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Molecular switches and sensors are useful for their ability to monitor change and respond by 

delivering an output that is recognisable. SCO materials have the ability to exist in either the high 

spin or low spin state, this makes them an obvious choice for the application as a switch. Varying a 

stimulus, such as temperature or pressure, can initiate a spin state change in the complex causing 

it to switch. The output of this switch is often an optical output which can be detected and 

translated to the user (in some cases, it can be suitably detected with the naked eye). If the spin 

state change isn’t as abrupt, then the system can no longer be used as a switch as reaching a given 

temperature or pressure does not cause most of the sample to undergo the spin state change. This, 

however, is essential for a sensor. A sensor is able to monitor a change and give a different response 

at a variety of different temperatures or pressures.  

Silica based data storage is physically restricted by the size of the silica particles that can be 

synthesised and deposited onto a surface for use in electronic devices. It is therefore essential to 

find alternate methods for data storage. Molecular level data storage is one of the proposed 

solutions.  

The nature of the SCO transition is dependent on the ability of the molecules within the sample 

to interact with each other to propagate the change across the sample. With no cooperativity, the 

metal complexes do no interact, so the change in one complex has no effect on nearby metal 

complexes leading to a slow spin state transition in the bulk, which is useful for sensors. However, 

with ligands designed to strengthen interactions between metal complexes either covalently or 

non-covalently, it is possible for the spin state change in one complex to cause the spin state change 
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in neighbouring complexes etc. across the sample leading to much more abrupt transitions, which 

is useful in swiches. 

In order for these types of molecules to be useful in terms of data storage, there needs to be a 

memory component. Should the complexes not “remember” their immediate past, the information 

stored is lost. Hysteresis loops within the transition profile overcome this problem. Hysteresis 

simply refers to there being a difference in the forward and reverse transition. In thermally induced 

SCO for example, this means that the SCO is different depending on from which temperature the 

process is begun, i.e. increasing the temperature from low to high is different than decreasing the 

temperature from high to low.  Once the molecules enter the loop, the temperature can be 

returned to ambient temperature and the spin state information is retained. 

The final requirement for all of these applications is that the complexes need to be processable 

so they can be incorporated into functional devices. This can be done via components in the ligands, 

similar to those used for cooperativity, or via associated counter ions.  

In this work, the full chemical synthesis of multiple families of Fe(II) and Fe(III) metal complexes 

was performed in an attempt to vary the ligand field around the metals to be able to access the 

SCO potential of the metals and to investigate the cooperativity within the systems. Some magnetic 

susceptibility measurements are included with promising results, however they haven’t not, so far, 

shown any SCO capabilities. 

Complexes were made with both functional ligands and functional counter ions so that the 

processability of the systems could be investigated – primarily using the Langmuir-Blodgett 

technique on amphiphilic systems. It was found that introducing amphiphilicity into the complexes 

enabled the desired deposition which was confirmed via UV-Visible spectroscopy.  
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Chapter 1 Introduction 

1.1 Introduction to spin crossover (SCO) 

Spin crossover is the phenomenon in which a change in electronic spin state due to external 

stimuli (typically temperature, pressure, or application of a magnetic field) is observed. The first 

SCO active complex was discovered in 1931 using dialkylthiocarbamate ligands around an Fe(III) 

centre by Cambi et al.1 These types of spin transitions occur predominantly within 6 coordinate 

systems; the most common geometry for 6 coordinate metal complexes is octahedral. This 

geometry leads to a splitting of the 3d orbitals into the t2g and eg sets, Fig. 1.12.  

 

Metals in an octahedral geometry which contain between 4 and 7 d-electrons can adopt either 

high or low spin configurations.  

In a high spin (HS) configuration, the energy of promotion, oct, is less than the energy to pair the 

electrons: 

• Every orbital in a sublevel is singly occupied before any orbital is doubly occupied. 

• All of the electrons in singly occupied orbitals have the same spin (to maximize total spin). 

In low spin (LS) configurations, however, the pairing energy is lower than the promotion energy: 

• Electrons orbiting one or more atoms fill the lowest available energy levels before filling 

higher levels 

For thermally induced spin crossover, an increase in temperature will cause a switching from the 

low spin (LS) state to the high spin (HS) state, as the increase in system energy will enable the 

promotion of the electrons into the eg set. This is typically observed with 3d metals. In 4d and 5d 

Figure 1.1 Partial orbital energy level diagram displaying the change in d orbital splitting from the free ion 

ground state to that in an octahedral ligand field.  
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transition metal complexes, the strength of the ligand field increases by ca. 50% relative to 

analogous 3d compounds leading to almost exclusively LS 4d and 5d metal complexes.3  

When considering a spin state switch from LS to HS, for example, electrons are promoted from 

the t2g set to the eg set. Given that the t2g set is a non-bonding collection of orbitals, whereas the eg 

set is an anti-bonding set of orbitals, the bond order of bonds between the metal and donating 

atoms of the ligands decreases upon electronic excitation; this leads to increased bond lengths. The 

reverse is true for the alternate spin state transition.  

1.2 Characterisation 

SCO can be characterised using virtually any spectroscopic technique. As the spin state changes, 

the magnetic and electronic properties change, but the bond lengths also change leading to 

alterations in the geometry. This means that any spectroscopy investigating the optical, vibrational, 

magnetic, or structural properties of the complexes can detect the spin state change. 

Measuring the magnetic susceptibility of a sample at variable temperatures is a widely used 

technique to determine the existence of the SCO phenomenon. It can quantify the magnetic 

susceptibility of an entire sample which can be used to determine the ratio of LS and HS states 

within the sample. Since the LS state has fewer unpaired elections (UPEs) than the HS state, the 

magnetic susceptibility is lower than the HS state. The difference can be detected, and therefore 

the number of UPEs, as a function of temperature can be determined. 

1.2.1 Magnetic susceptibility measurements 

There are a number of instruments used for magnetochemical studies of solid materials (Faraday 

balance, Foner type magnetometer, SQUID (Superconducting quantum interference device)) as 

well as solutions (Evans’ NMR method).4  

Classically, magnetic susceptibility was measured using a Guoy balance, which detects the force 

exerted by a sample as it is placed partially into a homogenous magnetic field. Paramagnets are 

pulled further into the magnetic field causing an increase force on the sample and therefore a 

higher magnetic susceptibility; this technique requires a large uniformly packed sample it is 

extremely restricting. The technique was adapted to the Faraday method in which the magnetic 

field has a constant gradient. Shaped magnets are used to produce this field gradient which no 

longer requires samples to be uniform or well packed. 

Magnetic susceptibility measurements are now typically measured using a SQUID magnetometer, 

Fig. 1.2. These can be expensive to buy and run (requires cooling using liquid helium to maintain 

superconductivity), but is one of the most sensitive devices ever built. This level of sensitivity comes 
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from the Josephson junctions, where Cooper pairs (electrons paired within metals due to distortion 

of ions within the metal lattice) tunnel through the junction. In doing so, they become very 

susceptible to changes in magnetic field, which changes their phase and the change in frequency 

can be accurately measured. 

 

Figure 1.2 Diagram of a DC SQUID. The current, I, enters and splits into the two paths, each with currents Ia 

and Ib. The thin barriers on each path are Josephson junctions, which together separate the two 

superconducting regions.  represents the magnetic flux threading the DC SQUID loop. 

(T), the magnetic susceptibility of the sample as a function of temperature, can be calculated 

since (T) = HS(T)·HS + (1-HS(T))·LS, where γHS is the molar fraction of HS molecules, and χHS and 

χLS refer to the magnetic susceptibilities of the sample in the pure HS and LS states respectively. 

It is possible to derive the effective magnetic moment, eff, however it has become the standard 

to plot γHS(T) against temperature instead, because of complications with eff(T), such as orbital 

contribution and zero-field splitting effects. 4 There are 5 typical plots expected for molecules which 

display the SCO phenomenon, Fig. 1.33. 

 

Figure 1.3 Types of spin transition curves in terms of the molar fraction of HS molecules, γHS(T), as a 

function of temperature: Gradual (a), abrupt (b), with hysteresis (c), stepwise (d) and incomplete (e). T½ is 

the temperature at which half of the sample is LS and half of the sample is HS. 



 

4 

a) Gradual transitions occur when the metal centres are discrete; when one centre undergoes 

a spin state change, the others are completely unaffected, leading to a gradual crossover 

of all of the metal centres independently – a Boltzmann like distribution. 

b) Systems which exhibit abrupt transitions have interactions between the metal centres 

(covalent or supramolecular). Due to structural and electronic changes caused by the 

transition, the transition is propagated through the sample causing all of the metal centres 

to transition over a very narrow temperature range.  

c) Transitions containing hysteresis loops are similar to abrupt systems in that the 

cooperativity between the metal centres causes abrupt transitions; the forward and 

reverse transitions don’t occur at the same temperature, so both states can be observed at 

temperatures between the two transition temperatures.  

d) Stepwise transitions occur predominantly in multi-metal systems5, although there are 

examples of monometallic systems6. The two metals both undergo transitions giving 

sequential increases in the magnetic susceptibility.  

e) Incomplete transitions occur when one of the states is inaccessible by some of the metal 

centres. This often occurs when the geometric changes cascading through the system 

restrict the local environment of some of the metal centres, preventing them from 

transitioning. 

In solution, the presence of a paramagnetic species cause the chemical shift of solvent molecules 

to altered. The method relies on recording an NMR spectrum for a standard solution inserted into 

a solution containing the compound of interest.  A comparison between the shift of standard 

solution (pure solvent) and the altered shift of the paramagnetic sample can be used to calculate 

the magnetic susceptibility, Fig. 1.4. This technique is known as the Evan’s method.7-8 

 

Figure 1.4 Practical set up required to obtain an NMR of a paramagnetic sample to be analysed via the 

Evan's method. 
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1.2.2 57Fe Mössbauer spectroscopy 

Another technique used to probe SCO is 57Fe Mössbauer spectroscopy, which detects the 

oxidation and spin states of metals in coordination compounds. Mössbauer spectroscopy uses 

gamma rays produced from the same isotope of the element of interest through the decay of an 

excited state of that isotope down to its ground state; because of this, only certain elements can 

be probed. Iron complexes are of interest with respect to their potential SCO capabilities and, 

fortunately, are one of the elements that can undergo Mössbauer experiments. 

To achieve this, a parent element with a known decay pathway will produce a suitable isotope 

with a known half-life. In the case of iron, 57Co is prepared on a rhodium foil which decays via 

electron capture to an excited state of 57Fe which drops to the ground state 57Fe, emitting a gamma 

ray. The energy of the gamma rays need to be low to reduce the recoiling effect. The recoiling effect 

occurs when the energy of the gamma wave is high and intense causing the photon to be absorbed 

with the energy difference lost as kinetic energy of the atom (a recoil). This occurs predominantly 

in the gas phase as the atoms have free movement; in the solid state, there’s significantly less 

freedom of movement (especially in crystals). This recoiling decreases the signal to noise ratio as 

there’s a wider absorption range of energies of the photon causing the transition; rather than 

defined sharp peaks, slight broadening occurs making peak position less well defined.9 

Since the chemical environment of the source of the gamma rays and the sample aren’t exactly 

the same, the energy of the transitions will not be identical. The gamma ray emitted will have a 

specific energy based on the known transition it undergoes; this will not match the energy required 

for promotion in the sample - the energy of the gamma rays require tweaking.  This is most 

commonly done by applying the Doppler Effect.10 This works by accelerating the source through a 

range of velocities using a linear motor enabling the scanning of a narrow range of energies, Fig. 

1.5. At the exact energy required for promotion to the excited state, the gamma ray is absorbed, 

showing a peak in the spectrum (a drop in the intensity of the gamma rays at that given energy).  
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Figure 1.5 A schematic view of a Mössbauer spectrometer. 

This technique is used because it can distinguish between HS and LS states by determining the 

quadrupole splitting Eq and the isomer shift . The isomer shift defines the energy of the transition 

away from the energy of the relaxing gamma source as a function of the velocity of the sample and 

the quadrupole splitting defines the electric field gradient around the non-spherical charge 

distribution of the nucleus due to its non-radially-symmetric shape, i.e. non-spherical charge 

distributions have a nuclear quadrupole moment and an electric field gradient splits the nuclear 

energy with the quantity of splitting being used to determine the electric field gradient caused by 

the local environment. It can be difficult to distinguish between the two spin states using the isomer 

shift, as their environments are very similar, however LS metal centres typically display a larger 

quadrupole splitting than their HS analogues, because the distribution of the electrons around the 

metal centre is less even, electrons held in t2g set rather than being spread across all orbitals, 

meaning that the electric field gradient caused by the local environment has a bigger effect on the 

splitting.  

In cases of SCO active complexes, Mössbauer spectra typically contain the high spin state at high 

temperatures and the low spin state at low temperatures. Around the T½ value, both the high spin 

and low spin states can be observed. Using [Fe(NCBH3)2(9,10-bis(4-pyridyl)anthracene)2] as an 

example,11 it is possible to observe the change in the Mössbauer spectra between the low and high 

spin states, Fig. 1.6. 
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Figure 1.6 The Mössbauer spectra of [Fe(NCBH3)2(9,10-bis(4-pyridyl)anthracene)2] taken at 298 K (top) and 

78 K (bottom). 

The isomer shift is unchanged over the temperature range, at around 1.0 mm s-1, but the 

quadrupole splitting clearly decreases as the temperature is increased, from 0.72 mms-1 to 1.03 

mms-1. 

Mössbauer can be performed on samples within a magnetic field to produce hyperfine splitting 

via the Zeeman effect. This technique can probe fine detail of electron energy levels – typically used 

in mixed metal systems to aid the deconvolution of overlapping data sets. 

The area fractions of the resonance signals are proportional to the concentrations of the 

coexisting spin states, and, in most cases, the spin transition curve γHS(T) can be obtained by 

plotting the area fraction of one of the spin states, usually the HS state, as a function of 

temperature.  

1.2.3 X-ray Crystallography 

X-ray crystallography is the process in which x-rays are fired towards a sample and the electrons 

within the sample diffract the x-rays.12 Using this, it is possible to determine the position of all atoms 

with respect to each other and deduce how they interact.  
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Figure 1.7 A diagram displaying x-rays entering and leaving a crystal lattice having been diffracted by atoms 

within the places of the lattice. 

Each atom causes the incoming beam (coming from upper left) to scatter a small portion of its 

intensity as a spherical wave, Fig. 1.7. If the atoms are arranged symmetrically with a separation d 

between the layers, these spherical waves will be in sync (constructive interference) only in 

directions where their path-length difference, 2d sinθ, equals an integer multiple of the 

wavelength, λ. In that case, part of the incoming beam is deflected by an angle 2θ, producing a 

reflection spot in the diffraction pattern. 

Once an image of diffraction spots are collected at a given angle and orientation, further images 

can be collected at all other angles and orientations to produce a complete data set. The quantity 

of unique images required is dependent upon the lattice type – a cubic crystal typically requires less 

unique images than a triclinic one due to the symmetry within the lattice types.  

The spots in the diffraction pattern are defined in reciprocal space, so require integration and 

Fourier transformation before they can be used to calculate the atom positions in real space. 

Knowing the position of the atoms, the spin state of the metal can be deduced by considering the 

bond lengths and angles around the metal centre. Alongside this, the temperature can be varied 

and a new set of data acquired to show the differences in the local environment of the metal centre 

as well as how any other residues are affecting non-covalent interactions.13 This technique can, 

therefore, often distinguish the two possible spin states. It must, however, be noted that a change 

in conditions, such as varying the temperature, can lead to degradation of the crystals making it 

practically challenging to collect comparable data sets. 

