurred. 

 

Figure 5.31: Comparison of normalised PXRD data for Top to bottom: KSCN, simulated from literature (ICSD-

36073),74 2,2’-bipyridine (CSD Code: BIPYRL),73 S12-As and Fe(BF4)2.6H2O. 

In accordance with the screening procedure, VT-Raman spectroscopy was used to investigate 

the presence of SCO-activity. Spectra were collected at 298 K and 123 K, as shown in Figure 5.32. 

There were no significant differences in the spectra, therefore no SCO-activity was identified, and 

no further investigation of the complex was undertaken. The bipy ligand was expected to produce 

a SCO-active complex due to previous literature reports. However, as observed with sample S9-

1pot, mechanochemical synthesis did not directly yield a SCO-active product. Further processing 

of the product would be required which is beyond the scope of this current research.  
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Figure 5.32: Raman spectra at 298 K (top) and 123 K (bottom) for S12-As. 

5.2.3.5.2. 5,5’-dimethyl-2,2’-bypridine 

Mechanochemical screening with 5,5’-dimethyl-2,2’-bipyridine (Me-bipy) yielded S13-As. The 

complex Fe(Me-bipy)2(NCS)2 has not previously been reported in literature. PXRD analysis of S13-

As showed the resulting pattern was more than just a combination of the reagents, comparison of 

PXRD data patterns for S13-As. Fe(BF4)2.6H2O with simulated patterns of Me-bipy (CSD Code: 

POWQAU)75 and KSCN (ICSD-16073)74. Therefore, mechanochemical synthesis indicated a reaction 

had occurred, as shown in Figure 5.33. 

 

Figure 5.33: Comparison of normalised PXRD data for Top to bottom: KSCN, simulated from literature (ICSD-

36073),74 5,5’-dimethyl-2,2’-bipyridine (CSD Code: POWQAU),75 S13 and Fe(BF4)2.6H2O. 
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Investigation of SCO-activity in S13 was undertaken by VT-Raman with spectra measured at 

298 K and 123 K, as shown in Figure 5.34. No significant differences between the two different 

temperatures were identified. Therefore, S13-As is likely not SCO-active and no further 

investigation of the complex was undertaken.  

 

Figure 5.34: Raman spectra at 298 K (top) and 123 K (bottom) for S13-As. 

5.2.3.5.3. 4,4’-dinonyl-2,2’-bipyridine 

Mechanochemical screening with 4,4’-dinonyl-2,2’-bipyridine (nonyl-bipy) yielded S14-As. The 

complex Fe(nonyl-bipy)2(NCS)2 has not been previously reported. Comparison of the pattern 

collected for S14-As with Fe(BF4)2.6H2O with simulated patterns of Nonyl-bipy (CSD Code: 

FOHFAK)76 and KSCN (ICSD-16073)74 shows the presence of peaks not related to any of the 

starting materials, as shown in Figure 5.35. As such, as a rapid technique to show a reaction has 

occurred, comparison of the resulting powder with starting materials is a generally suitable 

method. 
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Figure 5.35: Comparison of normalised PXRD data for Top to bottom: KSCN, simulated from literature (ICSD-

36073),74 4,4’-dinonyl-2,2’-bipyridine (CSD Code: FOHFAK),76 S14-As and Fe(BF4)2.6H2O. 

Investigation of the presence of SCO-activity was undertaken using VT-Raman spectroscopy, 

as shown in Figure 5.36. Collection of spectra suitable for comparison was non-trivial due to the 

presence of fluorescence in S14-As, which has previously been observed in other bipyridyl 

derviatives.33 Optimisation of the collection process required long data acquisition times which 

drastically increase the screening time for nonyl-bipy ligands. Suitable spectra for comparison 

were collected using a different laser setup with modifications on collection and laser exposure 

durations. The resulting spectra did not exhibit any significant differences, indicating the absence 

of SCO-activity in the temperature range investigated and no further investigation of S14-As was 

undertaken. 
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Figure 5.36: Raman spectra at 298 K (top) and 123 K (bottom) for S14-As. Collected using modified parameters 

(532 nm wavelength laser, x50 LWD NIR objectives). 

