
Functionalisation of Fe(II) compounds with long 
alkyl chains: spin-crossover and structural 
properties 

 

 

 

 

Blaise Laurrence Geoghegan 

 

 

 

 

A thesis submitted in partial fulfilment of the 
requirements of the University of Brighton for the 

degree of Doctor of Philosophy 
 

 

 

 

April 2019 



i 
 

Abstract 

 

Fe(II) compounds of N-(di(pyridin-2-yl)methyl)-Cn-1-amine (L1Cn) with formula 

[FeII(L1Cn)2](X)2·solvate (X = BF4 1C4 and 1C14, X = CF3SO3 1C6-1C12 and 1C16) pack in bilayer 

arrangements in the solid state, where interdigitated alkyl chains form hydrophobic regions 

between cations. Differential scanning calorimetry showed that 1C6 and 1C12-1C16 undergo 

crystallographic phase changes between 193-473 K. NMR studies of 1C4-1C16 in DMSO-d6 showed 

an increase in χMT upon heating but do not show the same behaviour in acetonitrile-d6 although 

UV-vis studies confirm that the Fe(II) species is preserved.  

Fe(II) compounds of 2-(1-R-1H-1,2,3-triazol-4-yl)-4-(X)pyridine (L2C10-L4) with formulae 

[FeII(L2C10)3](BF4)2 (2C10), trans-[FeII(L2C10)2(NCSe)2]·0.5H2O·0.5CH3OH (3C10), [FeII(L3C10)3](BF4)2 

(4C10) trans-[FeII(L3C10)2(NCS)2] (5C10), trans-[FeII(L4)2(NCS)2] (6a and 6b) were prepared via a 

modulated approach. 2C10 and 4C10 are low-spin at 100 K. At 100 K 3C10 and 5C10 are high-spin, 6b 

is ca. 97% high-spin, whilst 6a is low-spin. Partial thermally driven spin-crossover is observed in 6b 

between 100-250 K in the solid state. In DMSO-d6 2C10 contains mostly high-spin Fe(II) centres, 4C10 

is entirely high-spin and 6a/6b oxidise to a LS Fe(III) species. 

Fe(II) compounds of N,N-di(pyridin-2-yl)-Cx-amide (L5Cx) of formula trans-[FeII(L5Cx)2(X)2], where 

X = NCS (7Cx), NCSe (8Cx) or Cl (9Cx) were generally high-spin in the solid state at 100 K apart from 

7C4, 7C10 and 8C10 which were low-spin. 7C4, 7C10 and 8C10 exhibit spin-crossover in the solid state 

with T1/2 values of 115.2, 101.8 and 152.1 K, respectively. 7C10 exhibited thermal hysteresis with ΔT 

= 8.8 K. 

Coordination compounds of 2-((4-decyl-1H-1,2,3-triazol-1-yl)methyl)pyridine (L6C10) of formula 

[FeII(L6C10)3](BF4)2·2H2O (10C10), [FeIII(L6C10)3](NO3)3 (11C10), [CuII(L6C10)2(NO3)](NO3) (12C10) and 

[ZnII
2(L6C10)2Cl4] (13C10) were investigated. 10C10 and 11C10 form lyotropic liquid crystal phases in 

excess water, visible under crossed polarisers and are the first examples of water and air-stable 

Fe(II)-based lyotropic liquid crystals to date. 12C10 and 13C10 displayed two different coordination 

modes of the L6C10 ligand; the structure of the 12C10 cation is highly asymmetrical, resembling a 

mononuclear type II amphiphile. 13C10 forms a 1D coordination polymer with tetrahedral Zn(II) 

centres linked by bridging L6C10 ligands and charged balanced by two Cl- ligands per Zn(II) centre. 
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Ligands 

 

Coordination compounds 

Code Structure  Chapter 
1C4 [Fe(L1C4)2](BF4)2 3 
1C6 [Fe(L1C6)2](CF3SO3)2 3 
1C8 [Fe(L1C8)2](CF3SO3)2 3 
1C10 [Fe(L1C10)2](CF3SO3)2 3 
1C12 [Fe(L1C12)2](CF3SO3)2 3 
1C14 [Fe(L1C14)2](BF4)2·0.5H2O·0.5CH3OH 3 
1C16 [Fe(L1C16)2](CF3SO3)2 3 
2C10 [Fe(L2C10)3](BF4)2 4 
3C10 [Fe(L2C10)2(NCSe)2]·0.5H2O·0.5CH3OH 4 
4C10 [Fe(L3C10)3](BF4)2 4 
5C10 [Fe(L3C10)2(NCS)2] 4 
6a/6b [Fe(L4)2(NCS)2] 4 
7C4 [Fe(L5C4)2(NCS)2] 5 
7C6 [Fe(L5C6)2(NCS)2] 5 
7C8 [Fe(L5C8)2(NCS)2] 5 
7C10 [Fe(L5C10)2(NCS)2] 5 
7C12 [Fe(L5C12)2(NCS)2] 5 
7C14 [Fe(L5C14)2(NCS)2] 5 
7C16 [Fe(L5C16)2(NCS)2] 5 
7C18 [Fe(L5C18)2(NCS)2] 5 
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11C10 [Fe(L6C10)3](NO3)3 6 
12C10 [Cu(L6C10)2(NO3)](NO3) 6 
13C10 [Zn2(L6C10)2Cl4] 6 
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Chapter 1 - Introduction 

 

1.1 Aims and scope of thesis 

 

Although many thermotropic Fe(II)-based metallomesogens exist, there are currently no 

examples of lyotropic Fe(II)-based metallomesogens that are entirely water and air-stable. 

Similarly, spin-crossover has been demonstrated in thermotropic Fe(II) systems but is yet to be 

demonstrated in a lyotropic system. Multifunctional materials such as those which might exhibit 

spin-crossover and lyotropic liquid crystal properties simultaneously are highly desirable due to 

their switchable properties which can be controlled by non-invasive perturbations such as 

temperature, pressure or light irradiation. This aspect of spin-crossover-active metallomesogens 

makes them attractive target compounds for use in devices and therapeutics, whereby one 

property of the system can be manipulated by external stimuli in order to bring about a change 

in the other. The work in this thesis is centred around addressing the clear gap in knowledge 

associated with the preparation of lyotropic Fe(II)-based metallomesogens and the installation 

of additional functionality. The aims of this work can be condensed into four main goals: 

• Preparing Fe(II) compounds from N-donor ligands that contain linear alkyl chain groups 

• Adjusting the ligand field strength of alkyl chain containing Fe(II) compounds through 

ligand design in order to achieve spin-crossover 

• Adapting ligand structures and coordination behaviour so that asymmetric, amphiphilic 

complexes which form lyotropic mesophases may be realised 

• Fine tuning both the spin-crossover and mesogenic properties of Fe(II) compounds so 

that interplay, synergy or synchronicity between the physical properties of the system 

might be observed. 

In this chapter an introduction to the underlying theory for both spin-crossover and lyotropic 

liquid crystal properties has been given. 

In chapter 2 the main instrumentation and characterisation techniques are described with a 

general overview of the experimental procedures. 

In chapter 3 Fe(II) compounds of the tridentate N-methyl-1,1-di(pyridin-2-yl)-Cn-amine ligand 

family, where Cn is an aliphatic alkyl chain with 4, 6, 8, 10, 12, 14 or 16 carbon atoms are probed. 

The resulting cationic complexes are paired with tetrafluoroborate or 

trifluoromethanesulphonate anions and result in coordination compounds containing an Fe(II) 

centre, an N6 donor set and two alkyl chain “tails”. 
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In chapter 4 Fe(II) compounds of 2-(1-R-1H-1,2,3-triazol-4-yl)-4-(X)pyridine (R = decyl, 

methylthiane, X = H, CF3) are prepared as either the homoleptic, cationic complexes paired with 

tetrafluoroborate anions or as the heteroleptic, neutral complexes with either thiocyanate or 

selenocyanate co-ligands. It is expected that this modular approach will enable fine tuning of 

the ligand field strength about the Fe(II) centre. 

In chapter 5 heteroleptic Fe(II) complexes of the N,N-di(pyridin-2-yl)-Cn-amide ((Cn = butyl-

octadecyl) ligand paired with thiocyanate, selenocyanate or chloride co-ligands are investigated. 

These species are anticipated to exhibit spin-crossover in the solid state.  

In chapter 6 coordination compounds of 2-((4-decyl-1H-1,2,3-triazol-1-yl)methyl)pyridine 

with either tetrafluoroborate, nitrate or chloride anions are studied. These compounds are 

expected to exhibit both spin-crossover and mesogenic properties. 

Chapter 7 contains general conclusions on the outcomes of this thesis. 
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1.2 Applications of transition metal compounds 

 

Over the last 80 years we have seen a vast increase of interest in materials that display multi-

functionality, arising from the incorporation or combination of more than one type of 

physicochemical property in a single material. In the case of molecular magnetism, we see an 

influence on the properties associated with the bulk material derived from the physical 

phenomena observed on the molecular level. Often molecular structures dictate the physical 

behaviour of such materials, which is known as structure-function relationship. In recent years, 

inorganic materials research has focussed on coordination polymers, Metal-Organic 

Frameworks (MOFs) and polynuclear metal complexes,1,2 which have proven to be useful in 

areas of molecular magnetism, spintronics, selective sorption and data storage.3 This structure-

function relationship can be utilised to design new smart materials based on simple coordination 

compounds whose specific properties could target a broad range of real-world applications. 

Smart materials are materials which have the capacity to have their physical and chemical 

properties altered or changed via a response to external stimuli such as temperature, pressure, 

irradiation or applied fields. A good example of a family of smart materials derived from 

coordination compounds are spin-crossover (SCO) based materials. SCO compounds are 

inorganic molecules that can exhibit a bistability between two electronic states, high-spin (HS) 

and low-spin (LS), which can be reversibly interconverted as a response to a range of physical 

stimuli. Due to this bistability, SCO compounds show two different sets of physicochemical 

properties depending on which of the two electronic states constitutes the ground state in a 

particular physical environment – a very attractive attribute for any smart material. 

Interestingly, the properties of SCO compounds are not solely the product of their structure and 

coordination environment on the molecular level but also the supramolecular arrangement of 

the material as a whole. The electronic arrangement of a particular SCO species at a certain 

temperature, pressure or field is determined by the ligand field strength of the first coordination 

sphere and thus SCO compounds are tuneable by judicious selection of the ligands which form 

the complex. Designing ligands that induce an intermediate ligand field strength and thus an 

intermediate energy gap between the HS and LS electronic states is the first step towards the 

production of such materials. 

SCO was first discovered by Cambi et al.  in the early 1930s4–6 via pioneering work with tris 

N,N-dialkyldithiocarbamatoiron(III) complexes, and shown to be possible in metal species other 

than iron by Stoufer et al. in 1961 via their work on Co(II).7 SCO has been an active research area 

for chemists and physicists for over 80 years and continues to grow in popularity due to the 
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robustness and stability of the compounds themselves and their myriad of possible applications 

in devices and technology.  

The ability of SCO compounds to exhibit electronic switching as a response to a range of 

external perturbations opens the gateway to a plethora of new applications in multifunctional 

materials. The memory effect8 of bi-stable, switchable molecules, that is the differing thermal 

pathways of SCO materials between their two electronic states depending on heating or cooling,  

is one which has proven to be of great interest in the world of data storage and computing due 

to the movement towards miniaturisation of hardware devices down to the molecular level. 

Synergy between multiple switchable functions is the target of many researchers as there are 

secondary impacts of SCO that occur as a consequence of the switching between electronic 

states. The properties of a material are derived from its structure-function relationship and this 

is true for SCO compounds. By utilising our knowledge of how the structure of the complex 

affects its properties, it is possible to use simple ligand design to create a library of target 

compounds which have structure-derived properties, based on the type and nature of the 

ligating species/functions and their corresponding functionality (Fig. 1). The nature of a SCO 

transition is highly dependent on intermolecular interactions between different SCO centres 

offering an opportunity to tailor specific systems to the requirements of the desired material via 

appropriate ligand design. Recent efforts towards combining SCO with functional materials has 

resulted in development primarily in host-guest systems,1,9 spintronics and data storage3,10 and 

sensors11 as smart materials. 

 
Fig. 1 Schematic view of an Fe(II)-based metallomesogen and the origin of its associated physical 
properties.  
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Soft matter is an area of materials chemistry that has a broad range of applications, including 

but not limited to, drug delivery12,13 and visual display technologies which we encounter in day-

to-day life in the form of pharmaceuticals, thermometers and televisions/smart phones. Liquid 

crystals (LCs) are interesting and diverse mainly due to their binary assortment into two classes: 

thermotropic and lyotropic, where the former are formed as pure substances within a 

temperature range and the latter are formed as mixtures/solutions with solvent over a specific 

temperature range. Both classes show long-range order throughout their supramolecular 

structures, known as structural anisotropy. Thermotropic liquid crystals account for the vast 

majority of reported liquid crystalline materials, leaving only a small fraction displaying lyotropic 

behaviour. LCs which incorporate a metal ion (not necessarily a SCO centre) in their monomeric 

molecular structure are known as “metallomesogens”. Metallomesogens are known to show 

highly sensitive interplay between their metal-based properties and those which are derived 

from the ligand.14 The benefits of including SCO centres into liquid crystals can be condensed 

into induced structural changes associated with the SCO event being used to influence “on-

demand” switching of liquid crystal phase and geometry. The SCO phenomenon has potential to 

be propagated across curved monolayers of the liquid crystalline material once in solution, 

opening up the opportunity to enhance the effectiveness and efficiency of interplay between 

magnetic and self-assembly properties on a bulk scale. Cooperativity in SCO systems in the solid 

state relies on intermolecular interactions between discrete SCO centres and their respective 

anions and/or solvates; however, in solution such interactions lose their meaning with regards 

to elastic interaction, that is, collisions between molecules in which kinetic energy is conserved. 

The formation of LCs may tackle this hindrance to cooperativity by providing an extended 

network of SCO centres that interact via hydrophobic, dipolar and ionic forces and thus facilitate 

the propagation of the SCO throughout the material. 

Liquid crystalline and SCO properties are inextricably linked due to their dependence on 

structural aspects of the single monomeric units to influence the properties of the bulk. Hence, 

a change in one aspect of the system could influence or encourage a change in the other. This 

secondary form of cooperativity and synergy is one that, if controlled in a careful manner, could 

lead to materials where the electronic state of the metal could be manipulated in order to 

control the phase of any lyotropic liquid crystal (LLC) phases. The goal of this thesis is to 

demonstrate, synthetically, simple routes to the preparation of compounds of Fe(II) that have 

been functionalised with alkyl chain groups and then subsequently to structurally and physically 

characterise these compounds with emphasis on their magnetic and mesogenic properties.   
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1.3 Introduction to ligand field and molecular orbital theory  

 

1.3.1 Overview  

 

In ligand field theory (LFT) the interaction between the lone pair of a ligating species and the 

metal centre is considered in the same way as covalent symmetry-adapted linear combinations 

of orbitals (SALCs) seen in polyatomic molecules such as H2O. This approach enables us to 

explain, using molecular orbital (MO) theory, the interactions of ligand-based orbitals with the 

metal orbitals and how this affects the resulting MO diagram. Only octahedral complexes will be 

considered here as tetrahedral complexes do not bear relevance to this thesis. Interactions 

between metal and ligand orbitals induce a “ligand field” that results in a change in the relative 

energies of the metal-based atomic orbitals (AOs) once they form new MOs in the complex (Fig. 

2 and 3).15 With respect to the first-row transition metals, this perspective on the coordination 

bond must then be described in terms of atomic and molecular orbitals employing group theory 

to explain the interaction of the wavefunctions originating from both the metal and the ligand 

to form the complex. In an octahedral coordination environment, the five 3d AOs of a transition 

metal ion are split into a triply degenerate set consisting of the dxy, dxz and dyx orbitals 

(collectively denoted as t2g) and a doubly degenerate set consisting of the dx
2

-y
2 and dz

2 orbitals 

(collectively denoted as eg) (Fig. 3 and 4).16 In real examples the t2g orbitals are typically non-

bonding whereas the eg orbitals are typically anti-bonding, but in the extreme case for each 

ligand types discussed in these sections (e.g. cyanide as a π-acceptor and water and a π/σ-

donor), the MOs that are formed are somewhat flexible with respect to displaying bonding/anti-

bonding character (vide infra). The energy gap between the two orbital sub-sets that can contain 

the 3d electrons in an octahedral field is sometimes referred to as 10Dq but as previously 

mentioned, tends to be denoted as Δo in ligand field theory.15,17 In the ground state octahedral 

complexes that have 3d4-7 electrons can distribute these electrons across the two orbital sub-

sets in either of two ways, depending on the magnitude of Δo. Population of the higher energy 

eg sub-set, whilst obeying Pauli’s exclusion principle and Hund’s rule, is directly related to Δo and 

the energy cost of two electrons spin pairing (Π). The spin pairing energy is the energy penalty 

for an electron to locate itself in an already singly occupied molecular orbital (SOMO) as opposed 

to an unoccupied orbital that lies higher in relative energy. In turn, the magnitude of Δo in 

relation to the magnitude of Π will dictate the electronic population of the 3d-orbitals in a 

complex, which can result in the manifestation of drastically different properties depending on 

which of the two states constitutes the ground state – this is especially pertinent to the observed 
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magnetic and structural properties. With respect to the theme of this thesis, LFT underpins the 

fundamental principles that govern the binary electronic states of SCO compounds; therefore, 

it is important to understand the origin of the electronic properties of coordination compounds 

from first principles and how in particular this relates to first-row transition metals, with special 

attention being paid to those that display more than one possible ground state electronic 

configuration. 

 

 
Fig. 2 Simplified diagram of some combinations of metal and ligand-based frontier orbitals and 
the associated type of bonding. Asterisks represent anti-bonding molecular orbitals. For metal-
ligand bonding, σ-donor (bottom left) and π-donor/acceptor (bottom right) effects are shown, 
where matching colours represent constructive interference (bonding) between the two 
wavefunctions and mismatched colours represent destructive interference (anti-bonding) 
between the wavefunctions. 
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1.3.2 Ligand field effects of σ-donor ligands (ML6)  

 

In a six coordinate 3d metal complex of octahedral (Oh) or near octahedral symmetry, where 

hypothetically six monodentate ligand molecules are coordinated to the metal centre (ML6) and 

are predominantly σ-donating in nature (such as halides and phosphines) (Fig. 3), the bonding is 

considered to be the combination of one SALC with a1g symmetry, three SALCs with t1u symmetry 

and two SALCs of eg symmetry, shown in Table 1 and in the associated MO diagram in Fig. 3. In 

this situation the 3d, 4s and 4p orbitals of the metal hybridise to produce six d2sp3 hybrids that 

are degenerate and three un-hybridised d-orbitals that remain triply degenerate.18 The metal 

d2sp3 hybrids consist of the 3dx
2

- y
2, 3dz

2, 4s and 4px, 4py, 4pz AOs and the triply degenerate d-

orbitals consist of the 3dxy, 3dxz and 3dyz orbitals. The six metal hybrids share symmetry with six 

σ-bonding orbitals from the ligand species and are able to form 12 new MOs (six bonding and 

six anti-bonding), whilst the triply degenerate d-orbitals do not share symmetry with the ligand 

orbitals and so they remain non-bonding and energetically equivalent to their previous state 

prior to coordination. Typical σ-donating ligands such as NH3 and the halide series possess lone 

pairs of electrons in atomic orbitals that lie significantly lower in energy than the metal d-

orbitals. Because of this, the bonding MOs that are formed in the complex are mainly ligand 

orbital in character. Thus, the bonding electrons remain largely located on the ligands. However, 

due to the coefficients of the unnormalized linear combination being non-zero, there is some d-

orbital character, which results in partial delocalisation across the metal atom. The non-bonding 

orbitals are denoted t2g, which is derived from group theory, referencing their three-fold 

degeneracy and symmetry elements, respectively, to form the SALCs. The relative gap in energy 

between the first anti-bonding MO and the t2g orbital set associated with the ML6 complex is Δo. 

This energy gap determines the overall electronic configuration and spin state of the metal 

complex in question as it dictates if population of eg anti-bonding MOs occurs through Hund’s 

rule. 

 

Table 1 Symmetry-adapted linear combinations of M-L orbital overlaps from σ-donors and their 
symmetry labels. 

Symmetry label Symmetry-adapted linear combinations 
a1g σ1 + σ2 + σ3 + σ4 + σ5 + σ6 
t1u σ1 – σ3, σ2 – σ4, σ5 – σ6 
eg σ1 – σ2 + σ3 – σ4, 2σ6 + 2σ5 – σ1 – σ2 – σ3 – σ4 
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Fig. 3 shows that the t2g MOs are the first sub-set of orbitals to be occupied by any electrons 

that originate from the valent orbitals of the metal ion. As these orbitals are non-bonding in this 

example, they do not actively contribute to the energy gap between the anti-bonding eg MOs 

and themselves, but rather, this gap is determined by the rise in relative energy of eg anti-

bonding MOs due to the 3dx
2

- y
2 and 3dz

2 AOs sharing eg symmetry with the valence orbitals from 

the σ-donating ligands. The introduction of ligands with fully/semi-occupied π-orbitals can have 

a profound effect on Δo and in reality, most commonly used ligands do involve π-bonding orbitals 

in their valence electronic configurations. A ligand’s π-orbitals (specifically the π/π*) will bring 

about different effects on the MOs of the resultant complex depending on their relative energy 

and symmetry in relation to the AOs of the metal. Both cases can be utilised to manipulate the 

magnitude of Δo, especially if more than one ligand type form the complex. π-donor and 

acceptor ligand will be discussed in the next two sub-sections. 

 

 

Fig. 3 Simplified molecular orbital diagram showing the interaction of the atomic orbitals from 
a 3d metal species (left) with the σ-bonding orbitals of six monodentate σ-donating ligand 
species. Degenerate orbitals are stacked for convenience. Metal electrons have been omitted 
for clarity. Purple box surrounds anti-bonding molecular orbitals, blue box surrounds bonding 
molecular orbitals.  
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1.3.3 Ligand field effects of π-donor ligands (ML6) 

 

Ligands that have occupied π-orbitals (e.g. water and halides) that share symmetry with 

metal t2g orbitals along the M-L bonding axis (i.e. the p-orbital of the O atom in a water molecule) 

interact with the AOs of the metal very differently compared to purely σ-donating ligands, which 

were discussed in the previous section. This is due to the symmetry that is shared between the 

previously non-bonding t2g orbitals of the metal (3dxy, 3dxz, 3dyz) and the t2g orbitals of π-donor 

ligands (4px, y, z) allowing the formation of bonding and anti-bonding MOs (Fig. 4).19 In this 

instance the combined sets of metal and ligand t2g AOs form six new MOs in which three are 

bonding and three anti-bonding. The anti-bonding t2g sub-set will be occupied by any electrons 

from the 3d AOs of the Mn+ ion as it is the highest occupied molecular orbital (HOMO). Due to 

the rise in energy of this set of t2g MOs relative to the 3d-orbitals of the metal ion in spherical 

field, the gap between the occupied t2g HOMO and the anti-bonding eg lowest unoccupied 

molecular orbital (LUMO) decreases, resulting in a smaller value of Δo. Therefore, it is expected 

that ligands that have a strong π-donor character induce a smaller value Δo value in the complex 

and thus stabilise the HS state. 

 

Fig. 4 Simplified MO energy level diagram for a 3d transition metal ion (left) and π-donor ligands 
(right) to form MOs that decrease Δo. Degenerate orbitals are stacked for convenience. Metal 
electrons omitted for clarity. Purple box surrounds anti-bonding molecular orbitals, blue box 
surrounds bonding molecular orbitals. 
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1.3.4 Ligand field effects of π-acceptor ligands (ML6) 

 
Ligands with low lying, vacant π-orbitals as the LUMO (e.g. π*-orbitals in aromatic systems) 

bring about the opposite effect on the MO diagram of the ML6 complex compared to π-donor 

ligands. Fig. 5 shows how the metal t2g AOs and the t2g orbitals of the ligands share symmetry, 

thus three bonding orbitals are lower in energy relative to the free ion whilst three anti-bonding 

orbitals rise in relative energy. Metal 3d electrons are now stabilised in the bonding t2g sub-set, 

where the opposite is true for the π-donor case. Furthermore, the HOMOs of the ligands and 

the LUMO of the metal share symmetry and thus, the eg MOs formed in bonding/anti-bonding 

pairs drop below their equivalent t2g sub-sets in each instance, but the anti-bonding eg MOs are 

still destabilised compared to the metal ion in the pre-complex state. In summary, the net effect 

of the complexation is a reduction in energy of the t2g MOs and a rise in energy of the eg MOs, 

which in turn results in a drastic increase in Δo compared to a π-donor. Therefore, ligands that 

are dominantly π-accepting in nature tend to stabilise LS metal complexes. 

 

 
Fig. 5 Simplified molecular orbital diagram for a 3d transition metal and a π-acceptor ligand. 
Degenerate orbitals are stacked for convenience. Metal electrons omitted for clarity. Purple box 
surrounds anti-bonding molecular orbitals, blue box surrounds bonding molecular orbitals. 
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Although the three examples of ligand bonding type given above are extreme cases it is 

important to note that there is a large amount of variation in the magnitude of the effects seen 

in each instance; ergo, not all ligands lie at the extreme periphery of the spectrochemical series. 

It is the case that ligands may produce intermediate LF strengths and this may blur the lines, 

making the favoured spin state less obvious. Furthermore, heteroleptic complexes, that is, 

complexes containing two or more ligand types, may provide a combination of both weak and 

stronger LFS, thus resulting in an intermediate resultant LFS. It is these types of systems that 

bridge the large and small values of Δo that remain fascinating to coordination chemists as it is 

possible that the energy barrier to the switching of the spin state may be in the region of 

thermally accessible temperatures.  
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1.4 Spin-crossover 

 

1.4.1 Introduction 

 

In some 3d transition metal species with electronic configuration 3d4-3d7 in an octahedral 

coordination environment, a phenomenon called spin-crossover (SCO) may be observed. SCO is 

a consequence of electronic bistability due to intermediate magnitude of Δo. Where the electron 

pairing energy, П, has a magnitude in the region between that of the LS and HS values of Δo, the 

LF strength determines the ground state of the system. The resulting spin states of these metal 

species are known as high-spin (HS) and low-spin (LS), which reflects their overall spin quantum 

number, that is, the number of unpaired electrons multiplied by 1/2 (∑mS = S): LS (S = 0) and HS 

(S = 2), exhibiting minimum and maximum spin multiplicity, respectively, according to Hund’s 

rule. 3dn metal species (n = 4-7) are therefore found in either of the LS or HS states depending 

on the LF strength of the complex, where Π < ∆o  results in LS complexes and Π > ∆o  results in 

HS complexes. As the zero-point energy difference between the two potential wells of the LS 

and HS states (vide infra) can have magnitudes in the order of thermally accessible energies, 

there is a potential for switching between spin states via the application of an external 

perturbation i.e. temperature (T),20–23 pressure (P),22–27 or irradiation.28–33 We most commonly 

see this property in complexes of Cr(II), Mn(II)/(III), Fe(II)/(III), and Co(II)34 but a particular 

interest is placed on Fe(II) SCO compounds, owing to the dramatic difference in the physical and 

electronic properties of the diamagnetic LS ground state where S = 0 and the paramagnetic HS 

state (S = 2) (Fig. 6). The SCO event is entropically driven: in the LS state, the stronger M-L bond 

enthalpy stabilises the ground state (usually low T or P) but this can be thermally overcome as 

the entropic contributions from the higher density of vibronic states and electronic 

contributions from the spin degeneracy of the HS state produces a negative Gibbs free energy 

transformation.16,35 Thermally induced SCO requires that the difference in energy between the 

two spin states be within the order of kBT, where kB is the Boltzmann constant. As well as being 

entropically driven due to the larger combination of vibrational modes in the HS state compared 

to the LS state, SCO is also highly dependent on cooperativity between neighbouring metal 

centres.36,37 This concept is critical to understanding the nature of SCO observed in a crystalline 

material, where elastic intermolecular interactions facilitate the propagation of the 

phenomenon throughout the solid crystalline lattice. 
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Fig 6. Schematic diagram of Fe-N bond lengths relative to spin state for d6 complexes in an 
octahedral coordination sphere (top) and how this changes with increasing ligand field strength 
leading to a favouring of the 1A1g (S = 0) ground state and a shorter coordination bond length. 
Decreasing ligand field strength results in 5T2g (S = 2) ground state and longer coordination bond 
lengths due to population of the eg orbitals. 

 

SCO can be considered an electronic transition between the two orbital sub-sets in an Oh 

ligand field as one or more electron(s) relocate from the t2g orbital sub-set to the eg orbitals. For 

Fe(II) this intra-ionic transition can be denoted using the strong ligand field approach as t2g
6 eg

o 

(LS) ↔ t2g
4 eg

2 (HS), stemming from MO theory and symmetry elements associated with the 

metal orbitals as discussed in section 1.3.2.15 These two electronic states can also be denoted as 
1A1g for LS and 5T2g for HS, where the superscript number denotes 2S+1 for the system (the spin 

multiplicity). These terms are from LF effects on the free ion Russell-Saunders term after 

Mulliken symmetry symbols have been applied. The Mulliken symmetry symbols describe the 

arrangement of the electrons within the two orbital subsets in an octahedral environment 

including the degeneracy of the electronic state, finally followed by the subscript notation of the 

symmetry of the MOs. These terms will be discussed further in the next section when the 

electronic states of Fe(II) are explored. This approach is also dubbed the “weak ligand field 

theory” and is used in Tanabe-Sugano diagrams to describe the relative energies of electronic 

arrangements to one another depending on ligand field strength of the octahedral complexes 
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(vide infra).16 Values of Δo are semi-empirical and so they must be determined experimentally 

via techniques such as absorption spectroscopy. A simple UV-vis analysis of some specific cases 

of octahedral 3dn (n = 4-7) complexes can quantify transition energies between the ground and 

excited state terms. In systems where these transitions are observed, the size of Δo for the 

ground state at that temperature may be calculated.38 The main limitation of such 

measurements is that they will only ever give values for the ground state of the system, which 

can complicate matters for SCO compounds as more than one ground state can be populated 

assuming the sample is at a temperature where the fraction of HS centres is between 0 and 1. 

Examples of effective quantification of Δo via UV-vis would be demonstrated by determining the 
5T2 → 5E transition for [Fe(H2O)6]2+ or the 1A1 → 1T1 transition for [Fe(CN)6]4-. Both translate as a 

single electron transfer between the two orbital subsets of an octahedral complex that is HS in 

the former and LS in the latter, thus either can be used to determine Δo. 

 

 
Fig. 7 Typical plot of molar magnetic susceptibility vs. temperature for an Fe(II) SCO compound. 
 

In general SCO is characterised by measuring the change in molar magnetic susceptibility 

(χMT) over a temperature range (Fig. 7), however, other mechanisms for SCO exist e.g. light-

induced spin state trapping (LIESST)28,39,40, which involve using photons to excite the LS state and 

tracking the effect of temperature on the relaxation of the χMT value. The magnetic susceptibility 

of a material is defined simply as the amount of magnetization observed per unit quantity of the 

material after application of a magnetic field. The value of χMT will reflect the number of 

unpaired electrons in the ground state of a system at a given temperature (after considering 
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spin-orbit coupling and orbital angular momentum contributions), assuming no exchange is 

present between coupled spins. When there are two possible spin states for the metal ion which 

have different numbers of unpaired electrons, then the value of χMT will change accordingly to 

reflect which states are populated and in what proportion. Herein the SCO phenomenon will be 

discussed in terms of its underlying physical principles, from both theoretical and empirical 

perspectives with an emphasis on thermally driven SCO in Fe(II) based compounds. 

1.4.2 Electronic and magnetic properties of Fe(II) 

 

Table 2 Russel-Saunders terms and their corresponding Mulliken term symbols in Oh ligand 
fields. Spin multiplicity has been omitted as this has no effect on the transformations. 

Russel-Saunders coupling terms Ligand field components 
S A1g 

P T1g 

D Eg, T2g 

F A2g, T1g, T2g 

G A1g, Eg, T1g, T2g 

H Eg, 2 x T1g, T2g 

I A1g, A2g, Eg, T1g, 2 x T2g 
 

As mentioned above Fe(II) is a 3d6 species that has two possible electronic configurational 

ground states depending on the size of Δo in an octahedral ligand field: a LS, S = 0 state (1A1g) and 

a HS, S = 2 state (5T2g). Derivation of term symbols for metal ions is done by considering the 

Russel-Saunders (RS) coupling of the ground term (Table 2). Applying the ligand field component 

to the RS terms generates new terms that account for the spin-spin and orbital-orbital 

interactions between electrons in the d-orbitals. In RS coupling the ground state is the one with 

maximum spin multiplicity. The RS term symbol is based on two values 2S+1L where L is the 

magnetic quantum number and sum of the microstates (mL). The values of S and L depend on 

how the five 3d-orbitals are populated. Different arrangements of d-electrons in these orbitals 

will give different values of L and S, which in turn give different RS terms. For Fe(II) in a spherical 

field with five-fold d-orbital degeneracy, S = 2 and L = 3, hence 5D forms the ground term. Once 

placed into an octahedral ligand field, this term splits into new terms with Mulliken symmetry 

labels, transforming them into derivatives of A, E and T (Table 2), as in MO theory however, for 

this purpose the letters are capitalised. Table 3 shows the meaning of the elements of the 

electronic term symbols used in Oh ligand fields. Splitting of the 5D term is shown in the Tanabe-

Sugano diagram in Fig. 8 below. 
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Table 3 Mulliken symmetry labels and their meaning with respect to application to term symbols 
after Oh LFS. 

Mulliken symbol Meaning 
a Non-degenerate – symmetry with respect to principle Cn axis 
b Non-degenerate – non-symmetric with respect to principle Cn axis 
e Doubly degenerate  
t Triply degenerate 

subscript g “gerade” – symmetry with respect to centre of inversion  
subscript u “ungerade” – non-symmetric with respect to centre of inversion 
subscript 1 Symmetric with respect to C2 perpendicular to principal Cn axis 
subscript 2 Non-symmetric with respect to C2 perpendicular to principal Cn axis 

 

When we consider strong field ligands41 with π-acceptor capabilities such as CN- and CO, a 

large Δo value forces the ground state to be LS. For example [Fe(CN)6]4- adopts a ground state 

term symbol of 1A1g (t2g
6 eg

0), where the d-electrons are spin paired in the t2g orbital subset where 

the value of Δo lies to the right of the crossing point on the Tanabe-Sugano diagram (shown as a 

dashed vertical line) (Fig. 8). Conversely, weak field ligands such as halides and water result in a 

small Δo value lying on the left of the crossing point on the Tanabe-Sugano diagram, imposing 

the HS state on the metal ion. For example the HS complex [Fe(H2O)6]2+ adopts a ground state 

term symbol of 5T2g (t2g
4 eg

2) where four electrons are unpaired across the t2g and eg orbital 

subsets. As previously discussed, it is the type of π-bonding between the ligand and metal 

orbitals that cause the majority of the significant differences in the size of Δo in these cases. 

When we move into ligands of intermediate LF strengths such as heterocyclic aromatic systems 

and imines, Δo becomes similar to the energies that can be provided by thermal energy. It is in 

these species that a thermally reversible transition between 1A1g and 5T2g may be induced via an 

external perturbation. The difference between the 1A1g and 5T2g terms is significant as the former 

is a diamagnetic species, repelled by an applied magnetic field and the latter is a paramagnetic 

material which is, attracted to an applied magnetic field. 
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Fig. 8 Tanabe-Sugano diagram displaying change of ligand field strength (x-axis) of 3d6 complexes 
results in switching of the ground state electronic configuration due to alteration of the Mulliken 
term symbols’ relative energies (top). The yellow and red coloured areas of the diagram 
represent ligand field strengths where complexes are found in the high and low-spin states, 
respectively. The vertical dashed line represents an intermediate ligand field strength at which 
point it is possible for 3d6 species to undergo thermally induced spin-crossover and the 
corresponding 3d6 orbital diagram in relation to ligand field strength (bottom). Not all RS terms 
and their respective ligand components are displayed. 

 

SCO in Fe(II) can be graphically represented by a curve on a plot of χMT vs. T as in Fig. 7 vide 

supra. The molar magnetic susceptibility of the pure 1A1g LS Fe(II) ion is almost zero, but due to 

temperature independent paramagnetism (TIP), mixing of the ground state with excited states 

via the Zeeman effect can cause the value of χMT to show some paramagnetic character at low 

temperatures. In contrast, the molar magnetic susceptibility of the 5T2g HS Fe(II) ion is ca. 3.40 

cm3 mol-1 K, which is larger than calculated values derived solely from spin angular momentum 
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(referred to as spin only) due to the contributions from orbital angular momentum to the overall 

magnetic moment, which will be discussed in more detail later. In relation to the changes seen 

in the magnetic susceptibility in other SCO species, Fe(II) exhibits one of the largest changes in 

magnetic moment between its two spin states, assuming complete conversion is observed, 

which is not always the case. Tailoring Fe(II) complexes so that we observe SCO is initially down 

to the manipulation of the LF. The Tanabe-Sugano diagram in Fig. 8 shows the value of Δo/B, 

where B is the d-orbital specific Racah parameter, at which the term symbols undergo a 

“crossover” in their potential energies, this is denoted as the “crossover point” and is 

approximately equal in magnitude to the electron pairing energy.16 To either side of the 

crossover point is where the LF strength for most SCO compounds is located. Complexes that 

have LF strengths near that of the spin pairing energy (Π) may display a zero-point energy 

difference between the two potential wells with a magnitude that is within the range of 

thermally accessible temperatures (Fig. 9). It is at this stage where a thermal population of the 

HS state from a quantitative LS population may be achieved by the introduction of thermal 

energy. 

 

1.4.3 Bond length considerations on ligand field strength 

 

Metal-ligand bond lengths play a significant role in SCO and we can form a direct relationship 

between spin state and the coordination bond lengths. The approximate average change in bond 

length between LS and HS states for Fe(II), Fe(III) and Co(II) are 0.2, 0.15 and 0.1 Å, respectively. 

Hence, an extraordinary difference is observed in the size and shape of the coordination 

octahedron of Fe(II), depending on which spin state is occupied. It is important to note that the 

LF strength is influenced not only by ligand type but by the distance of the ligating species from 

the metal centre. For neutral ligands, the equation Δo = μ
r6 holds true where µ is the dipole 

moment of the ligand and r is the metal-ligand bond length.35 We can derive an equation to 

describe the relationship between the metal-ligand bond lengths for the two spin states and the 

cubic ligand field strength as: 

 

∆o
LS

∆o
HS =( <Fe-N>HS

<Fe-N>LS )6= 1.75                                                              (1) 

 

Where Fe-N is the average Fe(II)-N-donor bond distance. Consequently, the SCO centre 

experiences a dramatic change in the magnitude of Δo depending on which spin state the metal 

ion occupies. Equation 1 can be rewritten as ∆o
LS = 1.75�∆o

HS�, showing that the metal-ligand 
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bond length has a clear impact on the ligand field strength, assuming we consider the angular 

dependence of the ligand field strength to be negligible and that Fe-N is the most significant 

structural parameter.42 It is at this point where it is important to remember that as a semi-

empirical parameter, the ligand field strength can be determined by absorption spectroscopy 

but will only ever give us the value associated with the species in the ground state. The 

transitions obtained from such absorption spectra correspond to vertical transitions on a 

Tanabe-Sugano diagram due to the Franck-Condon principle, which states that any structural 

deformation and thus change in LFS does not occur during the time frame of the absorption 

process itself. As mentioned above, the LFS after the occurrence of the spin transition will be 

different to that of the ground state, as the octahedron distorts. We can see how changing the 

metal-ligand bond length will result in an alteration to the bond order via MO theory and this 

has significant impact on the vibration mode of the complex itself, especially as we move away 

from perfect Oh symmetry in the 1A1g low-spin state, which has a perfectly symmetrical breathing 

mode.  

 

1.4.4 Energy contributions and phonon considerations between spin states 

 

The significance in vibrational mode transformation with respect to SCO is related to the 

respective change in bond force constant. The bond force constant (fx) of any SCO system is a 

crucial component in calculating the potential energy of a complex in a particular spin state. The 

equation for potential energy is given as: 

 

Epx= 1
2
�fx<Fe-N>x

2�                                                                   (2) 

 

Where for spin state X, Epx is the potential energy, fx is the bond force constant, Fe-N = average 

Fe(II)-N-donor bond length and x = HS or LS.  

 
The relationship between potential energies of these spin-crossover systems and their 

respective Fe-N bond lengths can be demonstrated graphically in the form of energy wells on a 

configurational coordinate diagram (Fig. 9). If we consider the plot of Ep vs. Fe-N for Fe(II) SCO 

systems, assuming average bond lengths of 2.2 Å for the HS state and 2.0 Å for the LS state, two 

parabolas are observed with both vertical and horizontal displacement from one another. The 

quantised vibronic energy levels of the two spin states can be represented as horizontal lines 

spanning the wells whilst the horizontal displacement of the two wells can be quantified as ΔrHL 
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= 0.2 Å, the nuclear displacement between Fe and N atoms. The vertical displacement of the 

two wells represents an energetic difference in the potential energies of the two spin states and 

for an isolated SCO molecule is termed ΔEHL. At the point labelled ΔCHL in Fig. 9 the vibronic levels 

of the two potential energies for an Fe(II) spin-crossover centre overlap. It is at this crossing 

point at which a thermal SCO event can occur as the system transforms thermal energy into 

vibrational energy, via the phonon system (quantized vibrational energy levels), populating the 

excited states. The capability of SCO systems to undergo spin transitions by transformation of 

thermal energy into vibrational energy gives details about the energetics of the system i.e. 

EHL
o =EHS

o -ELS
o ≈ kBT, simply meaning the energy of thermally populating the HS state must be in the 

order of magnitude of thermal energy.16 If such transitions are possible then at low temperature 

the LS state forms the ground state and at higher temperature the HS state will form the ground 

state. It is important to note that the LS state will always remain the quantum mechanical ground 

state, however the thermodynamic ground state can change to the HS state upon heating. As 

previously discussed, the transition from the low-spin, t2g
6 eg

0 configuration to the high-spin, t2g
4 

eg
2 arrangement in the 3d6 species sees the antibonding eg orbitals populated as SOMOs, leading 

to increased antibonding character, decreased bond order and deformation of the octahedron. 

As this occurs, the breathing mode of the complex changes to one of asymmetry and so we see 

alteration in the relative energies of the vibrational levels within the system, due to the change 

in bond force constant. The energy of the vibrational levels is given by equation 3. 

 

Ev
n = hωi �n + 1

2
�                                                                (3) 

 

Where ωi=
1
2

(πc)-1(fx/M)
1
2 (M is the reduced mass = m1m2

m1+m2
 when m1 is the mass of the first atom 

and m2 is the mass of the second atom). As fLS is a greater value than fHs the vibrational levels of 

the 1A1g state are of higher frequency and generally result in lower density of the vibrational 

states than those of the 5T2g state, which have been shown experimentally to be in the range of 

ωLS = 400 cm-1 and ωHS = 250 cm-1.43 The thermodynamic properties of SCO from the LS to HS 

state at the crossing point (ΔCHL) are well known and it is in fact the entropy gain of the transition 

that compensates the gap in enthalpy between the LS and HS states, which satisfies the demand 

for negative Gibbs free energy transformation from the transition, as the HS state is preferred 

at higher temperatures.44–46 
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Fig. 9 Simplified coordinate energy well diagram of the 1Ag1 low-spin ground state and the 5T2g 
high-spin ground state with Fe-N bond length (ΔrHL) on the x-axis and potential energy on the y-
axis (Ep). The yellow and red coloured areas correspond to that of the Tanabe-Sugano diagram 
in Fig. 8 above and the black arrow labelled ΔCHL corresponds to the crossing point on the 
Tanabe-Sugano diagram.  

1.4.5 Thermodynamic considerations 

 

Among the myriad of characterisation methods for SCO compounds, calorimetric methods 

remain the most useful for understanding the thermodynamic properties of spin transitions. 

Differential Scanning Calorimetry (DSC) can be employed to determine entropic (ΔSHL) and 

enthalpic (ΔHHL) terms associated with SCO. Typical thermodynamic values for Fe(II) compounds 

with transitions at ca. 130 K are in the range ΔHHL = ΔHHS - ΔHLS = 6-15 kJ mol-1 and ΔSHL = ΔSHS - 

ΔSLS = 40-65 J K-1mol-1.47,48 As previously mentioned, Sorai and Seki concluded in their work from 

197444 that the large increase in the entropic term drives the spin transition. The electronic and 

vibronic nature of the entropic terms were further investigated via the [Fe(phen)2(NCS)2] species 

(phen = 1,10-phenanthroline).49 These works concluded that approximately 30% of the total 

entropy gain was due to the change from minimum to maximum spin multiplicity between the 

LS and HS states (equation 4.1). Of the remaining 70% of the total entropy gain, only a small 

fraction is attributed to the changes in intermolecular vibrational modes, which leaves the 

majority of this remaining entropy gain being shared relatively equally between changes in 

intramolecular stretching and vibrational modes between the metal centre and ligating species 
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(asymmetrical breathing modes of the 5T2g state) and intramolecular deformation modes 

(equations 5 and 5.1) .16  

 

∆S = ∆Sel + ∆Svib                                                                 (4) 

 

Sel = kBln �(2SHS+1)
(2SLS+1)

(2LHS+1)
(2LLS+1)

�                                                        (4.1) 

 

kB is the Boltzmann constant, Sel is the electronic contribution to the total entropy gain, 

comprised of components from both spin multiplicity (S) and electronic degeneracies (L), and 

Svib is the vibrational contribution to the total entropy of the spin transition. ΔSvib is essentially 

the sum of the temperature dependent molecular vibrational modes in both the HS and LS states 

in a harmonic oscillator model (equation 5).48,50  

 

Svib(T)=∑ � hνi

2T tanh� hνi
2kBT�

-kBln �2sinh � hνi

2kBT
���i                                              (5) 

 

T is the absolute temperature, kB is the Boltzmann constant, νi are the frequency of the 

vibrational modes, h the Planck constant (6.626 x 10-34 m2 kg s-1) from which the dependency of 

∆Svib(T) = ∆Svib
HS (T) - ∆Svib

HS (T) on temperature can be calculated. We can also estimate 

temperature independent vibrations of ΔSvib and their contribution to the changes in ΔG using 

equation 5.1. 

 

∆Svib = zkB ln �ν�LS

ν�HS
�                                                             (5.1) 

 

ΔSvib is the vibrational contribution to the total entropy of the spin transition, z is the number of 

vibrational distortion modes (calculated at 15 for perfectly Oh), kB is the Boltzmann constant, 

and ν�LS and ν�HS are the mean vibrational frequencies in LS and HS states, respectively.                            

Seki and Sorai also investigated the free energy parameters of the SCO phenomenon with 

respect to how it manifests itself across the crystal lattice.44 Using Mӧssbauer spectroscopy it 

was demonstrated that as SCO events perpetuate across the solid, the SCO centres 

cooperatively interact with one another.43 This led to the model of cooperative domains, 

whereby local SCO centres can “trigger” spin transitions within neighbouring molecules via long 

range intermolecular interactions. Developing this theory, Gütlich et. al. show via metal dilution 

studies51 that the enthalpic term of the SCO phenomenon in Fe(II) compounds can be calculated: 
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∆Ho = ∆HFe
o  + ∆Hcoop

o                                                               (6) 

 

∆HFe
o  represents the enthalpic change from one mole of singular, discrete Fe complex molecules, 

which comprises the contributions of alterations in: electronic structure (nephelauxetic effect 

from MO formation etc.), intramolecular vibrations and intramolecular electron-phonon 

coupling interactions. ∆Hcoop
o  represents the enthalpy change due to the alteration of 

intermolecular interactions between like-spin Fe atoms within the cooperative domain found 

within the lattice. The work also shows that the value of T1/2 (temperature at which HS:LS = 0.5) 

decreases considerably with the falling concentration of Fe atoms in a co-crystallised lattice 

consisting of Fe and Zn atoms, which can be rationalised by assuming the stabilisation of the LS 

state occurs via cooperative interactions as Fe concentration decreases (equation 6.1). 

 

∆Hcoop
o  = ∆Hcoop

o (LS) - ∆Hcoop
o (HS) > 0                                            (6.1) 

 

However, where the conditions of kBT > ΔHo
coop are true, the influence of this stabilisation 

effect is reduced, and spin transitions may still occur. The key inference from this cooperativity 

study is that SCO requires domains of like-spin Fe centres to be close-lying and as undiluted as 

possible in the lattice for maximising abruptness in the χMT vs. T curve. The type of spin transition 

we see in the χMT vs. T plot is indicative of the intermolecular interactions and cooperativity of 

the system, which can be used to differentiate between thermal equilibrium determining the 

HS:LS ratio and highly cooperative interactions within domains producing abrupt spin 

transitions. 

 

1.4.6 Cooperativity and external perturbations 

 

The mechanism by which the SCO event occurs in the solid state is one which has been 

thoroughly investigated over the years by many influential inorganic chemists, especially with 

regards to cooperativity between SCO centres and elastic interactions throughout the crystal 

lattice. This was briefly touched upon in the previous section but due to its importance to the 

model of SCO a further review should be considered. Many works throughout the 1970s, 80s 

and 90s by Sorai, Seki, Gütlich, Slichter and Drickamer,24 but to name a few, were crucial to the 

initial hypotheses of cooperativity in SCO compounds. Perhaps most significant in more recent 

developments in the understanding of solid-state cooperativity was the research of Philip 
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Gütlich, Andreas Hauser and Harold Spierling, who developed a model for SCO that could be 

used to comprehensively explain the SCO phenomena in the solid state and began to elucidate 

the mechanisms by which SCO operates throughout a lattice structure.52 The notion that the 

expansion/contraction of the lattice due to changes in temperature could lead to alterations in 

the magnitude or type of intermolecular interactions within the solid-state structure has been 

discarded for some time now, replaced with models that take into account long-range elastic 

lattice interactions between SCO centres.53,54 For example, it is now known that the chemical 

makeup of a SCO compound can cause a huge impact on the cooperativity and type of spin 

transition within a SCO material as a bulk sample, attributed to the differing intermolecular 

interactions between neighbouring SCO centres, resulting in significant coupling between the 

electronic states and phonon systems of the complexes.44 When the population of LS to HS sites 

occurs gradually as temperature is increased, the type of transition can usually be described as 

the product of a Boltzmann distribution with respect to temperature (equation 7). 

 

γHS(T)= �1 + exp �n∆G
kBT
��

-1
                                                           (7) 

 

Where γHS is the mole fraction of HS centres, n is the cooperativity factor, kB is the Boltzmann 

constant and G is the free energy of transition. This is simplified when ΔG = 0 at thermal 

equilibrium where γHS = 0.5, also known as the crossover temperature (T1/2 or TSCO), at which 

point we can predict some values through using equation 7 in 7.1. 

 

γHS(T)= �1 + exp�∆H
kB
�1

T
- 1

T1/2
��

n

�
-1

                                                   (7.1) 

 

In this instance the spin transition can be modelled with relative ease via van’t Hoff isochore 

plots using the equilibrium constants of the HS fractions at given values of T. The introduction 

of cooperativity has a profound effect on the type of transition. The presence of solvate 

molecules and counter ions within the crystal lattice play a key role in this, whereby lattice 

molecules can contribute a vast range of intermolecular interactions throughout the bulk solid. 

The most commonly observed types of intermolecular contacts involved in elastic interactions 

are hydrogen bonding55,56 and short π-π contacts57, which can influence the type and abruptness 

of spin transitions quite variably. The types of SCO we most commonly observe are shown in a 

simplified format in Fig. 10. Uncoordinated molecules such as innocent anions and solvate 

molecules, which are situated within the crystal structure due to charge balance or 
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crystallisation methods, clearly have no direct influence on the ligand field strength of the SCO 

complex cation due to their lack of involvement in the coordination sphere. Interactions can be 

deemed either short or long-range, referring to the effective distance they are observed out to 

from the perpetuator. Short-range interactions are those which the force observed decreases 

at a rate of rd, where d is equal to the objects dimensionality (usually 3). Long-range interactions 

however exceed the rd relationship significantly and it is this type of elasticity that is the 

underlying driving force in cooperativity in the solid state. Eastwood and Hockney58 provide 

detailed mathematical interpretations of both short and long-range interactions; both types 

have been studied via the Particle-Particle Particle-Mesh method (PPPM), whereby an adapted 

version of the nearest-grid-point-scheme is used (NGP) to analyse the underlying theory of such 

molecular interactions.  

 

 
Fig. 10 Simplified representations of the types of SCO due to discrepancies in cooperativity and 
lattice environment. The five most commonly observed shapes are gradual (top left), abrupt (top 
right), stepped (middle left), hysteretic (middle right) and incomplete (bottom). 
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A comparison can be made between complexes with non-coordinating anions from the 

halogen series (Cl-, Br- and I-). It has been shown previously that the [Fe(2-pic)3]X2·EtOH (2-pic = 

2-picolylamine) complex is sensitive to the halogen anion with regards to the characteristics of 

its spin transition.59 The chloride adduct of the compound in question shows an abrupt, 

continuous thermal spin transition from the 1A1g ground state to the 5T2g state between 50–150 

K. As we move down the halide series, substituting the chloride anions for bromide and iodide, 

we see a decrease in abruptness of the spin transition, more significant as the anion mass 

increases, accompanied in both subsequent cases by an incomplete conversion of LS to HS 

centres. The observed alteration of the spin transition between halide adducts is due to the 

change in the degree of cooperativity and strength/range of elastic interactions within the 

lattice. The implications of these observations are particularly pertinent to synthetic chemists 

designing new SCO compounds – the minimum criteria for observing SCO in the solid state does 

not reduce down to achieving intermediate LFS but rather a combination of this with the correct 

lattice environment to allow the spin transition to spread throughout the lattice. This principle 

is most clearly represented by the many systems that exhibit solvent-dependent SCO.60 Despite 

the crucial role of cooperativity between the component molecular units of a crystal lattice in 

the SCO phenomenon, many aspects remain out of the control of synthetic chemists, thus there 

is some degree of serendipity involved in the amalgamation of the many individual criteria into 

a single material. This difficulty is compounded when seeking to introduce SCO functionality into 

a non-crystalline material i.e. soft matter/liquid crystals. This is an area that has sparked intrigue 

in the fields of SCO and multifunctional materials, resulting in a host of compounds being 

investigated for switchable behaviour in quasi-crystalline phases.61–68 
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1.5 Soft matter and liquid crystals 

 

1.5.1 Introduction 

 

We are used to considering matter in three phases: solids, liquids and gases. However, soft 

matter is a class of material that blurs the boundaries between both the solid and liquid phases, 

resulting in a very particular set of properties. Liquid crystals (LCs) in general are classed as soft 

matter, where they can be thought of as a disordered solid or an ordered liquid. Liquid crystals 

and self-assembling materials present a junction between physics, chemistry and biology. The 

existence of liquid crystalline materials arises from amphiphilicity of the constituent molecules 

in their simplest form as monomers. Molecular amphiphilicity is the product of simultaneously 

maintaining a hydrophobic region derived from an aliphatic alkyl chain group and also a 

hydrophilic region derived from small polar or charged groups on a single molecule. Amphiphiles 

behave unconventionally with respect to the bulk, especially in solution. The interactions 

between individual amphiphiles bring about anisotropy defined as “exhibiting different 

properties in different directions”. Anisotropy is useful for functionality as it can be manipulated 

to behave cooperatively towards the requirements of its intended purpose. 

 LCs are divided into two classes: thermotropic and lyotropic (section 1.1). The vast majority 

of LC materials are thermotropic but lyotropic systems are not uncommon. Thermotropic LCs 

are materials in which anisotropy within the pure substance is observed between a certain 

temperature range, usually bridging the solid-LC and the LC-liquid phase boundaries. As this sub-

class are “activated” by increasing/decreasing the thermal energy of the system the prefix 

“thermo” is applicable. Thermotropic LCs are popular due to their applications in many 

technologies such as electronic device displays, biomedical sensors and lenses69 as well as in 

other areas of technology.70,71 Lyotropic LCs (LLCs) are systems in which anisotropy is observed 

in solution and is dependent on the concentration of amphiphiles and the temperature of the 

solution, hence the prefix “lyo”, which is defined as “meaning dissolution or to dissolve”. The 

concentration at which lyotropic LCs can be formed is critical but will be discussed in the next 

section. Molecules that possess the ability to form LC phases are termed “mesogens” and their 

behaviours are “mesogenic”. When we refer to a LC phase we can therefore use the term 

“mesophase” to distinguish between the multiple types that exist, especially when describing a 

LC-LC transition. We often refer to such amphiphiles as surfactants due to their effects on 

surface tension once in solution however, in order to minimise confusion, the two terms, 

surfactant and amphiphile, can be treated as synonyms.   
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1.5.2 Lyotropic liquid crystals 

 

Due to their amphiphilicity, some surfactant molecules are capable of self-assembling 

themselves into supramolecular architectures when mixed/suspended in a solvent (usually 

water). Although many solvent systems can facilitate the formation of amphiphile aggregates, 

unless otherwise stated, solely aqueous systems are to be considered from this point. As an 

entropically driven process, as inferred from considering the entropic and enthalpic terms of the 

self-assembly process (equation 8), self-assembly is driven by the hydrophobic effect. The 

hydrophobic effect stems from the combinatory effects of cohesive forces between hydrophobic 

domains on neighbouring molecules and electrostatic/dipole-dipole interactions between 

polar/ionic hydrophilic domains. The increase in entropy that drives the hydrophobic effect and 

thus aggregation is attributed to the apparent reduction in disturbances to the hydrogen 

bonding networks within the bulk solvent following the occurrence of micellization. 

Hydrophobic regions of amphiphiles cohesively interacting with one another in the aggregates 

as opposed to being free to interact with solvent molecules when loosely bound in solution. The 

reduction in number of hydrophobic-water interactions increases the disorder in the system. 

This is described as the entropy of micellization and is what initialises the formation of LLCs.  

 

∆Gmic
o =∆Hmic-T∆Smic                                                                 (8) 

 

At low concentrations and temperatures, surfactant molecules behave as discrete entities 

within aqueous solution, where their properties are solely attributed to their discrete 

physicochemical properties. However, when the concentration of surfactants is increased 

beyond a critical point, termed the critical aggregation concentration (CAC) or the critical micelle 

concentration (CMC) and a specific temperature, known as the Krafft temperature, is reached 

we see aggregation of individual monomers, resulting in the formation of supramolecular 

structures known as aggregates or agglomerates. These aggregates have specific three-

dimensional structures depending on the many factors that describe the system (monomer 

shape, size, charge, polarity, concentration and temperature). The 3D structure of a particular 

LLC phase is the mesophase: mesophases have a broad range of structures - some of the most 

common are micellar, lamellar, hexagonal, cubic and derivates thereof (vide infra). The 

differences between the 3D structures are important for efficacy with respect to carrying out a 

specific function. It is also important to note that transitions between mesophases is 
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commonplace in LLC systems, resulting in switchable functionality via external stimuli 

(temperature). 

 

 
Fig. 11 The changes in physical properties of a micellar solution prior to micellization and beyond 
(at a fixed temperature). Some physical properties such as surface tension are an extremely 
common independent variable used to determine the CMC in practice. 

 

Many properties of the solution change beyond the CMC, which has made the physical 

chemistry of such systems an interesting topic for many years (Fig 11).72 There is a noticeable 

discontinuation of physical parameters once the CMC is surpassed in a given LLC system. The 

type of mesophase which will be adopted by a surfactant is determined by multiple variables 

such as described by the Israelachvili formula in equation 9. The Israelachvili equation gives a 

packing factor, P, which describes the observed curvature of the aggregation (Fig. 12); where a 

value above or below one describes a “negative” or “positive” curvature, respectively. When P 

is equal to one, we see bicontinuous mesophases with near-zero curvature of the aggregate 

interfaces with solvent. Assortment of surfactants in this way is useful in categorising molecules 

into types that may indicate which LLC phases will be observed from their mixtures with water. 

Surfactants which aggregate above the CMC to give negative curvature are classed as type II 

surfactants and form inverse phases, meaning their hydrophobic domains are externalised, 

encapsulating solvent in their porous regions of hydrophilic head groups. On the other hand, 
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surfactants that aggregate and give positive curvature are classed as type I surfactants and form 

normal phases meaning their hydrophobic domains are internalised, with the hydrophilic 

domain pointing towards the bulk solvent, internalising the hydrophobic domains to form pores 

of hydrophobicity. Although useful, this model has its limitations with respect to accuracy and 

beyond conception, these properties are empirically determined. 

 

P = V
lcA0

                                                                               (9) 

 

Where V is the volume of the hydrophobic region of the molecule, lc is the length of the 

hydrophobic chains and A0 is the area of the hydrophilic region of the molecule. 

 

 

 

Fig. 12 Surfactant molecules in aggregates varying from type II negative curvature (left) to 
bicontinuous near-zero curvature (centre) and type I positive curvature (right). 

 

LLC mesophases can be anisotropic or isotropic, which means they interact with polarised 

optical light differently. Anisotropy is a product of long-range order within the LLC formulation, 

that is, a directional component to their assembly. Isotropy on the other hand is a directionally 

independent arrangement, whereby the properties of the material are the same in all directions. 

With regards to observing such mesogenic phases, polarised optical light microscopy (POM) is 

used to examine the mesophases and distinguish between them. Anisotropic mesophases will 

become birefringent when irradiated by polarised light, meaning a gradient of dark and light 

patches will be observable, making them more easily characterised. Isotropic mesophases do 

not interact with polarised light in the same manner, resulting in dark images. The transitions 
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from one mesophase to another via variations in temperature and concentration are predictable 

and thus it is with relative simplicity that elucidation of LLC properties can be accomplished.73 

Production of a phase diagram, that is a graph of temperature vs. mass fraction, can be done to 

display how the mesophase of a LLC sample changes with respect to both of these variables. The 

mesophases are distinguishable via their texture on the POM and can therefore be accurately 

identified via this technique. Small-angle X-ray scattering (SAXS)73–75 measurements are used in 

tandem to POM studies to confirm the identifications of the mesophases observed through the 

microscope. The sample preparation is the same for SAXS as for the POM studies, however the 

diffraction patterns obtained from SAXS can be used to determine the specific lattice parameters 

of a sample, which are endemic to each mesophase type. Lastly, differential scanning 

calorimetric techniques are used to measure the enthalpy of transitions, which in turn is then 

used to map out the thermodynamics of the processes seen under the POM. 

 

1.5.3 Metallomesogens 

 

The usefulness of metal ions in chemistry is demonstrated by their ubiquity. Transition metal 

ions are particularly attractive tools due to their fascinating physical, electrical and magnetic 

properties. An intrinsic property of metals is their ability to adopt multiple and varied 

coordination geometries. Common geometries such as octahedral and tetrahedral can be seen 

in some main-group systems but structures are defined by intra-ionic electron repulsions and 

the sterics about the metal ion. With coordination complexes, geometries can be tailored not 

only via adaptation of the type of polyhedron observed but also by distortion of standard 

geometries via ligand design. The types of architectures that are available to us through 

coordination chemistry are vast and tuneable, making them exciting candidates for designing 

new functional materials in which structure plays a vital role. The effectiveness of these 

approaches has been demonstrated previously by work done on stimuli-responsive 

metallopolymers,76 helicates,77 rotaxanes78  and catenanes.79 

Self-assembling metal-containing mesogens or, metallomesogens, have great potential to 

produce materials that can exhibit an array of interesting physical and electronic properties. 

However, to date, such materials have received only very little attention from research 

endeavours. Mesogenic compounds can provide self-assembled structures that have been 

shown previously to aid drug delivery in some instances and also produce stimuli-responsive 

optical and electrical properties.71,80 The incorporation of a first-row transition metal ion into 

the molecular structure of a mesogenic compound can open the gateway to even more diverse 
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materials that exhibit simultaneous properties originating from the metal centre alongside the 

physical effects stemming from the organic portion of the material (Fig. 13). 

 

 

Fig. 13 Schematic representation of the hypothetical concept of spontaneous micellization of 
metallomesogen monomers and their transition to different mesophases via change in 
concentration and/or thermally driven spin-crossover. 

 

Donnio produced an in-depth review of lyotropic metallomesogens in 2002, showing that 

such materials are rare yet perfectly feasible targets in the pursuit of smart materials.81 Plenty 

of examples of discotic metallomesogens exist, most likely due to the non-requirement for 

asymmetrical control of the coordination of alkyl chain-containing ligands. Previous examples of 

such compounds include complexes of Cr,82 Co,82 Cu,83 V,84 Ru and Rh85. Chelating ligands with a 

large number of donor atoms per molecule and two or more alkylated moieties provide an easy 

route to synthesising metallomesogens of a discotic nature. The usefulness of discotic 

compounds as lyotropic systems is somewhat limited with respect to drug delivery and similar 

pseudo-host-guest reliant technologies, owed to the fact that the architectures formed are not 

highly porous, unlike typical type I and II amphiphiles (Fig. 12). It is uncommon to see entropy 

driven hydrophobic effects/cohesive forces drive the aggregation of the alkyl chains into an 
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asymmetrically coordinated complex conformer; usually tridentate chelators or bidentate 

chelators with monodentate co-ligands form octahedral complexes with inversion centres, 

resulting in alkyl chain units located in trans sites of the octahedron 180° from each other with 

alkyl chain projections similarly opposed. Despite the successes in developing lyotropic 

metallomesogens, the diversity of the phases is limited, with the most prolific being the lamellar 

(Lα) and cubic bicontinuous (VI) mesophases. Moreover, their phase diagram behaviours have 

not been thoroughly studied. With regards to applications such as drug and gene delivery, 

porous mesophases such as inverse hexagonal (HII) and inverse cubic (Fd3m)86 are attractive 

targets especially when combined with the additional magnetic/redox properties of the 

embedded metal centre due to their ability to encapsulate cargo and potential for simple and 

direct interconversion between other mesophases with vastly different properties. 

Fe(II) based metallomesogens are fascinating prospects for use in the development of smart 

materials. Metal-based amphiphiles were initially investigated in the late 1990’s in a quest to 

combine the mesogenic properties of amphiphilic ligand molecules and the metal-based 

properties of a central transition metal ion, with particular emphasis being placed on 

magnetism, redox properties, thermochromism and conductive properties. The first instance of 

SCO in a metallomesogen was demonstrated by Galyametdinov et. al. in 2001 when they 

complexed an organic amphiphile to a central Fe(III) cation.61 Since then, many thermotropic Fe-

based metallomesogens have been synthesised, however their mesogenic properties remain un-

investigated with regards to LLC properties. Two of the very few examples of previously 

synthesised Fe(II)-based metallomesogens that were claimed to display lyotropic behaviours 

were reported by Bruce et al. in 1992 and Soyer et al. in 1998 .87,88 The work of the former 

describes an unusual synthetic procedure that coordinates a monodentate alkylamine ligand to 

a nitroprusside precursor complex to form the coordination complex anion 

[FeII(CN)4(H2O)(C12H25NH2)]2-. Multiple coordination compounds of the alkylnitroprusside 

complex were prepared by substitution of the counter cation (Li, Na, K and Ca), all of which 

supposedly formed hexagonal (HI) phases as seen by via POM studies. The authors claimed that 

the complexes were too unstable to do any in-depth studies on the metallomesogens and so the 

claims made cannot be relied on too heavily. A similar case is seen in the work of the latter, who 

synthesised the neutral complex [FeII(L)2(NCS)2], with L = 4-heptadecyl-4′-trans-styryl-2,2′-

bipyridine, which was observed forming monolayers on solution surfaces. However, these 

compounds were also claimed to be too unstable to study in water and so had to be placed in to 

formamide/water mixtures in order to maintain their structural integrity for long enough to form 

Langmuir-Blodgett films. Breaking the trend, Donnio et. al. managed to graft a long alkyl chain 

onto a ferrocene moiety and recorded the formation of lamellar phases when exposed to water, 



Chapter 1 

35 
 

which appeared to remain stable enough to characterise the samples by both POM and X-ray 

diffraction methods.89  

There is a largely untapped well of potential in metallomesogens as systems for producing 

LLC phases and displaying SCO functionality in tandem (including other metal derived 

properties). Previous examples of thermotropic metallomesogens displaying SCO provide a firm 

base to the progression of the field into the lyotropic sub-class, where even more technological 

applications may be uncovered. The use of Fe(II) is an important starting point in any attempt 

to produce a genuine SCO “switch” functionality to LLC metallomesogens due to its S = 0 LS state 

being diamagnetic compared to its highly paramagnetic HS state. Although the realisation of LLC 

behaviour in Fe(II) metallomesogens appears to be a challenge in itself, using typical SCO LF 

strength inducing ligands as a starting point for alkyl chain inclusion should provide a great 

starting point for simultaneously encouraging thermally-dependent magnetic and LC transitions 

to occur either simultaneously or better yet, synchronised, engaging in interplay between each 

physical process in a cooperative way. The primary objective of this thesis is to design and 

produce Fe(II) compounds that display both SCO and LLC behaviours, with a specific view to 

study the dependence or influence of one on the other. In this work, chapters 3-6 are comprised 

of our efforts to prepare Fe(II) compounds that are capable of SCO and/or LLC behaviour. We 

also place a particular focus on the development of materials that have a proclivity to form the 

inverse hexagonal (HII) and cubic bicontinuous (Ia3d, Fd3m etc.) mesophases due to their porous 

supramolecular structures, which have a host of possible applications in themselves. 
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Chapter 2 - Physical characterisation methods 

 

The following physical characterisation techniques will be used throughout this thesis. A 

general description of the underlying principles for the method will be followed by a description 

of the general procedure for carrying out the specific measurements. Some techniques such as 

single crystal X-ray diffraction and differential scanning calorimetry are highly specific for certain 

systems and so, more detailed information is provided in the specific results chapters.  