One approach to investigate the structural change around the metal ion through transition is to 

quantify the level of distortion away from a perfect octahedron, .  values are calculated by 

assigning the 12 cis angles of the octahedron and summing the absolute value of each of these 

angles away from 900. The lower the value, the less distorted, as it shows a better fit to a perfect 
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octahedron, in which all cis angles are exactly 900. This method is becoming increasingly more 

used.14-15  

1.3 Cooperativity through covalent and supramolecular control 

Typically, a bulk sample of an SCO active compound will undergo a slow, gradual spin transition 

as the metal complexes switch independently following a Boltzmann distribution as the external 

temperature is varied.3 This results in a material with limited applications, such as sensing 

temperature change. In order to add more useful and interesting properties to the material, there 

needs to be a way to control the transition.  

Cooperativity between metal centres has been shown to affect spin transitions, where increased 

interactions between complexes within a sample propagate the transition throughout the system.16 

This leads to more abrupt transitions in response to the external stimulus (temperature, pressure, 

etc.) as well as potentially inducing hysteresis into the system’s transition.17 The specific cause for 

the formation of hysteresis loops within a system is still uncertain, but is observable when there is 

a lag in the magnetic response of the system upon changing the stimulus, i.e. the forward response 

is not identical to the reverse response (increasing and decreasing temperatures respectively). 

The most significant difference between a system which undergoes abrupt SCO and one which 

has thermal hysteresis, is that the former has no “memory” and only exists in either the LS or HS 

state either side of T½ so must be kept either hot or cold to retain the spin state. When the sample 

enters the hysteretic region by cooling from the higher temperature, it remains the HS state 

whereas when it enters the hysteretic region from the low temperature side, it retains the LS state. 

If the hysteretic region includes ambient temperature then once the perturbation (cooling or 

warming) is applied and removed, the compound returns to ambient temperature retaining the 

previous spin state. 18 To switch the system to HS, the upper temperature of the loop has to be 

exceeded and the opposite is true for the reverse transition.  

Cooperativity is thought to be a big factor in achieving thermal hysteresis as the network formed 

is able to stabilise the two independent states. This can be done through directly linked systems 

and non-covalently linked systems. In polymeric materials, the covalent links between multiple 

metal centres ensures that the spin state change leading to physical changes in one system forces 

adjacent systems to undergo the same change – the spin state change causes bond lengths to the 

metal to change, as previously discussed, so the linking component is shifted, which forces adjacent 

metals to accommodate the changes, often achieved by undergoing its own spin state transition. 
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Covalently linked metal centres can range from simple dimers to networks - single molecules 

containing multiple metal atoms. Bistriazole derrivatives are widely used as bridging ligands19. 

[Fe(4,4'-bis-1,2,4-triazole)2(NCS)2]·H2O is just one example of a covalently linked network that 

shows hysteresis in its magnetic susceptibility measurements, Fig 1.8.  

 

Figure 1.8 a) View of the 2D layered structure of 5 at 293 K; b) Off-set packed 2D layers (shown in orange 

and black colour) and lattice water molecules (red balls); c) Non-coordinated water molecules (red spacefill) 

are located between sheets (orange and black); d) χMT vs. T plot showing a square-shaped hysteresis loop. 

There are a number of examples of hydrogen bonding networks leading to sufficient cooperativity 

to achieve abrupt transitions with thermal hysteresis,17, 20-21 showing that non-covalent interactions 

can enable the propagation of the perturbation throughout a system sufficiently well, despite 

hydrogen bonds being distinctly weaker than covalent bonds.22  

The most commonly used method to add functionalisation into an SCO active complex is to modify 

the ligands to contain groups that can interact non-covalently causing the desired cooperativity.  

However, in charged complexes functionalisation can also be incorporated through the counter ion 

(typically the anion).  

This work investigates both of these options. Firstly, varying substituents on the periphery of 

potentially magnetically interesting complexes and studying the effects that non-covalent 

interactions (hydrogen/halogen bonding & − stacking) have on their magnetic properties. The 

use of structure directing groups incorporated in counter ions to control the cooperativity through 

interactions between the complexes and the counter ions will also be investigated. 
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SCO controlled via hydrogen bonded or − stacking cooperativity is a well-known method to 

bring about abrupt magnetic transitions and those with thermal hysteresis.23  However, whilst the 

strength of halogen bonding is known to be stronger with increasing halogen atom size, it often still 

much weaker than interactions available through hydrogen bonding from various solvent 

molecules.24  Because of this, halogen bonds can play a role in non-covalent interactions within 

these complexes, but are unlikely to be the primary interactions within a crystal structure. One 

other set of notable non-covalent interactions are intermolecular interactions involving nitroarene 

fragments.25 Some of the arrangements are controlled by non-classical hydrogen bonding between 

ortho-hydrogens and the oxygens within nearby nitroarenes, whereas others are direct interactions 

between adjacent nitro groups with a pair of coulombic interactions between the oxygen of one 

nitro group with the nitrogen of another nitro group, Fig. 1.926.  

 

 

Figure 1.9 Types of intermolecular interactions involving nitroarene fragments. 

As discussed, the other way to achieve the desired cooperativity is to include structure directing 

groups in the counter ions. 1,8-Naphthalimides have been used as ligands for their structure 

directing properties27-29 but they can also be used as anions as they can be easily substituted. 1,8-

Naphthalimides contain electron deficient -systems and have been utilised previously to develop 

extended, metal containing networks.26 This group is widely used because of the long range 

ordering achieved through -stacking30 and for the ability be easily modified to include various 

acidic groups which can be deprotonated to form the needed anions to pair with the cationic metal 

complexes formed. Their predictable -stacking is observed in one of three ways at any given time, 

Figure 1.10.  
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Figure 1.10 Types of (a) head-to-head (-stacking), (b) head-to-tail (-stacking) and (c) edge-to-face 

(herringbone) dimers, and geometrical parameters used to describe them: CD = distance between the 

naphthalimide core centers, ID = interplanar distance, and offset. 

These known orientations ensure reproducibility of the stacking within a system leading to 

systematically ordered structures, Fig. 1.10. Having ordered and predictable interactions ensures 

that there can be structure extension via − stacking interactions. Molecules within the system 

are able to interact with each other forming repeating units throughout the system strengthening 

the effect of the interactions between them, which can aid the cooperativity required within the 

system to be able to  

To attach head groups to the -stacking component, 1,8-naphthalic anhydride can be reacted with 

most primary amines to produce the 1,8-napthalimide moiety. This means that any desired 

functions can be incorporated provided that it can contain a primary amine group in order to be 

combined with the 1,8-naphthalic anhydride. 

In order for the anions not to compete with the ligands for metal binding, non-coordinating 

groups must be incorporated into the anion design. The ability for a group to bind to a metal is 

dependent on the group and metal themselves. Given that this work focuses on Fe(III) SCO 

complexes, only interactions of iron binding are of interest. Sulfonate groups have been chosen as 

the synthesis of the associated 1,8-naphthalimides is fairly straight forward and sulfonates bind 

weakly with Fe(III) centres, so won’t affect the binding of the ligands as desired.  

1.4 Applications of SCO active materials 

1.4.1 The rise of molecular electronics 

Ever since the developments of telecommunications and internet networks, the miniaturisation 

of electronic devices has been of utmost importance. Simple examples of the desire to reduce the 

size of usable electronics are the computer and the telephone. It’s been a clear trend since the 70’s 
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that the number of transistors on a chip double approximately every 18months.31  Unfortunately, 

this trend has its limitations; this size reduction and speed increase of the technology can only 

continue for a finite time. As the nanometer scale approaches, the production of such devices 

becomes much more difficult, costly, and time consuming. The manipulation and fabrication of 

progressively smaller pieces of silicon becomes the limiting factors with regard to top-down 

technological approach. The ultimate integrated circuit can only be achieved with atomic or 

molecular level components. These system scales open the door to ~1013 logic gates per cm2 as 

opposed to the 108 gates cm-2 that present microchips achieve with the idea to reproduce 

conventional silicon-based devices with dimensions lower than 1000 nm. This should lead to the 

production of microelectronic functions by using a single molecule, a small group of molecules, 

carbon nanotubes or nanoscale metallic or semiconductor wires to further reduce the response 

time of molecular devices to the range of femtoseconds; current devices operate in the nanosecond 

regime.32  

1.4.2 Molecular switches / logic gates 

A molecular switch requires a stable “on” and “off” position. This can be achieved using the 

oxidised and reduced forms of redox active metals and their complexes, an acid and its conjugate 

base, or the complexed and un-complexed form of a receptor.33 These transformations would 

ideally be reversible so that the “switch” isn’t a onetime event. The system should begin in a 

ground state; an external stimulus is applied causing the switch to the other state, until the 

stimulus is removed and the system returns to the ground state, Fig. 1.11.32, 34-36 Some systems 

produce an electrical, optical or chemical output during this switch with varied intensities during 

this interconversion. SCO materials fit the required criteria. Both the HS and LS states are stable in 

set environments and the transition between the two states produces a measurable change. 

Abrupt magnetic transitions are desirable for these applications due to the near immediate 

change that they undergo at their transition temperature, T½. This near immediate change 

enables them to be used as switches in which the T½ temperature is the trigger for the switch in 

the forward and reverse directions. 
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The HS and LS states are can be considered as a binary coding (i.e. LS = 0, HS = 1).37  This is vital 

for these applications, as data processing and communication require the encoding of all 

information in the form of binary digits. In molecular switches, there exist three fundamental logic 

gates, Fig. 1.12. AND and OR operators combine two inputs to produce one output, whereas NOT 

operators only involve one input and one output. The simplest, mononuclear SCO systems allow 

the preparation of a NOT gate. The possibility of achieving either AND or OR operators would 

require multi-nuclear systems in which the outcome is dependent on the spin state of both/all 

metals. 

The output and input do not need to share the same transduction mechanics; for example, 

pyrazoline derivatives execute NOT operations by transducing a chemical input to an optical input.38 

Present technology is principally based on optical signals. This makes producing switches which are 

able to provide an optical input/output transduction mechanism crucial. SCO materials are 

promising since optical inputs can be returned as optical outputs39, Fig. 1.1240.  

Figure 1.11 Molecular switch based on the Iron(II) SCO phenomenon. The Fe2+ ion has six valence electrons 

occupying the 3d orbitals. The input stimulation, i.e. temperature (T), light (h), pressure (P), and magnetic 

field (B), induces the transformation of one state into the other and determines the intensity of the output 

signals, i.e. absorption, magnetic, and volume changes.  
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1.4.3 Data storage 

Similar to the limitations in electronics outlined previously, the bit density of today’s silicon 

memory chips is restricted by the manipulation and fabrication of progressively smaller pieces of 

silicon. A memory device represents a static component in contrast to the dynamic nature of a 

molecular switch. In a molecular switch, the ON and OFF positions are independent from each other 

and do not rely on the other to have existed for it to exist itself; the SCO active material can be 

Figure 1.12 An outline of the three fundamental logic gates.   
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either HS or LS and the circuit is produced regardless of how the switch is switching. With data 

storage, the original information must be retained. Systems containing no cooperativity do not 

meet this criteria. The transition follows a Boltzmann, temperature dependant, distribution over all 

HS vibronic states and the LS state. With this gradual transition, the input information is 

immediately lost as soon as the external stimulus is removed. To include a memory feature within 

the material, the spin transition phenomenon must be accompanied by a hysteresis effect.41-42  

Should the complexes not “remember” their immediate past, the information stored is 

meaningless. Hysteresis loops within the transition profile overcome this problem. Hysteresis 

simply refers to there being a difference in the forward and reverse transition. In thermally induced 

SCO for example, this means that the SCO is different depending from which temperature the 

process is begun, i.e. increasing the temperature from low to high is different than decreasing the 

temperature from high to low.  Once the molecules enter the loop, the temperature can be 

returned to ambient temperature and the spin state information is retained. This information 

retention is crucial for data storage. Wide hysteresis loops are most desirable because, if the loop 

is too narrow, a small change in the ambient temperature, such as an atypically hot or cold day, 

could scramble the memory due to it lying outside of the hysteresis loop temperature range. 

In order for a magnetic material to be useful in data storage, the hysteresis loop observed needs 

to be reproducible. This can be investigated by cycling through the temperature range in both 

directions multiple times. One example from Brooker et al., shows three overlapping scans on an 

Fe(II) complex displaying both a wide hysteresis loop as well as reproducibility of the hysteresis, Fig. 

1.1318. 

 

 

Figure 1.13 T vs. T data for [FeII
2(PMPhtBuT)2](BF4)4·3.5H2O, obtained on three consecutive cycles around 

the hysteresis loop, demonstrating its reproducibility. Data acquired in the sweep mode, scanning at 2 K 

min-1. 
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One of the key advantages SCO compounds presently have over another class of potential 

memory components, the single molecule magnets (SMMs), is that the latter currently only show 

memory at extremely low temperatures (<14 K).  

1.4.4 Sensors 

SCO materials often display a different colour in the HS and LS states, a property known as 

thermochromism,43-45 SCO materials can therefore be used as an alternative method for sensing. 

The sensor material can be deposited either as a thin film or nanostructured by soft lithography on 

a sensitive element.19  

The best known example of this phenomenon is the case of the family of 1D ST chain compounds 

with 1,2,4-triazole or 1-tetrazole ligands that are deep purple powders in the LS state and white in 

the HS state, which give best contrast available today.46  

Miller et al.47 reported the first demonstration of reversible quantitative guest sensing by an SCO-

active material. The THF found within the [FeII(tolpzph)2(NCS)2]·THF crystal structure can be 

removed by heating the sample for 2 hours at 400 K under a weak vacuum (4 mbar) or under a a 

flow of N2(g) and can be reintroduced on exposure to THF vapour, Fig. 1.14. 

 

Figure 1.14 Solid state structure of [FeII(tolpzph)2(NCS)2]·THF at 100 K. Only one of the disordered 1/4 

occupancy THF molecules shown; H atoms omitted for clarity; thermal ellipsoids drawn at 70% probability. 

The magnetic response of both samples was probed by alternating between both the solvated and 

non-solvated samples and measuring the T½ values, Fig. 1.15. 



 

18 

 

Figure 1.15 Left: The T½  as monitored over 10 consecutive cycles of interconversions 

[FeII(tolpzph)2(NCS)2]·THF (green points) and [FeII(tolpzph)2(NCS)2] (purple points). Note: appropriate 

molecular weight (either [FeII(tolpzph)2(NCS)2]·THF or [FeII(tolpzph)2(NCS)2]), and revised sample mass, used 

for each cycle. Right: A distinct change in colour is observed between [FeII(tolpzph)2(NCS)2]·THF (forest 

green) and [FeII(tolpzph)2(NCS)2] (violet). 

1.4.5 Soft materials 

There are a few main ways to deliver SCO active materials in a usable fashion, typically soft 

materials, such as gels & polymers, as well as films. Polymers are produced by covalently linking 

together monomers to produce macromolecules and gels are produced by networking 

multifunctional monomer units (chemical gels) or by linking monomers thermoreversibly, contain 

bonds which can be broken upon heating (physical gels).48  

Smart gels can respond to external stimuli so can be used for sensing and work similarly to the 

switches discussed previously. The added benefit is that these physical gels respond to heat making 

them amenable to thermosensing applications.  