5.2.3.5.4. Heteroleptic Screening 

The screening of heteroleptic complexes prepared with bipy and bipy derivatives was carried 

out using the procedure described in Figure 5.17. In all prepared samples, VT-Raman did not 

indicate the presence of SCO-activity and no further analysis was undertaken. PXRD patterns and 

Raman Spectra collected at 298 K and 123 K are presented in Appendix C. As with S14-As, 

heteroleptic complexes which included the nonyl-bipy ligand displayed fluorescence which 

significantly hampered the screening procedure and increased the screening time. 

5.2.3.6. Final Assessment 

Screening of the ligands HB(pz)3
-
 and HB(3,5-(CH3)2-pz)3

- was carried out, yielding materials 

which display thermochromism on heating and cooling.  The procedure was successful in 

identifying and confirming SCO-activity in the screening procedure. Including PXRD as an initial 

screening step was important in confirming a mechanochemical reaction had occurred. The 

procedure was able to identify SCO-activity in all three mechanochemical attempts but was not 

able to differentiate a mixture of complexes formed when attempting heteroleptic complex 

synthesis without SQUID analysis. 
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Mechanochemical screening of the 3-bpp ligand and three derivatives (3-bpp-PhOH, 3-bpp-

PhOCH3 and 3-bpp-Napth) was carried out with four Fe(II) salts; Fe(BF4)2.6H2O, FeCl2.4H2O, 

(NH4)2Fe(SO4)2.6H2O and Fe(C2O4)2.3H2O. PXRD of the products was collected and compared with 

literature reports. The characteristic yellow (HS) → red (LS) thermochromism for the 3-bpp family 

was used, allowing the possibility of identifying potential SCO materials in accordance with Figure 

5.17. Mechanochemistry allowed for the rapid screening of 22 potential SCO-active materials, of 

which only one had previously been reported, [Fe(3-bpp)2](BF4)2.17 Screening of the homoleptic 

complexes indicated the presence of thermochromism in only one complex [Fe(3-bpp)2](BF4)2 

(S21-BF4) which was consistent with previous literature reports. Having identified 

thermochromism in S21-BF4, confirmation of SCO was made by SQUID magnetometry, confirming 

the formation of [Fe(3-bpp)2](BF4)2. Similarly, heteroleptic screening was carried out using 

Fe(BF4)2.6H2O. The BF4 salt was chosen due to a large number of heteroleptic and homoleptic 

complexes in the 3-bpp family containing the BF4 anions.14,18,65,68,69 None of the screened 

heteroleptic products displayed thermochromism so additional analysis was not carried out. 

Screening of 2,2’-bipyridine and derivatives was carried out with attempted synthesis of both 

homoleptic and heteroleptic complexes with the formula Fe(L)2(NCS)2 (where L = 2,2’bipyridine, 

5,5’-dimethyl-2,2’-bipyrdine and 4,4’-dinonyl-2,2’-bipyridine). The products were strongly 

coloured and thus thermochromism resulting from SCO-activity would be masked, therefore the 

non-thermochromic branch of screening was used. The inclusion of PXRD as an initial step was 

useful for identifying whether a reaction had occurred, by comparing the resulting pattern with 

the patterns for starting materials. Investigation of the presence of SCO was carried out using VT-

Raman, which was not entirely suitable and suffered from difficulties in collection of data, due to 

problems with fluorescence and difficulties in collection data of sufficient quality for comparison.  

Further development of the procedure was required for both the thermochromic and non-

thermochromic branches of the screening procedure. For the thermochromic branch, the subtle 

colour change of some families such as the 3-bpp family increased the possibility of false-negative 

results and more precise methods or recording thermochromism would drastically reduce the 
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possibility of false negative responses. In a similar direction, for investigation of heteroleptic 

complexes, the possibility of synthesising mixtures of products limits the possibility of using visible 

thermochromism for identification of novel materials from mixtures of known products, as 

observed for attempted mixed ligand synthesis in HB(pz)3
-
 and HB(3,5-(CH3)2-pz)3

-. To address both 

issues, the use of a reflectivity setup could increase the accuracy of observations sufficiently for 

step-transitions to be observed, this could reduce the number of samples for SQUID analysis and 

speed up the screening procedure. The use of liquid nitrogen reduces the screening costs, 

compared to SQUID analysis.  

 

Figure 5.37: Plot of DSC data for S6 with direction of heating (Red) and cooling (Blue) denoted by arrows. 