 

2.1 Nuclear Magnetic Resonance spectroscopy 

 

Nuclear Magnetic Resonance Spectroscopy (NMR) is a modern analytical method employed 

by researchers from all areas of science. Its uses are primarily found in chemistry for the 

structural characterisation of both organic and inorganic molecules. The two most common 

types of NMR spectroscopy are “proton NMR” (1H NMR) and “carbon NMR” (13C NMR), however 

other types do exist. In practice, 1H NMR can be used as a comprehensive tool for analysing 

molecular structure via hydrogen environments and 13C NMR can be used as a secondary tool to 

support the deductions from the 1H NMR spectrum. 1H NMR is often observed in isolation but 

highly useful techniques known as correlation spectroscopy (COSY) and nuclear Overhauser 

effect spectroscopy (NOESY) produce a 2D spectrum detailing how proton environments are 

coupled either through chemical bonds or through space, respectively. 13C NMR can be used in 

conjunction with 1H NMR to provide extremely useful two-dimensional spectra such as: 

heteronuclear single quantum coherence (HSQC), heteronuclear multiple quantum coherence 

(HMQC) and heteronuclear multiple bond correlation (HMBC) spectroscopies. These 

experiments correlate 1H signals with 13C signals in a 2D format, enabling further inferences to 

be made in relation to the 3D structure of the molecule. The fundamental principles of NMR 

spectroscopy rely on chemical species with half-integer nuclear spin (I). Species with half-integer 

nuclear spin are “NMR active” meaning they will give rise to signals via this type of spectroscopy. 

The process of obtaining signals from such nuclear species revolves around an applied magnetic 

field (H).1 An applied magnetic field will interact with the nuclear spin of certain species e.g. 1H 

due to the fact that they generate their own intrinsic and small nuclear magnetic moment as 

given by equation 10 below. 

 

μ = γIh
2π

                                                                       (10) 
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μ is the nuclear magnetic moment, γ is the nucleus-specific magnetogyric ratio and h is the 

Planck constant. The application of a magnetic field will interact with the magnetic moment 

generated by the nuclear spin of a species and cause the nucleus to precess about the axis of 

the applied magnetic field (Fig. 14). When the precessing nuclei have frequency equivalent to 

that of a radio wave frequency, they can absorb such frequencies once they are irradiated; this 

is known as resonance and is the underpinning principle of absorption and emission within this 

spectroscopic technique.  

 

 

Fig. 14 Precessional orbit of an atomic nuclei with half integer spin in an applied magnetic field 
at the ground state (left) and excited state (right) as a result of absorbing radio waves. θ is the 
angle of precession and is used to calculate the potential energy of precession. 

 

A species with a half integer nuclear spin can exist in 2I + 1 number of states, where I = value 

of the nuclear spin i.e. 1/2. Hence, for chemical species with I = 1/2, 2I + 1 = 2, thus giving us two 

quantum states for the nuclear spin of a half integer species: spin up (+1/2) and spin down (-

1/2). After an applied magnetic field is introduced to a sample, the 1H nuclei (in a proton NMR 

experiment) will either be aligned parallel (same direction) or antiparallel (opposite direction) 

to the applied magnetic field, with regards to their nuclear spin. Parallel spins are lowest in 

relative energy (ground state) whereas antiparallel spins are in a higher energy state (excited 

state). The nuclei that occupy the ground state are capable of being irradiated by radio 

frequencies to excite them to the excited state. The energy gap between the two energy levels 

is given by: 
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∆E = μH
I

                                                                     (10.1) 

 

ΔE is the energy gap between +1/2 and -1/2 nuclear spins in an external magnetic field, µ equals 

the magnetic moment of the nuclear spin, H is the external magnetic field strength at the 

nucleus and I is the nuclear spin. Once in the excited state, the magnetic field is removed and 

the nuclei return to their original ground state. When the nuclei undergo this relaxation process, 

they emit a photon of energy proportional to ΔE from equation 10.1, which is a measurable 

signal, giving us spectral lines on a graph (usually in parts per million or Hertz). The difference in 

emission and spectral lines from each nucleus is due to the fact that the magnetic field strength 

at the nucleus does not equal the applied magnetic field strength. This occurs as a consequence 

of electrons surrounding the nucleus, causing a shielding effect which in turn moves the 

chemical shift (in ppm) downfield to higher values, resulting in multiple spectral signals. 

 

2.1.1 Experimental 

 

2.1.1.1 1H NMR experimental 
1H NMR spectroscopy was done using a Bruker Ascend 400 magnet and a Bruker Ascend 400 

processor. TopSpin© software was used to process data sets. Approximately 5 mg of sample is 

dissolved into 1 cm3 of a suitable deuterated solvent (CDCl3, DMSO-d6, D2O etc.). The sample 

solution is then pipetted into a 7 inch, 400 mHz Wilmad NMR tube and capped using a PTFE lid. 

The sample tube is then placed into a spinner turbine and the height appropriately adjusted so 

that the sample solution is adequately positioned across the entirety of the inner coils of the 

spectrometer. The sample is then measured using 400 MHz with a number of scans that is a 

multiple of four (typically 16 or 128). Once the sample run has finished, a spectrum is outputted 

and interpreted with respect to peak positions, splitting patterns and integration values. The 

proton environments in the sample can then be deduced and the structure can be inferred, 

accompanied by purity evaluation. 
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2.1.1.2 13C NMR experimental 

Using the exact same sample as is described in the 1H NMR General procedure above, the 

sample is set to run for 1024 scans via the Topspin© program and the instrument is limited to 

100 MHz. Upon completion of the run, a spectrum is output and interpreted solely by ppm due 

to integration values being mostly unreliable for quantification. In 13C NMR further shifted peaks 

are more highly substituted carbon atoms within the molecular structure. This spectrum can be 

cross referenced with the 1H NMR spectrum obtained previously to aid analysis. 

 

2.1.1.3 13C NMR DEPT 

The DEPT 13C experiment is done in similar fashion to the general 13C experiment. The DEPT 

differs in that it shows carbon peaks with CH or CH3 functionality as being positive in terms of y 

axis value and carbons with CH2 functionality as negative. This experiment also does not show 

the presence of any tetra-substituted carbon atoms within the molecular structure of the 

sample, which helps to further extract information from the standard 13C experiment. 

 

2.1.1.4 Correlation Spectroscopy (COSY) 

The COSY experiment is one that involves the 2D analysis of the same proton spectrum on 

the x and y axes (1H vs. 1H), once again employing a grid in the graphing area. The grid area, 

similarly to the 2D DEPT-proton, shows spots or smudges corresponding to coupling between 

different proton environments from the sample. Contour peaks or spots along the diagonal of 

the grid correspond to peaks in the 1D experiment whereas peaks in a vertical or horizontal cross 

correspond to coupling between different nuclei. Cross peaks are the result of a phenomenon 

called “magnetization transfer” and their presence indicates that two interacting nuclei have 

different chemical shifts. Usually, the coupling between proton environments which is shown by 

a COSY experiment is an indication that the environments are connected via bond. This 

experiment is useful in establishing which proton environments are coupled to one another 

within the molecular structure of the sample, which in turn helps the operator explain the 

splitting patterns observed in the 1D 1H NMR spectrum. 

 

2.1.1.5 Nuclear Overhauser Effect Spectroscopy (NOESY) 

NOESY experiments are almost identical to the COSY in the sense that they are 2D and show 

diagonal and cross peaks depending on coupling between the nuclei in particular proton 

environments. NOESY differs from COSY in that it elucidates the coupling of nuclei environments 

through space rather than via chemical bonds, as is the case with COSY. NOESY is particularly 
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useful for understanding and assigning the cause of splitting patterns between coupled proton 

environments that are not close to each other via a bonded pathway but interact through space.  

 

2.1.1.6 Heteronuclear Single Quantum Coherence Spectroscopy (HSQC) 

HSQC experiments correlate the 1H environments of a sample to the 13C environments. It is 

a 2D experiment, with the 1H spectrum plotted on the x-axis and the 13C spectrum on the y-axis. 

This is achieved through a series of radiofrequency pulses at specific angles, followed by time-

delayed data acquisition. The resulting 2D plot of 13C vs. 1H signals produces a peak that 

corresponds to heteronuclear environments that are coupled directly via bond. HSQC 

experiments are useful in assigning the hydrogen and carbon environments to the molecular 

structure of the sample species. 

 

2.1.2 Evans method for determination of magnetic susceptibility in solution 

 

NMR spectroscopy is not limited to structural characterisation of compounds and one of the 

more highly sophisticated uses of NMR spectroscopy for inorganic chemists is the determination 

of the magnetic susceptibility of paramagnetic species in solution. The current state of the art in 

magnetic measurements are setups involving a magnetic property measurement system 

(MPMS) incorporating a superconducting quantum interference device; commonly known as a 

SQUID. However, these are expensive and hence unobtainable to smaller research groups in the 

field. Unlike SQUIDs, NMR instruments are found in nearly every institute that has a chemistry 

or physical sciences department. Furthermore, when combining magnetic materials in materials 

that are not in the solid phase SQUID measurements are not possible and so the Evans method 

for solution-based measurements of paramagnetic materials becomes the standard process for 

determining magnetic susceptibilities. This approach is especially useful when characterising the 

SCO behaviour of complexes in solution. 

Paramagnetic species induce faster relaxation times in the nuclei being probed. The 

relaxation times T1 (spin-lattice) and T2 (spin-spin) are integral to the form and broadness of 

signals in the 1H NMR spectrum and so it is unsurprising that as paramagnetic species reduce 

these values, the NMR signals can be influenced greatly. In general T1 can be thought of as the 

time unit in which relaxation of the nuclear spins relax back to thermal equilibrium distributions 

(Boltzmann); whereas T2 is the decay constant for the component of magnetization (M) that is 

perpendicular to the applied magnetic field (B).2 The effect of paramagnetic species in NMR 

samples does not in fact originate from the interaction of the localised magnetic dipole from the 
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sample interacting with the applied field from the NMR instrument and thus affecting the 

electron shielding of NMR active nuclei. Actually, paramagnetic shifting is due to the 

combination of a “contact” (δcon) between the polarised spins with surrounding nuclei and a 

dipolar interaction of the magnetically induced field of the spins and the surrounding nuclei, 

known as pseudocontact shift (equations 10.2-10.4).3 The contact shift will dominate when 

highly polarised (anisotropic) paramagnets are observed, causing a tremendously large shift 

(δpara); however, pseudocontact shifts will dominate when the polarisation is weak in relation to 

the field, observed as smaller values of δpara. 

 

δT
exp = δT

para+ δdia = δT
con+ δT

dip+ δdia                                         (10.2) 

 

δT
con= gavβeS(S+1)

3γnkT
Acon                                                   (10.3) 

 

δT
dip= μ0

4π
βe

2S(S+1)
9kT

3cos2θ-1
r3

f(g)D
kT

                                                  (10.4) 

 

gav is the mean g factor, βe is the Bohr magneton, S the total spin quantum number, γn the 

nuclear gyromagnetic ratio in (sT)−1, k the Boltzmann constant, T is absolute temperature Acon is 

the hyperfine splitting Fermi counterpart for contact shift, δT
dip is the dipolar interaction between 

parallel electrons and the nuclei responsible for pseudocontact shifting. μ0 is the magnetic 

constant and the third term reflects the fact that the underlying interaction depends on the 

dipole orientation with r being the distance between the metal (where the unpaired electrons 

are assumed to be localized) and the relevant nucleus. θ is the angle between r and the magnetic 

axis of the molecule. The last term is non-zero for S > 1/2. Then the function of the g factor and 

the zero-field splitting, D, may become large enough that a T−2 dependence is added to the 

normal T−1 behaviour of the paramagnetic signal shift. 

The Evans method4–6 uses the interaction of paramagnetic centres with NMR active nuclei to 

determine the magnetic susceptibility of the paramagnetic species in question. The way this is 

done is by using a coaxial insert, which allows internalised referencing of a diamagnetic solution 

within a single paramagnetic NMR sample. The coaxial insert is a tube of specific diameter which 

allows it to slide into the cavity of a standard 400 MHz NMR tube used for all afore mentioned 

experiments. At the last 3-4 cm of the coaxial insert tube, the diameter is significantly reduced 

to only a couple of millimetres, which allows it to be submersed and surrounded by sample 
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solution in the outer NMR tube. Once the insert is inside the sample tube and capped, the 1H 

NMR spectrum can be obtained for the experiment.  

 

2.1.2.1 Evans method experimental 

A solution of paramagnetic species (i.e. iron compounds) was prepared using DMSO-d6 or 

D2O (if solubility is an issue) as solvent and tetramethylsilane (or 4,4-dimethyl-4-silapentane-1-

sulfonic acid in D2O) as internal standard (70 µL) so that its concentration is approximately 0.01 

g cm-3 and the total volume is 1 cm3. Another solution of the same internal standard and solvent 

is prepared but without the addition of paramagnetic species. Approximately 0.5 cm3 of the 

paramagnetic sample solution is added to a Wilmad 400 MHz 7 inch NMR tube. An appropriate 

volume of the non-paramagnetic solution is added to the coaxial insert tube so that the volume 

of the coaxial insert that is submerged in the external paramagnetic sample solution is filled 

completely. The coaxial insert is then inserted into the NMR tube containing the paramagnetic 

sample solution. The tube is then capped and placed into a spinner turbine and using a guide, 

adjusted to the correct height for the spectrometer’s coils. The sample is then submitted for a 
1H NMR experiment. Once the proton NMR spectrum has been obtained, there will be two peaks 

that are derived from the methyl groups of the internal tert-butanol standard. The peak at 0 

ppm is the methyl groups of the reference solution from within the coaxial insert tube and the 

peak that is shifted downfield is the peak of the tert-butanol that is located within the 

paramagnetic sample solution. The shift downfield is the measurable effect of the paramagnetic 

species and is what is used to determine the magnetic susceptibility of the sample. 

 

 

Fig. 15 Partial 1H NMR spectra for a SCO species in DMSO-d6 at various temperatures. * 
represent TMS signals from the diamagnetic coaxial insert solution and * represent the TMS 
signals from the externalised paramagnetic sample solution.  
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2.1.2.2 Mathematical treatment of results 

By observing the spectrum, the change in shift (δ ppm) can be measured and then converted 

to a value in Hertz by multiplying the value by the frequency of the spectrometer in MHz. A 

simple equation then allows us to calculate the mass susceptibility of the paramagnetic sample. 

The Evans method4 gives the equation for calculating the mass susceptibility of a paramagnetic 

species, however since its inception the technologies of NMR instrumentation have developed 

and a new working equation is in practice.6 

 

χM= χ0 mr
para

mr
solvent +3000 ∆ν

4π ν0 C
                                                           (10.5)  

 

χM is the molar magnetic susceptibility, χ0 is the molar magnetic susceptibility of the solvent, 

mr
para is the relative molecular mass of the paramagnetic solute, mr

solvent  is the relative molecular 

mass of the solvent, Δν is the observed shift in internal reference peak between diamagnetic 

and paramagnetic solutions in Hz, ν0 is the instrument frequency in Hz and C is the concentration 

of the paramagnetic sample in mol dm-3. 

 
2.1.2.3 Calibration 

Standard practice to calibrate SQUID apparatus is to use Cu(SO4)·5H2O and measure its 

magnetic susceptibility. The reason Cu(SO4)·5H2O is used is due to it being a 3d9 electronic 

configuration with an S = 1/2 spin state. This single spin gives rise to a known value of the molar 

magnetic susceptibility. We carry this calibration method over to the Evans method and use 

Cu(SO4)·5H2O to determine the standard reading for a single spin system via the NMR 

instrument. Blank solvents were also characterised alongside an S = 0 diamagnetic standard in 

Zn(SO4)·7H2O and some paramagnetic standards NiCl2·6H2O (S = 1) and Fe(SO4)·6H2O (S = 2). The 

molar magnetic susceptibility data for such species are calculated using equation 10.5 and give 

sensible values for χMT compared to expected values. Once calibration is completed, sample 

paramagnetic materials can be analysed using 1H NMR analysis and the results treated 

mathematically to output accurate χMT values with any associated errors. The NMR instrument 

typically runs 16 scans in a standard 1H experiment, which can rise to any value that is a multiple 

of four. Repeat measurements on a stable and isolated sample at fixed temperatures will return 

identical values for chemical shift and thus χMT. In reality the majority of the error associated 

with the Evans method originates from weighing out solid samples and pipetting solvent and 

internal standards. A generally accepted error is ± 10% of the total measured χMT value, based 
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on the use of mg quantities weighed out using a four figure balance in combination with liquid 

transfers using a 1000 μL pipette. 

 

2.2 Fourier transform infrared spectroscopy 

 

Fourier transform infrared spectroscopy (FTIR) is a commonly used method to analyse 

organic and inorganic molecules. The term “Fourier transform” refers to a mathematical 

treatment of the frequency signals obtained from the spectrometer as a function of time. 

“Fourier transform” is constituted of both the frequency domain representation and the 

mathematical operation that associates the frequency domain representation to a function of 

time. Infrared (IR) spectroscopy is derived from the excitation of chemical bonds, which possess 

a dipole moment, via IR wavelengths of light. When a compound is irradiated with IR 

frequencies, the chemical bonds absorb this as vibrational energy. As the chemical bonds of the 

compound absorb more IR light, they vibrate more and thus an absorption spectrum can be 

output from the process. The vibrational modes of a molecules functional groups are varied due 

to inherent symmetries and thus varied vibrational breathing modes.7 The number of vibrational 

modes for non-linear molecules is given by the degrees of freedom (DF) with respect to the total 

number of atoms in a molecule, N (equation 11). 

 

DF = 3N-6                                                                      (11) 

 

The final term of the equation is a subtraction of six modes from the total 3N due to the fact 

that six of the overall modes are translations and rotations of the molecule itself. The spectra 

produced by these breathing modes is characteristic and is usually used for qualitative analysis 

of chemical structure. The frequency at which a chemical bond, which meets the criterion for 

being IR active (dipole moment), will vibrate at is given by an equation derived from Hooke’s 

law: 

 

ν = 1
2πc�f mA + mB

mA · mB
                                                            (11.1) 

 

ν is the frequency in wavenumbers, c equals the velocity of light, f is the bond force constant 

and mA is the mass of atom A, mB is the mass of atom B. Certain bonds absorb certain frequencies 

and thus, an IR absorption spectra can indicate the presence of particular functions or binding 
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modes within a molecule/compound including inorganic complexes. Based on diatomic species, 

IR spectroscopic theory states that heavier atoms produce weaker force constants and therefore 

results in absorbance at lower frequencies. In a similar fashion, the longer the bond length is, 

the smaller the force constant becomes, meaning higher atomic mass and longer bond lengths 

complement one another to constructively lower the bond force constant and thus lower 

absorption frequency. With regards to spin-crossover compounds, this principle becomes very 

important. We see that there is a relationship from equation 2 (page 20), which shows the 

potential energy of the Fe-N bond is proportional to the force constant and thus differs between 

LS and HS complexes due to the change in this bond length as eg antibonding orbitals are 

populated/depopulated via spin-crossover. The relationship between these bond lengths and 

spin states was given by equation 1. The symmetrical breathing mode of octahedral 1A1g LS Fe(II) 

has a significantly stronger bond force constant to the HS 5T2g state. This results in IR absorption 

bands between approximately 100-250 cm-1 for the HS state and 300-500 for the LS state.8,9 

Hence, IR spectroscopy can be used to accurately determine whether an iron complex is in the 

LS or HS state via analysis of the absorbance frequencies from the Fe-N bonds in the first 

coordination sphere.  

 

2.2.1 Experimental  

IR spectroscopy was performed using a PerkinElmer Spectrum 65 Fourier transform IR 

spectrometer. The quartz crystal and sample loading area of FTIR spectrometer was cleaned 

with ethanol and allowed to dry. The sample loading area and crystal were closed together and 

a background scan with 100% transmission was run in order to zero the spectrometer. Once a 

background scan was completed powder or crystal samples of approximately 2 mg were placed 

onto the sample loading area and the crystal was closed on top. The sample was scanned at a 

rate of 300 cm-1s-1 to obtain an absorption spectrum of transmission % vs. wavenumber. 
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2.3 UV-vis spectroscopy 

 

UV-Vis spectroscopy is another commonly used characterisation technique for samples in 

solution and is often used in tandem with the Evans method due to the electronic and magnetic 

properties of a system being inextricably linked. The principle measurement in UV-vis 

spectroscopy is the absorption of light frequencies in the ultraviolet-visible region (ca. 200-900 

nm) by a compound in solution. The absorption of this light is attributed to the promotion of an 

electron from a ground electronic energy level to an excited state. The Beer-Lambert law is used 

as the fundamental formula for this spectroscopic technique and is given in equation 12 below. 

 

A = log10
I0
I
                                                                (12) 

 

A is the absorbance of the sample, I0 is the intensity of the beam through the reference cell and 

I is the intensity of the beam through the sample cell. The absorbance of light of a particular 

wavelength by a sample will result in a value of I that is less than I0 and so A will be equal to the 

logarithm of a number < 1. However, if no light of a particular wavelength is absorbed then I = I0 

and thus A = log10 (1) = 0.  

In the chemical sciences, a more useful form of the Beer-Lambert law comes in the form of 

A = bcε, where b is the cell pathlength in centimetres, c is the sample concentration in mol dm-3 

and ε is the molar extinction coefficient of the sample in dm3 mol-1 cm-1. The molar extinction 

coefficient, ε, is important to understanding the type of electronic transition that has taken 

place, where the value of ε is obtained from dividing the observed absorbance by the product 

of the sample concentration and the pathlength. 

The absorption peaks in UV-Vis can be used to identify specific electronic transitions in 

organic molecules i.e. π → π* or in fact to determine the spin state of transition metal complexes 

i.e. the spin-allowed t2g
6 eg

0 → t2g
4 eg

2 (1A1 → 1T1) transition as seen in the LS Fe(II) ion. Thermal 

SCO is accompanied by a change in colour, known as thermochromism. This change in colour is 

attributed to the change in ligand field strength between the two spin states of metal ions. UV-

vis spectroscopy can elucidate the energy gap of spin transitions due to excitation via light 

absorption and thus Δo can be estimated, allowing spin state of metal ions to be assigned. If we 

consider the types of allowed transitions in Fe(II) SCO compounds, shown by the Tanabe-Sugano 

diagram (Fig. 8) we can see there is a distinct difference between expected transitions 

depending on which side of the crossover point, ΔCHL, we are considering. At weak fields below 

the crossover point, the ground state 5T2 may allow a spin transition to the 5E energy level, which 
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can be quantified with respect to total energy. At stronger fields to the right of the crossover 

point, where 1A1 becomes the energy level occupying the ground state, we see there is the 

possibility for two spin transitions: 1A1 to 1T1 and 1A1 to 1T2. If we now consider these two possible 

outcomes, the spectra will vary by the fact that only one absorbance peak will be shown for the 

weak field circumstance whilst two peaks will be observed in the strong field circumstance. This 

clear and distinct difference between spectra and the respective spin state of the sample 

complex means UV-vis techniques are a useful tool for following the spin states and energetic 

properties of transitions in SCO compounds. Although in theory UV-vis spectroscopy offers a 

host of information on the electronic properties of metal complexes, there are limitations. The 

transitions associated with the energy gaps between the t2g and eg molecular orbitals of the 

complex are not always observed and can be easily confused with similar transitions.  

The technique uses a dual-beam spectrophotometer employing a tungsten-deuterium lamp 

as the source of light. Scanning speeds that allow for data collection in intervals of 0.5 nm are 

standard. Sample and blank cuvettes are made from quarts, with a standard path length of 1 

cm. The machine is zeroed using two blanks (sample solvent) in quartz cuvettes and running a 

100% transmission scan.  

 
2.3.1 Experimental 

An appropriate mass of sample is dissolved in appropriate solvent (usually methanol) in a 10 

cm3 volumetric flask and filled to the mark so that the final concentration is in the order of 1 x 

10-4 mol dm-3. The sample solution is pipetted into a quartz cuvette and placed in one of the 

beam paths within the spectrophotometer. A blank sample of pure solvent is then pipetted into 

a second quartz cuvette, which is loaded into the second beam path within the 

spectrophotometer. The lid to the sample loading area is closed so that no external light can 

enter the sample chamber and the scan is set to run between 200 and 900 nm at a rate of 30 

nm s-1. Once the scan has finished an absorption spectrum will be displayed within the Perkin 

Elmer software “Lambda”. The data will be a plot of absorbance vs wavelength and can be 

manipulated further in this software to provide derivative spectra. 
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2.4 Mass spectrometry 

 

Mass spectrometry is a characterisation technique for the identification of molecular mass 

and fragment masses. A staple technique for synthetic chemists, the mass spectrum for a 

compound is determined often by time of flight (TOF) chambers, whereby an electrospray is 

used to form a charged molecular entity which is then accelerated across two plates with a large 

potential gradient whilst the spectrometer is under vacuum (Fig. 16).10 

 

Fig. 16 A simplified schematic diagram of a mass spectrometer. 
 

 Molecules with a larger mass/charge ratio travel slower across the charged plates in the TOF 

chamber and thus the time elapsed between a molecule/fragment leaving the source to its 

arrival at the detector can be converted to a relative molecular mass. The mathematical 

treatment of the raw data is derived from some classical physics: 

 

Ep= qU                                                                           (13) 

 

Ep = the potential energy within an electrical field, qU = the particle charge multiplied by the 

potential difference of electrical plates. As a particle or molecule is accelerated across the TOF 

chamber, its potential energy is converted into kinetic energy: 
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Ek =
1
2

mv2                                                                 (13.1) 

Ep= Ek                                                                     (13.2) 

 

qU = 1
2

mv2                                                               (13.3) 

 

The velocity of the particle or molecule will remain constant after its acceleration due to the 

field-free TOF tubes employed by modern mass spectrometers, hence the time of particle/ 

molecule flight is given by: 

 

v = d
t
                                                                       (13.4) 

 

If we use equation 13.4 to substitute the value for velocity into the equation for kinetic energy 

from equation 13.3 we derive: 

 

qU = 1
2

m( d
t

)
2
                                                             (13.5) 

 

We can use equation 13.5 to express time via each other term: 

 

t2 = d2

2U
m
q

                                                                    (13.6) 

 

By taking the square root we arrive at the equation for time as: 

 

t = d
√2U�

m
q

                                                                 (13.7) 

 

As d
√2U

 are constants in the TOF mass spectrometer we can replace this term with k: 

 

t = k�
m
q

                                                                   (13.8) 

 

 Simple mathematical rearrangement will provide a value for mass with respect to time: 

 

m = �t
k
�

2
q                                                               (13.9) 
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2.4.1 Experimental 

Mass spectrometry was carried out using a Bruker microTOF spectrometer. Electrospray 

ionisation (ESI) was used to ionise the compounds and the solvent in all cases was methanol. 

Scan ranges were between 50 - 1500 m/z generally and the ion polarity began at 4000 V at the 

capillary and ended at -500V at the end plate. Samples of approximately 0.1 – 0.5 mg are 

dissolved in methanol and loaded into the sample injector syringe. The gas flow rate was set to 

4.0 L min-1 with a dry heater temperature of 190 °C and nebulizer pressure of 0.4 Bar. 

 

2.5 Magnetometry 

 

Magnetometry is a long-standing method for determining the magnetic properties of 

materials and is by far the most sensitive and precise method for magnetic measurements. 

Magnetism is a physical phenomenon derived from the spin of a charged particle and/or its 

angular momentum in orbit. If we consider the electron as the simplest form of a magnet, its 

spin, an intrinsic property like mass or charge, gives rise to a magnetic moment, µS, its orbit 

around the nucleus can also give rise to a magnetic moment derived from the orbital-angular 

momentum, µL. This principle applies to the larger scale of molecules, whereby there is 

possibility for more many different classes of materials. 

We can determine the magnitude of the magnetic moment exerted by a material when we 

place a sample in an applied magnetic field, H. This is the fundamental principle of 

magnetometry and is employed in two of the simplest and well-known methods for determining 

magnetic susceptibility of substances: the Guoy method and the Faraday method. Both of these 

methods rely on the measurement of an apparent change in force via a balance or spring, 

whereas the current state of the art uses flux-sensing measurements to derive susceptibility 

measurements.11 The Guoy method requires that a sample in a cylindrical tube is placed in a 

homogenous magnetic field so that one end of the cylinder is in an area of maximum field 

strength whilst the other end is in an area of minimum field strength. The sample will feel a force 

along the length of the cylinder, expressed as: 

 

F = 1
2
�χv

s-χv
0�(H1-H2)A                                                          (14) 

 

F is the force along sample cylinder, χv
s  is the volume magnetic susceptibility of the sample, χv

0 is 

the volume susceptibility of surrounding atmosphere, H1 and H2 are the maximum and minimum 

field strengths, respectively and A is the cross-sectional area of sample tube cylinder. 
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Paramagnetic samples will feel a force along the axis of the sample tube so that there is an 

apparent increase in weight whilst diamagnetic materials will feel a decrease in weight, due to 

the deliberate direction of the applied magnetic field. Although somewhat primitive, the Guoy 

balance, using diamagnetic corrections, is capable of outputting reasonably accurate data for 

weakly paramagnetic materials. Its set-backs lie in the fact that homogeneity of the sample is 

highly important and the large volume that is required for accurate measurements can be 

inconvenient.11  

 

 
Fig. 17 Simplified SQUID magnetometer device (top) and Josephson junction (bottom). Magnetic 
measurements are obtained as a function of the detected current through the Josephson 
junctions. 
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The Faraday method, despite being similar in principle to the Guoy method, is far superior 

with respect to sensitivity. The Faraday method uses two poles of a magnet to form a converging 

point at which the field strength multiplied by the field gradient is a constant value. Due to the 

convergence of the magnetic poles, the amount of sample that needs to be placed within the 

field is minimal compared to that of the Guoy method. The sensitivity is also much greater and 

thus the data are more precise and reproducible via this method.11 

The current state of the art instruments includes superconducting quantum interference 

devices (SQUID) (Fig. 17). Such devices are known as “flux sensing” magnetometers and require 

the movement of current through a ring consisting of two superconducting plates separated by 

thin insulating layers. The thin insulating layers are what create two parallel Josephson junctions, 

which allow the measurement of voltages via the use of Cooper pairs of electrons tunnelling 

through the junctions. This in turn allows the SQUID device to sense small changes in external 

magnetic flux density from a sample and convert this to magnetic susceptibility data and its 

derivative forms. As paramagnetic materials are those with one or more unpaired electrons, 

they are attracted to the applied magnetic field along their axis of maximum magnetic 

susceptibility. Diamagnetic materials are those with no unpaired electrons and are repelled by 

the applied magnetic field.  

The repulsion/attraction of a material within the magnetic field gives rise to an apparent 

change in mass which can be measured for a known mass of sample. The output value for mass 

magnetic susceptibility is given with the units cm3 g-1 and can be converted into many different 

units including the most commonly used Bohr Magnetons, µB, or molar magnetic susceptibility, 

χMT (cm3 mol-1 K). The Bohr magneton is the magnitude of the magnetic dipole moment of an 

orbiting electron with an orbital angular momentum, l⃗, of ħ and is given by equation 15: 

 

μB= eħ
2m0

= 9.274 ×10-24 J T-1                                                   (15) 

 

e is the elementary charge, ħ is the reduced Planck’s constant and m0 is the electron rest mass. 

The volume magnetic susceptibility is shown to be proportional to the field strength as shown 

by the relationship:   

 

M���⃗  = χvH��⃗                                                                         (16) 

 

M���⃗  is the magnetisation operator for the measured substance, H��⃗  is the field strength operator 

and χv is the volume magnetic susceptibility. The result of placing a paramagnetic sample within 
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a magnetic field is magnetic induction (B) which contributes a value of 4πM as the sample is 

magnetised. 

 

B�⃗  = H��⃗  + 4πM���⃗                                                                  (16.1) 

 

This equation can be rewritten for convenience as: 

 

B
H��⃗
⃗ = 1 + 4πM���⃗

H��⃗
                                                                 (16.2) 

 

Or rewritten to give the volume magnetic susceptibility using M���⃗  = χvH��⃗ : 

 

B
H��⃗
⃗  = 1 + 4πχv                                                                  (16.3) 

 

Allowing the conversion of volume magnetic susceptibility to molar magnetic susceptibility via: 

 
χv
ρ

× Mr × T = χMT                                                                (17) 

 

Where ρ is the density of the material, Mr is the molecular mass and T is the absolute 

temperature. Of course, there are diamagnetic corrections to be considered with any 

paramagnetic material as the electron cloud is constituted of paired spins. The overall value for 

χM is thus: 

 

          χM = χM
D  + χM

P                                                              (17.1) 

 

χM
D  is the diamagnetic contribution to the molar magnetic susceptibility and χM

P  is the 

paramagnetic contribution. It is sufficient to say that diamagnetic effects are independent of 

temperature and magnetic field strength. In some species, temperature independent 

paramagnetism (TIP) may also be observed and if so, must be accounted for in the calculation 

of χM. TIP occurs due to a mixing of the wave function that describes the ground state with 

thermally inaccessible excited states via Zeeman effects i.e. the 1A1g ground state for LS Fe(II). 

For LS Fe(II) the magnitude of the contribution of TIP to the overall molar magnetic susceptibility 

is approximately in the order of 10-4 cm3 mol-1.12 Diamagnetic corrections are derived from the 

work laid down by Pascal in the 1600’s and are known as Pascal’s constants. These constants are 
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derived from the mass susceptibility of substances, using water as a reference (-0.72 x 10-6 cm3 

g-1).13  

The Curie law describes the relationship between magnetic susceptibility and temperature 

for paramagnetic centres that are non-interacting with one another. 

 

χ = C
T
                                                                         (18) 

 

C is the Curie constant and T is the absolute temperature in Kelvin. The Curie constant is given 

by:  

C = NAg2μB
2

3kB
S(S+1)                                                         (18.1) 

 

NA is the Avogadro number, g is the Landé g factor, µB is the Bohr magneton and kB is the 

Boltzmann’s constant. The spin-only magnetic moment of a paramagnetic sample is given in 

equation 19, although in practice magnetic moment is rarely discussed and thus a more useful 

equation is for the spin only molar magnetic susceptibility as a function of temperature 

(equation 19.1). 

 

μso=2�S(S+1)                                                                 (19) 

 

χMT= g2

8
S(S+1)                                                             (19.1) 

 

If we consider a 3d metal species such as Mn(II) in an octahedral ligand field, we can obtain 

a spin-only value for the χMT using equation 19.1 and inputting the free electron Landé g-factor 

as g (gs = 2.002319). The resulting equation for Oh Mn(II) is therefore χMT= g2

8
5/2(5/2+1) = 4.385 

cm3 mol-1 K, which is almost exactly what we observe experimentally. For systems with 

additional orbital angular momentum contributions the spin-only values will not accurately 

represent the experimental data. Magnetic data are usually represented in a graph of χMT vs. T 

or M vs. H. The former is the choice graphical representation for SCO phenomena as it can be 

used to track the changes in spin states more effectively. The type of curve seen on a χMT vs. T 

plot says a lot about a compounds intermolecular interactions and cooperativity but also can 

show surprisingly sharp and sudden deviations from expectation i.e. in the low temperature 

regions ca. 5–10 K. Sudden drops in magnetic susceptibility at low temperatures can be 

accounted for by zero field and/or Zeeman splitting , which results in the removal of degeneracy 
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of the spin microstates (MS) for systems with an S > 1/2 in the absence of a magnetic field due 

to spin density distributive effects. The effects of zero field splitting (ZFS) can be profound and 

are the root cause of magnetic anisotropy in systems with an odd number of 3d electrons. In 

Fe(II), ZFS separates out the MS states into a non-degenerate MS = 0 ground state and two sets 

of doubly degenerate states of MS = ±1 and ±2 (as there are 2S+1 microstates of S). The axial ZFS 

splitting parameter, D, describes the energy gap between the ground state and the MS = ±1 and 

±2 states, with values of D and 3D respectively (Fig. 18) where D ≈ 10 cm-1 due to the orbital 

contribution to ZFS from the 5T2g term. Thermal population/depopulation of these states leads 

to varied magnetic susceptibility measurements at low temperatures. 

 

 
Fig. 18 ZFS effects on the spin microstates (MS) of an S = 2 system and their relative energy gaps 
in terms of the axial ZFS parameter (±D).  

 
2.5.1 Experimental 

Variable-temperature magnetic susceptibility measurements were performed on a Quantum 

Design MPMS 7T SQUID magnetometer. The SQUID magnetometer was calibrated by use of a 

standard palladium sample (Quantum Design) of accurately known magnetization or by use of 

magnetochemical calibrants such as CuSO4·5H2O. Microcrystalline samples were dispersed in 

Vaseline in order to avoid torqueing of the crystallites. The sample mulls were contained in a 

calibrated capsule held at the centre of a drinking straw that was fixed at the end of the sample 

rod. Data collection is run, typically, between 5–300 K for direct current (DC) experiments and 

at very low temperatures ca. 5 K for alternating current, AC, experiments. When applicable the 

data can be compared to a fitted model provided by the modelling software PHI.14 Diamagnetic 

contributions to the magnetic susceptibility were corrected using Pascal’s constant tables. 
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2.6 Single crystal X-ray diffraction 

 

Structural characterisation of inorganic and organic molecules can be done via many 

different methods, but none are as accurate and detailed as single crystal X-ray diffraction. For 

SCO compounds, this method is the basis of all structural characterisation and is how the three-

dimensional molecular structure of the compounds are determined. The method requires that 

fast moving electrons are aimed at a metal target, which then emits X-rays of two frequencies, 

which are characteristic to the target type. Fig. 19 displays a schematic representation of the 

steps involved in collecting single crystal X-ray diffraction data. The emitted X-rays are then 

passed through a monochromator, resulting in the transmission of X-rays of only one 

wavelength. X-rays of a single frequency are then passed through a collimator tube to produce 

a beam of minimal cross-sectional area and then this beam is aimed at a sample single crystal. 

The X-rays are diffracted by the single crystal sample mounted on a goniometer and the 

reflected/diffracted X-rays are then absorbed by a detector and data is interpreted as intensity 

spots. The process is done from a multitude of angles in a spherical space around the mounted 

crystal by manipulation of the crystal position via the goniometer and the diffraction patterns 

are compiled to produce raw data, that is, reflection intensities and hkl coordinates. After 

mathematical treatment of these data, coordinates of specific atoms within the crystal lattice 

can be determined and thus, a three dimensional model of the molecular structure within the 

sample can be constructed.15 Single crystals are usually of size 0.01-0.2 mm in any dimension 

and mounted on a fiber which is in turn attached to the goniometer. Detection is usually done 

via a detector and counter. In reality there are many more considerations to the method, 

starting at the production of X-rays.  

X-rays are produced when accelerated electrons, while they are penetrating through a target 

material, are rapidly decelerated when travelling through the electron cloud by the resistive 

force. Such bombarding electrons have kinetic energy equal to 1
2

mv, which is emitted as a 

photon of X-ray wavelength as described by Ek = 1
2

mv = hf where h is the Planck constant and f 

is the frequency of the emitted photon. X-rays emitted this way are continuously varying in 

wavelength from a short wavelength limit known as “general” or “continuous” radiation. For 

single crystal X-ray diffraction studies, it is vital that X-rays are of specific wavelength or 

monochromatic. If the accelerating potential of bombarding electrons is increased then the 

electrons will still have sufficient energy to “knock-off” electrons from different orbitals of the 

atoms from the target material, even after deceleration. When K-shell electrons are knocked 

off, the target atoms are raised in potential energy to match that of the K-shell. Due to the loss 
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of K-shell electrons, electrons from higher energy shells such as the M and L-shells then “jump” 

down to fill the vacancies of the K-shell and thus lower the potential energy of the target atoms. 

The process of demoting the electrons from the M and L-shells to fill the K-shell demands the 

emittance of X-ray radiation photons of specific wavelength, which are characteristic of the 

target material – this is known as characteristic radiation (Fig. 20). 

 

 

Fig. 19 Linear process of single crystal X-ray diffraction from electron source to diffraction 
detection. 
 

 

Fig. 20 Schematic view of how characteristic X-rays are produced from a metal target e.g. Cu or 
Mo after bombarding electrons remove electrons from the targets K-shell. 
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Fig. 21 The absorption edge of a monochromator used in X-ray crystallography for filtering of 
the K emission photons. K absorption of monochromator shown as dashed line and the source 
emission wavelengths (Kα and Kβ) shown as solid black lines. 

 

Once characteristic radiation has been emitted (Kα and Kβ) only one wavelength is selected 

for analyzing the sample – this is Kα and to separate it from other wavelengths it is passed 

through a monochromator. The monochromator is a material that absorbs at the Kβ wavelength 

but not Kα (Fig. 21). Kα radiation then passes through the sample, diffracting due to interaction, 

which is then detected via constructive/destructive interference patterns on a plate. These 

patterns can be combined to form a 3D model of the material through Bragg’s law, 2d sinθ = nλ, 

which relates the distance of the lattice planes, d, to integer values of the radiation wavelength, 

nλ, as a function of the diffraction angle, θ (Fig. 22). 

 

 
Fig. 22 Schematic view of crystallographic diffraction and the associated geometric properties 
that are used in Bragg’s law. 
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2.6.1 Experimental 

Information on the solving methods and structure refinement details for single crystal XRD 

measurements can be found in the single crystal XRD sub-sections of the individual results 

chapters.  

Single crystal XRD data was obtained by the National Crystallography Service, Southampton 

University, United Kingdom. The single crystal structures were subsequently solved and refined 

at the University of Brighton using Olex216,17 and SHELXL18,19 software. 

Four instrument set-ups were used for data collection: An FR-E+ SuperBright Molybdenum 

X-Ray generator with a highly focused beam (70µm) achieved with the new VariMax VHF (Very 

High Flux) optics, complete with an AFC12 goniometer and a HyPix-600HE detector. A Rigaku 

007 HF (High Flux) diffractometer with a copper rotating anode, equipped with a HyPix-600HE 

detector. An FR-E+ SuperBright Molybdenum X-Ray generator equipped with VariMax HF (High 

Flux) optics and the beam is slightly de-focused (100µm). This diffractometer also features the 

AFC12 goniometer and an enhanced sensitivity Saturn 724+ 18bit CCD detector. An R-AXIS 

Spider diffractometer, which comprises a Molybdenum sealed tube X-ray generator and an 

RAPID image plate detector system with a quarter chi goniometer. Data collections are typically 

performed at 120K under a cold stream of nitrogen using either an Oxford Cryosystems 600 or 

700 Series CryoStream.   
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2.7 Differential Scanning Calorimetry 

 

Differential scanning calorimetry (DSC) analysis measures the change in heat capacity of a 

sample as a function of the heat flow through the sample at a given temperature, which can 

then be used to derive other associated thermodynamic properties (equations 20 and 20.1). As 

the properties of the sample change as a function of the temperature, the DSC instrument can 

measure the change in heat capacity and use this to calculate new thermodynamic parameters. 

The change in heat capacity of a sample is usually due to a change in state of matter i.e. 

solid→liquid, liquid→gas, solid→gas (sublimation) or any of the reverse processes. However, 

changes in heat capacity may also be due to changes in the phase of crystalline or semi-

crystalline structures, as the lattice properties are governed by its structure. For example a 

change in metal spin-state, which has an effect on the structural, electronic and magnetic 

properties of the sample may be observed as a peak in the DSC thermograph as a peak in the 

heat flow vs. temperature plot. Similarly, a change in state from the solid→liquid crystal phase 

or vice versa and the gaining or loss of solvate/small molecules as a product of heating/cooling 

may also be observed in a similar manifestation of the heat capacity. The heat flow of the sample 

is derived by a basic differential of the heat vs. time, heat
time

= q
t

= heat flow, which can then be used 

in further calculations for other thermodynamic parameters via the working equation for heat 

capacity:                                               

 
q
t

∆T
t

= q
∆T

= Cp                                                                    (20) 

 
∆T
t

 is the heating rate of the instrument and Cp is the heat capacity. Standard DSC compares the 

difference in heat flow rate between a sample and an inert reference by measuring the sample 

as it is heated, cooled or held at an isothermal temperature. The resulting differential heat flow 

rate signal is typically plotted in milliwatts (mJ s-1) versus temperature or time. With standard 

DSC, the cell temperature is changed linearly at a rate that is determined by the individual 

operating the instrument. When a single heating rate is employed, a single heat flow rate signal 

is produced, which is the sum of all heat flows is occurring at any point in temperature or time. 

Transitions in the sample material can be tracked easily via standard DSC with linear 

heating/cooling rates and provide output of thermodynamic parameters i.e. H, S and G of 

transition. However, as standard DSC produces signals that are a sum of all the occurring heat 

flows within the sample, it is hard to obtain further information than the aforementioned 
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parameters from standard DSC. Furthermore, small or “weak” transitions can only be intensified 

by increasing the total amount of sample measured, which for the same reason as before, would 

not allow the deduction of “hidden” peaks within much larger transitions over a temperature 

range.  

Modulated DSC (MDSC) is a variant method of DSC by which the heating rate is non-linear. 

MDSC combines two simultaneous rates: linear and sinusoidal. The linear component of the 

heating rate derives information as described for standard DSC whilst the sinusoidal component 

allows simultaneous measurement of the heat capacity of the sample. Modulation is determined 

by the operator with variables of modulation period (time, seconds) and modulation amplitude 

(temperature). It is the changing of the heating rate in MDSC that allows more detailed analysis 

of peaks in the thermograph, which is best demonstrated via the following equations: 

 
dH
dt

= Cp
dT
dt

+ f(T, t)                                                         (20.1) 

 
dH
dt

 is the total heat flow from linear heating rates, dT
dt

 is the measured heating rate which has 

linear and sinusoidal components, Cp
dT
dt

 is the reversing heat flow component of the total heat 

flow and f(T, t) is the kinetic component of the total heat flow, calculated from the difference 

between the total signal and the calculated heat capacity moment. It is important to note that 

the reversing heat flow component is termed in this way due to the fact that only “true heat 

capacity” is reversible, that is heat associated with the increasing/decreasing of a materials 

temperature. Heat capacity changes during a transition are, in reality, almost never reversible, 

despite the reversing signal of a heat capacity change being present, the change in heat capacity 

may not have been reversed. 

 



Chapter 2 

67 
 

 

Fig. 22 Modulated DSC thermogram for an Fe(II) compound in heat mode. The transition 
corresponds to a crystallographic phase transition. The area of the graph under the peak is 
integrated to produce a value for the enthalpy of transition in J g-1, which can be converted to a 
molar value by multiplying through by the molecular mass of the compound. 
 

DSC can be used to accurately quantify the thermodynamic parameters associated with the 

previously listed physical processes and our use of the technique is to track any crystal phase 

transitions, SCO, LC properties or any combination (interplay) thereof. The data from DSC 

measurements is usually paired with other measurements such as solid state magnetic 

susceptibility measurements and variable temperature X-ray diffraction studies, which can aid 

in assignment of the thermal transition to a physical process e.g. crystallographic phase change 

or spin-crossover.  

 

2.7.1 Experimental 

DSC data was obtained by use of a Thermal Analysis (TA) Q2000 series calorimeter (calibrated 

with indium metal) paired with a nitrogen-cooled refrigeration unit. Unless otherwise stated, 

the scanning speeds were set to 5 K min-1 for DSC and 3 K min-1 for MDSC as standard and the 

temperature range was between 190-473 K. Freshly prepared crystalline samples of each 

compound were used for measurements as to limit the possibility of solvent loss or 

decomposition occurring prior to analysis.  
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2.8 Polarised optical light microscopy  

 

 

Fig. 23 Annotated schematic for a polarising optical microscope instrument. Image reused with 
permission from Nikon Instruments Inc.20 
 

Identifying liquid crystal phases is most easily achieved visually via polarised optical 

microscopy (POM). POM techniques rely on the birefringence of a liquid crystalline sample 

interacting with light that is plane-polarised to produce contrast images of the sample (Fig. 23). 

Birefringence is the difference between the lowest and the highest refractive indices for 

anisotropic materials and is represented by an uppercase B. Birefringence is a fundamental 

crystallographic property and should be quoted with values for the refractive index values.21 The 

Michel-Lévy chart can also be used to predict birefringence based on the thickness of the sample 

and the path difference of the refracted wavefronts (see Fig. 24 below which was reprinted with 

permission from Nikon).20 Retardation is mathematically related to the birefringence and 

thickness of a material as described in equation 21. 

 

r = 1000t x B                                                              (21) 
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r is the retardation in nm, t is the thickness in μm and B is the birefringence. The value for 

retardation can be used with the Michel-Lévy graph as per Fig. 24 to predict the birefringence 

of a material. If the retardation and one refractive index are known then the second refractive 

index can be accurately predicted in this way.21 The contrast images produced by POM 

techniques give rise to light and dark contrast “textures” for anisotropic materials and lack 

thereof if the material is isotropic. For LLCs the birefringence (doubly-refracting) of type II 

mesophases such as lamellar (Lα) and inverse hexagonal (HII) phases is used to identify the 

formation of lyotropic behaviour on the phase diagram for a mesogenic (mesophase forming) 

compound in water (vide infra). 

 

 

Fig. 24 The Michel-Levy Birefringence Interference Colour Chart. The Michel-Levy chart relates 
the thickness of a material (y-axis) and the path difference of refracted light (x-axis) to the 
birefringence of the anisotropic material. Image reused with permission from Nikon.20 
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Fig. 25 monomeric molecular structures of amphiphiles CTAB (top left) and DOPE (bottom left) 
and corresponding appearance as aqueous mixtures under crossed polarisers (right). CTAB 
forms micelles at low concentrations, transitioning to different mesophases at higher 
concentrations and/or temperatures. DOPE is stable in the inverse hexagonal phase in the 
presence of excess water. 

 

Optical light is composed of light waves that oscillate in any number of planes perpendicular 

to the direction in which the wave is propagating. Applying a polariser to the path of the incident 

light beam will only allow light of one axial plane to pass through it, resulting in plane-polarised 

light. Plane polarised light can then be passed through a sample in which the material interacts 

with the plane-polarised light to produce a path difference and a change in phase of the light 

transmitted by the sample compared to the incident beam. Birefringent materials interact with 

plane-polarised light to produce two phases of transmitted light which are mutually 

perpendicular to one another. The two phases of light are termed the ordinary and 

extraordinary wavefronts. The two wavefronts have different velocities and vary with the 

direction in which they are propagated through the sample material. Once the two wavefronts 

emerge from the sample material they are out of phase with one another until they reach the 

analyser and are recombined to produce constructive and destructive interference. The colours 

observed through the microscope may be considered as white light minus the wavelengths 

removed via destructive interference between the ordinary and extraordinary wavefronts. 

Many materials have the same properties in all directions, making them isotropic. Isotropic 

materials may only have one refractive index and thus the principles behind POM techniques 

that were outlined above do not result in birefringence in such materials. Of course, one of the 
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characteristic properties of LLCs is their long-range directional order, which is anisotropic in 

some cases as stated above. It is in these materials that more than one refractive index is 

present; therefore, we observe birefringence via POM techniques (Fig. 25). Furthermore, in LLCs 

specifically, some mesophases that do not exhibit birefringence may be identified by this 

negative result once used in tandem with secondary observations such as high viscosity. This is 

especially true for systems that exhibit mesogenic LLC→LLC transitions between a birefringent 

and non-birefringent pair of mesophases. 

As discussed in section 1.5.2, chapter 1, LLC forming materials are based on monomeric 

amphiphilic molecules. The geometric properties of these amphiphiles govern their packing with 

one another e.g. volume and length of the hydrophobic domain (tail group) and the volume, 

charge and cross-sectional area of the hydrophilic domain (head group). Generally, the packing 

factor produced from equation 9 will indicated whether an amphiphile is a type I or II LLC 

generating material and thus the types of mesophases it should form can be predicted. This 

thesis focuses on type II amphiphiles and specifically the lamellar and inverse hexagonal 

mesophases, which are both birefringent upon illumination by plane polarised light. This is a 

serendipitous and useful characteristic of target amphiphiles of type II structure as there is a 

good chance that mesogenic properties will be observed unambiguously via POM techniques. 

Hence, POM is an essential and integral characterisation technique to this body of work. 

 

2.8.1 Experimental procedure for standard POM analysis 

POM analysis was performed using a Motic Instruments 1100100402241 Polarizing 

Microscope with Binocular head. The microscope used a 30 W halogen illuminator with rheostat 

and crossed polarisers. Approximately 5 mg of sample was placed on a glass microscope slide 

and covered with a glass coverslip. The sample slide was then mounted on the water-controlled 

heating stage and placed on the microscope platform. The heating stage was then programmed 

to heat from room temperature up to 368 K at a rate of 10 K min-1. As the sample was heated a 

live feed was monitored via the YenCam image capture device. After reaching the ceiling 

temperature, the sample was cooled back to room temperature at the same rate of 10 K min-1. 

Further iterations of this procedure were conducted when it was applicable to the sample type 

(e.g. to check for reproducibility of LLC transitions and/or melting). 
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2.8.2 Experimental procedure for POM penetration method for identification of LLCs 

Using the same instrumentation as above, 5 mg of pure solid sample was loaded onto a glass 

microscope slide and covered with a glass coverslip. The coverslip was manipulated with 

mechanical force from the blunt point of a 1 cm3 polymer centrifuge tube until the sample was 

thinly spread across the slide. The slide was then mounted on the heating stage, which was 

placed on the microscope platform. Deionised water was slowly dropped onto the microscope 

slide and allowed to be drawn under the coverslip into the sample material via capillary action. 

Once hydrated, the heating stage was ramped up to 368 K at 10 K min-1. Additional water was 

introduced to the sample at the discretion of the observer, based on rate of drying of the 

material and the formation of any LLC phases. Once the ceiling temperature was reached the 

sample was then cooled at the same rate. Multiple iterations of this method were the norm as 

the crude nature of the procedure is qualitative and not quantitative. This method was 

employed as preliminary observational analysis on potential materials for full LLC studies. 
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Chapter 3 - Fe(II) compounds of N-(di(pyridin-2-yl)methyl)-Cn-1-amine 

 

3.1 Introduction 

 

In this chapter Fe(II) compounds of the ligands N-(di(pyridin-2-yl)methyl)-Cn-1-amine (1C4–

1C16), where n = 4, 6, 8, 10, 12, 14, 16, are investigated. The primary focus of the experimental 

work was placed on using simple synthetic routes to functionalising octahedral Fe(II) compounds 

with alkyl chains. From there, the relationships between the lengths of alkyl chain units and 

physicochemical properties were probed. Generating SCO in transition metal complexes is 

complicated and sensitive to minor parameters such as the degree of solvation and anion type.1,2 

Metal complexes that exhibit ligand field strengths within the threshold of what is required for 

SCO must satisfy some very specific criteria with regards to their physical properties. In turn, it 

can require a large amount of fine tuning during ligand design to achieve targeted SCO 

properties. The ligand properties can be carefully altered to maximise the likelihood of SCO in 

the complex but there is more to accomplishing SCO than simply attaining intermediate ligand 

field strengths. This poses an issue in the design of SCO materials, in that, multiple factors must 

be considered and addressed in the conception and realisation of SCO compounds. A sensible 

starting point is to design ligands that fall in range of intermediary ligand field strength – typically 

for Fe(II) this requires nitrogen donor atoms from heterocyclic aromatics in an N6 coordination 

sphere, however, other systems have shown SCO with N4O2 environments.3,4 Subsequently, the 

aim must be to introduce the possibility of intermolecular interactions between complex 

molecules, facilitating cooperativity, which is usually fulfilled, in-part, by the use of aromatic 

heterocycles that have short intermolecular π···π contacts but may be bolstered by the inclusion 

of hydrogen bond donor/acceptor pairs. Beyond these manipulations some control must be 

surrendered– the appearance of lattice solvent and other small molecules in crystalline 

materials is serendipitous and synthetic control of such is certainly non-trivial.  

 

 

Scheme 1 Synthetic route to the ligand N-(di(pyridin-2-yl)methyl)-Cn-1-amine (L1Cn). i) H2N-
CnH2n+1, conc. acetic acid, MeOH, reflux, 24 h. ii) sodium borohydride, MeOH, 0°C, 5 h. 
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The ligand family N-(di(pyridin-2-yl)methyl)-Cn-1-amine (Scheme 1) contains a methylene 

bridged 2-substituted bipyridyl motif, similar to that of di(pyridin-2-yl)amine, which bind metals 

in a six-membered chelate ring. Five-membered chelate rings produce the lowest amount of ring 

strain and typically result in strong field ligands (i.e. 1,10-phenantroline and 2,2’-bipyridyl), 

which form LS complexes. Use of ligands that form six-membered chelate rings increase ring 

strain about the metal and often result in intermediate to weak field ligands and thus SCO or HS 

complexes.5–7 It should also be noted that the binding motif of di(pyridine-2-yl)amine does not 

facilitate homoleptic coordination of an [Fe(L)3]2+ complex, but rather there must be co-ligand(s) 

present to form octahedral complexes e.g. monodentate anions, which may be endemic to this 

specific motif. Due to this observation, plans to modulate the size of the ligand field strength via 

co-ligands were formulated initially. It was not until the first crystal structure of this ligand was 

obtained that it was learned that the secondary amine coordinated to the Fe(II) centre resulting 

in a pseudo-scorpionate tridentate binding mode, not dissimilar to that of 

tris(pyrazolyl)methanes, amines and boranes.8,9  

Despite losing the modulatory capability, there were encouraging aspects of the coordination 

of the tridentate chelating ligand. There was no inversion centre on the Fe(II) ions as the ligands 

coordinate asymmetrically, meaning that the two secondary amine groups (bonded to the 

aliphatic chains) are located at cis sites of the octahedron. Consequently, the 3D structures of 

the dications immediately resemble amphiphiles, with two alkyl chains projecting away from the 

metal centre at a relatively small angle from one another. Herein the synthesis, characterisation 

and discussion on first generation Fe(II) compounds functionalised with long alkyl chain units is 

reported with particular attention paid to their solid-state and solution-phase magnetic 

behaviour. 
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3.2 Experimental  

 

3.2.1 General 

All reagents and molecular sieves were bought from Sigma-Aldrich unless otherwise stated. 

Solvents were purchased from Fisher Scientific. Solvents were dehydrated by addition of 4 Å 

molecular sieves for minimum period of 48 h. All synthetic procedures were done in aerobic 

conditions unless otherwise stated. NMR splitting multiplicity is denoted as: s, singlet; d, 

doublet; t, triplet; q, quartet; quin, quintet; sext, sextet; m, multiplet. Coupling constants (J) are 

given in Hertz (Hz). 1H and 13C assignments were done by combination of 1H, 13C, HSQC and COSY 

experiments. Calculated elemental percentages in CHN analyses were calculated for the formula 

given in the procedural heading i.e. inclusive of the H2O molecule for 1C8. IR, MS and elemental 

analysis values reported are for single crystal samples for compounds 1C4-1C16 unless stated 

otherwise. 

 

3.2.2 Synthesis of N-(di(pyridin-2-yl)methyl)alkyl-1-amine ligands (L1C4-C16) 

 

N-(di(pyridin-2-yl)methyl)butan-1-amine (L1C4) 

Di(2-pyridyl) ketone (1.01 g, 5.5 mmol), acetic acid (5 drops) and butylamine (1.61 g, 22.0 

mmol) were dissolved in 30 cm3 of MeOH and refluxed with stirring for 24 h. The solution was 

cooled to room temperature and the methanol was evaporated under reduced pressure. The 

orange residue was dissolved in 50 cm3 of diethyl ether and washed with 3 x 50 cm3 of deionised 

water. The organic layer was then concentrated under reduced pressure and the orange-yellow 

residue dissolved in 50 cm3 of dichloromethane, which was washed with 2 x 50 cm3 water. The 

organic phase was dried over anhydrous magnesium sulphate and the solution filtered. The 

dichloromethane was evaporated, affording a yellow-orange residue as the pure imine. The 

imine precursor was dissolved in 30 cm3 of methanol then cooled to 0°C. To this solution was 

added 2.5 eq. of NaBH4 and the reaction stirred for 2.5 h. The methanol was evaporated and the 

orange residue was dissolved in 50 cm3 of diethyl ether and washed with 3 x 50 cm3 deionised 

water. The organic layer was then concentrated under reduced pressure and the residue 

dissolved in 50 cm3 of CH2Cl2. The solution was then washed with 2 x 50 cm3 of water and 50 cm3 

of aq. NaCl (10% w/v). The organic phase was dried over anhydrous magnesium sulphate, 

filtered and the solvent evaporated, affording pure L1C4. Yield = 1.02 g, 75.9%. 1H NMR (CDCl3, 

400 MHz) δ: 8.55 (ddd, J = 1.0, 1.8, 5.0 Hz, 2H), 7.56 (td, J = 1.7, 7.7 Hz, 2H), 7.42 (d, J = 8.0 Hz, 

2H), 7.12 (ddd, J = 1.0, 4.8, 7.5 Hz, 2H), 5.09 (s, 1H), 2.60 (t, J = 7.2 Hz, 2H), 1.55 (quin, J = 7.2, 7.7 
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Hz, 2H), 1.35 (sext, J = 7.2, 7.7, 2H), 0.88 (t, J = 7.2 Hz, 3H). 13C NMR (CDCl3, 100 MHz) δ: 161.6, 

149.1, 136.5, 122.6, 122.3, 69.5, 47.8, 32.3, 20.4, 13.9. MS (ESI+) (MeOH): m/z calcd for C15H19N3 

[M]+, 241.34; found, 264.15 [M + Na]+, 169.08 [M - C4H11N]+. For NMR and MS see Figs. A1-A4 

and A31, respectively. 

 

N-(di(pyridin-2-yl)methyl)hexan-1-amine (L1C6) 

Preparation of L1C6 was carried out via the same procedure as L1C4, using hexylamine (0.56 

g, 5.5 mmol). Yield = 1.36 g, 91.5%. 1H NMR (CDCl3, 400 MHz) δ: 8.55 (ddd, J = 0.8, 2.0, 4.8 Hz, 

2H), 7.60 (td, J = 1.8, 7.7 Hz, 2H), 7.41 (d, J = 7.8 Hz, 2H), 7.12 (ddd, J = 1.0, 4.9, 7.5 Hz, 2H), 5.09 

(s, 1H), 2.97 (br, 1H), 2.60 (t, J = 7.3 Hz, 2H), 1.56 (quin, J = 6.9, 7.2 Hz, 2H), 1.29 (m, J = 7.6, 6H), 

0.86 (t, J = 6.8 Hz, 3H). 13C NMR (CDCl3, 100 MHz) δ: 161.7, 149.2, 136.5, 122.4, 122.1, 69.6, 48.1, 

31.8, 30.2, 27.0, 22.6, 14.0. MS (ESI+) (MeOH): m/z calcd for C17H23N3 [M]+, 269.39; found, 292.18 

[M + Na]+. For NMR and MS see Figs. A5-A6 and A32, respectively. 

 

N-(di(pyridin-2-yl)methyl)octan-1-amine (L1C8) 

Preparation of L1C8 was carried out via the same procedure as L1C6, using octylamine (0.71 

g, 5.5 mmol). Yield = 1.01 g, 61.6%. 1H NMR (CDCl3, 400 MHz) δ: 8.56 (d, J = 4.1 Hz, 2H), 7.62 (t, 

J = 7.7 Hz, 2H), 7.42 (d, J = 7.9 Hz, 2H), 7.13 (t, J = 6.1 Hz, 2H), 5.1 (s, 1H), 2.82 (br, 1H), 2.60 (t, J 

= 7.4 Hz, 2H), 1.58 (quin, J = 6.7, 7.2 Hz, 2H), 1.25 (m, 10H), 0.87 (t, J = 6.9 Hz, 3H). 13C NMR 

(CDCl3, 100 MHz) δ: 161.3, 149.3, 136.7, 122.4, 122.2, 69.4, 48.0, 31.9, 30.1, 29.5, 29.3, 27.4, 

22.7, 14.1. MS (ESI+) (MeOH): m/z calcd for C19H27N3 [M]+, 297.45; found, 320.21 [M + Na]+, 

298.23 [M + H]+. For NMR and MS see Figs. A7-A8 and A33, respectively. 

 

N-(di(pyridin-2-yl)methyl)decan-1-amine (L1C10) 

Preparation of L1C10 was carried out via the same procedure as L1C6, using decylamine (0.86 

g, 5.5 mmol). Yield = 1.25 g, 70.0%. 1H NMR (CDCl3, 400 MHz) δ: 8.55 (ddd, J = 1.0, 1.8, 5.1 Hz, 

2H), 7.61 (td, J = 1.8, 7.7 Hz, 2H), 7.42 (d, J = 7.9 Hz, 2H), 7.13 (ddd, J = 1.1, 4.8, 7.5 Hz, 2H), 5.11 

(s, 1H), 2.62 (t, J = 7.3 Hz, 2H), 1.58 (quin, J = 7.1, 7.5 Hz, 2H), 1.24 (m, 14H), 0.86 (t, J = 7.1 Hz, 

3H). 13C NMR (CDCl3, 100 MHz) δ: 161.3, 149.3, 136.6, 122.4, 122.2, 69.3, 48.0, 31.9, 30.1, 29.6, 

29.5, 29.3, 29.3, 27.3, 22.7, 14.1. MS (ESI+) (MeOH): m/z calcd for C21H31N3 [M]+, 325.50; found, 

= 348.22 [M + Na]+, 326.24 [M + H]+. For NMR and MS see Figs. A9-A10 and A34, respectively. 
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N-(di(pyridin-2-yl)methyl)dodecan-1-amine (L1C12) 

Preparation of L1C12 was carried out via the same procedure as L1C6, using dodecylamine 

(1.02 g, 5.5 mmol). Yield = 1.48 g, 76.0%. 1H NMR (CDCl3, 400 MHz) δ: 8.60 (ddd, J = 0.7, 1.8, 4.9 

Hz, 2H), 7.65 (td, J = 1.8, 7.6 Hz, 2H), 7.46 (d, J = 7.9 Hz, 2H), 7.17 (ddd, J = 1.0, 4.9, 7.5 Hz, 2H), 

5.15 (s, 1H), 2.63 (t, J = 7.3 Hz, 2H), 1.60 (quin, J = 7.2, 7.4 Hz, 2H), 1.24 (m, 18H), 0.88 (t, J = 7.0 

Hz, 3H). 13C NMR (CDCl3, 100 MHz) δ: 161.7, 149.2, 136.6, 122.3, 122.1, 69.6, 48.1, 31.9, 30.3, 

29.7, 29.7, 29.6, 29.6, 29.4, 27.4, 22.7, 14.1. MS (ESI+) (MeOH): m/z calcd for C23H35N3 [M]+, 

353.55; found, 376.28 [M + Na]+, 354.30 [M + H]+, 169.07 [M - C4H11N]+. For NMR and MS see 

Figs. A11-A12 and A35, respectively. 

 

N-(di(pyridin-2-yl)methyl)tetradecan-1-amine (L1C14) 

Preparation of L1C14 was carried out via the same procedure as L1C6, using tetradecylamine 

(1.17 g, 5.5 mmol). Yield = 1.05 g, 50.0%. 1H NMR (CDCl3, 400 MHz) δ: 8.56 (ddd, J = 0.8, 1.8, 5.0 

Hz, 2H), 7.61 (td, J = 1.8, 7.7 Hz, 2H), 7.42 (d, J = 7.9 Hz, 2H), 7.13 (ddd, J = 1.0, 4.8, 7.5 Hz, 2H), 

5.10 (s, 1H), 2.60 (t, J = 7.2 Hz, 2H), 1.57 (quin, J = 6.8, 7.8 Hz, 2H), 1.24 (m, 22H), 0.88 (t, J = 7.0 

Hz, 3H). 13C NMR (CDCl3, 100 MHz) δ: 161.3, 149.3, 136.7, 122.4, 122.2, 69.4, 48.0, 31.9, 30.2, 

30.1, 29.5, 29.3, 29.6, 27.4, 22.7, 14.1. MS (ESI+) (MeOH): m/z calcd for C25H39N3 [M]+, 381.61; 

found, 748.67 [2M - CH3]+, 381.80 [M]+. For NMR and MS see Figs. A13-A14 and A36, 

respectively. 