One application of interest for smart gels is their use in drug delivery. These can be made using 

protein design or micelles and their delivery being controlled by their response to various stimuli 

including pH, temperature, electric current, etc.49-50 of particular interest is the ability to use smart 

magnetic hydrogels for drug release.51  

A gelatin hydrogel crosslinked with a range of concentrations of genipin loaded with vitamin B12 

were synthesised and the crosslinking density in the gels were measured. Fe3O4 was introduced to 

the gelatin matrix used to make the gels and, upon application of a magnetic field, the iron within 

the gelatin begun to aggregate causing a decrease in the crosslinking density and a release of the 

encapsulated compound, Fig. 1.16. 
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Figure 1.16 Aggregation mechanism of Fe3O4 particles within a gelatin hydrogel matrix. 

1.5 Formation of films – The Langmuir Blodgett technique 

In order for these magnetically interesting materials to be fit for use, they need to be immobilised 

in a useable format. There are many ways to deposit materials onto a surface, including dip coating, 

spin coating, and various vapour depositions.52-56  There are many advantages and disadvantages 

to each of these; restraints such as requiring volatility or the imperfections of coating techniques 

giving uneven layers and non-uniform distributions of material across the surface are just a few of 

the limitations.  

The Langmuir-Blodgett technique for forming monolayers has the distinct advantage of 

consistently and reproducibly forming monolayers, but the limitation is that the monolayer is 

formed at the air-water interface.57 This means that there is a requirement for the use of an 

amphiphilic substrate so that there can be an interaction between the material and the aqueous 

surface through hydrogen bonding between the water and the hydrophilic component of the 

substrate as well as a repulsive interaction between the hydrophobic component and the water. 

These interactions help to order the molecules with the hydrophilic head group interacting with the 

surface and the hydrophobic tail group standing out of the water. 

1.6 Fe(II) vs Fe(III) 

Iron(II) is interesting amongst those involved with SCO as the change is the most notable 

magnetically, this is why it is by far the most studied ion in the field of spin crossover. The change 

between diamagnetic LS Fe(II) with no unpaired electrons (UPEs) and paramagnetic HS Fe(II) with 

4 UPEs is the largest possible change in transition metal magnetic susceptibility.  

The large change in magnetic susceptibility makes detecting the spin change extremely easy. 

Unfortunately, Fe(II) is readily oxidised to Fe(III) both during the synthesis of the metal complexes 

and once the complex has been formed.58 This makes it challenging to use and requires the 

implementation of air sensitive techniques both during synthesis and storage, to prevent oxidation, 
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as well as requiring extremely stable ligands to maintain the lower oxidation state of iron. This puts 

huge constraints on the work possible with Fe(II). 

1.7 Chelate & Macrocyclic effect in Fe(II) complexes 

In order to synthesise SCO active Fe(II) complexes, a stable ligand system is required, as discussed. 

A stable ligand system protects the metal from other molecules and external stimuli enough to 

prevent it from being chemically changed. In order to do this, the coordination sphere of the iron 

needs to be fully occupied with strong binding donors. Monodentate ligands can bind strongly to 

metals, but are innately, entropically unstable. Bidentate or polydentate ligands can exchange 

readily with monodentate ligands as the total entropy of the system is increased when the 

monodentate ligands are released. This is because there is higher translational and rotational 

freedom in a system with more free molecules. Of course, the Gibb’s free energy for the ligand 

exchange will drive the thermodynamics, but, since the entropic factor is always against 

monodentate ligands, they are highly susceptible to exchange. Being easily exchanged, makes 

monodentate ligands nearly impossible to use with Fe(II) systems. Iron has a saturated coordination 

sphere when it has 6 binding sites filled. By extension of the chelate effect described, a ligand which 

can occupy all the coordination sites of a metal is the most entropically stable system.  

Hexadentate ligands can occupy all of the coordination sites available to first row transition 

metals, because of this, the binding energy is high so it can be difficult to exchange the ligands. Pre-

organised, conformationally restrained molecules, such as macrocycles, are able to exchange with 

multidentate ligand systems as they have increased entropic stability due to their pre-organisation 

– they have to be distorted in order to successfully remove the metal ion, which is very energetically 

costly. 

Macrocycles can be a variety of sizes, so can contain a modifiable quantity of Lewis basic 

heteroatoms. These can coordinate to metal centres and fully occupy their coordination sphere, 

whilst being sufficiently rigid that disassociation of the metal from the ligand is extremely difficult. 

Macrocycles can, therefore, protect Fe(II) centres sufficiently and prevent oxidation to Fe(III).  

1.8 Langmuir-Blodgett monolayer formation 

As previously discussed, chapter 1.5, the ability to process these potentially magnetically 

interesting molecules is essential for their application. This work focuses on utilising the Langmuir-

Blodgett technique to produce uniform and reproducible monolayers at the air-water interface.  
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The monolayer is formed by compressing the surface, reducing the surface area at the interface, 

which forces the amphiphilic compound to arrange itself on the surface to maximise the attractive 

interactions. Before compression the amphiphile is spread onto the sub-phase - the molecules have 

space on the surface to spread out to avoid any repulsive interactions between the molecules. The 

barriers are then slowly compressed forming a 2D ‘liquid expanded’ phase due to the molecules 

being forced closer together causing there to be some interactions between the molecules as they 

begin to align. Further compression gives a 2D ‘liquid compressed’ phase – a monolayer with perfect 

alignment of the amphiphiles on the sub-phase. In this state, the hydrophilic head groups stand 

with their chains perfectly packed atop the sub-phase, Fig. 1.1757. 

 

Figure 1.17 A Schematic showing the steps involved in formation of Langmuir-Blodgett films. Each image 

shows the trough set-up and a side-on view of the interface. A) Amphiphile is spread onto the sub-phase on 

a Langmuir trough resulting in a 2D ‘gaseous’ arrangement of amphiphiles (i.e. no interactions between 

molecules). B) Barriers are compressed to reduce the surface area of the interface and molecules begin to 

interact forming a 2D ‘liquid expanded’ phase. C) On further compression the amphiphiles are self-

assembled into a monolayer forming a 2D ‘liquid compressed’ phase. D) When a monolayer has formed it 

can be transferred onto a solid support via vertical deposition. Red arrows indicate barrier movement 

direction. 

These stages can be quantitatively assessed by measuring the surface pressure as the area at the 

interface is reduced. The surface pressure is set to the surface pressure of the sub-phase (typically 

pure water) and allowed to be zero. The amphiphile is added as a low concentration solution in a 

hydrophobic solvent – typically chloroform or hexane. These two solvents are typically chosen due 

to their high volatility (ensuring that the solvent evaporates quickly after addition to the sub-phase) 
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as well as their ability to solvate a variety of molecules. Chloroform is denser than water, so adding 

a chloroform solution onto the sub-phase can cause the formation of droplets that penetrate the 

surface and settle at the bottom of the trough – this can be avoided by forming droplets on the 

syringe and placing them onto the surface rather than dropping them onto the surface. 

Once addition onto the sub-phase is complete and the solvent has been allowed to evaporate, 

the barriers can slowly begin to close. During this time, the surface pressure is monitored. To begin 

with, a slow, gentle increase in pressure is expected as the molecules begin to weakly interact with 

each other as they’re forced closer together (into the liquid expanded phase) causing small 

increases in repulsion and therefore surface pressure. A change in gradient is observable once the 

liquid expanded phase has been formed and the compressions is beginning to force the molecules 

even closer together leading to ever increasing repulsion until the monolayer is formed. At this 

stage, there’s another gradient shift as the closing of the barriers causing the molecules in the film 

even closer together, putting strain on the film. Shortly after, the monolayer cracks and the 

pressure quickly decreases. Further compression causes unknown damage to the cracked layer 

(uneven multi-layering) so the pressure change becomes meaningless. The clear peak is the 

breaking point of the monolayer, so to test the strength and stability of the monolayer, a pressure 

between the formation of the monolayer and the break of the monolayer is required.  

Stability measurements on the formed monolayer can be conducted by forming a new monolayer 

on the sub-phase by slowly compressing the barriers to an area that produces an appropriate 

pressure on the system as to have formed the mono-layer, but not cracked it and then hold the 

barriers at that position and monitor the pressure change over time. It is expected that the pressure 

will drop a little as the monolayer may reorganise itself into a more favourable arrangement given 

sufficient time, but the pressure of a stable film will remain relatively constant over a sufficiently 

long time scale to be able to undertake the deposition (~30 mins). Providing that the film remains 

formed and doesn’t break or decompose, it can be deposited onto a surface substrate.  

To deposit a monolayer onto the surface, a substrate is placed in the water and the monolayer 

formed around it, and the substrate is then slowly removed from the water lifting the monolayer 

off the surface and onto the substrate.  

It is possible to calculate the effectiveness of the transfer of the monolayer onto the surface by 

deducing the “transfer ratio”. To do this, the area change on the surface is divided by the surface 

area of the substrate. For perfect monolayer transfer, the transfer ratio is 1. Less than 1 suggests 

incomplete transfer – some of the substrate is uncovered; greater than 1 suggests disruption of the 

monolayer during transfer leading to partial film collapse. 
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Both the sub-phase and the nature of the substrate can affect the transfer. Withdrawing the 

substrate from inside the water, as depicted in Figure 1. D). causes the deposition to be head first 

onto the substrate. To better aid this, a hydrophilic substrate is favoured. This is achieved by using 

a quartz slide cleaned and doused with concentrated and strong acid solutions (typically nitric acid 

followed by piranha solution). Conversely, if tail first deposition is desired, a hydrophobic substrate 

must be slowly inserted into the sub-phase once the monolayer has been formed on the surface. 

This can be achieved by using a quartz slide cleaned and doused in the same fashion as for a 

hydrophilic slide, but an additional step of silanization is required to introduce aliphatic chains to 

the surface.59 

Multilayers can also be formed by either deposition methods. If the substrate is inserted and 

removed from the sub-phase sequentially, alternating deposition occurs (head first, then tail first, 

etc.) causing favourable interactions between the layers on the substrate. The transfer of each 

deposition can be measured individually and the quantity of depositions possible is only limited by 

the quantity of the amphiphile on the surface, however the quality of subsequent depositions is 

expected to be reduced due to imperfections being propagated.   

To assess the deposited monolayer / multilayer, UV-Vis measurements are taken of the substrate 

after deposition, which can be compared to the UV-Vis of the bulk, solid sample of the amphiphilic 

material. This qualitative comparison can determine whether the deposition was successful. 

1.9 Thiosemicarbazone introduction 

As previously discussed, iron(III) can also undergo spin transitions as a d5 system. Iron(III) has 1 

UPE in the LS configuration and 5 UPEs in the HS configuration. This leads to a similar magnitude of 

difference in magnetic susceptibility when compared to Iron(II), but both states are paramagnetic 

with Fe(III) whereas LS Iron(II) is diamagnetic. Iron(III) is extremely stable in air and much easier to 

handle, so is studied as a compromise. 

Iron (III) favours nitrogen donors, however displays SCO with a vast range of other binding 

groups.60 There are many examples of N4O2 binding61 and various N4S2 binding groups62, but the 

literature shows that the most fruitful binding mode, with regards to SCO activity, is N2O2S2.63-67 

However, a large quantity of complexes with N4O2 and N4S2 motifs have been synthesised, but 

scarce magnetic data is available, so the less is known about their SCO capabilities.68-69  

Thiosemicarbazone ligands open the door to both N4S2 and N2O2S2 binding modes. One nitrogen 

and one sulphur atom come from the thiosemicarbazide moiety and, by changing the carbonyl 

containing compound used to condense a thiosemicarbazide into the thiosemicarbazone, either an 
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additional nitrogen or an oxygen can be added. Two of these ligands form meridional complexes 

leading to either the N4S2 or the N2O2S2 binding mode.  

In order to achieve SCO, the ligands binding to the metal must be able to facilitate the structure 

change around the metal ion during and after transition. The distortion parameter, , can be used 

as a measure of this ability.  

1.10 Macrocycle introduction 

Iron(II) also typically favours nitrogen donors, so aza macrocycles are of primary interest with N6 

coordination spheres.70-73 In order to maximise the probability of synthesising SCO active 

complexes, octahedral geometries are desired. Macrocycles with four donating nitrogens and two 

pendant arms (each containing one donating nitrogen) are the main focus as these have a wide 

scope of available heterocycles that can be used as pendant arms and also have a level of flexibility 

to them that bigger, more encompassing macrocycles do not, which may help to facilitate the 

structural changes of transition.  

1.11 Project aim 

The primary aim of this project is to synthesis a number of families of mostly thiosemicarbazone 

derived molecules, bind them to metals, and investigate their supramolecular and magnetic 

behaviours.  

The families of thiosemicarbazone ligands are differentiable by the heterocycles attached to the 

thiosemicarbazone backbone (thiazole, quinoline and salicylaldehyde derivatives) which enable 

tweaking of the ligand field strength of the ligand families in order to promote spin crossover. 

Within each family, various substituents are added to the thiosemicarbazone backbone in order to 

manipulate the intermolecular interactions between complexes in an attempt to form 

supramolecular ordering. This ordering can be examined in the solid state using crystallography and 

the effects on the metal’s ability to undergo switching can be monitored using magnetic 

susceptibility measurements.  

In order to use these materials for applications, they must be processable so that they can be 

deposited. This work will investigate the ability of a subsection of each family to form monolayers 

and probe any changes in properties from deposition.  
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Chapter 2 Thiazole containing thiosemicarbazone and 

functional anions 

Many of the magnetically interesting systems developed to date are significantly labile in 

solution and undergo ligand displacement giving SCO inactive compounds.74-78 Therefore 

developing new ligand systems that can afford solution stability to the complexes represents 

a major challenge in SCO research. Furthermore, ligands that have the ability to be further 

functionalized (through substituent addition) to allow for targeted immobilization is also 

desirable, therefore synthetic simplicity and modular synthesis is highly desirable.15, 31, 79-83  

Some thiazole containing ligands have previously been synthesised. The first of which was 

by Raposo et al.83 and used as part of a study for the recognition of anions. The other has 

been synthesised by Venkatraman et al.84 and was used in complexation studies with Ni, Cd, 

Sn, and Hg84-87. These two ligands are included in this work however, neither of these studies 

investigated iron or cobalt complexes for use in supramolecular materials. 

2.1 Study of thiazole complexes with simple anions 

2.1.1 Ligand synthesis and characterisation 

Ligands LT1H - LT3H were synthesised by the same general procedure, Fig. 2.1, using a 

stoichiometric reaction between the thiazole carbonyl (2-thiazolecarboxaldehyde,  4-methyl-2-

thiazolecarboxaldehyde or 2-acetylthiazole) and 4-phenylthiosemicarbazide in refluxing methanol 

or ethanol to yield LT1H, LT2H and LT3H respectively.  

 

Figure 2.1 General synthesis of LT1H - LT3H. 

Following the reaction, concentration of solvent resulted in pale orange/yellow solids in moderate 

yields. LT1H - LT3H were fully characterised using 1H-NMR, 13C-NMR, IR, UV/vis, mass spectrometry 

and X-ray crystallography.   
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All spectroscopic data was consistent with the formation of the desired thiosemicarbazone 

ligands. LT1H and LT3H match the literature data.85, 87 Large pale yellow crystals of LT1H were obtained 

by hot recrystallisation from methanol. The ligand crystallised in the monoclinic space group P21/c, 

with one molecule in the asymmetric unit. The ligand adopts a relatively planar structure with 

respect to the angles formed between the thiazole - thiosemicarbazone mean-plane (4.7°) and the 

thiosemicarbazone - phenyl mean-plane (14.3°). The thiourea moiety adopts an anti-conformation 

and the imine bond adopts a trans configuration (i.e. thiazole group and thiourea NH are trans).  