To improve the non-thermochromic branch, the application of a calorimetric technique such 

as DSC analysis would overcome problems with fluorescence and sample 

impurities/inhomogeneity with the sample addressed as a whole. This would assist in reducing 

the possibility of false responses. The application of DSC analysis was preliminary tested using the 

compound [Fe(atrz)3]Cl2, as shown in Figure 5.37. It is clear than the presence of SCO activity in 

the compound is consistent with discussion of complex S6 in Figure 5.11, with clear peaks 

indicated a SCO transition occurring. The temperature of transition is different to SQUID reports, 

due to the increased ramping rate used. However, for identification of the presence of SCO, 

confirming the presence of SCO is the main objective and the true transition temperature and full 
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SCO properties can be determined using additional methods. The optimised screening procedure 

including all of these points is presented in Figure 5.38. 

 

Figure 5.38: Final optimised screening procedure for both thermochromic and non-thermochromic screening. 

Optimised to reduced operation costs and provide the most analytical data about the screened materials within the 

shortest amount of time. 



221 
 

5.3. Conclusions and Prospects 

A screening procedure was proposed and developed for rapid identification of novel SCO-

active materials. Development of the procedure using a range of different SCO-active families 

allowed for optimisation of the process, reducing screening times and costs whilst still providing 

sufficient information for the identification of SCO-activity. The families investigated included 

both thermochromic compounds, such as the 4-R-1,2,4-triazoles and 3-bpp derivatives, and non-

thermochromic compound, such as 1,10-phenanthroline derivatives and 2,2-bipyridine 

derivatives. Attempted screening of all previously reported SCO-active materials was successful, 

with the procedure able to identify SCO-activity. This validates the efficacy of the procedure. 

The procedure itself is not perfect with the possibility of false responses. However, 

development of the procedure to include additional steps such as reflectivity measurements in 

thermochromic materials and DSC for non-thermochromic materials would serve to reduce the 

possibility of false-negative responses whilst still maintaining a relatively rapid screening time, 

compared to using SQUID magnetometry, although modern SQUID magnetometers can reduce 

measurement duration significantly. The aim of the proposed procedure is not to identify and 

fully characterise a novel material in one step. The procedure serves to reduce the screening time 

for the identification of interesting materials with re-synthesis and further analysis undertaken 

after identification of SCO-activity. Coupling the rapidity of mechanochemical synthesis with the 

proposed screening procedure could drastically reduce the arduous process of identification of 

promising SCO-materials. The success of identification of previously reported SCO-active materials 

serves to highlight the saved time using the procedure is worth the potential risk of false-negative 

responses. 

Further research into screening potential SCO-active materials using this procedure could 

potentially drastically increase the number of SCO-active materials known by both screening of 

novel ligands and the possibility of novel solvatomorphs using LAG. The screening procedure 

highlighted the significant solvent effects in the 3-bpp family.65,77 The procedure in the current 

form represents an optimised approach for rapid mechanochemical screening of a range of 
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families of SCO-active materials showing great promise for application as a standardised screening 

procedure, which can identify known and novel complexes that display SCO-activity. The 

possibility of introducing different solvents to the synthesis of materials via LAG significantly 

expands the scope of potential SCO solvatomorphs. The application of LAG could introduce 

solvents to the complexes whilst bypassing the effects of insolubility. 
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6.1. Conclusions and Prospects 

Mechanochemistry represents a viable approach to the synthesis and discovery of spin 

crossover (SCO) materials. Mechanochemical synthesis has, for the first time, been used to 

synthesise a variety of SCO-active materials, which displayed SCO-activity consistent with 

previously reported solution-state synthesised materials (Chapter 3). The effects of 

mechanochemical synthesis were considered and investigated, with particular consideration on 

the role of crystal quality, particle size and solvent contributions. It was clear that current 

understandings of the factors contributing to SCO-activity and the role of cooperativity are not 

entirely conclusive (Chapter 3). The use of solid-state metathesis (SSM) as a route to materials 

inaccessible to solution state techniques was also explored with the successful exchange of anions 

in the [Fe(atrz)3]Cl2 system (Chapter 4). Finally, a screening protocol was proposed, tested, and 

optimised for the use of mechanochemical synthesis to rapidly screen potential SCO-active 

materials, with both thermochromic and non-thermochromic materials considered (Chapter 5). 