 

N-(di(pyridin-2-yl)methyl)hexadecan-1-amine (L1C16) 

Preparation of L1C16 was carried out via the same procedure as L1C6, using hexadecylamine 

(1.33 g, 5.5 mmol). Yield = 1.01 g, 45.0%.  1H NMR (CDCl3, 400 MHz) δ: 8.55 (ddd, J = 0.8, 1.9, 4.8 

Hz, 2H), 7.60 (td, J = 1.9, 7.7 Hz, 2H), 7.41 (d, J = 7.9 Hz, 2H), 7.12 (dd, J = 1.0, 4.9, 7.5 Hz, 2H), 

5.07 (s, 1H), 2.60 (t, J = 7.3 Hz, 2H), 1.55 (quin, J = 6.9, 7.4 Hz, 2H), 1.25 (m, 26H), 0.88 (t, J = 7.2 

Hz, 3H). 13C NMR (CDCl3, 100 MHz) δ: 161.8, 149.2, 136.5, 122.3, 122.0, 69.6, 48.1, 31.9, 30.3, 

29.7, 29.6, 29.6, 29.5, 29.3, 27.4, 22.7, 14.0. MS (ESI+) (MeOH): m/z calcd for C27H43N3 [M]+, 

409.66; found, 432.65 [M + Na]+. For NMR and MS see Figs. A15-A16 and A37, respectively. 
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3.2.3 Synthesis of 1C4-1C16 

 

[FeII(L1C4)2](BF4)2 (1C4) 

Fe(BF4)2·6H2O (33.8 mg, 0.1 mmol) and L1C4 (48.2 mg, 0.2 mmol) were dissolved in 8 cm3 of 

methanol and stirred for 30 min. The resulting orange solution was filtered and the methanol 

was allowed to slowly evaporate, affording orange X-ray quality single crystals of the compound 

1C4. Yield = 53.4 mg, 75.0%. MS (ESI+) (MeOH): m/z calcd for C30H38B2F8FeN6 [M]+, 712.13; found, 

538.30 [M - 2BF4]+, 316.10 [M - L1C4 - 2BF4 + F]+. Elemental anal. found: C, 50.52; H, 5.54; N, 

11.69. Calc. for C32H38B2F8FeN6 (solvate free): C, 50.60; H, 5.38; N, 11.80 %. FTIR (νmax / cm-1): 

3251w, 3180vw, 2964w, 2927w, 2865w, 1612w, 1562vw, 1466m, 1444m, 1378w, 1341w, 

1282w, 1213vw, 1163w, 1033vs, 983s, 939m, 874vw, 842vw, 788w, 771s, 755m, 699w, 649w. 

For NMR (Fig. A17-A18), MS (Fig. A38), UV-vis (Fig. A45-49), IR (Fig. A50). 

 

[FeII(L1C6)2](CF3SO3)2 (1C6) 

FeCl2·4H2O (19.9 mg, 0.1 mmol), NaCF3SO3 (34.4 mg, 0.2 mmol) and L1C6 (53.8 mg, 0.2 mmol) 

were dissolved in 8 cm3 of ethanol and stirred for 30 min. The resulting dark orange solution was 

filtered and the ethanol was allowed to slowly evaporate, affording X-ray quality, orange single 

crystals of the compound 1C6. Yield = 63.4 mg, 71.0%. MS (ESI+) (MeOH): m/z calcd for 

C36H46F6FeN6O6S2 [M]+, 892.76; found, 540.20 [2L1C6 + H]+, 297.12 [M - 2CF3SO3]2+. Elemental 

anal. found: C, 48.26; H, 4.98; N, 9.51. Calc. for C36H46F6FeN6O6S2 (solvate free): C, 47.95; H, 5.25; 

N, 9.32 %. FTIR (νmax / cm-1): 3480br w, 3238w, 3187w, 3074vw, 2926m, 2852w, 1606w, 1480w 

sh, 1470m, 1447m, 1282s, 1263vs, 1252vs sh, 1223s, 1149vs, 1063w, 1031 vs, 974vw, 939vw, 

792w, 777m, 763s, 753m, 727vw, 656w. For NMR (Fig. A19-A20), MS (Fig. A39), UV-vis (Fig. A45-

49), IR (Fig. A51). 

 

[FeII(L1C8)2](CF3SO3)2·H2O (1C8) 

1C8 was prepared via the same method as 1C6, using FeCl2·4H2O (19.9 mg, 0.1 mmol), 

NaCF3SO3 (34.4 mg, 0.2 mmol) and L1C8 (59.4 mg, 0.2 mmol). Single crystals were determined to 

be anhydrous when in the presence of remnant ethanol. Bulk samples of air-dried crystals 

isolated as the monohydrate. Yield = 67.7 mg, 70.0%. MS (ESI+) (MeOH): m/z calcd for 

C40H54F6FeN6O6S2 [M]+, 948.86; found, 971.30 [M + Na]+, 799.40 [M - CF3SO3]+, 325.22 [M - 

2CF3SO3]2+. Elemental anal. found: C, 49.72; H, 5.67; N, 8.54. Calc. for C40H56F6FeN6O7S2 

(monohydrate): C, 49.69; H, 5.84; N 8.69 %. FTIR (νmax / cm-1): 3480br w, 3238w, 3185w br, 

3074vw, 2926m, 2852w, 1606w, 1556vw, 1528vw, 1480w sh, 1470m, 1447m, 1282s, 1263vs, 
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1252vs sh, 1223s, 1149vs, 1063w, 1031 vs, 974vw, 939vw, 792w, 777m, 763s, 753m, 727vw, 

656w. For NMR (Fig. A21-A22), MS (Fig. A40), UV-vis (Fig. A45-49), IR (Fig. A51). 

 

[FeII(L1C10)2](CF3SO3)2·H2O (1C10) 

1C10 was prepared via the same method as 1C6, using FeCl2·4H2O (19.9 mg, 0.1 mmol), 

NaCF3SO3 (34.4 mg, 0.2 mmol) and L1C10 (65.0 mg, 0.2 mmol). The resulting dark orange solution 

was filtered and the ethanol was allowed to slowly evaporate, affording X-ray quality, orange 

single crystals of compound 1C10 which were determined to be anhydrous when in the presence 

of remnant ethanol. Bulk samples of air-dried crystals were characterised as monohydrated and 

were used for further characterisation. Powder samples of 1C10 were obtained by performing 

the reaction at concentrations 10 times higher than mentioned above. The powders precipitated 

after 10 min stirring and were collected via vacuum filtration before being dried under vacuum 

for 5 h. The powder reflected the composition of the bulk crystal sample and was used for 

powder X-ray diffraction studies. Yield = 61.4 mg, 60.0%. MS (ESI+) (MeOH): m/z calcd for 

C44H62F6FeN6O6S2 [M]+, 1004.97; found, 1027.40 [M + Na]+, 855.40 [M - CF3SO3]+, 353.22 [M - 

2CF3SO3]2+. Elemental anal. found, C, 51.85; H, 5.82; N, 8.04. Calc. for C44H64F6FeN6O7S2 

(monohydrate): C, 51.66; H, 6.31; N, 8.22 %. FTIR (νmax / cm-1): 3480br w, 3238w, 3187w, 3074vw, 

2926m, 2852w, 1606w, 1480w sh, 1470m, 1447m, 1282s, 1263vs, 1252vs sh, 1223s, 1149vs, 

1063w, 1031 vs, 974vw, 939vw, 792w, 777m, 763s, 753m, 727vw, 656w. For NMR (Fig. A23-

A24), MS (Fig. A41), UV-vis (Fig. A45-49), IR (Fig. A51). 

 

[FeII(L1C12)2](CF3SO3)2 (1C12) 

1C12 was prepared via the same method as 1C6, using FeCl2·4H2O (19.9 mg, 0.1 mmol), 

NaCF3SO3 (34.4 mg, 0.2 mmol) and L1C12 (70.6 mg, 0.2 mmol). The resulting dark orange solution 

was filtered and the ethanol was allowed to slowly evaporate, affording X-ray quality, orange 

single crystals of compound 1C12 which were determined to be anhydrous when in the presence 

of remnant ethanol. Bulk samples of air-dried crystals were characterised via elemental analysis, 

which matched the anhydrous single crystal formula and were used for further characterisation. 

Powder samples of 1C12 were obtained by performing the reaction at concentrations 10 times 

higher than mentioned above. The powders precipitated after 10 min stirring and were collected 

via vacuum filtration before being dried under vacuum for 5 h. The elemental analysis of the 

powder reflected that of the bulk crystal sample and was used for powder X-ray diffraction 

studies. Yield = 65.8 mg, 62.0%. MS (ESI+) (MeOH): m/z calcd for C48H70F6FeN6O6S2 [M]+, 1061.08; 

found, 911.50 [M - CF3SO3 + H]+, 354.30 [L1C12 + H]+. Elemental anal. (single crystals) found, C, 
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54.42; H, 6.42; N, 7.81. Calc. for C48H70F6FeN6O6S2 (solvate free): C, 54.33; H, 6.65; N, 7.92 %. FTIR 

(νmax / cm-1): 3480br w, 3238w, 3187w, 3074vw, 2926m, 2852w, 1606w, 1480w sh, 1470m, 

1447m, 1282s, 1263vs, 1252vs sh, 1223s, 1149vs, 1063w, 1031 vs, 974vw, 939vw, 792w, 777m, 

763s, 753m, 727vw, 656w. For NMR (Fig. A25-A26), MS (Fig. A42), UV-vis (Fig. A45-49), IR (Fig. 

A51). 

 

[FeII(L1C14)2](BF4)2·0.5H2O·0.5MeOH (1C14) 

1C14 was prepared via the same method as 1C4, using Fe(BF4)2·6H2O (33.8 mg, 0.1 mmol) and 

L1C14 (76.2 mg, 0.2 mmol). The resulting dark orange solution was filtered and the methanol was 

allowed to slowly evaporate, affording X-ray quality, orange single crystals of compound 1C14 

which were determined to be solvated by 0.5 water and 0.5 MeOH molecules per formula unit. 

Bulk samples of air-dried crystals were characterised as representative of the single crystal 

formula and were used for further characterisation. Powder samples of 1C14 were obtained by 

performing the reaction at concentrations 10 times higher than stated above. The powders 

precipitated after 10 min stirring and were collected via vacuum filtration before being dried 

under vacuum for 5 h. The elemental analysis of the powder reflected that of the bulk crystal 

sample and was used for powder X-ray diffraction studies. Yield = 71.6 mg, 70.4%. MS (ESI+) 

(MeOH): m/z calcd for C50H78B2F8FeN6 [M]+, 992.67; found, 905.7 [M - BF4]+, 409.30 [M - 2BF4]2+. 

Elemental anal. (single crystals) found: C, 59.74; H, 7.66; N, 8.19. Calc. for C50.5H81B2F8FeN6O 

(solvated): C, 59.600; H, 8.022; N 8.258 %. FTIR (νmax / cm-1): 3624w, 3542w, 3251w, 3180vw, 

3168w, 2964w, 2927vs, 2865s, 1612w, 1562vw, 1466m, 1444m, 1378w, 1341w, 1282w, 1213vw, 

1163w, 1033vs, 983s, 939m, 874vw, 842vw, 788w, 771s, 755m, 699w, 649w. For NMR (Fig. A27-

A28), MS (Fig. A43), UV-vis (Fig. A45-49), IR (Fig. A50). 

 

[FeII(L1C16)2](CF3SO3)2·H2O (1C16) 

1C16 was prepared via the same method as 1C6, using FeCl2·4H2O (19.9 mg, 0.1 mmol), 

NaCF3SO3 (81.8 mg, 0.2 mmol) and L1C12 (70.6 mg, 0.2 mmol. The resulting dark orange solution 

was filtered and the ethanol was allowed to slowly evaporate, affording X-ray quality, orange 

single crystals of compound 1C16 which were determined to be anhydrous when in the presence 

of remnant ethanol. Bulk samples of air-dried crystals were characterised as monohydrated and 

were used for further characterisation. Powder samples of 1C16 were obtained by performing 

the reaction at concentrations 10 times higher than mentioned above. The powders precipitated 

after 10 min stirring and were collected via vacuum filtration before being dried under vacuum 

for 5 h. The elemental analysis of the powder reflected that of the bulk crystal sample and was 
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used for powder X-ray diffraction studies. Yield = 53.1 mg, 51.0%. MS (ESI+) (MeOH): m/z calcd 

for C56H86F6FeN6O6S2 [M]+ , 1173.30; found, 1195.70 [M + Na]+, 1023.60 [M - CF3SO3]+, 841.70 

[L1C16 + Na]+. Elemental anal. (single crystals) found: C, 56.47; H, 7.50; N, 7.09. Calc. for 

C56H88F6FeN6O7S2 (monohydrate): C, 56.46; H, 7.45; N 7.05 %. FTIR (νmax / cm-1): 3480br w, 3238w, 

3187w, 3074vw, 2926m, 2852w, 1606w, 1480w sh, 1470m, 1447m, 1282s, 1263vs, 1252vs sh, 

1223s, 1149vs, 1063w, 1031 vs, 974vw, 939vw, 792w, 777m, 763s, 753m, 727vw, 656w. For 

NMR (Fig. A29-A30), MS (Fig. A44), UV-vis (Fig. A45-49), IR (Fig. A51). 

 

3.3 Results and discussion 

 

3.3.1 Single crystal X-ray diffraction studies 

 
Table 4 Single crystal X-ray diffraction details and parameters for compounds 1C4-1C8. 

Parameters 1C4 1C6 1C8 
Formula C30H38B2F8FeN6 C36H46F6FeN6O6S2 C40H54F6FeN6O6S2 
Mr 712.16 892.77 948.88 
Cryst syst monoclinic monoclinic monoclinic 
Space group P21/n P21/c P21/c 
a / Å 9.6481(3) 20.8837(3) 23.8910(6) 
b / Å 18.3359(4) 10.45420(10) 10.3579(2) 
c / Å 18.2408(5) 19.3400(3) 19.4682(5) 
α / deg 90.000 90.000 90.000 

β / deg 95.377(3) 108.114(2) 110.978(3) 
γ / deg 90.000 90.000 90.000 
V / Å3 3212.72(15) 4013.09(10) 4498.30(2) 
T / K 100 100 100 
Z 4 4 4 
ρcalcd / g.cm-3 1.4722 1.4775 1.4010 
λa / Å 0.71073 0.71073 1.54178 
No. of indep reflns 7315 9179 8188 
No. reflns with I > 2σ(I) 5769 7983 6741 
No. of params 444 516 552 
No. of restraints 0 0 0 
Final R1b, wR2c, (I > 2σ(I)) 0.0459, 0.1019 0.0383, 0.0945 0.0667, 0.1808 
R1, wR2 (all data) 0.0661, 0.1102 0.0460, 0.0990 0.0781, 0.1932 
Goodness of fit 1.0449 1.0220 1.0393 
Largest residuals / e Å-3 0.9091 1.3350 0.8888 
aGraphite monochromators. bR1 = Σ[|F0| - |Fc|]/Σ[|F0|, cwR = [Σw(F02 - Fc2)/ΣwF04)]1/2 
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Table 5 Single crystal X-ray diffraction details and parameters for compounds 1C10-1C16. 
Parameters 1C10 1C12 1C14 1C16 

Formula C44H62F6FeN6O6S2 C48H70F6FeN6O6S2 C50H78B2F8FeN6·0.5
H2O·0.5CH3OH C56H86F6FeN6O6S2 

Mr 1004.96 1061.10 1017.68 1173.27 
Cryst syst monoclinic monoclinic triclinic monoclinic 
Space group P21/c P21/c P�1 C2/c 
a / Å 25.8831(6) 27.5740(7) 10.5737(2) 60.5410(2) 
b / Å 10.2810(2) 10.1229(2) 17.0941(3) 10.3428(5) 
c / Å 19.4228(4) 19.4863(3) 29.4514(4) 19.2128(10) 
α / deg 90.000 90.000 88.860(1) 90.000 
β / deg 111.103(2) 104.208(2) 86.862(1) 98.330(4) 
γ / deg 90.000 90.000 89.547(2) 90.000 
V / Å3 4821.860(19) 5272.81(19) 5314.12(16) 11903.40(10) 
T / K 100 100 100 100 
Z 4 4 4 8 
ρcalcd / g.cm-3 1.384 1.3366 1.2720 1.3090 
λa / Å 0.71073 1.54178 0.71073 1.54178 
No. of indep reflns 11060 9879 24353 10876 
No. reflns with I > 2σ(I) 9357 7089 19406 8122 
No. of params 588 669 1261 723 
No. of restraints 0 0 0 0 
Final R1b, wR2c, (I > 
2σ(I)) 0.0584, 0.1373 0.0570, 0.1438 0.0715, 0.1634 0.0898, 0.2274 

R1, wR2 (all data) 0.0712, 0.1438 0.0829, 0.1627 0.0917, 0.1729 0.1123, 0.2477 
Goodness of fit 1.0924 1.0043 1.0970 1.0490 
Largest residuals / e Å-3 1.3400 0.5981 2.1890 0.8340 
aGraphite monochromators. bR1 = Σ[|F0| - |Fc|]/Σ[|F0|, cwR = [Σw(F02 - Fc2)/ΣwF04)]1/2 

 

 
Table 6 Selected bond lengths and parameters for 1C4-1C16 at 100 K. 

a Octahedral distortion parameter derived from the equation: Σ =∑ (|90-θi|)12
i=1 , (θi = N-Fe-N) 

where perfect octahedrons produce a value Σ = 0 and deviation from this value coincides with 
structural deformation of the coordination polyhedron. 
  

Bond(s) 1C4 1C6 1C8 1C10 1C12 1C14 1C16 
Lengths (Å)        
Fe1-N1  1.9673(18) 1.9530(16) 1.949(3) 1.966(2) 1.943(3) 1.978(2) 1.945(4) 
Fe1-N2 1.9823(19) 1.9755(15) 1.966(3) 1.954(2) 1.972(3) 1.953(2) 1.970(4) 
Fe1-N3 2.0449(18) 2.0818(16) 2.066(3) 2.067(2) 2.071(3) 2.073(2) 2.060(5) 
Fe1-N4 1.9525(18) 1.9495(16) 1.950(3) 1.980(2) 1.940(3) 1.968(2) 1.936(4) 
Fe1-N5 1.9850(18) 1.9779(15) 1.974(3) 1.950(2) 1.977(3) 1.957(2) 1.988(4) 
Fe1-N6  2.0660(18) 2.0471(15) 2.039(3) 2.035(2) 2.033(3) 2.039(2) 2.046(4) 
        
Angles (°)        
N1-Fe1-N4 100.11(8) 96.51(6) 97.14(12) 175.65(9) 97.37(10) 176.87(10) 96.64(10) 
N2-Fe1-N5 179.04(7) 175.81(6) 175.63(11) 96.98(9) 175.69(11) 98.0010) 175.38(17) 
N1-Fe1-N2  86.82(7) 88.89(6) 88.80(11) 88.74(9) 88.87(11) 87.96(10) 88.81(16) 
N2-Fe1-N3 
N3-Fe1-N6  

81.03(7) 79.97(6) 79.92(11) 80.47(9) 79.30(11) 80.64(10) 80.22(17) 
97.61(7) 103.37(6) 102.51(11) 102.79(9) 101.67(11) 100.95(10) 103.63(17) 

∑a 82.9(4) 83.8(3) 83.5(6) 83.3(5) 82.7(5) 81.4(5) 84.7(9) 
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1C4 and 1C8-1C16 were solved using Olex2 solve10,11 and 1C6 was solved using intrinsic phasing 

with SHELXL.12 1C4, 1C8 and 1C12 were refined using Olex2 refine,10,11 whilst 1C6, 1C10, 1C14 and 

1C16 were refined by full-matrix least-squares on F2 with ShelXL.12 Compounds 1C4-C16 are dark 

orange at room temperature and formed either plates or blocks during crystallisation of single 

crystals. 1C4, 1C14 and 1C16 crystallised out in the monoclinic space group P21/n, the triclinic space 

group P�1 and the monoclinic space group C2/c respectively, the remaining compounds 

crystallised out in the monoclinic space group P21/c. Single crystal structures of 1C4-1C12 and 

1C16 were solvate free and the asymmetric unit contained one [Fe(L)2]2+ dication (Fig. 27 left) 

and two counter anions (BF4 for 1C4 and CF3SO3 otherwise), with exception of 1C14 which has 

two independent cations, one methanol and one water solvate in the asymmetric unit. Although 

six of the seven crystal structures were solvent free, bulk crystalline samples of 1C8, 1C10 and 

1C16 were isolated as the monohydrate form. Bulk samples of 1C14 were solvated in the same 

form as the single crystals.  

1C4 shows crystallographic disorder on one BF4 anion which was modelled with a part A:B 

chemical occupancy ratio of 0.72:0.28 (Fig. 26). 1C12 also displays disorder on one of the CF3SO3 

anions but over five atoms. The O2, O3, S1 and O2’, O3’, S1’ atoms have been modelled with a 

chemical occupancy ratio of part A:B = 0.65:0.35, whilst the F2, F3 and F2’, F3’ atoms have a part 

A:B ratio of 0.5:0.5 in each instance. 1C14 contains a single disordered BF4 anion, with two 

fluorine atoms (F13, F14 and F13’, F14’) having a occupancy ratio of 0.6:0.4 between part A:B. 

1C16 is the only compound that displays disorder along an alkyl chain unit: The first five carbon 

atoms (C12-C16) of the alkyl chain unit extending from the N3 atom of the coordinated 

secondary amine are disordered to some varying degree. The C12 and C16 atoms are disordered 

over a single site whilst C13, C14 and C15 are disordered over two sites in each instance. All five 

carbon atoms have a chemical occupancy ratio for part A:B of 0.65:0.35. All the reported 

compounds have a reduced symmetry away from Oh about the metal ion due to the highly 

unusual asymmetric coordination mode of the two ligands used to form the complex dication. 

Due to this, the alkyl chain moieties from the two ligand units occupy adjacent sites of the 

distorted octahedron, approximately 90˚ to one another. The unconventional and highly 

strained tridentate chelation is the result of the secondary amine functions forming coordination 

bonds with the Fe(II) centres. This was not anticipated prior to structure determination and the 

polyhedron deviates significantly from typical octahedral due to the contortion of the ligand 

units to accommodate the binding of the amine group. 

  



Chapter 3 

85 
 

 
Fig. 26 Unit cell of 1C4 at 100 K as viewed in the bc plane. Parts A and B shown. Hydrogen atoms 
omitted for clarity. Legend: iron, turquoise; nitrogen, blue; carbon, grey. 

 

The binding mode of the ligand is tridentate in all complexes, forming a scorpionate-like 

trigonal-based pyramidal geometry between the three nitrogen atoms of the ligand and the Fe 

centre (Fig. 27 left).13 Alkyl chains at approximately 90˚ to each other in the coordination 

octahedron produce a mononuclear complex dication which highly resembles type II 

amphiphiles that are commonly seen in the fields of soft matter and liquid crystalline materials. 

Such silhouettes often show potential for self-assembly of complex architectures (i.e. tightly 

curved extended bilayers), often giving rise to lyotropic systems such as inverse hexagonal (HII) 

and bicontinuous cubic (VI, VII and QII) of type Im3m, Pn3m, Ia3d and Fd3m. Drummond et al. 

provide an insightful review on the applications and capabilities of such systems.14 The chelate 

ring formed between the two pyridyl N atoms per ligand unit is six-membered in each case, with 

the central methyl bridge of the ligand offering flexibility due to free bond rotation. The chelate 

rings formed between the Fe centres and combination of N atoms from the secondary amines 

and a pyridyl moiety are five-membered, which are more planar, lower energy and highly stable 

chelate rings. The tridentate binding mode of the ligand produces three such chelate rings, two 

of which are five-membered, which may explain the strong ligand field strength observed in the 

complexes via LS Fe(II) centres. The six-membered chelate ring can often produce Fe(II) 

complexes that are HS at higher temperatures.5,7 However, due to mixing of six and five-

membered chelate rings this property may be diminished. As mentioned before, stronger ligand 

fields are typically seen in pyridyl-based donors that form a five-membered ring with the metal 

upon coordination i.e. [Fe(bpy)3](X)2 or [Fe(phen)3](X)2  where X = halide, BF4, PF6, CF3SO3 (bpy = 

2,2’-bipyridyl, phen = 1,10-phenanthroline).15 These ligands are also however, planar aromatic, 

unlike the family reported in this instance, meaning the nature of and capacity for metal-ligand 

π-bonding and associated ring strain is likely to be markedly different.   
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Fig. 27 Molecular structure of the 1C4 dication with selected atom labels (left). Coordination of 
L1Cn ligands in other homologues and labelling of N atoms consistent throughout the 1Cn family. 
Hydrogen atoms and anions omitted for clarity. FeN6 first coordination sphere for 1C4 at 100 K 
(right) with selected cis octahedral sites shown via arrows and how the N-Fe-N angles are used 
to calculate the octahedral distortion parameter, Σ. Legend: iron, turquoise; nitrogen, blue; 
carbon, grey. 
 

The octahedral distortion parameter (Σ) was calculated from the twelve cis N-Fe-N angles of 

the complex in order to quantify the magnitude of the distortion of the polyhedron (Table 6). A 

perfect octahedron produces Σ = 0, and deviations from octahedral symmetry will result in this 

increasing in value away from zero (Fig. 27 right).16–19 HS structures typically produce a more 

highly deformed octahedron than LS structures of the same compound.18,19 It is well known that 

some compounds that would be capable of undergoing a thermal SCO event based on the LFS 

of the complex are prevented from doing so due to their structures being too highly deformed 

to begin with and thus require a large amount of angular rearrangement about the metal ion to 

allow the spin transitions to occur, which simply cannot be accommodated by the crystal lattice. 

The differences in the values of Σ between 1C4-1C16 are vanishingly small, with the difference 

between the maximum and minimum values being less than four standard deviations. This 

structural evaluation strongly suggests that all seven complex cations have identical 

coordination environments. The value of Σav (83.21) is large and would usually be generated by 

a HS Fe(II) complex20 and so the fact that the Fe-N bond lengths at 100 K (Fe-Nav = 1.994 Å) are 

unambiguously those of LS Fe(II) ions is thus somewhat contradictory.5   
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Fig. 28 Influence of carbon chain length on the unit cell volume (left) and density (right). For the 
unit cell volume of 1C16 to become directly comparable to that of the other homologues, the 
value was halved to compensate for Z being twice the value of those in the other compounds. 

 

In 1C4 and 1C14, which have BF4
- counter anions and P21/n and P�1 space groups, respectively, 

the unit cell has a short a axis that is approximately half the length of the b and c axes, whereas 

in 1C6-1C12, which have CF3SO3
- counter anions and are in the P21/c space group, it is the b axis 

that is short and approximately half the length of the a and c axes. 1C16 is not as easily compared 

in this regard as Z = 8 unlike the other compounds in which Z = 4 but has been included in Fig. 

28 and 29 for comparison. Therefore, directly comparing the effect of chain length on the unit 

cell properties can be done with minimum bias via compounds 1C6-1C12. The volume of the unit 

cell increases linearly as the alkyl chain length is increased from C6 to C12, ranging from 

4013.09(10) to 5272.81(19) Å3 (Fig. 28). The increase in unit cell volume appears to be directly 

related to the extension of the cell along the a axis from 20.8837(3) Å in 1C6 to 27.5740(7) Å in 

1C12, whilst the b and c axes remain unaffected (bav = 10.3040 Å, cav = 19.4291 Å) (Fig. 29). The 

increasing of the chain length and thus the proportion of the molecule that is hydrocarbon-

based also directly affects the crystal density; shorter alkyl chains result in a larger percentage 

of the molecule being involved in ionic interactions, whereas increasing the chain length causes 

this percentage to decrease and the interactions in the lattice become more and more 

dominated by cohesive forces between the hydrocarbon units. This is illustrated by a decrease 

in density of 1C6-1C12 from 1.4775-1.3366 g cm-3. The β angle appears to change only slightly 

with alkyl chain length, increasing from 108.114(2)-111.103(2)° between 1C6-1C10 linearly before 

contracting to 104.208(2)° in 1C12. However, these small variations in the β angle do not seem 

large enough to have any significant impact on the overall structure of the compounds. 

The anion type appears to only impact the density of the crystal and this relationship is shown 

by the plot of density vs. chain length (Fig. 28 right). The trend in the 1C6-1C12 and 1C16 series of 

is a decrease in density with increasing chain length. Applying this trend to 1C4 and 1C14 should 
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result in the former exhibiting a larger density than 1C6 and the latter a larger density than 1C16, 

however, this is not what is observed. The compounds with BF4
- counter anion species are 

consistently less dense than the homologue with two extra carbon atoms in each chain that 

succeeds them and has CF3SO3
- counter anions.  

 

 

Fig. 29 Plots of carbon chain length variation influence on the lengths of unit cell axes a (top 
left), b (top right) and c (bottom). The plotted c axis value for 1C16 is half that of the actual value 
– this is due to the unit cell Z value being twice that of the other homologues because of an 
extension along the c axis to incorporate the extra four asymmetric units. 
 
Table 7 Selected intermolecular bond angles and distances for 1C4-1C16 at 100 K. 

Bond(s) 1C4 1C6 1C8 1C10 1C12 1C14 1C16 
N3···O1 (Å) - 2.958(2) 2.966(4) 2.990(3) 2.971(5) - 2.950(6) 
N3-H3···O1 (°) - 157.49(9) 162.70(11) 160.93(14) 166.88(12) - 159.7(3) 
H3···O1 (Å) - 2.009(1) 2.066(4) 2.028(2) 2.058(5) - 1.992(4) 
N3···F1 (Å) 2.868(2) - - - - 2.965(3) - 
N3-H3···F1 (°) 148.76(7) - - - - 156.47(15) - 
H3···F1 (Å) 2.032(2) - - - - 2.021(1) - 
O2···F13 (Å) - - - - - 2.669(9) - 
O2-H2A···F13 (°) - - - - - 159.6(4) - 
H2A···F13 (Å) - - - - - 1.866(8) - 
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All seven structures contain at least one short contact between the counter anions and the 

dication through the coordinated NH group of the ligand; the intermolecular distances between 

D···A atoms as well as the D···H-A angles are supplied in Table 7 vide infra. 1C14 also contains one 

hydrogen bond between a tetrafluoroborate anion and methanol solvate, with an O2-H2A···F13 

angle of 159.6(4)° and O2···F13 distance of 2.669(9) Å. All structures display at least one feasible 

hydrogen bond of this type per dication (Table 6). All H···D distances fall within the range of 1.5-

2.2 Å and the N-H···A distances also lie between 2.5-3.2 Å with the shortest distance being 

between that of 1C4 (N3···F1 = 2.868(2) Å) and the longest observed in 1C10 (N3···O1 = 2.990(3) 

Å). The parameters seen in each case are typical of moderate strength interactions that are 

mainly electrostatic in nature.21 

 

 
 
Fig. 30 Bilayer packing arrangements of 1C14 at 100 K. The distance between 2D sheets of ionic 
regions (d) is given by the gap between two planes of molecules that are interdigitated via alkyl 
chain groups. Hydrogen atoms omitted for clarity. Legend: iron, turquoise; nitrogen, blue; 
boron, dark yellow; fluorine, dark green; oxygen, red; carbon, grey.  
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Table 8 Selected interatomic distances for 1C4-1C16.  
 1C4 1C6 1C8 1C10 1C12 1C14 1C16 
Fe···Fea (Å) 9.6481(3) 7.7691(4) 7.7386(10) 7.7660(10) 7.751(11) 8.5351(4) 7.7894(12) 
Fe···Feb (Å) N/A 13.5593(5) 15.5453(11) 17.1968(10) 19.9199(12) 21.0813(5) 22.8680(15) 
Min C···Cc (Å) 3.902(4) 3.920(4) 4.135(10) 3.900(5) 3.955(5) 4.408(5) 4.104(17) 
Min C···Cd (Å) N/A 3.691(3) 4.004(11) 3.705(6) 3.894(6) 4.014(5) 4.001(13) 
a Minimum contact between neighbouring Fe atoms, b minimum contact between Fe atoms of 
parallel 2D planes of “head groups” separated by alkyl chain region, c minimum contact between 
carbon atoms of adjacent alkyl chain units, d minimum contact between carbon atoms on alkyl 
chains that originate from dications with head groups a part of parallel 2D planes separated by 
an alkyl chain region. 
 

The packing arrangement of compounds 1C6-C16 are similar in the sense that they produce 

an extended bilayer where the metal-containing domains of the molecules align to form a 2D 

plane and their protruding alkyl chain units interdigitate with a parallel plane in an orthogonal 

arrangement (Fig. 30). Similar complexes of Fe(II) exhibiting asymmetric alkyl chain projections 

have been shown to produce similar bilayer packing arrangements in the solid state.22 The 

reason that this packing style is not obvious in 1C4 is likely due to the fact that the short alkyl 

chain length isn’t quite long enough to make it clearly obvious that aggregation of the 

hydrophobic units occurs. There may also be a genuine critical carbon chain length at which the 

bilayer arrangement arises, with n = 4 carbon atoms simply falling below the threshold. There is 

of course a trend seen between the interplanar Fe···Fe distances and alkyl chain length - rising 

from 13.5593(5) Å in 1C6 to 22.8680(15) Å in 1C16 (Table 8). The increase in interplanar separation 

distances is also accompanied by an associated increase in unit cells volume from 4013.09(10) 

to 11903.40(10) Å3, for 1C6 and 1C16, respectively – an increase of 484.65 Å3 per molecule (Table 

4 and 5). The distances of the mean planes of the alkyl chains between both adjacently 

neighbouring dications within the same 2D ionic plane (Fig 30 bottom) and nearest interplanar 

dication show that there is a decrease in minimum interchain C···C distance from 3.920(4) and 

3.691(3) Å for 1C6 to 3.900(5) and 3.705(6) Å for 1C10, respectively. The combination of increased 

interplanar Fe···Fe distances and decreased C···C distances for 1C6-C10 results in a tighter packing 

arrangement per unit area of the ionic 2D planes in a “necking” effect as the extension of the 

alkyl chains drives apart the parallel ionic regions to give the interplanar distance, d (Fig. 30 

bottom). This is not a surprising observation; as the hydrocarbon proportion of the mass of the 

molecules increases so too must the degree to which hydrophobic cohesive forces drive their 

aggregation, pulling the chains “tighter” together whilst the increase in length evidently 

sterically forces the separation of the metal-containing domains. Fe···Fe distances increase as a 

function of increased alkyl chain length continues throughout the series until plateauing at 1C14 

and 1C16 (22.0813(5) and 22.8680(15) Å). However, the trend of decreasing distances between 
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alkyl chain C···C contacts in the hydrophobic region does not continue past 1C10. Instead the 

value of this distance increases from 3.900(5), 3.705(6) Å for 1C10 to 3.955(5), 3.894(6) Å for 1C12, 

which are also larger than in 1C6. The C···C distances for 1C14 and 1C16 then continue to increase 

beyond those of 1C12, measuring 4.408(5), 4.014(5) and 4.104(17), 4.001(13) Å, respectively.  

 

 

Fig. 31 Bilayer packing arrangement of 1C10 (top and bottom left) and 1C12 (top and bottom right). 
Hydrogen atoms and anions omitted for clarity. Legend: iron, turquoise; nitrogen, blue; carbon, 
grey. 
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The reason for the seemingly anomalous inter-chain distances in 1C12 brings the subject back 

to the molecular structure of the dication. In all compounds except for 1C12 and 1C14 the alkyl 

chain units project away from the metal centre in directions that are more-or-less perpendicular 

to one another and in the same crystallographic plane. This trajectory means that a regular 

packing pattern is formed where there is an overlapping symmetry of the alkyl chain units along 

one axis but a cross-hatching along an axis at 90° to this (Fig. 31 left). The molecular structures 

of 1C12 and 1C14 differ from the rest of the series with regards to the arrangement of their alkyl 

chain units – the projection of the alkyl chains is not perpendicular in direction but in-fact parallel 

and in the same plane (Fig. 31 right and Fig. 32). In 1C14 it is clear that the two alkyl chains 

associated with a single dication are inequivalent in their directionality but only after a certain 

point. Fig. 32 left shows that across the four atoms N12, C87, C88 and C89 the alkyl chain extends 

in a linear fashion away from the coordination centre, however after C89 there is a kink in the 

linearity and the chain begins to bend round to follow in the same direction as the projection of 

the second alkyl chain.  

 

 

Fig. 32 Rotation of the asymmetric unit of 1C14 about the c axis. Hydrogen atoms anions and 
solvates omitted for clarity. Legend: iron, turquoise; nitrogen, blue; carbon, grey. 
 

From the crystal structures it is evident that the dominant intermolecular forces between the 

molecular units are likely to be coulombic via the anionic species, van der Waals and 

hydrophobic interaction via the alkyl chains. There is an absence of any π···π contacts and 
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hydrogen bonding only occurs between individual molecular units and anions/solvates. The 

coulombic interaction, given by F = ke
q1q2

r2 , where ke = 10.99 x 109 N m2 C-2 (Coulomb’s constant), 

q1 and q2 are the signed magnitudes of the two charges and r is the inter-ion distance, is the 

main force felt by adjacent charges in ionic materials and thus is likely to account for the majority 

of the electrostatic force in the crystal lattices. The cohesion of the alkyl chain units and their 

propensity for interdigitation appears to be structure directing in this family of compounds, 

resulting in little or no room for interaction between Fe centres that are located in adjacent ionic 

planes.  
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3.3.2 Solid state magnetometry 

 

 

Fig. 33 χMT vs. T plots for 1C8 (left) and 1C10 (right) in an applied DC field of 0.5 T.  

 

Solid state magnetic susceptibility measurements were obtained on the single crystal 

samples of 1C4-1C16 that had been air-dried. The elemental analysis and formula for these 

samples is that which is reported in the experimental section 3.2. In the solid state, compounds 

1C4-1C16 were in the LS state between 5-350 K. Plots of χMT vs. T for 1C8 and 1C10 are shown in 

Fig. 33, which resembles the graphs of the other homologues, although they are not identical. 

Plots of χMT vs. T for the other compounds are located in appendix A (Fig. A52-A58). The 

magnetic susceptibility of the complexes lies just above zero due to the Zeeman effect in iron(II) 

species giving rise to temperature independent paramagnetism (TIP) – a consequence of applied 

fields allowing coupling of the diamagnetic S = 0 LS state with non-zero excited states. 1C8 and 

1C10 display the largest values of χMT; 0.15 and 0.30 cm3 mol-1 K, respectively, which is likely due 

to some residual HS fraction within the sample that is not observable in the single crystal 

structure. 
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3.3.3 Powder X-ray diffraction  

 

Powder X-ray diffraction (PXRD) data were collected on a transmission-mode STOE STADI P 

powder diffractometer using Cu radiation. PXRD studies were obtained on the bulk powders of 

the compounds which are reported. The elemental analysis, IR and DSC data for the powders of 

1C10-1C16 match those which were reported in experimental section 3.2.3 for the air-dried single 

crystals. PXRD studies were conducted to probe the crystallographic phase behaviour of the 

compounds. The temperature range and incrementation were varied on a case-by-case basis in 

response to the transitions observed via differential scanning calorimetry (vide infra). 

Measurements were conducted at room temperature (298 K) in the first instance to establish 

whether the materials resembled the crystallographic phase from the single crystal structures 

at 100 K. This was not always the case, as seen in 1C14 and 1C16, both of which display peaks in 

the DSC thermograms below 298 K.  

 

 

Fig. 34 Variable temperature PXRD patterns for 1C6 in heating mode. The calculated diffraction 
pattern from the single crystal XRD data is plotted as a black line. Experimental diffraction 
patterns of the same phase are plotted monochromatically. Phases that appear to be during the 
transition are also monochromatic.  

 

1C4 was not investigated via PXRD due to solid state magnetic and DSC measurements on the 

solvate-free single crystals confirming that no measurable transitions occur in response to 

changes in temperature. This supports the observation that 1C4 does not display the same type 

of pseudo-bilayer lattice packing as the other compounds in the series due to the short chain 

length. 1C8 and 1C10 were also not investigated via PXRD as there were some issues with scaling 

up the reaction to the quantities required to obtain the measurement. 1C6 was analysed 
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between 298-433 K in heating mode (Fig. 34). The room temperature (298 K) measurement 

shows that the calculated PXRD pattern at 100 K from the single crystal structure is maintained 

in the experimental room temperature measurement. The experimental PXRD produces peaks 

that are shifted to slightly smaller values of 2θ compared to the calculated diffractogram. This 

could be due to the sample preparation and is seen throughout 1C6 and 1C12-1C16. It can be 

assumed then that at 298 K 1C6 is in the P21/c space group and remains in this space group upon 

heating through to 353 K. At 373 K the disappearance of the high angle peak at 31° and the 

appearance of a peak at 16° signals the beginning of the crystallographic phase transition where 

elements of the P21/c phase are present simultaneously with peaks from a new phase. Then 

finally between 393-433 K a pure new phase is occupied with no remnant aspects of the previous 

phase.  

 

 

Fig. 35 Variable temperature PXRD patterns for 1C12 in heating mode. The calculated diffraction 
pattern from the single crystal XRD data is plotted as a black line. Experimental diffraction 
patterns of the same phase are plotted monochromatically. Phases that appear to be during the 
transition are also monochromatic 

 

The diffraction pattern of 1C12 at 298 K is a good match to the calculated pattern from the 

100 K crystal structure, meaning the sample remains in the P21/c space group between 100-293 

K. Peaks at 27.5, 32 and 46° (marked by asterisks in Fig. 35) are due to a small amount of NaCl 

within the sample, which was not detected in the elemental analysis.23 The crystallographic 

phase remains consistent between 298-383 K. At 393 K the disappearance of the peak at 12°, as 

well as a general shifting of multiple higher angle peaks, signals a phase transition and this new 

phase is retained upon further heating through to 433 K (Fig. 35). The calculated diffraction 

pattern of 1C14 at 100 K matches the 298 K measurement at the beginning of the heating run 

between 298-473 K (Fig. 36). 1C14 preserves the P�1 space group upon heating from 100-373 K. At 
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383 K a slight loss in crystallinity is observed and the majority of the peaks become hump-like 

between 5-25°. Three peaks centred at ca. 11.5° at 383 K then merge into one sharp peak at 393 

K and a characteristic peak now dominates the hump-like region at 18°. This regime is 

maintained through to 443 K and then at 453 K crystallinity is completely diminished and no 

peaks are detected. The degradation at higher temperatures is likely due to decomposition of 

the crystalline material. The pattern at 473 K is observed during the cooling run down from 473-

298 K (Fig. 37), suggesting that the degradation process in the heating is non-reversible and 

destroys the crystallinity of the sample 

 
Fig. 36 Variable temperature PXRD patterns for 1C14 in heating mode. The calculated diffraction 
pattern from the single crystal XRD data is plotted as a black line. Experimental diffraction 
patterns of the same phase are plotted monochromatically. Phases that appear to be during the 
transition are also monochromatic. 
 

 
Fig. 37 Variable temperature PXRD patterns for 1C14 in cooling mode from 448 K to 298 K. The 
calculated diffraction pattern from the single crystal XRD data is plotted as a black line. 
Experimental diffraction patterns of the same phase are plotted monochromatically.  
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Unlike 1C6, 1C12 and 1C14, the crystallographic phase of 1C16 at 298 K does not match that of 

the calculated pattern from the 100 K crystal structure, suggesting a crystallographic phase 

change occurs at a lower temperature than 298 K (Fig. 38). It is once again evident that some 

small fraction of NaCl remained in the sample of 1C16, resulting in the presence of characteristic 

high angle peaks at 32 and 46°. The crystallographic phase occupied by 1C16 at 298 K is stable 

upon heating through to 413 K. Between 413-423 an abrupt phase transition must occur as a 

completely new phase is observed at 423 K, which is maintained up to 453 K. The abruptness of 

the phase change is unlike those observed in 1C6 and 1C14, which displayed a more gradual 

transition over a 20 K gap, where the midpoint displays aspects of both phases.   

 

 

Fig. 38 Variable temperature PXRD patterns for 1C16 in heating mode. The calculated diffraction 
pattern from the single crystal XRD data is plotted as a black line. Experimental diffraction 
patterns of the same phase are plotted monochromatically.  
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3.3.4 Differential scanning calorimetry 

 

Due to difficulty in obtaining single crystal XRD data even at low temperatures, the effects of 

temperature on the structure and crystallographic phases was probed by differential scanning 

calorimetric (DSC) methods. DSC measurements of air-dried single crystal samples (elemental 

analysis provided in experimental section 3.2) were obtained in the temperature range 193-473 

K, beginning at 303 K with the initial ramp being a cooling run towards 193 K at a heating/cooling 

rate of 5 K min-1 through three full cycles of the temperature range unless otherwise stated. The 

DSC instrument was calibrated with indium metal (mp 429.6 K).  

  
Table 9 Thermodynamic parameters from DSC measurements. Apart from for 1C14, all 
transitions occur in all three thermal cycles. 

 Heating Heating Cooling Cooling 

 T (K) ΔH 
(kJ mol-1)a 

ΔS 
(J mol-1 K-1)b T (K) ΔH 

(kJ mol-1)a 

ΔS 
(J mol-1 
K-1)b 

T (K) 
ΔH 
(kJ mol-
1)a 

ΔS 
(J mol-
1 K-1)b 

T 
(K) 

ΔH 
(kJ mol-
1)a 

ΔS 
(J mol-
1 K-1)b 

1C6 389 10.58 27.22 - - - 376 -8.86 23.58 - - - 
1C8 268 5.49 20.47 433 2.15 4.96 264 -6.66 25.24 415 -2.36 5.69 
1C10 328 9.23 28.17 403 4.16 10.32 303 -7.70 25.43 401 -3.77 9.40 
1C12 414 14.86 35.92 - - - 412 -14.83 36.02 - - - 
1C14 286c 2.81c 9.81 c 390 c 19.05 c 48.86 c 334d -1.29d 3.86d - - - 
1C16 210 1.20 5.70 411 28.80 70.17 204 -1.06 5.19 407 -29.23 71.82 

a obtained from equation 20.1, b obtained from ∆H/T, c calculated from peaks observed in 1st 

cycle of 1C14 non-reproducible peaks, d calculated from peaks observed in 3rd cycle of 1C14. 
 

All transitions in the DSC thermograms for 1C6 and 1C12-1C16 occurred at or very near the 

crystallographic phase transitions observed in the powder X-ray diffraction studies and are thus 

crystallographic in nature (vide supra). The same cannot be said for 1C8 and 1C10, which could 

not be isolated as a pure bulk sample for PXRD. However, due to the similarity in structure of 

1C8 and 1C10 to 1C6 and 1C12-1C16, it is likely that the transitions are also crystallographic in 

nature. The peak locations of the DSC transitions vary between homologues, with no obvious 

correlation/relationship between number of/type/temperature of transitions and alkyl chain 

length. 1C4 showed no transitions through the recorded temperature range of 193-473 K, whilst 

the other compounds showed at least one significant transition. The lack of signals in the DSC 

thermogram for 1C4 suggests that the structural transitions in compounds 1C6-1C16 could 

originate from conformation of the alkyl chains beyond a critical length (C6). This aspect of the 

alkyl chain group’s effect on the crystallographic structure will be discussed further below. 
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Fig. 39 Modulated DSC thermograms of 1C6 in heating (top) and cooling modes (bottom). 
 

From cyclic DSC measurements it is clear that 1C6 undergoes a reversible transition at ca. 389 

K upon heating and 373 K during cooling; however, the peaks were not well resolved and thus, 

accuracy in determining the thermodynamic parameters was diminished. In response, 

modulated DSC (MDSC) was employed to measure the transition, with modulated heat flow 

amplitude of ± 0.5 mW (Fig. 39). The MDSC provided a much smoother pair of peaks. The 

position of individual peaks occur at slightly different temperatures depending on the direction 

of heat flow (higher T upon heating). The endothermic transition observed upon heating the 

sample from room temperature up to 433 K occurs at 389 K (ΔH = 10.58 kJ mol-1, ΔS = 27.22 J 
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mol-1 K-1) (Fig. 39 top), whilst the exothermic transition of the reverse process observed upon 

cooling the sample occurs at 376 K (ΔH = -8.86 kJ mol-1, ΔS = 23.58 J mol-1 K-1) (Fig. 39 bottom). 

Both transitions fall outside of the temperature region in which magnetic susceptibility 

measurements are obtainable (up to 350 K). The reversible process 1C6 has a relatively large 

associated enthalpy and entropy of transition but does not initially seem directly comparable to 

the other homologues, which appear to generally produce two or more types of crystallographic 

transition. It is possible that the notably larger magnitude of the transition is an indication that 

more than one type of transition occurs across the same temperature range, however, this 

remains unclear even after MDSC. The magnitude of the thermodynamic values associated with 

the transition are within the range of gauche/anti isomerisation in alkyl chain moieties, which 

have been shown to be common in similar systems (vide infra).4,24 This indicates that there may 

be some conformational changes in the alkyl chain units within the crystalline lattice of 1C6 that 

result in a phase change and thus a signal in the MDSC. 

 

 

Fig. 40 DSC thermogram of 1C8 from cycle 3.  
 

Air-dried single crystals of 1C8 did not change colour when heated up to 473 K on a 

hotplate, indicating that it does not undergo a thermal spin transition even at very high 

temperatures. The air-dried crystals of 1C8 display two sets of hysteretic peaks in each of the 

three thermal cycles – the lower temperature, larger magnitude transitions are centred at 265.3 

K (Fig. 40) and the higher temperature, weaker transitions at 423.7 K. The thermal hysteresis in 

the higher temperature peaks is large (ΔT = 18.3 K), whereas at 265.3 K ΔT = 5.1 K. The low 

temperature transitions have larger thermodynamic parameters associated with them than the 
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higher temperature peaks (ΔHav = 6.08 and 2.26 kJ mol-1 at 266.1 K and 423.7 K respectively), 

which could indicate that at 266.1 K the compound undergoes a substantial crystallographic 

transformation, whilst at 423.7 K the new regime undergoes a less significant crystallographic 

change: alkyl chain units are capable of altering their gauche arrangements and thus forming 

new conformations and “rotamers”.4 Bond rotation in the alkyl chain units whereby new 

crystallographic phases would be adopted are a possible cause of one of, if not all of the 

transitions seen in these species however the evidence for this is unclear, particularly due to the 

high temperatures at which they are observed. It is certainly the case that the larger transitions 

in each instance (if more than one observed) fall within the range of previously identified 

rotamer isomerisation in other Fe(II) and Co(II) species.4,24 

 

 

Fig. 41 DSC thermogram of 1C10 during cycle 3. Inset graph shows small hysteretic peaks at low 
temperature from the same cycle. 
 

Air-dried crystals of 1C10 displayed three pairs of peaks that differ from one another 

substantially and are all reproducible throughout multiple heating cycles (Fig. 41). The weakest 

pair of peaks, centred at 200 K, display a small degree of thermal hysteresis (ΔT = 4 K). A largely 

hysteretic pair of peaks centred at 315.5 K (ΔT = 25 K) are also significantly larger in energy than 

the other transitions observed for 1C10 (Table 9). The final pair of peaks are centred at 402 K and 

are both weakly hysteretic (ΔT = 2 K) and also much lower in energy than the previous pair of 

transitions (but larger than those centred at 200 K). These thermal transitions are likely to be 
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crystallographic in nature, as seen in the other homologues, although the PXRD data was unable 

to be obtained in order to confirm this. As the Fe(II) centres are LS in the solid state, even at high 

temperatures, no magnetic transitions are thought to be responsible for the peaks in the DSC 

thermograms. 

 

 

Fig. 42 Cyclic DSC thermogram of 1C12 from cycle 2.  
 

Air-dried crystals of 1C12 produced a broad pair of hysteretic peaks centred at 412.7 K (ΔT = 

1.8 K) (Fig. 42). The broadness appears to be due to the convergence of three transitions 

occurring at similar temperatures, so that a baseline cannot be established between the end of 

one transition and the beginning of the next. The peaks were integrated as a whole, which 

expectedly returned thermodynamic parameters significantly larger than any seen in the other 

compounds (ΔHav = 14.85 kJ mol-1, ΔSav = 36.00 J mol-1 K). The peaks coincide with a reversible 

crystallographic phase transition observed in the powder XRD diffractograms. 
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Fig. 43 Cyclic DSC thermogram of 1C14. The first heating cycle was conducted between 248-298 
K in triplicate (only the final cycle is plotted due to the curves being identical) and the subsequent 
cycle was between 248-373 K in triplicate. 
 

 
Fig. 44 Cyclic DSC thermogram of 1C14. The heating cycle was conducted between 248-398 K in 
triplicate subsequent to triplicate measurements in both the 248-298 and 248-373 K 
temperature ranges. 
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Table 10 Thermodynamic parameters of selected peaks from DSC measurements of 1C14.  
T / K 279a 288a 295b 319c 303c 330d 303d 

ΔH / kJ mol-1 -4.766 5.129 -4.766 2.664 -5.518 3.671 -5.722 
ΔS / J mol-1 K-1 17.08 17.81 16.16 8.35 18.21 11.12 18.88 

a 1st cycle, b 2nd cycle, c 3rd cycle, d 4th cycle. 

 

Upon initial heating, air-dried crystals of 1C14 undergo an endothermic transition at 288 K 

(Fig. 43). The calculated powder XRD pattern from the 100 K single crystal XRD data and the 

experimental powder XRD pattern at 298 K do not match, insinuating that this small transition 

at 288 K is a crystallographic phase change. Upon further heating to 350 K a broad hump begins 

to appear before an intense, sharp transition at 390 K (ΔH = 19.05 kJ mol-1, ΔS = 48.86 J mol-1 K) 

(Fig. 44). These processes occur at a similar temperature to the crystallographic phase transition 

at 373-393 K as identified in powder XRD studies. Cooling the sample does not induce the reverse 

processes and the new phase appears to be significantly less crystalline than the initial phase. 

This loss in crystallinity is likely to be the cause in the irreversible nature of this transition – some 

degree of decomposition and melting was observed in the sample upon inspection after 

DSC/PXRD measurements were complete, which likely explains the substantially larger 

thermodynamic values associated with the transition. The new phase was maintained 

throughout cooling to room temperature and further heating/cooling cycles. To investigate at 

which point the irreversible crystallographic phase change occurs repeated cyclic DSC 

measurements were conducted between 248-298 K then 248-373 K (Fig. 43) and finally between 

248-473 K in series to one another. All measurements were done in triplicate in order to confirm 

the reversibility of the transitions. Cycling about the crystallographic phase transition centred at 

283.5 K in Fig. 43 confirms that the transition is reversible. Subsequently the sample was heating 

from 248 K up to 373 K and a noticeable increase in heat flow gradient was noticed beyond the 

peak at 288 K. Cooling down gave rise to a new peak at 295 K and the reverse crystallographic 

phase change seen in the previous cyclic regime no longer appears at 279 K. As the maxima of 

the new peak on the cooling run is within the range of the first cyclic measurements, it is clear 

that the non-reversible crystallographic phase change occurs between 300-373 K. the second 

cycle up to 373 K gives rise to a pair of hysteretic peaks at 310 K but the peaks from the previous 

cycle are no longer visible. The final cycle sees a shifting and broadening/decreased intensity of 

hysteric peaks, newly centred at 317 K.  

Finally, the sample was heated up from 248-473 K (Fig. 44), displaying no transitions until a 

large, intense peak appears at 390 K (vide supra). There does not appear to be a reverse process 

upon cooling but the appearance of two weak transitions at 332 and 289 K suggest a new 

crystallographic phase is occupied. Cycling twice more through the temperature range shows 
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the reverse processes occur during heating, with the peaks now resembling two sets of 

hysteretic reversible transitions, with the lower temperature set centred at 292 K (ΔT = 6 K) and 

the other at 336.5 K (ΔT = 9 K). 

 

 

Fig. 45 Cyclic DSC thermogram of 1C16 from cycle 2. 
 

For 1C16 there are a weak pair of hysteretic peaks (ΔT = 6 K) centred at 207 K (Fig. 45), which 

are responsible for the room temperature crystallographic phase differing from that of the single 

crystal structure at 100 K (Table 9). A second, significantly more intense and slightly hysteretic 

transition centred at 408.5 K (ΔT = 3 K) is observed as a second crystallographic phase transition. 

Both sets of transitions are reversible throughout multiple heating and cooling cycles. The low 

temperature pair of peaks centred at 207 K show a strong resemblance to those observed in the 

DSC thermogram for 1C10 in both temperature and magnitude. The main differences in the low 

temperature transitions in 1C10 and 1C16 are the width of the hysteresis and the absolute 

temperatures of transition. In 1C10 ΔT = 4 K, which is a smaller thermal hysteresis than the 6 K in 

1C16. Also, the endothermic transition occurs at a lower temperature than the reverse 

exothermic process in 1C16, which is reversed in 1C10. Interestingly, the two single crystal 

structures do not share the same space group, meaning it cannot be said with any confidence 

that the transitions resemble the same crystallographic process. 
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3.3.5 Solution-based studies 

 

3.3.5.1 NMR studies 

 

 

Fig. 46 Overlay 1H NMR spectra for L1C10 (bottom) and 1C10 (top) in DMSO-d6 at 303 K. 

 

1H NMR data for the complexes in DMSO-d6 show a large degree of peak broadening and 

downfield shifting of the 1H environments from the samples of compounds 1C4-1C16 in relation 

to those of the L1Cn ligands. Moreover, there are multiple new 1H environments that are not 

observed in the spectra for the ligands. The overlay spectrum in Fig. 46 above shows how the 

peaks in the L1C10 spectrum compare to those in the 1C10 spectrum (both in DMSO-d6), which 

are representative of all homologues. Individual 1H NMR spectra for compounds 1C4-1C16 in 

DMSO-d6 are located in appendix A between Fig. A17-29. It is common for peak broadening to 

occur when paramagnetic species are present due to reduction in either or both of the relaxation 

times T1 and T2. In certain cases, a reduced T1 (spin-lattice) relaxation time can be combatted by 

reducing the acquisition time but when T2 (or the spin-spin) relaxation time decreases 

significantly then peak broadening can occur.25 Broadening of the peaks without a drastic shift 

downfield is indicative of pseudocontact shift effects (See chapter 2 section 2.1.2) and is 

probably due to a reduction in the magnitude of the spin-spin relaxation time (T2).26 Looking 

beyond the appearance of new proton environments, there is almost no shifting downfield of 

the proton environments associated with the alkyl chain units of the complex when compared 
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to the 1H signals that arise from the pyridyl moieties. This can be explained in terms of the 

increased distance (r) between the paramagnetic centre (Fe) and the 1H nuclei environments of 

the alkyl chain units meaning less of an effect is observed. The relationship between the degree 

of pseudocontact shifting experienced by the 1H nuclei and the distance between paramagnetic 

centre and a nucleus is approximately r-3, where r is the radial distance between the two bodies. 

With respect to the increase in number of proton environments, the molecular structures of 

the complexes from single crystal XRD studies are of key importance (vide supra). The 

asymmetrical coordination of the two L1Cn ligands for each of the complexes is worth making 

reference to. It is via NMR techniques that such inequivalence of organic moieties are 

highlighted. It is routine in supramolecular systems to elucidate 3D molecular structures of 

complicated molecules and assemblies such as catenates27 and rotaxanes28 via inequivalent 

proton environments and coupling through space. In the cases of 1C4-1C16, which produce 

almost identical 1H spectra (appendix A), through-space interactions between alkyl chain and 

pyridyl proton environments in combination with the inequivalence of these environments 

between ligand units of the same complex may be the main cause of the many new signals in 

the 1H spectra. Unfortunately, due to the paramagnetic centres in the samples, obtaining high 

quality 2D analyses to elucidate any further evidence for this was extremely difficult (e.g. COSY 

and NOESY, see chapter 2 section 2.1.1). However, it is possible that some ligand 

dissociation/exchange with solvent molecules gives rise to new species in solution, resulting in 

new 1H signals in the spectra for the complexes. This will be discussed further in the next sub 

section. 

 

3.3.5.2 Magnetic susceptibility measurements 

 

Magnetic susceptibility measurements in solution were obtained via the Evans method29,30 

using DMSO-d6 or acetonitrile-d3 as solvent. Magnetic susceptibility measurements in 

methanol-d4 and ethanol-d6 was not achievable due to combinations of both lock/shim failures 

and solubility issues. The 1H NMR spectra of compounds 1C4-1C16 were obtained in both heating 

and cooling modes for two cycles between 303-363 K (Fig. A60 and 61). The calculated χMT values 

from the first heating of the samples is plotted against temperature in Fig. 47. Henceforth the 

discussion will relate to the data obtained solely from the initial heating runs of the experiments. 
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Fig. 47 χMT vs T plot for 1C4-C16 in DMSO-d6. Data were obtained by the Evans method as 

described in chapter 2, section 2.1.2.  

 

In DMSO-d6 the curves of χMT vs. T are almost identical in shape for all compounds, except 

for 1C12 and 1C16 which display slightly more abrupt increases in χMT over the temperature range 

(Fig. 47). For 1C4-1C16 the increase in χMT over the 60 K temperature range is gradual. 1C4-1C16 

do not exhibit the same values of χMT at the upper and lower limits of the studied temperature 

range (303 K and 363 K, respectively), which is unusual as the coordination environments appear 

indistinguishable in profile from the single crystal structures. At 303 K 1C4 has the lowest χMT 

value at 303 K (0.166 cm3 mol-1 K) and 1C8 has the highest value at 0.854 cm3 mol-1 K. The 

difference in χMT value at 303 K between 1C4 and 1C8 is significantly large, yet the remaining 

homologues are distributed fairly evenly between the minimum and maximum values. There are 

no obvious structural or chemical trends to the variation in magnetic susceptibility (e.g. 

molecular weight, alkyl chain length or counter anion species) and the χMT values of the 

compounds at 363 K do not follow the same sequence as seen at 303 K which is somewhat 

surprising as the gradual nature to SCO in solution that applies should be equally manifested by 

each species. The more abrupt increase in χMT in 1C12 and 1C16 is most clearly demonstrated by 

the comparison of the χMT vs T curves from 1C12 and 1C14. At 303 K 1C12 and 1C14 have χMT values 

of 0.177 and 0.253 cm3 mol-1 K, respectively. At 333 K these values increase to 0.491 and 0.477 
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cm3 mol-1 K, respectively, before reaching maximum values of 1.082 and 0.929 cm3 mol-1 K at 

363 K. Beyond 333 K the χMT vs T curves have effectively “crossed” one another, resulting in the 

higher χMT value at 363 K now originating from 1C12, whereas at 303 K 1C14 exhibited the larger 

value. Although the difference in value is only 0.173 cm3 mol-1 K, the variation in the transition 

abruptness between the 1C12 and 1C14 homologues is noteworthy. The origin of this is unknown 

and concentration effects were mitigated by preparing sample solutions at similar 

concentrations. A similar phenomenon is also observed between 1C6 and 1C16 but with a less 

drastic difference in terminal χMT value. At 303 K 1C6 and 1C16 have χMT values of 0.521 and 0.373 

cm3 mol-1 K. As the temperature is increased to 353 K both compounds 1C6 and 1C16 display 

almost identical χMT values of 1.081 and 1.084 cm3 mol-1 K, respectively. Finally, at 363 K 1C16 

exhibits the larger χMT value of 1.263 cm3 mol-1 K, whereas 1C6 measures 1.248 cm3 mol-1 K. 

 

Table 11 Thermodynamic parameters for SCO in DMSO-d6 solutions as determined by van’t Hoff 
isochore plots of lnkeq vs. 1/T. 

 ΔH (kJ mol-1) ΔS (J mol-1 K-1) 
1C4 19.05 41.54 
1C6 11.22 25.09 
1C8 7.34 13.71 
1C10 14.51 31.65 
1C12 21.15 50.03 
1C14 15.60 33.38 
1C16 15.17 34.87 

 

Values of ΔH and ΔS for the changes in χMT were obtained from Arrhenius plots (ln keq vs. 1/T) 

using the van’t Hoff equation: ln(γHS)= -∆Hɵ

RT
+ ∆Sɵ

R
 (Table 11). The thermodynamic parameters are 

in alignment with typical values for Fe(II) SCO systems.5,31,32 The largest changes in χMT between 

303-363 K rank in the order: 1C12>1C16>1C10>1C6>1C14>1C4>1C8. This order is not reflected by the 

thermodynamic parameters for the transitions. The magnitude of ΔH and ΔS for the change in 

χMT ranks in the order: 1C12>1C4>1C16>1C14>1C10>1C6>1C8. The main difference between the two 

rankings is the location of 1C4 and 1C14, which have a larger than expected enthalpic and entropic 

term for their respective increases in χMT upon heating in DMSO-d6 solutions. 
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Table 12 Solution magnetic susceptibility data for 1Cn compounds in selected deuterated 
solvents at 303 K. 

 DMSO-d6 acetonitrile-d3 
 χMT (cm3 mol-1 K) χMT (cm3 mol-1 K) 
1C4 0.166 0.000 
1C6 0.521 0.336 
1C8 0.852 0.340 
1C10 0.346 0.000 
1C12 0.177 0.000 
1C14 0.253 0.006 
1C16 0.373 0.000 

 

The values of χMT at fixed temperatures consistently increased by small increments after 

successive heating and cooling runs. One possible reason for this is non-reversible ligand 

exchange with DMSO and/or contamination of the samples with excess water from 

condensation within the NMR sample tubes during cooling from 363 K. An equilibrium in which 

the low-spin [Fe(L1Cn)2]2+ is favoured at low temperatures and high-spin [Fe(L1Cn)2(solvent)2]2+ 

or [Fe(L1Cn)(solvent)3]2+ species are favoured at high temperatures would produce an increase 

in χMT upon heating the sample, resulting in a false positive for thermal SCO. A control 

experiment of K4[Fe(CN6)] in DMSO-d6 was conducted to test if the apparent rise in χMT was due 

to solvent/ligand exchange with the L1Cn ligands at increasing temperatures. Other standards 

i.e. NiCl2·6H2O, ZnSO4·6H2O and CuSO4·5H2O were also measured (Fig. A59) and returned χMT 

values of ca. 1.22, 0.00 and 0.45 cm3 mol-1 K, respectively, which are a good match to calculated 

values. The K4[Fe(CN6)] solution gave a consistent χMT value of 0.00 cm3 mol-1 K, which is 

expected for a diamagnetic Fe(II) system. DMSO adducts of the 1C4-1C16 series would be 

expected to form HS Fe(II) complexes due to the relatively weak ligand field associated with the 

monodentate oxygen donor motif and resulting N4O2 donor set. This was clearly not the case in 

the example of K4[Fe(CN6)], which does not give any indication that any of the six cyanide ligands 

have exchanged with a solvent molecule. Although the exchange of DMSO for cyanide seems 

unfavourable, based on charge and π effects, both are monodentate, meaning no chelate effect 

is in play before solvation. This is not true in the case of the [Fe(L1Cn)2]2+ dications, which contain 

two tridentate ligands. Here, ligand exchange with DMSO is counter intuitive due to the 

entropically favourable chelate effect that predominates in such systems. It must be conceded, 

however, that the secondary amine functions (N3 and N6) are coordinated to the central Fe(II) 

ions in a highly distorted and geometrically strained manner, which might make them labile to 

displacement by a species such as DMSO or similar polar solvents e.g. acetonitrile or acetone. 

Counter to this argument, the number of peaks observed in the 303 K spectra from both the 

freshly prepared sample solution and after the heat/cool runs remained the same, suggesting 
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that the increase in χMT is not caused by dissociation/exchange of the L1Cn ligands with DMSO 

and thus, an increase in number of HS Fe(II) DMSO adducts of the 1Cn complexes. Also, no 

discolouration of the solutions containing the complexes was observed, even after heating and 

cooling multiple times. This was not the case with other solvents such as N,N-

dimethylformamide and acetone which produced solutions of 1C4-1C10 that went from dark 

orange to colourless or pale orange, respectively, in less than 8 hours at room temperature. This 

also suggests that ligand exchange for solvent molecules may not be as prevalent, or present at 

all in DMSO solutions. 