When examining the long range packing two perpendicular planes of ligand run though the crystal 

along the b axis, this is facilitated through intermolecular hydrogen bonding [N(3)∙∙∙N(1)’ = 2.980(2) 

Å and <(N(3)-H(3X)∙∙∙N(1)’)= 164°].  Small, dark orange, rod-like crystals of LT2H were obtained from 

hot recrystallisation from methanol and crystallised in the chiral orthorhombic space group P212121, 

and contained one molecule in the asymmetric unit. The ligand conformation is very similar to that 

of LT1H, where it adopts a relatively flat structure with respect to the angles formed between the 

thiazole - thiosemicarbazone mean-plane (11.4°) and the thiosemicarbazone - phenyl mean-plane 

(5.8°). Again the thiourea moiety adopts an anti-conformation and the imine bond adopts a trans 

configuration as per LT1H. The long range packing differs significantly to LT1H as the intermolecular 

hydrogen bonding in LT2H [N(3)∙∙∙N(1)’ = 3.025(5) Å and <(N(3)-H(3X)∙∙∙N(1)’)= 158°] results in a 

helical hydrogen bonded 1D chain along the crystallographic a-axis.  Small pale yellow crystals of 

LT3H were grown from the slow evaporation of methanol. LT3H crystallised in the triclinic space 

group P-1 and contained one molecule in the asymmetric unit. Like LT1H and LT2H the structure of 

LT3H is again planar with small mean-plane angles (<11°) between the three main functional groups. 

The thiourea moiety adopts the anti-conformation as per the previous systems. However, unlike 

LT1H and LT2H the imine in LT3H adopts a cis-configuration orientating the thiazole nitrogen into a 

position to be involved in a second intramolecular hydrogen bonding interaction between the 

second thiourea NH group and the thiazole nitrogen atom [N(3)···N(1) = 2.698(2) Å and <(N(3)-

H(3X)···N(1))= 136.2(2)°]. With both NH donors involved in intramolecular hydrogen bonding, 

extension of the structure via H-bonding does not occur, instead there are weak off-set face to face 

π∙∙∙π stacking interactions between the thiazole and the phenyl rings on neighbouring molecules 

[centroid···centroid = 3.74 Å. 

2.1.2 Complex synthesis 

Complexation reactions were carried out in methanol between LT1H - LT3H and Fe(NO3)3·9H2O and 

Co(BF4)2·6H2O using a 2:1 L:M ratio, Fig. 2.2. 
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Figure 2.2 Complexation of ligands LT1H - LT3H with Fe(III) or Co(III). 

In each case the addition of a methanolic solution of metal salt to the methanolic ligand solution 

resulted in a dramatic colour change from pale yellow to very dark orange/brown.  The dark 

solutions were stirred vigorously whilst open to the air at room temperature for 1 h before being 

subjected to vapour diffusion of diethyl ether.  In all cases this gave very dark red to orange crystals 

in reasonable yields. The complexes all adopt the general formula [M(L)2](anion)∙solvent with the 

metal in the +3 oxidation state. The ligand binds through the thioenolate form rather than the 

thioketo form giving a mono-negative charge on the ligand.  

2.1.3 Infrared, Mass Spectrometry, NMR and UV/vis spectroscopy   

Infrared spectroscopy provides a valuable tool for analysing these thiosemicarbazone systems. On 

binding, the ligand undergoes a tautomerism resulting in small spectral changes (C=S to C-S). The 

comparison between ligands and complexes is shown in. The IR spectra of the complexes also show 

the expected signals for the NO3
- and BF4

- anions in the Fe(III) and Co(III) complexes respectively.  

High-resolution mass spectra of all ligands and complexes were collected and showed the expected 

peaks and isotopic distributions for all ligands and complexes. Electronic spectra of ligands and iron 

complexes were obtained in MeOH and in the solid state. Spectra of LT1H - LT3H (ca. 1x10-5 mol L-1 

in MeOH) displayed similar spectral features with intense absorptions at λmax ~ 350 nm (ε 20,500 – 

22,500 Lmol-1cm-1). Absorption spectra of Fe(III) complexes (ca. 1x10-5 mol L-1 in MeOH) showed 

intense broad charge-transfer absorptions at ~ 400 nm (ε ~43,000 Lmol-1cm-1) accounting for the 

intense colour of the Fe(III) complexes. The Fe(III) complexes appeared to be stable in solution over 

long periods of time as the spectra collected some 4 weeks later were unchanged.  1H-NMR spectra 

were collected of the three Co(III) complexes in d6-DMSO.  In each case there was a significantly 

shifted spectrum when compared to the respective ligand spectrum (e.g. the imine protons display 

a ~0.6 ppm downfield shift) and loss of one NH resonance indicating successful complexation. Again 

the complexes exhibited significant solution stability, as spectra collected 4 weeks apart were 

unchanged. The observed solution stability indicates that these thiosemicarbazone complexes are 

potentially ideal for development of supramolecular materials and thus should be suitable for a 



 

28 

variety of immobilisation techniques where solution processability is required (e.g. gels, Langmuir-

Blodgett films and incorporation into polymers).  

2.1.4 Crystallographic analysis of Fe3+ complexes 

Crystals of [Fe(LT1)2](NO3)·H2O, [Fe(LT2)2](NO3)·H2O, and [Fe(LT3)2](NO3)· ¾H2O were obtained as 

large red/orange rods or plates by diffusion of diethyl ether into methanolic solutions of the 

complexes and the low temperature (100 K) structures obtained, Fig. 2.3. [Fe(LT1)2](NO3)·H2O 

crystallised in the monoclinic space group P21/c, [Fe(LT2)2](NO3)·H2O crystallised in the monoclinic 

space group P21/n and [Fe(LT3)2](NO3)·¾H2O crystallised in the orthorhombic space group Pna21. In 

all cases the asymmetric unit contained one complete molecule and one interstitial water molecule 

(either full or ¾ occupancy). The general structure of each complex is similar where the Fe(III) centre 

adopts a distorted octahedral geometry with an S2N4 coordination sphere. Bond lengths and angles 

are consistent with low-spin Fe(III) and are summarised in Fig 2.3.  

 

Figure 2.3 Molecular structures (top) of [Fe(LT1)2](NO3)·H2O (A), [Fe(LT2H)2](NO3)·H2O (B), and 

[Fe(LT3)2](NO3)·¾H2O (C) showing numbering scheme.  Nitrate counter anion, interstitial water molecules 

and hydrogen atoms are omitted for clarity – see ESI for additional figures of the molecular structures.  

Table of selected bond lengths and angles (bottom) for all structurally characterised ligands and complexes. 

Σ values for complexes are also tabulated for structurally characterised Fe(III) and Co(III) complexes. 

Analysis of the distortion parameter, Σ (sum of the deviation of the cis bond angles from 90°),74, 

77, 88 indicated relatively small distortion from purely octahedral geometry (ranging from 68.7° to 

71.5°). The data also reaffirms the IR spectroscopic interpretation of changes in bond lengths for 

A B C 
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the C=S and C-N bonds, Fig. 2.3. Packing in the solid state is an important area of consideration for 

potential SCO systems as intermolecular interactions can increase communication between 

neighbouring molecules and therefore enhance the cooperative nature of the magnetism. In these 

systems the ligands have many functional groups capable of extending the structure through 

supramolecular interactions (e.g. H-bonding, π∙∙∙π stacking, anion∙∙∙π and CH∙∙∙π interactions) 

making analysis of the packing important. [Fe(LT1)2](NO3)·H2O displays hydrogen bonding 

interactions between thioamide NH groups on neighbouring complexes (N(4)’ and N(24)) and a 

nitrate counter anion [N(4)’∙∙∙O(102) = 2.877(3) Å and <(N(4)’-H(4X)’∙∙∙O(102))= 172°; N(24)∙∙∙O(102) 

= 2.845(3)  Å and <(N(24)-H(24X)···O(102))= 160°] where the NO3
- acts as a bridge between two 

complex molecules. The interstitial water molecule further bridges the nitrate anion to a third 

molecule by acting as a hydrogen bond donor to a nitrate oxygen atom (O(100)) and the thioenolate 

nitrogen atom (N(23)’) on a neighbouring molecule [O(200)∙∙∙O(100) = 2.856(3) Å  and <(O(200)-

H(20Y) ···O(100))= 176°; O(200)∙∙∙N(23)” = 2.924(3) Å and <(O(200)-H(20Y)∙∙∙N(23)”)= 174°]. The NH 

and OH hydrogen bonding interactions described above link neighbouring complexes into a 2D 

hydrogen bonded network, Fig. 2.4.  

 

Figure 2.4 Packing diagrams of [Fe(LT1)2](NO3)·H2O (left) showing spiralled layer formation and 

[Fe(LT2)2](NO3)·H2O showing both the orientation of the packing along the crystallographic c-axis (right). 

Packing in [Fe(LT2)2](NO3)·H2O is slightly different in that the nitrate counter anion does not act as 

a bridge between two thioamide NH groups on neighbouring complex molecules.  Instead the 

nitrate anion acts as an acceptor in a hydrogen bond to one thioamide NH [N(21)···O(100) = 2.822(4) 

Å and <(N(21)-H(21)∙∙∙O(100))= 171°] and also to the interstitial water [O(200)∙∙∙O(100)’ = 2.797(5) 

Å and <(O(200)-H(20A) ∙∙∙O(100)’)= 172°]. This in turn acts as the acceptor to the other thioamide 

NH [N(1)∙∙∙O(200)’ = 2.885(5) Å and <(N(1)-H(1)···O(200))= 174°]. The end result is the linking of 

molecules through H-bonding interactions to the nitrate and interstitial water molecules giving rise 

to a complex H-bonding network Fig. 2.4. Packing in [Fe(LT3)2](NO3)·¾H2O is similar to that of 

[Fe(LT2)2](NO3)·H2O.  Again, the nitrate anion acts as an acceptor in a hydrogen bond to one 

thioamide NH [N(1)∙∙∙O(102)’ = 2.929(15) Å and <(N(1)-H(1)∙∙∙O(102)’)= 151°] and also to the 
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interstitial water [O(200)∙∙∙O(102)’ = 2.888(16) Å and <(O(200)-H(20B) ···O(102)’)= 169°].  This in 

turn acts as the acceptor to the other thioamide NH [N(21)···O(200) = 3.008(15) Å and <(N(21)-

H(21)···O(200))= 172°].  Overall, the packing in these Fe(III) systems is complex and extensive, and 

there are multiple supramolecular connections that link neighbouring molecules within the crystal 

structure.   

2.1.5 Crystallographic analysis of Co3+ complexes 

 Crystals of [Co(LT1)2](BF4)·H2O, [Co(LT2)2](BF4)·Et2O, and [Co(LT3)2](BF4) were also obtained as red 

plate-like crystals by diffusion of diethyl ether into methanolic solutions of the complexes and the 

Low temperature (100 K) structures studied. [Co(LT1)2](BF4)·H2O crystallised in the monoclinic space 

group P21/n, [Co(LT2)2](BF4)·Et2O in the monoclinic space group P21/c and [Co(LT3)2](BF4) in the 

orthorhombic space group Pbca.  The general structure of each complex is similar to the Fe(III) 

systems where the Co(III) centre adopts a distorted octahedral geometry with a S2N4 coordination 

sphere.  In the Co(III) systems the coordination geometries are closer to pure octahedral than the 

Fe(III) analogues (distortion parameter Σ range = 48.5 – 53.6°).  Packing interactions are also 

somewhat similar to the Fe(III) versions with the exception of [Co(LT2)2](BF4)·Et2O which has a 

disordered partial occupancy Et2O molecule within the crystal lattice.  [Co(LT1)2](NO3)·H2O displays 

hydrogen bonding interactions between the thioamide NH groups on neighbouring complexes 

(N(4)’ and N(24)) and a tetrafluoroborate counter anion [N(4)’∙∙∙F(4) = 2.896(3) Å and <(N(4)’-

H(4X)’∙∙∙F(4))= 171°; N(24)···F(4) = 2.882(4)  Å and <(N(24)-H(24X)···F(4))= 161°] where the BF4
- acts 

as a bridge between two complex molecules. The interstitial water molecule further bridges the 

tetrafluoroborate anion to a third complex molecule by acting as a hydrogen bond donor to two 

tetrafluoroborate fluorine atoms (F(1) & F(2)) and the thioenolate nitrogen atom (N(23)’) on a 

neighbouring molecule [O(1)···F(1) = 3.001(5) Å and <(O(1)-H(10Y)···F(1))= 160°; [O(1)···F(2) = 

3.169(6) Å  and <(O(1)-H(10Y) ···F(2))= 138°; O(1)∙∙∙N(23)” = 2.861(5) Å and <(O(1)-H(10X)∙∙∙N(23)”)= 

165°]. The NH and OH hydrogen bonding interactions described above link neighbouring complexes 

into a 2D hydrogen bonded network. Packing in [Co(LT2)2](BF4)·H2O is slightly different in that the 

tetrafluoroborate counter anion does not act as a bridge between two thioamide NH groups on 

neighbouring complex molecules.  Instead neighbouring complexes interact directly with each 

other through the thioamide NH and an adjacent thioamide S [N(24)∙∙∙S(2)’ = 3.428(3) Å and 

<(N(24)-H(24X)∙∙∙S(2)’)= 159°] and the thioamide NH with the tetrafluoroborate counter anion 

[N(4)···F(1) = 2.883(4) Å and <(N(4)-H(4) ···F(1))= 145°].  
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2.1.6 Electron Paramagnetic Resonance and Magnetism 

Variable temperature magnetic susceptibility measurements were obtained for crystalline 

samples of [Fe(LT1)2](NO3)·H2O, [Fe(LT2)2](NO3)·H2O, and [Fe(LT3)2](NO3)·¾H2O between 10 and 400 

K in an applied field of 1000 Oe. All three Fe(III) complexes exhibit very similar properties with a 

static χMT value of 0.5 cm3 mol-1 K between 10 and 300 K, Fig. 2.5.  The S = 1/2 low spin assignment 

at low temperatures is in accordance with the bond lengths of approximately 2 Å for the Fe-N 

donors.  

 

 

 

Figure 2.5 Plots of 𝜒MT vs. T for [Fe(LT1)2](NO3)·H2O (top), [Fe(LT2)2](NO3)·H2O (middle) and [Fe(LT3)2](NO3)· 

¾H2O (bottom). 

Variable temperature X-band EPR also confirmed the predominantly low spin nature of these 

complexes. Measurements on all complexes, between 283 and 373 K, exhibit a g factor of ca. 2.1, 

indicative of low spin Fe(III) complexes, Fig. 2.6. 
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Figure 2.6 Variable temperature EPR of [Fe(LT1)2](NO3)·H2O (top), [Fe(LT2)2](NO3)·H2O (middle) and 

[Fe(LT3)2](NO3)· ¾H2O (bottom). 

2.1.7 Conclusions 

I have reported on the synthesis and characterisation of six new Fe(III) and Co(III) 

complexes prepared from novel thiosemicarbazone ligands.  Variable temperature magnetic 

measurements and EPR spectra of the Fe(III) systems showed that they adopted a low spin 

configuration from 10 – 300 K.  The complexes displayed significant solution stability, as 

assessed through electronic spectra for Fe(III) complexes and NMR spectra for Co(III) 

complexes run four weeks apart.  The solid-state structures displayed many intermolecular 

interactions linking the complexes into intricate arrays. The combination of significant 

structure extension through supramolecular interactions and solution stability is ideal for 

the development of supramolecular materials as the systems should be suitable for a variety 

of immobilisation techniques where solution processability is required (e.g. gels, Langmuir-
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Blodgett films and incorporation into polymers). This work has investigated the 

development of such systems through incorporation of structure directing substituents into 

the ligands.  Additionally, the ligand family presented herein is similar to known SCO ligands, 

thus it represents an upper limit to ligand field strength, laying the foundation for tailored 

design of these ligands for highly processable solution-stable SCO species. Addition of 

electron-withdrawing groups to the thiazole ring is expected to favourably alter the ligand 

field strength.  