The synthesis of previously reported SCO-active materials in three families; 0-D molecular 

systems, 1-D triazoles and 2-/3-D Hofmann-type clathrates was successfully carried out (Chapter 

2). Synthesis of the 0-D molecular system Fe(phen)2(NCS)2 followed a similar synthetic route to 

standard solution-state synthesis in which the SCO-inactive complex [Fe(phen)3](SCN)2 was first 

prepared, followed by thermal conversion into the SCO-active form, yielding a product which 

displayed SCO-activity consistent with previous literature reports. Direct synthesis of 1-D triazole 

systems [Fe(Htrz)3](BF4)2 and [Fe(atrz)3]SO4 using mechanochemistry was presented. Synthesis of 

[Fe(Htrz)3](BF4)2 yielded a polycrystalline mixture of different known polymorphs, attempts to 

isolate specific polymorphs was not undertaken. The mechanochemically synthesised complex 

[Fe(atrz)3]SO4 displayed SCO-activity consistent with previous literature reports. Synthesis of the 

2-D Hofmann-type clathrate Fe(4-phpy)2[Ni(CN)4] required the use of liquid assisted grinding 

(LAG), in which a small amount of water was added to the grinding process, in order to obtain a 

SCO-active product. This was attributed the degree of hydration being integral for SCO-activity 

rather than an intrinsic requirement for mechanochemical synthesis of complex 2-/3-D materials. 
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The 3-D Hofmann-type clathrate complex Fe(pz)[Au(CN)2]2 was successful without the 

requirement of LAG. 

The effects of mechanochemical synthesis on SCO properties presented a relatively complex 

perspective (Chapter 3). The proposed reduction in crystal quality, resulting from 

mechanochemical synthesis, did not result in consistent effects on SCO properties across all 

materials investigated. Previous studies on the effects of grinding solution-synthesised SCO 

complexes have presented detrimental effects of grinding, with substantial reductions in 

transition temperatures, hysteresis width and abruptness of transition. However, previous studies 

focused on the post-synthetic long duration high energy milling of materials, whereas synthetic 

grinding of materials did not present such severe consequences. Comparison between solution-

state and mechanochemically synthesised samples did present a general trend in which T1/2↑ and 

T1/2↓ shifted to slightly lower temperatures and transitions became slightly more gradual. But it 

was also strongly sample dependent and in the case of [Fe(atrz)3]SO4 the mechanochemical 

sample displayed a larger ∆T. During investigation of the complex [Fe(atrz)3](BF4)2, a different 

polymorph was observed in mechanochemical synthesis, potentially opening research into 

polymorphs that can be difficult to prepare using solution-state techniques. 

As a route to introduce potentially inaccessible anions to the triazole family of SCO materials, 

SSM was investigated (Chapter 4). The complex [Fe(atrz)3]Cl2 was prepared by mechanochemistry, 

yielding a product with consistent batch-to-batch properties. The Cl anion was then exchanged 

using post-synthetic grinding with NaX salts (where X = Br, I). The degree of exchange was 

assessed and analysis with EDX proved complete exchange had occurred. Traditional application 

of SSM relies on a large change in enthalpy of reaction (∆H°rxn) however the nature of the 1-D 

triazole ‘infinite’ chains prevented determination of enthalpy of formation for the triazole 

complexes. As such, as alternative metric was determined to predict the potential for exchange. It 

was determined that the change in total lattice potential (UPOT) for the sodium salts represented 

the greatest degree of change in energy. Therefore, ∆UPOT was used as a metric to predict the 

likelihood of exchange. This theory was confirmed using NaF in which exchange was expected not 
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to occur. Further exchange with NaSCN, NaBF4 and NaReO4 was undertaken, with partial 

exchange occurring. 

Using mechanochemistry as a synthetic method changes the rate-limiting step of discovery of 

SCO materials. Prior to mechanochemistry, the limiting step was often synthesis of materials. 

Therefore, the analysis and characterisation of the synthesised materials was not a significant 

factor affecting discovery of novel materials. With mechanochemistry, it is possible to synthesise 

materials within 5 minutes of grinding in a pestle and mortar. This drastically alters the rate 

limiting step in the procedure, now identification of promising materials becomes the more 

onerous task. A screening protocol was devised which sought to streamline the screening 

procedure for both thermochromic and non-thermochromic materials, in an attempt to increase 

the rate of identification of promising materials whilst minimising potential for missing SCO-

activity. The procedure was developed and tested against a wide range of materials in order to 

test its viability (Chapter 5). 