The magnetic susceptibility data for 1C4-1C16 in acetonitrile-d3 at 303 K was collected to 

elucidate the effect of solvent properties on the spin state of the Fe(II) compounds. Based off 

Reichardt’s EN
T parameter33 acetonitrile is a slightly more polar aprotic solvent than DMSO, 

however, the Lewis basicity,34,35 BrØnsted basicity36 and hydrogen bond accepting ability37 are 

significantly lower for acetonitrile than DMSO (Table 13). Furthermore, acetonitrile is a stronger 

field ligand than DMSO due to the additional π-acceptor effects of the nitrile function – this 

should result in LS compounds being observed in solution if the L1Cn ligands exchange with 

acetonitrile molecules to form new cations. In acetonitrile-d3 at 303 K 1C6, 1C8 and 1C14 

produced χMT values of 0.336, 0.340 and 0.006 cm3 mol-1 K (Table 12). For the remaining 

compounds, the χMT value in acetonitrile-d3 is 0.00 cm3 mol-1 K. 1C6 displays a decrease in χMT 

from 0.521 cm3 mol-1 K in DMSO-d6 to 0.366 cm3 mol-1 K in acetonitrile-d3. 1C8 displays a more 

severe decrease in χMT at 303 K from 0.852 to 0.340 cm3 mol-1 K in DMSO-d6 and acetonitrile-

d3, respectively. Lastly, at 303 K 1C14 displays a decrease in χMT from 0.253 to 0.006 cm3 mol-1 K 

in DMSO-d6 and acetonitrile-d3, respectively. Based on these observations, the influence of the 

solvent properties on the value of χMT remain unclear. The decrease in χMT for the solutions of 

1C4-1C16 in DMSO compared to acetonitrile might suggest that the solvent and ligand are 

exchanging and forming new LS species when acetonitrile is present; however, this is not equally 

observed across 1C4-1C16, considering 1C6 and 1C8 are paramagnetic in both DMSO and 

acetonitrile. A second possible reason for the differing magnetic susceptibilities between the 

compounds in each solvent system may be the degree to which the solvent interacts with the 

secondary amine function of each ligand molecule and the assumption that the [Fe(L1Cn)2]2+ 

cations remain intact throughout, It appears that the polarity of the two polar aprotic solvents, 

which are similar, does not play a leading role in stabilising the HS state of the Fe(II) centres in 

solution. Instead, the stabilisation of the HS state in DMSO solutions of 1C4-1C16 might stem from 

the solvents ability to interact with the secondary amine function of the L1Cn ligands,38 as 

demonstrated by the significantly larger values of χMT in DMSO-d6, which has larger Lewis and 



Chapter 3 

113 
 

BrØnsted basicity parameters than acetonitrile-d3. This could be due to hydrogen bonding and 

the effects of this on the distribution of electron density on the ligand moieties. The contribution 

of electron density from the hydrogen bond acceptor solvent molecules to the amine functions 

of the ligand moieties might increase both the σ and π-donor strength and in turn, reduce the 

ligand field strength about the Fe(II) ion, causing a shift in T1/2 towards higher temperatures.39  

It was noticed that in acetonitrile-d3 compounds 1C4, 1C10, 1C12 and 1C16 exhibited 1H 

environments that were not present in the spectra for the corresponding L1Cn ligands despite 

failing to produce a downfield shift of the TMS peak. For these examples, a LS state is presumed, 

yet, the 1H NMR spectra remain convoluted and highly similar to those from the DMSO-d6 

sample solutions (Fig. A62). This supports the possibility that the changes in χMT with 

temperature for the DMSO solutions of the 1Cn series may be due to DMSO coordination and 

ligand exchange in solution giving rise to increased populations of HS Fe(II) adducts. By the same 

token, the fact that 1C6, 1C8 and 1C14 exhibit non-zero values for χMT at 303 K contradicts the 

idea that labile L1Cn ligands allow coordination of acetonitrile molecules, that in turn, forces the 

Fe(II) centres LS. Instead, for 1C6 and 1C8 the χMT values at 303 K are similar in magnitude to 

those from the DMSO-d6 solutions at the same temperature point. This gives credit to the theory 

that the increase in χMT with heating might be genuine thermal SCO, although it is unlikely. 

 

Table 13 Reichardt’s EN
T parameter is a widely-used indicator of solvent polarity.33 The Gutman 

donor number (DN) is a measure of Lewis basicity of a solvent;34,35 Catalan’s SB parameter36 
describes the solvent’s BrØnsted basicity and Kamlet and Taft’s β is a measure of the hydrogen 
bond accepting character of the solvent.37  

Solvent EN
T DN SB β 

DMSO-d6 0.444 29.8 0.647 0.76 
acetonitrile-d3 0.460 14.1 0.286 0.31 
acetone-d6 0.355 17.0 0.475 0.48 
DMF-d7 0.386 26.6 0.613 0.69 
nitromethane-d3 0.481 2.7 0.236 0.22 
methanol-d4 0.762 19.1 0.545 0.62 
ethanol-d6 0.654 32.0 0.658 0.77 

 

In addition to the points made on ligand exchange/solvent coordination, oxidation of the 1Cn 

Fe(II) species to Fe(III) in solution or prior to solvation could lead to a larger experimental molar 

magnetic susceptibility value due to the paramagnetic nature of both spin states of the Fe(III) 

ion in octahedral ligand fields: S = 1/2, LS Fe(III) ion and S = 5/2 , HS Fe(III) ion. SCO in the Fe(III) 

redox isomer would also result in a contribution towards the rising χMT value seen during heating 

of the sample, which would result in a different gradient of the abruptness of the SCO, causing 

a false positive. This possibility was investigated as well as the possibility of solvent coordination 
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via monitoring the UV-vis absorption properties of the 1Cn compounds in solution to identify 

characteristic UV-vis absorption bands from Fe(II) and Fe(III) ions vide infra.  

Ideally, variable temperature magnetic susceptibility data for compounds 1C4-1C16 collected 

in a series of generally non-coordinating polar aprotic solvents that are capable of dissolving the 

crystals could be used to help elucidate further information on these systems. Namely, 

nitromethane-d3 would provide further insight into the effects of solvent properties on the 

value of χMT in solution as, combined with DMSO-d6 and acetonitrile-d3, it would provide a 

range of values for the solvent parameters used to measure Lewis and BrØnsted basicity and 

hydrogen bond accepting character (Table 13) with the additional benefit of being a genuinely 

non-coordinating species, therefore ruling out ligand exchange as a possible contributory effect. 

Regrettably, these studies could not be conducted at this time.  
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3.3.5.3 UV-vis studies 

 

 

Fig. 48 UV-visible spectra for: Fe(II) and Fe(III) standards of L1Cn ligands in selected solvents (top), 
L1Cn and 1Cn compounds in DMSO (middle), methanol (bottom). 
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Solutions of [FeII(L1Cn)2](BF4)2 and [FeIII(L1Cn)2]Cl3 in acetonitrile, acetone, DMSO, ethanol and 

methanol were prepared in situ and subsequently analysed via UV-vis spectroscopy to 

determine whether the characteristic absorption bands for LS or HS Fe(III) and Fe(II) were 

independently present in solution or whether some combination might be observed (Fig. 48 

top). The UV-vis absorption bands also offer insight into the nature of the Fe species in solution 

with respect to the coordination environment, including whether the formation of new cations 

through coordination of solvent molecules is present, which is directly pertinent to the magnetic 

susceptibility measurements discussed in the previous section.  

The UV-vis spectra of 1C4-1C16 in DMSO (Fig. 48 middle), acetonitrile, acetone and ethanol 

(Fig. A45-47) resemble that of the [FeII(L1Cn)2](BF4)2 species from the respective solvent systems, 

with two main charge transfer bands at 399-401 nm and 467-470 nm. This suggests that the 

complexes are all Fe(II) species when dissolved in these three solvent systems. Furthermore, the 

fact that the DMSO and acetonitrile solutions of 1C4-1C16 produce almost identical UV-vis 

spectra, suggests that ligand exchange and/or solvent coordination is not that main cause for 

the increase in magnetic susceptibility with temperature in DMSO-d6 solutions from the 

previous section. Drastically different UV-vis absorption properties between LS and HS 

compounds of Fe(II) would be expected, especially considering that both the symmetry and first 

coordination sphere would be altered drastically if a L1Cn unit was to either partially or 

completely exchange for solvent molecules. also, acetone, which is considered generally non-

coordinating, produces solutions of 1C4-1C16 with near identical UV-vis spectra for the Fe(II) 

species in both DMSO and acetonitrile. This would suggest that solvent adducts of 1C4-1C16 are 

not likely to be the main contributor to the variation in magnetic susceptibility observed via the 

Evans method. However, it is possible that there are various equilibria in solution and the 

characteristic peaks for any complexes with coordinated solvent are less intense than and 

hidden by the charge transfer bands for the 1Cn cations. For example the 1A1 to 1T2 transition for 

LS Fe(II) complexes can be observed at approximately 416 nm,40 depending on the system, which 

would be completely masked by the large charge transfer bands of the 1Cn cations with λmax of 

467-470 nm. 

The [FeII(L1Cn)2](BF4)2 standards produce the same UV-vis spectrum in all solvents, 

characterised by two absorption bands located at approximately 400.5-412.0 nm and 467.0-

478.0 nm, respectively. The shortest wavelength absorption band is red shifted by ca. 3 nm in 

acetone compared to methanol, ethanol and acetonitrile, whereas in DMSO the absorption 

band is red shifted by ca. 11 nm. For the longer wavelength absorption band acetone and 

methanol produce a red shift of ca. 2 nm from acetonitrile, with ethanol and DMSO exhibiting a 



Chapter 3 

117 
 

red shift of 3 and 11 nm, from acetonitrile, respectively. Assignment of both absorption bands 

as charge transfer was conducted in light of the large values of ε that are generally greater than 

5000 dm3 mol-1 cm-1. The [FeIII(L1Cn)2]Cl3 standards produce UV-vis spectra that are distinctly 

different from those of the [FeII(L1Cn)2](BF4)2 species in the same solvent system. For the 

[FeIII(L1Cn)2]Cl3 species there is almost no absorption between 450-500 nm in DMSO, acetonitrile 

or acetone, with a significantly less intense transition at ca. 468 and 469 nm in methanol and 

ethanol, respectively, compared to the [FeII(L1Cn)2](BF4)2 species. These transitions could be very 

weak charge transfer processes or π→π* transitions as ε = 2451 and 470 dm3 mol-1 cm-1 in 

methanol and ethanol, respectively. The [FeIII(L1Cn)2]Cl3 species produces absorption bands at 

roughly 384 nm in acetonitrile and acetone with ε = 4600 and 4975 dm3 mol-1 cm-1, respectively, 

which could be charge transfer or strong π→π* transitions. In DMSO, methanol and ethanol, 

[FeIII(L1Cn)2]Cl3 standards display broad absorption bands that occur over the 275-425 nm 

interval. In methanol and ethanol λmax for this broad absorption band is 363 nm, whereas in 

DMSO this absorption increases in intensity up until the large charge transfer process at 267 nm. 

The methanol solutions of 1C4-1C16 show an interesting UV-vis spectrum depending on the 

counter anion for the complex. The UV-vis data clearly show that the peaks at 468 nm differ 

greatly in intensity between the Fe(II) and Fe(III) analogues of the [Fe(L1Cn)2]2+/3+ cation, with the 

former measuring 10.2 x 103 dm3 mol-1 cm-1 and the latter 2.43 x 103 dm3 mol-1 cm-1. Due to the 

values of the molar extinction coefficients, these peaks are attributable to charge transfer 

processes between the ligand and the metal centre. A similar difference in intensity is observed 

at 400 nm, where the Fe(II) system produces a far greater value of ε at the same concentration 

– however, the corresponding peak in the Fe(III) analogue does not share the same point of λmax, 

which is located at 366 nm. The discrepancies between the two Fe(II) and Fe(III) species in their 

UV-visible spectra can therefore be condensed down to significantly stronger charge transfer 

bands at 468 nm in Fe(II) and a shifting of the higher frequency charge transfer band from 400 

nm in Fe(II) to 366 nm in Fe(III).41 With these identifiers in mind, comparison of the UV-vis 

spectra of the 1Cn series in methanol (Fig. 48 middle left) to the Fe(II)/(III) standards of the L1Cn 

ligands (Fig. 48 top left), confirmed that trifluoromethanesulphonate salts of the complexes of 

the ligands L1Cn remain as Fe(II) in DMSO and acetone but oxidised to Fe(III) in methanol. The 

only exception being 1C16, which appeared to have both Fe(II) and Fe(III) species present 

simultaneously.  
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3.4 Conclusions 

 

The synthesis and characterisation of a family of Fe(II) compounds with long alkyl chain 

functionality, in an attempt to elucidate the relationship between alkyl chain length and 

physical/structural properties has been reported. Single crystal X-ray diffraction studies revealed 

that the complexes are all low-spin at 100 K and form extended 2D bilayers, where the Fe(II) 

ions, counter anions, and solvates arrange themselves in a 2D plane via dipolar and ionic 

interactions, with protruding alkyl chains interdigitating with those originating from an adjacent 

ionic plane. There are no obvious intermolecular interactions between Fe(II) centres but there 

are hydrogen bonds between the molecular dications and one anion in each instance and in 1C14 

water and methanol solvates are involved in hydrogen bonding with the complex dication and 

counter anions. In the solid state the magnetic susceptibility of the compounds is independent 

of temperature and the Fe(II) centres remain in the LS state throughout the entire measurable 

range in the solid state. Powder X-ray diffraction studies show that all compounds undergo fully 

reversible crystallographic phase changes between 100-473 K apart from 1C14, which completes 

reversible crystallographic phase transitions until a critical temperature (390 K) at which point a 

non-reversible crystallographic phase transition occurs and the new phase is maintained 

throughout further cycling of the temperature. The crystallographic phase transitions were 

analysed physically via differential scanning calorimetry. The thermodynamic properties of the 

transitions are in line with alkyl chain isomerism in the form variation in anti and gauche 

arrangements but there are other possible explanations for this e.g. symmetry breaking.  

Solution magnetic susceptibility studies of 1C4-1C16 showed an increase in χMT with heating 

when in solutions with DMSO-d6 as solvent. Due to the complexity of the 1H NMR spectra in 

both DMSO-d6 and acetonitrile-d3, the observed increase in χMT could be the result of thermally 

driven SCO or due to solvent effects producing new HS species in solution e.g. exchange of labile 

L1Cn ligands/secondary amine moieties with solvent. There is a strong link between the 

properties of the solvent and the observed magnetic behaviour of the compounds; acetonitrile-

d3 solutions of 1C4, 1C10, 1C12 and 1C16 produce completely diamagnetic results from the Evans 

method, whereas 1C6, 1C8 and 1C14 produce non-zero values of χMT. These observations do not 

clarify the cause of the observed increase in χMT for the DMSO-d6 solutions but might suggest 

either increased hydrogen bond accepting capability of the solvent as the stabilising effect for 

the HS state of the complexes or that ligand exchange with strong field ligands such as 

acetonitrile might produce LS complexes in most instances, with DMSO producing HS analogues 

due to the weaker associated ligand field strength. UV-vis analysis showed that the Fe(II) ions in 
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compounds isolated as trifluoromethanesulphonate salts (1C6, 1C8, 1C10, 1C12 and 1C16) oxidise 

to Fe(III) in MeOH, whereas the tetrafluoroborate salts (1C4 and 1C14) remain as Fe(II). In DMSO, 

acetonitrile, acetone and ethanol however, the Fe(II) ions of 1C4-C16 are unanimously Fe(II). As 

1C4-1C16 have identical UV-vis spectra in acetonitrile and DMSO it is almost impossible to infer 

what effects the solvent type has on the complexes in solution. Due to the fact that large charge 

transfer bands occur in the spectra for all compounds in both acetonitrile and DMSO, 

characteristic transitions for LS Fe(II) 1A1 to 1T2 that might elucidate further information on these 

systems and their behaviour in coordinating solvent systems cannot be identified. Hence, the 

explanation for the observations made from solution magnetic susceptibility studies remains 

uncertain and further studies would need to be conducted in order to add to the conclusions 

already made during this chapter.  

Although the preparation and characterisation of Fe(II) compounds functionalised with long 

alkyl chains has been achieved, neither spin-crossover in the solid state or lyotropic liquid crystal 

behaviour was observed. The chapters that follow will focus on tackling these issues by altering 

the electronic and geometric properties of the ligand molecules and resulting complexes. 
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Chapter 4 - Fe(II) compounds of 2-(1-R-1H-1,2,3-triazol-4-yl)-4-X-pyridine 

 

4.1 Introduction 

 
In chapter 3 Fe(II) compounds were successfully prepared from ligands that were 

functionalised with long alkyl chains. Despite the interesting coordination of the L1Cn ligands, 

which formed asymmetrical cations, the complexes were low-spin in the solid state. As the 

compounds in the previous chapter were homoleptic bis chelates, the ligand field strength of 

the complexes could not be altered unless the ligands were chemically manipulated. Modular 

approaches to organic synthesis have been made possible through the development of “click 

chemistry” in 2001 by Sharpless and co-workers.1 Click chemistry is the umbrella term applied 

to the cycloaddition of two unsaturated molecules to form cyclic linkages. Specifically, copper(I)-

catalysed azide-alkyne cycloaddition (CuAAC) offers a regioselective route to 1,2,3-linked 

triazoles that are disubstituted at the 1 and 4 positions. Moreover, the copper(I) catalysed 

cycloaddition is highly robust, with accelerated reaction rates in aqueous media and often stable 

in the presence of atmospheric water and oxygen. Biphasic solvent systems are often employed, 

with some aqueous character for accelerated rate of reaction and some organic character for 

solubilisation of the substrates, which are often hydrophobic. The applications of CuAAC are 

wide-ranging, appearing in the synthesis of drug molecules,2 supramolecular systems3, 

polymers4 and numerous types of inorganic materials.5–7 CuAAC is particularly useful in ligand 

synthesis, due to the nature of the triazole ring as a ligating species. This makes the CuAAC 

approach particularly useful in inorganic chemistry, as ligand functionality is an intrinsic property 

of CuAAC derived molecules, especially when there are additional N-donor sources within the 

product, such as pyrazoles, imidazoles, pyridines and amines. The regioselectivity of the reaction 

enables ligand design to be simple and straightforward, where functionality, such as 

hydrophobic groups and hydrogen bond donor/acceptors can be constructed with minimal 

attention being paid to difficult purification and/or separation from multiple isomers and/or side 

products.8  

With respect to SCO, triazoles are highly attractive N-donors, typically producing 

intermediate ligand field strengths9–11 and also providing ideal planar aromatic sites for short 

intermolecular π···π contacts between complexes.12 The combination of triazoles with other N-

donor groups such as pyridines offers a multitude of possibilities to modulate the ligand field 

strengths of multidentate ligands, whereby functionalisation of the heterocyclic groups with 
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different residual groups may introduce or influence secondary π effects that can be utilised for 

tailoring the molecular electronics and thus Δo. Bidentate chelators of 2-pyridine substituted 

triazoles therefore offer three avenues for modularity in the preparation of metal complexes 

through: functionalisation of the pyridyl and triazolyl ring; and then introduction of anionic 

ligands to produce heteroleptic complexes. This enables a high degree of control of the magnetic 

properties of complexes but has yet remained relatively unexplored.  

 

 

Scheme 2 Structure of tridentate chelator L1Cn from chapter 3 (top) and the synthetic route to 
L2C10 L3C10 and L4 through the application of copper(I)-catalysed azide-alkyne cycloaddition 
which are investigated in this chapter. 

 

The main aim in this chapter was to synthesise ligands from 2-(trimethylsilylethynyl)-4-X-

pyridine starting materials (X = H or CF3). Implementation of Sonogashira coupling reactions13,14 

enabled simple routes to trimethylsilyl acetylation of 2-bromo-4-trifluoromethylpyridine, which 

could then be used to produce chelating ligands through the CuAAC method (Scheme 2 and 3). 

Two different 1-azido substituent species were then reacted with the trimethylsilyl protected 

pyridines to produce a family of bidentate chelator ligands that bind with a planar five-

membered chelate ring, which, as discussed in the previous chapter, typically produce stronger 
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ligand fields than larger chelate rings. The main initiative was to form the [Fe(L)3]2+ and 

[Fe(L)2(NCX)2] complexes, where X = S or Se, and determine the factors that drive the size of ΔEHL 

towards the magnitude of thermally accessible energies. The impact of introducing co-ligands 

on the structures of both the molecular structure and the lattice packing was also investigated.  

 

 
 

Scheme 3 Synthetic route to L3C10 via firstly a Pd-catalysed Sonogashira reaction and secondly 
a copper(I)-catalysed azide-alkyne cycloaddition. 

 

The motivation for substituting the 4-pyridyl position with an electron withdrawing CF3 group 

stemmed from some previous works on the 2,6’-di(pyrazol-2-yl)pyridine ligand and its 

complexes with Fe(II), where the relationship between the 4-pyridyl position and the electronic 

effects of the substituent group were shown to play a key role in the temperature range of the 

observed thermal SCO.15 Furthermore, the employment of N-substituted triazoles was based on 

work by Hayami et. al. in which it was shown that alkyl chain derivatised triazole motifs have 

both an appropriate LFS for thermal SCO and a capacity to exhibit mesogenic properties.9,16 As 

a response to the hydrophobicity of the previous family of N-methyl-1,1-di(pyridin-2-

yl)alkylamino based compounds reported in chapter 3, an attempt was made to graft a 

triethylene glycol monomethyl ether chain to the triazolyl group instead of an aliphatic alkyl 

chain: Surprisingly, this produced a dimethylthioether tail. Various combinations of 2-(1-R-1H-

1,2,3-triazol-4-yl)pyridine based chelator ligands and anionic co-ligands with Fe(II) produced a 

series of high and low-spin complexes at room temperature (2C10, 3C10, 4C10, 5C10 and 6), with 

only one ligand/anion pair (6) showing promise for thermally driven SCO. Herein, the synthesis 

and characterisation of a family of Fe(II) compounds based on the bidentate chelating ligand 2-

(1-R-1H-1,2,3-triazol-4-yl)-4-X-pyridine, where R = C10H21, CH3SCH3 and X = H, CF3 (see Scheme 2 

and 3 below) are reported.   
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4.2 Experimental  

 

4.2.1 General 

 

2-bromo-4-(trifluoromethyl)pyridine, CuSO4·5H2O, [Pd(PPh)2Cl2], CuI and 

trimethylsilylethyne were purchased from Sigma-Aldrich, all other reagents and solvents were 

purchased from Fisher Scientific. All reagents were used as received without further purification. 

DMF was dehydrated over 4 Å molecular sieves for a minimum of 48 h before use in Sonogashira 

coupling reactions.  

 

4.2.2 Synthesis of L2C10, L3C10 and L4 

 

All synthetic procedures were done in aerobic conditions unless otherwise stated. NMR 

splitting multiplicity is denoted as: s, singlet; d, doublet; t, triplet; q, quartet; quin, quintet; sext, 

sextet; m, multiplet. Coupling constants (J) are given in Hertz (Hz). 1H and 13C assignments were 

done by combination of 1H, 13C, HSQC and COSY experiments. Calculated elemental percentages 

in CHN analyses were calculated for the formula given in the procedural heading i.e. inclusive of 

the two H2O molecules for 3C10. CHN, IR and MS analyses of 3C10, 5C10 and 6 were done on the 

polycrystalline samples obtained as precipitates from their respective reactions. CHN, IR and MS 

analyses of 2C10 and 4C10 were done on crystalline samples obtained from the vapour diffusion 

method as described in the experimental procedures below. 

 

1-Azidodecane 

1-Bromodecane (2.08 cm3, 10 mmol) and NaN3 (0.81 g, 12.5 mmol) were dissolved in 50 cm3 

of DMF. The solution was heated to 90°C and stirred for 24 h. Once the solution had cooled to 

room temperature 200 cm3 of water was added to the reaction solution, which was then 

extracted with 3 x 30 cm3 of CH2Cl2. The combined organic layers were dried over MgSO4 and 

filtered. The solvents were then removed under reduced pressure affording 1-azidodecane as a 

pale-yellow oil. Yield = 1.50 g, 82 %. 1H NMR (CDCl3, 400 MHz) δ: 3.24 (t, J = 7.8 Hz, 2H), 1.94 (q, 

J = 7.1, 7.8 Hz, 2H), 1.60 (quin, J = 7.8 Hz, 2H), 1.27 (m, 12H), 0.88 (t, J = 7.8 Hz, 3H). 13C NMR 

(CDCl3, 100 MHz) δ: 51.5, 31.8, 29.5, 29.5, 29.3, 29.2, 28.9, 26.7, 22.7, 14.0. FTIR (νmax/cm-1): 

3253w, 2925vs, 2857s, 2091vs, 1686w, 1467m, 1377w, 1347w, 1259br, 898w, 721w. For NMR 

and IR see Figs. B1-B2 and B24, respectively. 
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(Azidomethyl)(methyl)sulfane (CH3SCH2N3) 

Sodium azide (195.0 mg, 3.0 mmol) and oxalyl chloride (0.174 cm3, 2.0 mmol) was added 

slowly to 10 cm3 of DMSO. The solution was heated to 40˚C and stirred for 4 h. The solution was 

cooled to room temperature and diluted with 250 cm3 of water before extracting with 2 x 50 

cm3 of CH2Cl2. The combined organic layers were dried over MgSO4 and filtered. The solvents 

were then removed under reduced pressure. The product was afforded as an orange-yellow oil. 

Yield = 134.1 mg, 65 %. 1H NMR (CDCl3, 400 MHz) δ: 2.79 (s, 3H), 2.26 (s, 2H). 13C NMR (CDCl3, 

100 MHz) δ: 40.9, 14.9. For NMR see Figs. B3-B4. 

 

2-(1-Decyl-1H-1,2,3-triazol-4-yl)pyridine (L2C10) 

CuSO4·5H2O (54.0 mg, 0.2 mmol), sodium ascorbate (79.0 mg, 0.4 mmol), 2-

(trimethylsilylethynyl)pyridine (175.3 mg, 1.0 mmol), 1-azidodecane (183.3 mg, 1.0 mmol) and 

K2CO3 (138.0 mg, 1.0 mmol) were weighed into a 20 mL screw-top vial and dissolved in 5 cm3 of 

water/t-butanol (1:1), in that order. The resulting solution was stirred vigorously in a 20 cm3 

screw-top vial for 24 h. The reaction solution was diluted with 50 cm3 of 5% aqueous ammonia 

solution (v/v) and extracted with 2 x 20 cm3 of CHCl3. The organic layers were combined and 

washed with 2 x 25 cm3 of 10% aqueous NaCl solution (w/v). The organic layer was dried over 

anhydrous MgSO4 and filtered. The solvent was then evaporated under reduced pressure to 

afford a light brown solid as pure L2C10. Yield = 249.2 mg, 87.0%. 1H NMR (CDCl3, 400 MHz) δ: 

8.59 (s, 1H), 8.19 (d, J = 7.8 Hz, 1H), 8.13 (s, 1H), 7.78 (td, J = 1.4, 7.7 Hz, 1H), 7.23 (dd, J = 4.8, 

7.7 Hz, 1H), 4.41 (t, J = 7.1 Hz, 2H), 1.96 (quin, J = 7.1, 7.4 Hz, 2H), 1.26 (m, 14H), 0.87 (t, J = 6.7 

Hz, 3H). 13C NMR (CDCl3, 100 MHz) δ: 150.5, 149.3, 136.9, 122.8, 121.7, 120.3, 50.54, 31.8, 30.2, 

29.4, 29.3, 29.2, 29.0, 26.5, 22.6, 14.1, 13.9. MS (ESI+) (MeOH): calcd for C17H26N4 [M]+, 286.42; 

found; 325.52 [M + K]+, 308.94 [M + Na]+, 286.97 [M]+. FTIR (νmax/cm-1): 3255, 3131m, 2959s, 

2923vs, 2850s, 2100br, 1684w, 1607s, 1598s, 1569m, 1549w, 1524w, 1463s, 1433m, 1418s, 

1361m, 1257w, 1225m, 1192m, 1140m, 1079m, 1049s, 1000s, 981m, 898m, 848m, 787vs, 760s, 

724s. For NMR (Fig. B8-B10), MS (Fig. B22), IR (Fig. B25). 

 

2-(Trimethylsilylethynyl)-4-(trifluoromethyl)pyridine [2-(TMSE)-4-(TFM)pyridine] 

This compound was prepared via a Sonogashira coupling14 procedure under a nitrogen 

atmosphere (Scheme 3). Firstly, nitrogen gas was bubbled through 3 cm3 of a dry Et3N/DMF (1:1) 

solution in a round-bottom Schlenk flask for 15 minutes to degas the solvent. [Pd(PPh3)2Cl2] (14 

mg, 0.02 mmol), CuI (1.9 mg, 0.01 mmol) and 2-bromo-4-(trifluoromethyl)pyridine (0.124 cm3, 

1.0 mmol) were added to this solution and stirred gently. Trimethylsilylethyne (0.141 cm3, 1.0 
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mmol) was then added and the resulting solution was heated to 60 °C for 4 h. The solution was 

then cooled to room temperature and the solvent was evaporated under reduced pressure. The 

crude product was purified by flash column chromatography over silica gel with hexane/ethyl 

acetate (95:5) (v/v) as eluent (Rf = 0.17). A fraction afforded the product as an orange oil. Yield 

= 77.8 mg, 32.0%. 1H NMR (CDCl3, 400 MHz) δ: 8.75 (d, J = 5.2 1H), 7.67 (quin, J = 0.8, 0.9 Hz, 1H), 

7.44 (ddd, J = 0.6, 1.8, 5.2 Hz, 1H), 0.29 (s, 9H). 13C NMR (CDCl3, 100 MHz) δ: 151.3, 144.8, 123.4, 

123.3, 118.8, 118.8, 102.8, 97.9, 0.0, 0.0, 0.0. MS (ESI+) (MeOH): calcd for C11H12F3NSi [M]+, 

243.30, found; 413.03 [2M - Si(CH3)3]+. For NMR (Fig. B5-B7), MS (Fig. B21). 

 

2-(1-Decyl-1H-1,2,3-triazol-4-yl)-4-(trifluoromethyl)pyridine (L3C10) 

CuSO4·5H2O (54.0 mg, 0.2 mmol), sodium ascorbate (79.0 mg, 0.4 mmol), 2-

(trimethylsilylethynyl)-4-(trifluoromethyl)pyridine (232.3 mg, 1.0 mmol), 1-azidodecane (183.3 

mg, 1.0 mmol) and K2CO3 (138.0 mg, 1.0 mmol) were weighed into a 20 cm3 screw-top vial and 

dissolved in 5 cm3 of water/t-butanol (1:1) (v/v) in that order. The resulting solution was stirred 

vigorously in a 20 cm3 screw-top vial for 24 h. The reaction solution was diluted with 50 cm3 of 

5% aqueous ammonia solution (v/v) and extracted with 2 x 20 cm3 of CHCl3. The organic layers 

were combined and washed with 2 x 25 cm3 of 10% aqueous NaCl solution (w/v). The organic 

layer was dried over anhydrous MgSO4 and filtered. The solvent was then evaporated under 

reduced pressure to afford an orange oil as L3C10. Yield = 283.5 mg, 80%. A small amount of 1-

azidodecane impurity was present in the final product, identified by characteristic peaks at 3.24 

and 1.60 ppm (Fig. B14) which was accounted for in the yield. 1H NMR (CDCl3, 400 MHz) δ: 8.50 

(s, br, 1H), 8.20 (s, br, 1H), 7.71 (m, 1H), 7.53 (m, 1H), 4.45 (t, J = 6.4 Hz, 2H), 1.98 (s, br, 2H), 1.26 

(m, 14H), 0.87 (t, J = 7.2 Hz, 3H). 13C NMR (CDCl3, 100 MHz) δ: 167.7, 130.8, 128.7, 122.5, 51.5, 

31.9, 30.1, 29.4, 29.4, 29.3, 29.2, 29.2, 29.1, 28.9, 28.8, 26.5, 22.6, 14.0. MS (ESI+) (MeOH): calcd 

for C18H25F3N4 [M]+, 354.42; found; 393.04 [M + K]+. FTIR (νmax/cm-1): 2960m, 2925m, 2853m, 

2098br, 1467w, 1412w, 1331m, 1260s, 1086s, 1014vs br, 790vs br, 666s. For NMR (Fig. B11-

B12), MS (Fig. B23), IR (Fig. B26). 

 

2-(1-((Methylthio)methyl)-1H-1,2,3-triazol-4-yl)pyridine (L4) 

L4 was prepared via the same method as L2C10 but (azidomethyl)(methyl)sulfane (103.2 mg, 

1.0 mmol) was used instead of 1-azidodecane. The product afforded as yellow oil. Yield = 124.8 

mg, 60.5%. 1H NMR (CDCl3, 400 MHz) δ: 8.60 (s, 1H), 7.86 (s, 1H), 7.66 (td, J = 7.9, 2.3 Hz, 1H), 

7.48 (d, J = 7.9 Hz, 1H), 7.27 (m, 1H), 5.41 (s, 2H), 2.18 (s, 3H). 13C NMR (CDCl3, 100 MHz) δ: 150.2, 

136.9, 136.2, 127.6, 123.6, 53.6, 14.9. For NMR (Fig. B13-B14). 
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The L4 ligand is highly unstable in atmospheric conditions and rapidly decomposes to form a 

brown-black residue. IR, UV-vis and mass spectroscopy could not be conducted on this ligand 

due to these issues and the product was reacted immediately to maximise the chance of 

obtaining metal complexes. 

 

4.2.3 Synthesis of Fe(II) compounds  

 

[FeII(L2C10)3](BF4)2 (2C10) 

Fe(BF4)2·6H2O (33.8 mg, 0.1 mmol) and L2C10 (85.9 mg, 0.3 mmol) were dissolved in 5 cm3 of 

acetonitrile and stirred for 30 min. The resulting orange solution was filtered and diethyl ether 

was slowly diffused into the solution. The resulting orange powder was then collected via 

filtration and dissolved in 2 cm3 of acetone. Diethyl ether was then slowly diffused into the 

solution, affording orange X-ray quality single crystals of the compound 2C10. Yield = 30.5 mg, 

28%. Elemental anal. (crystals) found: C, 60.11; H, 6.26; N, 12.27. Calc. for C51H78B2F8FeN12: C, 

56.26; H, 7.22; N, 15.44 %. FTIR (νmax/cm-1): 3128w br, 2927s br, 2856s, 1624m, 1581w, 1456s, 

1362m, 1282m, 1239w, 1211w, 1051vs br, 848m, 782s, 757m, 723m. For NMR (Fig. B15-B16), 

IR (Fig. B27). 

 

[FeII(L2C10)2(NCSe)2]·2H2O (3C10) 

FeCl2·4H2O (19.9 mg, 0.1 mmol), KSeCN (28.8 mg, 0.2 mmol) and 5.0 mg of ascorbic acid were 

dissolved in 5 cm3 MeOH. L2C10 (57.3 mg, 0.2 mmol) was added to the reaction solution with 

stirring. The resulting solution was stirred for 30 min at which point a pale orange precipitate of 

3C10 had formed as the dihdrated polycrystalline powder. The solution was filtered to isolate the 

precipitate, which was dried in air, affording the product as the dihydrate. The filtered solution 

was allowed to concentrate slowly by slow evaporation of the solvent. After four days pale 

orange single crystals of X-ray quality were obtained and were solvated with 0.25CH3OH and 

0.5H2O. Yield = 43.8 mg, 50%. Elemental anal. (powder) found: C, 49.33; H, 5.82; N, 16.02. Calc. 

for C36H56FeN10O2Se2 (dihydrated): C, 49.43; H, 6.45; N, 16.01 %. FTIR (νmax/cm-1): 3096w, 2924s, 

2853m, 2057vs, 1956w, 1609s, 1573m, 1454s, 1378w, 1318w, 1282w, 1264m, 1242w, 1211w, 

1154w, 1092m, 1065m, 1054m, 1015m, 995m, 832w, 785vs, 744m, 728m, 712m. For IR see Fig. 

B27. 
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[FeII(L3C10)3](BF4)2·Et2O (4C10) 

Fe(BF4)2·6H2O (33.8 mg, 0.1 mmol) and L3C10 (106.2 mg, 0.3 mmol) were dissolved in 5 cm3 

of MeOH and stirred for 10 min. The resulting orange solution was filtered and the filtrate was 

slowly diffused with Et2O vapour. After 3 days orange single crystals of 4C10 had formed and 

were of X-ray quality. Yield = 38.0 mg, 23%. Elemental anal. (crystals) found: C, 51.08; H, 5.78; 

N, 12.37. Calc. for C58H85B2F17FeN12O (Et2O solvated): C, 50.97; H, 6.27; N, 12.30 %. FTIR (νmax/cm-

1): 3131w br, 2958m sh, 2929s br, 2857m, 1726m, 1639w, 1590m, 1468m, 1440s, 1344s, 1320vs, 

1277s, 1179s, 1138vs, 1108s, 1057vs br, 894w br, 855s br, 825s, 763w, 738m, 722m, 679s. For 

NMR (Fig. B17-B18), IR (Fig. B29). 

 

[FeII(L3C10)2(NCS)2]·MeOH·2H2O (5C10) 

FeCl2·4H2O (19.9 mg, 0.1 mmol), KSCN (19.4 mg, 0.2 mmol) and a pinch of ascorbic acid were 

dissolved in 5 cm3 MeOH. L3C10 (70.8 mg, 0.2 mmol) was added to the reaction solution with 

stirring. The resulting solution was stirred for 30 min, at which point an orange precipitate of 

polycrystalline 5C10 formed with a methanol and two water solvate molecules, which was then 

dried in air. The filtered solution was allowed to concentrate slowly by slow evaporation of the 

solvent. After four days solvate free orange single crystals of X-ray quality were obtained. Yield 

= 44.6 mg, 47%. Elemental anal. (powder) found: C, 49.69; H, 5.18; N, 14.44. Calc. for 

C39H58F6FeN10O3S2 (2H2O and MeOH solvated): C, 49.36; H, 6.16; N, 14.76 %. FTIR (νmax/cm-1): 

3074w br, 2929m, 2859m, 2043s br, 1673m, 1628m, 1579m, 1472m, 1437s, 1377m, 1350m, 

1310vs, 1266s, 1242vs, 1177vs, 1141vs, 1089vs, 1005m, 983m, 904w, 853m, 820s, 798m, 758m, 

727m, 673s. For IR see Fig. B30. 

 

[FeII(L4)2(NCS)2] (6a, 6b) 

FeCl2·4H2O (19.9 mg, 0.1 mmol), KNCS (19.4 mg, 0.2 mmol) and ascorbic acid (6 mg, 0.03 

mmol) were dissolved in 3 cm3 of MeOH with stirring. L4 (41.3 mg, 0.2 mmol) was added to the 

stirring solution resulting in an orange colour developing. The solution was stirred for 30 min 

and formed a yellow precipitate as polycrystalline 6. The solution was filtered from the 

precipitate and was left to slowly concentrate in air. After 12 h the concentrated solution had 

become red in colour. The solution was diluted with 5 cm3 of MeOH and filtered over a pad of 

silica gel. The yellow eluent from a fraction was left to slowly concentrate in air and after two 

days small yellow plates had formed as triclinic (6a) and monoclinic (6b) polymorphs. Apart from 

single crystal XRD studies, all analysis and measurements were done on a mixture of both 

polymorphs. Yield = 21.0 mg, 36%. 1H NMR (DMSO-d6, 400 MHz) δ: 8.63 (s, br, 2H), 8.04 (s, br, 
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2H), 7.89 (s, br, 2H), 7.35 (s, br, 2H), 5.59 (s, br, 4H), 2.20 (s, br, 6H). FTIR (νmax/cm-1): 3075w br, 

2988w br, 2915w, 2063vs, 1607s, 1571s, 1451vs, 1424s sh, 1402m sh, 1359w, 1308w, 1280m, 

1259m, 1239m, 1203s, 1158m, 1108m, 1086s, 1061s, 1051s, 1017m, 992s, 964m, 836w, 780vs, 

759s, 737s, 708s, 639s, 575w. For NMR (Fig. B19-B20), IR (Fig. B31). 

Both 6a and 6b are highly unstable in atmospheric conditions and decomposition rapidly 

occurred. For this reason, characterisation of the compound via elemental analysis, powder X-

ray diffraction or magnetometry could not be done on the pure substance. 

 

4.3 Results and discussion 

 

4.3.1 Synthesis 

 

Initial efforts to include a polyglycol side chain in the L2C10 ligand motif in place of the 

aliphatic tail produced unexpected compounds, two of which were (azidomethyl)(methyl)thiane 

and L4. The proposed synthetic route to obtaining a glycolated ligand involved substitution of 

the 1-hydroxy group of 2-(2-(2-methoxyethoxy)ethoxy)ethan-1-ol with a chlorine atom which 

would then undergo a second substitution reaction with azide to produce 1-azido-2-(2-(2-

methoxyethoxy)ethoxy)ethane for use in further CuAAC reactions. It was soon realised that 2-

(2-(2-methoxyethoxy)ethoxy)ethan-1-ol was not involved in either step of the reaction. A similar 

reaction had been done deliberately in 2015 by employing the Pummerer reaction17 to afford 

(azidomethyl)(methyl)thiane from DMSO.18  

The reaction proceeds via an electrophilic attack on the oxygen atom of the sulfoxide group 

of DMSO, with oxalyl chloride acting as the electrophile. The elimination of the OE group (where 

E is the electrophile) allows for nucleophilic attack on the α carbon by the second Cl atom of the 

oxalyl chloride species to form the thiane and subsequent formation of CO and CO2 as by-

products. Beyond this initial Pummerer reaction, a typical substitution reaction between the 

anionic azide species and the chlorine atom of the (methylchloro)(methyl)thiane intermediate 

compound could afford the final product. 

Unfortunately, both L4 and 6 were highly sensitive to atmospheric conditions. L4, which was 

initially a pale brown-orange colour, turned almost black after approximately 12 h standing in 

air. The brilliant yellow colour freshly prepared 6 quickly dimmed to a dull brown which could 

be a consequence of oxidation to Fe(III). This was tracked via 1H NMR, which showed no 

degradation of the ligand but did produce a χMT value of 0.51 cm3 mol-1 K in DMSO-d6 at 303 K, 

which is slightly high for LS Fe(III) but with the associated errors for the technique of ca. 10% this 
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value becomes more reasonable. There is also the possibility that some HS Fe(II) isomer still 

exists in the solution, giving rise to the higher than expected value of χMT. This solution was also 

orange compared to the yellow colour of DMSO solutions of freshly prepared 6.  

It happens that through the accidental preparation of a ligand with methylthioether 

functionality a great deal was learned about the structural effects of the ligand on the overall 

ligand field strength of the heteroleptic complexes with monodentate anionic co-ligands. The 

initial aim to substitute the 4-pyridyl position with electron withdrawing groups in order to 

adjust the ligand field strength did not work as expected and simply produced either LS tris 

chelates or HS bis chelates (with anionic co-ligands). Modulation of the anionic co-ligand, where 

possible, also proved unsuccessful in bringing about a change in the overall electronic 

configuration of the Fe(II) ions even at 100 K. It was through the serendipity of switching the 1-

triazolyl “tail” group functionality that bore significant modulation of the ligand field strength of 

the complexes and resulted in a heteroleptic complex of Fe(II) capable of SCO. 

Furthermore, the L6 ligand contains thioether functionality which has a proclivity towards 

forming the Au-S coordination bond, which is highly stable.19 Materials chemistry revolving 

around functionalising gold (or similar) surfaces with functional/smart materials (e.g. 

monolayered particle surfaces, electrodes and nanocrystals) would benefit from the application 

of this synthetic route to sulphur-containing chelators in materials chemistry if the overall 

objective is to populate surfaces with secondary functionality, such as the SCO observed in 6 as 

the free, neutral complex.    
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4.3.2 Single crystal X-ray diffraction studies 

 

4.3.2.1 Description of single crystal structures of 2C10-6a 

 

Table 14 Single crystal X-ray crystallographic details and parameters for 3C10, 5C10 and 6 at 100 
K. 

Parameters 2C10 3C10 4C10 5C10 6a 
Formula C51H78B2F8FeN12 C36H52FeN10Se2 

·0.5H2O·0.5CH3OH 
C54H75B2F17FeN12 C38H50F6FeN10S2 C20H20FeN10S4 

Mr 1088.72 862.15 1292.55 880.85 584.55 
Cryst syst triclinic triclinic monoclinic monoclinic triclinic 
Space group P�1 P�1 P21/c P21/n P�1 
a / Å 22.6466(8) 7.7146(6) 21.250(3) 7.5083(2) 7.6199(3) 
b / Å 24.5919(6) 8.0118(4) 32.207(4) 20.6861(5) 8.4250(3) 
c / Å 34.4279(15) 19.9624(9) 20.848(3) 14.3102(3) 10.8971(4) 
α / deg 89.277(3) 87.847(4) 90 90 76.302(3) 
β / deg 89.763(3) 82.191(5) 118.62(2) 100.581(2) 72.735(4) 
γ / deg 68.676(3) 66.507(6) 90 90 70.817(4) 
V / Å3 17859.6(12) 1120.88(13) 12525.00(4) 2184.83(9) 623.38(5) 
T / K 100 100 100 100 100 
Z 12 1 8 2 1 
ρcalcd / g.cm-3 1.047 1.275 1.114 1.339 1.557 
λa / Å 1.54178 1.54178 0.71073 0.71073 0.71073 
No. of indep reflns 60733 4082 13935 5005 2848 
No. reflns with I > 2σ(I) 11321 3232 10062 4507 2717 
No. of params 1641 251 1273 278 161 
No. of restraints 0 0 0 0 0 
Final R1b, wR2c, (I > 
2σ(I)) 

0.2710, 0.5478 0.0844, 0.2449 0.2634, 0.5386 0.0431, 0.1143 0.0225, 0.0610 

R1, wR2 (all data) 0.5354, 0.6413 0.0956, 0.2557 0.3009, 0.5560 0.0478, 0.1172 0.0236, 0.0616 
Goodness of fit 1.283 1.060 1.965 1.034 1.060 
Largest residuals / e Å-3 1.251 1.285 1.512 1.099 0.402 
aGraphite monochromators bR1 = Σ[|F0| - |Fc|]/Σ[|F0|, cwR = [Σw(F02 - Fc2)/ΣwF04)]1/2 

 

Table 15 Selected bond lengths and parameters for 3C10, 5C10 and 6a at 100 K.  
Bond(s) 2C10 3C10 4C10 5C10 6a 
Lengths (Å)      
Fe1-N1  1.976(17) 2.142(4) 1.940(2) 2.209(14) 2.022(10) 
Fe1-N2 2.028(19) 2.137(4) 1.960(15) 2.164(15) 1.972(10) 
Fe1-N3 1.980(16) 2.111(5) 2.017(15) 2.116(8) 1.939(11) 
Fe1-N4 1.916(17) 2.142(4)a 1.810(2) 2.209(14)a 2.022(10)a 

Fe1-N5 1.969(18) 2.137(4)a 2.018(15) 2.164(15)a 1.972(10)a 

Fe1-N6  1.884(17) 2.111(5)a 1.810(2) 2.116(8)a 1.939(11)a 

      
Angles (°)      
N1-Fe1-N2 83.1 76.7(14) 78.3(8) 75.9(5) 80.5(4) 
N1-Fe1-N3 95.2 93.1(15) 170.5(7) 90.7(6) 90.4(4) 
N1-Fe1-N4 174.0 180.0b 95.4(8) 180.0b 180.0b 

N1-Fe1-N5 91.7 103.3(14)b 95.2(7) 104.1(5)b 99.5(4)b 

N1-Fe1-N6 93.5 86.9(15) 90.8(9) 89.3(6)b 89.6(4)b 

N2-Fe1-N3 92.6 85.7(16) 94.2(7) 85.0(6) 87.8(4) 
N2-Fe1-N4 91.7 103.3(14)b 93.7(6) 104.1(5)b 99.5(4)b 

N2-Fe1-N5 98.3 180.0b 168.9(6) 180.0b 180.0b 

N3-Fe1-N5 167.7 95.3(16)b 93.1(5) 95.0(6)b 92.2(4)b 

∑c 56.3 83.0(10) 68.0(3) 79.3(4) 48.6(3) 
a Bond lengths and b bond angles are symmetry generated using N4, N5 and N6 in place of N1’, 
N2’ and N3’. c octahedral distortion parameters are derived from the equation: Σ =∑ (|90-12

i=1
θi|), (θi = N-Fe-N) where perfect octahedrons produce a value Σ = 0 and deviation from this 
value coincides with structural deformation of the coordination polyhedron.  
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All single crystal structures except 2C10 (intrinsic phasing) and 4C10 (Patterson method) were 

solved using direct methods in SHELXS20 and all structures were refined by full-matrix least-

squares on F2 with ShelXL.21 Single crystal XRD parameters for 2C10 and 4C10 are located in Table 

14 and 15. Despite the incompleteness of the diffraction data collected from the single crystals 

of these compounds, models were able to be produces, which were useful for connectivity 

purposes. The positions of the heavy atoms, as well as the Fe-N bond lengths, were then 

considered when assigning the spin state of the Fe(II) centres in each case. There is of course a 

larger degree of error in the values obtained from poorer quality models, however, for 

connectivity purposes, a brief description of the structures is included, focussing on the first 

coordination spheres about the Fe(II) centres of the complexes at the relevant points within this 

sub section. 

 

 

Fig. 49 Dicationic unit of 2C10. Atoms are isotropic for clarity. Incomplete alkyl chain fragments 
are a consequence of poor diffraction data. Hydrogen atoms and anions omitted for clarity. 
Legend: iron, turquoise; nitrogen, blue; carbon, grey. 
 

2C10 was modelled in the triclinic space group P�1 at 100 K and has an asymmetric unit 

containing six [Fe(L2C10)3](BF4)2 formula units. The basic structure of 2C10 was obvious despite 

the issues with the low-quality data, due to the simplicity of the synthetic route and low number 

of materials that could potentially be generated. The 2C10 complex dication consists of three 

L2C10 ligands coordinated to a central Fe(II) ion in a distorted octahedral environment with 

average Fe-N bond lengths of 1.956 Å and average cis N-Fe-N angles (N = N1-N6) of 90.12°. The 

model could not accurately place the terminal carbon atom of the alkyl chain from one L2C10 
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ligand and could only place six C atoms of the alkyl chains on a second L2C10 ligand, however, 

one complete ligand was successfully modelled isotropically (ligand containing N1 and N2 in Fig. 

49). The three L2C10 ligands bind to form a pseudo meridinal arrangement about the Fe(II) 

centre, whereby the three pyridyl groups occupy three cis sites in the same plane, linearly and 

at approximately 90° to one another, with the triazolyl groups mirroring this arrangement but 

perpendicular to the pyridyl-based meridian. Due to the planarity of the ligand and the pseudo 

mer conformation of the first coordination sphere, the three alkyl chain units of the dication 

project away from the Fe(II) centre in a fan-like arrangement, occupying the 2D area of a 

crescent.  

The N-Fe-N angles of the first coordination sphere cannot be discussed with the same degree 

of confidence as the Fe-N bond lengths due to the nature of the measurement involving an extra 

degree of freedom, in that, the positions of two nitrogen atoms relative to the Fe atom must be 

considered in the calculation as opposed to just two atoms required for bond length 

determinations. Due to this compounded error, the angles of the coordination octahedron are 

less reliable than the Fe-N distances. However, measuring the N-Fe-N angles (N = N1-N6) from 

the best-defined cationic units of 2C10 shows that the complex exhibits relatively small values 

for the octahedral distortion parameter (Σ) (Table 15). The individual cis and trans N-Fe-N angles 

are less obvious indicators of the octahedral distortion than Σ, and calculation of this value in 

2C10 (Σ = 56.25) results in small values that are typical for LS octahedral Fe(II) complexes. The 

octahedral distortion parameter and Fe-N bond lengths for the tris chelate Fe(II) complex of 

L2C10 collaboratively suggest that the Fe(II) centres are LS at 100 K. By simple classification, the 

L2C10 ligand certainly has an intermediate to strong ligand field strength. 

To comment on the packing of the unit cell and other supramolecular arrangements of the 

crystal structure would be difficult due to the low-quality nature of the data. The above 

description is submitted as a point of reference for future discussion on the effects of 

modulation of the complex coordination sphere on the properties of the system as opposed to 

a comprehensive structure determination. 
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Fig. 50 Molecular structure of the neutral complex of anhydrous 3C10 with selected atom labels. 
The structure is symmetry generated through an inversion centre on the Fe(II) atom, hence some 
atoms are labelled with prime notation. Hydrogen atoms and solvent molecules have been 
omitted for clarity. Legend: iron, turquoise; nitrogen, blue; carbon, grey; selenium, silver. 
 

Anhydrous 3C10 crystallised as orange rods and is in the triclinic space group P�1 at 100 K. The 

asymmetric unit contains half of the trans-[Fe(L2C10)2(NCSe)2] complex, two disordered solvate 

waters and one methanol solvate molecule, each with occupancies of 0.25 on each site. An 

inversion centre lies on the central Fe(II) atom. The Fe(II) centre is surrounded by six N atoms 

from two L2C10 ligands and two selenocyanate anions in a distorted octahedral environment 

(see Fig. 50 above). The coordinated N atoms are located on two pyridyl groups, two triazole 

groups and two selenocyanates as shown in Fig. 50. The pyridyl and triazole groups on the two 

L2C10 ligands act as a bidentate chelator and are planar with respect to each other, binding the 

Fe(II) centre via a five-membered chelate ring from the pyridyl nitrogen to the nitrogen atom on 

the 3-position of the triazole ring. The selenocyanate ligands occupy the axial positions of the 

octahedron and are trans to one another. The alkyl chain groups off the nitrogen on the 1-

position of the triazole ring of the ligand project in opposite directions away from the Fe(II) 

centre due to the centrosymmetric nature of the complex. Also, the alkyl chains are linear in 

their extension, with a consistent anti arrangement of the hydrogen atoms along the complete 

length of the chain. The anti arrangement of C-C bonded CH2 groups along the alkyl chain is 
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where the two hydrogen atoms from the first CH2 group are projected at 180° to those on the 

second CH2 group (Fig. 54). In gauche arrangements, the second CH2 group projects the 

hydrogen atoms at an angle ≠ 180°, which can result in “kinks” in the direction of which the alkyl 

chain is pointing in space. 

The NCSe ligand produces an Fe1-N3-C19 angle of 148.1(4)° - the binding mode here is acute, 

compared to linear (ca. 180°), which are sometimes seen in similar systems.22 Typically, more 

acute Fe-N-C angles with ligands of the NCX type are suggestive of HS complexes, although this 

is not always the case and anomalous examples exist.22 Brooker et. al.23 reviewed the 

relationship between the NCX angle (X = S, Se, BH3), relative to the Fe atom (Fe-NCX), and the 

presence of SCO behaviour, concluding that in general a large proportion of the reviewed 

compounds of type, [Fe(L)2(NCX)2]·solvate, display SCO properties when Fe-NCX ≥ 162°. It must 

be said that this analysis was conducted on compounds of a particular ligand type, making the 

results more of a guideline than the rule. Furthermore, consideration of the temperature of the 

crystal structure model is important when assigning the relationship between the Fe-NCX angle 

and spin state or SCO capability, as typically structural deformations accompany the LS-HS and 

HS-LS transitions in the crystalline state. Discussion on this topic is reserved for chapter 5 where 

analyses directly relevant to this structural-magnetic relationship were conducted. 

The average Fe-N bond length is 2.130 Å, which is intermediate considering typical values for 

LS and HS Fe(II) atoms with neutral N-donor atoms are ca. 2.00 and 2.2 Å. It should be noted 

however that the NCSe ligand carries a negative charge making it form a coordination bond that 

has more ionic character and is stronger than those between L2C10 and the Fe(II) ion – this 

reduces the length of the average Fe-N bond lengths within 3C10 but may cause a false positive 

with respect to indication on the HS percentage of the Fe(II) centres. The pyridyl Fe-N1 bond is 

only 0.005 Å longer than the triazolyl Fe-N2 bond, which is 0.026 Å longer than the 

selenocyanate Fe-N3 bond (Table 15). The Fe1-N1 (pyridyl) and Fe-N2 (triazolyl) bond lengths 

measure 2.142(4) and 2.137(4) Å, respectively (Table 15) and are much closer to 2.2 than 2.0 Å, 

meaning that the majority of the Fe(II) centres are likely to be HS, with the possibility of a small 

percentage occupying the LS state, which would account for the slightly below average lengths 

of the bonds. The twelve cis N-Fe-N bond lengths that comprise the first coordination sphere 

give a value for Σ of 83(10), which is substantially greater than that of the suggested LS structure 

of 2C10 (Σ = 56.25). The distortion of the coordination polyhedron contributes to the structural 

suggestion that at 100 K the Fe(II) centres in 3C10 are LS. 

The unit cell for 3C10 is shown in Fig. 51. The a and b axes of the unit cell are similar in length, 

measuring 7.7146(6) and 8.0118(4) Å, respectively. The c axis is considerably longer than the 
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other two axes with a length of 19.9624(9) Å. The long c axis of the unit cell accommodates the 

protruding alkyl chains away from the Fe(II) centre of the complex in opposite directions. The 

resulting effect of this is a separation of Fe(II) centres along the c axis as a function of the alkyl 

chain length (Fig. 51). The two one quarter occupancy methanol and two 1/4 occupancy water 

solvates are located at opposite ends of the unit cell, separated along the c axis, and are either 

side of the Se atoms of the selenocyanate ligands. The solvates were modelled as parts 1 and 2 

(water and methanol, respectively) due to the partial occupancies of the Q peaks residing in 

locations that could not be modelled sensibly as either chemically bonded atoms or disordered 

molecules. The result is interstitial solvate molecules (shown in red in Fig. 51), encased by 

interdigitated alkyl chains from adjacent complex units, where for every four complex units 

there is either one water or one methanol at either end of the unit cell, but never occurring 

simultaneously. 

 

 

Fig 51 Unit cell for 3C10 in the bc plane looking along the a axis. Hydrogen atoms are omitted for 
clarity. Legend: iron, turquoise; nitrogen, blue; oxygen, red; carbon, grey; selenium, silver. 
Quarter occupancy solvate molecules (H2O, CH3OH) shown as red circles for clarity.  
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3C10 packs into monolayers of complexes, forming a 2D sheets that are separated by 

interdigitated alkyl chain units that extend outwards from the Fe centres (Fig. 51). There are two 

structure directing features of the complexes that give rise to the pseudo-bilayer packing 

arrangements: hydrophobic dispersion forces between alkyl chain units and short 

intermolecular π···π contacts between the planar pyridyl and triazolyl groups of the L2C10 

ligands, occurring between adjacent complexes. The 2D sheets of Fe atoms are networked via 

the short π···π contacts between ligand molecules – there is a 2D network of short π···π 

intermolecular contacts that directly connect each complex with four close lying neighbours. 

This 2D network can be thought of as a combination of 1D chains, formed via the contacts, 

occurring simultaneously along the a and b axes - the pyridyl group of one ligand stacks on top 

of the triazolyl group of another and vice versa, propagated along the a axis, with 

pyridyl···pyridyl contacts occurring along the b axis (Fig. 52 and 53).  

 

 

Fig. 52 π···π Contacts between the pyridyl and triazolyl moieties of the L2C10 ligand of one 3C10 
complex with those of the adjacent complex along the a axis. Contacts occur py···tz and tz···py 
for each ligand.  
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Fig. 53 π···π Contacts between pyridyl moieties of the L2C10 ligands of 3C10 complexes adjacent 
to one another along the b axis. The py···py contacts complete a 3D network of short 
intermolecular π···π contacts throughout the lattice. 
 

Intermolecular contact distances are given in Table 16. Separation of the 2D networked 

sheets of Fe polyhedral is a function of the alkyl chain length – as previously discussed the alkyl 

chains extend along the c axis and drive the highly networked sheets apart in this direction. The 

Fe···Fe distances are of course much shorter between complexes that are involved in short π···π 

contacts in the same 2D plane compared to those that are separated along the c axis, measuring 

7.715(6) and 19.962(9) Å, respectively (Fig. 54). The minimum contacts between the aromatic 

pyridyl and triazolyl groups of adjacent complexes measure 3.359(4) Å, whilst those between 

only pyridyl groups measure slightly longer at 3.618(4) Å. Unsurprisingly these shortest Fe···Fe 

contact occurs along the same axis as the py···tz contacts. 
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Table 16 intermolecular contacts for 3C10, 5C10 and 6a at 100 K.  
 3C10 5C10 6a 
Distances (Å)    
py···tza 3.591(3) 3.523(9) 3.848(7) 
py···pyb 3.618(4)  3.758(11) 
Fe···Fec 7.715(6) 7.508(2) 7.620(3) 

Fe···Fed 19.962(9) 12.744(2) 8.425(3) 

C···Ce 3.923(9) 4.033(3)  
a given by the shortest centroid···centroid distances between pyridyl and triazolyl groups and b 

pyridyl to pyridyl groups from adjacent complex units as shown by dashed lines in Fig. 52 and 
53. c given by the minimum Fe···Fe contact distance of Fe atoms in the same 2D sheet/1D chain 
and d given by the minim Fe···Fe contact distance between Fe atoms in parallel 2D sheets/1D 
chain (Fig. 54). e is the minimum C···C contact distance between any aliphatic C atom of an alkyl 
chain and any other C atom of a different complex. 
 

 

 

Fig. 54 Different types of interatomic Fe distances with respect to 3D packing modes of the 
molecular units of 3C10 and the gauche/anti conformation of the alkyl chain groups of L2C10 
units. Solvates and some hydrogen atoms omitted for clarity. Legend: iron, turquoise; nitrogen, 
blue; carbon, grey; selenium, silver. 
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As the anhydrous form of heteroleptic complex 3C10 exhibited persistent HS properties in the 

solid state, an attempt was made to influence the ligand field strength of the complex via 

modification of the ligand at the 4-pyridyl position (Scheme 3).  

4C10 is in the monoclinic space group P21/c at 100 K and the asymmetric unit for 4C10 contains 

two [Fe(L3C10)3](BF4)2 formula units. The structure of 4C10 is almost identical to that of 2C10, with 

respect to the dications. The quality of the modelled data for 4C10 (Fig. B33) is significantly better 

than 2C10 (Fig. 49) (see Table 14). For 4C10 the average Fe-N bond lengths are 1.926 Å and the 

average cis N-Fe-N angles (N = N1-N6) are 89.93°. As the L2C10 and L3C10 ligands are analogues 

of one another, varied by the substituent off the 4-position of the pyridyl group, it is unsurprising 

that the structures of the complexes are highly similar - the bidentate L2C10 and L3C10 ligands 

bind the Fe(II) atom in a five-membered chelate ring, forming coordination bonds between the 

pyridyl nitrogen atom and the nitrogen atom on the 3-position of the triazolyl ring (N2, N4 and 

N6 in Fig. 49). In identical fashion to 2C10, the three L3C10 ligands in the 4C10 dication bind to form 

a pseudo meridinal arrangement about the Fe(II) centre, whereby the three pyridyl groups 

occupy three cis sites in the same plane, linearly and at approximately 90° to one another, with 

the triazolyl groups mirroring this arrangement but perpendicular to the pyridyl-based meridian. 

The octahedral distortion parameter for the dication of 4C10 is comparably small to that of 2C10 

(Σ = 68.0) and combined with the short Fe-N bond lengths suggests that the central Fe(II) ion is 

in the LS state at 100 K.  

The rationale behind the preparation of 5C10 was to manipulate the π-accepting capabilities 

of the ligand by the introduction of an electron withdrawing group on the pyridyl ring, which 

might destabilise the vacant π* orbitals of the ligand units and in turn increase Δo. This approach 

was based on the previous studies of the 3-bpp (2,6-di[1H-pyrazol-3-yl]pyridine) with Fe(II) by 

Halcrow and co-workers15 in which the type and position of the substituent group was observed 

to have a profound effect on the magnetic behaviour of the resulting complexes. 
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Fig. 55 Molecular structure of 5C10 with selected atom labels. The thiocyanate ligands are 
disordered and the part shown is the major component only. The structure is symmetry 
generated therefore only one L3C10 ligand unit has been labelled fully. Hydrogen atoms have 
been omitted for clarity. Legend: iron, turquoise; nitrogen, blue; carbon, grey; fluorine, green; 
sulphur, yellow. 

 

 

 

 

Fig. 56 Unit cell of 5C10 in the bc plane. Hydrogen atoms have been omitted for clarity. Legend: 
iron, turquoise; nitrogen, blue; carbon, grey; fluorine, green; sulphur, yellow. 
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5C10 crystallised as solvate free orange rods and is in the monoclinic space group P21/n at 100 

K. The asymmetric unit contains half of the trans-[Fe(L3C10)2(NCS)2] complex (Fig. 55) and an 

inversion centre lies on the central Fe(II) atom. The Fe(II) centre is surrounded by six N atoms 

from two chelating L3C10 ligands and two thiocyanate anions in a distorted octahedral 

environment. The coordinated N atoms are located on two pyridyl groups, two triazole groups 

and two thiocyanates. The two L3C10 ligands are bidentate and planar with respect to the 

heterocyclic rings, binding the Fe(II) centre via a five-membered chelate ring from the pyridyl 

nitrogen to the N atom on the 3-position of the triazole ring. The thiocyanate ligands occupy the 

axial positions of the octahedron trans to one another. The alkyl chain groups off the nitrogen 

on the 1-position of the triazole ring of the ligand project in opposite directions away from the 

Fe(II) centre due to the centrosymmetric nature of the complex. Also, the alkyl chains are linear 

in their extension, with a consistent anti arrangement of the hydrogen atoms.  

For 5C10 at 100 K, Fe1-N1 = 2.209(14) Å, Fe1-N2 = 2.164(15) Å and Fe1-N3 = 2.116(8) Å, which 

are typical of a HS Fe(II) atom. The pyridyl and triazolyl N atoms form longer coordination bonds 

with the Fe(II) centre than those of the NCS ligands which could be due to the charge of the 

thiocyanate ligands contributing to the formation of shorter bonds.24 The pyridyl Fe-N1 bond is 

0.045 Å longer than the triazolyl Fe-N2 bond, which is 0.048 Å longer than the thiocyanate Fe-

N3 bond (Table 15). Additionally, the octahedral distortion parameter for 5C10 is highly similar 

to that of the proposedly HS structure of 3C10, equalling 79.3(4). The larger value of Σ in 5C10 

compared to its homoleptic analogue 4C10 (68.0) indicates that the Fe(II) ions are HS in 5C10 at 

100 K. Furthermore, the thiocyanate ligand is disordered across the C19 and S1 atoms, which 

have been modelled over two sites with major:minor component ratio of 0.84:0.16. The 

disordered thiocyanate ligand results in two drastically different binding modes observed 

between parts 1 and 2; the angle of NCS binding to Fe(II) can often be used to help assign the 

spin state of the atom; where more acute angles are suggestive of larger HS populations.23 The 

major component of the disordered NCS ligand produces an Fe1-N3-C19 angle of 147.7(2)°, 

whereas the minor component produces an Fe1-N3-C19’ angle of 164.8(13)°. This is in 

agreement with the conclusions drawn from the Fe-N bond distances, in that, the HS Fe(II) ion 

predominates for the 5C10 complex at 100 K. The unit cell for 5C10 is shown in Fig. 56. The a axis 

measures 7.5083(2) Å, which is considerably shorter than the b and c axes, which measure 

20.6861(5) and 14.3102(3) Å, respectively. As was the case with the previous family of 

compounds (1Cn) the longest axis accommodates the extension of the alkyl chains, which drive 

apart the Fe(II) centres along a vector with a large component of this axis.  
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Fig. 57 Packing of 5C10 in the ab crystallographic plane. Hydrogen atoms omitted for clarity. 
Legend: iron, turquoise; nitrogen, blue; carbon, grey; fluorine, green; sulphur, yellow. 
 
 

 
 
Fig. 58 Packing of 5C10 in the bc crystallographic plane. Hydrogen atoms omitted for clarity. 
Legend: iron, turquoise; nitrogen, blue; carbon, grey; fluorine, green; sulphur, yellow.  
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Fig. 59 Packing of 5C10 in the ac crystallographic plane. Hydrogen atoms omitted for clarity. 

 

The packing in 5C10 (Fig. 57-59) is directed primarily by both short intermolecular π···π 

contacts and hydrophobic C···C contacts between alkyl chain moieties from neighbouring 

complexes (Fig. 60). There are some doubts on the validity of claims that “π-π stacking” of planar 

aromatic systems result from genuine intermolecular interactions rather than as a consequence 

of sterics and other geometric influences.25 Hence, the seemingly structure directing packing of 

pyridyl/triazolyl groups in a stacked conformation are described by their physical attributes, 

which are short contact distances between planar systems with π-electron density. Fig. 58 shows 

the packing in the bc crystallographic plane and it is here where the clearest observation of the 

alkyl chain units from a single complex unit of 5C10 appear to interdigitate with another unit 

along the b axis is made. This occurs in a pseudo 1D chain motif much like the packing of the 

heterocyclic rings of the L3C10 ligands along the a axis (Fig. 60). 
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Fig. 60 Packing of 5C10 along the a axis via short intermolecular π··· π contacts (Stippled cone) 
between L3C10 units. Centroids are located on the mean plane of the five or six atoms 
constituting the triazolyl or pyridyl rings.  
 

The minimum C···C contact distances between alkyl chain units in 5C10 = 4.033(3) Å (measured 

between green and orange groupings of complexes in Fig. 61 below). The C···C contacts are 

slightly longer than the minimum π···π contacts, which measure 3.524(3) Å, naturally resulting 

in a tighter packing of Fe(II) centres through this motif. Clearly the Fe···Fe distances are at a 

minimum when measured between complexes involved in π···π packing, whereas the 

interdigitation of the alkyl chain units between the chains of closely packed Fe(II) centres leads 

to a pseudo bilayer-style arrangement, with the complexes separated by the combinatory 

effects of the alkyl chain extensions away from the Fe(II) centres (Fig. 60). 