2.2 Study into the effect of introducing functional anions into the 

system. 

As discussed in chapter 1.3, introducing functional groups into a system that have particular 

structure directing properties is one method that researchers have been using to control the overall 

architecture, charge, and topology of functional systems. Such “directed assembly” allows for 

functional metal complexes to be organised into macroscopic materials (e.g. MOF formation or 

porous coordination polymers) or immobilised onto surfaces (e.g. through Langmuir Blodgett (LB) 

deposition).89-98 Typically, this is through inclusion of structure directing groups (SDGs) into the 

ligand used for coordination, however it is also possible to include such structure directing 

properties through the use of designer counter ions.99-102 

Structure directing groups can take a variety of forms, including those that act as secondary 

building units (SBUs) and give interesting packing/ordering in the solid state; those that allow for 

ordered assembly on a surface; and those that allow for immobilisation into an external matrix (e.g. 

polymers or gels).  When choosing groups to act as SBUs and give rise to structure extension in the 

solid-state (through crystal engineering approaches) often moieties rich in hydrogen bond donors 

and/or acceptors, -stacking groups or halogen bonding groups are selected.103-105  One particularly 

good SDG that makes use of -based interactions (··· stacking, anion··· interactions, C-H··· 

interactions and solvent··· interactions) is the 1,8-naphthalimide moiety.  The electron deficient 

nature of 1,8-naphthalimide -systems has been utilised previously to develop metal containing 

extended networks.  Reger and co-workers have pioneered much of this work having elegantly used 

a variety of metal coordinating sites attached to 1,8-naphthalimides and investigated the extended 

structures in the solid-state for the development of 3D networks and coordination polymers.106-114  

In addition to crystal engineering, SDGs have also been utilised for immobilisation of functional 

metal complexes onto surfaces. For example, through the incorporation of hydrophobic functional 
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groups to introduce amphiphilicity, metal complexes can be immobilised into ordered monolayers 

using Langmuir-Blodgett deposition.92, 115-118 

Whilst incorporation into the ligand scaffolds of metal complexes is the most common method 

to introduce SDGs, an alternative approach, and one that has received comparatively little 

attention, is to incorporate the SDG into the counter ion.  Moreover, given the important role that 

anions play in the structure, packing and sometimes physical properties of coordination complexes, 

it is somewhat surprising that there has been little synthetic effort focused on developing anions 

with targeted structure directing properties.  Investigating the ability of anions to influence 

structure and properties of metal complexes opens up access to a vast range of complexes where 

systems with interesting properties can be further organised into advanced supramolecular 

materials. 

2.2.1 Synthesis and characterization of naphthalimide anions.   

1,8-Naphthalimide anions 1-4 were synthesised by the same general procedure, Fig. 2.7, using a 

stoichiometric reaction between 1,8-naphthalic anhydride and the appropriate amine [1 = p- 

aminobenzenesulfonic acid, 2 = m- aminobenzenesulfonic acid, 3 = 5-amino-1-naphthalenesulfonic 

acid and 4 = 5-amino-2-naphthalenesulfonic acid] in refluxing pyridine.   

 

Figure 2.7 Synthetic procedure for the synthesis of 1 – 4·PyH. 
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On cooling to room temperature followed by filtration, pale colored solids of the pyridinium salts 

of 1 – 4 were obtained in good yields (~80%).  1 – 4·PyH were fully characterised using 1H-NMR, 13C-

NMR, IR, UV/vis, fluorescence, mass spectrometry and X-ray crystallography (See Supporting 

Information).  All spectroscopic data was consistent with successful formation of the desired 

compounds.  Electronic spectra (absorption and emission) of 1 – 4·PyH were obtained in MeOH (Fig. 

S21 and S24).  UV/vis spectra of 1·PyH and 2·PyH (ca. 1x10-4 mol L-1 in MeOH) displayed nearly 

identical spectral features with broad absorptions at λmax = 333 nm (ε = 14,000 L mol-1 cm-1 (1) and 

16,700 L mol-1 cm-1 (2)) corresponding to transitions originating from the naphthalimide -system, 

as observed in similar systems. The emission spectra of 1·PyH and 2·PyH displayed broad peaks at 

~380 nm (λex = 330 nm), both giving Stokes shifts of ~ 50 nm. The fluorescence excitation spectra of 

1·PyH and 2·PyH (λem = 380 nm) structurally matched those of the corresponding absorption spectra 

(Fig. S28).  The absorption spectra of 3·PyH and 4·PyH (ca. 1x10-4 mol L-1 in MeOH) displayed broad 

absorptions at λmax = 332 nm (ε = 15,600 L mol-1 cm-1 (3) and 16,100 L mol-1 cm-1 (4)) corresponding 

to transitions originating from the naphthalimide -system, as observed in 1·PyH and 2·PyH. The 

emission spectra of 3·PyH and 4·PyH also displayed broad peaks at ~380 nm (λex = 330 nm).  The 

fluorescence excitation spectra of 3·PyH and 4·PyH (λem = 380 nm) structurally matched those of 

the corresponding absorption spectra. 

2.2.2 Crystallographic characterisation of 1 – 4.   

 

Figure 2.8 Ball and stick representations of the molecular structures of 1·NH2Me2, 2·NH2Me2, 3·PyH, and 

4·PyH. Cations omitted for clarity. [Color scheme: S = Yellow; O = Red; N = Blue; C = Grey; H = White]. 
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Single crystals of 1·Me2NH2 were obtained as large light orange blocks by slow evaporation of DMF 

(after heating to 130°C) and the low temperature (100 K) molecular structure was obtained. 

1·Me2NH2 crystallized in the triclinic space group P-1 and contained one molecule in the asymmetric 

unit, Fig. 2.8. The phenyl ring is out of plane with respect to the naphthalimide ring, a feature 

commonly observed in these ligand systems, with an angle of 74° between the mean planes of the 

two rings. 

 

Figure 2.9 Hydrogen bonding interactions (A) and -based interactions (B) present in the solid-state 

structure of 1·Me2NH2. Example of the layers formed through interactions (C) – anion shown in orange, 

cation shown in blue. H-bonding shown by blue dashed lines: [N30···O3 = 2.718(2) Å and ∠(NH···O) = 160°, 

and N30···O4 = 2.820(2) Å and ∠(NH···O) = 158°]. -based interactions shown by black dashed lines:  

[O5···centroid = 3.308 Å] and [centroid···centroid = 3.534 Å]. 

The packing interactions in 1·Me2NH2 consist of anion··· interactions, π∙∙∙π stacking and H-

bonding.  Naphthalimide molecules are arranged into dimers through H-bonding between two 

Me2NH2 cations and two naphthalimde anions [N30···O3 = 2.718(2) Å and ∠(NH···O) = 160°, and 

N30···O4 = 2.820(2) Å and ∠(NH···O) = 158°], Fig. 2.9. These dimers are then connected to additional 

dimers through an anion··· interaction between the oxygen atom of the sulfonate (the oxygen 

atom not involved in the H-bonding) and the imide ring on a neighboring molecule [O5···centroid = 

3.308 Å]. Additionally a ··· stacking interaction also exists between the naphthalene moieties on 

neighbouring molecules [centroid···centroid = 3.534 Å], Fig. 2.9. These interactions ultimately give 

rise to extended layers of the anion throughout the crystal structure, Fig. 2.9.  

Single crystals of 2·Me2NH2 were obtained as large colorless needles by slow evaporation of DMF 

(after heating to 130°C) and the low temperature (100 K) molecular structure was obtained. 

2·Me2NH2 crystallized in the triclinic space group P-1 and contained one molecule in the asymmetric 

unit.  As with the previous structure the phenyl ring is oriented out of the naphthalimide plane, 

with mean plane angles of 66° between the phenyl and imide rings.  
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Figure 2.10 Hydrogen bonding interactions (A) and -based interactions (B) present in the solid-state 

structure of 2·Me2NH2. Example of the layers formed through the interactions (C) – anion shown in orange, 

cation shown in blue. H-bonding shown by blue dashed lines: [N30···O3 = 2.911(2) Å and ∠(NH···O) = 137°; 

N30···O5 = 2.795(2) Å and ∠(NH···O) = 162°; and N30···O2 = 3.002(2) Å and ∠(NH···O) = 130°]. -based 

interactions shown by black dashed lines: [centroid···centroid = 3.592 Å]. 

The different position of the sulfonate group gives packing interactions that are significantly 

different to those observed in 1·Me2NH2. Rather than H-bonding arranging two naphthalimides into 

a dimer, in 2·Me2NH2 the H-bonding interactions between two Me2NH2 cations arrange four 

naphthalimides into a tetramer via strong H-bonding between the NH groups and the oxygen atoms 

of the sulfonate groups [N30···O3 = 2.911(2) Å and ∠(NH···O) = 137°; N30···O5 = 2.795(2) Å and 

∠(NH···O) = 162°]; and weaker H-bonding between the NH groups and the carbonyl oxygen atom 

of a naphthalimde [N30···O2 = 3.002(2) Å and ∠(NH···O) = 130°], Fig. 2.10. These H-bonded 

tetramers are linked to neighboring assemblies through π∙∙∙π stacking between neighboring 

naphthalimide rings [centroid···centroid = 3.592 Å] (Fig. 3). As previously seen these interactions 

also give rise to extended layers of the anion throughout the crystal structure, Fig. 2.10. 
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Single crystals of 3·PyH were obtained as clear yellow needles by recrystallization from hot 

toluene and the low temperature (100 K) molecular structure was obtained. 3·PyH crystallized in 

the monoclinic space group Pc and contained one molecule in the asymmetric unit.  Similar to the 

previous structures, the naphthalene group is appoximately orthogonal to the naphthalimide ring 

with an angle of 82° between the mean planes of the two rings. With the expansion of the phenyl 

ring to a naphthalene ring, it was expected that π∙∙∙π stacking would be enhanced, however in this 

structure no clear π∙∙∙π stacking to the naphthalene ring is observed.  

However, there are weak interactions between neighboring naphthalimide rings – most likely 

crystal packing effects [centroid···centroid = 3.842 Å], Fig. 2.11.  These are different to the previous 

two structures as the ··· stacking gives naphthalimide molecules arranged at approximately 75° 

to each other (in 1·Me2NH2 and 2·Me2NH2 the naphthalimides are at 180°). There is also a hydrogen 

bond between the sulfonate group and the pyridinium cation [N30···O4 = 2.729(5) Å and ∠(NH···O) 

= 171°] however, this interaction appears to have little impact on the overall long range ordering 

(Fig.4). Despite this compound displaying much weaker intermolecular interactions, the long-range 

structure is still organized into offset layers, Fig. 2.11. 

Single crystals of 4·PyH were obtained as clear colorless needles by diffusion of diethyl ether into 

a methanolic solution of 4·PyH and the low temperature (100 K) molecular structure was obtained. 

4·PyH crystallized in the monoclinic space group P-1 and contained one molecule in the asymmetric 

unit.  Interstitial solvent is present within the structure, however a satisfactory disorder model was 

not found.  As such the OLEX2 Solvent Mask routine was used to mask the disordered electron 

density that correlates to approximately one diethyl ether molecule per cell. As with the previous 

structures the naphthalene group is approximately orthogonal to the naphthalimide ring, with an 

angle of 84° between the mean planes of the two rings. 

Figure 2.11 Hydrogen bonding interactions and -based interactions (A) present in the solid-state structure of 3·PyH. 

Example of the layers formed by these interactions (B) – anion shown in orange, cation shown in blue. H-bonding 

shown by blue dashed line: [N30···O4 = 2.729(5) Å and ∠(NH···O) = 171°]. 
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Figure 2.12 Hydrogen bonding interactions and -based interactions (A) present in the solid-state structure 

of 4·PyH. Overall packing arrangement in the solid-state structure of 4·PyH (B) – anion shown in orange, 

cation shown in blue. H-bonding shown by blue dashed line: [N30···O4 = 3.449(2) Å and ∠(NH···O) = 160°]. -

based interactions shown by black dashed line: [centroid···centroid = 3.550 Å]. 

The solid-state structure shows a π∙∙∙π stacking interaction between the naphthalimide groups on 

neighboring molecules [centroid···centroid = 3.550 Å], Fig. 2.13, as well as a hydrogen bond 

between the sulfonate group and the pyridinium cation [N30···O4 = 3.449(2) Å and ∠(NH···O) = 

160°], Fig. 2.12. As with the three previous compounds, the long-range order present in this 

structure is formation of layers of the anion, Fig. 2.12. 

2.2.3 Synthesis and characterization of [Fe(LT3)2](R-SO3) complexes.   

Having developed and synthesized the naphthalimide anions, we next investigated introducing 

organic-sulfonate anions 1 – 5 into the FeIII complex [Fe(LT3)2](X) in order to explore the structure 

directing properties of the anions and how they influenced the overall topology within the complex. 

In the case of [Fe(LT3)2](5) we also wanted to investigate whether the introduction of an amphiphilic 

anion might allow for ordered Langmuir mono-layers to be constructed.  Simple one-pot reactions 

were carried out for the synthesis of [Fe(LT3)2](X) for X = 1 – 4 where Fe(NO3)3·9H2O, LT3 and X in 

1:2:1 ratios were heated at 60°C in MeOH for 30 minutes, Fig. 2.13.  
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Figure 2.13 Synthesis of complexes [Fe(LT3)2](X) where X = 1 – 4 (R = p-aminobenzenesulfonate (1), m-

aminobenzenesulfonate (2), 5-amino-1-naphthalenesulfonate (3), 5-amino-2-naphthalenesulfonate (4). 

The resulting very dark orange/yellow solutions were allowed to cool to room temperature and 

left to evaporate or subjected to vapor diffusion of diethyl ether resulting in dark orange or red 

single crystals.  When the same one-pot reaction conditions were attempted for [Fe(LT3)2](5), only 

[Fe(LT3)2](NO3) was isolated.  In order to prepare [Fe(LT3)2](5) an amphiphilic FeIII starting material 

was first prepared by reaction of Fe(NO3)3·9H2O and sodium hexadecylsulfonate in water.   

The resulting solid was filtered, dried and then reacted with LT3 in a 1:3 ratio in MeOH, Fig. 2.14.  

The resulting dark yellow solution was stirred at room temperature for 30 minutes before being 

subjected to vapor diffusion of diethyl ether to afford a dark red/brown crystalline solid.  