The future prospects for the use of mechanochemistry in SCO are extremely promising. The 

ability to synthesise materials in a fraction of the time of traditional approaches can serve to 

drastically increase the potential for novel material discovery. The majority of work presented in 

this study was carried out using neat grinding of reagents. But, using techniques such as LAG it 

would be possible to further probe the solvent effects in materials, the effects of which have 

already be shown to be significant. The potential for introduction of previously inaccessible anions 

by using SSM could potentially create a surge of novel materials. A further avenue which was 

briefly touched upon is the potential for polymorph discovery with different SCO-properties and 

the synthesis of polymorphs inaccessible to traditional synthetic methods. This could also be 

investigated using LAG and variation of mechanochemical synthetic parameters such as milling 

duration. 
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Appendix A – Chapter 2 

Additional SQUID 

 

Figure A.1: Temperature dependent SQUID data for 4-As three cycles: Cycle 1 Heating ◼ and Cooling , Cycle 2 

Heating  and Cooling , Cycle 3 Heating ⧫ and Cooling ◊. 

 

Figure A.2: Temperature dependent SQUID data for 4-LAG three cycles: Cycle 1 Heating ◼ and Cooling , Cycle 2 

Heating  and Cooling , Cycle 3 Heating ⧫ and Cooling ◊. 
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Figure A.3: Temperature dependent SQUID data for 4-Sol three cycles: Cycle 1 Heating ◼ and Cooling , Cycle 2 

Heating  and Cooling , Cycle 3 Heating ⧫ and Cooling ◊. 

Additional TEM images 

3-Sol

 

Figure A. 4: Additional TEM images for compound 3-Sol. 
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3-Mech 

 

Figure A.5: Additional TEM images for compound 3-Mech. 

5-Sol 

 

Figure A.6: Additional TEM images for compound 5-Sol. 
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5-Mech 

 

Figure A.7: Additional TEM images for compound 5-Mech.  

6-Sol 

 

Figure A.8: Additional TEM images for 6-Sol  
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6-Mech 

 

Figure A.9: Additional TEM images for 6-Mech. 

6-BM10 

 

Figure A.10: Additional TEM images for 6-BM10. 
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6-BM90 

 

Figure A.11: Additional TEM images for 6-BM90. 
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Appendix B – Chapter 5 

NMR: 3-bpp and Derivatives 

 

Figure B.1: 1H NMR (DMSO-d6) for 3-bpp-intermediate. 

 

Figure B.2: 1H NMR (DMSO-d6) for 3-bpp. 
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Figure B.3: 1H NMR (DMSO-d6) for 3-bpp-PhOH. 

 

Figure B.4: 1H NMR (DMSO-d6) for 3-bpp-PhOCH3. 
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Figure B.5: 1H NMR (DMSO-d6) for 3-bpp-Napth. 

4,7-dimethyl-1,10’-phenathroline VT-Raman 

 

Figure B.6: Raman spectra at 298 K (top) and 123 K (Bottom) for S11-As. 
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Heteroleptic bipy and Derivative Screening 

 

Figure B.7: Comparison of normalised PXRD data for Top to bottom: KSCN, simulated from literature (ICSD-

36073),1 2,2’-bipyridine (CSD Code: BIPYRL),2 5,5’-dimethyl-2,2’-bipyridine (CSD Code: POWQAU),3 S15 and 

Fe(BF4)2.6H2O. 

 

Figure B.8: Comparison of normalised PXRD data for Top to bottom: KSCN, simulated from literature (ICSD-

36073),1 2,2’-bipyridine (CSD Code: BIPYRL),2 4,4’-dinonyl-2,2’-bipyridine (CSD Code: FOHFAK),4 S16 and Fe(BF4)2.6H2O. 
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Figure B.9: Comparison of normalised PXRD data for Top to bottom: KSCN, simulated from literature (ICSD-

36073),1 5,5’-dimethyl-2,2’-bipyridine (CSD Code: POWQAU),3 4,4’-dinonyl-2,2’-bipyridine (CSD Code: FOHFAK),4 S17 

and Fe(BF4)2.6H2O. 
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