 

Fig. 61 Interdigitation and packing of the closest intermolecular alkyl chain unit contacts in 
relation to the 1D chains formed between complexes of 5C10 via short π···π contacts 
(monochromatic). Hydrogen atoms have been omitted for clarity.  
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Fig. 62 Molecular structure of 6a with atom labels. Hydrogen atoms omitted for clarity. Legend: 

iron, turquoise; nitrogen, blue; sulphur, yellow; carbon, grey.  

 

6a crystallised in the centrosymmetric triclinic space group P�1 as yellow rods. The asymmetric 

unit contains half of the trans-[Fe(L4)2(NCS)2] complex and an inversion centre lies on the central 

Fe(II) ion. The Fe(II) centre is surrounded by six N atoms from two L4 ligands and two thiocyanate 

anions in a distorted octahedral arrangement, which complete the first coordination sphere (Fig. 

62). The L4 ligands bind in the same way as L2C10 and L3C10, in a bidentate fashion with Fe-N 

bonds formed via the pyridyl nitrogen and the nitrogen atom located on the 3-position of the 

triazolyl ring. The five-membered chelate ring that formed between the L4 ligand and the Fe(II) 

ion is almost completely planar, with only a small amount of distortion due to the binding of the 

coordination N atoms. The thiocyanate anions occupy the two axial sites of the octahedron in a 

trans arrangement and are 180° to one another via the Fe(II) atom. As seen in the alkyl chain 

units of 3C10 and 5C10, the methylthiane tails in 6a project away from the complex in opposite 

directions, on a similar vector to the near-linear NCS anions. For 6a at 100 K is Fe1-N1 = 2.022(10) 

Å, Fe1-N2 = 1.972(10) Å and Fe1-N3 = 1.939(11) Å, which are indicative of a LS Fe(II) atom. As 

before, the bond lengths decrease as the donor atom changes moiety in order of pyridyl > 

triazolyl > thiocyanate. The NCS ligand produces an Fe1-N3-C10 angle of 173.8(10)°, which is 

remarkably close to 180° compared to the analogous angles in 3C10 and 5C10 (148.1(4) and 

147.7(2)°, respectively). This could be another marker of the structural differences between LS 

and HS complexes that adopt a trans-[Fe(L)2(NCX)2] complex structure as mentioned above with 

reference to the Brooker et al. review.23 Certainly in the work conducted for this thesis a trend 
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is observed in the Fe-N-C angles from the NCX ligands (X = S, Se) decreasing from 180° with 

higher population of HS Fe(II) centres, which is supported by the comparison of these such 

angles from the HS complexes of 3C10 and 5C10 with the LS complex of 6a.  

In 6a at 100 K ε = is 48.6(3), which is almost half the magnitude of Σ for both 3C10 and 5C10 

(Table 15). The smaller value of Σ in 6a is another marker of the LS Fe(II) centre, as LS structures 

typically produce less distorted coordination octahedrons. The greater distortion of the 

coordination octahedron in 3C10 and 5C10 compared to 6a originates from the deviation of the 

cis angles away from the idealised 90° for octahedra. The inversion centres for all three 

heteroleptic NCX complexes lie upon the central Fe(II) atoms, meaning the trans N-Fe-N angles 

are symmetry generated and linear (180°). The most noticeable difference in the angles between 

the HS structures of 3C10 and 5C10 and the LS structure of 6a is displayed in the cis N-Fe-N angles 

between the two ligand molecules. The angle taken between pyridyl and triazolyl moieties from 

separate ligands via the Fe centre (N1-Fe-N2’ and N2-Fe-N1’) measure 103.32(14) and 104.12(5)° 

in 3C10 and 5C10, respectively. For 6a, this angle is only 99.52(4)°, which is closer to idealised 

octahedral geometry. 

 

 

Fig. 63 Packing of 6a in the ac crystallographic plane. Hydrogen atoms omitted for clarity. 
Legend: iron, turquoise; nitrogen, blue; sulphur, yellow; carbon, grey.   
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Fig. 64 Short π···π contacts between complexes of 6a. Chains of 6a linked by py···tz contacts 
along the a axis are linked in two dimensions by py···py contacts between complexes in adjacent 
chains. Contacts are shown as blue stippled cones and hydrogen atoms are omitted for clarity. 
Legend: iron, turquoise; nitrogen, blue; sulphur, yellow; carbon, grey. 

 

The unit cell for 6a (Fig. 63) is defined by the dimensions of the formula unit for the complex 

as Z = 1. Due to the absence of long alkyl chain functionality, the complex is a more regular 

shape, with similar lengths observed between the three crystallographic axes. The short a axis 

measures 7.6199(3) Å which is similar to the equivalent axis in both 3C10 and 5C10 (Table 14). The 

b and c axes for 6a measure 8.4250(3) and 10.8971(4) Å, respectively. The longer c axis facilitates 

the extension of the methylthiane tails as well as the thiocyanate ligands which have main vector 

components along the c axis with minor b axis contributions. The shorter b and c axes in 6a 

compared to 3C10 and 5C10 is a consequence of no long alkyl chain unit residing in the structure 

of L4. The extension of the alkyl chain units in the aforementioned structures, being L2C10 and 

L3C10 analogue of 6a, occurs mainly along the b axis, with some c axis component. The lack of 

this long tail unit in 6a therefore results in a reduced length of the b and c axes. The packing of 
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6a is similar to the other analogues in that, the L4 ligands form short π···π contacts in two 

dimensions (centroid to centroid) (Fig. 64). Complexes of 6a align in the a axis via π···π contacts 

between pyridyl and triazolyl moieties of the L4 ligand units to form a 1D chain, measuring 

3.848(7) Å. The pyridiyl moieties are involved in a second form of π···π contact with the pyridyl 

moiety of a complex from a parallel 1D chain as previously described, measuring 3.758(11) Å. 

This results in a 2D sheet of complexes. There are also short S···S contacts between the sulphur 

atoms in the methylthiane tail units of the L4 ligands of distance 3.335(6) Å (Fig. 65). This 

secondary type of short contact produces a 3D network throughout the lattice of 6a, with the 

py···tz contacts propagating along the a axis, py···py contacts across the ab plane and the S···S 

contacts linking complexes along the c axis. 

 

 

Fig. 65 2D sheets of 6a formed by 1D chains of complexes linked by short py···tz short contacts 
along the a axis, which are cross-linked by short S···S contacts between the S atoms of the 
thioether units of the ligands. Short py···tz and S···S contacts shown as blue stippled cones. S 
atoms shown as isotropic and yellow. 
 

The short contacts between aromatic regions of the ligands, alongside hydrophobic 

interactions between alkyl chain units, are structure directing in 3C10 and 5C10, with the former 

producing the shortest intermolecular contacts in the lattice. In 6a these π···π contacts are 

undoubtedly structure directing; however, they do not constitute the shortest intermolecular 

contacts. The shortest S···S contacts between methylthiane tails are 3.335 Å in length (Fig. 65), 
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the shortest py···py contacts are 3.758 Å long whilst the shortest py···tz contacts measure 3.848 

Å. The Van der Waals radius of a sulphur atom is approximately 1.8 Å meaning that any genuine 

intermolecular interaction between two S atoms will be defined by a contact distance that is 

shorter in length than the sum of the two Van der Waals radii. In 6a the methylthiane contacts 

are 0.27 Å shorter than the sum of the two S atom Van der Waals radii, which is substantially 

smaller and thus, these sulphur bridges are likely to be the primary intermolecular interaction 

that exists between the complex units in the lattice. The π···π contacts in each of the compounds 

discussed in this chapter are actually greater in magnitude than the sum of the Van der Waals 

radii for two neighbouring C atoms, hence the reluctance to describe these intermolecular 

arrangements as interactions, despite their evident influence on the packing of the lattice. Such 

intermolecular interactions have been described as intermolecular disulphide bonds in the 

discussion of certain mechanisms of the superoxide dismutase enzyme.26 
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4.3.2.2 Variable temperature studies 

 

To investigate compound 6a in more detail from both a structural and magnetic standpoint, 

variable temperature single crystal XRD data was obtained in order to elucidate SCO in the solid 

state, as presented in the form of structural changes e.g. Fe-N bond lengths and N-Fe-N angles. 

Based on the previously discussed LS Fe(II) structure of 6a at 100 K, which was obtained from a 

separate single crystal, XRD data was collected at 100, 150 and 250 K from which a transition 

from the LS to HS state of the central Fe(II) ion was expected to be observed. Surprisingly, a 

polymorph of this compound (6b) was characterised and found to be discrete from 6a in its 

physical and structural properties. All structures of 6b were solved using direct methods in 

SHELXS20 and refined by full-matrix least-squares on F2 with ShelXL.21 Crystallographic details for 

both polymorphs 6a and 6b are located in Table 17 below.  

 

Table 17 Single crystal X-ray crystallographic details and parameters for 6a at 100 K and 6b at 
100, 150 and 200 K. 

Parameters 6a 6b·100K 6b·150K 6b·250K 
Formula C20H20FeN10S4 C20H20FeN10S4 C20H20FeN10S4 C20H20FeN10S4 
Mr 584.55 584.55 584.55 584.55 
Cryst syst triclinic monoclinic monoclinic monoclinic 
Space group P�1 P21/n P21/n P21/n 
a / Å 7.6199(3) 7.9366(2) 7.9915(10) 8.0185(2) 
b / Å 8.4250(3) 19.3103(2) 19.3600(3) 19.5068(5) 
c / Å 10.8971(4) 8.5464(2) 8.5789(2) 8.6359(3) 
α / deg 76.302(3) 90 90 90 
β / deg 72.735(4) 106.479(2) 106.796(2) 106.882(3) 
γ / deg 70.817(4) 90 90 90 
V / Å3 623.38(5) 1256.00(5) 1270.67(4) 1292.57(7) 
T / K 100 100  150 250 
Z 1 2 2 2 
ρcalcd / g.cm-3 1.557 1.546 1.528 1.502 
λa / Å 0.71073 1.54178 1.54178 1.54178 
No. of indep reflns 2848 2265 2305 2358 
No. reflns with I > 2σ(I) 2717 2214 2228 2172 
No. of params 161 161 161 161 
No. of restraints 0 0 0 0 
Final R1b, wR2c, (I > 2σ(I)) 0.0225, 0.0610 0.0459, 0.1135 0.0514, 0.1316 0.0482, 0.1273 
R1, wR2 (all data) 0.0236, 0.0616 0.0469, 0.1141 0.0528, 0.1322 0.0514, 0.1287 
Goodness of fit 1.060 1.216 1.288 1.243 
Largest residuals / e Å-3 0.402 0.436 0.529 0.421 
aGraphite monochromators bR1 = Σ[|F0| - |Fc|]/Σ[|F0|, cwR = [Σw(F02 - Fc2)/ΣwF04)]1/2 
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The single crystal XRD data for 6b were collected during cooling from ambient temperature 

down to 100 K in order to preserve any non-reversible phenomena observed as a function of 

initial cooling. Surprisingly, the three structures obtained were all in the monoclinic space group 

P21/n, unlike 6a which was solved in the centrosymmetric triclinic space group P�1. The single 

crystal that was analysed in the variable temperature study was deemed to be a polymorph of 

6 due to the identical molecular formula and structure that is observed between the two single 

crystals.  

 

Table 18 Selected bond lengths and parameters for 6a at 100 K, 6b·100K, 6b·150K and 6b·250K. 
Bond(s) 6a 6b·100K 6b·150K 6b·250K 
Lengths (Å)     
Fe1-N1  2.022(10) 2.165(3) 2.197(3) 2.202(3) 
Fe1-N2 1.972(10) 2.150(3) 2.187(3) 2.194(3) 
Fe1-N3 1.939(11) 2.083(3) 2.108(4) 2.110(4) 
Fe1-N4 2.022(10)a 2.165(3)a 2.197(3)a 2.202(3)a 

Fe1-N5 1.972(10)a 2.150(3)a 2.187(3)a 2.194(3)a 

Fe1-N6  1.939(11)a 2.083(3)a 2.108(4)a 2.110(4)a 

     
Angles (°)     
N1-Fe1-N2 80.5(4) 76.79(11) 75.92(12) 75.76(10) 
N1-Fe1-N3 90.4(4) 89.49(11) 89.60(13)) 89.53(11) 
N1-Fe1-N4 180.0b 180.00b 180.00b 180.00b 

N1-Fe1-N5 99.5(4)b 103.21(11)b 104.08(12)b 104.24(10)b 

N1-Fe1-N6 89.6(4)b 90.52(12) 90.40(13)b 90.47(11)b 

N2-Fe1-N3 87.8(4) 89.06(12) 89.13(14) 89.24(12) 
N2-Fe1-N4 99.5(4)b 103.21(11)b 104.08(12)b 104.24(10)b 

N2-Fe1-N5 180.0b 180.00b 180.00b 180.00b 

N3-Fe1-N5 92.2(4)b 90.94(12)b 90.87(14)b 90.76(12)b 

Fe1-N3-C10 173.8(10) 172.6(3) 172.6(4) 173.5(3) 
∑c 48.6(3) 58.7(8) 61.4(10) 61.9(8) 

a Bond lengths and b bond angles are symmetry generated using N4, N5 and N6 in place of N1’, 
N2’ and N3’. c octahedral distortion parameters are derived from the equation: Σ =∑ (|90-θi|)12

i=1 , 
(θi = N-Fe-N) where perfect octahedrons produce a value Σ = 0 and deviation from this value 
coincides with structural deformation of the coordination polyhedron. 
 

The molecular structure of 6b·100K matches that of 6a and is comprised of two equatorial 

bidentate chelating L4 ligands and two axial NCS anions (Fig. 61). The L4 ligands coordinate to 

the central Fe(II) ion through the pyridyl N1, triazolyl N2 and thiocyanate N3 nitrogen atoms. 

The asymmetric unit is composed of half the [FeII(L4)2(NCS)2] complex with an inversion centre 

located on the central Fe(II) ion however; the unit cell contains two molecular units of 6b·100K 

(Z = 2), which is twice that of 6a (Z =1). 6b·100K is octahedral with an FeN6 first coordination 

sphere. For 6b·100K the Fe-N bond lengths are intermediate but closer to typical values for HS 

Fe(II) ions (Table 18) unlike 6a which displays Fe-N bond lengths that are unambiguously 
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representative of a LS Fe(II) ion. The Fe-Npyridyl bond lengths are longer than that of the Fe-Ntrizolyl 

and Fe-NNCS bond lengths, decreasing in the listed order. For 6a at 100 K Fe1-N1 = 2.011(10) Å, 

Fe1-N2 = 1.972(10) Å and Fe1-N3 = 1.939(11) Å. For 6b·100K Fe1-N1 = 2.165(3) Å, Fe1-N2 = 

2.150(3) Å and Fe1-N3 = 2.083(3) Å. The average Fe-N bond length for 6a at 100 K is 0.155 Å 

longer than that of 6b·100K. The difference in average Fe-N bond lengths between the two 

polymorphs 6a and 6b·100K is approximately 77.5% of the commonly observed change in Fe-N 

coordination bond lengths as an Fe(II) ion transitions between the LS and HS states (ca. 0.2 Å).  

Another indication of the predominantly HS nature of the Fe(II) centres in 6b·100K are the 

cis N-Fe-N angles within the first coordination sphere. The standard measure of these angles 

and their deviation from idealised octahedral geometry is through Σ (Table 18).27 For 6a Σ = 

48.6(3) and for 6b·100K Σ = 58.7(8). The distinct difference between the two octahedral 

distortion parameters for each polymorph agree with the conclusions made from the Fe-N bond 

lengths previously, in that, the greater distortion of the coordination octahedron in 6b·100K 

compared to 6a suggests a greater population of HS Fe(II) centres are present in the former. 

Based on the structural properties for 6a it can be assumed that this polymorph contains a 

vanishingly small number of, if any, HS Fe(II) centres at 100 K.12,27,28 Finally, the smaller value of 

the Fe1-N3-C10 angle of the thiocyanate anions in 6b·100K compared to 6a is yet another 

indicator of the greater HS population in the former, as this is a trend that is observed in similar 

[Fe(L)(NCS)2] systems.23 Despite Σ being a useful measure of octahedral distortion, it is worth 

keeping in mind that it is not used as an absolute determination of the spin state of the metal 

ion and should be considered a guide to be used in tandem with the Fe-N bond lengths.   

An increase in temperature for 100 to 150 K brings about only subtle changes in the Fe-N 

bond lengths, as is to be expected considering the large percentage of HS centres present at 100 

K. For 6b·150K Fe1-N1 = 2.197(3) Å, Fe1-N2 = 2.187(3) Å and Fe1-N3 = 2.108(4) Å, which are 

suggestive of a HS Fe(II) centre. The average Fe-N bond length for 6b·150K is 2.164 Å, which is 

0.031 Å longer than for 6b·100K. Although the increase in Fe-N bonds is subtle it is significant as 

it is explicitly attributed to the conversion of LS Fe(II) centres to HS via thermally driven SCO in 

the solid state. Generally an increase in temperature would result in shortening of the 

coordination bond lengths due to libration effects,29 assuming the spin state and oxidation state 

of the metal are stable and constant throughout, which further suggests that a spin transition is 

responsible for these structural changes. The increase in Fe-N bond lengths between 6b·100K 

and 6b·150K are most pronounced between neutral L4 pyridyl and triazolyl N donors (Δr = 0.032 

and 0.037 Å, respectively) with the Fe1-N1 and Fe1-N1’ bond lengths only increasing by 0.025 Å. 

The smaller increase in Fe1-N1 and Fe1-N1’ distances can be rationalised by considering the 
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additional ionic contribution towards the Fe-NNCS coordination bond due to the negatively 

charged nature of the thiocyanate ligand compared to the generally dative covalent nature of 

the coordination bonds originating from the neutral L4 ligand units.24 Accompanying the 

increased Fe-N distances in 6b·150K is deformation of the coordination octahedron further away 

from idealised octahedral geometry. Σ increases from 58.7(8) in 6b·100K to 61.4(10) in 6b·150K 

as expected considering the increase in HS population within the single crystal sample. Although 

the increase in the cis N-Fe-N angles are subtle, the most significant increases are observed 

between the pyridyl and triazolyl moieties of opposite L4 units. This observation aligns well with 

the larger degree of equatorial elongation of the Fe-N bond lengths between L4 units and the 

central Fe(II) ion compared to that of the axial thiocyanates. 6b·150K displays Fe-N bond lengths 

that indicate an almost completely HS system.  

 

 

Fig. 66 Molecular structures of 6b and their corresponding crystallographic parameters at 100, 
150 and 250 K. 
 

6b·250K exhibits Fe-N bond lengths that are unambiguously those of a completely HS Fe(II) 

system. The long Fe1-N1 and Fe1-N1’ bonds between the pyridyl moieties and Fe(II) centre 

measure 2.201(3) Å, closely followed by the Fe1-N2 and Fe1-N2’ bonds of the triazolyl moieties 

at 2.194(3) Å. The coordination bonds between the axial thiocyanates (Fe1-N3 and Fe1-N3’) 

remain significantly shorter than those of the L4 ligand units for the reasons discussed previously 

and measure only 2.110(4) Å. The increases in Fe-N distances between 6b·150K and 6b·250K are 

still noticeable and remain relevant in terms of the SCO observed in the monoclinic single crystal 

polymorph (Fig. 66). The angular distortions of the coordination octahedron are similarly subtle 

after the 100 K rise in temperature between 6b·150K and 6b·250K increasing from 61.4(10) to 

61.9(8). The minute increases in octahedral distortion accompanying the larger rise in 

temperature between 6b·150K and 6b·250K suggests that the fraction of Fe(II) centres that 
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remain in the LS state at 150 K is small and probably become effectively zero upon a small degree 

of further heating. An immeasurably small number of, if any LS Fe(II) centres remain in this 

polymorph at 250 K. 

From the analysis of the geometric transformations as a function of increased temperature 

throughout the three structures it is clear that the two polymorphs of the [FeII(L4)2(NCS)2] 

compound exhibit vastly different magnetic behaviours in the solid state as single crystals. At 

100 K the triclinic polymorph 6a exhibits LS characteristics in its molecular geometry that 

suggests a completely LS Fe(II) population is present whereas the monoclinic polymorph 

6b·100K exhibits approximately 98% HS population at the same temperature, undergoing 

almost complete conversion of LS centres to HS by 150 K. Based on the indistinguishable single 

crystals of 6a and 6b at room temperature being yellow in colour, quickly changing to orange 

once cooled with liquid nitrogen. It is possible that the triclinic polymorph 6a undergoes SCO at 

a higher temperature than the monoclinic polymorph, which must be attributed to the 

intermolecular contacts and packing motif of the single crystal rather than the molecular 

electronics, considering they are of the same molecular make up. Without a high temperature 

single crystal structure it is not possible to confirm that 6a is SCO active, although, the yellow 

colour of both crystals at room temperature suggests that 6a is probably HS at 293 K. Although 

no further inferences on the nature/type of SCO can be made from the single crystal data it is 

clear that the small differences in intermolecular interactions play a crucial role in the SCO of 

this material (vide infra). 

 

 

Fig. 67 Unit cells at 100 K for 6a (left) and 6b (right) in the bc plane. Hydrogen atoms omitted for 
clarity. Legend: iron, turquoise; nitrogen, blue; sulphur, yellow; carbon, grey.  
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Fig. 67 illustrates how the unit cells of 6a and 6b·100K differ and highlights the difference in 

the packing modes of the 1D chains of the complex units between the two polymorphs. The 

lattice packing in 6a and 6b have similarities and differences, which are evidenced by the two 

main types of intermolecular contacts observed for this system: short π···π and S···S contacts. In 

6a these two types of intermolecular contacts appear to be structure directing, facilitating the 

formation of a series of 1D chains of 6a along the a axis only via π···π contacts, which are 

interlinked in the third dimension via secondary interchain π···π contacts between py moieties 

and S···S contacts between adjacent methylthiane tails (Fig. 64 and 65). 6b differs from 6a in the 

orientation of π···π contacted 1D chains and also the intermolecular contact distances between 

methylthiane tails of the L4 units. The shortest S···S contacts in 6a at 100 K are between the 

sulphur atoms of the methylthiane tails of two neighbouring complexes, measuring 3.335(6) Å. 

For 6b between 100-250 K the shortest S···S contacts are between the sulphur atom of a 

thiocyanate ligand from one complex and the sulphur atom of a methylthiane tail of a nearby 

complex (Fig. 68), with a much larger interatomic distance of 3.802(14) Å (at 100 K).  

The intrachain π···π contact distances between py and tz centroids for 6b·100K measure 

3.862(2) Å (Fig. 68 top) - only 0.014 Å greater than the same contacts for 6a. Similarly, the 

minimum Fe···Fe contacts for 6b are between Fe centres that are part of 1D π···π contacted 

chains and measure 7.620 (3) and 7.937(2) Å for 6a and 6b, respectively, which is over twice as 

large an increase as the π···π contacts. A more significant increase in π···π distance is observed 

between py moieties of adjacent 1D chains, which are 4.032(3) Å in 6b·100K and only 3.758(11) 

Å in 6a. The greater interchain py···py distances suggest that the packing of the 1D chains of 

py···tz contacted complex units are not as compact in 6b·100K as they are in 6a. Furthermore, 

the shortest intermolecular contact observed in 6a are S···S contacts between methylthiane tails 

of adjacent complexes (Fig. 65). The simpler packing in 6a facilitates the close intermolecular 

distances between the S atoms of different L4 ligands whereas in 6b·100K the more complex 

alternating orientations of the 1D chains of complexes mitigates the association of the S atoms 

between adjacent chains of complexes. The result of this is a separation of the methylthiane 

tails in 6b·100K in a drastic manner. The 6b·100K polymorph has a minimum S···S contact of 

3.802(14) Å, which is 0.467 Å greater than the 3.335 Å observed in 6a. in addition, the two S 

atoms involved in the shortest contacts in the structure of 6b·100K occur between a 

methylthiane tail and a thiocyanate unit (Fig. 68 bottom), which is vastly different to those in 6a 

which are between close by L4 units. Considering that similar intermolecular π···π contact 

distances are observed in both 6a and 6b·100K it does not seem satisfactory to place an 

emphasis on the discrepancies between these values as the major factor in the difference in HS 
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Fe(II) centres that exist at 100 K in either of the polymorphs. Instead, an explanation as to why 

the magnetic behaviour of the polymorphs are varied so significantly might be down to the 

extreme difference in both the packing of the 1D chains of complexes as well as their interchain 

S···S contacts. The two motifs by which the complexes form 1D chains in 6b·100K cause the 

separation of methyltiane tails of L4 ligands between adjacent complexes from different chains. 

This also results in the shortest S···S contact occurring between an L4 unit and a thiocyanate 

unit, as opposed to two L4 units in 6a. The increase in intermolecular distances between the 

chains of complexes of 6b·100K should naturally result in a decreased degree of cooperativity in 

the solid state, with the strength of the elastic interactions diminishing as a function of 

interatomic distance. 

 

Fig. 68 1D chains of 6b·100K via short intermolecular π···π contacts along propagated along the 

a axis (top) and S···S contacts between adjacent π···π 1D chains (bottom).  
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The unit cell of 6b transforms with temperature as to accommodate the increased volume of 

the complexes due to SCO whilst conserving the monoclinic parameters of the P21/n space 

group. The changes in crystallographic axes for 6b between 100-250 K are shown in Fig. 69. 

 

 

Fig. 69 Plots showing how the unit cell axes of 6b change with temperature. 

 

 

Fig. 70 Short S···S contacts in polymorphic crystal systems 6a and 6b at 100 K. 
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Accompanying the elongation of the crystallographic axes defining the unit cell of 6b is the 

elongation of the intermolecular contact distances that are responsible for the magnetic 

properties associated with the polymorph. As mentioned previously, the S···S contacts are likely 

to be the most significant contributor to these vastly different magnetic properties although the 

π···π contacts may play some role. The shortest S···S contact in 6b·100K is situated in the ab 

plane and occurs between the methylthiane S1 atom of one complex and the S2 atom of a 

thiocyanate ligand from a neighbouring complex (Fig. 70). The S···S contact in 6b·100K of 

3.802(14) Å rises to 3.814(15) Å in 6b·150K and 3.892(14) Å in 6b·250K. The increase in this 

interatomic distance is expected to accompany the increase in volume of the complexes due to 

SCO however; in all three structures for 6b the minimum intermolecular S···S contacts are 

greater than the sum of the Van der Waals radii for the two S atoms (2rsulphur = 3.6 Å), which is 

likely to be the cause of the different magnetic properties of the polymorphs. This is unlike 6a, 

which exhibits S···S contacts that are shorter than the combined Van der Waals radii, suggesting 

that an intermolecular interaction may be present. To summarise, the S···S contact in 6b is 

different in type and distance to those of 6a and show no markers of genuine intermolecular 

interaction between complexes. This would support the earlier inferences that the SCO in 6b is 

centred at a lower temperature than 6a and likely to be less abrupt, although this is speculative 

without solid state magnetometry to support. The gradual increase in HS fraction of Fe(II) 

centres in 6b as temperature is increased could be explained by a Boltzmann-type thermal 

equilibration of SCO centres without any strong cooperativity.  
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4.3.3 Solid state observations 

 

Direct measurement of the magnetic properties of compounds 2C10-6 were either 

unnecessary or logistically impractical. Homoleptic complexes of L2C10 and L3C10, isolated as the 

BF4
- salts (2C10 and 4C10, respectively) contain a LS Fe(II) ion at 100 K, as revealed by single crystal 

XRD studies. These compounds, which are dark orange at room temperature, did not undergo 

any colour change when submerged for extended periods of time in liquid nitrogen (below 100 

K). Through these observations it can be presumed that the homoleptic compounds are not SCO 

active in the solid state as the BF4
- salts. The heteroleptic compounds of the L2C10 and L3C10 

ligands (3C10 and 5C10) display the opposite behaviour to the homoleptic species, in that, at 100 

K the Fe(II) ions of the neutral complexes are HS, as per single crystal XRD studies. Furthermore, 

the compounds are yellow at room temperature, which is a typical indicator of HS Fe(II) species. 

Lastly, the IR spectra for the heteroleptic complexes 3C10 and 5C10 both possess C≡N absorption 

bands at 2052 and 2034 cm-1 that correspond to the coordinated NCS and NCSe anions to HS 

Fe(II) (Figs B28 and B30).5 These observations alone suggest that the heteroleptic compounds 

are HS between 100-293 K; however, to be certain, polycrystalline samples were submerged in 

liquid nitrogen for approximately 5 min, through which the yellow colour persisted. Therefore, 

the assumption that there is no thermally driven SCO behaviour in 3C10 and 5C10 in the solid state 

between ca. 77-293 K can be made. It may be possible that 3C10 and 5C10 undergo SCO at a 

temperature much lower than 77 K; yet, none of the physical characterisation methods 

employed in this thesis are capable of performing measurements at such extremely low 

temperatures (single crystal XRD lower limit = 75 K). 

Interestingly, freshly prepared crystals of the heteroleptic complex 6a and 6b, which contain 

the N-substituted thioether “tail” group on the L4 unit are bright yellow. Single crystal XRD 

studies reveal a LS Fe(II) ion resides at the centre of the coordination octahedron at 100 K. The 

typically HS colouration of 6a at room temperature and the unambiguously LS Fe-N bond lengths 

from the 100 K structure indicated that 6a is SCO active in the solid state. Submerging freshly 

prepared single crystals of 6a and 6b in liquid nitrogen brought about a vivid colour change of 

bright yellow to orange upon cooling. After the sample was removed from liquid nitrogen the 

sample then proceeded to undergo the reverse process and underwent an orange to bright 

yellow colour change as the sample warmed in the ambient air. 6b does not undergo a significant 

degree of SCO between room temperature and 100 K, which suggests that the colour change 

observed from cooling a mixture of both crystal types is due to the conversion 6a from the HS 

to LS state. Despite this, it cannot be known for certain that 6b does not undergo an abrupt spin 
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transition at liquid nitrogen temperatures, therefore, the possibility that 6a is LS trapped whilst 

SCO in 6b is responsible for the colour change in the solid state, cannot be ruled out, but it is 

unlikely. Unfortunately, 6a and 6b are highly unstable in atmospheric conditions and oxidise 

when left overnight. The resulting compound might then be the oxidised Fe(III) species and is 

brown in colour. After the oxidation event, the compound does not undergo the same reversible 

thermally driven SCO. The issues with the stability of 6a and 6b in aerobic conditions meant that 

SQUID measurements could not be obtained on the Fe(II) SCO active compound. This instability 

to air is potentially a ligand-derived property, as the L4 ligand displays similar instability when 

exposed to air, forming a brownish-black residue from an initially pale orange paste.  
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4.3.4 Differential scanning calorimetry 

 

The physical properties of the Fe-containing compounds in the solid state using were 

elucidated using DSC, with particular focus being placed on crystallographic and possible 

mesogenic properties. Based on the observations of compounds 2C10-6 in the solid state, only 

6b and possibly 6a undergo thermally driven SCO, with homoleptic compounds 2C10 and 4C10 

containing LS Fe(II) centres up to 400 K and heteroleptic compounds 3C10 and 5C10 containing HS 

Fe(II) centres down to at least 100 K. Based on these assumptions, peaks in the DSC 

thermograms for the non-SCO active compounds stem from crystallographic transitions, whilst 

peaks between 193-293 K for 6a and 6b may be either crystallographic or magnetic in nature. 

As the crystals of 6a and 6b could not be separated, all DSC was conducted on a mixture of both 

polymorphs. Crystals of each compound were analysed between 193-473 K via cyclic DSC. The 

measurements began at 293 K before cooling to 193 K. The temperature was then cycled 

between 193-473 K three times. 

 

 

Fig. 71 DSC thermogram of 2C10.  
 

2C10 is in the LS state at 100 K and has an average Fe-N bond length of 1.959 Å. 2C10 displays 

a set of hysteretic peaks centred at 243.5 K (ΔT = 3 K) (Fig. 71), which are generally lower energy 
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transitions when compared to 1C6-C10 from the L1Cn ligand series but are within the same order 

of magnitude as the low temperature transitions in terms of both ΔH and ΔS. These peaks occur 

upon cycling of the temperature through multiple iterations of the 193-473 K range suggesting 

a reversible crystallographic transition in the LS species. These transitions are not believed to be 

due to SCO as the colour of the crystals remain a dark orange between room temperature and 

77 K. The thermodynamic parameters of the transitions are located in Table 19 vide infra. 

 

 

Fig. 72 DSC thermogram for 3C10. 
 

3C10 is in the HS state at 100 K and has an average Fe-N bond length of 2.130 Å. 3C10 behaves 

very differently to its homoleptic analogue (Fig. 72) and appears to undergo a small endothermic 

transition upon initial heating before undergoing two further transformations at 367 and 382 K, 

which are two and one orders of magnitude greater, respectively, in terms of values of both ΔH 

and ΔS (Table 19). Cooling the sample down results in the observation of one individual peak at 

262 K, which is much smaller in energy than the 367 and 382 K peaks but significantly larger than 

the initial peak at 272 K. Cycling of the temperature back through two further iterations 

produces the same thermogram, with a pair of hysteretic peaks, centred at 267 K, with ΔT = 10 

K and the endothermic peak occurring at higher temperature. The poor quality of the small peak 
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observed upon first heating was investigated by employing MDSC, which showed that the 

transition is genuine and weak (Fig. 73). This confirms that although the location of the lowest 

temperature transition from first heating and the endothermic transitions from the subsequent 

cycles occur at the same temperature, they do not represent the same process. 

 

Fig. 73 Overlay MDSC/DSC thermograms for 3C10. 
 

Table 19 Thermodynamic parameters from DSC measurements of 3C10.  
3C10 T (K) ΔH (kJ mol-1)a ΔS (J mol-1 K-1)b T (K) ΔH (kJ mol-1)a ΔS (J mol-1 K-1)b 
1st cycle 272 0.22 0.81 367 13.09 35.68 
1st cycle 383 3.35 8.74 262 -3.07 11.73 
2nd cycle 272 3.16 11.63 262 -2.04 7.77 
3rd cycle 272 2.26 8.30 262 -0.57 2.16 

a obtained from equation 20.1, b obtained from ΔH/T. 

 

The thermodynamic properties of the transitions are located in Table 19 above. After the first 

heating of 3C10 it is clear that a new crystallographic phase is occupied and maintained 

indefinitely. The two high temperature peaks at 367 and 383 K do not reappear in the second or 

the third thermal cycles; yet, the low temperature pair of hysteretic peaks centred at 267 K 

persist. What is also noticeable is that the energy of the transitions in the second and third cycles 

diminish. This gradual decrease in the thermodynamic properties of the transitions suggests that 
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the process responsible for these is quasi-non-reversible, as only a certain percentage of the 

samples is able to undergo the same process in subsequent thermal cycles. Due to the presence 

of lattice water in 3C10 as evidenced by elemental analysis, the higher temperature peak at 383 

K in the initial heating cycle could be the loss of water solvate molecules as the temperature is 

close to that of the boiling point for bound H2O. Transitions observed in the DSC for 3C10 are 

likely to be crystallographic in nature as the compound is in the HS between room temperature 

and 100 K, as determined by the single crystal XRD studies. 

 

 

Fig. 74 DSC thermogram for 4C10. 
 

4C10 is in the LS state at 100 K and has an average Fe-N bond length of 1.926 Å. 4C10 displays 

a similar pair of peaks as 2C10 and 3C10 upon the initial cooling from 303 K to 193 K and heating 

to 473 K, occurring at low temperatures (< 293 K) with similar thermodynamic parameters (Table 

20 vide infra). Heating 4C10 beyond 400 K induces an irreversible transition centred at 

approximately 429 K (Fig. 74) with ΔH = 23.02 kJ mol-1 and ΔS = 53.67 J mol-1 K-1. After the 

transition at 429 K the previous phase is not reinstated with cooling of the sample and the low 

temperature pair of peaks at 239 and 253 K are not observed in subsequent cycles, which may 

be due to the loss of lattice diethyl ether or decomposition. In either case, the crystallinity of the 

sample is clearly diminished as a result of this high temperature transition. Cooling from 429 K 
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produces a strange artefact at 277 K which does not have the shape of a conventional transition 

type. This may be simply an artefact or a more complex type of transition however, there does 

not appear to be a reverse process when heating from 193 K, suggesting the former is most 

likely. The magnitude of the transition at 429 K is comparable to that of the earliest non-

reversible process observed in initial heating of 3C10, although the process in the latter appears 

to be a two-phase transition. Interestingly 3C10 and 4C10 vary in both ligand type and first 

coordination spheres, with the former being heteroleptic and the latter homoleptic. This may 

suggest that the high temperature non-reversible processes seen between analogous 

compounds may be derived from the alkyl chain functionalities that are shared between the two 

species. The 429 K transition dwarfs those observed at lower temperatures and could be due to 

thermal decomposition or occupation of a new crystallographic phase. The lack of any 

transitions after this point suggests that the newly occupied state is maintained from here on. It 

is unsurprising that both 2C10 and 4C10 exhibit the same low temperature phase changes in the 

solid state due to their similarity in both molecular and lattice structure. What is interesting 

though is that the thermal stability of the phase above 240 K diminishes as the trifluoromethyl 

group is introduced to the complex in 4C10. This is evidenced by the lack of a high energy non-

reversible transition at high temperatures in 2C10. As 4C10 is LS at 100 K and does not appear to 

change colour upon cooling from room temperature down to 77 K, hence, transitions in the DSC 

thermogram are crystallographic in nature and not due to SCO. 

 

 

Fig. 75 Cyclic DSC thermogram for 5C10.   
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5C10 is in the HS state at 100 K and has an average Fe-N bond length of 2.163 Å .After initial 

cooling from 303-193 K, heating of 5C10 produces a singular endothermic transition at 335 K. 

Cooling the sample from here induces the reverse process at a lower temperature of 304 K (Fig. 

75). These relatively low temperature transitions are similar to those observed in 4C10 (Tav = 246 

K) and 2C10 (Tav = 267 K) but appear at slightly higher temperatures (Table 20). Although the 

transitions in 5C10 occur at higher temperatures to the similarly low temperature transitions of 

4C10 and 2C10, values of ΔH and ΔS are highly similar across all three compounds; with a slight 

increase for 5C10 (Table 20). Interestingly, of the comparable low temperature transitions across 

the family of compounds, it is compounds 2C10 and 4C10 with homoleptic, cationic complexes 

that produce the lowest temperature reversible crystallographic transitions (ca. 242-243 K), with 

similarly smaller energies of transition, whereas the heteroleptic, neutral complexes 3C10 and 

5C10 produce higher temperature reversible transitions (centred at 267 and 320 K for 3C10 and 

5C10, respectively). This may seem counter intuitive considering that the homoleptic species 2C10 

and 4C10 incorporate strong ionic interactions between the cations and tetrafluoroborate anions 

throughout the lattice, whilst the neutral complexes 3C10 and 5C10 are limited to weaker 

intermolecular interactions such as Van der Waals forces, dipolar interactions and of course the 

hydrophobic interactions between alkyl chain units. Furthermore, the thermal hysteresis 

between the endo and exothermic transitions is larger in compounds 3C10 and 5C10 (10 and 31 

K, respectively) that contain neutral complexes than it is for compounds 2C10 and 4C10, which 

contain cationic complexes. These observations suggest that the intermolecular interactions 

between the complexes for each compound do not play a significant role in the temperature of 

energy of the transitions in the DSC. Alternatively, the peaks in the DSC are more likely to be due 

to crystallographic phase changes from the conformational change in alkyl chain units, which 

are present in all four complexes.30 

 

Table 20 Thermodynamic parameters from DSC measurements of 2C10 and 5C10.  
 Heating   Cooling   
 T (K) ΔH (kJ mol-1)a ΔS (J mol-1 K-1)b T (K) ΔH (kJ mol-1)a ΔS (J mol-1 K-1)b 
2C10 245 1.06  4.33 242 -0.93 3.06 
3C10 272c 0.22c 0.81c 262c -3.07c 11.73c 

4C10 253 1.00 3.98 239 -1.53 6.41 
 429 23.02c 53.67c 277 4.80c 17.35c 

5C10 335 1.51 4.50 304 -0.92 3.83 
a obtained from equation 20.1, b obtained from ΔH/T. c obtained from first cycling of the 
temperature range. 
 

At 100 K 6a is in the LS state (average Fe-N = 1.978 Å) and 6b is in the HS state (Average Fe-

N = 2.133 Å). A mixture of polymorphs 6a and 6b did not exhibit any peaks between 193-473 K 



Chapter 4 

170 
 

(Fig. B24), which suggests that any spin transitions take place at a temperature between 0-193 

K, which is out of the measurable range of the instrument. This is in agreement with the single 

crystal XRD data which showed an almost completely HS state for 6b at 150 K. The 6a polymorph 

is expected to have a higher T1/2 value than 6b as per the shorter Fe-N bond lengths at 100 K, 

which means that SCO would be visible in the DSC thermogram however; it is possible that as a 

sample with a mixture of both polymorphs present the ratio of 6a:6b is low and thus the SCO is 

not detected via DSC methods. Separation of the two polymorphs was not possible due to the 

indistinguishable appearance of both crystals, which meant that independent analysis of each 

polymorph was not achieved. As neither 6a or 6b produce any transitions between 193-473 K, 

the transitions in the alkyl chain containing compounds (2C10-5C10) could originate from 

structural transitions arising from the conformational changes in the alkyl chain units, hence 

their absence in 6a and 6b, which do not contain a long alkyl chain group in their molecular 

structure. The type of crystallographic transitions observed in this family of compounds would 

be similar to the “rotamer” style transitions30 discussed in the previous chapter, whereby the 

anti/gauche arrangement of the aliphatic CH2 groups of the N-alkyl chain units of the ligands are 

susceptible to rotation and thus alteration of the conformation of the alkyl chains with 

temperature.   
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4.3.5 Infrared spectroscopy 

 

Infrared spectroscopy can provide insight into the structural and magnetic properties of 

metal complexes due to the vibrational differences between electronic states, including the LS 

and HS states of SCO compounds. For Fe(II) the LS 1A1g and HS 5T2g ground electronic states are 

vibrationally isolated, with the former having symmetrical breathing modes.31–33 Due to the 

coupling of the phonon system with the electronic states of Fe(II) ions, the HS population of SCO 

compounds can be tracked using some characteristic infrared-active absorption bands. SCO 

compounds containing NCX anionic ligands are particularly pertinent to this approach as the C≡N 

absorption band is distinct and easily identified. This nitrile stretch usually appears at ca. 2107 

cm-1 for the LS 1A1g state and between 2040-2070 cm-1 for the HS 5T2g state.5 As 2C10 and 5C10 do 

not contain a nitrile bond in their molecular structures they could not be analysed in this way. 

 

Fig. 76 Partial IR spectra of 3C10, 5C10 and 6 at 293 K. 

 

The corresponding absorption bands for NCS (5C10 and 6) and NCSe (3C10) nitrile functions 

are displayed in Fig. 76. C≡N νmax for the NCS-containing 5C10 and 6 is 2043 and 2065 cm-1, 

respectively. No absorption bands appear near 2100 cm-1, which in combination with the strong 
5T2g absorptions is a clear indication that a solely HS population exists at 293 K in the solid state 

for these NCS compounds. The same observations are made in 5C10, which contains NCSe 

ligands, displaying C≡N νmax of 2043 cm-1 and no absorption near the 2100 cm-1 mark. It is clear 

that in all the NCX (X = S, Se) containing compounds of Fe(II), the HS state dominates, confirming 

the conclusions made from X-ray crystallography and DSC studies.  
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4.3.6 Solution-based studies 

 

4.3.6.1 NMR studies 

 

NMR spectroscopy was used to elucidate the structural properties of 6a and 6b in solution. 

This was carried out primarily due to the fact that both polymorphs decompose in aerobic 

conditions. The aim was to confirm that 6a and 6b were chemically in-tact during NMR 

measurements so that subsequently the Evans method could be used to probe the magnetic 

properties of the compound in solution. Additionally, as these measurements are conducted in 

solution, the distinction between the two polymorphs does not apply. Assignment of the pyridyl 

and triazolyl proton environments was achieved primarily via COSY NMR. For the COSY analysis 

of 6a/6b (mixture of polymorphs), only the broad singlet labelled as b in Fig. 77 showed no 

coupling with any other proton environment in the 7-9 ppm region. For this reason, it is highly 

likely that the triazolyl proton gives rise to this signal, which is separated from the next aromatic 

proton by three chemical bonds compared to the other pyridyl environments which are all only 

one C-C bond apart. The integration of singlets located at 5.42 and 2.18 ppm suggests that the 

environments are that of a CH2 and CH3, respectively, which are not coupled as per COSY 

analysis. The DEPT spectrum also confirms this conclusion as the peak at 5.42 ppm produces a 

negative 13C signal whilst the peak at 2.18 ppm produces a positive 13C signal. 

 

 
Fig. 77 Overlay 1H NMR spectra for 2-(trimethylsilylethynyl)pyridine (bottom), L4 (middle) and 6 
(top) with peak assignments and associated molecular structures.  
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Analysis of the 1H NMR spectrum for 6a/6b is complicated by the fact that it is a paramagnetic 

Fe(II) species. Consequentially, the resolution of the 1H spectrum decreases as the isotropic shift 

increases. The main difference between the two 1H NMR spectra for L4 and 6a/6b is the 

broadness of the peaks, which is to be expected from an Fe complex with non-zero values of S. 

Clearly b, c and e, arising from the H atoms on the 5-triazolyl and 3,4-pyridyl carbon atoms, are 

the most highly affected by the formation of the Fe complex, whilst a and d environments 

remain in similar locations, in terms of chemical shift. Of course, the fact that 1H NMR for L4 is 

in CDCl3 while 6 was obtained in DMSO-d6 must be considered, which will contribute some 

changes to the chemical shifts of the proton environments. As with 6, 2C10 and 4C10 produce 1H 

NMR spectra in DMSO-d6 that have broad signals and a large amount of isotropic shift. Despite 

this, the spectra for the homoleptic complexes 2C10 and 4C10 are a good match to the L2C10 and 

L3C10 ligands, respectively (Fig. B8 and B10). The only noticeable difference in the 1H spectrum 

of 2C10 (Fig. B15) to the L2C10 ligand (Fig. B8) is an extra peak at approximately 9.4 ppm, which is 

shifted significantly downfield compared to the other peaks in the aromatic region. The origin 

of this peak cannot be assigned with any certainty but it must also be noted that the ligand and 

complex were analysed in CDCl3 and DMSO-d6, respectively. For 4C10 all the peaks in the 1H 

spectrum of the L3C10 ligand are accounted for but no additional peaks are observed. This 

suggests that the complexes are stable to ligand exchange and solvent coordination in DMSO-

d6, which might otherwise complicate the identification of what species are present, such as 

with the 1Cn compounds from chapter 3. The 1H NMR spectra for 2C10, 4C10 and 6a/6b in DMSO-

d6 are a good match to their respectively ligands and indicate that the complexes remain 

structurally in-tact in solution. This is encouraging as it implies that the magnetic susceptibility 

measurements of each species represent the magnetic susceptibility of the complexes that were 

structurally identified via single crystal XRD studies, as opposed to combinations of different 

adducts formed by ligand exchange/solvent coordination to the Fe centres. 
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4.3.6.2 Magnetic susceptibility measurements 

 

Magnetic susceptibility measurements were obtained for 2C10, 4C10 and 6 in DMSO-d6 via the 

Evans method (see chapter 2 section 2.1.2).34,35 Single crystal XRD studies revealed a LS Fe(II) ion 

at the centre of both complexes 2C10 and 4C10 at 100 K in the solid state, but upon solvation by 

DMSO-d6 the complexes exhibit seemingly paramagnetic behaviour. The χMT values for 2C10 and 

4C10 at 303 K are 2.88 and 3.44 cm3 mol-1 K, respectively. For both 2C10 and 4C10 the value of χMT 

remained unchanged upon heating to 363 K (Fig. B9 and B11). The χMT value of 2.88 cm3 mol-1 K 

for 2C10 in DMSO-d6 suggests that the majority of Fe(II) centres are in the HS state, with a small 

population occupying the LS state. The HS fraction (γHS) of Fe(II) ions within the sample of 2C10 

is approximately 84%. For 4C10 the χMT value of 3.44 cm3 mol-1 K is representative of a completely 

HS Fe(II) system.36–38 Much like compounds 1C4-C16 from chapter 3, the strong field L2C10 and 

L3C10 ligands, when in a homoleptic octahedral complex environment, produce LS crystalline 

materials but seem to have a large population of HS Fe(II) centres once in solution. This could 

be due to many factors, including solvent association effects, solvolysis and ligand 

deprotonation equilibria,39–41 although as of yet there is no definite correlation that applies 

universally between these parameters and the observed spin state of the Fe(II) ions. 

The χMT value for 6a/6b in DMSO-d6 was 0.45 cm3 mol-1 K, which could suggest one of two 

regimes: a LS Fe(III) species or a combination of LS/HS Fe(II) species. The value of χMT is larger 

than calculated spin-only values for an octahedral Fe(III) species, which is expected due to the 

orbital contributions to the observed magnetic moment.42–44 The yellow colour of freshly 

prepared 6a/6b was diminished upon solvation of the compound in the deuterated NMR 

solvent, transitioning to orange, which supports previous conclusions of an oxidation of the Fe(II) 

centre occurred prior to and/or during the NMR measurements. Heating the sample of 6a/6b  

did not bring about any notable change in magnetic susceptibility. Regrettably, the high degree 

of sensitivity of 6a/6b to air and moisture drastically hindered the characterisation of the Fe(II) 

species of 6a/6b. 

As with any Fe(II) systems that display large χMT values, there is some concern that oxidation 

of the Fe(II) species may impart a partial contribution to the resultant magnetic susceptibility 

measurement, considering the χMT value is lower than that which is expected of 100% HS Fe(II) 

regimes, the Fe(III) contribution would realistically either be derived from small amounts of ions 

in the LS state or a combination of all four states of the oxidised form (LS/HS and for each ion), 

which is highly unlikely. The possibility of contributions from an Fe(III) species can be scrutinised 
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through UV-vis absorption studies, which were conducted in the same solvent system as the 

magnetic susceptibility measurements (vide infra).  

 

4.3.6.3 UV-vis studies 

 

The UV-vis absorption properties of Fe(II)/(III) complexes have some noticeable differences 

within the UV-visible region. The UV-vis absorption of Fe(II) systems generally varies between 

which spin state is occupied at the temperature at which the analysis is conducted. 

Characteristic discrepancies between the absorption data for low and high-spin Fe(II) systems 

are observed in the location and intensity of the d-d transitions; in very strong ligand fields the 

LS state typically has a medium strength (200-400 dm3 mol-1 cm-1) 1A1→1T1 transition at ca. 320 

nm whilst in very weak ligand fields the HS state has weak 5T2→5E bands between 800-900 nm 

(1-2 dm3 mol-1 cm-1).45 It is important to remember that the molar extinction coefficients for 

these transitions can change in magnitude depending on the system, especially in those that are 

SCO active. The absence of large charge transfer bands within the 300-350 nm region confirms 

that no Fe(III) ions are present in the sample solutions of 2C10 and 4C10 (Fig. 78), which reinforces 

the conclusions from the solution magnetic susceptibility measurements. There are weaker 

transitions in the complexes at 341 and 353 nm for 2C10 and 4C10, respectively, with molar 

extinction coefficients that are too large to be attributable to d-d transitions (Table 21). Although 

these absorption bands satisfy, to some extent, the criteria for LS Fe(II) ions and the 1A1→1T1 

transition, there is also a comparable peak in the ligand at 377 nm (ε = 209 dm3 mol-1 cm-1). It is 

possible that the weak transitions in the complexes are blue-shifted ligand-based π→π* 

transitions, or perhaps a binary combination of residual LS Fe(II) populations, MLCT46 or ligand 

π→π*. 
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Fig. 78 UV-visible absorption spectra for L2C10 (identical to L3C10) and 3C10 and 5C10 in DMSO. 

 

Table 21 Absorption peak data for UV-vis spectra of L2C10 (L3C10), 2C10 and 4C10. 
 L2C10 2C10 4C10 
λ (nm) 276 377 298 341 sh 270 290 sh 353 
E (cm-1) 36232 26525 33557 29326 37037 34483 28329 
ε (dm3 mol-1 cm-1) 17939 209 20781 763 69000 48413 1708 

 

As the 5T2→5E transition from the HS Fe(II) ion is usually observed between 800-900 nm, 

which was out of the measurable range of the instrument, both 2C10 and 4C10 appear to be 

predominantly in the HS state but have a small population of LS centres present, which give rise 

to the weak absorption bands at 377 and 341 and 353 nm, respectively. This is in agreement 

with the magnetic susceptibility measurements for both compounds in DMSO-d6.  
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4.4 Conclusions 

 

In this chapter the relationships between the induced ligand field strength of planar aromatic 

bidentate chelators L2C10, L3C10 and L4 when deployed in either tris chelate complexes or 

heteroleptic bis chelate complexes with NCX co-ligands (X = S, Se) have been investigated. 

Secondly, the effect of the substituent groups on the 4-pyridyl and 1-triazolyl positions of the 

ligands on the ligand field strength of the reuslting Fe(II) compound has been explored. It 

became evident that, in the solid state, tris chelate complexes of the L2C10 and L3C10 ligands 

produced LS complexes of Fe(II), which maintain the S = 0 state even at room temperature. 

Conversely, the heteroleptic bis chelate complexes house a HS Fe(II) centre which remains 

unchanged down to 100 K. substituent group on the 4-pyridyl position (H or CF3) appeared to 

have little impact on tuning the ligand field strength of the complexes investigated, although, 

the anionic co-ligand was not consistent between the two heteroleptic analogues 3C10 and 5C10. 

The introduction of a thioether moiety on the 1-triazolyl position in place of the long alkyl chain 

units was found to induce an intermediate ligand field strength about the Fe(II) ion in two 

polymorphs of 6a and 6b, producing two types of SCO-active neutral complexes with 

thiocyanate co-ligands. The substitution of the 1-triazolyl position with different residual groups 

has clearly demonstrated the highest degree of influence on the magnetic properties of the 

complexes of such chelating ligands with the residue on the 4-pyridyl position showing minimal 

impact to the SCO behaviour of the complexes examined. 

Although 2C10 and 4C10 exhibit LS behaviour in the solid state, both compounds displayed 

paramagnetic behaviour in solution. Almost all the Fe(II) ions in both tris chelate compounds 

reside in the HS state when in solutions of DMSO-d6, which was quantified by the Evans method. 

The UV-vis spectra support this finding by displaying a typical set of absorption peaks for a 

mixture of LS/HS Fe(II), although the 5T2g transitions were not able to be identified in DMSO. 

Based on the LS nature of the tris chelate compounds of Fe(II) it is evident that the 5-membered 

ring pyridyl-triazolyl chelating motif in L2C10 and L3C10  produces too large of an energy gap 

between the low and high-spin states and thus, are not capable of producing Fe(II) compounds 

that are capable of thermally driven SCO. Introducing co-ligands of type NCX (X = S, Se) 

significantly lowered the ligand field strength, as was intended; however, the induced ligand 

field proved too weak to enable the thermal transition to the LS state, even at low temperatures. 

Introducing electron withdrawing groups on the 4-pyridyl position of the chelators did not bring 

about sufficient changes in the π-acceptor capabilities of the ligands investigated to influence 
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the ligand field strength by the required amount to enable a thermally accessible zero-point 

energy difference between the two potential wells for the low and high-spin states (ΔEHL).  

Interchanging the aliphatic alkyl chain unit substituent of the L2C10 and L3C10 ligands for a 

methylthiane group on the nitrogen atom in the 1-triazolyl position resulted in an intermediate 

ligand field strength being observed in the heteroleptic Fe(II) complex with NCS co-ligands. The 

introduction of the methylthiane group appears to have brought about a change in the 

electronic properties of the ligand and potentially increased the π-accepting character, 

decreased the π-donating character or a combination of both. The lattice environments of 6a 

and 6b also show one significant difference to those for the other analogues, which is short 

intermolecular S···S contacts between methylthiane groups and methylthiane-thiocyanate 

groups, respectively. It is possible that the presence of these contacts has a major influence on 

the facilitation of the crystal to undergo SCO as the remaining contacts between aromatic planar 

pyridyl and triazolyl moieties exist in the alkyl chain containing analogues 2C10-5C10. It is 

noteworthy that the shortest Fe contact distances in LS 6a lie between those observed in the HS 

structures of 3C10 and 5C10, suggesting this is unlikely to be an influential factor in the variation 

of the spin states of the Fe(II) ions within the complexes. The type of S···S contact present in 

polymorphic single crystals of 6a and 6b was also demonstrated to play a critical role in the 

temperature of the thermally driven SCO event (T1/2) and is likely to affect the degree of 

cooperativity and thus type of SCO observed in these systems.  

Based on the results of the studies conducted in this chapter, subsequent synthetic efforts 

were aimed towards altering the size of the chelate ring formed between the ligand and the 

Fe(II) centre in order to bring about a more intermediate ligand field strength. This was achieved 

by using a different parent ligand motif that forms a six-membered chelate ring compared to the 

five-membered chelate rings formed by the L2C10 and L3C10 ligands. This should result in a more 

highly strained coordination mode and a significant change in the ligand field strength and thus, 

the magnetic properties of the complexes. 
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Chapter 5 - Fe(II) compounds of N,N-di(pyridin-2-yl)-Cx-amide 

 

5.1 Introduction 

 
In the previous chapter it was shown that bidentate chelator ligands can be combined with 

monodentate co-ligands to form multiple compounds with varying ligand field strengths and 

structures. These compounds, although structurally interesting, were generally either LS or HS. 

SCO behaviour is a main target as an intrinsic property for incorporation in potential 

multifunctional materials and so an attempt to tune the ligand field strength of the chelating 

ligands was conducted by altering the number of atoms and the geometry of the chelate ring 

about the metal ion. The chelating ligand, di(pyridin-2-yl)amine (dpa), has proven to be a 

particularly useful foundation for the development of SCO compounds of Fe(II) as dpa forms 

heteroleptic complexes with anionic co-ligands such as NCS, NCSe, NCBH3, (NC)2NH and Cl, 

providing a modular approach to building new coordination compounds. The secondary amine 

function of the dpa molecule is reactive enough to be considered a point of functionalisation. 

The introduction of substituents on the bridging N atom of dpa not only impacts the strength of 

the ligand field produced by the ligand but also offers an outlet for secondary functionality e.g. 

alkyl chains,1 fluorophores2 and macrocycles/crowns.3  

Interest in the dpa template stems from its propensity for inducing an intermediate ligand 

field strength when coordinated to an Fe(II) centre, followed by the vast array of heteroleptic 

SCO compounds that can be prepared from modulation of the co-ligand substituents of the 

complex. It has become clear that the type and nature of the third N-substituent will either 

stabilise or destabilise the HS state at higher temperatures: typically dpa is a weaker field ligand, 

producing HS complexes of Fe(II)4 and thus, destabilisation of the HS state is favourable when 

designing modified analogues. Initial investigations into the [Fe(dpa)2(NCS)2] compound showed 

that the compound undergoes a gradual thermally induced spin transition at low temperature 

and ambient pressure, centred around 88 K.4 What is also noteworthy is that this compound has 

roughly a 50% HS population below 70 K due to incomplete conversion of the HS centres to the 

LS state. Considering these findings, synthetic modifications of dpa must contribute to a 

destabilisation of the π-donating character of the ligand as a primary target before considering 

secondary functions. This approach should yield Fe(II) compounds that have an increased SCO 

temperature (T1/2), accompanied by a more complete conversion of HS to LS centres, whilst 

introducing multifunctionality to the material. 
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Scheme 4 Structure of L2C10-L4 from chapter 4 (top) and the synthetic route to L5Cx (bottom). 
Cx denotes the total number of carbon atoms in the chain, including the carbon atom of the 
carbonyl function and R is a linear aliphatic alkyl chain. 
 

The work in this chapter was aimed toward functionalising di(pyridin-2-yl)amine with 

aliphatic alkyl chains via simple condensation reactions with acyl chlorides to form N,N-(pyridin-

2-yl)-Cx-amide ligands, where x = 4, 6, 8, 10, 12, 14, 16 and 18 including the carbonyl carbon 

atom (Scheme 4). The introduction of an electron withdrawing amide function to the ligand 

molecule,5 with a view to draw electron density away from the aromatic pyridyl moieties, was 

intended to destabilise the HS state in Fe(II) compounds. The long alkyl chains provide a 

prominent structure-directing hydrophobic aspect to the crystalline materials to manipulate the 

properties of the bulk material through a combination of magnetic and structural transitions and 

investigate the interplay between these two properties. Herein, a family of heteroleptic Fe(II) 

compounds based on the ligand series, N,N-(pyridin-2-yl)-Cx-amide (L5Cx) (Scheme 4) and 

various anions in the form [Fe(L5Cx)2(X)2]·solvate, where X = NCS (7Cx), NCSe (8Cx) and Cl (9Cx), 

are reported. 
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5.2 Experimental  

 

5.2.1 General 

Di-(pyridin-2-yl)amine, acyl chlorides (with Cx lengths between x = 4-12 inclusive of the 

carbonyl C atom), carboxylic acids (with Cx lengths between x = 14-18), triethylamine, sodium 

chloride, FeCl2·4H2O and potassium thiocyanate were purchased from Sigma-Aldrich. Oxalyl 

chloride, ammonium chloride, magnesium sulphate and all solvents were purchased from Fisher 

Scientific. All reagents were used as received without further purification. Toluene was 

dehydrated over 4 Å molecular sieves for 48 h before use. Condensation reactions between acyl 

chlorides and di(pyridin-2-yl)amine and all chlorination reactions were done under an N2 

atmosphere. Preparation of the Fe(II) compounds were always done in aerobic conditions. NMR 

splitting multiplicity is denoted as: s, singlet; d, doublet; t, triplet; q, quartet; quin, quintet; sext, 

sextet; m, multiplet. Coupling constants (J) are given in Hertz (Hz). 1H and 13C assignments were 

done by combination of 1H, 13C, HSQC and COSY experiments. CHN, IR and MS analyses of 

complexes 7C4-9C18 were done on the polycrystalline samples obtained as precipitates from 

their respective reactions with formulas as listed in the preparation headings. 

 

5.2.2 Synthesis of L5Cx 

 
N,N-di(pyridin-2-yl)butanamide (L5C4) 

Di(pyridin-2-yl)amine (dpa) (1.71 g, 10 mmol) and triethylamine (Et3N) (2.65 cm3, 19 mmol) 

were dissolved in 10 cm3 of CH2Cl2, cooled over an ice bath and placed under an atmosphere of 

N2. Butyryl chloride (1.03 cm3, 10 mmol) was dissolved in 10 cm3 of CH2Cl2 and added to the 

dpa/Et3N solution. The resulting solution was stirred for 12 h under N2. 50 cm3 of a saturated 

aqueous ammonium chloride solution was added to the reaction solution and the organic phase 

was separated. The aqueous phase was then extracted with 2 x 20 cm3 of CH2Cl2 and the organic 

extracts combined. The combined organic phases were then extracted with 3 x 30 cm3 of a 10% 

(w/v) aq. NaCl solution. The organic phase was then washed firstly with 50 cm3 of 0.1 M aq. 

NaOH and finally 50 cm3 of 0.1 M aq. HCl solution before the organic phase was dried over 

anhydrous MgSO4. This solution was then gravity filtered and the solvent evaporated under 

reduced pressure to afford L5C4 as a pale orange solid. Yield = 1.86 g, 77%. 1H NMR (CDCl3, 400 

MHz) δ: 8.45 (ddd, J = 0.8, 2.0, 4.9 Hz, 2H), 7.76 (td, J = 2.0, 7.8 Hz, 2H), 7.51 (d, J = 8.1 Hz, 2H), 

7.19 (ddd, J = 1.0, 4.8, 7.5 Hz, 2H), 2.29 (t, J = 7.3 Hz, 2H), 1.70 (sext, J = 7.6 Hz, 2H), 0.91 (t, J = 

7.4 Hz, 3H). 13C NMR MS (CDCl3, 100 MHz) δ: 173.7, 154.8, 149.0, 138.0, 122.3, 121.9, 38.1, 18.5, 
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13.7, MS (ESI+) (MeOH): m/z calcd for C14H15N3O [M]+, 241.29; found, 505.17 [2M + Na]+, 264.07 

[M + Na]+. for NMR see Figs. C1-C4, for MS see Fig. C33. 

 

N,N-di(pyridin-2-yl)hexanamide (L5C6) 

L5C6 was prepared via the same procedure as L5C4, using hexanoyl chloride (1.39 cm3, 10 

mmol). The compound was afforded as an orange oil. Yield = 2.10 g, 78%. 1H NMR (CDCl3, 400 

MHz) δ: 8.45 (ddd, J = 0.7, 2.0, 4.9 Hz, 2H), 7.76 (td, J = 2.0, 7.8 Hz, 2H), 7.51 (d, J = 8.1 Hz, 2H), 

7.19 (ddd, J = 1.0, 4.8, 7.5 Hz, 2H), 2.30 (t, J = 7.3 Hz, 2H), 1.68 (quin, J = 7.5, 7.7 Hz, 2H), 1.25 (m, 

4H), 0.85 (t, J = 7.4 Hz, 3H). 13C NMR (CDCl3, 100 MHz) δ: 173.7, 154.7, 149.0, 138.0, 122.3, 121.9, 

36.2, 31.9, 24.8, 22.4, 13.9. MS (ESI+) (MeOH): m/z calcd for C16H95N3O [M]+, 269.35; found, 

561.01 [2M + Na]+, 308.17 [M + K]+, 292.24 [M + Na]+, 270.32 [M + H]+. for NMR see Figs. C5-C8, 

For MS see Fig. C34. 

 

N,N-di(pyridin-2-yl)octanamide (L5C8) 

L5C8 was prepared via the same procedure as L5C4, using octanoyl chloride (1.69 cm3, 10 

mmol). The compound was afforded as an orange oil. Yield = 2.41 g, 81%. 1H NMR (CDCl3, 400 

MHz) δ: 8.45 (ddd, J = 0.7, 2.0, 4.9 Hz, 2H), 7.76 (td, J = 2.0, 7.8 Hz, 2H), 7.51 (d, J = 8.1 Hz, 2H), 

7.18 (ddd, J = 1.0, 4.8, 7.5 Hz, 2H), 2.30 (t, J = 7.3 Hz, 2H), 1.67 (quin, J = 7.0, 7.4 Hz, 2H), 1.23 (m, 

8H), 0.86 (t, J = 7.1 Hz, 3H). 13C NMR (CDCl3, 100 MHz) δ: 173.7, 154.6, 149.0, 138.0, 122.3, 121.8, 

36.3, 31.6, 29.2, 29.0, 25.2, 22.6, 14.0. MS (ESI+) (MeOH): m/z calcd for C18H23N3O [M]+, 297.40; 

found, 617.19 [2M + Na]+, 336.14 [M + K]+, 320.20 [M + Na]+, 298.20 [M + H]+. For NMR see Figs. 

C9-C12, for MS see Fig. C35. 

 

N,N-di(pyridin-2-yl)decanamide (L5C10) 

L5C10 was prepared via the same procedure as L5C4, using decanoyl chloride (2.08 cm3, 10 

mmol). The compound was afforded as a yellow-brown solid. Yield = 2.44 g, 75%. 1H NMR (CDCl3, 

400 MHz) δ: 8.45 (ddd, J = 0.7, 2.0, 4.9 Hz, 2H), 7.76 (td, J = 2.0, 7.8 Hz, 2H), 7.51 (d, J = 8.1 Hz, 

2H), 7.18 (ddd, J = 1.0, 4.8, 7.5 Hz, 2H), 2.30 (t, J = 7.4 Hz, 2H), 1.66 (quin, J = 7.0, 7.5 Hz, 2H), 

1.23 (m, 12H), 0.87 (t, J = 7.2 Hz, 3H). 13C NMR (CDCl3, 100 MHz) δ: 173.7, 154.8, 148.9, 138.5, 

122.4, 121.8, 36.3, 31.8, 29.4, 29.3, 29.2, 25.1, 22.6, 14.0. MS (ESI+) (MeOH): m/z calcd for 

C20H27N3O [M]+, 325.46; found, 364.20 [M + K]+, 349.20 [M + Na + H]+, 326.2 [M + H]+. For NMR 

see Figs. C13-C16, for MS see Fig. C36. 
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N,N-di(pyridin-2-yl)dodecanamide (L5C12) 

L5C12 was prepared via the same procedure as L5C4, using dodecanoyl chloride (1.81 cm3, 10 

mmol). The compound was afforded as a yellow-brown solid. Yield = 2.93 g, 83%. 1H NMR (CDCl3, 

400 MHz) δ: 8.45 (ddd, J = 0.7, 2.0, 4.8 Hz, 2H), 7.76 (td, J = 2.0, 7.9 Hz, 2H), 7.52 (d, J = 8.1 Hz, 

2H), 7.19 (ddd, J = 1.0, 4.8, 7.4 Hz, 2H), 2.30 (t, J = 7.2 Hz, 2H), 1.67 (quin, J = 7.2, 7.5 Hz, 2H), 

1.23 (m, 16H), 0.88 (t, J = 7.1 Hz, 3H). 13C NMR (CDCl3, 100 MHz) δ: 173.8, 154.7, 149.0, 138.0, 

122.3, 121.9, 36.3, 31.9, 29.6, 29.4, 29.3, 29.3, 29.3, 29.2, 25.1, 22.7, 14.1. MS (ESI+) (MeOH): 

m/z calcd for C22H31N3O [M]+, 353.51; found, 728.85 [2M + Na + H]+, 375.92 [M + H]+. For NMR 

see Figs. C17-C20, for MS see Fig. C37. 