[Fe(LT3)2](X) for X = 1 – 5  were fully characterised using IR, UV-vis, elemental analysis, mass 

spectrometry and single crystal X-ray crystallography. All data indicated successful formation of the 

desired compounds and can be found in the supporting information. UV-vis spectra of [Fe(LT3)2](1) 

and [Fe(LT3)2](2) in MeOH (ca. 1x10-5 mol L-1) were dominated by a broad metal based charge 

transfer band with λmax ~395 nm (ε ~36,000 L mol-1 cm-1), in addition to broad features due to the 

naphthalimide moieties centered at ~340 nm and  higher energy transitions at ~250 nm. The UV-

vis spectra of [Fe(LT3)2](3) and [Fe(LT3)2](4) also featured broad features centered at ~340 nm due to 

the naphthalimide moieties, in addition to broad metal based charge transfer bands at λmax ~390 

nm (ε ~35,000 L mol-1 cm-1) and higher energy transitions at ~250 nm (Fig. S25 – S26). The UV-vis 

spectrum of [Fe(LT3)2](5) was similar to the spectra of [Fe(LT3)2](1) and [Fe(LT3)2](2) in that it was 

dominated by a broad metal based charge transfer band λmax ~398 nm (ε ~19,500 L mol-1 cm-1) and 

Figure 2.14 Synthesis of [Fe(LT3)2](5). 
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again higher energy transitions at ~250 nm.   IR spectra of all five complexes contained the 

characteristic peaks associated with SO3
- groups (ca. 1370-1335 cm-1 and ca. 1195-1165 cm-1). In 

addition, peaks present in both the spectra of 1 – 5 and in the corresponding complexes are 

observed indicating that the bulk samples contain the desired organic sulfonates and not the nitrate 

anion.  High resolution mass spectra collected of the complexes in both positive and negative modes 

showed ions corresponding to [Fe(LT3)2]+ (positive mode) and the anions 1 – 5 (negative mode). 

2.2.4 Crystallographic characterisation of [Fe(LT3)2](R-SO3) complexes.   

To fully investigate the structure directing properties of 1 – 5 when included into the structure of 

potentially functional coordination complexes, single crystals were obtained and the low 

temperature (100 K) molecular structures determined.  Large dark orange block-like single crystals 

of [Fe(LT3)2](1)·2H2O were grown by slow evaporation of the reaction solution. [Fe(LT3)2](1)·2H2O 

crystallized in the monoclinic space group P21/n and contained one complete complex of 

[Fe(LT3)2](1) and two interstitial water molecules in the asymmetric unit, Fig. 2.15. The Fe(III) 

complex adopts a distorted octahedral geometry, ( = 69.5°) 119-121, with an N4S2 coordination 

sphere, Table 2.1. Packing of the molecule is dominated by H-bonding interactions, Fig. 2.16.  

 

Figure 2.15 Ball and stick representation of the molecular structure of [Fe(LT3)2](1)·2H2O. Interstitial water 

molecules omitted for clarity. [Color scheme: Fe = Orange; S = Yellow; O = Red; N = Blue; C = Grey; H = 

White]. 

The interstitial water molecules play an important role within the packing of this structure, as they 

form a H-bonding bridge between a thioamine of the complex and the anion. This is achieved 

through a thioamine NH donor and the oxygen atom of an interstitial water [N21···O100 = 2.830(5) 

Å and ∠(NH···O) = 165°], and another interaction from the same water to the sulfonate oxygen 

[O100···O44 = 2.826(5) Å and ∠(OH···O) = 166°], Fig 2.16. This positions the anion in close proximity 

to the complex. In addition to this, there is a direct interaction between a thioamine NH donor to a 



 

42 

symmetry generated sulfonate group [N1∙∙∙O44’ = 2.925(5) Å and ∠(NH···O)= 165°] showing further 

interaction between the two components.  

Table 2.1 Selected bond lengths and  values in FeIII complexes. General labeling scheme for all complexes is 

shown. 

 

aOnly the ordered complex molecule is included in the table.  Data for the disordered component: N42-C47, 

1.316(8); S41-C47, 1.745(8); N62-C67, 1.348(14); S61-C67, 1.800(11); Fe2-S41, 2.2195(18); Fe2-S61, 

2.2212(18); Fe2-N44, 1.982(5); Fe2-N43, 1.916(5); Fe2-N63, 1.999(11); Fe2-N64, 2.009(6); Fe2-N67, 1.83(2); 

Σ (70% component) =77.6°; Cis angle range (70% component) = 77.6 - 103.6 (3); Σ (30% component) =91.5° 

and Cis angle range (30% component) = 77.0 - 114.2 (8)  

The second water molecule is involved in two interactions, one with a naphthalimide oxygen 

[O101···O41 = 2.949(6) Å and ∠(OH···O)= 150°], and the other with the first water molecule  

[O100···O101 = 2.909(8) Å and ∠(OH···O)= 135°]. Within the complex, the anion structure has 

deviated significantly from 1·NH2Me2 with the phenyl ring twisted 60° out of plane from the 

naphthalimide, (compared to 74° observed in 1·NH2Me2).  Additionally, unlike the π-based 

interactions in 1·NH2Me2 the structure of [Fe(LT3)2](1)·2H2O does not show 

naphthalimide∙∙∙naphthalimide short contacts, instead a naphthalimide∙∙∙phenyl π-interactions is 

present [centroid···centroid = 3.570 Å] on one face of the naphthalimide ring, while a much weaker 
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naphthalimide···phenyl crystal packing interaction exists on the opposite face [centroid···centroid 

= 3.916 Å]. These interactions result in the formation of layers of naphthalimide···phenyl stacks that 

further arrange the metal cations into columns, Fig. 2.16. 

 

Figure 2.16 Hydrogen bonding interactions (A) and -based interactions (B) present in the solid-state 

structure of [Fe(LT3)2](1)·2H2O. Overall packing showing columns of metal complex (in blue) formed through 

-interactions to naphthalimde anion (orange) (C). H-bonding shown by blue dashed lines: [N21···O100 = 

2.830(5) Å and ∠(NH···O) = 165°; O100···O44 = 2.826(5) Å and ∠(OH···O) = 166°; N1∙∙∙O44’ = 2.925(5) Å and 

∠(NH···O)= 165°; O101···O41 = 2.949(6) Å and ∠(OH···O)= 150°; O100···O101 = 2.909(8) Å and ∠(OH···O)= 

135°]. Strong -based interactions shown by black dashed line - [centroid···centroid = 3.570 Å]; weak crystal 

packing interaction shown by red dashed line [centroid···centroid = 3.916 Å]. 

Large, dark orange block like crystals of [Fe(LT3)2](2)·2MeOH were grown by the slow evaporation 

of the reaction solution. [Fe(LT3)2](2)·2MeOH crystallized in the monoclinic space group P21/c and 

contained one complete complex of [Fe(LT3)2](2), and two interstitial methanol molecules (one of 

which is has the carbon atom disordered over two sites in equal ratios)  in the asymmetric unit, Fig. 

2.17. The sulfonate functional group in 2 is also disordered over two sites in equal ratios.  

Additionally, one of the ligand phenyl rings contains two disordered carbon atoms split over two 

sites with relative occupancies of 0.6 and 0.4.  The structure of the Fe(III) complex is very similar to 

that observed in the previous structure, i.e. similar coordination environment,  = 69.6°, and similar 
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bond lengths and angles, Table 1. Packing of the molecule is dominated by hydrogen bonding 

interactions and, as seen in the previous structure, there is an interaction between the metal 

complex and the anion bridged by an interstitial solvent molecule, Fig. 2.18.  

 

Figure 2.17 Ball and stick representation of the molecular structure of [Fe(LT3)2](2)·2MeOH. Interstitial 

methanol molecules omitted for clarity. [Color scheme: Fe = Orange; S = Yellow; O = Red; N = Blue; C = Grey; 

H = White]. 

This interaction consists of a thioamine to methanol hydrogen bond [N1···O301 = 2.883(6) Å and 

∠(NH···O) = 174°] and a hydrogen bond from the same methanol to a symmetry generated 

sulfonate group [disordered sulfonate component 1: (O301···O103 = 2.574(8) Å and ∠(OH···O) = 

177°) and disordered sulfonate component 2: (O301···O106 = 2.967(11) Å and ∠(OH···O) = 164°)]. 

In addition to this there is an interaction between the other thioamine NH and a naphthalimide 

carbonyl [N21···O102 = 2.913(5) Å and ∠(NH···O) = 132°]. Finally, the full occupancy interstitial 

methanol forms a hydrogen bond to the sulfonate group [disordered sulfonate component 1: 

(O201···O107 = 2.692(11) Å and ∠(OH···O) = 171°) and disordered sulfonate component 2: 

(O201···O105 = 3.242(14) Å and ∠(OH···O) = 170°)]. The naphthalimide anion in [Fe(LT3)2](2)·2MeOH 

is less constrained than in 2·NH2Me2 with the phenyl group twisted out of plane at 88° in the former 

compared to 66° in the latter. The different position of the sulfonate group in 2 gives rise to 

significantly different solid-state packing interactions, for example there is no π∙∙∙π stacking 

interaction between the metal complex phenyl ring and the naphthalimide anion (as seen for 

[Fe(LT3)2](1)·2H2O) and indeed there is no clear evidence of any ··· stacking involving the 

naphthalimide anions, instead the packing within [Fe(LT3)2](2)·2MeOH is dominated by hydrogen 

bonding.  This indicates that changing the position of the sulfonate has a dramatic effect on the 

long range ordering of the complex.  Whilst there is no obvious structure directing influence via 

naphthalimide ··· stacking, the overall arrangement of molecules in [Fe(LT3)2](2)·2MeOH shows 
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ABAB type layers, one of which is the Fe(III) complex, and the other the naphthalimide anions, Fig. 

2.18. 

 

Figure 2.18 Hydrogen bonding interactions (A) present in the solid-state structure of [Fe(LT3)2](2)·2MeOH. 

Overall packing showing ABAB layers of metal complex (in blue) and naphthalimde anion (orange) (B). H-

bonding shown by blue dashed lines: [N1···O301 = 2.883(6) Å and ∠(NH···O) = 174°; O301···O106 = 

2.967(11) Å and ∠(OH···O) = 164°; N21···O102 = 2.913(5) Å and ∠(NH···O) = 132°; O201···O107 = 2.692(11) Å 

and ∠(OH···O) = 171°]. 

Small dark red block-like crystals of [Fe(LT3)2](3)·2½H2O were grown by vapour diffusion of diethyl 

ether into the reaction solution.  The complex crystallised in the monoclinic space group P21/n and 

contained one complete molecule of [Fe(LT3)2](3) and a variety of partial occupancy water molecules 

totalling 2½, Fig. 2.19. 

Figure 2.19 Ball and stick representation of the molecular structure of [Fe(LT3)2](3)·2½H2O. Interstitial water 

molecules and lowest site occupancy disorder omitted for clarity. [Color scheme: Fe = Orange; S = Yellow; O 

= Red; N = Blue; C = Grey; H = White]. 
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The Fe(III) complex is similar to the previous two structures in that it is indicative of a LS iron(III) 

centre with a slightly distorted octahedral geometry,  = 76.8°, (N4S2 coordination environment). 

The naphthalimide anion contains a severely disordered nathphthalene-sulfonate component 

where it is disordered over two sites with relative occupancies of 0.65 and 0.35.  Only the packing 

interactions to the major occupancy component are described.  Similar to previous structures, there 

is an interstitial water molecule that bridges the cation and anion components though H-bonding, 

Fig. 2.21, where a thioamine to water hydrogen bond [N21···O100 = 2.824(7) Å and ∠(NH···O) = 

157°] and a hydrogen bond from the same water to the sulfonate group of the anion [O100···O44 

= 2.671(9) Å] exist.  In addition to these two H-bonds there is also an H-bonding interaction between 

the second thioamine of the complex and a neighbouring sulfonate group [N1···O44 = 2.910(7) Å 

and ∠(NH···O) = 171°], Fig. 2.20. 

Interestingly in this complex one of the thiosemicarbazone ligands adopts a somewhat bowed 

structure as a result of a -stacking interaction to the imide portion of the naphthalimide 

[centroid···centroid = 3.735 Å], Fig. 2.20.  The overall packing in [Fe(LT3)2](3)·2½H2O is very similar 

to that observed in [Fe(LT3)2](1)·2H2O where columns of cation are separated by naphthalimides. 

However, the extra bulk of the anion (i.e. naphthalene vs. phenyl) appears to cause the 

aforementioned bowing of the thiosemicarbazone and results in a longer centroid···centroid 

distance, Fig 2.20. 

 

Figure 2.20 Hydrogen bonding interactions and -based interactions (A) present in the solid-state structure 

of [Fe(LT3)2](3)·2½H2O. Overall packing showing columns of metal complex (in blue) formed through -

interactions to naphthalimde anion (orange) (B). H-bonding shown by blue dashed lines: [N21···O100 = 

2.824(7) Å and ∠(NH···O) = 157°; O100···O44 = 2.671(9) Å; N1···O44 = 2.910(7) Å and ∠(NH···O) = 171°]. -

based interaction shown by black dashed line - [centroid···centroid = 3.735 Å]. 

Poor quality dark orange plate-like crystals of [Fe(LT3)2](4)2·H2O·MeOH were grown by vapour 

diffusion of diethyl ether into the reaction solution.  The complex crystallised in the triclinic space 
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group P-1 and contained two complete molecules of [Fe(LT3)2](4) one full occupancy water, as well 

as one full occupancy methanol.  Additional solvent is present within the structure however, a 

satisfactory disorder model for the solvent was not found.  As such the OLEX2 Solvent Mask routine 

was used to mask the disordered electron density that correlates to approximately three diethyl 

ether molecules per cell.  The two Fe(III) centres are both indicative of LS Fe(III) and are similar to 

those observed in the previous structures, Table 1.  Interestingly one of the ligand molecules in one 

of the complexes is disordered over two sites with relative occupancies of 0.7 and 0.3 and one of 

the anions also contains a two site partial positional disorder with the same relative occupancies. 

Interestingly, and similarly to [Fe(LT3)2](2), there are no obvious -based interactions to the 

naphthalimides and the majority of crystal packing interactions involve hydrogen-bonding 

interactions between the metal complexes and anions. Therefore, it appears that the position of 

the sulfonate group (i.e. when in the 3-phenyl or 2-naphthyl positions) heavily influences the 

packing interactions. In this instance the lack of π-based interactions means the long range ordering 

does not display the same layering topologies as seen previously, Fig. 2.21.  

 

Figure 2.21 Ball and stick representation of the molecular structure of [Fe(LT3)2](4)2·H2O·MeOH (A). Only the 

non-disordered independent molecule is shown and interstitial solvent molecules and lowest site occupancy 

disorder omitted for clarity. [Color scheme: Fe = Orange; S = Yellow; O = Red; N = Blue; C = Grey; H = White.] 

Overall packing (B) in [Fe(LT3)2](4)2·H2O·MeOH [metal complex in blue and naphthalimde anion in orange]. 

A small number of small, poor quality, dark red plate-like single crystals of 

[Fe(LT3)2](5)·2C16H33OH·2H2O were grown by evaporation of the methanolic filtrate after isolation 

of the bulk sample from the diffusion of diethyl ether.  It is important to note that the composition 

of this crystal is not representative of the bulk, in that the crystal obtained contains hexadecanol 

(presumably form the decomposition of hexadecyl sulfonate either during formation of the starting 
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“iron(III)-hexadecylsulfonate” salt or during formation of the complex with LT3) whereas the analysis 

of the bulk sample obtained via vapor diffusion of diethyl ether did not contain hexadecanol 

molecules.  [Fe(LT3)2](5)·2C16H33OH·2H2O crystallized in the triclinic space group P-1 and contained 

one molecule in the asymmetric unit, two hexadecanol molecules and two interstitial water 

molecules, Fig. 2.22.  Again the Fe(III) cation is similar to the previous structures,  = 73.3°, (Table 

1).  Crystal packing is similarly controlled by hydrogen-bonding interactions between the metal 

complex and the anion via water molecules. Additionally, the presence of two hexadecanol 

molecules  in the asymmetric unit also aid in the packing through hydrogen bond formation and 

interdigitation of the long alkyl chains, Fig. 2.23.  

 

Figure 2.22 Ball and stick representation of the molecular structure of [Fe(LT3)2](5)·2C16H33OH·2H2O. 

Interstitial water molecules omitted for clarity. [Color scheme: Fe = Orange; S = Yellow; O = Red; N = Blue; C 

= Grey; H = White].  

The thioamine NH, from the metal complex, interacts with an oxygen donor atom on one 

hexadecanol [N1···O101 = 2.816(9) Å and ∠(N-H···O) = 168°], which in turn links to a water molecule 

[O101···O501 = 2.618(10) Å and ∠(O-H···O) = 168°]. The same water molecule (O501) acts as an H-

bond acceptor to both another water molecule, [O501···O401 = 2.797(10) Å and ∠(O-H···O) = 159°], 

and to the hexadecylsulfonate anion [O501···O201 = 2.833(10) Å and ∠(O-H···O) = 170°]. This 

sulfonate oxygen atom, O201, links to a second metal complex molecule via the thioamine NH of 

an alternate ligand around the metal centre, [N21···O201 = 2.878(9) Å and ∠(N-H···O) = 147°]. 

Another sulfonate oxygen atom, O203, acts as an H-bond donor in an interaction to the second 

hexadecanol molecule [O301···O203 = 2.667(10) Å and ∠(O-H···O) = 169°], Fig. 2.23. Interestingly, 

the hydrophobic alkyl chains are oriented in one direction and interdigitate with neighbouring alkyl 
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chains to form a bi-layer of amphiphilic components.  This layered arrangement is similar to other 

reports of long-alkyl chain anion complexes.122-123  

 

 

Figure 2.23 Hydrogen bonding interactions (A) present in the solid-state structure of 

[Fe(LT3)2](5)·2C16H33OH·2H2O. Overall packing showing interdigitation of alkyl chains to give bi-layers of 

metal complex (in blue) and amphiphiles (orange) (B). H-bonding shown by blue dashed lines: [N1···O101 = 

2.816(9) Å and ∠(N-H···O) = 168°; O101···O501 = 2.618(10) Å and ∠(O-H···O) = 168°; O501···O401 = 

2.797(10) Å and ∠(O-H···O) = 159°; O501···O201 = 2.833(10) Å and ∠(O-H···O) = 170°; N21···O201 = 2.878(9) 

Å and ∠(N-H···O) = 147°; O301···O203 = 2.667(10) Å and ∠(O-H···O) = 169°]. 

Overall, the crystallographic analysis of the complexes shows that by inclusion of the large organic 

sulfonate anions we are able to alter the extended structures compared to our previously reported 

complex [Fe(LT3)2](NO3).44  Specifically, the inclusion of 1,8-naphthalimide anions can give rise to 

the formation of layered structures.  Additionally, the inclusion of a long chain sulfonate anion also 

gives rise to ordered layers of molecules that adopt a bi-layer arrangement in the solid-state.  From 

these studies it is clear that the inclusion of structure directing anions influences the long range 

ordering of the Fe(III) thiosemicarbazone complex. 

2.2.5 Langmuir film formation studies of [Fe(LT3)2](5)·H2O.  

Complex [Fe(LT3)2](5)·H2O, with the inclusion of an amphiphilic anion into the structure, was 

designed for the formation of ordered mono-layers deposited onto a solid support using the 

Langmuir-Blodgett (LB) technique.  Metal-based systems that introduce amphiphilicity into the 

complex through anion choice have been reported previously.124-127  In order to investigate the 

suitability of [Fe(LT3)2](5)·H2O for the formation of immobilized mono-layers, a full study of the 

Langmuir film forming abilities at an air-water interface, was performed.  Pressure area isotherms 

showed that, on pure water, [Fe(LT3)2](5)·H2O forms an ordered monolayer at the air-water 
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interface with an area/chain value of 42 Å2 and a film collapse pressure of 32 mNm-1, Fig. 2.24(a).  

However, stability measurements indicated that the film was unstable, as the measured surface 

pressure decreased by a factor of two, relative to the starting target surface pressure of 28 mNm-1, 

over a period of two minutes, Fig. 2.24(b).   

 

Figure 2.24 (a) [Fe(LT3)2](5)·H2O on water sub-phase formed a liquid compressed monolayer with an area 

per chain value of 42 Å2/chain and underwent film collapse at 32 mNm-1. (b) Stability experiment 

highlighting the instability of a liquid compressed monolayer of [Fe(LT3)2](5)·H2O formed at a surface 

pressure of  28 mNm-1. 

With the film formation and stability not suitable for LB deposition on water, the sub-phase was 

modified in order to attempt to give a stable monolayer of [Fe(LT3)2](5)·H2O.  When using a sub-

phase of NaCl (sat. aq.), the film was significantly more stable than when using pure water, Fig. 

2.25, and allowed for deposition onto a quartz substrate. 
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Figure 2.25 (a) [Fe(LT3)2](5)·H2O on NaCl (sat. aq.) sub-phase formed a liquid compressed monolayer with an 

area per chain value of 38 Å2 chain-1 and underwent film collapse at 47 mNm-1. (b) Stability experiment 

highlighting the stability of a liquid compressed monolayer of [Fe(LT3)2](5)·H2O formed at a surface pressure 

of  40 mNm-1. 

Upon emersion of the hydrophobic quartz substrate from the NaCl (sat. aq.) sub-phase, with the 

monolayer at the interface of the air and sub-phase, immobilization of the [Fe(LT3)2](5)·H2O complex 

on the surface was achieved. However, a transfer ratio of ~2 was observed indicating partial film 

collapse during transfer of the monolayer to the substrate, as evidenced by the non-linear response.  

UV-visible spectroscopy measurements, Fig. 2.26, revealed that the complex was partially 

immobilized onto the surface of the substrate.  



 

52 

 

Figure 2.26 UV-visible transmission spectrum of [Fe(LT3)2](5)·H2O complex immobilized on a hydrophobic 

quartz substrate by the Langmuir-Blodgett technique, demonstrating absorbance features that correspond 

to absorbance features of the complex in the solution phase (inset). 

Transfer of the [Fe(LT3)2](5)·H2O complex onto a substrate was achieved, which demonstrates the 

ability of anions to impart the desired functionality (i.e. amphiphilicity) into complexes for the 

formation of Langmuir-Blodgett films of potentially magnetically interesting complexes.  

2.2.6 Conclusions 

I have reported the synthesis and characterization of a family of 1,8-naphthalimide containing 

sulfonate anions and their subsequent inclusion into thiosemicarbazone-based Fe(III) complexes.  

Given the proven ability of 1,8-naphthalimide derivatives to extend solid-state structures through 

-based interactions (when incorporated into the ligand scaffolds of metal complexes), a structural 

investigation was undertaken in order to determine if the same structure directing nature is 

observed when naphthalimide moieties are introduced into complexes via the anions. In three of 

the four structurally characterized complexes that featured the naphthalimide anions the extended 

structures display layered ordering where the anions interact with cations via H-bonding and, in 

most cases, -stacking interactions. Such structure extension is important for the enhancement of 

cooperativity in potentially spin crossover based complexes, additionally the formation of layers 

might allow for the ordered immobilization of functional complexes into thin film layers on surfaces. 

In an attempt to introduce additional functionality for targeted application (i.e. to allow for the 

formation of LB films), the amphiphilic hexadecyl sulfonate anion was introduced into the Fe(III) 

complex.  Langmuir studies revealed that on a pure water sub-phase the system did not form a 

stable Langmuir film. However, when the sub-phase was brine, a stable monolayer formed. 

Moreover, the ordered monolayer was transferred onto a quartz slide highlighting the ability of 

designer anions to introduce functionality into complexes.  Overall, this study has highlighted the 

ability of functionality to be introduced into metal complexes through designer anions rather than 
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the more typical route of designer ligands.  The methods reported herein are synthetically simple 

and do not require the often lengthy synthetic strategies used to introduce structure directing 

groups into ligand scaffolds, therefore making this method ideal for supramolecular materials 

development.  Furthermore, such an approach allows for a library of functional anions that can be 

incorporated into a large range of metal complexes, potentially allowing for the generation of 

multifunctional systems where the anion plays an integral part in the structure and ordering of the 

system.  The simplicity of our approach towards introducing structure-directing agents into 

coordination complexes potentially opens access to a vast range of novel metallosupramolecular 

materials where functional metal complexes can be organized into layered materials and/or 

deposited onto surfaces for potential application. 

2.3 Experimental 

2.3.1 General experimental 

All reagents were purchased from commercial sources and used without further purification. 1H, 

and 13C[1H] NMR spectra were recorded on a Bruker DPX400 NMR spectrometer at 300 K. Chemical 

shifts are reported in parts per million and referenced to the residual solvent peak (d6-DMSO: 1H δ 

2.50 ppm, 13C δ 39.52 ppm). Coupling constants (J) are reported in Hertz (Hz). Standard conventions 

indicating multiplicity were used: m = multiplet, t = triplet, d = doublet, s = singlet, dd[appt] = 

doublet of doublets which appears as a triplet. Infrared spectra were recorded using a 

ThermoScientific Nicolet iS10 FTIR spectrometer between 600 and 4000 cm-1.  Mass spectrometry 

samples were analysed using a MaXis (Bruker Daltonics, Bremen, Germany) mass spectrometer 

equipped with a Time of Flight (TOF) analyser. Samples were introduced to the mass spectrometer 

via a Dionex Ultimate 3000 autosampler and uHPLC pump [Gradient 20% acetonitrile (0.2% formic 

acid) to 100% acetonitrile (0.2% formic acid) in five minutes at 0.6 mL min-1. Column: Acquity UPLC 

BEH C18 (Waters) 1.7 micron 50 x 2.1mm]. High-resolution mass spectra were recorded using 

positive/negative ion electrospray ionisation.  Single-crystal X-ray diffraction data was collected at 

100 K on a Rigaku AFC12 goniometer equipped with an enhanced sensitivity (HG) Saturn 724+ 

detector mounted at the window of an FR-E+ Superbright Mo-Kα rotating anode generator (λ = 

0.71075 Å) with HF or VHF varimax optics.128 Unit cell parameters were refined against all data and 

an empirical absorption correction applied in either CrystalClear129 or CrysalisPro.130 All structures 

were solved by direct methods using SHELXS-2013131 and refined on FO
2 by SHELXL-2013131 using 

Olex2.132 The crystallographic data are summarised below. CCDC entries 1498845 - 1498852 contain 

the crystallographic data for the structures reported in this section. 
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UV-Vis absorption spectra were recorded on a PerkinElmer Lambda 265 Spectrophotometer 

between 200 and 900 nm. Variable temperature magnetic susceptibility for crystalline samples of 

all three Fe(III) complexes were recorded on a Quantum Design MPMS® XL-7 SQUID magnetometer 

at 0.1 T. Magnetic susceptibility was recorded in the range of 400 to 10 K at 3 K/min temperature 

scan rate. EPR data was collected between 283 and 373 K on a polycrystalline sample using a 

Magnettech mS200 X-band EPR working at 9.381 GHz with magnetic field centred at 300 mT and a 

field sweep of 400 mT. Modulation amplitude of 0.5 mT was used in conjunction with a microwave 

power of 0.1 mW and a gain of 10. 

Microanalytical data was collected on a Exeter Analytical CE 440 elemental analyzer at University 

College Dublin. Infrared spectra were recorded on a Thermo Scientific Nicolet iS10 spectrometer 

with Smart ITR accessory between 400-4000 cm−1. 

Langmuir studies:  Pressure–area isotherms and time stability were measured at 25 °C on a Kibron 

MicroTroughXS (MTXS) Langmuir-Blodgett trough. Water for the sub-phase was purified with a 

Milli-Q® Integral system (Millipore), and its resistivity was measured to be higher than 18 MΩ cm. 

Chloroform (HPLC grade, Fisher) was used as spreading solvent for [Fe(LT3)2](5). Typically, drops (20 

μl) of the surfactant solution (~0.5 mgmL-1) were deposited using a microsyringe onto the sub-

phase. After leaving the solvent to evaporate for ~20 min, the barriers were compressed at 7 mm 

min–1 and the surface pressure was monitored using a platinum DyneProbe that had been flamed. 

The quartz substrate for Langmuir-Blodgett deposition was made hydrophobic as per the procedure 

given by Marheineke et al., except dichlorodimethylsilane was used instead of trimethoxy(7-octen-

1-yl)silane.133 
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2.3.2 Ligand Synthesis  

2.3.2.1 Synthesis of LT1H  

To a stirred solution of 4-phenylthiosemicarbazide (200 mg, 1.20 mmol) in methanol (30 mL), 2-

thiazolecarboxaldehyde (105 μL, 1.20 mmol) was added. The light yellow solution was left to stir 

for 24 hours. The resulting dark yellow solution was concentrated in vacuo resulting in the 

precipitation of a yellow solid. This was filtered and then washed with diethyl ether (2 x 25 mL), the 

resulting yellow solid was crystallized from methanol (20 mL) resulting in a light yellow crystalline 

solid suitable for single crystal X-ray diffraction. Yield: 181 mg (69%); HRMS ESI+ m/z: 285.0234 

[LT1H + Na]+, C11H10N4S2Na requires: 285.0239; IR: ν = 3322, 3297, 3054, 1634, 1598, 1279, 1176, 

1166, 1013 cm-1; λmax (MeOH) =343 nm, ε = 21,500 Lmol-1cm-1; 1H NMR (400 MHz, DMSO-d6): δ 

12.09 (s, 1H, NH), 10.10 (s, 1H, NH), 8.39 (s, 1H, ImH), 7.96 (d, J = 3.2 Hz, 1H, ThiaH), 7.86 (d, J = 3.2 

Hz, 1H, ThiaH), 7.56 – 7.53 (m, 2H, PhH), 7.41-7.35 (m, 2H, PhH), 7.23 (m, 1H, PhH).  13C NMR (101 

MHz, DMSO-d6): 122.29, 125.59, 125.86, 128.16, 137.29, 138.88, 144.00, 163.56, 176.28. Yellow 

rod-like crystals (0.35 × 0.08 × 0.07 mm) of LT1H were obtained from hot recrystallisation from 

methanol. Crystal Data for C11H10N4S2 (M =262.35 g/mol): monoclinic, space group P21/c (no. 

14), a = 13.5767(10) Å, b = 5.3420(4) Å, c = 17.5065(11) Å, β = 110.324(6)°, V = 1190.64(15) Å3, Z = 

4, T = 100(2) K, μ(MoKα) = 0.428 mm-1, Dcalc = 1.464 g/cm3, 8078 reflections measured (4.962° ≤ 2Θ 

≤ 55.082°), 2728 unique (Rint = 0.0273, Rsigma = 0.0221) which were used in all calculations. The 

final R1 was 0.0276 (I > 2σ(I)) and wR2 was 0.0715 (all data). 
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2.3.2.2 Synthesis of LT2H 

To a stirred solution of 4-phenylthiosemicarbazide (200 mg, 1.20 mmol) in methanol (30 mL), 4-

methyl-2-thiazolecarboxaldehyde (129 μL, 1.20 mmol) was added. The solution was stirred for 24 

hours. The resulting dark yellow solution was concentrated in vacuo, leaving a dark yellow oil. This 

was triturated in diethyl either (20 mL) and decanted before being recrystallized from methanol (20 

mL) resulting in a dark yellow crystalline solid. Yield: 133 mg (48%); HRMS ESI+ m/z: 299.0395 [LT2H 

+ Na]+, C12H12N4S2Na requires: 299.0396; IR: ν = 3317, 3107, 3054, 1596, 1538, 1236, 1176, 1165, 

1031 cm-1; λmax (MeOH) =349 nm, ε = 22,600 Lmol-1cm-1; 1H NMR (300 MHz, DMSO-d6) δ 12.05 (s, 

1H, NH), 10.04 (s, 1H, NH), 8.33 (s, 1H, ImH), 7.54 (m, 2H, PhH), 7.40 – 7.34 (m, 3H, PhH & ThiaH), 

7.24-7.19 (m, 1H, PhH), 2.39 (s, 3H, MethylH). 13C NMR (101 MHz, DMSO-d6): 17.17, 117.17, 126.00. 