 

 

Scheme 5 Synthesis of aliphatic acyl chlorides from their carboxylic acid precursors. 

 

N,N-di(pyridin-2-yl)tetradecanamide (L5C14) 

Tetradecanoic acid (2.28 g, 10 mmol) was suspended in 50 cm3 of dry toluene. Oxalyl chloride 

(1.62 cm3, 25 mmol) was then added to the reaction solution before refluxing for 12 h. The 

solvent was evaporated under reduced pressure and the resulting oil was dissolved in 10 cm3 of 

CH2Cl2. Di(pyridin-2-yl)amine (1.71 g, 10 mmol) and Et3N (2.65 cm3, 19 mmol) were dissolved in 

10 cm3 of CH2Cl2, cooled over an ice bath and placed under an atmosphere of N2. 50 cm3 of 

saturated aq. ammonium chloride solution was added to the reaction solution and the organic 

phase was separated. The aqueous phase was then extracted with 2 x 20 cm3 of CH2Cl2 and the 

organic extracts combined. The combined organic phases were then extracted with 3 x 30 cm3 

of 10% (w/v) aq. NaCl solution. The organic phase was then washed firstly with 50 cm3 of 0.1 M 

aq. NaOH and finally 50 cm3 of 0.1 M aq. HCl solution before the organic phase was dried over 

anhydrous MgSO4. The dry solution was gravity filtered and the solvent was evaporated under 

reduced pressure to afford L5C14 as a yellow-brown solid. Yield = 3.01 g, 79%. Aliphatic impurities 

with characteristic peaks at 2.30 and 2.45 ppm were present in the 1H NMR spectrum, which are 

likely to be from trace amounts of tetradecanoic acid and tetradecanoyl chloride, respectively. 
1H NMR (CDCl3, 400 MHz) δ: 8.45 (ddd, J = 0.7, 2.0, 4.8 Hz, 2H), 7.76 (td, J = 2.1, 7.8 Hz, 2H), 7.51 

(d, J = 8.1 Hz, 2H), 7.19 (ddd, J = 1.0, 4.9, 7.5 Hz, 2H), 2.30 (t, J = 7.7 Hz, 2H), 1.66 (quin, J = 7.3, 
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7.7 Hz, 2H), 1.26 (m, 20H), 0.88 (t, J = 6.9 Hz, 3H). 13C NMR (CDCl3, 100 MHz) δ: 173.8, 154.7, 

149.0, 138.0, 122.3, 121.9, 36.3, 31.9, 29.7, 29.7, 29.6, 29.5, 29.4, 29.4, 29.2, 25.1, 22.7, 14.1. 

MS (ESI+) (MeOH): m/z calcd for C24H35N3O [M]+, 381.56; found, 786.58 [2M + Na]+, 404.27 [M + 

Na]+, 382.30 [M + H]+. For NMR see Figs. C21-C24, for MS see Fig. C38. 

 

N,N-di(pyridin-2-yl)hexadecanamide (L5C16) 

L5C16 was prepared via the same procedure as L5C14, using hexadecanoic acid (2.56 g, 10 

mmol). The compound was afforded as a yellow-brown solid. Yield = 2.50 g, 61%. 1H NMR (CDCl3, 

400 MHz) δ: 8.45 (ddd, J = 0.8, 2.0, 4.9 Hz, 2H), 7.76 (td, J = 2.0, 7.8 Hz, 2H), 7.51 (d, J = 8.1 Hz, 

2H), 7.19 (ddd, J = 1.0, 4.8, 7.5 Hz, 2H), 2.30 (t, J = 7.3 Hz, 2H), 1.67 (quin, J = 7.4, 7.8 Hz, 2H), 

1.25 (m, 24H), 0.88 (t, J = 6.7 Hz, 3H). 13C NMR (CDCl3, 100 MHz) δ: 173.8, 154.8, 149.0, 138.0, 

122.3, 121.9, 36.3, 31.9, 29.7, 29.6, 29.6, 29.4, 29.3, 29.2, 25.1, 22.7, 14.1. MS (ESI+) (MeOH): 

m/z calcd for C26H39N3O [M]+, 409.62; found, 841.70 [2M + Na]+, 432.32 [M + Na]+, 410.33 [M + 

H]+. For NMR see Figs. C25-C27, for MS see Fig. C39. 

 

N,N-di(pyridin-2-yl)octadecanamide (L5C18) 

L5C18 was prepared via the same procedure as L5C14, using octadecanoic acid (2.85 g, 10 

mmol). The compound was afforded as a yellow-brown solid. Yield = 3.81 g, 87%. 1H NMR (CDCl3, 

400 MHz) δ: 8.45 (ddd, J = 0.7, 2.0, 4.9 Hz, 2H), 7.76 (td, J = 2.0, 7.8 Hz, 2H), 7.51 (d, J = 8.1 Hz, 

2H), 7.19 (ddd, J = 1.0, 4.8, 7.5 Hz, 2H), 2.30 (t, J = 7.3 Hz, 2H), 1.67 (quin, J = 7.4, 7.5 Hz, 2H), 

1.26 (m, 28H), 0.88 (t, J = 7.1 Hz, 3H). 13C NMR (CDCl3, 100 MHz) δ: 173.8, 154.6, 148.9, 138.1, 

122.3, 121.9, 36.2, 31.9, 29.7, 29.6, 29.6, 29.6, 29.4, 29.4, 29.3, 29.2, 29.2, 25.1, 22.7, 14.1. MS 

(ESI+) (MeOH): m/z calcd for C28H43N3O [M]+, 437.67; found, 897.7 [2M + Na]+, 460.30 [M + Na]+, 

438.40 [M + H]+. For NMR see Figs. C28-C31, for MS see Fig. C40. 
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5.2.3 Synthesis of Fe(II) complexes of L5Cx 

 

[Fe(L5C4)2(NCS)2] (7C4) 

FeCl2·4H2O (19.9 mg, 0.1 mmol), KSCN (19.4 mg, 0.2 mmol), ascorbic acid (17.6 mg, 0.1 mmol) 

and L5C4 (48.3 mg, 0.2 mmol) were stirred vigorously in 10 cm3 of methanol for 30 mins, at which 

point the compound 7C4 had precipitated as a crystalline yellow solid and collected via vacuum 

filtration. The polycrystalline precipitate was washed with 30 cm3 of water followed by 30 cm3 

of MeOH and then dried overnight under vacuum. Yield = 59.6 mg, 91%. Single crystals of 7C4 

were formed by slow evaporation of the mother liquor collected before the washing steps. The 

following analysis was obtained on the polycrystalline product. Elemental anal. (powder) found: 

C, 54.55; H, 4.01; N, 16.92. Calc. for C30H30FeN8O2S2 (solvate free): C, 55.05; H, 4.62; N, 17.11 %. 

FTIR (νmax / cm-1): 3077 vw, 2961w, 2868w, 2045vs, 1693vs, 1600s, 1565m, 1481s, 1463vs, 

1438vs, 1378s, 1316vs, 1238vs, 1198vs, 1157s, 1101s, 1057m, 1017s, 970w, 886m, 802s, 783m, 

765s, 690m, 650m. For MS see Fig. C41, for IR see Fig. C62. 

 

[Fe(L5C6)2(NCS)2] (7C6) 

7C6 was prepared via the same procedure as 7C4, using L5C6 (53.9 mg, 0.2 mmol). The 

following analysis was obtained on the polycrystalline product. Elemental anal. (powder) found: 

C, 56.95; H, 5.27; N, 15.68. Calc. for C34H38FeN8O2S2 (solvate free): C, 57.46; H, 5.39; N, 15.76 %. 

FTIR (νmax / cm-1): 3077 vw, 2961w, 2868w, 2045vs, 1693vs, 1600s, 1565m, 1481s, 1463vs, 

1438vs, 1378s, 1316vs, 1238vs, 1198vs, 1157s, 1101s, 1057m, 1017s, 970w, 802s, 783m, 765s, 

690m, 650m. For MS see Fig. C42, for IR see Fig. C63. 

 

[Fe(L5C8)2(NCS)2]·H2O (7C8) 

7C8 was prepared via the same procedure as 7C4, using L5C8 (59.5 mg, 0.2 mmol). The 

precipitate was isolated in the monohydrated form, whilst single crystals were solvate free. The 

polycrystalline sample was solvated with a water molecule and also had 0.5KNCS present per 

molecular unit of 7C8 as per the CHN analysis. The following analysis was obtained on the 

polycrystalline product. Elemental anal. (powder) found: C, 55.24; H, 5.62; N, 13.36. Calc. for 

C38.5H48FeK0.5N8.5O3S2.5 (monohydrate): C, 55.60; H, 6.38; N, 13.65 %. FTIR (νmax / cm-1): 3077 vw, 

2961w, 2868w, 2045vs, 1693vs, 1600s, 1565m, 1481s, 1463vs, 1438vs, 1378s, 1316vs, 1238vs, 

1198vs, 1157s, 1101s, 1057m, 1017s, 970w, 802s, 783m, 765s, 690m, 650m. For MS see Fig. C43, 

for IR see Fig. C64. 
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[Fe(L5C10)2(NCS)2]·2H2O (7C10) 

7C10 was prepared via the same procedure as 7C4, using L5C10 (65.1 mg, 0.2 mmol). The 

precipitate was isolated in the dihydrated form, whilst single crystals were solvate free. The 

following analysis was obtained on the polycrystalline product. Elemental anal. (powder) found: 

C, 59.00; H, 6.68; N, 13.03. Calc. for C42H58FeN8O4S2 (dihydrate): C, 58.73; H, 6.81; N, 13.05 %. 

FTIR (νmax / cm-1): 3077vw, 2961w, 2868w, 2045vs, 1693vs, 1600s, 1565m, 1481s, 1463vs, 

1438vs, 1378s, 1316vs, 1238vs, 1198vs, 1157s, 1101s, 1057m, 1017s, 970w, 893vw, 802s, 783m, 

765s, 690m, 650m. For MS see Fig. C44, for IR see Fig. C65. 

 

[Fe(L5C12)2(NCS)2]·2H2O (7C12) 

7C12 was prepared via the same procedure as 7C4, using L5C12 (70.7 mg, 0.2 mmol). The 

precipitate was isolated in the dihydrated form, whilst single crystals were solvate free. The 

following analysis was obtained on the polycrystalline product. Elemental anal. (powder) found: 

C, 60.02; H, 6.66; N, 12.00. Calc. for C46H66FeN8O4S2 (dihydrate): C, 60.38; H, 7.27; N, 12.25 %. 

FTIR (νmax / cm-1): 3077 vw, 2961w, 2868w, 2045vs, 1693vs, 1600s, 1565m, 1481s, 1463vs, 

1438vs, 1378s, 1316vs, 1238vs, 1198vs, 1157s, 1101s, 1057m, 1017s, 970w, 893vw, 802s, 783m, 

765s, 690m, 650m. For MS see Fig. C45, for IR see Fig. C66. 

 

[Fe(L5C14)2(NCS)2] (7C14) 

7C14 was prepared via the same procedure as 7C4, using L5C14 (76.3 mg, 0.2 mmol). The 

following analysis was obtained on the polycrystalline product. Elemental anal. (powder) found: 

C, 66.80; H, 9.02; N, 9.25. Calc. for C50H70FeN8O4S2: C, 64.22; H, 7.55; N, 11.98 %. FTIR (νmax / cm-

1): 3077 vw, 2961w, 2868w, 2045vs, 1779vw, 1739vw, 1693vs, 1600s, 1565m, 1481s, 1463vs, 

1438vs, 1378s, 1316vs, 1238vs, 1198vs, 1157s, 1101s, 1057m, 1017s, 893vw, 802s, 783m, 765s, 

690m, 650m. For MS see Fig. C46, for IR see Fig. C67 

. 

[Fe(L5C16)2(NCS)2] (7C16) 

7C16 was prepared via the same procedure as 7C4, using L5C16 (82.0 mg, 0.2 mmol). The 

following analysis was obtained on the polycrystalline product. Elemental anal. (powder) found: 

C, 70.88; H, 9.18; N, 10.60. Calc. for C54H78FeN8O2S2: C, 65.43; H, 7.93; N, 11.30 %. FTIR (νmax / cm-

1): 3077 vw, 2961w, 2868w, 2045vs, 1693vs, 1600s, 1565m, 1481s, 1463vs, 1438vs, 1378s, 

1316vs, 1238vs, 1198vs, 1157s, 1101s, 1057m, 1017s, 970w, 893vw, 802s, 783m, 765s, 690m, 

650m. For MS see Fig. C47, for IR see Fig. C68. 
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[Fe(L5C18)2(NCS)2]·0.5MeOH (7C18) 

7C18 was prepared via the same procedure as 7C4, using L5C18 (87.6 mg, 0.2 mmol). The 

precipitate was solvated with half a MeOH whilst the single crystals were solvate free. The 

following analysis was obtained on the polycrystalline product. Elemental anal. (powder) found: 

C, 66.72; H, 8.96; N, 10.25. Calc. for C60.5H92FeN8O2.5S2 (0.5MeOH solvated): C, 66.58; H, 8.50; N, 

10.27 %. FTIR (νmax / cm-1): 3102vw, 3063vw, 3024 vw, 2961w, 2868w, 2045vs, 1739w, 1693vs, 

1600s, 1565m, 1481s, 1463vs, 1438vs, 1378s, 1316vs, 1238vs, 1198vs, 1157s, 1101s, 1057m, 

1017s, 970w, 893vw, 802s, 783m, 765s, 690m, 650m. For MS see Fig. C48, for IR see Fig. C69. 

 

[Fe(L5C10)2(NCSe)2]·0.5MeOH (8C10) 

FeCl2·4H2O (19.9 mg, 0.1 mmol), KSeCN (28.8 mg, 0.2 mmol), ascorbic acid (17.6 mg, 0.1 

mmol) and L5C10 (65.8 mg, 0.2 mmol) were stirred vigorously in 10 cm3 of methanol for 30 mins, 

at which point the compound 8C10 had precipitated as a crystalline yellow solid and was 

collected via vacuum filtration. The polycrystalline precipitate was washed with 30 cm3 of water 

followed by 30 cm3 of MeOH and then dried overnight under vacuum. The product was 

determined to have half a MeOH solvate molecule. Single crystals were formed by slow 

evaporation of the solvent from the mother liquor and were solvate free. The following analysis 

was obtained on the polycrystalline product. Elemental anal. (powder) found: C, 54.51; H, 6.32; 

N, 11.96. Calc. for C42.5H56FeN8O2.5Se2 (0.5MeOH solvated): C, 54.71; H, 6.05; N, 12.02 %. FTIR 

(νmax / cm-1): 2962w, 2923m, 2852w, 2046vs, 1692vs, 1594s, 1567w, 1478m, 1462vs, 1439s, 

1376m, 1318s, 1275w, 1236s, 1185m, 1154w, 1108w, 1053w, 1018w, 889vw, 804m, 761m, 

745w, 722vw, 687m. For MS see Fig. C49, for IR see Fig. C70. 

 

[Fe(L5C16)2(NCSe)2] (8C16) 

8C16 was prepared via the same procedure as 8C10, using L5C16 (82.0 mg, 0.2 mmol) were 

stirred vigorously in 10 cm3 of methanol for 30 mins at which point the compound 8C16 had 

precipitated as a crystalline yellow solid and collected via filtration. The polycrystalline 

precipitate was washed with 30 cm3 of water followed by 30 cm3 of MeOH and then dried 

overnight under vacuum. The product was determined to have half a KCl per molecular unit of 

8C16 as per the CHN analysis. Single crystals were formed by slow evaporation of the solvent 

from the mother liquor and were solvate free. The following analysis was obtained on the 

polycrystalline product. Elemental anal. (powder) found: C, 57.64; H, 6.97; N, 9.86. Calc. for 

C54H78Cl0.5FeK0.5N8O2Se2: C, 57.79; H, 7.01; N, 9.98 %. FTIR (νmax / cm-1) 2962w, 2923m, 2852w, 

2046vs, 1692vs, 1594s, 1567w, 1478m, 1462vs, 1439s, 1376m, 1318s, 1298w, 1275w, 1236s, 
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1185m, 1154w, 1108w, 1053w, 1018w, 889vw, 804m, 761m, 745w, 722vw, 687m. For MS see 

Fig. C50, for IR see Fig. C71. 

 

[Fe(L5C10)2Cl2]·H2O (9C10) 

FeCl2·4H2O (19.9 mg, 0.1 mmol) and L5C10 (87.5 mg, 0.2 mmol) were stirred vigorously in 10 

cm3 of methanol for 30 mins, at which point the compound 9C10 had precipitated as a 

polycrystalline yellow solid and collected via filtration. The polycrystalline product was isolated 

as the monohydrate. Single crystals were formed by slow evaporation of the solvent from the 

mother liquor and were solvate free. The following analysis was obtained on the polycrystalline 

product. Elemental anal. (powder) found: C, 60.02; H, 6.38; N, 10.55. Calc. for C40H56Cl2FeN6O3 

(monohydrate): C, 60.38; H, 7.09; N, 10.56 %. FTIR (νmax / cm-1): 3343br, 2962w, 2923m, 2852w, 

1692vs, 1657m, 1594s, 1567w, 1478m, 1462vs, 1439s, 1376m, 1318s, 1275w, 1236s, 1185m, 

1154w, 1108w, 1053w, 1018w, 889vw, 804m, 761m, 745w, 722vw, 687m. For MS see Fig. C51, 

for IR see Fig. C72. 

 

[Fe(L5C18)2Cl2] (9C18) 

FeCl2·4H2O (19.9 mg, 0.1 mmol) and L5C18 (87.5 mg, 0.2 mmol) were stirred vigorously in 10 

cm3 of methanol for 30 mins, at which point the compound 9C18 had precipitated as a crystalline 

yellow solid and collected via filtration. Single crystals were formed by slow evaporation of the 

solvent from the mother liquor. The following analysis was obtained on the polycrystalline 

product. Elemental anal. (powder) found: C, 68.86; H, 9.33; N, 6.88. Calc. for C56H86Cl2FeN6O2: C, 

66.08; H, 8.34; N, 10.54 %. FTIR (νmax / cm-1) 2962w, 2923m, 2852w, 1801w, 1742w, 1692vs, 

1594s, 1567w, 1478m, 1462vs, 1439s, 1376m, 1318s, 1275w, 1236s, 1185m, 1154w, 1108w, 

1053w, 1018w, 889vw, 804m, 761m, 745w, 722vw, 687m. For MS see Fig. C52, for IR see Fig. 

C73.  



Chapter 5 

191 
 

5.3 Results and discussion 

 

5.3.1 Single crystal X-ray diffraction studies 

 

5.3.1.1 Description of single crystal structures of 7C4-7C18 

 
Table 22 Single crystal X-ray diffraction details and parameters for compounds 7C4-7C8. 

Parameters 7C4 7C6 7C8 7C10 

Formula C30H30FeN8O2S2 C34H38FeN8O2S2 C38H46FeN8O2S2 C42H54FeN8O2S2 
Mr 654.59 710.69 766.80 822.90 
Cryst syst orthorhombic monoclinic monoclinic monoclinic 
Space group Pna21 P21/n P21/c P21/c 
a / Å 17.5442(7) 16.7886(10) 13.5971(9) 15.9103(4) 
b / Å 8.2973(4) 8.7471(5) 8.8184(5) 8.2524(2) 
c / Å 20.9051(10) 24.3160(15) 17.2433(10) 17.5668(5) 
α / deg 90 90 90 90 
β / deg 90 104.772(6) 110.172(7) 114.990(3) 
γ / deg 90 90 90 90 
V / Å3 3043.1(2) 3452.8(4) 1940.7(2) 2090.56(10) 
T / K 100(2) 100(10) 173(2) 100(2) 
Z 4 4 2 2 
ρcalcd / g.cm-3 1.429 1.367 1.312 1.307 
λa / Å 0.71073 0.71073 1.54184 1.54184 
No. of indep reflns 6637 7930 3670 3781 
No. reflns with I > 2σ(I) 5605 6132 3204 3549 
No. of params 391 426 233 251 
No. of restraints 0 0 0 0 
Final R1b, wR2c, (I > 2σ(I)) 0.0454, 0.0924 0.0550, 0.1014 0.0647, 0.1867 0.0345, 0.0901 
R1, wR2 (all data) 0.0596, 0.0975 0.0810, 0.1090 0.0820, 0.2408 0.0370, 0.0918 
Goodness of fit 1.035 1.077 1.106 1.048 
Largest residuals / e Å-3 0.482 0.472 0.681 0.477 
aGraphite monochromators. bR1 = Σ[|F0| - |Fc|]/Σ[|F0|, cwR = [Σw(F02 - Fc2)/ΣwF04)]1/2  
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Table 23 Single crystal X-ray diffraction details and parameters for compounds 7C12-7C18. 
Parameters 7C12 7C14 7C16 7C18 

Formula C46H62FeN8O2S2 C50H70FeN8O2S2 C54H78FeN8O2S2 C58H86FeN8O2S2 
Mr 879.00 935.11 991.21 1047.31 
Cryst syst monoclinic monoclinic monoclinic triclinic 
Space group C2/c C2/c P21/c P�1 
a / Å 31.5971(9) 67.5790(3) 18.5889(7) 8.4770(17) 
b / Å 8.5974(2) 8.7304(4) 8.5355(3) 8.9571(18) 
c / Å 17.2780(4) 17.3416(6) 17.2394(6) 20.5250(4) 
α / deg 90 90 90 84.51(3) 
β / deg 92.823(2) 101.776(4) 98.780(3) 87.87(3) 
γ / deg 90 90 90 67.84(3) 
V / Å3 4687.9(2) 10016.0(8) 2703.25(17) 1436.7(6) 
T / K 109(2) 100 100(10) 100 
Z 4 8 2 1 
ρcalcd / g.cm-3 1.245 1.240 1.218 1.210 
λa / Å 0.71073 1.54184 0.71073 1.54184 
No. of indep reflns 5378 9180 6196 9097 
No. reflns with I > 2σ(I) 4200 6433 5560 8900 
No. of params 269 579 305 323 
No. of restraints 0 0 0 0 
Final R1b, wR2c, (I > 2σ(I)) 0.0413, 0.0902 0.1067, 0.2295 0.0571, 0.1213 0.0677, 0.1750 
R1, wR2 (all data) 0.0619, 0.0990 0.1448, 0.2495 0.0654, 0.1247 0.0680, 0.1754 
Goodness of fit 1.065 1.145 1.183 1.049 
Largest residuals / e Å-3 0.406 0.658 0.653 0.899 
aGraphite monochromators. bR1 = Σ[|F0| - |Fc|]/Σ[|F0|, cwR = [Σw(F02 - Fc2)/ΣwF04)]1/2 

 

Table 24 Selected bond lengths and parameters for 7C4-7C10 at 100 K.  
Bond(s) 7C4 7C6 7C8 7C10 
Lengths (Å)     
Fe1-N1  2.000(4) 2.229(2) 2.221(3) 1.983(14) 
Fe1-N2 1.983(5) 2.200(2) 2.216(3) 1.999(14) 
Fe1-N3 1.971(5) 2.100(2) 2.099(3) 1.967(15) 
Fe1-N4 1.989(5) 2.183(19) 2.216(3)a 1.999(14)a 
Fe1-N5 2.003(4) 2.218(2) 2.221(3)a 1.983(14)a 
Fe1-N6  1.971(5) 2.106(2)  2.099(3)a 1.967(15)a 

     
Angles (°)     
N1-Fe1-N4 94.06(18) 97.57(7) 97.03(9)b 92.98(6)b 

N1-Fe1-N5 178.60(2) 179.12(7) 180.00b 180.00b 

N2-Fe1-N5 92.59(18) 96.35(7) 97.03(9)b 92.98(6)b 

N1-Fe1-N2  86.87(18) 83.10(7) 82.97(11) 87.02(6) 
N2-Fe1-N3 
N3-Fe1-N6  

91.67(19) 90.44(8) 90.80(13) 93.17(6) 
178.70(2) 179.07(9) 180.00b 180.00b 

∑c 29.3(6) 42.0(3) 43.2(8) 28.4(4) 
a Bond lengths and b bond angles are symmetry generated using N5, N4 and N6 in place of N1’, 
N2’ and N3’, respectively. c Octahedral distortion parameters are obtained using the equation: 
Σ =∑ (|90-θi|)12

i=1 , (θi = N-Fe-N) where perfect octahedrons produce a value Σ = 0 and deviation 
from this value coincides with structural deformation of the coordination polyhedron. 
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Table 25 Selected bond lengths and parameters for 7C12-7C16 at 100 K.  
Bond(s) 7C12 7C14 7C16 7C18 
Lengths (Å)     
Fe1-N1  2.196(15) 2.177(5) 2.223(18) 2.220(2) 
Fe1-N2 2.219(15) 2.230(5) 2.189(18) 2.219(2) 
Fe1-N3 2.097(16) 2.096(6) 2.137(18) 2.111(2) 
Fe1-N4 2.219(15)a 2.213(5) 2.189(18)a 2.219(2) 

Fe1-N5 2.196(15)a 2.194(5)  2.223(18)a 2.220(2) 

Fe1-N6 2.097(16)a 2.106(6) 2.137(18)a 2.111(2) 

     
Angles (°)     
N1-Fe1-N4 96.98(5)b 95.59(17) 97.23(7)b 95.58(8)b 

N1-Fe1-N5 180.00b 177.91(15) 180.00b 180.00b 

N2-Fe1-N5 96.98(5)b 98.36(17) 97.23(7)b 95.58(8)b 

N1-Fe1-N2  83.02(5) 83.48(17) 82.77(7) 84.42(8) 
N2-Fe1-N3 
N3-Fe1-N6 

88.36(6) 90.98(19) 90.07(7) 90.78(8) 
180.00b 178.10(2) 180.00b 180.00b 

∑c 36.1(4) 40.2(8) 36.6(5) 42.2(6) 
a Bond lengths and b bond angles are symmetry generated using N5, N4 and N6 in place of N1’, 
N2’ and N3’, respectively. c Octahedral distortion parameters are obtained using the equation: 
Σ =∑ (|90-θi|)12

i=1 , (θi = N-Fe-N) where perfect octahedrons produce a value Σ = 0 and deviation 
from this value coincides with structural deformation of the coordination polyhedron. 
 

Single crystal structures for compounds 7C4-7C10 and 7C16-7C18 were solved using direct 

methods with SHELXS.6 7C12 and 7C14 were solved with intrinsic phasing in SHELXL7 and Olex2 

solve.8 All structures were refined by full-matrix least-squares on F2 with SHELXL.7 The family of 

compounds crystallised as yellow blocks or plates from slow evaporation of methanol. 

Compounds 7C6-C16 crystallised in monoclinic space groups whereas 7C4 and 7C18 crystallised out 

in orthorhombic and triclinic space groups, respectively. All eight homologues produced single 

crystals that were solvate free. The asymmetric units of 7C4, 7C6, 7C14 and 7C18 contain one 

neutral trans-[Fe(L5Cx)2(NCS)2] complex (Fig. 79), whilst the asymmetric units of 7C8, 7C10, 7C12 

and 7C16 contain only one half of the neutral complex, with an inversion centre lying on the 

central Fe atom. The complexes consist of an octahedral coordination sphere about a central 

Fe(II) atom, where the pyridyl groups of the L5Cx ligands coordinate equatorially and two NCS 

anions coordinate in the axial positions trans to one another (Fig. 79). The two L5Cx ligands bind 

the Fe(II) atom via the two pyridyl nitrogens in a bidentate fashion, thereby forming a six-

membered chelate ring. 7C4 was refined using a BASF command to model apparent twinning of 

the crystallographic data with major:minor components being defined by a 0.54:0.46 ratio. The 

rest of the compounds were not twinned or refined using any twin laws. 

The Fe-N bond lengths at 100 K in 7C4 and 7C10 are typical for those of LS Fe(II);9,10 average 

Fe-Npy bond lengths measure 1.994 and 1.991 Å and average Fe-NNCS bond lengths measure 

1.971 and 1.967 Å for 7C4 and 7C10, respectively. The average Fe-N bond lengths in 7C6, 7C8 and 

7C12-7C18 are significantly longer, with Fe1-N1 and Fe1-N3 values ranging between 2.177-2.229 

Å and 2.096-2.137 Å, respectively (Table 24) suggesting that these compounds are in the HS 
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state at 100 K. The Fe-N bond lengths reveal that apart from 7C4 and 7C10, which are LS at 100 

K, all other compounds are HS between 100-298 K. The difference in Fe-Npy and Fe-NNCS bond 

lengths between the LS and HS complexes is roughly 0.183 and 0.105 Å. The smaller variation in 

the Fe-NNCS bond lengths between LS/HS states is due to the NCS ligand being anionic and 

forming stronger, shorter coordination bonds with the Fe atoms.11 The FeN6 first coordination 

sphere produces distorted octahedra throughout the 7Cx series, with cis N1-Fe-N2 (Npy-Fe-Npy) 

and N2-Fe-N3 (Npy-Fe-NNCS) angles ranging between 82.77(7)-87.02(6)° and 88.36(6)-93.17(6)°, 

respectively. trans N1-Fe-N5 (Npy-Fe-Npy) and N3-Fe-N6 (NNCS-Fe-NNCS) angles range between 

177.91(15)-180.00° and 178.10(2)-180.00°, respectively.  

 

 

Fig. 79 Molecular structure of 7C4 at 100 K with atom numbering scheme. Atom numbering 
system for applies to other compounds in the 7Cx series. 7C8-7C12 and 7C16-7C18 contain an 
inversion centre on the Fe(II) ion and are labelled using prime symbols in the cif file as per the 
selected N atoms above in brackets. Hydrogen atoms have been omitted for clarity. Legend: 
iron, turquoise; nitrogen, blue; oxygen, red; sulphur, yellow; carbon, grey. 

 

The distortion of the eight coordination octahedra was evaluated via the octahedral 

distortion parameter (Σ) (Table 24 and 25).12–14 In 7C4 and 7C10 where the Fe(II) atom is LS Σ = 

29.3(6) and 28.4(4)°, respectively. For compounds 7C6, 7C8 and 7C12-7C18, which contain HS Fe(II) 

atoms, Σ ranges between 36.1(4)-43.2(8)°. The difference between the degree of distortion in 

the LS structures and the HS structures is subtle but significant – The notion that HS structures 
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produce a greater distortion of the coordination octahedron than LS structures has been 

described previously.12 The increased distortion of the octahedron in the HS structures must be 

derived from structural flexibility of the L5Cx ligands as the NCS ligands are monodentate and 

linear. The distortion of the ligand as a function of the percentage of HS Fe(II) centres will be 

discussed in detail in the next section through variable temperature single crystal XRD studies 

on 7C4. 

 

 

Fig. 80 Example of gauche and anti conformations in alkyl chain units of 7C16, with respect to the 
CH2 groups (top) and how the different types of Fe···Fe contacts are distinguished in this chapter 
(bottom).  
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In 7C4-7C18 the ligands project their alkyl chain groups away from the bridging nitrogen atoms 

of the amide function almost in a similar direction as the linear NCS anion. The trans ligands 

naturally then extend their alkyl chains in opposite directions from one another, making the 

longest axis of the cell the one in which the projected alkyl chains lie. The flexible nature of the 

aliphatic alkyl chains means that they do not always extend linearly, but rather, it is quite 

common for the chains to bend and change their gauche/anti conformation (Fig. 80),15,16 making 

it hard to assign the direction of the chains to any singular crystallographic axis or plane. This, 

combined with an increase in chain length, has a profound effect on both the space group and 

the unit cell dimensions for each homologue. The unit cell dimensions vary dramatically 

between 7C4-7C18, which is a consequence of the many different space groups occupied by the 

complexes at 100 K. 7C4 is in the orthorhombic Pna21 space group with four formula units making 

up the cell (Z = 4). 7C4 has a short b axis of 8.2973(4) Å compared to the a and c axes which are 

over double the length (Table 22). 7C6 is in the monoclinic P21/n space group (Z = 4) and also has 

a short b axis of 8.7471(5) Å with the a and c axes measuring significantly longer (8.7471(5) and 

24.3160(15) Å). 7C8, 7C10 and 7C16 are all in the monoclinic P21/c space group (Z = 2) and are 

characterised by short b axes and elongated c axes, with the a axis varying depending on the 

chain length of the homologue – the variation in the a axis appears to be the direction in which 

the alkyl chain length impacts the dimensions of the unit cell most profoundly, which will be 

further discussed vide infra. 7C12 and 7C14 crystallise in the monoclinic space group C2/c. In the 

former Z = 4 whilst in the latter Z = 8. 7C14 accommodates the extra four formula units in its unit 

cell by increasing the length of the a axis, rising from 31.5971(9) Å in 7C12 to 67.5790(3) Å in 7C14. 

The b and c axes are almost identical for both unit cells, varying by only 0.133 Å and 0.064 Å, 

respectively, although the smallest values occur only in the shorter chain homologue. The b and 

c axes are small compared to the a axis because they are defined mainly by the equatorial 

dimension of the complex, which consists of four pyridyl moieties and thus are similar in both 

directions. The packing of compounds 7C4-7C18 in the ac crystallographic plane are shown in Fig. 

81. 
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Fig. 81 Packing of compounds 7C4-7C18 in the ac plane at 100 K.  
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Fig. 82 Effect of the carbon chain length on the a axis of the unit cell in compounds 7C8, 7C10 and 
7C16. 
 

 

 

 

Fig. 83 Effect of the carbon chain length on the b and c axes of the unit cell in compounds 7C8, 
7C10 and 7C16. 
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The effect of extending the alkyl chain length on the unit cell can be assessed via comparison 

of 7C8, 7C10 and 7C16 which are in the P21/c space group at 100 K and contain two formula units 

per unit cell. As 7C4, 7C6, 7C12 and 7C14 are not in the P21/c space group, they are not directly 

comparable in this way. The b and c axes remain between 8.2524(2)-8.8184(5) Å and 17.2394(6)-

17.2433(10) Å, respectively. The a axis changes from 13.5871(9) Å in 7C6 to 15.9103(4) in 7C8 

and 18.5889(7) in 7C16 (Fig. 82). Extending the carbon chain by only two atoms has a significant 

impact on the unit cell, as shown by the comparison of 7C8 and 7C10. Fig. 84a shows how the unit 

cell of 7C8 contains both alkyl chains from one complex with the other complex being made up 

of two halves of two neighbouring units, whereas in 7C10 (Fig.84b) the unit cell has an elongated 

a axis to accommodate alkyl chains from neighbouring formula units as they interdigitate, with 

no complete molecular units appearing in the unit cell. The transformation along the a axis is 

then directly a consequence of the elongated carbon chains, resulting in changes to the packing 

of the lattice. In 7C10 and 7C16 the a axis describes the minimum distance between Fe atoms of 

complexes that are separated by the alkyl chains of one another along this axis. This is best 

described in terms of the packing arrangements between the molecules, which will be discussed 

in the next sub-section. The molecules tend to form closely packed linear chains through π···π 

contacts along the c axis. These chains of molecular units interdigitate with neighbouring chains 

along the a axis. It is the accumulative distance of the interdigitation of alkyl chains from two 

molecular units that predominantly separates their Fe(II) centres, which is also the defining 

parameter of the a axis of the unit cell. 

 

  

Fig. 84 a axis elongation of the unit cell between a) 7C8 and b) 7C10 as viewed in the ac 
crystallographic plane at 100 K. Legend: iron, turquoise; nitrogen, blue; oxygen, red; sulphur, 
yellow; carbon, grey.  
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The packing in compounds 7C4-C18 is dominated by two major components of the molecular 

structure: pyridyl-based short π···π contacts and hydrophobic/dispersion forces. It is worth 

repeating that although there are innumerable references to “π···π stacking” and “π···π 

interactions” in the literature,17 there remains an ambiguity surrounding this term with respect 

to accurately describing the forces/interactions in polypyridyl systems.18,19 We choose to 

describe the apparently structure directing motif of overlaying pyridyl groups by their physical 

features, that is, short contacts between aromatic systems with π electron density; hence “short 

π···π contacts” has been adopted in this body of work to describe these intermolecular 

arrangements. 

 

 

Fig. 85 Short π···π contacts between two 7C4 complexes with associated distances of the 
interaction (top) and pseudo 1D chain formation in the lattice through these contacts (bottom).  
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It was mentioned briefly that in the lattice structures the complexes appear to form 1D chains 

of closely arranged Fe centres, where parallel chains of compounds 7C8-7C18 are pushed apart 

by the protruding alkyl chains associated with their mononuclear molecular units. This 

observation is not made for 7C4 or 7C6 due to the shorter alkyl chain lengths. Fig. 85 (top) shows 

a single π···π contact between two 7C4 complexes and how this translates throughout the crystal 

structure (bottom) of 7C4 at 100 K. The sum of the two Van der Waals radii of the carbon atoms, 

which is approximately equal to 3.4 Å, is far shorter than the centroid···centroid distances 

between ligand moieties of the complexes and is another indication that there ais no 

“interaction” as such between the π rings. Comparable to the S···S contacts seen between 

complexes of 6, in which the interatomic distance is smaller than the sum of the Van der Waals 

radii for two S atoms, genuine intermolecular interactions should produce interatomic distances 

that are shorter than the sum of the two atomic Van der Waals radii for the two atoms that 

constitute the interacting atomic bodies. The shortest π···π contacts in 7C4-C18 are found in 

Tables 26 and 27 below. Only 7C6 exhibits a π···π contact below 3.5 Å, although 7C4 has a 

minimum contact of 3.502(6) Å and 7C10-C14 display values just below 3.6 Å. The remaining 

compounds pack with significantly elongated distances between the nearest pyridyl moieties 

measuring 3.847(3), 3.699(18) and 3.873(2) Å in 7C8, 7C16 and 7C18, respectively. 

 

Table 26 Intermolecular contacts in 7C4-7C10 at 100 K.  
 7C4 7C6 7C8 7C10 
Distances (Å)     
d1

a 3.502(6) 3.471(13) 3.847(3) 3.574(14) 
d2

a 0.846(8) 1.014(3) 0.953(7) 0.987(3) 
Fe···Feb 8.297(4) 8.747(5) 8.818(5) 8.252(2) 
Fe···Fec 9.699(8) 9.420(7) 9.684(5) 9.704(2) 
C···Cd 3.777(10) 3.580(4) 3.751(6) 3.622(3) 

a given by the shortest intermolecular py centroid···centroid distances, described in Fig. 85 (top) 
as d1. b given by the minimum Fe···Fe contact distance of Fe atoms in the same 1D chain. c given 
by the minim Fe···Fe contact distance between Fe atoms in parallel 1D chains (Fig. 80). d is the 
minimum C···C contact distance between any aliphatic C atom of an alkyl chain and any C atom 
of a different complex. 
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Table 27 Intermolecular contacts in 7C12-7C18 at 100 K.  
 7C12 7C14 7C16 7C18 
Distances (Å)     
d1

a 3.598(15) 3.588(4) 3.699(18) 3.873(2) 
d2

a 1.007(3) 1.209(9) 0.643(4) 1.786(5) 
Fe···Feb 8.597(2) 8.730(4) 8.536(3) 8.957(18) 
Fe···Fec 9.649(18) 9.701(8) 9.618(3) 8.477(17) 
C···Cd 3.672(4) 3.668(16) 3.684(4) 3.683(4) 

a given by the shortest intermolecular py centroid···centroid distances, described in Fig. 85 (top) 
as d1. b given by the minimum Fe···Fe contact distance of Fe atoms in the same 1D chain. c given 
by the minim Fe···Fe contact distance between Fe atoms in parallel 1D chains (Fig. 80). d is the 
minimum C···C contact distance between any aliphatic C atom of an alkyl chain and any C atom 
of a different complex. 
 

The distance between pyridyl groups (centroid to centroid) is given by d1 in Fig. 85 and in this 

specific family of compounds appears to be unrelated to both the spin state of the Fe(II) atom 

and the alkyl chain length of the ligands, suggesting there is no real interaction. The two 

complexes that host a LS Fe(II) ion at 100 K (7C4 and 7C10) produce the second and third shortest 

π···π contacts. As the HS structure of 7C6 produces the shortest interpyridyl distance it is hard to 

say with certainty that there is a direct relationship between the spin state and the 

intermolecular distances associated with the pyridyl moieties of neighbouring complexes. 

Building on this, considering the intermolecular Fe contacts and how these vary between the 

compounds. There appears to be no correlation between the Fe contacts and any other 

structural attribute; the likely cause of the irregular variation in this lattice feature is due to 

variation in the packing of the alkyl chain groups, which are seen to produce multiple 

conformations and directionality. Despite this, it is seemingly the case for the majority of the 

compounds in this family that the LS Fe(II) atoms generally produce shorter intermolecular π···π 

contacts.  
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5.3.1.2 Description of single crystal structures of 8C10 and 8C16 

 
Table 28 Single crystal X-ray diffraction details and parameters for compounds 8C10 and 8C16 at 
100 K. 

Parameters 8C10 8C16 
Formula C42H54FeN8O2Se2 C54H78FeN8O2Se2 
Mr 916.70 1085.01 
Cryst syst monoclinic monoclinic 
Space group P21/c P21/c 
a / Å 15.9950(3) 17.8938(5) 
b / Å 8.3214(17) 8.8436(2) 
c / Å 17.5160(4) 17.2602(4) 
α / deg 90 90 
β / deg 115.35(3) 97.572(2) 
γ / deg 90 90 
V / Å3 2111.8(9) 2707.53(12) 
T / K 100 100(2) 
Z 2 2 
ρcalcd / g.cm-3 1.442 1.331 
λa / Å 0.71073 1.54184 
No. of indep reflns 7121 4944 
No. reflns with I > 2σ(I) 5727 3871 
No. of params 252 305 
No. of restraints 0 0 
Final R1b, wR2c, (I > 2σ(I)) 0.0759, 0.1624 0.0682, 0.1738 
R1, wR2 (all data) 0.1023, 0.1803 0.0851, 0.1845 
Goodness of fit 1.073 1.051 
Largest residuals / e Å-3 1.057 1.641 
aGraphite monochromators. bR1 = Σ[|F0| - |Fc|]/Σ[|F0|, cwR = [Σw(F02 - Fc2)/ΣwF04)]1/2 

 

Table 29 Selected bond lengths and parameters for 8C10 and 8C16 at 100 K.  
Bond(s) 8C10 8C16 
Lengths (Å)   
Fe1-N1  2.002(6) 2.210(3) 
Fe1-N2 2.025(6) 2.193(3) 
Fe1-N3 2.030(7) 2.136(3) 
Fe1-N4 2.025(6)a 2.193(3)a 

Fe1-N5 2.002(6)a 2.210(3)a 

Fe1-N6 2.030(7)a 2.136(3)a 

   
Angles (°)   
N1-Fe1-N4 93.60(2)b 96.88(12)b 

N1-Fe1-N5 180.00b 180.00b 

N2-Fe1-N5 93.60(2)b 96.88(12)b 

N1-Fe1-N2  86.40(2) 83.12(12) 
N2-Fe1-N3 
N3-Fe1-N6 

93.00(2) 91.18(12) 
180.00b 180.00b 

∑c 31.8(16) 42.0(9) 
a Bond lengths and b bond angles are symmetry generated using N4, N5 and N6 in place of N1’, 
N2’ and N3’. c Octahedral distortion parameters are obtained using the equation: Σ =∑ (|90-12

i=1
θi|), (θi = N-Fe-N) where perfect octahedrons produce a value Σ = 0 and deviation from this value 
coincides with structural deformation of the coordination polyhedron. 
 

Single crystal structures for compounds 8C10 and 8C16 were solved using direct methods with 

SHELXS6 and were refined by full-matrix least-squares on F2 with SHELXL.7   
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Fig. 86 Formula unit for 8C10 with selected atom labels due to an inversion centre located on the 
central Fe(II) ion. Hydrogen atoms omitted for clarity. Legend: iron, turquoise; nitrogen, blue; 
oxygen, red; selenium, silver; carbon, grey. 
 

Unlike the 7Cx compound series, single crystal XRD data for six of the NCSe analogues with 

formula trans-[Fe(L5Cx)2(NCSe)2] were not able to be obtained. Herein, single crystal structures 

for compounds trans-[Fe(L5C10)2(NCSe)2] (8C10) and trans-[Fe(L5C16)2(NCSe)2] (8C16) are 

reported. Both 8C10 and 8C16 crystallised as yellow plates by allowing the methanol of the 

reaction solution to evaporate slowly. The single crystals of 8C10 and 8C16 crystallised in the 

monoclinic space group P21/c, with the former being twinned. Both compounds are solvate free 

as single crystals and both display asymmetric units that are one half of the trans-

[Fe(L5Cx)2(NCSe)2] neutral complex, with an inversion centre located on the Fe(II) ion at the 

centre of an octahedral geometry. The octahedral coordination sphere is formed by the four 

nitrogen atoms of pyridyl groups from two ligand molecules, in equatorial positions, cis to one 

another, completed by two axial nitrogen atoms from two NCSe anions, trans to one another 

(Fig. 86). The ligands coordinate in the exact same fashion as seen in the compounds 7C4-C18, 

forming a bidentate, six-membered chelate ring with the Fe(II) ion. 

The Fe-N bond lengths and angles for 8C10 and 8C16 at 100 K are located in Table 29. The 

average Fe-N bond lengths in 8C10 and 8C16 equal 2.019 and 2.180 Å, respectively. The Fe-N bond 

lengths in 8C10 are indicative of a LS Fe(II) ion, with those for 8C16 suggesting a HS Fe(II) ion is 

predominant in the longer chain length homologue. In contrast the observations in the 

thiocyanate analogues, the LS structure of 8C10 displays an axial Fe-NNCSe bond length (Fe1-N3) 
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that is longer than the equatorial Fe-Npy bond lengths, with Fe1-N3 of 2.030(7) Å measuring 

0.005 Å longer than the 2.025(6) Å of Fe1-N2 and 0.028 Å longer than the 2.002(6) Å of Fe1-N1. 

For 8C16 the Fe-N bond lengths are reversed in order of length comparatively, to 8C10 with Fe1-

N1 (py) > Fe1-N2 (py) > Fe1-N3 (NCSe). The HS state of the Fe(II) ion in 8C16 produces an increase 

in the Fe-Npy bond lengths from those in 8C10 by 0.208 and 0.168 Å for Fe1-N1 and Fe1-N2, 

respectively. From the LS 8C10 to the HS 8C16 the axial Fe1-N3 bond from the NCSe ligands 

increases by only 0.106 Å. In the analogous 7C10 and 7C16, which are also LS and HS respectively, 

the increase in Fe-N bond lengths going from LS to HS structures follows the same trend as in 

the selenocyanate analogues, with the axial anionic ligands producing the smallest changes and 

the Fe1-N1 extending by the largest distance.  

The FeN6 first coordination sphere produces a slightly distorted octahedron in both 8C10 and 

8C16, with cis Npy-Fe-Npy and Npy-Fe-NNCS angles ranging between 86.40(2)-93.60(2)° and 

83.12(12)-96.88(12)°, respectively. The trans Npy-Fe-Npy and NNCS-Fe-NNCS angles are 180° due to 

the inversion centre on the Fe(II) ion. The distortion of the octahedra, given by Σ (Table 29) is 

expectedly smaller in 8C10 than in 8C16 due to the differing spin states. for 8C10 and 8C16 Σ = 

31.8(16) and 42.0(9)°, respectively. The difference in the distortion of the octahedron in the LS 

8C10 and HS 8C16 homologues are significant and are comparable to those in the 7Cx series, with 

maximum ΣLS = 29.3(6) (7C4) and minimum ΣHS = 36.1(4) (7C12). This magneto-structural 

relationship is explored further vide infra. 

 

 

Fig. 87 Pseudo bilayer packing of LS 8C10 in the ab plane at 100 K. Hydrogen atoms omitted for 
clarity. Legend: iron, turquoise; nitrogen, blue; oxygen, red; selenium, silver; carbon, grey. 
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Fig. 88 Pseudo bilayer packing of HS 8C16 in the ab plane at 100 K. Hydrogen atoms omitted for 
clarity. Legend: iron, turquoise; nitrogen, blue; oxygen, red; selenium, silver; carbon, grey. 
 

In 8C10 the alkyl chain units lie in the ab plane and have gauche conformations (relative to 

their numerical predecessor) on the C14 (C14’) and C19 (C19’) atoms causing curvature in the 

projection of the chain. For 8C16 the alkyl chain units lie in the ac plane, with only one gauche 

arrangement on C13 (C13’), with the remaining carbon atoms adopting anti arrangements 

throughout the rest of the chain. The alkyl chains in 8C16 have a linear conformation and do not 

appear to have any significant curvature. The unit cells for 8C10 and 8C16 are constituted by two 

formula units (Z = 2) and both display long a and c axes with a b axis that is approximately half 

as long (Table 28). As both NCSe homologues are in the P21/c space group their packing is similar 

but the effects of the alkyl chain length and gauche/anti conformation on the packing can be 

observed most prominently in the ab plane. In the ab plane both compounds 8C10 and 8C16 form 

pseudo bilayer arrangements (Fig. 87 and 88): Unlike in 1C6-C16, where the asymmetrical 

complexes formed ionic interfaces with one another, housing anions and solvates in a polar 

channel between interdigitated 2D sheets, all the compounds of L5Cx ligands produce 



Chapter 5 

207 
 

interdigitated sheets of complexes without the polar channels between hydrophobic regions. 

The compounds of L5Cx ligands give the illusion of bilayer packing due to the interdigitation of 

the alkyl chain units between 1D chains of complexes that form via short π···π contacts along 

the b axis (Fig. 89). Similar packing arrangements have been demonstrated in the neutral Fe(II) 

species [Fe(C10-pbh)2] where C10-pbh = (1Z,N’E)-4-(decyloxy)-N’-(pyridin-2-ylmethylene)-benzo-

hydrazonate), reported by Clérac and co-workers16 and the neutral trans-[Fe(C16dpt)2(SCN)2] 

species where C16dpt = 2,2'-(4-hexadecyl-4H-1,2,4-triazole-3,5-diyl)dipyridine, reported by 

Brooker and co-workers.20 There is a strong resemblance between the packing and molecular 

structure of the complexes reported by Clérac and Brooker and those of the L5Cx ligands (Fig. 89 

and 90), despite the former lacking the uniaxial trans projection of the alkyl chain units. 

 

 

Fig. 89 1D chains of 8C10 complexes via short π···π contacts along the packed in the ab plane. 
Hydrogen atoms omitted for clarity. Legend: iron, turquoise; nitrogen, blue; oxygen, red; 
selenium, silver; carbon, grey. 
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Both the mentioned examples of neutral Fe(II) complexes also display pseudo-bilayer 

formation due to the projection of the two alkyl chain units of the complexes being in opposite 

directions, allowing the interdigitation of other complexes. Of these two examples, the trans-

[Fe(C16dpt)2(NCS)2] complex is most pertinent to the discussion of the type of complexes 

discussed in this chapter, as it shares the trans axial coordination of an NCX anion to form a 

heteroleptic complex whilst simultaneously containing long alkyl chain functionality. The 

compound reported by Brooker et. al.20 also projects the alkyl chains of the two ligand units that 

comprise the complex in opposing directions to match the direction of the coordinated NCS 

anions. The result is a packing of complex units in an almost identical fashion to that of 

compound 8C10. It is also worth mentioning that the afore mentioned compounds [Fe(C10-pbh)2] 

and [Fe(C16dpt)2(NCS)2] both exhibit SCO near or at room temperature, which sets a precedent 

for this design of complex as magnetically switchable compounds. 

 

 

Fig. 90 Alternate stacking modes of 1D chains of 8C10 in the bc plane. Pyridyl moieties involved 
in short π···π contacts have blue highlighted mean planes and the contact distances is given as 
blue stippled cones. Hydrogen atoms omitted for clarity. 1D chains are monochromatic. 
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Fig. 91 1D chains of 8C16 complexes via short π···π contacts along the b axis (left) and schematic 
(right). Alternate stacking modes are seen between adjacent chains: Chains with the same 
stacking arrangement are monochromatic. Hydrogen atoms omitted for clarity. 
 

Table 30 Intermolecular contacts in 8C10 and 8C16 at 100 K.  
 8C10 8C16 
Distances (Å)   
d1

a 3.611(6) 3.801(3) 
d2

a 1.063(12) 1.025(7) 
Fe···Feb 8.341(17) 8.844(2) 
Fe···Fec 9.700(18) 9.697(18) 
C···Cd 3.663(12) 3.637(7) 

a given by the shortest intermolecular py centroid···centroid distances, described in Fig. 85 (top) 
as d1. b given by the minimum Fe···Fe contact distance of Fe atoms in the same 1D chain. c given 
by the minim Fe···Fe contact distance between Fe atoms in parallel 1D chains (Fig. 80). d is the 
minimum C···C contact distance between any aliphatic C atom of an alkyl chain and any C atom 
of a different complex. 
 

There is a relationship between the three main intermolecular contact distances and the 

length of the alkyl chains, that is, the intra-1D chain Fe contacts, the inter-1D-chain Fe contacts 

and the shortest py···py contacts (Table 30). The increased alkyl chain length in 8C16 from 8C10 is 

accompanied by an increase in the π···π contact distances along the b axis and naturally the 

intrachain Fe···Fe distances increase alongside this. Interestingly there is a minute decrease in 

both the interchain Fe···Fe distances and intermolecular aliphatic C···C contacts with increased 

alkyl chain length. This is not surprising as the packing of the alkyl chain lengths in three 



Chapter 5 

210 
 

dimensions is not ultimately reliant on the length of the chain but also on the gauche/anti 

conformation and other adjunct interactions, as seen in the NCS analogues previously. It is worth 

mentioning that the minimum C···C contact between 8C16 complexes is shorter than the py···py 

distances, suggesting a competition in structurally directing features exist here. Although the 

chain length is a large factor in the structural differences between the NCSe homologues, the 

spin state of the Fe(II) ion also contributes to the properties of the lattice. 

The two main differences between the structures of 8C10 and 8C16 are both the 

intermolecular π···π contact distances and the intrachain Fe···Fe contact distances, which are 

both shorter in 8C10 compared to 8C16. These two values describe how close the complexes 

within the crystal lattice are to one another and appears to play a crucial role in stabilising the 

spin state of the Fe(II) centres. The shorter π···π contact distances and intrachain Fe···Fe contact 

distances in 8C10 alongside the observed LS state of the central Fe(II) suggest that tighter packing 

of the complexes stabilises LS configurations. This shows how influential the intermolecular 

interactions and contact distances of octahedral Fe(II) species can be on the spin state of the 

metal ion. 

 

5.3.1.3 Description of single crystal structures of 9C10 and 9C18 

 

Table 31 Single crystal X-ray diffraction details and parameters for compounds 9C10 and 9C18.  
Parameters 9C10 9C18 

Formula C40H54Cl2FeN6O2 C56H86Cl2FeN6O2 
Mr 777.64 1002.05 
Cryst syst monoclinic monoclinic  
Space group P21/c P21/c 
a / Å 13.6640(3) 18.2408(10) 
b / Å 8.6041(17) 8.8333(10) 
c / Å 17.2390(3) 17.2483(10) 
α / deg 90 90 
β / deg 102.450(3) 104.366(10) 
γ / deg 90 90 
V / Å3 1979.00(7) 2692.25(4) 
T / K 100(11) 100(2) 
Z 2 2 
ρcalcd / g.cm-3 1.305 1.236 
λa / Å 1.54184 1.54184 
No. of indep reflns 3758 5088 
No. reflns with I > 2σ(I) 3689 4896 
No. of params 233 305 
No. of restraints 0 0 
Final R1b, wR2c, (I > 2σ(I)) 0.0385, 0.0905 0.0368, 0.1071 
R1, wR2 (all data) 0.0389, 0.0906 0.0368, 0.1081 
Goodness of fit 1.205 1.064 
Largest residuals / e Å-3 0.340 0.599 
aGraphite monochromators. bR1 = Σ[|F0| - |Fc|]/Σ[|F0|, cwR = [Σw(F02 - Fc2)/ΣwF04)]1/2 
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Table 32 Selected bond lengths and parameters for 9C10 and 9C18 at 100 K.  
Bond(s) 9C10 9C18 
Lengths (Å)   
Fe1-N1  2.2089(18) 2.2368(12) 
Fe1-N2 2.2307(18) 2.2504(12) 
Fe1-Cl1 2.4188(7) 2.4146(3) 
Fe1-N1’ 2.2307(18)a 2.2504(12) 
Fe1-N2’ 2.2089(18)a 2.2368(12) 
Fe1-Cl1’ 2.4188(7)a 2.4146(3) 

   
Angles (°)   
N1-Fe1-N1’ 97.25(7)b 98.27(4)b 

N1-Fe1-N2’ 180.00b 180.00b 

N2-Fe1-N2’ 97.25(7)b 98.27(4)b 

N1-Fe1-N2  82.75(7) 81.73(4) 
N1-Fe1-Cl1 89.19(5) 92.13(3) 
N2-Fe1-Cl1 88.70(5) 91.76(3) 
N1’-Fe1-Cl1 91.30(5)b 88.24(3)b 

N2’-Fe1-Cl1 90.81(5)b 87.87(3)b 

Cl1-Fe1-Cl1’ 180.00b 180.00b 

∑c 37.4(4) 48.6(2) 
a Bond lengths and b bond angles are symmetry generated using N1’, N2’ and Cl1’ notation for 
generated atoms. c Octahedral distortion parameters are obtained using the equation: 
Σ =∑ (|90-θi|)12

i=1 , (θi = N-Fe-N) where perfect octahedrons produce a value Σ = 0 and deviation 
from this value coincides with structural deformation of the coordination polyhedron. 
 

Single crystal structures for compounds 9C10 and 9C18 were solved using direct methods with 

SHELXS6 and were refined by full-matrix least-squares on F2 with SHELXL.7 

Substituting NCX anions, where X = S or Se, for chloride produces complexes with the formula 

trans-[Fe(L5Cx)2Cl2]. Similarly to NCSe analogues, single crystal structures were obtained for only 

two of the alkyl chain homologues of this species. The two compounds that were investigated 

via single crystal XRD were trans-[Fe(L5C10)2Cl2] (9C10) and trans-[Fe(L5C18)2Cl2] (9C18). Both 

compounds 9C10 and 9C18 were in the HS state at 100 K as per the Fe-N bond lengths vide infra. 

Compounds 9C10 and 9C18 crystallised as yellow blocks by slow concentration of the reaction 

solution. Both compounds 9C10 and 9C18 are solvate free as single crystals and both display 

asymmetric units that are one half of the trans-[Fe(L5Cx)2Cl2] neutral complex, with an inversion 

centre located on the Fe(II) ion at the centre of an octahedron. The octahedral coordination 

sphere is formed by the four nitrogen atoms of pyridyl groups from two ligand molecules, in 

equatorial positions, completed by two axial chloride atoms acting as counter anions, which are 

trans to one another. The ligands coordinate in the exact same fashion as previously described 

for NCS and NCSe structures, forming a bidentate, six-membered chelate ring with the Fe(II) ion. 

The Fe-N bond lengths and angles for 9C10 and 9C18 at 100 K are located in Table 32. The 

average Fe-N bond lengths in 9C10 and 9C18 are 2.309 and 2.301 Å, respectively, however these 

are exceptionally long due to the nature of the axial coordination bonds, which are formed 

between large chloride anions and not nitrogen donors. The average Fe-Npy bond lengths are 
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2.220 and 2.244 Å for 9C10 and 9C18, respectively. The long Fe-Npy bond lengths are characteristic 

for HS Fe(II). The Fe-N bond lengths for the HS complex 9C10 are longer than the LS analogous 

complexes of 8C10 and 7C10 by 0.218 and 0.229 Å, respectively, which is standard for bond length 

changes between LS and HS Fe(II) SCO centres.10,21 The HS 9C18 and 7C18 complexes have identical 

average Fe-N bond lengths of 2.220 Å as expected but confirm no secondary anion effects play 

a role in this property of the coordination octahedron. In both chloride homologues the Fe1-

N1(N1’) bond length is shorter than the Fe1-N2(N2’) bond length. This is the case for all 

analogous complexes of L5C10 but the opposite is true in 8C18.  

 

Fig. 92 Formula unit for 9C10 with selected atom labels. Hydrogen atoms omitted for clarity. 
Legend: iron, turquoise; nitrogen, blue; oxygen, red; chlorine, green; carbon, grey. 
 

The FeN4Cl2 first coordination sphere of 9C10 and 9C18 produce distorted octahedra. For 9C10 

cis Npy-Fe-Npy and Npy-Fe-NCl angles ranging between 82.75(7)-97.25(7)° and 88.70(5)-91.30(5)°, 

respectively. For 9C18 cis Npy-Fe-Npy and Npy-Fe-NCl angles ranging between 81.73(4)-98.27(4)° 

and 87.87(3)-92.13(3)°, respectively. trans Npy-Fe-Npy and NCl-Fe-NCl angles are 180° due to the 

inversion centre on the Fe(II) ion. Σ = 37.4(4) and 48.6(2) for 9C10 and 9C18, respectively – both 

compounds produce larger octahedral distortion parameter values than in their respective NCS 

and/or NCSe analogue but particular attention is paid to the comparison of the analogues of the 

L5C10 ligand (7C10, 8C10 and 9C10). The three analogues 7C10 (NCS), 8C10 (NCSe) and 9C10 (Cl) can 
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be linked structurally as all three exist in the P21/c space group at 100 K. The increase in 

octahedral distortion parameter from LS 7C10 to LS 8C10 to HS 9C10 shows how the spin state is 

not the only influence on the distortion of the coordination octahedron: By changing NCS for 

NCSe in 7C10/8C10 there is an increase of 3.4° in Σ even though the Fe(II) ions are in the LS state. 

The HS state and axial Cl anions in 9C10 then increase the value of Σ by another 5.6°. The 

increased distortion observed in HS structures compared to LS structures may also be 

accompanied by a steric contribution to the distortion by the larger Se and Cl atoms even when 

the spin state remains constant. 

Another structural aspect in which the effect of the spin state of the Fe(II) ion on the complex 

structure can be gauged is through the N1-N4-N2 (py-amido-py) angle of the L5C10 ligand units. 

For LS complexes of 7C10 and 8C10 this angle is 70.96(6)° and 71.50(3)°, respectively. For the HS 

complex 9C10 the N1-N4-N2 angle is 76.73(8)°, which is a noticeable increase considering the 

ligands employ the same binding modes in each of the structures. This angle appears to be 

strongly influenced by the spin state of the Fe(II) ion: the elongation of the coordination bond 

lengths from LS to HS structures must be compensated for in the structure of the ligand as the 

pyridyl groups are effectively pushed apart. The ligands evidently achieve this by rotation of the 

pyridyl moieties about the C5-N4 and C6-N4 bonds towards a more planar conformation across 

the nitrogen containing regions of the ligands. Similar angles (ca. 75-80°) are observed in HS 

structures of pyrazine and triazene functionalised derivatives of the Di(pyridin-2-yl)amine 

chelating motif.22–24 These observations are further investigated in the next section where a 

variable temperature X-ray diffraction study maps the structural impacts of thermally driven 

SCO in this complex motif. 

As a control, the density of the crystals as calculated by the diffraction data, can be compared 

between the HS compounds 7C18 and 9C18. In this example the crystal density increases as the 

NCS anion is swapped for a Cl. The volume of the cell is not comparable however, as the crystals 

are in different space groups at 100 K. For the 7C10, 8C10 and 9C10 series however, there was an 

increase in crystal density (1.307-1.442 g cm-3) moving from an NCS anion to an NCSe followed 

by a decrease (1.442-1.305 g cm-3) as NCSe is interchanged with Cl. The increase in crystal density 

between 7C10 to 8C10 due to the introduction of a heavier Se atom in the structure seems 

reasonable. The decrease in crystal density from 8C10 to 9C10 agrees with the premise that a 

compound’s HS structure is typically larger and therefore less dense than its LS structure, as 

evidenced by the increase in coordination bond lengths. Commonly, LS structures with shorter 

coordination bond lengths and less distorted octahedrons will produce more compact crystals 

compared to their HS structures. Although this true for the 7C10, 8C10 and 9C10 series, there was 
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also decline in the unit cell volume between LS structures 7C10 and 8C10 and the HS structure of 

9C10. This is not in agreement with the trend in increasing density from LS to HS states; however, 

as the anion is not the same type in 9C10 as in 7C10 and 8C10, there could be contributions to the 

unit cell volume from sterics and packing effects stemming from the smaller size of the Cl anion 

compared to NCS and NCSe. 

 

Fig. 93 Comparison of the long axes of the unit cell in the 7C10, 8C10 and 9C10 analogue series.  
 

The unit cell of 9C10 has a short b axis of 8.6041(17) Å and long a and c axes of 13.6640(3) and 

17.2390(3) Å, respectively. In case of the b and c axes the lengths are similar across all three 

analogues of complexes of L5C10 but the a axis in 9C10 is notably shorter than in 7C10 and 8C10, 

which is 15.9103(4) and 15.9950(3) Å in each case. As in other analogues, the Fe centres form 

2D sheets across the bc crystallographic plane, with alkyl chains projecting across the ac plane, 

interdigitating with parallel 2D sheets (Fig. 93). The distance between the 2D sheets of Fe(II) ions 

is given by the a axis. As mentioned above the a axis in 9C10 is over 2.0 Å shorter than in 7C10 and 

8C10. The decreased distances between interdigitated 2D sheets is due to the angle of the 

interdigitation of the alkyl chain units increasing away from a linear fit with the direction of the 

a axis. This in turn has the opposite effect on the length of the a axis, as the length of the alkyl 

chains along this axis effectively decreases due to the increased c axis component to their 

extension. The result of the change of packing mode in 9C10 on the unit cell is to bring a the β 

angle closer to 90° by decreasing from an average 115.17° in 7C10 and 8C10 to 102.45(3)° in 9C10. 

These observations appear to explain the decrease in unit cell volume in the HS structure 

compared to the LS structures, due to the b axis being defined more or less by the width of the 

equatorial pyridyl moieties, which remain fixed for the compounds due to the use of the same 

L5C10 ligand throughout.  
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Table 32 Intermolecular contacts in 9C10 and 9C16 at 100 K.  
 9C10 9C18 
Distances (Å)   
d1

a 3.642(18) 3.725(12) 
d2

a 1.019(4) 1.285(2) 
Fe···Feb 8.604(17) 8.833(10) 
Fe···Fec 9.633(14) 9.689(5) 
C···Cd 3.696(4) 3.681(2) 

a given by the shortest intermolecular py centroid···centroid distances, described in Fig. 85 (top) 
as d1. b given by the minimum Fe···Fe contact distance of Fe atoms in the same 1D chain. c given 
by the minim Fe···Fe contact distance between Fe atoms in parallel 1D chains (Fig. 80). d is the 
minimum C···C contact distance between any aliphatic C atom of an alkyl chain and any other C 
atom of a different complex. 
 

The same short π···π contacts between pyridyl moieties of neighbouring complexes appear 

in 9C10 and 9C18 as in the previously described structures, which are displayed in Fig. 90. The 

associated intermolecular distances are located in Table 32 above. The py···py contacts in 9C10 

are slightly longer than for 7C10 (3.574 Å) and 8C10 (3.611 Å), which is expected due to the HS 

state of the Fe(II) ion. For 9C18 this distance is 3.725(12) Å compared to 3.873(2) Å in the NCS 

analogue 7C18, which also exhibits a significantly larger value of d2, equalling 1.285(2) Å in the 

former and 1.786(5) Å in the latter. Conversely, no drastic change in d2 is observed in the 

compounds of L5C10, suggesting that the horizontal displacement of the short π···π contacts is 

influenced to a larger degree by the alkyl chain units than the spin state of the Fe(II) centres.  
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5.3.1.4 Variable temperature single crystal X-ray diffraction studies 

 

Variable temperature single crystal XRD measurements were conducted on 7C4 in response 

to the LS state of the central Fe(II) ion at 100 K and the yellow colour of the compound at room 

temperature, which is typical of HS Fe(II). Hence, the observation thermal SCO in this particular 

compound was anticipated. Unfortunately, variable temperature single crystal structures for 

7C10 and 8C10 could not be obtained, however, an attempt is being made to collect the low and 

high temperature crystal structures of these compounds in the near future and these may 

appear in published work subsequent to the submission of this thesis. 

Variable temperature single crystal XRD can be used to elucidate how the single crystal 

structure responds to the switching of Fe(II) centres between LS and HS states as temperature 

is increased. The variable temperature study on 7C4 was conducted on a different single crystal 

than that which the 100 K structure was collected from. The three structures reported in this 

section were obtained from the same single crystal. X-ray diffraction details and parameters for 

the study are located in Table 33. Single crystal structures were solved via ShelXS using direct 

methods6 and refined by full-matrix least squares on F2.25 

 
Table 33 Variable temperature single crystal XRD details and parameters for 7C4. 

Parameters 7C4·85K 7C4·120K 7C4·200K 

Formula C30H30FeN8O2S2 C30H30FeN8O2S2 C30H30FeN8O2S2 
Mr 654.59 654.59 654.59 
Cryst syst orthorhombic orthorhombic orthorhombic 
Space group Pna21 Pna21 Pna21 

a / Å 17.4656(18) 17.2689(10) 17.3108(10) 
b / Å 8.3066(6) 8.5587(4) 8.6178(4) 
c / Å 20.8857(16) 21.2446(12) 21.2607(14) 
α / deg 90 90 90 
β / deg 90 90 90 
γ / deg 90 90 90 
V / Å3 3030.1(4) 3139.9(3) 3171.7(3) 
T / K 85 120 200 
Z 1 1 1 
ρcalcd / g.cm-3 1.435 1.3846 1.371 
λa / Å 0.71073 0.71073 0.71073 
No. of indep reflns 6392 7154 6892 
No. reflns with I > 2σ(I) 3826 4326 4113 
No. of params 390 390 390 
No. of restraints 0 0 0 
Final R1, wR2b, (I > 2σ(I)) 0.0617, 0.1044 0.0551, 0.1244 0.0540, 0.0873 
R1, wR2b (all data) 0.1375, 0.1250 0.0888, 0.1073 0.1234, 0.1043 
Goodness of fit 1.0080 1.0098 1.0070 
Largest residuals / e Å-3 0.4110 0.7309 0.3370 
aGraphite monochromators. bR1 = Σ[|F0| - |Fc|]/Σ[|F0|, cwR = [Σw(F02 - Fc2)/ΣwF04)]1/2 

 

7C4·85K, 7C4·120K and 7C4·200K are all in the orthorhombic space group Pna21. The 

asymmetric unit in each structure consists of one trans-[Fe(L5C4)2(NCS)2] formula unit. The 
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asymmetric unit defines the contents of the unit cell (Z = 1) and no solvates are found in the 

single crystal structures. The unit cells consist of long a and c axes that are more than double 

the length of the b axis (Table 33). The data were modelled without application of a twin law or 

BASF command despite a slightly large Flack parameter. The increase in value of the Flack 

parameter compared to the 100 K structure is possibly due to the quality of the crystal and not 

due to genuine twinning of the crystals. Selected bond lengths and angles for the three 

structures are located in Table 34. The Fe-N bond lengths in 7C4·85K are  similar to those of the 

100 K structure and typical of LS Fe(II), with average Fe-Npyridyl and Fe-NNCS distances of 1.997 and 

1.989 Å, respectively. Again, the axial NCS ligands form a stronger, shorter coordination bond 

that the equatorial pyridyl groups due to their anionic nature.11 The Fe-N coordination bond 

lengths undergo a significant increase in 7C4·120K. The average Fe-Npyridyl and Fe-NNCS in 7C4·120K 

increase by 0.20 and 0.15 Å to 2.197 and 2.140 Å, respectively, from the corresponding bonds 

in 7C4·85K. The Fe-N bond lengths at 120 K are typical of a HS Fe(II) atom; this suggests that 

either all of or the majority of the Fe(II) centres have undergone a thermally induced spin 

transition from the LS to HS state by this point. Increasing the temperature of the crystal to 200 

K results in a slight decrease in the Fe-N bond lengths, which is due to libration effects,26 

however, the Fe(II) ion remains in the HS state despite this decrease. The changes in 

coordination bond lengths about the central Fe(II) ion between the three structures suggests 

that the structural changes of the first coordination sphere as a result of a thermally driven spin 

transition occur between 85-120 K. 7C4·200K presents an almost identical set of Fe-N bond 

lengths as 7C4·120K meaning there are no obvious electronic or magnetic influences on the 

structure as the temperature surpasses 120 K.  

 

 

Fig. 94 Molecular structures of 7C4·85K (left), 7C4·120K (centre) and 7C4·200K (right) with 
associated geometric properties. Legend: iron, turquoise; nitrogen, blue; oxygen, red; sulphur, 
yellow; carbon, grey. 
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Table 34 Selected bond lengths and angles for 7C4 at 85, 120 and 200 K.  
Bond(s) 7C4·85K 7C4·120K 7C4·200K 

T (K) 85 120 200 
Lengths (Å)    
Fe1-N1 1.986(9) 2.207(4) 2.179(7) 
Fe1-N2 1.995(8) 2.181(5) 2.216(5) 
Fe1-N3 1.994(10) 2.157(4) 2.144(7) 
Fe1-N4 2.007(8) 2.193(4) 2.199(5) 
Fe1-N5 1.999(8) 2.207(4) 2.185(6) 
Fe1-N6 1.984(8) 2.122(4) 2.119(6) 
Fe-Npyridyl (av.) 1.997 2.197 2.195 
Fe-NNCS (av.) 1.989 2.140 2.132 
Angles (°)    
N1-Fe1-N2 86.9(3) 83.12(15) 83.0(2) 
N1-Fe1-N3 92.0(3) 89.47(14) 91.3(2) 
N1-Fe1-N4 92.7(3) 98.85(15) 95.4(2) 
N1-Fe1-N5 178.7(4) 176.99(16) 178.3(3) 
N1-Fe1-N6 89.1(3) 88.73(14) 89.3 
N2-Fe1-N3 91.6(3) 90.88(16) 89.6(2) 
N2-Fe1-N4 178.5(4) 178.0(2) 177.2(2) 
N2-Fe1-N5 94.0(3) 95.11(15) 98.6(2) 
N2-Fe1-N6 87.1(3) 90.96(17) 88.5(2) 
N3-Fe1-N4 87.0(3) 88.95(15) 88.2(2) 
N3-Fe1-N5 88.9(3) 88.13(14) 88.7(2) 
N3-Fe1-N6 178.2(4) 177.26(18) 177.0(3) 
N4-Fe1-N5 86.4(3) 82.91(16) 83.0(2) 
N4-Fe1-N6 94.4(3) 89.29(16) 93.8(2) 
N5-Fe1-N6 89.9(3) 93.74(15) 89.3(2) 
Fe1-N3-C15 156.0(8) 145.5(4) 145.9(6) 
Fe1-N6-C30 156.3(7) 147.1(4) 148.8(6) 
C5-N7-C6 119.1(6) 120.5(4) 119.2(6) 
C20-N8-C21 116.7(6) 118.5(4) 118.7(6) 
N1-N4-N2 71.1(2) 76.2(19) 76.0(3) 
N4-N7-N5 71.2(2) 76.3(2) 76.5(3) 
Σa 29.3(8) 39.0(6) 39.7(6) 

a Octahedral distortion parameters are obtained using the equation: Σ =∑ (|90-θi|)12
i=1 , (θi = N-

Fe-N) where perfect octahedrons produce a value Σ = 0 and deviation from this value coincides 
with structural deformation of the coordination polyhedron. 
 

The changes in coordination bond lengths have a significant impact on the structural 

deformation of the coordination octahedron (Fig. 94), which is evident in the octahedral 

distortion parameters (Table 34). Σ increases from 29.3(8)° in 7C4·85K to 39.0(6)° in 7C4·120K, 

constituting a significant increase in distortion. As the Fe(II) centres transition from LS to HS the 

octahedron deforms away from idealised octahedral values due to vibronic effects.12 

Combination of a significant increase in the octahedral distortion with increased Fe-N bond 

lengths between 7C4·85K and 7C4·120K confirm the earlier conclusions that spin transitions in 

the Fe(II) centres occur in the majority of the population between these temperatures. For 

7C4·200K Σ rises only slightly, which is to be expected as there is no increase in Fe-N bond 

lengths, which further supports the notion that the structural impacts of the spin transition are 

all but complete by 120 K and the 200 K structure is that of an entirely HS system.  
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As the coordination octahedron distorts due to Fe-N bond length elongation, the structure 

of the ligand responds. Fig. 95 shows how changes in the coordination bond lengths induce a 

conformational change in the ligand structure between 7C4·85K and 7C4·200K. The structural 

changes in the ligand occur mainly across the two pyridyl rings via the bridging N atom of the 

tertiary amide function. Interestingly, a relationship between the temperature/spin state of the 

Fe(II) ions and the angle of the coordinated NCS ligand was observed (Fig. 94 and Table 34). This 

relationship is measured by the average of both Fe-N-C angles taken from each NCS ligand, 

where an angle of 180° is used as a linear reference point. The Fe1-N3-C15 and Fe1-N6-C30 

represent the Fe-NCS coordination angle and herein Fe-N-C refers to the average of these two 

angles. In the LS structure 7C4·85K the Fe-N-C angle = 156.15°, which decreases significantly to 

146.30° in 7C4·120K then finally rising subtly to 147.35° in 7C4·200K. The N1-N7-N2 angles of 7C4 

across the three temperatures are located in Table 34. As depicted in Fig. 95 an increase in the 

Fe-Npy bond lengths brings about a change in the N1-N7-N2 and N4-N8-N5 angles of the two 

ligand units (Fig. 95). Between 85-120 K the N1-N7-N2 angle increases by 5.1° from 71.1(2) to 

76.2(19)°, which then decreases by 0.2° to 76.0(3)° in 7C4·200K, which is similar in magnitude to 

the associated uncertainty for the model. The large increase in this angle of the ligand unit 

between 7C4·85K and 7C4·120K and sequential decrease in 7C4·200K follows the same pattern 

as the Fe-N bond lengths, further suggesting a structural relationship is present. One possibility 

is that the elongation of the coordination bonds as 7C4 undergoes SCO forces the pyridyl 

moieties of the ligand units to become more planar in order to maintain the structure of the 

ligand about the sp2 carbon of the tertiary amide function (N7 and N8). The means by which this 

achieved is a rotation of the C-N bond between the amide and pyridyl moieties, which clearly 

brings about a change in the angle discussed in this section. To confirm this the C5-N7-C6 angle 

was compared between the three structures and showed no overall change between 85-200 K 

(Table 34). It appears that the Fe-NCS coordination angle is another marker of the overall spin 

state of the Fe(II) atom at the centre of the complex, although the impact of temperature and 

libration effects start to surface in the 200 K structure. Comparison of these markers to the 100 

K structures from the previous section shows a strong agreement with the assignment of the 

Fe(II) spin state and the structural markers discussed in this variable temperature study. The 

combination of increased Fe-N bond lengths, increased deformation of the coordination 

octahedron and decreased Fe-NCS coordination angle combine to reveal that between 85-120 

K 7C4 undergoes significant structural deformation which is likely due to a thermally induced 

spin transition. 
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Fig. 95 Structural impacts of Fe-Npy bond elongation from SCO on the L5C4 ligand.  
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Fig. 96 Transformations of the unit cell a (top), b (centre) and c (bottom) axes with temperature 
in 7C4.  
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85 K 

120 K 

 

Fig. 97 Unit cell of 7C4·85K (top) and 7C4·120K (bottom) in the ac crystallographic plane. 
7C4·200K does not deviate significantly from the structure of 7C4·120K. Legend: iron, turquoise; 
nitrogen, blue; oxygen, red; sulphur, yellow; carbon, grey.  
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It is important to consider how the conversion of Fe(II) centres from LS to HS upon heating 

of the crystal translates to the observed change in the unit cell parameters. The thermal SCO of 

7C4 does not lead to breaking of symmetry as the structures remain in the same orthorhombic 

space group throughout the 85-200 K temperature range. Fig. 96 displays how the three axes of 

the unit cell adapt to the change in temperature and spin state of the Fe(II) atom. As with the 

previously discussed properties, the most significant changes in the unit cell are observed 

between 7C4·85K and 7C4·120K and to simplify the discussion it can be assumed that the 

increase in unit cell volume between 7C4·120K and 7C4·200K is due to thermal expansion of the 

crystal lattice (Table 33). As the crystal is heated from 85 K up to 120 K the a axis decreases 

slightly, while the b and c axes increases. The differences in a, b and c from 7C4·85K to 7C4·120K 

= -0.197, 0.252 and 0.359 Å, respectively, which are all subtle, yet there is a significant difference 

between the transformation along the c axis and the other axes. The c axis of 7C4·85K is where 

the alkyl chain units of the complex extend in both directions due to the trans location of the 

ligands in the coordination octahedron. The extension of the Fe-N bond lengths as the 

temperature increases from 85-120 K results in the distance of the terminal CH3 group of the 

alkyl chains from the central Fe(II) atom increasing, which in turn means neighbouring 

complexes along the c axis are pushed apart. The rise in minimum Fe···Fe contact distance along 

the c axis from 11.286(10) Å in 7C4·85K to 11.404(7) Å in 7C4·120K versus the decrease in 

minimum Fe···Fe contact distance along the a axis from 9.674(12) in 7C4·85K to 9.633(9) in 

7C4·200K is in agreement with the proposed idea that the alkyl chains “push” apart the Fe 

centres along the c axis, causing an elongation of the unit cell.   

 

Table 35 Intermolecular contacts in 7C4 at 85, 120 and 200 K.  
 7C4·85K 7C4·120K 7C4·200K 

T (K) 85 120 200 
d1 (Å)a 3.500(3) 3.5571(19) 3.589(3) 
d2 (Å)a 0.846(13) 0.930(7) 0.947(11) 
π···πθ (°)b 0.6(4) 0.8(2) 0.7(3) 
Fe···Fe (Å)c 8.307 8.559 8.618 
Fe···Fe (Å)d 11.286(10) 11.404(7)  

a given by the shortest centroid···centroid distances between pyridyl groups from different 
formula units (d1 and d2) as described in Fig. 85 (top). b given by the angle between d1 and d2. c 
given by the minimum Fe···Fe contact distance of Fe atoms in the same pseudo 1D chain. d given 
by the minim Fe···Fe contact distance between Fe atoms in parallel pseudo 1D chains (Fig. 80). 
 

The formation of intermolecular one-dimensional chains was highlighted within the 100 K 

structures, dominated by short contacts between pyridyl rings, which appear to be structure 

directing alongside contributions from hydrophobic dispersion forces originating from the alkyl 
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chain groups (see Fig. 85). 7C4 packs along the b axis with short intermolecular π···π contacts. 

Table 35 above contains values associated with the packing of the crystal of 7C4 at 85, 120 and 

200 K. It was previously mentioned that the alkyl chains are the main feature that becomes 

extended along the c axis with the conversion of the LS Fe(II) centre to the HS state, but the 

short π···π contacts between complexes along the b axis also show a linear elongation as the 

temperature of the system increases. The increase in distance between pyridyl groups involved 

in the pseudo 1D chains of 7C4 with increasing temperature is expectedly less pronounced than 

the extension of the alkyl chain groups away from the Fe(II) centres, hence the smaller increase 

in the unit cell b axis as temperature is increased. Furthermore, unlike in the other parameters, 

the minimum π···π contact distances (d1) appear to increase by similar increments between 85-

120 K and then 120-200 K, with a total increase of 0.089 Å between 7C4·85K and 7C4·200K. This 

suggests that the increased separation of these groups upon heating the crystal is less a 

response to the SCO in the Fe(II) atoms but more to the thermal energy of the system. Both the 

angle and the horizontal displacement between two pyridyl groups involved in a short intrachain 

π···π contact display a more significant displacement as the temperature of the crystal increases. 

The horizontal displacement, d2 and angle between d1 and d2 are given in Table 35 as π···πθ and 

π···πshift, respectively. Increases in both of these parameters describes a “slipping” of the pyridyl 

groups away from a complete overlap, whereby the value of d2 and θ = 0. The calculated lowest 

energy configuration for pyridyl groups that form short intermolecular π···π contacts is a flat 

overlapped dimer where the nitrogen atoms are located 180° to one another in their respective 

heterocyclic rings.18,19 Hence the relationship between the increase in d2 and θ and the spin state 

of the Fe(II) atom follows the trend of the Fe-N bond lengths, increasing as the HS population 

increases with temperature. 
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5.3.2 Powder X-ray diffraction 

 

 

Fig. 97 Experimental and calculated PXRD data for polycrystalline and single crystal samples of 
7C4, respectively. 

 

Theoretical PXRD diffractograms from single crystal XRD data were calculated with a Cu 

radiation source (λ = 1.5148 Å) and a peak shape of 2θ = 0.1° using Mercury.27 PXRD 

measurements were used to compare the structure of polycrystalline and single crystal samples 

of 7C4. The data from the three single crystal structures of 7C4 used in the variable temperature 

single crystal XRD studies in section 5.3.1 were used to generate calculated PXRD diffractograms, 

whilst a bulk polycrystalline sample was used to obtain the experimental data at 298 K (Fig. 97). 

In the case of 7C4 both the single crystal and polycrystalline samples were free from solvates as 

determined by the XRD studies and elemental analysis, respectively. Between 5.0-22.5° the 

calculated diffractograms show a strong resemblance to one another, differing only in the extra 

peaks occurring between 22.5-24.0° in the 85 K structure. This may be due to the lower quality 

of the crystallographic data at 85 K compared to other temperatures (see Table 33, section 

5.3.1.4), considering the structures are all in the orthorhombic space group Pna21 and should 

not display any significant deviation from one another. Although not particularly well resolved, 

the experimental PXRD pattern of 7C4 at 298 K is a very close match to the calculated 

diffractograms from the single crystal data. This suggests that the polycrystalline and single 

crystal forms of 7C4 are in the same crystallographic phase. There is a very high intensity, high 
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angle peak in the experimental data at approximately 28.4° which could be due to very small 

amounts of KCl impurities that were not apparent through elemental analysis of the bulk sample 

– hence, their absence from the calculated diffractograms. The main differences between the 

experimental and calculated PXRD data for 7C4 are two peaks that are absent in the former and 

present in the latter. The peaks at approximately 12.2 and 21.7° in the 200 K data are also 

present in the lower temperature data but are missing from the 298 K diffractogram. The missing 

peaks in the experimental data could be due to a low signal to background noise ratio. The 

resolution of the experimental data is low and so any conclusions here are accompanied by 

uncertainty; however, the crystallographic phase of the polycrystalline sample of 7C4 seems a 

good match to that of the single crystal structures in the orthorhombic Pna21 space group. This 

would suggest that the bulk and single crystal forms of 7C4 are identical, in terms of 

crystallographic phase, and also that the magnetic properties of both forms of 7C4 are the same 

i.e. gradual and symmetry preserving. 

 

 

 

Fig. 98 Experimental and calculated PXRD data for polycrystalline and single crystal samples of 
7C10, respectively. Data quality is low due to a large noise:signal ratio for this collection. 

 

Polycrystalline 7C10 was probed via PXRD techniques to investigate potential differences 

between the bulk sample, which was isolated as the dihydrated form, and the anhydrous single 

crystal structure. The signal to noise ratio of the 298 K diffractogram is low but the peaks are 
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still distinguishable from the background noise in most instances that are pertinent to the 

calculated diffractogram of the 100 K single crystal structure. There are also some high angle 

peaks in the experimental data at 28.4, 30.5, 40.5 and 43.7° that are likely to be from KCl and 

KNCS type impurities that were not detected via elemental analysis (Fig. C53). Fig. 98 displays 

an interpretation of how the peaks broadly fit between the two data sets, where dashed lines 

link peaks present in both data sets. To conclude, although the experimental data broadly match 

that of the calculated PXRD diffractogram from the single crystal structure at 100 K, there is 

insufficient evidence to claim that the P21/c phase is maintained in the bulk sample of 7C10 at 

high temperatures. However; the interpretations are only based on the data that was able to be 

obtained and to provide a discussion with more depth further PXRD measurements would be 

needed.  
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5.3.3 Solid state magnetometry 

 

The compounds that contain a LS Fe(II) atom in the 100 K single crystal XRD structures were 

investigated by SQUID magnetometry. Magnetic susceptibility measurements of pure powders 

of 7C4, 7C10 and 8C10 were obtained between 5-350 K in order to elucidate any thermal SCO 

behaviour. Polycrystalline powders of the compounds were used in the magnetic susceptibility 

measurements: 7C4 is solvate free whilst 7C10 is solvated with two water molecules and 8C10 by 

half a methanol. Measurements were conducted in a 0.5 T DC field at scan rates of 5 K min-1 

unless stated otherwise. 

 

 

 

 

Fig. 99 χMT vs. T plots for 7C4 (top left), 7C10 (top right) and 8C10 (bottom). For 7C10 heating mode 
is plotted as black circles on a black line and cooling mode as red circles on a red line. 
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As shown in Fig. 99 all three compounds display an incomplete, thermally driven spin 

transition. For 7C4 the value of χMT at 200 K is 3.41 cm3 mol-1 K, which is typical for a HS Fe(II) 

system.1,10,24,28 Cooling from room temperature down to 156 K results in a small decrease in χMT 

to 3.27 cm3 mol-1 K. A semi-abrupt quasi-stepped spin transition occurs between 156-65 K. A 

slightly sharper decrease in χMT from 3.27-2.77 cm3 mol-1 K is observed upon cooling from 156-

122 K. Further cooling from 122 K down to 65 K brings about a first order spin transition in which 

the value of χMT decreases to ca. 0.55 cm3 mol-1 K. This value of χMT is maintained down to 5 K, 

suggesting an incomplete conversion of the HS Fe(II) centres to the LS state. The residual HS 

population at 5 K is approximately 14% and T1/2 is approximately 115.2 K. 

7C10 displays an even more abrupt spin transition than 7C4 and is also accompanied by some 

thermal hysteresis. At 150 K 7C10 has a χMT value at 3.42 cm3 mol-1 K, indicating a purely HS Fe(II) 

system. This value is maintained down to 115 K, at which point an abrupt but incomplete spin 

transition occurs between 115-70 K, resulting in a decrease in χMT to 0.89 cm3 mol-1 K. The value 

of χMT then plateaus and reaches a minimum of 0.87 cm3 mol-1 K at 30 K, indicating that ca. 75% 

of the Fe(II) centres are in the LS state at this temperature, with a residual 25% in the HS state. 

In heating mode, 7C10 has a χMT value of 0.94 cm3 mol-1 K at 30 K. Upon heating, the χMT value 

remains relatively stable at ca. 0.94-0.97 cm3 mol-1 K up to 85 K. Between 85-125 K an abrupt 

spin transition occurs as χMT eventually rises to 3.50 cm3 mol-1 K. The magnetic susceptibility 

then plateaus as full conversion of the Fe(II) centres to the HS state is completed. The spin 

transition in heating mode occurs at a higher temperature (85-125 K) than in cooling mode (115-

70 K, resulting in the observation of thermal hysteresis. The thermal hysteresis loop (ΔT) is 

defined by the width when γHS = 0.5 –the high temperature terminal value of χMT for the sample 

is used to define this point, which calculates as γHS = 0.5 = 1.75 cm3 mol-1 K. Therefore, for 7C10 

ΔT = 8.8 K. The spin transition is centred around 101.8 K (T1/2), which is roughly 13 K lower than 

for 7C4.  

 



Chapter 5 

230 
 

 

Fig. 100 χMT vs. T plots for 7C10 at different scan rates. 

 

The scan rate was reduced to 5 K min-1 after an initial cycle at 10 K min-1 before running a 

third cycle at the original rate of 10 K min-1. This series of measurements was conducted to 

analyse the effect of the scan rate on the shape of the curve in the χMT vs. T plot and whether 

there is a reversible aspect to this change (Fig. 100). An extensive investigation into the 

dependency of thermal hysteresis on scan rate was conducted by Brooker et. al. in 2014 

whereby it has been shown that certain systems may display a high sensitivity to the scan rate, 

manifested by a “lagging” in the magnetic susceptibility data, which in turn may be mistaken for 

thermal hysteresis.29,30 It is clear that there is a contraction in the width of the hysteresis loop as 

the scan rate decreases from 10 to 5 K min-1. The value of ΔT at 5 K min-1 scan rate = 5 K, whereas 

at 10 K min-1 ΔT = 8.8 K. Although the thermal hysteresis decreases significantly, the resulting 

value of ΔT at scan rates of 5 K min-1 is still that of a genuinely hysteretic process. Furthermore, 

as the scan rate was raised to 10 K min-1, ΔT returned to its original value of 8.8 K. 

SCO can be highly sensitive to solvation of the crystalline solid.31,32 In order to probe the 

stability of the SCO upon desolvation 7C10 was heated at 363 K under vacuum for 1.5 h before 

remeasuring the magnetic susceptibility. The χMT vs. T plots for the pre heat treated and post 

heat treated sample were almost identical apart from one noticeable difference, that the χMT 

values were consistently about 0.05 cm3 mol-1 K lower in the post heat treatment 

measurements, which is certainly not a significant deviation from the original data. It can be 
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assumed then that 7C10 is stable both to prolonged periods at high temperatures/low pressures 

and consistently displays thermal hysteresis in the magnetic susceptibility data.  

8C10 has a similar yet less complex χMT vs. T plot than that of 7C4 (Fig. 99). At 250 K χMT = 3.55 

cm3 mol-1 K, suggesting a completely HS Fe(II) system. Upon cooling, the value of χMT decreases 

only slightly, measuring 3.53 cm3 mol-1 K at 200 K and then 3.50 cm3 mol-1 K at 180 K. A semi-

abrupt spin transition occurs between 180-110 K as the value of χMT decreases to 0.74 cm3 mol-

1 K. The value of χMT then plateaus between 110-50 K, at which point a terminal value of 0.63 

cm3 mol-1 K is reached. This value of χMT indicates an 18% HS population of Fe(II) centres present 

at 50 K, with 82% of Fe(II) centres residing in the LS state. The scan rate was varied between 5-

10 K min-1 but did not appear to have any impact on the shape or completeness of the SCO. T1/2 

= 152.1 K for 8C10 - a significantly higher temperature than in both 7C4 and 7C10, which have T1/2 

values 36.9 and 50.3 K lower, respectively.  

The differences in the magnetic susceptibility data for compounds 7C4 and 7C10 are striking, 

yet the differences in the structures are less so. Both compounds have LS Fe(II) centres at 100 K 

in their respective single crystal structures and both compounds have identical first coordination 

spheres. In their respective molecular structures, the complexes only differ in the number of 

carbon atoms in the alkyl chain groups on the L5Cx ligands and in their lattice packing, 7C10 

complexes are separated by a greater distance than in 7C4 due to the longer alkyl chain length 

and the interdigitation of these chains between complexes. If anything, these structural 

differences would usually suggest a stronger cooperativity in 7C4 than 7C10 however, the 

opposite is true. The ligand field strength of the two thiocyanate homologues 7C4 than 7C10 

should in theory be almost identical, yet despite them being very similar, the temperature and 

type of SCO properties are not identical for both. The properties of the bulk polycrystalline 

samples differ between the two homologues, with 7C4 being unsolvated and 7C10 containing two 

lattice water molecules per formula unit. The solvation of the polycrystalline powder of 7C10 

compared to solvate free 7C4 is a possible cause of the thermal hysteresis. The influence of 

different solvates in the bulk material on the SCO behaviour is well documented and can have a 

profound effect on properties such as the thermal hysteresis observed in this instance.33,34 

However, the exposure of 7C10 to heating under vacuum did not yield a change in magnetic 

behaviour thus, making this an unlikely cause. Furthermore, despite the low quality and 

resolution, PXRD measurements suggest that there is no symmetry breaking element involved 

in the SCO in 7C10 and thus, is not the root of the thermal hysteresis observed. The packing 

effects seem much less likely to be the reason for the disparities between the type of SCO seen 

in 7C4 and 7C10 considering the absence of thermal hysteresis in the NCSe analogue 8C10, which 
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packs in an almost identical manner to the NCS analogue 7C10. 8C10 differs fundamentally from 

7C4 and 7C10 as a selenocyanate anion takes the place of the thiocyanate anions in the complex. 

Selenocyanate (NCSe) and thiocyanate (NCS) differ in that the heavier selenium atom in 

selenocyanate naturally produces a larger vibrational energy and thus an increase in the 

vibrational contribution during the coupling of the phonon and electronic systems of the 

complex. The larger vibronic contribution of NCSe means that the ligand field of the complex is 

larger than in the NCS analogue. A larger zero-point energy difference (ΔEHL) translates to a 

greater thermal energy requirement for reaching the energy barrier to thermally driven SCO and 

thus a larger value for T1/2. This is exactly what is observed in 8C10 compared to 7C4 and 7C10 as 

the value of T1/2 for NCSe analogue 8C10 is ca. 50% higher than that for the NCS analogue 7C10. 
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5.3.4 Differential scanning calorimetry 

 

DSC measurements were conducted only on the compounds that contain LS Fe(II) centres in 

their single crystal structures at 100 K. Although the spin transitions of the compounds discussed 

in the previous section occur below the lower bound of the DSC measurements, this analysis 

when coupled with powder X-ray diffraction techniques elucidate the phase behaviour of the 

polycrystalline samples of 7C4, 7C10 and 8C10. Fig 101 displays the cyclic DSC thermograms of the 

three SCO active compounds. It is obvious that no thermodynamic processes occur in this 

temperature range and this suggests that there are no crystallographic phase transitions 

between the single crystal structures and the polycrystalline powders. The phase purity of the 

compounds even at high temperatures means that in each case the SCO event does not induce 

a change in crystallographic symmetry and thus the HS complexes of 7C10 and 8C10 are in the 

monoclinic space group P21/c. 

 

 

Fig. 101 DSC thermograms for 7C4, 7C10 and 8C10 between 200-400 K. 

  



Chapter 5 

234 
 

5.3.5 Infrared spectroscopy 

 

Infrared spectroscopy can be employed to elucidate the structural and magnetic properties 

of metal complexes containing NCX (X = S, Se) ligands due to the vibrational differences between 

electronic states, including the LS and HS states of Fe(II) SCO compounds. For Fe(II) the LS 1A1g 

and HS 5T2g ground electronic states are vibrationally discrete, with the former having 

symmetrical breathing modes due to its Oh symmetry.35–37 Complexes that contain NCX anionic 

ligands in the coordination sphere can be analysed in this way as the C≡N absorption band is 

outside of the fingerprint region and thus, easily identified. Furthermore, as the C≡N function of 

NCX ligands are directly involved in coordination, the changes in vibrational modes between the 

LS and HS states for the complex are manifested in changes in this nitrile IR stretch. The nitrile 

stretch usually appears at ca. 2107 cm-1 for the LS 1A1g state and between 2040-2070 cm-1 for 

the HS 5T2g state38, meaning the distinction between HS and LS Fe(II) populations within a solid 

sample is straightforward. 

 

 

Fig. 102 Partial overlay IR spectra for the 7Cx (left) and 8Cx (right) series. 

 

Although there is a small degree of variation in the location of the C≡N absorption band, the 

IR spectra for all compounds containing NCS or NCSe ligands display a strong absorption 

between 2039-2054 cm-1 (Fig. 102). This supports the conclusions derived from the previously 

discussed solid state measurements, that at room temperature all compounds contain a HS Fe(II) 

ion.  
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5.3.6 Solution studies 

 

A large proportion of the compounds investigated in this chapter are prone to oxidation if 

stored in aerobic conditions or dissolved in solvents containing water e.g. solvents that haven’t 

been dried over molecular sieves. Furthermore, homologues of the same series of compounds 

exhibit varied degrees of stability in aerobic conditions, where solid samples of some 

compounds oxidise more gradually over time than others. This is relevant to compounds that 

contain NCX anions (X = S, Se) in their molecular structure e.g. 7Cx and 8Cx, which are capable of 

readily oxidising, changing from a bright yellow to an orangish-brown colour at room 

temperature. Specifically, 7C4, 7C6, 7C8, 7C10, 8C10 and 8C16 all display a visible sensitivity to 

aerobic conditions, although it is important to note that the oxidation occurs slowly over a 

matter of days. Furthermore, the compounds were unstable when dissolved in a number of 

solvents. This was apparent from the visible observation of a colour change in solutions of the 

compounds when being prepared for NMR analysis. This proclivity for oxidation renders 

solution-based analysis meaningless in relation to elucidation of the properties of the Fe(II) 

species that were isolated and characterised in the solid state. However, we did observe that 

some of the compounds generally exhibit a higher tolerance to oxidation when dissolved in 

acetone. Here both the UV-vis absorbance properties of the 7Cx, 8Cx and 9Cx series are 

investigated in order to relate the behaviour of the compounds in solution to that of the solid 

state.  

 

5.3.6.1 UV-vis studies 

 

Solutions of 7Cx rapidly oxidise upon solvation by acetone, which is observed as a colour 

change in solution from yellow to red. This occurs over a matter of minutes, although measuring 

the UV-vis properties immediately after dissolving the samples did not seem to preserve the 

Fe(II) species long enough for it to be detected in the UV-visible spectra (Fig. 103). Generally, 

7C4-7C16 exhibit identical UV-vis properties in solution, with slight deviations in molar extinction 

coefficient (ε) values, which is due to solid particulates remaining in solution as a consequence 

of the need to quickly measure the samples after forming the solutions. Surprisingly, 7C18 

behaved differently to the shorter chain homologues which is discussed vide infra.  

In acetone, 7C4-7C16 exhibit two main absorption bands that are not observed in the 

spectrum for the L5Cx ligands. These bands have λmax values of 405 and 515 nm. For compounds 

7C4-7C16, the peak at 515 nm has an average molar extinction coefficient value (ε) of 141 dm3 
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mol-1 cm-1. The relatively low value of ε at 515 nm is suggestive of weak d-d transitions originating 

from a HS Fe(III) species forming in solution. The corresponding value of ε at 515 nm for 7C18 is 

much larger than that which is observed in 7C4-7C16 due to the combination of more than one 

Fe species in the solution. The peak at 515 nm in 7C18 could arise from a combination of more 

than one electronic process and thus cannot be directly compared to that of the other 

homologues in the 7Cx series. For compounds 7C4-7C16 the peak at 405 nm has an εav of 975 dm3 

mol-1 cm-1 which is likely to be a weak CT process, due to the magnitude of ε far exceeding that 

which is typical for d-d transitions.39 The absorption at 405 nm for the solution of 7C18 is 

somewhat greater than the average for 7C4-7C16, with ε = 1311 dm3 mol-1 cm-1; however, this 

could be due to the presence of a larger number of solid particulates for this particular solution, 

considering the increase in hydrophobicity that accompanies the increase in alkyl chain length. 

Despite this, the value of ε at 405 nm in 7C18 is not significantly larger than that of 7C6 which has 

a corresponding value of 1203 dm3 mol-1 cm-1 for the peak at 405 nm.  

 

 
Fig. 103 UV-visible spectra for the 7Cx series of compounds in acetone. Concentrations of 
solutions: 7C4 = 1.1 mM, 7C8-7C14 = 1.0 mM, 7C6 and 7C16-7C18 = 1.1 mM, L5Cx = 5.6 mM. 

 

7C4-7C18 display absorption bands with λmax value of 324 nm, which is also seen in the spectra 

of the L5Cx ligands. This band is significantly less intense in the L5Cx solutions than those of 7C4-

7C18, with εav = 98 and 1558 dm3 mol-1 cm-1, respectively. The magnitude of ε in the solutions of 
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7C4-7C18 are unambiguously those of CT processes. Unlike in the solutions of 7C4-7C16, which 

have no further absorption bands to describe, 7C18 has an extra absorption band at 366 nm (ε = 

1264 dm3 mol-1 cm-1) (Fig. 103). The peak in the acetone solution of 7C18 at 366 nm has a similar 

molar extinction coefficient to that of the 405 nm peak, which suggests that this too is a CT 

process, but one that involves the HS Fe(II) species. This makes 7C18 an interesting case as it is 

the first example of a compound from the 7Cx series that preserves the HS Fe(II) species in 

solution long enough for the UV-visible transitions to be observed. 

 

 
 
Fig. 104 UV-visible spectra for the 8Cx and 9Cx series of compounds in acetone. Concentrations 
of solutions: 8C10 = 0.1 mM, 8C16 = 1.1 mM, 9C10 = 0.32 mM, 9C18 = 1.1 mM, L5Cx = 5.6 mM. 
 

Unlike the 7Cx series, d-d transitions could not be identified in the UV-vis spectra of 8C10, 8C16, 

9C10 and 9C18 (Fig. 104). 8C10 exhibits CT absorption bands at 407 nm (shoulder, ε = 1044 dm3 

mol-1 cm-1), 355 nm (ε = 2750 dm3 mol-1 cm-1) and 329 nm (ε = 3380 dm3 mol-1 cm-1). 8C16 displays 

similar peaks at ca. 401 nm (ε = 652 dm3 mol-1 cm-1) and 326 nm (2117 dm3 mol-1 cm-1) but 

importantly does not exhibit a large absorption at 355 nm like 8C10. However, the absorption at 

355 nm is significantly large to suggest a presence of HS Fe(III) ions. The absorption at ca. 401-

407 and 355 nm in both 8C10 and 8C16 suggests that there is a mixture of HS Fe(II) and Fe(III) 

species present in the acetone solutions (Fig. C74), similar to that which was observed in 7C18. 

The ratio of the two peaks therefore should be related to the fraction of the population of ions 
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that are either Fe(II) or Fe(III). This gives an Fe(II):Fe(III) ratio of approximately 1.0:2.6 in 8C10 

and 1.0:3.3 in 8C16.  

9C10 and 9C18 produced bright yellow solutions in acetone which did not undergo any colour 

change. This observation alone suggests that the chloride ligands do not induce oxidation of the 

central Fe(II) ions of the complex units. The solutions of 9C10 and 9C18 exhibit identical 

absorbance behaviour and display CT absorption bands in their UV-visible spectra at 362 nm (εav 

= 2624 dm3 mol-1 cm-1) and 325 nm (εav = 2327 dm3 mol-1 cm-1). The former is likely to be CT 

originating from the HS Fe(II) ions present in solution. This peak in a highly similar location to 

that observed in both 7C18 and 8C10, which confirms the earlier conclusions that there is a 

mixture of Fe(II)/Fe(III) ions present within the samples. 

Considering the instability of the Fe(II) redox isomer of the compounds in the 7Cx and 8Cx 

series, further solution-based studies on these systems (e.g. Evans method NMR 

characterisation of magnetic susceptibility) would not be credible for determination of the 

properties of the system, which may be an ensemble of more than one species. Furthermore, as 

the 9Cx compound series did not exhibit switchable behaviour in any capacity in the solid state, 

obtain magnetic susceptibility measurements of these compounds in solution did not feel 

necessary. 

From this solution-based study into the UV-vis absorbance properties of the compounds it 

can be concluded that the compounds containing NCX (X = S, Se) anions typically oxidise to the 

Fe(III) redox isomer when dissolved in acetone, although those that contain NCSe in their 

molecular structure generally preserve a significant proportion of the original Fe(II) redox 

isomer. Furthermore, it is evident that the chloride ligand is not subject to inducing oxidation of 

the Fe(II) ions.  

  



Chapter 5 

239 
 

5.4 Conclusions 

 

In this chapter it has been demonstrated that both the alkyl chain length and the anionic co-

ligand type in the trans-[FeII(L5Cx)2(X)2] complex motif can produce substantial changes to both 

the crystalline structure and the magnetic behaviour of the compounds. The angle of both the 

axial NCX ligands in the NCS and NCSe analogues and the pyridyl rings relative to each other via 

the amide function of the ligands appear to be influenced mainly by the spin state of the Fe(II) 

ions, decreasing in the former and increasing in the latter as the percentage of HS centres 

increases. The trans-[FeII(L5Cx)2(X)2] complexes produced pseudo bilayer packing arrangements 

whereby interdigitated alkyl chain spacers separate layers of Fe(II) ions. These 2D layers of Fe-

containing regions of the complexes are packed together by combinations of short π···π contacts 

between pyridyl moieties and hydrophobic dispersion forces between aliphatic alkyl chain units, 

which appear to be sensitive to the length of the alkyl chains and only sporadically to the spin 

state of the Fe(II) ion. The trans chelation of Fe(II) centres by the ligands therefore renders this 

ligand type inappropriate for the production of asymmetrical amphiphiles as they form 

extremely hydrophobic, neutral complexes. The SCO in 7C4 is quasi two-stepped and incomplete, 

centred at 115.2 K with residual HS populations remaining present in the sample even at low 

temperature >50 K. Incorporation of either an NCS or NCSe anion in the complex produced 

remarkably different magnetic behaviour with the L5C10 ligand. The NCS analogue 7C10 

undergoes an abrupt and incomplete spin transition centred at 101.8 K that is thermally 

hysteretic, whilst the NCSe analogue 8C10 undergoes a similarly abrupt and incomplete spin 

transition centred at 152.1 K, absent of any hysteresis. The scan rate of the magnetic 

susceptibility measurements did influence the width of the thermal hysteresis in 7C10 but 

slowing the rate down did not result in its disappearance. Secondly, exposure of the sample to 

high temperature and high vacuum had no effect on the magnetic properties of the system. The 

effect of the alkyl chain length and presence of solvates then seems to have a large impact on 

the lattice and magnetic properties, as evidenced by the comparison of the complexes of 7C4 

and 7C10, although their influences may be indirect. Not only does increasing chain length and 

number of solvates between NCS homologues decrease T1/2 but also induces the memory effect. 

The observation of thermal hysteresis in 7C10 may be due to symmetry breaking at high 

temperatures, considering 7C4 retains the orthorhombic Pna21 throughout the temperature 

range and does not exhibit thermal hysteresis. Naturally substituting NCS for stronger field NCSe 

resulted in a substantial increase in T1/2 and for weaker field Cl the removal of SCO. It is not 

obvious why or how the differences in molecular formula and structure between homologues 
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influences the observation of thermal hysteresis and T1/2 but it is likely that the LS and HS states 

for 7C10 see large disparities in their intermolecular interaction strengths and thus, vibronic and 

elastic properties, in terms of how the SCO is propagated across the solid. 7C4 may not see these 

effects due to the shorter intermolecular contact distances between SCO centres, generally, 

which also may not increase above a threshold range to induce hysteretic properties. 

The results of this chapter substantiate our comments on the compounds from the previous 

chapter, proposing that a move from five membered chelate rings to six membered chelate rings 

enables a greater degree of precision in tuning of the magnetic properties of complexes that are 

built via modular approaches using heteroleptic templates. This modular approach resulted in 

the realisation of SCO in the solid state for Fe(II) compounds that contain long alkyl chains and 

the following chapter looks to build on this whilst also targeting the formation of lyotropic liquid 

crystalline phases, which have not been observed up to this point.  
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Chapter 6 - Coordination compounds of 2-((4-decyl-1H-1,2,3-triazol-1-

yl)methyl)pyridine and their lyotropic liquid crystal properties 

 

6.1 Introduction 

 
In this chapter Fe(II) and Fe(III) compounds of the ligand 2-((4-decyl-1H-1,2,3-triazol-1-

yl)methyl)pyridine (L6C10) are investigated. At this point three families of N-donor chelating 

ligands and their resulting Fe(II) compounds have been investigated in the form of three 

chapters; LS Fe(II) compounds with alkyl chain tails were prepared in chapter 3, moving to LS, 

HS and SCO Fe(II) compounds in chapter 4 and finally HS and SCO compounds in chapter 5. Up 

to this point, no lyotropic liquid crystal properties (LLC) have been reported in the compounds 

from the preceding chapters. The main aim was to induce LLC properties by combining elements 

of the ligands from the chapters 4 and 5 into one e.g. inserting a six-member chelate ring (as in 

L5C10 from chapter 5) into a bidentate pyridyl-triazolyl motif similar to L2C10 and L3C10 from 

chapter 4. This ring expansion strategy has been applied to the 2,2’-bipyridyl1–3 and 1,10-

phenanthrolene4 ligands where bridging two of the aforementioned ligand units with a 

methylene or amine group, results in significant changes in the physical properties of the 

complexes.  

More relevant to this work are the ligands pyridin-2-yl-bis(3,5-dimethylpyrazolyl)methane 

and bis(2,6-bis(3,5-dimethylpyrazolyl)pyridine) and their complexes with Pd(II)5 and Cu(II)6 – 

these ligands contain a pyridyl-methyl-pyrazole motif, which is a pyrazole analogue of the 

triazolyl ligand investigated in this chapter. These ligands display idealised bidentate chelation 

of both Pd(II) and Cu(II) ions via the pyridyl nitrogen and the nitrogen on the 2-position of the 

pyrazole ring, a feature hopefully reproduced by the L6C10 ligand.  

By applying a CuAAC “click chemistry” approach to the synthesis of L6C10, pyrazole groups 

from the pyridin-2-yl-bis(3,5-dimethylpyrazolyl)methane and bis(2,6-bis(3,5-

dimethylpyrazolyl)pyridine) ligand motifs can be substituted for a triazole group, which are 

known to produce SCO compounds with Fe(II).7,8 In addition to the introduction of flexibility in 

the L6C10 ligand via the methylene link from pyridyl to triazolyl moieties, there is also an 

alternation in the location of the substituent groups in relation to the L2C10 ligands. In L2C10 the 

pyridyl and decyl chain moieties are on the 4 and 1-positions of the triazolyl ring, respectively, 

whereas in L6C10 the substituent groups are swapped. This small variation could lead to 

significantly different physical properties with respect to the ligand field strength and thus, SCO. 
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Scheme 6 Structure of L5Cx from chapter 5 (top) and the synthetic route to L6C10 (bottom).  
 

To date, there have been no examples of water-stable lyotropic Fe(II) metallomesogens with 

long lifetimes, with the only stable example of an Fe(III) lyotropic metallomesogen having been 

reported in 2000 as a functionalised ferrocene derivative.9 Hence, the focus of this chapter is 

placed on the observation of LLC formation in aqueous mixtures of both Fe(II) and Fe(III) 

analogues of a [Fen+(L6C10)3](X)n·solvate system (X = BF4 or NO3), with a particular emphasis on 

understanding the underlying reasons for such a drastic change in properties between Fe 

compounds of the planar L2C10 and flexible L6C10 ligands. As single crystal structures from 

combinations of Fe(II)/Fe(III) and the L6C10 ligand could not be obtained, Cu(II) and Zn(II) were 

used to grow single crystals. The Cu(II) and Zn(II) complexes were used to determine the 

structural properties of the L6C10 ligand when coordinated to a 3d metal centre, which could 

then be used as a point of reference when attempting to elucidate the structures of the Fe(II) 

and Fe(III) complexes. Herein, the synthesis and characterisation of Fe(II), Fe(III), Cu(II) and Zn(II) 

compounds of the 2-((4-decyl-1H-1,2,3-triazol-1-yl)methyl)pyridine ligand and their properties 

in solution and the liquid crystal state are reported. 

 

  



Chapter 6 

245 
 

6.2 Experimental  

 

6.2.1 General 

2-(Chloromethyl)pyridine hydrochloride, potassium iodide, sodium azide, 1-dodecyne, 

sodium chloride, Fe(BF4)2·6H2O and Fe(NO3)3·9H2O were purchased from Sigma-Aldrich. All 

solvents were purchased from Fisher Scientific. All reagents were used as received without 

further purification. Acetonitrile was dried over 4 Å molecular sieves for 24 h minimum period 

before use in the synthesis of 1-(azidomethyl)pyridine. Preparation of the Fe compounds were 

always done under aerobic conditions. NMR splitting multiplicity is denoted as: s, singlet; d, 

doublet; t, triplet; q, quartet; quin, quintet; sext, sextet; m, multiplet. Coupling constants (J) are 

given in Hertz (Hz). 1H and 13C assignments were done by combination of 1H, 13C, HSQC and COSY 

experiments. Calculated elemental percentages in the CHN analysis for 10C10 were done 

inclusively of the solvate molecules present. 

 

6.2.2 Synthesis of L6C10 

 
2-(Azidomethyl)pyridine 

2-(Chloromethyl)pyridine hydrochloride (1.64 g, 10 mmol) was dissolved in 50 cm3 of dry 

acetonitrile. Potassium iodide (1.66 g, 10 mmol) and sodium azide (0.98 g, 15 mmol) were added 

slowly and the resulting solution was refluxed for 6 h. The solution was then cooled to room 

temperature and diluted with 150 cm3 of water. The solution was then extracted with 2 x 30 cm3 

of CH2Cl2. The organic layers were combined and washed with 50 cm3 of 10% aq. NaCl solution 

(w/v). The organic layer was dried over MgSO4 and filtered before evaporating the solvents 

under reduced pressure. 2-(azidomethyl)pyridine was obtained as a viscous orange oil. Yield = 

1.21 g, 90%. 1H NMR (CDCl3, 400 MHz) δ: 8.60 (d, J = 4.9 Hz, 1H), 7.72 (td, J = 1.7, 7.7 Hz, 1H), 

7.35 (d, J = 7.8 Hz, 1H), 7.25 (ddd, J = 1.3, 4.9, 7.6 Hz, 1H), 4.49 (s, 2H). 13C NMR (CDCl3, 100 MHz) 

δ: 154.0, 147.9, 135.2, 121.1, 120.2, 53.9. For NMR see Figs. D1-D4. 

 
2-((4-decyl-1H-1,2,3-triazol-1-yl)methyl)pyridine (L6C10) 

2-(azidomethyl)pyridine (134.0 mg, 1 mmol), CuSO4·5H2O (54.0 mg, 0.2 mmol), sodium 

ascorbate (79.0 mg, 0.4 mmol) and 1-dodecyne (0.214 cm3, 1.0 mmol) were dissolved in 5 cm3 

of H2O/CH2Cl2 (1:1) (v/v) and stirred vigorously for 24 h. The solution was then diluted with 50 

cm3 of 5% aq. NH4OH solution and extracted with 2 x 30 cm3 of CH2Cl2. The combined organic 

layers were washed with 2 x 50 cm3 of 10% aq. NaCl solution (w/v). The organic layer was 

separated and dried over MgSO4 and then filtered before removing the solvents under reduced 
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pressure. L6C10 was afforded as a brown solid. Yield = 255.7 mg, 85.2%. 1H NMR (DMSO-d6, 400 

MHz) δ: 8.54 (d, J = 5 Hz, 1H), 7.88 (s, 1H), 7.80 (td, J = 7.72, 1.78 Hz, 1H), 7.34 (dd, J = 7.66, 4.83 

Hz 1H), 7.20 (d, J = 7.8 Hz, 1H), 5.63 (s, 2H), 2.61 (t, J = 7.6 Hz, 2H), 1.59 (quin, J = 7.3 Hz, 2H), 

1.25 (m, 14H), 0.86 (t, J = 6.98 Hz, 3H). 13C NMR (DMSO-d6, 100 MHz) δ:155.3, 149.3, 149.1, 

147.1, 137.7, 123.4, 122.5, 121.2, 55.2, 31.9, 29.5, 29.5, 29.4, 29.3, 29.3, 29.3, 25.7, 22.7, 14.1. 

MS (ESI+) (MeOH): m/z calcd for C18H28N4 [M]+, 300.45; found; 923.46 [3M + Na]+, 623.19 [2M + 

Na] +, 301.10 [M + H]+. For NMR see Figs. D5-D8, for MS see Fig. D23. 

 

6.2.3 Synthesis of coordination compounds of L6C10 

 

[Fe(L6C10)3](BF4)2·2H2O (10C10) 

Fe(BF4)2·6H2O (33.8 mg, 0.1 mmol) and L6C10 (91.5 mg, 0.3 mmol) were dissolved in 5 cm3 of 

acetonitrile and stirred for 30 mins. The solution was filtered and diethyl ether was slowly 

diffused into the vial. A pale green precipitate was formed after 24 h, which was collected via 

vacuum filtration. The precipitate was then washed with 4 x 10 cm3 of diethyl ether then 4 x 10 

cm3 of water. The pale green powder was dried under vacuum for 2 h affording 10C10 solvated 

as the dihydrate. Yield = 37.9 mg, 32.5%. Elemental anal. (powder) found: C, 55.28; H, 7.44; N, 

14.29. Calc. for C54H88B2F8FeN12O2 (dihydrate): C, 55.59; H, 7.60; N, 14.41 %. FTIR (νmax / cm-1): 

3280vw, 3136vw, 3062vw, 2954w, 2919vs, 2849s, 1639w, 1625vw, 1604m, 1573vw, 1543w, 

1486w, 1467m, 1435m, 1372vw, 1322w, 1283vw, 1224w, 1185w, 1057vs, 1026vs, 839w, 757vs, 

718m, 706m, 675m, 660m, 640m, 605m, 582w, 570w, 551w. For NMR (Figs. D9-D14), MS (Fig. 

D24), IR (Fig. D31). 

 

[Fe(L6C10)3](NO3)3 (11C10) 

Fe(NO3)3·9H2O (24.2 mg, 0.1 mmol) and L6C10 (91.5 mg, 0.3 mmol) were dissolved in 5 cm3 of 

methanol and stirred vigorously for 30 mins. The off-white precipitate that formed was collected 

via vacuum filtration and washed with 2 x 10 cm3 of diethyl ether. The product was then dried 

under vacuum for 2 h affording 11C10 as an off-white powder. Yield = 44.6 mg, 39.0%. Elemental 

anal. (powder) found: C, 57.63; H, 8.33; N, 18.91. Calc. for C54H84FeN15O9 (solvate free): C, 56.73; 

H, 7.41; N, 18.38 %. FTIR (νmax / cm-1): 3251w, 3104w, 3057m, 2957w, 2919s, 2849m, 1635s, 

1621s, 1541m, 1475m, 1462s, 1452w. 1419m, 1402s, 1293s, 1229s, 1161m, 1135m, 1053w, 

1036s, 996m, 940w, 920vw, 907vw, 892vw, 854m, 836w, 823w, 773vs, 720m, 700w, 671s, 652w, 

644w, 623m, 588m, 579w, 569w, 563w, 555m. For NMR (Figs. D15-D20), MS (Fig. D25), IR (Fig. 

D32). 
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[Cu(L6C10)2(NO3)](NO3) (12C10) 

Cu(NO3)2·3H2O (24.2 mg, 0.1 mmol) and L6C10 (60.1 mg, 0.2 mmol) were dissolved in 5 cm3 

of MeOH and stirred for 30 min. The resulting green solution was filtered and diethyl ether was 

slowly diffused in to the reaction solution. After 24 h pale blueish-green needles of 12C10 had 

formed. A small amount of a second species also crystallised in the vial and were collected with 

crystals of 12C10. Attempts to effectively separate out the crystals of both species were 

unsuccessful and this is reflected in the elemental analysis. Yield = 25.5 mg, 30.0%. Elemental 

anal. (crystals) found: C, 52.73; H, 6.58; N, 17.76. Calc. for C36H56CuN10O6 (solvate free): C, 54.84; 

H, 7.16; N, 17.76 %. FTIR (νmax / cm-1): 3125w, 3063w, 2919vs, 2849vs, 1641br, 1575vw, 1541w, 

1477vs, 1471vs, 1382s, 1341vs, 1306vs, 1269vs, 1225s, 1174w, 1149m, 1108w, 1065m, 1030m, 

1023m, 1014s, 832m, 811w, 771vs, 733w, 716m, 696m, 680w, 652w. For NMR (Figs. D21-D22), 

MS (Fig. D26), IR (Fig. D33). 

 

[Zn2(L6C10)2(Cl)4] (13C10) 

ZnCl2 (13.6 mg, 0.1 mmol) and L6C10 (60.1 mg, 0.2 mmol) were dissolved in 3 cm3 of MeOH 

and stirred for 30 min. The resulting colourless solution was filtered and diethyl ether was slowly 

diffused in to the reaction solution. After 24 h colourless plates of 13C10 had formed. Yield = 24.5 

mg, 28.0%. Elemental anal. (crystals) found: C, 49.46; H, 6.22; N, 12.87. Calc. for C36H56Cl4N8Zn2 

(solvate free): C, 49.50; H, 6.46; N, 12.82 %. FTIR (νmax / cm-1): 3148w, 2958s, 2919vs, 2852vs, 

1610vs, 1575m, 1558m, 1494vs, 1468m, 1456m,1443vs, 1415m, 1310w, 1228s, 1183w, 1166m, 

1150s, 1108w, 1083s, 1065m, 1053m, 1024vs, 983vw, 948w, 893w, 815s, 765vs, 718vs, 699s, 

675s, 650s. For MS see Fig. D26, for IR see Fig. D33.  
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6.3 Results and discussion 

 

6.3.1 Single crystal X-ray diffraction studies of 12C10 and 13C10 

 
Table 36 Single crystal X-ray diffraction details and parameters for compounds. 

Parameters 12C10 13C10 

Formula C36H56CuN10O6 C36H56Cl4N8Zn2 
Mr 788.44 873.42 
Cryst syst monoclinic triclinic 
Space group P21/n P�1 
a / Å 8.9743(4) 8.9426(14) 
b / Å 9.5912(4) 5.260(2) 
c / Å 45.7578(17) 6.873(3) 
α / deg 90 67.731(16) 
β / deg 91.885(4) 86.127(14) 
γ / deg 90 88.941(13) 
V / Å3 3936.4(3) 2125.9(6) 
T / K 100(10) 100(10) 
Z 4 2 
ρcalcd / g.cm-3 1.330 1.364 
λa / Å 1.54178 0.71073 
No. of indep reflns 7179 9745 
No. reflns with I > 2σ(I) 5376 5207 
No. of params 480 443 
No. of restraints 0 0 
Final R1b, wR2c, (I > 2σ(I)) 0.1003, 0.2392 0.2140, 0.4425 
R1, wR2 (all data) 0.1310, 0.2582 0.3082, 0.4977 
Goodness of fit 1.143 1.096 
Largest residuals / e Å-3 1.230 3.298 
aGraphite monochromators. bR1 = Σ[|F0| - |Fc|]/Σ[|F0|, cwR = [Σw(F0

2 - Fc
2)/ΣwF0

4)]1/2 
 

despite numerous efforts to obtain single crystal samples for XRD analysis, Fe-containing 

compounds 10C10 and 11C10 could only be isolated as powders. To explore the coordination 

chemistry of Cu and Zn analogues, the L6C10 ligand was combined with both CuNO3·3H2O and 

ZnCl2 starting materials and obtained single crystal samples of the resulting coordination 

compounds. Although these compounds are not capable of SCO, they have potential to display 

liquid crystal properties. Herein, the coordination behaviour of the L6C10 ligand in Cu(II) and 

Zn(II) complexes is investigated, with a view to elucidate the structural properties of the Fe(II) 

and Fe(III) complexes. 
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Table 37 Selected bond lengths and parameters for X at 100 K. M = Cu (12C10) and Zn (13C10). 
Bond(s) 12C10 13C10 

Lengths (Å)   
M1-N1  2.005(5) 2.114(16) 
M1-N2 2.041(4) 2.042(16) 
M1-N3 2.006(5) - 
M1-N4 2.184(5) - 
M1-O1 2.097(4) - 
M1-Cl1  - 2.204(6) 
M1-Cl2 - 2.251(5) 

 - - 
Angles (°) - - 
N1-M1-N2 88.21(17) 99.10(6) 
N1-M1-N3 173.28(17) - 
N1-M1-N4  97.01(18) - 
N1-M1-O1 87.20(16) - 
N2-M1-N3 94.55(17) - 
N2-M1-N4 98.44(17) - 
N2-M1-O1 160.84(17) - 
N3-M1-N4 88.67(18) - 
N3-M1-O1 88.22(16) - 
N4-M1-O1 100.58(17) - 
N1-M1-Cl1 - 106.70(5) 
N1-M1-Cl2 - 115.60(4) 
N2-M1-Cl1 - 110.10(5) 
N2-M1-Cl2 - 107.70(5) 
Cl1-M1-Cl2 - 116.30(2) 

 
 
Table 38 Angles for L6C10 units in the coordination polyhedron for 12C10. 

 dihedral angle (°) torsion angle (°) 
py1-tz1a 104.40(2)c 27.20(3)d 
py2-tz2b 109.18(19)c 27.70(3)d 

a mean planes taken for py and tz rings containing N1 and N2 atoms and b mean planes taken 
for py and tz tings containing N3 and N4 atoms. c is the angle between the mean planes of the 
py and tz rings of the same ligand unit. d is the angle between the dihedral intersect and the 
mean planes of the py/tz rings of the same ligand unit as shown in Fig. 107. 
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6.3.1.1 Structure of 12C10 

 

 
Fig. 105 Molecular structure of the 12C10 at 100 K with selected atom labels. Hydrogen atoms 
and anions omitted for clarity. Legend: copper, green; nitrogen, blue; oxygen, red; carbon, grey.  
 

Single crystal structures of [Cu(L6C10)2(NO3)](NO3) (12C10) and [Zn2(L6C10)2Cl2] (13C10) were 

solved using the Patterson method in SHELXS10 and refined by full-matrix least-squares on F2 

with ShelXL.11 The data for 12C10 was not well resolved, with I/σ = 11.8. Despite the weak data, 

the species was successfully modelled the compound in the monoclinic space group P21/n with 

a relatively large value of Rint (1.1058) but a reasonable goodness of fit (1.143). The asymmetric 

unit of 12C10 contains one whole [Cu(L6C10)2(NO3)](NO3) formula unit and the unit cell is 

comprised of four such formula units. The presence of two nitrate anions confirms that the 

metal centre is a Cu(II) ion. The central Cu(II) ion is chelated by two bidentate L6C10 ligand 

molecules via the pyridyl nitrogens and the nitrogen atoms in the 2-position on the triazolyl rings 

to form six membered chelate ring with the Cu. Completing the first coordination sphere is a 

coordinated oxygen atom from an NO3 anion to form the five coordinate complex in a distorted 

square-based pyramidal geometry. The second nitrate remains unbound in close proximity to 

the cationic unit (Fig. 105).  

The O1 atom of the monodentate NO3 anion occupies one of the four equatorial donor atom 

sites of the square base to the pyramidal first coordination sphere, along with the N1, N2 and 

N3 atoms from the two L6C10 units. The N4 atom of the triazolyl moiety of the second L6C10 unit 

occupies the axial site and the tip of the pyramidal prism. The structural parameter τ5 determines 

whether a five coordinate species is square-based pyramidal (τ5 = 0), trigonal bipyramidal (τ5 = 
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1) or a distortion of either (0 < τ5 > 1). τ5 is calculated simply by the equation τ5 = (β – α)/60, 

where β and α are the two largest angles between any two donor atoms and the metal centre 

and β > α. For 12C10 τ5 = 0.21, confirming the structure is slightly deviated from square-based 

pyramidal geometry. A clearer representation of the geometry of the first coordination sphere 

is shown in Fig. 106. The distortion of the coordination polyhedron occurs in each cis and trans 

angle via the Cu centre and in general the N4-Cu-N/O angles are greater than the 90° in idealised 

square-based pyramids. Naturally the deviation in the cis angles translates to the equatorial 

plane, where the angles range from 87.20(16)-100.58(17)°. The bond lengths between the 

central Cu(II) ion and the five donor atoms range between 2.005(5) and 2.184(5) Å for Cu1-N1 

and Cu1-N4, respectively. The coordination bonds between pyridyl nitrogens and the Cu(II) ion 

are shorter than those from the triazolyl moieties. In the first ligand unit the Cu1-N1 pyridyl-

based bond is 2.005(5) Å compared to the Cu1-N2 triazolyl-based bond, which is 2.041(4) Å in 

length. This is amplified in the second ligand unit where the Cu-N3 bond length is 2.006(5) Å 

compared to 2.184(5) Å for triazolyl-based Cu1-N4 bond. Furthermore, The O3 atom of the 

coordinated nitrate anion is involved in a very short contact with the Cu(II) centre, measuring 

2.463(4) Å which is far shorter than the sum of the VdW radii for Cu and O atoms. This Cu1-O3 

interaction could provide a stabilising effect for the five coordinate geometry of the complex. 

 

 

Fig. 106 Prismatic projection of the first coordination sphere about the central Cu(II) ion in 12C10 
and a schematic representation of the geometry of the polyhedron (top). Distortion of the first 
coordination sphere away from linear 180° trans and 90° cis angles (bottom). Hydrogen atoms 
omitted for clarity. Legend: copper, green; nitrogen, blue; oxygen, red; carbon, grey.   
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Fig. 107 Schematic view of the angular distortions of the L6C10 ligand in the 12C10 complex and 
the associated descriptive angles. Hydrogen atoms omitted for clarity. Legend: Nitrogen, blue; 
copper, green; carbon, grey. 
 

The greater difference in metal-donor distance in the second ligand of the 12C10 complex 

(containing N3 and N4 atoms in Fig. 105) results in a more distorted geometry compared to the 

first ligand (containing N1 and N2 atoms). This distortion is measured via the dihedral angle 

between the two planes of the associated pyridyl and triazolyl rings (N3 and N4 containing, 

respectively). Fig. 107 shows how the dihedral and torsion angles for the ligand units are derived 

geometrically and the associated numerical values are located in Table 38. The second ligand 

unit contains the triazolyl group that occupies the axial site of the coordination square-based 

pyramid (N4). This is also the donor atom that produces the longest coordination bond length. 

The resulting dihedral angle is larger in this second ligand unit and is almost an idealised 109° 

for tetrahedral geometry about the bridging C6 atom between the pyridyl and triazolyl rings.  

Although there are no examples of single crystal structures of the L6C10 molecule or as part 

of a complex, analogous 2-((4-benzyl-1H-1,2,3-triazol-1-yl)methyl)pyridine has been structurally 

investigated, where a 2-methylbenzene group takes the place of the decyl chain on the 4-

position of the triazolyl ring.12 The analogous ligand forms part of a homoleptic four coordinate 

complex with Pd(II) as the bis-adduct with two tetrafluoroborate counter ions. The binding mode 

of the 2-(methyltriazolyl)pyridine chelating group in the previously reported Pd(II) structure is 

that of a non-planar six-membered chelate ring, with the pyridyl nitrogen and the nitrogen in 

the 2-position of the triazolyl ring form the two coordination bonds between the metal centre 

and the ligand. In the single crystal structure of 12C10 an identical binding motif is observed 

between the two ligand units and the Cu(II) centre. Unlike the Pd(II) example, 12C10 produces a 

five coordinate distorted polyhedron, which is an encouraging sign that the use of this ligand 

motif is not limited to square planar systems. Although the square planar geometry of Pd(II) 
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systems is a product of the electronic properties, it certainly shows the flexibility of the ligand 

with respect to coordination mode. The five coordinate complex formed with Cu(II) sees the two 

ligand units bind with the triazolyl moieties situated in the same plane. This in turn results in the 

alkyl chain units of the two ligands extending away from the Cu centre in the same direction 

along the c axis. The unidirectional alkyl chains result in the 12C10 cation highly resembling type 

II amphiphiles, as seen in the 1Cn family from chapter 3, although the alkyl chain units are more 

likened to those of the 1C12 and 1C14 structures due to the similar directionality shared by the 

two alkyl chain units. Unlike the structures for 1C12 and 1C14, 12C10 has parallel extension of the 

alkyl chain units whilst maintaining all anti conformation of the CH2 groups.  

 

 

Fig. 108 Cations of 1C12, 1C14 and 12C10 and their alkyl chain conformations at 100 K. 

 

There are short contacts between some oxygen atoms of nitrate anions (free and 

coordinated) and C-H moieties of the L6C10 ligand units (Fig. 109). The short contacts are of three 

types: between a coordinated nitrate anion to the methylene bridge of L6C10 unit, between a 

free nitrate anion and the methylene bridge of an L6C10 unit, and between a free nitrate anion 

and the C-H moiety of the triazole group of the L6C10 unit. The three types of C-H···O contacts 

are shown in Fig. 109. The O3···C6 distance of 3.237(7) Å is longer than the O5···C24 and O5···C25 

contacts of 3.204(7) and 3.173(7) Å, respectively. This is a general theme throughout the crystal 

structure of 12C10, where the shortest C-H···O distances involve free nitrate anions. There is a 

fourth notable contact between the O4 atom of a free nitrate anion and the C7-H7 triazole 

moiety of a 12C10 cation. This interaction has an O4···C7 distance of 3.164(7) Å and an O4···H7-

C7 angle of 151˚. Most importantly, the O4···H7-C7 and O5···H25-C25 interactions form a bridge 
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between two discrete 12C10 cations (Fig. 109c). All four O···C contacts have distances which are 

less than the sum of the Van der Waals radii of an oxygen and carbon atom (≈ 3.35 Å). This is a 

key indicator that a genuine C-H···O hydrogen bond is present within the crystal structure of 

12C10 at 100 K.13,14 The associated angles for the hydrogen bonds are as follows: O3···H6a-C6 = 

132˚, O4···H7-C7 = 151˚, O5···H24a-C24 = 150˚, O5···H25-C25 = 130˚. Both the distances and 

angles satisfy the criteria for structure directing C-H···O interactions.13,14 Of course, the free 

nitrate anions are involved in electrostatic interactions with the 12C10 cations which may be a 

contributing factor to the short intermolecular contacts observed between C-H groups and NO3 

anions.  

 

 

 

Fig. 109 a) angles for C-H···O interactions in 12C10, b) distances for C-H···O interactions in 12C10, 
c) angles for bridging C-H···O interactions in 12C10, d) distances for bridging C-H···O interactions 
in 12C10.  



Chapter 6 

255 
 

Examples of C-H···A hydrogen bonding have been described between anionic species and 

triazolyl C-H groups for many types of systems, with some particular focus on macrocyclic 

compounds and their propensity for halogen binding.15–17 The C7-H7···O4 contacts (between 

triazolyl C-H and oxygen atom of free a nitrate anion) in 12C10 are 0.257 Å shorter than the 

triazolyl C-H···Cl distances in a previously reported halogen-binding catenane containing 1,2,3-

triazole moieties and 0.127 Å shorter than N-H···Cl distances within the same structure.18 The 

C7-H7···O4 angle in 12C10 is also significantly less linear than both the highlighted halogen-

binding motifs, with an O4···H7-C7 angle of 150.9(4)° compared to 166.4(3) and 159.1(2)° for the 

catenane C-H···Cl and N-H···Cl interactions, respectively. The C-H···O angles in 12C10 are generally 

either ca. 130˚ or ca. 150˚. These angles typify a hydrogen bond of moderate strength.19 The 

C···Cl and N···Cl interatomic distances, however, are greater than 3.2 Å in the catenane example 

whilst the C7···O4 distance in 12C10 is shorter than 3.2 Å. This 3.2 Å marker of distance describes 

the strength and nature of the hydrogen bonding, where distances > 3.2 Å typify combinations 

of electrostatic/dispersion forces, producing weak interactions, whereas distances < 3.2 Å are 

mostly electrostatic, constituting interactions of intermediate strength. The angles and 

distances associated with the four noteworthy C-H···O interactions in 12C10 are largely are in 

agreement with the parameters that describe mainly electrostatic, moderate strength hydrogen 

bonding.19 

There is also the fact that the chloride anion is larger than the oxygen atom of the nitrate 

anion, thereby elongating the observed contact distances between donor-acceptor pairs 

through steric effects. Examples of aryl C-H···O contacts in the literature describe the interaction 

as weak hydrogen bonding, with substantially lower interaction energies than typical hydrogen 

bonds.20 It also appears that the 150.9(4) and 150.7(3)˚ angles for the O4···H7-C7 and O5···H24b-

C24 contacts, respectively, are typical for this sub-category of hydrogen bonding with a very 

small number of examples falling below 130°. The final criterion for these weak hydrogen bonds 

is C-H···O distances that are generally equal to or less than 3.2 Å in length between the carbon 

and oxygen atoms.21 The O6 atom of the uncoordinated nitrate anion in 12C10 also lies in close 

proximity to a C-H group of the pyridyl moiety of the same ligand unit, with a C4-H4···O6 distance 

of 3.371(8) Å, slightly greater than the 3.2 Å that are routinely observed and greater than the 

triazolyl contact with the O4 atom. Despite this, the H4···O6 distance is 2.623(4) Å, which is less 

than the sum of the two Van der Waals radii, in addition to the 136.0(3)° C4-H4···O6 angle 

strongly suggest that a weak hydrogen bond exists between the pyridyl moiety and the NO3 

counter anion. 
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Fig. 110 Bilayer packing arrangement of 12C10. Legend: Nitrogen, blue; copper, green; carbon, 
grey, oxygen, red. Hydrogen atoms omitted for clarity. 

 

12C10 packs into bilayer arrangements where 2D sheets of Cu polyhedra form in the ab plane, 

with alkyl chain units extending along the c axis. Parallel 2D sheets interdigitate their alkyl chains 

with one another to form a hydrophobic region, leaving the then adjacent Cu-containing planes 

to form an ionic region that houses the NO3 counter ions (Fig. 110). The free nitrate anions are 

located interstitially among cations of 12C10 and are stabilised by structure-directing C-H···O 

interactions. Hence, the anions remain in close proximity to the carbon backbone of the triazolyl 

and pyridyl moieties of the L6C10 ligand units. Due to the direction of the alkyl chains on both 

ligand units paralleling one another, there is no cross-hatching of the interdigitated hydrophobic 

regions of the bilayers, as was seen in some species in the 1Cn series e.g. 1C10 (Fig. 31). The ionic 

region formed by adjacent 2D sheets of Cu(II) polyhedra spans approximately 6.747(13) Å, which 

is the minimum contact distance between Cu(II) ions that are in adjacent ionic sheets (Fig. 110). 

The hydrophobic region formed by interdigitation of alkyl chain units spans approximately 

19.320(19) Å, which is the minimum Cu···Cu contacts between ionic sheets that have alkyl chain 

units that interdigitate. The hydrophobic region in 12C10 is similar to that of 1C12 in that, the 

hydrophobic region spans a distance of ca. 19.00 Å in both. This distance is also related to the 
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length of the c axis, which accommodates the alkyl chain extensions away from the complex 

centre in both cases. 

The unit cell has short a and b axes with a long c axis (Table 36). The long c axis effectively 

describes the length of a double bilayer, spanning between a Cu(II) ion from one 2D ionic sheet 

to another such Cu(II) ion, separated by two hydrophobic regions (Fig. 110). The primary 

interactions for the packing of the complex units are likely to be dispersion and hydrophobic 

interactions between the alkyl chains, driving the bilayer formation. Other interactions involved 

in directing the structure are the previously described weak hydrogen bonds between NO3 

anions and aromatic py and tz ligand moieties in addition to the coulombic interaction between 

complex cation and counter anions. There is a distinct lack of short aryl py···py, py···tz or tz···tz 

contacts unlike the heteroleptic compounds 7C4-7C16 and 8C4-8C16 that were investigated in the 

previous chapter. Instead, the packing of the complexes and counter anions in 12C10 is directly 

comparable to the 1Cn series. This is not surprising considering the complexes in the 1Cn series 

are also cationic, whereas the heteroleptic Fe compounds of L2C10, L3C10 and L5Cx are all neutral 

and have alkyl chains which project away from the metal centre in opposing directions. Both 

types of cationic species discussed, which contain two alkyl chains with similar directionality 

with respect to their projection, have displayed a tendency to produce bilayer style packing 

arrangements. The neutral complexes from chapters 4 and 5 defer to pseudo-bilayer packing 

due to their symmetry and thus inability to form channels between interfaces of like “regions” 

of the complex units. These findings suggest that ionic, asymmetric complexes are a prerequisite 

to formation of genuine bilayers in the solid state. This is encouraging, in that, from the 

elemental analysis both 10C10 and 11C10 have cationic complex units and thus, may be 

asymmetrical, with the projection of the three alkyl chain units from the L6C10 ligands in a similar 

direction. If true, this may result in the formation of type II amphiphilic complexes 

(metallomesogens) capable of forming lyotropic liquid crystal phases. Furthermore, the packing 

of the 12C10 cations (Fig. 110) is strikingly similar to lipid bilayers, which are ubiquitous in 

biological systems in the form of cell membranes and liposomes. Both liposomes and cell 

membranes are excellent transportation vehicles for cargo such as proteins and other 

molecules, which shows promise for the types of complexes discussed in this chapter as 

potential tools for drug or gene delivery/therapy. 
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6.3.1.2 Structure of 13C10 

 

 

Fig. 111 Two formula units of 13C10 at 100 K with selected atom labels. Hydrogen atoms omitted 
for clarity. Legend: Nitrogen, blue; chlorine, green; carbon, grey; zinc, pink. 
 

The data for 13C10 was also not well resolved, with Rint = 1.2633, despite using a Cu X-ray 

source. The data was successfully modelled the compound in the triclinic space group P�1 with a 

goodness of fit value of 1.096 and 100% completeness. The asymmetric unit of 13C10 contains 

one fully complete and one partially complete neutral [Zn2(L6C10)2(Cl)2] complex monomer as a 

1D coordination polymer. The Zn1 ion forms coordination bonds with both Cl1 and Cl2 atoms, 

the N1 atom from the pyridyl moiety of the first ligand unit and the N2 atom from the triazolyl 

ring of the second ligand unit forming a tetrahedron. The Zn2 ion forms coordination bonds with 

both Cl3 and Cl4 atoms, the N3 atom of the pyridyl ring of the second ligand unit and the N4 

atom of the triazolyl ring of the first ligand unit, forming a second tetrahedron. Unlike 12C10, 
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where the triazolyl moiety coordinates the Cu(II) ion via the nitrogen in the 2-position of the 

ring, in 13C10 the L6C10 ligand coordinates through the nitrogen on the 3-position of the triazolyl 

ring. Two Zn(II) ions are bound by each of the L6C10 ligands, which effectively function as bridges 

between the metal centres to form the 1D coordination polymer units. The 1D chains of 

coordination polymer alternate the direction of the projection of the alkyl chain units with each 

Zn(II) centre, resulting in alkyl chains which project in opposite directions from one another (Fig. 

112). The ligand itself exists in a highly similar geometry as when it functions as a bidentate 

chelator in the Cu(II) species, although the coordination to Zn(II) appears to proceed via a 

different N atom in the triazolyl heterocycle. 

 

 

Fig. 112 1D coordination polymer chain of 13C10. 

 

The coordination bonds between pyridyl nitrogens and the Zn(II) ion are longer than those 

from the triazolyl moieties. The Zn1-N1 pyridyl-based bond is 2.114(16) Å compared to the Zn1-

N2 triazolyl-based bond, which is 2.042(6) Å in length. The same trend is seen for the second 

Zn(II) ion but the pyridyl Zn2-N3 distance is slightly shorter at 2.095(14) Å and the Zn2-N4 

triazolyl distance is slightly longer at 2.060(13) Å. The Zn-Cl bonds are all > 2.2 Å and are located 

in Table 37. The opposite trend is observed in 12C10, where Cu-Npy bond lengths are shorter than 
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Cu-Ntz. The angles about the coordination tetrahedron range between 99.1(6)° for the N1-Zn1-

N2 angle and 116.3(2)° for the Cl1-Zn1-Cl2 angle. The average of the six angle angles is 109.25° 

and is equivalent to idealised values for perfect tetrahedra. The dihedral angles for the two 

ligand units are 114.8(7) and 116.4(7)°; which are slightly more obtuse than those in the Cu(II) 

species and a likely repercussion of the bridging μ2 behaviour in the Zn(II) system.  

The single crystal structure of 13C10 shows that the L6C10 ligand can coordinate in more than 

one mode and is capable of forming 1D coordination polymers. The flexibility of the ligand and 

how it might bind Fe(II) or Fe(III) centres shows that the structure of 10C10 and 11C10 could be 

either monomeric or polymeric in each case. However, as Fe(II) and Fe(III) prefer octahedral 

geometry, it is unlikely that the structure of 13C10 is replicated in 10C10 and 11C10. Furthermore, 

the BF4
- anions present in 10C10 are typically non-coordinating, which further discounts this 

possibility. 
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6.3.2 Solid state studies 

 

6.3.2.1 Optical microscopy 

 

Pure solid samples of L6C10, 10C10 and 11C10 were heated from 293-373 K whilst being 

examined under a microscope in order to identify any melting that might occur in the solid state. 

The melting transition for L6C10 was observed at 330 K upon initial heating. 11C10 melted 

between 326-332 K whilst 10C10 remained crystalline throughout the temperature range. 11C10 

recrystallises upon cooling and the melting/crystallisation process is reproducible through 

multiple iterations of the thermal cycle. 10C10 and 11C10 display a high degree of thermal and 

aerobic stability in the pure crystalline state and no signs of decomposition were observed upon 

introduction of high temperatures or long periods exposed to atmospheric oxygen.  

 

6.3.2.2 Differential scanning calorimetry 

 

The behaviour of L6C10, 10C10 and 11C10 in the solid state were further investigated via DSC. 

Solid samples of L6C10, 10C10 and 11C10 were firstly cooled to 193 K before being heated to 473 

K and then cooled back down to 193 K. In the case of L6C10, MDSC was employed with a heat/cool 

rate of 3 K min-1, whereas in 10C10 and 11C10 standard DSC was used and the temperature range 

was cycled three times at a heat/cool rate of 5 K min-1.  

The melting of L6C10 during heating (3 K min-1) occurs at 330.6 K whereas crystallisation 

during cooling occurs at a much lower temperature of 294.4 K, with the average magnitude for 

the enthalpy and entropy of the transitions = ±42.1 kJ mol-1 and 134.0 J mol-1 K-1, respectively 

(Fig. 113 top). These values are typical for organic compounds.22 10C10 displays reversible high 

temperature transitions in the solid state, centred at 355.4 and 436.6 K, which are likely to be 

crystallographic in nature (Fig. 113 middle), although a spin transition cannot be ruled out in the 

absence of solid state magnetometry. Contrastingly, upon heating from 193 K, 11C10 undergoes 

an endothermic transition at 312.9 K before melting at 320.4 K. Crystallisation of 11C10 then 

occurs gradually between 298-287 K during cooling (Fig. 113 bottom).  

For 10C10 initial heating from 193 K brings about a single, very large exothermic transition at 

458.0 K which is irreversible (ΔH = 71.15 kJ mol-1, ΔS = 155.37 J mol-1 K-1). During the first cooling 

10C10 undergoes two exothermic transitions, firstly at ca. 432-423 K (depending on cycle) and 

secondly at 348.9 K (Table 39). The second heating then produces two endothermic transitions, 

firstly at 362.5 K and secondly at 445.7 K, which are likely to be the reverse processes of the two 
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previous exothermic transitions. For both pairs of exo/endothermic transitions, the 

endothermic process upon heating is accompanied by larger values of ΔH and ΔS (Table 39). The 

transitions observed in the first cooling and second heating are reproducible throughout the 

second and third thermal cycles.  

 

 

Fig. 113 MDSC thermogram for a pure solid sample of L6C10 (top) and conventional DSC 
thermogram for pure solid samples of 10C10 (middle) and 11C10 (bottom). 
 

Table 39 Thermodynamic parameters for solid state transitions in L6C10, 10C10 and 11C10. 
Compound  Cycle no. ΔH (kJ mol-1) ΔS (J mol-1 K-1) T (K) T (K) 

  heating cooling heating cooling heating cooling 
L6C10 1 48.52 -35.69 146.74 121.20 330.6 294.4 
10C10 1 63.33a - 138.26 - 458.0a - 
 2 6.77b -5.14b 18.68b  14.69b 361.8b  348.9b 
 2 9.61b -7.34b 21.60b 17.16b  445.7b 427.7b  
11C10c 3 9.04 -30.32 28.89 102.99 312.9 294.4 
 3 1.00 - 3.10 - 320.8 - 

a Calculated thermodynamic parameters for 10C10 from the first thermal cycle, b calculated 
thermodynamic parameters for reversible transitions in 10C10 occurring during the second 
thermal cycle. c Calculated thermodynamic parameters from the third thermal cycle of 11C10. 
 

For 11C10 the first heating of the sample brings about a broad endothermic transition 

between 302-322 K. Cooling the sample results in the observation of the crystallisation process, 

which is also broad. Interestingly, the second heating of 11C10 shows two endothermic 

transitions centred at 312.9 and 320.8 K, respectively. The initial peak at 312.9 K upon heating 
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is much larger in magnitude compared to the subsequent peak at 320.8 K, which is manifested 

by comparatively disproportionate thermodynamic parameters. The exothermic transition upon 

cooling has an associated ΔH and ΔS of -30.32 kJ mol-1 and 102.99 J mol-1 K-1, respectively, which 

are significantly larger than the sum of the thermodynamic parameters from the two 

endothermic transitions. The width of these two transitions spans a similar temperature range 

as the broad transition observed in the initial heating of the sample, suggesting that the two 

endothermic processes observed in the second thermal cycle are present in the first, although 

they are not well resolved. During the third heat/cool cycle, the two endothermic transitions 

have significantly larger magnitude and are better resolved in comparison to those observed in 

the second cycle. Crystallisation occurs at a similar temperature on each cycling of the 

temperature, although the magnitude of the transition appears to increase with each iteration. 

The discrepancies between the resolution and magnitude of the peaks in the DSC thermogram 

for 11C10 could be due to the increased pan coverage that occurs after the sample melts and 

forms a homogenous film upon recrystallisation, leading to more accurate and sensitive readings 

by the instrument.  

The transitions observed in the solid state for the L6C10 ligand, 10C10 and 11C10 can be used 

as a reference point for subsequent lyotropic liquid crystal studies. Any transitions that appear 

in binary mixtures of these compounds with water that are not present in the DSC thermograms 

for the pure solids can therefore be considered as the mesogenic/crystallisation transitions 

between the crystals + water phase and the lyotropic mesophase. 

 

  



Chapter 6 

264 
 

6.3.3 Solution based studies 

 

6.3.3.1 NMR studies  

 

 
Fig. 114 1H NMR spectra for L6C10 (bottom), 10C10 (middle) and 11C10 (top) at 303 K in DMSO-d6. 
 

1H NMR studies of 10C10 and 11C10 gave unexpectedly well resolved spectra for metal 

containing compounds. In DMSO-d6 both compounds 10C10 and 11C10 produce a 1H NMR 

spectrum that is comparable to the pure ligand in terms of both the number and location of 

peaks (Fig. 114) but broadening suggests that both 10C10 and 11C10 are paramagnetic in solution. 

The signals from DMSO-d6 solutions of 10C10 are broadened significantly and are up-shifted by 

ca. 0.2 ppm when compared to corresponding peaks from solutions of both the ligand and 11C10. 

The larger degree of peak broadening in 10C10 compared to 11C10, which is inherently 

paramagnetic, suggests that 10C10 contains a large proportion of HS Fe(II) centres. Although the 

location of the residual DMSO peak remains consistent across the three spectra, the water peak 

shifts downfield in the samples containing the Fe(II)/(III) compounds. In the 1H NMR spectrum 

for L6C10 the water peak is located at the typical 3.33 ppm location, whereas In 10C10 and 11C10 

the water peak shifts downfield to 3.40 and 3.80 ppm, respectively. The downfield shift of the 

residual water peak is likely due to paramagnetic effects23 and pseudocontact shifting.24 In 

chapter 3 some significant peak broadening and the appearance of multiple new proton signals 
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in the 1H NMR spectra for compounds 1C4-C16 was observed. These observations are absent in 

the 1H NMR spectra for 10C10 and 11C10. This could be due to higher molecular symmetry in the 

cationic units. In 1C4-C16 the coordination polyhedron is highly asymmetric, resulting in two alkyl 

chains-being projected away from the metal centre in similar directions, accompanied by the 

lack of an inversion centre on the central Fe(II) ions. This, in combination with paramagnetic 

effects and possibly some ligand dissociation, could potentially give rise to the multiple new 1H 

environments in 1C4-C16. There are no extra signals in the 1H NMR spectra for 10C10 and 11C10 

compared to the L6C10 ligand, which suggests that the cationic units potentially have higher 

symmetry; a pseudo C3v point group for the [Fe(L6C10)3]2+/3+ cations is plausible here, based on 

the proposed structure in Fig. 114, when the alkyl chains are aligned with the principle axis of 

rotation. This level of symmetry has been reported before for a similar Fe(II) compound 

containing long alkyl chains, based on neutral hexadentate ligands of style tris(2-(((E)-(4-Cn-

oxypyridin-2-yl)methylene)amino)ethyl)amine.25 This threefold symmetry would result in 

equivalent 1H environments across the three ligand units that make up the complex. In addition 

to this, there does not appear to be any coupling between proton environments, as the number 

and splitting patterns (where resolution is adequate) match those of the ligand spectrum. 

 

6.3.3.2 Solution magnetic susceptibility studies 

 
Table 40 Magnetic susceptibility values for 10C10 and 11C10 obtained via the Evans method, 
based on TMS peak shifting in DMSO-d6 solvent. 

 10C10 11C10 
T / K χMT (cm3 mol-1 K) χMT (cm3 mol-1 K) 
303 3.88 0.24 
333 3.74 0.56 
363 - 0.59 

 

Magnetic susceptibility measurements of 10C10 and 11C10 were conducted in DMSO-d6 via 

the Evans method (Table 40).26 At 303 K 10C10 has a χMT value of 3.88 cm3 mol-1 K, which is larger 

than the expected value of 3.40 cm3 mol-1 K for a HS Fe(II) ion but lower than the 4.375 cm3 mol-

1 K expected for a HS Fe(III) ion. Heating the sample of 10C10 to 333 K did not result in a significant 

change in magnetic susceptibility, which suggests a purely HS Fe(II) system is present. A likely 

explanation for the observed χMT value of 3.88 cm3 mol-1 K for 10C10 is an exceptionally large 

orbital contributions to the observed molar magnetic susceptibility. Contributions from a HS 

Fe(III) species remain unlikely considering that the L6C10 ligand appears to form the LS Fe(III) 

complex in DMSO (vide infra). Examples of Fe(II) compounds displaying exceptionally large 

values of χMT, in some cases reaching ca. 3.70 cm3 mol-1 K have been given previously.27 After 
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considering that there are small degrees of error associated with the determination of χMT via 

the Evans method, which arise from inaccuracies in determining the absolute concentration of 

the solutions, a HS Fe(II) centre with an unusually high orbital contribution to the magnetic 

moment seems more plausible. Without solid state magnetometry it is hard to explain to any 

degree of certainty why the unexpectedly large χMT value is observed in 10C10; these 

measurements are, however, in progress and should be available for inclusion in publication 

format within the short term. 

The χMT value for 11C10 at 303 K measured 0.24 cm3 mol-1 K and is lower than expected for a 

LS Fe(III) system.28 Heating the sample to 333 K resulted in an increase in χMT to 0.56 cm3 mol-1 

K, which then rose to 0.59 cm3 mol-1 K at 363 K. The values of χMT for 11C10 at 333-363 K are 

close to those expected for a LS Fe(III) species and the fact that at 303 K the value of χMT is lower 

than the absolute minimum value for LS Fe(III) suggests that there may be a mixture of LS Fe(II) 

and LS Fe(III) species in solution at 303 K. UV-vis studies (vide infra) showed that in DMSO 11C10 

is not a HS Fe(II) species, which supports this conclusion. The ability of DMSO to coordinate to 

3d metal centres is known,29 and this was discussed in chapter 3 in relation to the 1Cn series. If 

ligand exchange/DMSO coordination is present here, it is possible that this could cause the 

introduction of new Fe(II) species in solution. If true, it is possible that there is a temperature-

dependent equilibrium between the LS Fe(II) and LS Fe(III) species of 11C10 and the observed 

increase in χMT with heating is a consequence of the equilibrium shifting to the LS Fe(III) species 

with increased temperatures.   
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6.3.3.3 UV-Vis studies 

 

 

Fig. 115 Overlay UV-vis spectra for L6C10 (0.933 mM), 10C10 (0.192 mM) and 11C10 (1.030 mM) in 
DMSO. 

 

UV-vis spectra were obtained for solutions of L6C10, 10C10 and 11C10 in DMSO in order to 

relate their UV-vis absorbance properties to the observed magnetic susceptibility in solution in 

the previous section. L6C10 produces a simple UV-vis spectrum in DMSO (Fig. 115), consisting of 

two major peaks at 269 and 350 nm (Table 41). The peak at 269 nm could be due to a π→π* 

transition, supported by the large value of ε (3511 dm3 mol-1 cm-1) which falls in the typical range 

of 500-5000 dm3 mol-1 cm-1 range for such transitions. The weaker transition at 350 nm is still a 

high energy transition but is less easily identified due to its intermediate value of ε = 409 dm3 

mol-1 cm-1 however, this could also be a π→π* transition as the ligand has two aromatic 

heterocycle groups (pyridyl and triazolyl) which are discrete from one another in terms of their 

delocalisation. 

 

Table 41 UV-vis peak information for L6C10 in DMSO. 
L6C10   
λ (nm) ε (dm3 mol-1 cm-1) wavenumber (cm-1) 
269 3511 37175 
350 409 28571 
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Table 42 UV-vis peak information for 10C10 and 11C10 in DMSO. 
10C10   11C10   
λ (nm) ε (dm3 mol-1 cm-1) wavenumber (cm-1) λ (nm) ε (dm3 mol-1 cm-1) wavenumber (cm-1) 
348 sh 519 29240 342 1634 29240 
570 68 17544 500 sh 104 20000 
736 47 13587 642 49 15576 

 

10C10 displays a large charge transfer band at 261 nm (ε = 11306 dm3 mol-1 cm-1), which 

overlaps the higher energy π→π* transition of the ligand. At a slightly longer wavelength of 348 

nm a shoulder with an intermediate molar extinction coefficient (ε) of 503 dm3 mol-1 cm-1 occurs 

– this peak is very similar to the weaker transition observed in L6C10 with very similar value of ε, 

suggesting the ligand transition is observed in the 10C10 complex although weak MLCT cannot 

be dismissed as a contributing factor to the absorbance in this region (Table 42).30 Fig. 116 shows 

two significantly weaker d-d transitions appear at 570 and 736 nm in 10C10 with ε = 68 and 47 

dm3 mol-1 cm-1, respectively. HS octahedral Fe(II) complexes of intermediate ligand field 

strengths produce weak 5T2→5E transitions (typically ε < 100 dm3 mol-1 cm-1) towards the 

red/near-infrared region of the spectrum, which were assigned to the 736 nm peak.31 In 

reflectance studies a 570 nm peak may be observed in some LS Fe(II) systems as the 1A1g→1T1g 

transition,32 and in the SCO compound [Fe(ptz)6](BF4)2 (ptz = 1-propyltetrazole) exhibits this 

transition via an absorption band at 514.5 nm; however, this is not feasible for 10C10 based on 

the χMT value of 3.88 cm3 mol-1 K that represents an unambiguously 100% HS Fe(II) population. 

 

 

Fig. 116 UV-Vis spectrum for 10C10 in DMSO at a concentration of 0.90 mM. 
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Similarly, 11C10 produces a charge transfer band that overlaps the ligand-based transition at 

269 nm (ε = 4845 dm3 mol-1 cm-1) but also produces a peak at 342 nm (ε = 1634 dm3 mol-1 cm-1) 

that overlaps the weaker ligand transition occurring at 350 nm. The 342 nm peak produced by 

11C10 has a molar extinction coefficient four times the magnitude of the ligand transition at 342 

nm (Table 42). This is indicative of charge transfer associated with a LS Fe(III) ion, which supports 

the observations made from the magnetic susceptibility study. Parallel to this, the 500 and 642 

nm peaks seen in the 11C10 spectrum (Fig. 117) have conservative values of ε that are in 

agreement with weak MLCT and d-d transitions, respectively (Table 44), and are not associated 

with HS or LS Fe(II) ions.33 Using the magnetic susceptibility of 11C10 as a foundation, it is likely 

that the d-d transition at 642 nm is from the 2T2→4T2 transition for a LS Fe(III) ion (15576 cm-1).34  

 

 

Fig. 117 UV-Vis spectrum for 11C10 in DMSO at a concentration of 1.03 mM. 

 

The observation of d-d absorption bands in both 10C10 and 11C10 with associated values for 

ε that are ≤ 100 dm3 mol-1 cm-1 suggests that both complexes have octahedral coordination 

geometries. Also, the UV-vis spectra for 10C10 and 11C10 are different, which suggests that 10C10 

contains a HS Fe(II) centre in DMSO near room temperature, whilst 11C10 probably contains a 

combination of LS Fe(II) and LS Fe(III) centres, although we cannot be absolutely certain. These 

findings support the conclusions from the magnetic susceptibility studies.  
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6.3.3.4 Proposed molecular structure of 10C10 and 11C10 

 

 

Fig. 118 Proposed structure of the complex dication/trication for 10C10 and 11C10 (left) and ligand 
structure with IUPAC triazolyl numbering scheme (right).  
 

The elemental analyses of 10C10 and 11C10 showed that as well as two BF4
- and three NO3

- 

anions, respectively, there are three L6C10 ligands per Fe(II)/(III) ion in each compound, meaning 

the bidentate ligand is likely to form octahedral coordination spheres in the complex dication. A 

potential coordination mode of the ligand could occur via both the pyridyl nitrogen and the 

nitrogen atom in the 2-position on the triazolyl group, forming a six membered chelate ring with 

the Fe atom (Fig. 118 left). Proposition of the structure is partially based on the observed 

coordination mode of the L6C10 ligand in the single crystal structure of Cu(II) compound 12C10 

and also a previously reported Pd(II) structure of a similar derivative of the L6C10 ligand.12 There 

is also the possibility that the triazolyl group coordinates via the nitrogen atom on the 1-position, 

however, due to the planar conformation of the triazolyl heterocycle, the nitrogen in the 

triazolyl 2-position or the H atom bonded to the carbon atom on the triazolyl 5-position would 

sterically hinder the coordination bond occurring via this mode (Fig. 118 right).  

Based on the evidence collected, it is likely that the cationic structures of 10C10 and 11C10 are 

similar to those of 2C10 and 4C10 from chapter 4. In 2C10 and 4C10 the L2C10 and L3C10 ligands form 

the tris-chelates with Fe(II) with formula [Fe(L)3](BF4)2·solvate, where L = L2C10 or L3C10. The high 

degree of similarity between ligands L2C10, L3C10 and L6C10 would suggest that the coordination 

geometry about the Fe centres observed in 2C10 and 4C10 is maintained in 10C10 and 11C10. 

Furthermore, UV-vis studies confirm that for both 10C10 and 11C10 the central Fe ions are 

octahedral, which supports a tris chelate system.  
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Assuming three L6C10 units chelate the central Fe(II)/(III) ions, it is likely that an asymmetrical 

complex cation is formed (Fig. 119). Due to the extra flexibility of the L6C10 structure compared 

to that of L2C10 and L3C10 it is possible that the alkyl chains are enabled to project away from the 

coordination octahedra in similar directions. This proposed structure would highly resemble 

type II amphiphiles, which are largely dependent on asymmetrical molecular structure to 

produce amphiphilicity and thus lyotropic liquid crystal properties (Fig. 12 left, chapter 1). Fig. 

119 below illustrates the rationale behind our investigations into the LLC properties of 10C10 and 

11C10 in the next section. 

 

 

Fig. 119 Schematic view of the amphiphilic composition of the proposed cationic structures for 
10C10 and 11C10. 
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6.3.4 lyotropic liquid crystal studies 

 

6.3.4.1 Polarised optical light microscopy studies 

 

 

Fig. 120 Lyotropic liquid crystal mesophase formation in 10C10 from 30 wt% aqueous mixture 
upon heating (top), and in 11C10 from 50 wt% aqueous mixture upon heating (middle). Example 
mesophases for aqueous mixtures of cetyltrimethylammonium bromide (bottom). Mesogenic 
transitions were reversible.  
 

Aqueous mixtures of 10C10 and 11C10 at concentrations between 10-90% (w/w) were 

analysed via POM over a 293-368 K temperature range. The samples were placed on glass 

microscope slides with a cover slip over the surface of the sample, which was then mounted on 

a heating stage and placed under the microscope lens. The temperature of the heating stage 

was ramped at a rate of 10 K min-1 in both heating and cooling modes whilst simultaneously 

observing any visual changes in the sample down the microscope with the analyser set to 270°. 

12C10 and 13C10 did not exhibit lyotropic liquid crystal properties at any concentration. 10C10 
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exists as a mixture of crystals and water (C+W) at 283 K in all weight percent variants (Fig. 120 

top left). Heating of the mixtures up to 331 K resulted in a visible transition to a hexagonal 

lyotropic liquid crystal texture35 (Fig. 120 top right) and by 333 K the entire sample appeared to 

adopt a hexagonal texture with some visibly present excess water. Further heating of the 

samples to 373 K did not induce further phase transitions. The samples were then cooled 

through the temperature range via the same rate, which resulted in the reverse process of LLC 

to C+W occurring at ca. 325-330 K. Repeating the heat/cool cycles through multiple iterations 

gave the same visual results, suggesting that the mesogenic properties are fully reversible as 

well as confirming the mixtures are highly stable to water and wide temperature ranges. The 

few previous examples of similar Fe(II) systems, including the anionic [Fe(CN)5(C12H25NH2)]2- 

complex36 and neutral [Fe(hsbpy)(NCS)2] complex37, where hsbpy = 4-heptadecyl-4΄-trans-styryl-

2,2΄-bipyridine, did not show such a high stability to either water or atmospheric oxygen and so 

the high stability of 10C10 in aerobic and aqueous regimes is a marked improvement towards 

practicality of the systems as LLCs. 

11C10 exists as C+W at ambient temperatures and upon heating from 283-333 K. At 334 K 

11C10 appeared to form an LLC phase that was stable in excess water (Fig. 120 middle right). As 

in 10C10 previously, 11C10 appears to form the HII phase in aqueous environments and the phase 

persisted until the upper limit of the system (363 K due to water boiling beyond this point). 

Cooling of the sample produced the reverse LLC to C+W process at approximately 334-332 K. 

The temperatures recorded for the forward (C+W to LLC) and reverse (LLC to C+W) processes 

were consistent through multiple heat/cool cycles, giving highly reproducible results as 

observed by eyesight. 11C10 displays a similar degree of stability to aqueous and aerobic 

conditions to 10C10 and did not show any signs of degradation over time as aqueous mixtures or 

pure polycrystalline solid. The generation of HII mesophases by both 10C10 and 11C10 at as little 

as 10% (w/w) aqueous mixtures leads to the conclusion that the Krafft temperature of the two 

Fe-based compounds lies at ca. 333-334 K. 

 

 

6.3.4.2 Differential canning calorimetry 

 

DSC provides a highly sensitive and accurate method for quantifying the physical properties 

of mesogenic phase transitions. Modulated DSC was employed for aqueous mixtures of 10C10 

and 11C10 due to the presence of significantly large volumes of water and the small signal 

intensities of the mesogenic transitions in relation to the thermodynamic parameters associated 
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with freezing and boiling of water. Heat/cool rates were 3 K min-1 and all samples were analysed 

in hermetically sealed aluminium vessels. Concentrations of 10C10 and 11C10 in water are 

expressed as weight percentage (wt%), which is given by equation 22. 

 

wt% =  � mmesogen

mmesogen + mwater
� × 100                                                (22) 

 

For 10C10 in water at weight percentages between 10-30% heating the sample resulted in the 

observation of two endothermic peaks between 315-333 K that were not separated by a 

baseline signal (Fig. 121 top left and right). However, for 50-70 % weight % samples only one 

endothermic transition was observed upon heating (Fig. 121 bottom left and right), with the 

exception in the third heating of 10C10 at 70 weight % in which a small peak at ca. 315.0 K 

appears. Surprisingly, for all wt% of 10C10 in water, the cooling runs produced a single 

exothermic peak at a significantly lower temperature than the corresponding endothermic 

process. It was noticed that the temperature at which the exothermic transitions occur was not 

consistent through multiple thermal cycles and often shifted towards lower temperatures, with 

the exception of 30 weight %, which exhibited the opposite trend (Fig. 121 top right). Based on 

the observations made during POM studies, the initial transition upon heating from the crystals 

+ water (C+W) phase is likely to be the formation of an HII lyotropic mesophase. This conclusion 

was based on the texture of the mesophase under crossed polarisers (Fig. 121) and its stability 

in excess water, something a regular hexagonal phase (HI) does not reciprocate. These 

observations were made for all weight percentages and similarly, a corresponding transition is 

seen in the DSC thermogram between 319-322 K. However, as previously mentioned, upon 

heating 10 and 30% (w/w) binary mixtures of 10C10 in water, a second transition occurs very 

shortly after the initial transition. For the 10% (w/w) sample the second endothermic transition 

is observed between 327.4-328.5 K depending on the cycle, whereas for the 30% (w/w) sample, 

this transition is at 326.6 K. There are two possible causes of the second endothermic transition 

after the initial formation of the HII phase: ligand exchange and melting or a second phase in 

coexistence with the previously formed HII. Crystallographic phase changes in the solid 10C10 

powder can be ruled out as the thermogram for this substance (Fig. 113) does not produce any 

transitions upon heating until 361.8 K. Both possible origins for the extra peaks upon heating 

are plausible, considering the melting of the L6C10 ligand occurs at 330.6 K and the coexistence 

of more than one lyotropic mesophase is not unprecedented;38–40 however, identification of 

more than one coexisting mesophase via POM techniques is particularly challenging. In order to 

be certain of the identity of the processes that give rise to the endothermic transitions upon 
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heating the samples, small angle X-ray scattering (SAXS) experiments must be done. SAXS is a 

specialised XRD technique that can provide information such as the lattice parameters of a 

lyotropic system, which are highly specific for each lyotropic mesophase architecture. It is 

regrettable that such data is not available to us at this time.  

 

 

Fig. 121 MDSC thermograms in hermetically sealed samples of 10C10 and water at weight % 
concentrations between 10-70%. The heating/cooling rate was consistently set to 3 K min-1.  
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Table 43 Thermodynamic parameters for aqueous mixtures of 10C10. Weight percentages are 
given as 10C10 to water.  

wt%  ΔHav (kJ mol-1)a ΔSav (J mol-1 K-1)a Tav (K)b Tav (K)b 

 heating cooling heating cooling heating cooling 
10 1.34 ± 0.01 -2.16 ± 0.02 4.19 ± 0.04 7.24 ± 0.07 319.14 298.89 
30 6.38 ± 0.13 -3.93 ± 0.08 19.91 ± 0.42 12.92 ± 0.27 320.29 304.51 
50 29.12 ± 0.86 -27.29 ± 0.80 90.57 ± 2.66 92.78 ± 2.73 321.57 294.10 
70 59.48 ± 1.98 -60.80 ± 2.02 185.79 ± 6.19 202.05 ± 6.73 320.16 300.91 

a Molar values are derived using the mass fraction of 10C10 in the samples as a reduction factor 
of the overall transition energy. Values of H and S are accompanied by an applied weighing error 
as a percentage of the sample mass used. b Temperatures of transition given as the mean value 
of the peak maxima. 
 

It is possible that the 50 and 70 wt% samples of 10C10 in water may not exhibit a second peak 

in the heating runs of the DSC thermograms because a second, coexisting mesophase is not 

present at these weight percentages. At such high concentrations of 10C10 it is possible that the 

rate of formation of a secondary mesophase is slowed down so severely that it is not visible or 

may be non-existent.40 The thermodynamic properties of what could be the HII transitions in the 

DSC thermograms are located in Table 43. The enthalpy and entropy of transition are 

determined based on total molar quantities of 10C10 in the samples. The ΔH and ΔS values are 

somewhat smaller than expected at the lower 10 and 30 wt% samples; however, values 

observed in the 50 and 70 wt% samples are similar to those exhibited by other HII systems.40–42 

The higher temperature peaks for the 10 and 30 wt% samples of 10C10 have a range of 

thermodynamic properties depending on the cycle number. The lack of baseline between both 

endothermic peaks also means that determination of the absolute enthalpic and entropic 

transformations is not possible. Reported are the values of ΔH and ΔS for the individual 

transitions based on the area under the peaks, separated by the trough between the two peak 

maxima. For 10 wt% (Fig. 121 top left), the average values of ΔH and ΔS for the peak at ca. 328.1 

K are 0.48 kJ mol-1 and 1.46 J mol-1 K-1. Although these values are comparable in magnitude to 

those associated with the earlier endothermic transition at 319.1 K, the range of values between 

the first, second and third cycles is large. For example, for cycle 1, the peak at 327.7 K has a ΔH 

and ΔS of 0.72 kJ mol-1 and 2.20 J mol-1 K-1, respectively, while for cycle 3 the peak at 328.8 K has 

a ΔH and ΔS of 0.36 kJ mol-1 and 1.08 J mol-1 K-1, respectively. Interestingly, the opposite trend 

is observed in the 30 wt% sample of 10C10 (Fig. 121 top right), where the higher temperature 

endothermic transition shows an increasing magnitude of ΔH and ΔS with each cycling of the 

temperature. For the peak at ca. 326.7 K in the 30 wt% sample of 10C10, the average ΔH and ΔS 

values of 4.10 kJ mol-1 and 12.55 J mol-1 K-1, respectively, are of smaller magnitude than the peak 

at 320.3 K (Table 43).  
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Similar to 10C10, 11C10 forms an HII mesophase at all of the studied concentrations, supported 

by stability of the phase in excess water and the texture under crossed polarisers (Fig. 120 

middle right). 11C10 generally produced a single pair of peaks in the MDSC thermograms, with 

the exception of the 80 wt% sample which initially undergoes a sharp, single endothermic 

transition upon heating but displays a broad endothermic peak with two peak maxima during 

the second and third heating of the sample (Fig. 122 bottom right). The endothermic transition 

observed upon the first heating of the 80 wt% sample of 11C10 reaches a maximum at ca. 323.0 

K but during the second and third thermal cycles the broadened endothermic transition exhibits 

two maxima at ca. 320.7 and 322.7 K. Although there are clearly two endothermic processes in 

the 80 wt% sample, they could not be individually quantified in terms of both enthalpy and 

entropy due to the large degree of overlap. We have reported the values of ΔH and ΔS in this 

case as the average from all three thermal cycles. It is also noteworthy that during the first 

heating of 11C10 at 30 wt% there is an initial transition at ca. 322.5 K before two subsequent 

endothermic transitions at ca. 340.9 K and 348.7 K (Fig. 123). Surprisingly only one exothermic 

transition was observed during the first cooling of the sample. During the second, third and 

fourth thermal cycles, only the peak at 322.5 K is observed upon heating (Fig. 122 top right). 

For 10-50 wt% samples of 11C10 in water the MDSC thermograms suggest that only one phase 

transformation occurs upon heating, with the reverse process occurring during cooling. As 

mentioned above, the 80 wt% sample has a broad endothermic peak that is suggestive of two 

independent transitions occurring over a similar interval of temperature. Also, at 10 wt%, upon 

cooling, the temperature at which the exothermic peak is observed decreases significantly with 

each thermal cycle. The overall decrease in temperature for this transition at 10 wt% in the first 

and third thermal cycles is from 314.1 to 310.7 K. The cause of this is unknown and this trend is 

almost unnoticeable at 30, 50 and 80 wt%. At 50 wt% however, the exothermic peak occurs at 

300.0 K during the first and second thermal cycles before decreasing to 297.6 K during the third 

cycle.  
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Fig. 122 MDSC thermograms in hermetically sealed samples of 11C10 and water at weight % 
concentrations between 10-80%. The heating/cooling rate was consistently set to 3 K min-1. 
 

 

Fig. 123 Overlay MDSC thermogram for 11C10 at 30 wt% during heating. 
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Table 44 Thermodynamic parameters for aqueous mixtures of 11C10. Weight percentages are 
given as 11C10 to water. Molar values are based on the mass fraction of 11C10 in the samples. 
Values of H and S are accompanied by weighing error as a percentage of the sample mass used. 

wt%  ΔHav (kJ mol-1) ΔSav (J mol-1 K-1) Tav (K) Tav (K) 
 heating cooling heating cooling heating cooling 
10 9.08 ± 0.15 -9.09 ± 0.15 28.10 ± 0.47 29.45 ± 0.49 323.09 312.36 
30 12.97 ± 0.15 -14.35 ± 0.17 40.21 ± 0.48 47.22 ± 0.56 322.48 303.95 
50 29.36 ± 0.82 -27.80 ± 0.77 91.41 ± 2.54 91.83 ± 1.53 321.18 299.20 
80 60.26 ± 0.91 -61.19 ± 0.93 186.61 ± 2.83 195.96 ± 2.97 322.93 312.29 

a Molar values are derived using the mass fraction of 11C10 in the samples as a reduction factor 
of the overall transition energy. Values of H and S are accompanied by an applied weighing error 
as a percentage of the sample mass used. b Temperatures of transition given as the mean value 
of the peak maxima. 

 

The thermodynamic properties of the transitions at all weight percentages are located in 

Table 44. It is unsurprising that the enthalpy and entropy of the transitions which were assigned 

to the C+W to HII mesophase transition in 11C10 are similar to those for 10C10. For example, at 

50 wt% 10C10 undergoes an endothermic transition at 321.6 K with ΔH = 29.12 ± 0.86 kJ mol-1 

and ΔS = 90.57 ± 2.66 J mol-1 K-1. at 50 wt% 11C10 undergoes a similar transition at 321.2 K with 

ΔH = 29.36 ± 0.82 kJ mol-1 and ΔS = 91.41 ± 2.54 J mol-1 K-1. The common temperature of 

transition and associated thermodynamic properties between the two compounds at similar 

wt% in water supports our earlier conclusion that the initial transitions upon heating the samples 

are indeed attributable to the formation of the HII mesophase, with the reverse process 

manifests as a single exothermic peak.  

The MDSC data for the lyotropic liquid crystal-forming samples of 10C10 and 11C10 were used 

to produce simplified phase diagrams for the LLC behaviour of the compounds. Identification of 

the processes which are responsible for the endothermic transitions that occur subsequent to 

the initial mesogenic transitions cannot be done with any certainty. thus, a phase diagram that 

considers only the two phases that are known to be present from POM studies was plotted. 

Where the MDSC peaks show cycle-dependent temperature of transition, the average 

temperature was used unless stated otherwise. Due to the thermal hysteresis with regard to the 

location of the C+W to HII transition, two curves were graphed using the data from the heating 

(red line and symbols) and cooling cycles (blue line and symbols) as discrete data sets. Errors 

were calculated as the standard deviation of the peak location and are shown on the phase 

diagrams only if they were ≥ 0.5 K. The phase diagram for 10C10 is shown in Fig. 124 below. The 

C+W to HII and the reverse process are plotted taking the transition peak maxima during heating 

and cooling. The temperature of transition for each the forward and reverse process are similar 

throughout the different weight percentages, deviating by a maximum of 2 and 4 K between the 

minimum and maximum recorded temperatures for the heating and cooling runs, respectively. 
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The average temperature of transition from C+W to HII during heating is 320.8 K and the average 

temperature for the reverse process is 296.9 K; this produces a wide thermal hysteresis in 10C10 

(ΔT = 23.9 K). There is an increase in the average temperature of the endothermic transition 

upon heating, rising from 319.1 K at 10 wt% to 322.5 K at 30 wt%. Increasing to 50 wt% causes 

a small decline in the transition temperature to 321.6 K, which is continued as the concentration 

of 10C10 increases to 80 wt%, with an average endothermic transition temperature of 320.3 K. A 

similar trend is observed in the average temperature of the exothermic transition upon cooling, 

which decreases from 298.9 to 293.8 K as wt% is increased from 10 to 30%. The exothermic 

transition temperature then stabilises at 294.1 K at 50 wt% before rising to 300.9 K at 70 wt%. 

There is a clear dependency of the average transition temperature and the wt% of 10C10. At the 

highest and lowest weight percentages, the endothermic and exothermic transition 

temperatures are closer to one another, whereas in the intermediate wt% samples the transition 

temperatures are driven apart by an increase in temperature for the endothermic process and 

a decrease in temperature for the exothermic process. 

 

 

Fig. 124 Phase diagram for aqueous mixtures of 10C10. Weight percentages are with respect to 
the quantity of 10C10 within the mixture. Red line and symbols represent mesogenic transitions 
upon heating and blue line and symbols represent mesogenic transitions upon cooling. Points 
are plotted as the average temperature of three consecutive modulated heat/cool runs.  

 
The phase diagram for 11C10 largely resembles that of 10C10 and is shown in Fig. 125. The 

average temperature of transition from C+W to HII during heating is 322.4 K and the average 

temperature for the reverse process is 307 K; similarly to 10C10, this produces a wide thermal 
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hysteresis in 10C10 (ΔT = 15.4 K). The value of ΔT for the aqueous mixtures of 11C10 is 8.5 K 

smaller than that observed for mixtures of 10C10 and the average temperatures of both the endo 

and exothermic transitions are higher for the former. There is a decrease in the average 

temperature of the endothermic transition upon heating, declining from 323.1 K at 10 wt% to 

322.5 K at 30 wt%. Increasing the concentration to 50 wt% causes a similarly small decline in the 

transition temperature to 321.2 K before rising again to 322.9 K for the 80 wt% sample. A more 

drastic decline in the average transition temperature for the exothermic transition is observed 

for mixtures of 11C10, falling from 312.4 K at 10 wt% to 304.0 K at 30 wt% before reaching a 

minimum of 299.2 K at 50 wt%. the average transition temperature then rises dramatically back 

to 312.1 K at 80 wt%, which is similar to that at 10 wt%. As with 10C10, there is a larger depression 

in exothermic transition temperature at 50 wt% in 11C10 than in 10C10, however, generally the 

difference in transition temperature between the endo and exothermic transitions is smaller in 

the former.  

 

 

Fig. 125 Phase diagram for aqueous mixtures of 11C10. Weight percentages are with respect to 
the quantity of 11C10 within the mixture. Red line and symbols represent mesogenic transitions 
upon heating and blue line and symbols represent mesogenic transitions upon cooling. Points 
are plotted as the average temperature of three consecutive modulated heat/cool runs. Error 
bars represent the standard deviation of the peak locations. Errors not included if < 0.5 K. 
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6.4 Conclusions 

 

The first case of an air and water-stable Fe(II) compound that behaves as a lyotropic 

metallomesogen and its Fe(III) analogue has been reported. Single crystal structures for Cu(II) 

and Zn(II) complexes of the L6C10 ligand were obtained, which allowed examination of the 

coordination mode with 3d metal centres. These structures showed that at 100 K the ligand can 

either behave as a bidentate chelator (as with Cu(II) in 12C10) or as a bridging monodentate 

ligand between two metal centres (as with Zn(II) in 13C10). 

 Based on the observations made during polarised optical microscopy studies it was 

concluded that aqueous mixtures of 10C10 and 11C10 form lyotropic mesophases at all weight 

percentages between 10-70% for the former and 10-80% for the latter. Based on the birefringent 

texture under crossed polarisers, high viscosity of the sample and likely monomeric structure of 

the cations, it is likely that 10C10 and 11C10 form the inverse hexagonal (HII) mesophase in binary 

mixtures with water. The metallomesogens undergo the mesogenic crystal→liquid crystal 

transitions at almost identical temperatures upon heating but 10C10 generally crystallises at a 

lower temperature than 11C10. Solution magnetic susceptibility measurements reveal that in 

DMSO the Fe(II) centre of 10C10 is HS, whereas for 11C10 the Fe(III) centre is in the LS state and 

does not undergo thermally driven SCO in DMSO. UV-vis analysis confirmed the conclusions 

from the magnetic susceptibility studies, in that, 11C10 exhibits typical CT bands and a d-d 

transitions for an octahedral LS Fe(III) centre, while 10C10 displayed octahedral HS Fe(II) CT bands 

alongside the telling 5T2→5E peak and one additional peak which could arise from a d-d transition 

in a small population of HS Fe(III) centres. 

The work reported in this chapter demonstrates simple synthetic routes to air and water-

stable lyotropic metallomesogens, without requiring standard Schlenk or glove box techniques 

at any stage. Furthermore, this work builds on the results of previous chapters by employing 

CuAAC click chemistry to bring about small structural changes to ligand molecules that 

ultimately produce radical changes to the physicochemical properties of the resulting 

complexes. Although no spin-crossover was present in 10C10 and 11C10, the realisation of LLC 

behaviour through targeted ligand design and modification proves the potential for rapid 

development of ligand types through click chemistry routes in producing many types and 

variations of multifunctional materials. It is likely that with some further tweaking of the 

structure of the L6C10 ligand that SCO properties could be incorporated into the resulting 

complexes of transition metals such as Mn(II), Fe(II), Fe(III) and Co(II) in order to obtain 

simultaneous displays of  SCO-LLC activity and possibly interplay or synergy between the two.  
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Chapter 7 - Concluding remarks on research outcomes 

 

The primary aims of this thesis were to synthesise novel Fe(II) coordination compounds with 

N-donor ligands containing alkyl chain functionality in order to produce spin-crossover and 

lyotropic liquid crystal properties in multifunctional materials. In total, 28 new compounds have 

been prepared and investigated by numerous techniques including single crystal X-ray 

diffraction, NMR spectroscopy, SQUID magnetometry, DSC, POM and UV-vis/IR spectroscopy. 

The compounds reported in this thesis exhibited many interesting physical properties including 

crystallographic phase transitions, spin-crossover in the solid state and potentially in solution 

and lyotropic liquid crystal behaviour.  

In chapter 3 a series of homoleptic Fe(II) compounds were prepared from the N-(di(pyridin-

2-yl)methyl)-Cn-1-amine (Cn = butyl-hexadecyl) ligand (L1Cn) of formula [FeII(L1Cn)2](X)2·solvate, 

where X = BF4 (1C4 and 1C14) or CF3SO3 (1C6-1C12 and 1C16). These compounds crystallised as the 

bis chelate Fe(II) dications with two secondary amine functions of the tridentate L1Cn ligands 

occupying cis coordination sites of the coordination octahedron. The alkyl chain “tails” of the 

dications projected away from the Fe centres in similar directions to give the general motif of a 

type II amphiphile. 1C6-1C16 pack in bilayers, where interdigitated alkyl chain tails separate 2D 

sheets of cations and anions to form a large hydrophobic region. The bilayer packing was an 

encouraging sign of a dominant hydrophobic effect even within the crystal lattice, which could 

be used as a foundation for the design of similar ligands. 1C4-1C16 all contained LS Fe(II) centres 

at 100 K and SQUID magnetometry confirmed that the LS state was maintained between 5-300 

K. In DMSO-d6 solutions, 1C4-1C16 exhibited a gradual increase in χMT between 303-363 K, which 

was fully reversed upon cooling. In acetonitrile-d3 only 1C6, 1C8 and 1C14 showed non-zero χMT 

values, which suggested that either ligand exchange for solvent was causing an increase in HS 

(DMSO) and LS (acetonitrile) adducts of the complexes or the solvent hydrogen bond acceptor 

properties were playing a large role in stabilising the LS/HS state by interaction with the 

secondary amine groups of the L1Cn ligands. UV-vis spectroscopy confirmed that in DMSO, 

acetonitrile, acetone and ethanol 1C4-1C16 remained as the Fe(II) species, whereas in methanol 

the compounds with trifluoromethanesulphonate anions displayed a tendency to oxidise to the 

Fe(III) species. The results from chapter 1 highlighted simple synthetic routes to Fe(II) 

compounds with long alkyl chains and the introduction of a strong hydrophobic effect between 

Fe(II) dications in the solid state. Despite this, no SCO or LLC properties were observed in these 

compounds. 
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In chapter 4 bidentate chelators 2-(1-R-1H-1,2,3-triazol-4-yl)-4-(X)pyridine (R = decyl, X = H: 

L2C10, R = decyl, H = CF3: L3C10, R = methylthiane, X = H: L4)  were deployed in either tris chelate 

complexes of formula [FeII(L)3](BF4)2, where L = L2C10 (2C10) or L3C10 (4C10) or heteroleptic bis 

chelate complexes with NCX co-ligands, with formula trans-[FeII(L)2(NCX)2], where L = L2C10, X = 

Se (3C10); L = L3C10, X = S (5C10) or L = L4, X = S (6a and 6b). The aims of this approach were to 

modulate the ligand field strength so that spin-crossover would be observed in the alkyl chain-

containing complexes. In the solid state, tris chelate complexes 2C10 and 4C10 produced LS 

complexes of Fe(II) at 100 K, whereas the heteroleptic bis chelate complexes 3C10 and 5C10 were 

HS down to 100 K. 6a and 6b were both spin-crossover active, although 6a was not measured 

directly and 6b showed a very small spin transition in variable temperature single crystal XRD 

studies between 100-250 K. 3C10 and 5C10 displayed pseudo-bilayer packing arrangements in the 

solid state, where short π···π contacts link complexes in a 2D network and the alkyl chain tails 

from neighbouring 2D networks interdigitate. The group occupying the 4-pyridyl position of 

L2C10 and L3C10 (H or CF3) appeared to have little impact on the ligand field strength of the 

complexes investigated but introducing a thioether moiety on the 1-triazolyl position in place of 

the long alkyl chain (L4) and subsequent reaction with Fe(II) and NCS anions produced two spin-

crossover polymorphs 6a and 6b, which showed that the N-substituent of the triazole might 

have the largest effect on the π and σ-donor/acceptor effects of the ligands and thus, the 

resulting ligand field strength of the complexes. The main difference between the structures of 

6a and 6b was the intermolecular S···S contacts, which stabilise the LS state as the distance 

decreases. Although 2C10 and 4C10 exhibit LS behaviour in the solid state, both compounds 

displayed paramagnetic behaviour in solution. The UV-vis spectra support this finding by 

displaying a typical set of absorption bands for a mixture of LS/HS Fe(II). 6a and 6b could not be 

properly investigated due to their high sensitivity to air and moisture, but the Fe(III) species was 

observed in solution studies via Evans method. Alkyl chain-containing compounds 2C10-5C10 

exhibit crystallographic phase transitions between 193-473 K, as identified by DSC. As no phase 

transitions were observed for 6a and 6b it was concluded that the phase changes for 2C10-5C10 

could be from conformational changes in the alkyl chain tails. The results from chapter 4 showed 

that introducing co-ligands with bidentate chelators provided a modular approach to mediating 

the ligand field strength of the Fe(II) complexes. Despite this, the Fe(II) centres were generally 

either in a very weak ligand field or a very strong ligand field unless the N-substituent of the 

ligand was changed.  

In chapter 5 the ligand N,N-di(pyridin-2-yl)-Cn-amide (Cn = butyl-octadecyl) used in tandem 

with NCS, NCSe and Cl anions to form heteroleptic Fe(II) compounds with formula trans-
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[FeII(L5Cx)2(X)2], where X = NCS (7Cx), NCSe (8Cx) or Cl (9Cx). the aims of this chapter were to take 

the modular approach from chapter 4 and apply it to a new ligand type with a larger chelate 

ring, so that the ligand field strength could be fine-tuned in order to bring about more spin-

crossover compounds with long alkyl chain tails. In the solid state the complexes form 1D chains 

via short intermolecular π···π contacts. The alkyl chain tails of the trans heteroleptic complexes 

project in opposite directions from the metal centre to form pseudo bilayers between 2D sheets 

of adjacent 1D chains of complexes. Variable temperature single crystal XRD studies for 7C4 

showed a spin transition between 85-150 K, which was manifested by an increase in Fe-N bond 

lengths. SQUID magnetometry of 7C4, 7C10 and 8C10, which were LS at 100 K, revealed thermally 

driven spin-crossover was present in all three compounds. 7C4 exhibited a gradual quasi-stepped 

spin-crossover (T1/2 = 115.2 K), 7C10 underwent more abrupt spin-crossover (T1/2 = 101.8 K) with 

thermal hysteresis (ΔT = 8.8 K) and 8C10 displayed abrupt spin-crossover at a higher temperature 

(T1/2 = 152.1) due to the increased ligand field strength induced by the NCSe anion. IR studies of 

compounds 7Cx and 8Cx revealed nitrile C≡N absorption bands for NCX anions coordination to 

HS Fe(II) centres, which confirmed that at room temperature the complexes were in the HS 

state. UV-vis studies of compounds 7Cx, 8Cx and 9Cx showed that compounds containing NCX 

anions (7Cx and 8Cx) oxidise to an Fe(III) species in acetone, whereas the Cl analogues (9Cx) 

remain as the HS Fe(II) species. The results from chapter 5 showed that the L5Cx ligand motif, 

which forms a larger six-membered chelate ring with Fe(II) centres than the ligands from chapter 

4, can produce spin-crossover compounds with far greater success when combined with NCS or 

NCSe co-ligands. Three new spin-crossover compounds were characterised, although trans 

heteroleptic complexes of this sort proved to be unsuitable for forming amphiphilic 

metallomesogens.  

Chapter 6 aimed to build on the development of spin-crossover properties and ligand 

flexibility between chapters 4 and 5 by taking aspects from both ligand sets and applying them 

to the design of a new ligand which would enable asymmetrical projections of alkyl chains from 

the metal centres whilst maintaining an intermediate ligand field strength for spin-crossover. 2-

((4-decyl-1H-1,2,3-triazol-1-yl)methyl)pyridine (L6C10) was designed by “inserting” a methylene 

bridge between the pyridyl-triazolyl motif from L2C10-L4, resulting in a loss of rigidity, increased 

conformational flexibility and introduction of a six-membered chelate ring as per L5Cx. The main 

goal was to synthesise water and air-stable Fe(II)-based lyotropic metallomesogens, which have 

not been successfully done to date. ((4-decyl-1H-1,2,3-triazol-1-yl)methyl)pyridine was reacted 

with Fe(BF4)2·6H2O, Fe(NO3)3·9H2O, CuNO3·3H2O and ZnCl2 to form compounds with formulae 

[FeII(L6C10)3](BF4)2·2H2O (10C10), [FeIII(L6C10)3](NO3)3 (11C10), [CuII(L6C10)2(NO3)](NO3) (12C10) and 
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[Zn2(L6C10)2Cl4] (13C10). Only powders could be obtained for Fe-containing compounds 10C10 and 

11C10 but single crystal structures were obtained for 12C10 and 13C10. 12C10 has a distorted 

square-based pyramidal coordination polyhedron, with two bidentate L6C10 ligands and one 

coordinated nitrate anion forming the cationic unit. 13C10 is a 1D coordination polymer, where 

tetrahedral Zn(II) centres are linked by L6C10 ligands acting as bridges, coordinating to one Zn 

centre via the triazolyl ring and another Zn centre via the pyridyl ring. Solution magnetics 

susceptibility measurements combined with UV-vis studies showed that 10C10 is likely to be an 

octahedral HS Fe(II) complex in solution whilst 11C10 could be a mixture of octahedral LS Fe(II) 

and LS Fe(III) species. In the solid state L6C10 and 11C10 melt at 330.6 and 312-321 K, respectively. 

10C10 did not melt but undergoes a large irreversible phase transition at 458.0 K. Aqueous 

mixtures of 10C10 and 11C10 exhibited lyotropic hexagonal mesophase textures under crossed 

polarisers above ca. 320 K. The phases were stable in excess water as well as at temperatures 

up to the boiling point of the water. Thermodynamic properties of aqueous mixtures of 10C10 

and 11C10 were elucidated via DSC studies and confirmed the formation of a lyotropic liquid 

crystal phase in both compounds. The results from chapter 6 are significant to the field of 

metallomesogens and functional materials, in that, for the first time, a water and air-stable 

Fe(II)-based lyotropic metallomesogen has been prepared and characterised. Although the 

magnetic properties of the compounds remain uncharacterised, the observation of lyotropic 

phase behaviour directly contributes towards addressing the gap in knowledge surrounding 

these systems.  

With respect to the original aims of this thesis, chapters 3 and 4 showed that interesting Fe(II) 

compounds containing long alkyl chains can be synthesised and their properties manipulated via 

modular approaches. Chapter 5 showed that spin-crossover can be achieved in Fe(II) compounds 

with long alkyl chains and chapter 6 showed that judicious modifications to ligand structure and 

the composition of the complex can result in the observation of lyotropic liquid crystalline 

properties in Fe(II)-based metallomesogens, which had not previously been demonstrated. 

 


	1 Title Page April 2019.pdf
	4 Abstract, contents, abbr, acknwl, declaration 11th June 2019.pdf
	Abstract
	Table of Contents
	Accompanying materials
	Abbreviations
	Acknowledgements
	Declaration
	Ligands
	Coordination compounds

	14 Ch1 Thesis Draft 11th June 2019 BG.pdf
	Chapter 1 - Introduction
	1.1 Aims and scope of thesis
	1.2 Applications of transition metal compounds
	1.3 Introduction to ligand field and molecular orbital theory
	1.3.1 Overview
	1.3.2 Ligand field effects of σ-donor ligands (ML6)
	1.3.3 Ligand field effects of π-donor ligands (ML6)
	1.3.4 Ligand field effects of π-acceptor ligands (ML6)

	1.4 Spin-crossover
	1.4.1 Introduction
	1.4.2 Electronic and magnetic properties of Fe(II)
	1.4.3 Bond length considerations on ligand field strength
	1.4.4 Energy contributions and phonon considerations between spin states
	1.4.5 Thermodynamic considerations
	1.4.6 Cooperativity and external perturbations

	1.5 Soft matter and liquid crystals
	1.5.1 Introduction
	1.5.2 Lyotropic liquid crystals
	1.5.3 Metallomesogens

	1.6 References


	13 Ch2 methods 11th June 2019 BG.pdf
	Chapter 2 - Physical characterisation methods
	2.1 Nuclear Magnetic Resonance spectroscopy
	2.1.1 Experimental
	2.1.1.1 1H NMR experimental
	2.1.1.2 13C NMR experimental
	2.1.1.3 13C NMR DEPT
	2.1.1.4 Correlation Spectroscopy (COSY)
	2.1.1.5 Nuclear Overhauser Effect Spectroscopy (NOESY)
	2.1.1.6 Heteronuclear Single Quantum Coherence Spectroscopy (HSQC)

	2.1.2 Evans method for determination of magnetic susceptibility in solution
	2.1.2.1 Evans method experimental
	2.1.2.2 Mathematical treatment of results
	2.1.2.3 Calibration


	2.2 Fourier transform infrared spectroscopy
	2.2.1 Experimental

	2.3 UV-vis spectroscopy
	2.3.1 Experimental

	2.4 Mass spectrometry
	2.4.1 Experimental

	2.5 Magnetometry
	2.5.1 Experimental

	2.6 Single crystal X-ray diffraction
	2.6.1 Experimental

	2.7 Differential Scanning Calorimetry
	2.7.1 Experimental

	2.8 Polarised optical light microscopy
	2.8.1 Experimental procedure for standard POM analysis
	2.8.2 Experimental procedure for POM penetration method for identification of LLCs

	2.9 References


	16 Ch3 DPNH 11th June 2019 BG.pdf
	Chapter 3 - Fe(II) compounds of N-(di(pyridin-2-yl)methyl)-Cn-1-amine
	3.1 Introduction
	3.2 Experimental
	3.2.1 General
	3.2.2 Synthesis of N-(di(pyridin-2-yl)methyl)alkyl-1-amine ligands (L1C4-C16)
	3.2.3 Synthesis of 1C4-1C16

	3.3 Results and discussion
	3.3.1 Single crystal X-ray diffraction studies
	3.3.2 Solid state magnetometry
	3.3.3 Powder X-ray diffraction
	3.3.4 Differential scanning calorimetry
	3.3.5 Solution-based studies
	3.3.5.1 NMR studies
	3.3.5.2 Magnetic susceptibility measurements
	3.3.5.3 UV-vis studies


	3.4 Conclusions

	3.5 References

	24 Ch4 PyTz-C10 12th June 2019 BG edit.pdf
	Chapter 4 - Fe(II) compounds of 2-(1-R-1H-1,2,3-triazol-4-yl)-4-X-pyridine
	4.1 Introduction
	4.2 Experimental
	4.2.1 General
	4.2.2 Synthesis of L2C10, L3C10 and L4
	4.2.3 Synthesis of Fe(II) compounds

	4.3 Results and discussion
	4.3.1 Synthesis
	4.3.2 Single crystal X-ray diffraction studies
	4.3.2.1 Description of single crystal structures of 2C10-6a
	4.3.2.2 Variable temperature studies

	4.3.3 Solid state observations
	4.3.4 Differential scanning calorimetry
	4.3.5 Infrared spectroscopy
	4.3.6 Solution-based studies
	4.3.6.1 NMR studies
	4.3.6.2 Magnetic susceptibility measurements
	4.3.6.3 UV-vis studies


	4.4 Conclusions
	4.5 References


	26 Ch5 DPA-Cn 12th June 2019.pdf
	Chapter 5 - Fe(II) compounds of N,N-di(pyridin-2-yl)-Cx-amide
	5.1 Introduction
	5.2 Experimental
	5.2.1 General
	5.2.2 Synthesis of L5Cx
	5.2.3 Synthesis of Fe(II) complexes of L5Cx

	5.3 Results and discussion
	5.3.1 Single crystal X-ray diffraction studies
	5.3.1.1 Description of single crystal structures of 7C4-7C18
	5.3.1.2 Description of single crystal structures of 8C10 and 8C16
	5.3.1.3 Description of single crystal structures of 9C10 and 9C18
	5.3.1.4 Variable temperature single crystal X-ray diffraction studies

	5.3.2 Powder X-ray diffraction
	5.3.3 Solid state magnetometry
	5.3.4 Differential scanning calorimetry
	5.3.5 Infrared spectroscopy
	5.3.6 Solution studies
	5.3.6.1 UV-vis studies


	5.4 Conclusions
	5.5 References


	23 Ch6 PyMeTz-C10 LLC 12th June 2019 BG edit.pdf
	Chapter 6 - Coordination compounds of 2-((4-decyl-1H-1,2,3-triazol-1-yl)methyl)pyridine and their lyotropic liquid crystal properties
	6.1 Introduction
	6.2 Experimental
	6.2.1 General
	6.2.2 Synthesis of L6C10
	6.2.3 Synthesis of coordination compounds of L6C10

	6.3 Results and discussion
	6.3.1 Single crystal X-ray diffraction studies of 12C10 and 13C10
	6.3.1.1 Structure of 12C10
	6.3.1.2 Structure of 13C10

	6.3.2 Solid state studies
	6.3.2.1 Optical microscopy
	6.3.2.2 Differential scanning calorimetry

	6.3.3 Solution based studies
	6.3.3.1 NMR studies
	6.3.3.2 Solution magnetic susceptibility studies
	6.3.3.3 UV-Vis studies
	6.3.3.4 Proposed molecular structure of 10C10 and 11C10

	6.3.4 lyotropic liquid crystal studies
	6.3.4.1 Polarised optical light microscopy studies
	6.3.4.2 Differential canning calorimetry


	6.4 Conclusions
	6.5 References


	1 Ch7 Concluding remarks 24th April 2019.pdf