126.29, 128.61, 137.83, 139.36, 153.85, 163.07, 176.66.  Orange rod-like crystals (0.27 × 0.05 × 0.04 

mm) of LT2H were obtained from hot recrystallisation from methanol. Crystal Data for 

C12H12N4S2 (M =276.38 g/mol): orthorhombic, space group P212121 (no. 19), a = 5.004(5) Å, b = 

15.83(2) Å, c = 16.73(2) Å, V = 1325(3) Å3, Z = 4, T = 373.3 K, μ(MoKα) = 0.389 mm-1, Dcalc = 

1.385 g/cm3, 4836 reflections measured (5.694° ≤ 2Θ ≤ 50.988°), 2427 unique (Rint = 0.0305, Rsigma = 

0.0489) which were used in all calculations. The final R1 was 0.0440 (I > 2σ(I)) and wR2 was 0.0767 

(all data). 
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2.3.2.3 Synthesis of LT3H 

To a stirred solution of 4-phenylthiosemicarbazide (100 mg, 0.6 mmol) in ethanol (10 mL), 2-

acetylthiazole (70 μL, 0.6 mmol) was added.  The solution was refluxed for 3 hours.  The solution 

was concentrated resulting in the precipitation of a yellow crystalline solid that was filtered, washed 

with diethyl ether (2 x 25 mL) and dried in vacuo.  Yield 84 mg, 51%. HRMS ESI+ m/z: 277.0574 [LT3H 

+ H]+, C12H13N4S2 requires: 277.0576; IR ν = 3238, 3112, 3037, 1651, 1479, 1371, 1046 cm-1 ; λmax 

(MeOH) =339 nm, ε = 20,500 Lmol-1cm-1; 1H NMR (400 MHz, DMSO-d6) δ 11.01 (s, 1H, NH), 9.92 (s, 

1H, NH), 7.91 (d, J = 3.2 Hz, 1H, ThiaH), 7.82 (d, J = 3.2 Hz, 1H, ThiaH), 7.63 – 7.59 (m, 2H, PhH), 7.38 

(dd[appt], J = 8.1 Hz, 2H, PhH), 7.23 – 7.19 (m, 1H, PhH), MethylH signal masked by solvent peaks. 

13C NMR (101 MHz, DMSO-d6) δ 14.44, 123.22, 125.53, 125.89, 128.72, 139.36, 143.82, 145.57, 

167.25, 177.30.  Yellow plate like crystals (0.4 × 0.2 × 0.09 mm) of LT3H were grown from the slow 

evaporation of methanol. Crystal Data for C12H12N4S2 (M =276.37 g/mol): triclinic, space group P-1 

(no. 2), a = 8.211 Å, b = 8.581 Å, c = 9.241 Å, α = 85.44°, β = 79.51°, γ = 80.63°, V = 630.8 Å3, Z = 

2, T = 100 K, μ(MoKα) = 0.408 mm-1, Dcalc = 1.455 g/cm3, 5325 reflections measured (6.192° ≤ 2Θ ≤ 

50.99°), 2326 unique (Rint = 0.0144, Rsigma = 0.0155) which were used in all calculations. The 

final R1 was 0.0296 (I > 2σ(I)) and wR2 was 0.0812 (all data). 
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2.3.3 Complex synthesis 

Unless stated otherwise, to a stirred solution of metal salt Fe(NO3)3·9H2O (24.0 mg, 0.06 mmol) 

or Co(BF4)2·6H2O (20.2 mg, 0.06 mmol)) in methanol (20 mL), ligand (LT1H, LT2H or LT3H) (0.12 mmol) 

was added. The resulting solution was stirred vigorously for an hour at room temperature, before 

being subjected to vapour diffusion of diethyl either, which resulted in very dark crystals: 

2.3.3.1 [Fe(LT1)2](NO3)  

Yield: 30.4 mg (80%); HRMS ESI+ m/z: 577.9890 [Fe(LT1)2 – NO3]+, C22H18N8S4Fe requires: 577.9881. 

IR: ν= 3179, 3126, 3028, 3008, 1594, 1542, 1309, 1283, 1193, 1181 (NN), 1001 cm-1. UV/vis (MeOH) 

λmax = 402 nm, ε = 43,650 L mol-1 cm-1. Dark orange, plate like crystals of [Fe(LT1)2](NO3)·H2O (0.48 × 

0.09 × 0.04 mm) were grown by diffusion of diethyl ether into the reaction solution.    Crystal 

Data for C22H20FeN9O4S4 (M =658.56 g/mol): monoclinic, space group P21/n (no. 14), a = 

12.0840(8) Å, b = 14.3302(10) Å, c = 15.8785(11) Å, β = 105.4500(10)°, V = 2650.3(3) Å3, Z = 4, T = 

100.15 K, μ(MoKα) = 0.934 mm-1, Dcalc = 1.651 g/cm3, 15780 reflections measured (6.036° ≤ 2Θ ≤ 

50.998°), 4914 unique (Rint = 0.0303, Rsigma = 0.0266) which were used in all calculations. The 

final R1 was 0.0347 (I > 2σ(I)) and wR2 was 0.0950 (all data). 

2.3.3.2  [Fe(LT2)2](NO3) 

Yield: 30.1 mg (76%); HRMS ESI+ m/z: 606.0204 [Fe(LT2)2 – NO3]+, C24H22N8S4Fe requires: 606.0194. 

IR: ν= 3026, 2953, 2920, 1604, 1592, 1335, 1291, 1207, 1182, 982.cm-1. UV/vis (MeOH) λmax = 406 

nm, ε = 43,240 L mol-1 cm-1. Dark orange, plate like crystals of [Fe(LT2)2](NO3)·H2O (0.31 × 0.10 × 0.09 

mm) were grown by diffusion of diethyl ether into the reaction solution.  Crystal Data for 

C24H24FeN9O4S4 (M =686.61 g/mol): monoclinic, space group P21/c (no. 14), a = 9.0741(5) Å, b = 

14.1019(10) Å, c = 22.4772(16) Å, β = 98.271(2)°, V = 2846.3(3) Å3, Z = 4, T = 100.15 K, μ(MoKα) = 

0.873 mm-1, Dcalc = 1.602 g/cm3, 16157 reflections measured (5.406° ≤ 2Θ ≤ 50.998°), 5261 unique 

(Rint = 0.0724, Rsigma = 0.0750) which were used in all calculations. The final R1 was 0.0528 (I > 2σ(I)) 

and wR2 was 0.1317 (all data). 

2.3.3.3 [Fe(LT3)2](NO3)  

Yield: 30.1 mg (76%); HRMS ESI+ m/z: 606.0189 [Fe(LT3)2 – NO3]+, C24H22N8S4Fe requires: 606.0194. 

IR: ν= 3223, 3076, 1596, 1364, 1296, 1244, 1038, 690 cm-1. UV/vis (MeOH) λmax = 397 nm, ε = 43,120 

L mol-1 cm-1.  Dark orange, plate like crystals of [Fe(LT3)2](NO3)· ¾H2O (0.19 × 0.12 × 0.05 mm) were 

grown by diffusion of diethyl ether into the reaction solution. Crystal Data for 
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C24H23.5FeN9O3.75S4 (M =682.11 g/mol): orthorhombic, space group Pna21 (no. 33), a = 

14.0509(8) Å, b = 22.7382(13) Å, c = 8.6415(5) Å, V = 2760.9(3) Å3, Z = 4, T = 100.15 K, μ(MoKα) = 

0.899 mm-1, Dcalc = 1.641 g/cm3, 11487 reflections measured (4.714° ≤ 2Θ ≤ 49.99°), 4787 unique 

(Rint = 0.0483, Rsigma = 0.0829) which were used in all calculations. The final R1 was 0.0687 (I > 2σ(I)) 

and wR2 was 0.1807 (all data), twinned data refinement 

 scales for twin law –h, k, -l: 0.67(5) 0.33(5). 

2.3.3.4 [Co(LT1)2](BF4) 

Yield: 27.0 mg (68%); MS ESI+ m/z: 580.9855 [Co(LT1)2 – BF4]+, C22H18CoN8S4 requires: 580.9864; 

IR: ν= 3328, 3137, 3078, 3038, 2973, 1593, 1526, 1417, 1398 1314, 1293, 1191, 1149, 1000 cm-1; 1H 

NMR (400 MHz, DMSO-d6): δ 10.60 (s, 2H, NH), 9.02 (s, 2H, ImH), 8.06 (d, J = 3.4 Hz, 2H, ThiaH), 7.68 

(d, J = 3.4 Hz, 2H, ThiaH), 7.60 (d, J = 8.0 Hz, 4H, PhH), 7.39 – 7.34 (m, 4H, PhH), 7.12 (m, 2H, PhH). 

Small, dark red, plate like crystals of [Co(LT1)2](BF4)·½H2O (0.09 × 0.04 × 0.01 mm) were grown by 

diffusion of diethyl ether into the reaction solution. Crystal Data for C22H19BN8O0.5F4S4Co 

(M =677.43 g/mol): monoclinic, space group P21/n (no. 14), a = 12.120(2) Å, b = 14.421(3) Å, c = 

15.666(3) Å, β = 103.54(3)°, V = 2662.1(10) Å3, Z = 4, T = 100.15 K, μ(MoKα) = 1.020 mm-1, Dcalc = 

1.690 g/cm3, 15530 reflections measured (4.464° ≤ 2Θ ≤ 50.996°), 4948 unique (Rint = 0.0427, 

Rsigma = 0.0420) which were used in all calculations. The final R1 was 0.0398 (I > 2σ(I)) and wR2 was 

0.1000 (all data). 
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2.3.3.5 [Co(LT2)2](BF4) 

Yield: 29.3 mg (71%); MS ESI+ m/z: 609.0188 [Co(LT2)2 – BF4]+, C24H22CoN8S4 requires: 609.0177; 

IR: ν= 3308, 3105, 3076, 3038, (NN), 987; λmax =402 nm; 1H NMR (400 MHz, DMSO-d6): δ 10.65 (s, 

2H, NH), 9.01 (s, 2H, ImH), 7.72 (s, 2H, ThiaH), 7.58 (d, J = 8.0 Hz, 4H, PhH), 7.37 (dd[appt], J = 7.7 

Hz, 4H, PhH), 7.12 (t, J = 7.4 Hz, 2H, PhH), 2.22 (s, 6H, MethylH).  Small, dark red, needle like crystals 

of [Co(LT2)2](BF4)·Et2O (0.12 × 0.06 × 0.02 mm) were grown by diffusion of diethyl ether into the 

reaction solution.  Crystal Data for C26H27BCoF4N8O0.5S4 (M =733.53 g/mol): monoclinic, space 

group P21/c (no. 14), a = 10.9533(8) Å, b = 12.7844(9) Å, c = 23.1491(16) Å, β = 93.5960(10)°, V = 

3235.2(4) Å3, Z = 4, T = 100.15 K, μ(MoKα) = 0.846 mm-1, Dcalc = 1.506 g/cm3, 30141 reflections 

measured (5.288° ≤ 2Θ ≤ 50°), 5678 unique (Rint = 0.0575, Rsigma = 0.0312) which were used in all 

calculations. The final R1 was 0.0511 (I > 2σ(I)) and wR2 was 0.1381 (all data). 
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2.3.3.6 [Co(LT3)2](BF4) 

To a stirred solution of metal salt Co(BF4)2·6H2O (12.7 mg, 0.04 mmol)) in methanol (20 mL), ligand 

(LT3) (0.07 mmol) was added. Yield: 17.8 mg (70%); MS ESI+ m/z: 609.0181 [Co(LT3)2 – BF4]+, 

C24H22CoN8S4 requires 609.0177; IR: ν= 3228, 2161, 1496, 1431, 1047, 750, 575 cm-1; λmax =402 nm; 

1H NMR (400 MHz, DMSO-d6): δ 10.74 – 9.90 (bs, 2H, NH), 8.08 (d, J = 3.5 Hz, 2H, ThiaH), 7.69 – 7.66 

(m, 6H, PhH & ThiaH), 7.37 (dd[appt], J = 7.8 Hz, 4H, PhH), 7.09 (t, J = 7.4 Hz, 2H, PhH), 2.95 (s, 6H, 

MethylH).  Despite repeated attempts, and under a variety of conditions only very poor quality dark 

orange block like crystals (0.11 × 0.10 × 0.08 mm) were grown by diffusion of diethyl ether into a 

methanol solution. The data quality was sufficiently poor that no packing interactions are discussed 

and the molecular structure serves to show the connectivity of the [Co(LT3H)2] cation only. Crystal 

Data for C24H21CoN8S4 (M =608.66 g/mol): orthorhombic, space group Pbca (no. 61), a = 

8.4306(2) Å, b = 21.5049(6) Å, c = 33.7844(11) Å, V = 6125.1(3) Å3, Z = 8, T = 100 K, μ(MoKα) = 

0.860 mm-1, Dcalc = 1.320 g/cm3, 48295 reflections measured (3.788° ≤ 2Θ ≤ 49.998°), 5383 unique 

(Rint = 0.0609, Rsigma = 0.0380) which were used in all calculations. The final R1 was 0.0750 (I > 2σ(I)) 

and wR2 was 0.2076 (all data). The structure was treated with a smtbx solvent mask in Olex2 to 

remove the severely disordered BF4
- counter anion and an interstitial water molecule. 
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2.3.4 General procedure for the synthesis of pyridinium N-(R-SO3)-1,8-naphthalimides 1 – 

4. 

To a stirred suspension of 1,8-naphthalic anhydride (3.00 g, 15 mmol) in pyridine (15 mL) the 

appropriate amine (15 mmol) was added and the reaction was refluxed for 8 hours. The solution 

was cooled to room temperature and the resulting solid was filtered and washed thoroughly with 

diethyl ether (30 mL) to remove residual pyridine.  

2.3.4.1 Pyridinium N-(p-aminobenzenesulfonate)-1,8-naphthalimide (1)·PyH.  

The precipitate was an off white powder (4.59 g, 72%). Anal. Calcd for C23H16N2O5S∙⅓H2O: C, 

63.01; H, 3.83; N, 6.39. Found: C, 63.26; H, 3.55; N, 6.19.  HRMS (ESI-): Calculated for (1)- m/z = 

352.0285, found m/z = 352.0279. FTIR (ATR, cm-1): 3211, 3066, 1697, 1654,1586, 1488, 1347, 1355, 

1216, 1180; UV/vis (λmax, MeOH): 333 nm, ε = 13,900 L mol-1 cm-1; 1H NMR (400 MHz, DMSO-d6, 

ppm): δ = 8.90 – 8.86 (m, 2H, Py-H), 8.54 (s, 2H, Naph-H), 8.52 (m, 2H, Naph-H), 8.47 (tt, J = 7.8, 1.7 

Hz, 1H, Py-H), 8.00 – 7.89 (m, 4H, 2Naph-H, 2Py-H), 7.73 (d, J = 8.4 Hz, 2H, Ph-H), 7.34 (d, J = 8.4 Hz, 

2H, Ph-H). 13C NMR (101 MHz, DMSO-d6, ppm): δ = 164.14, 157.71, 148.72, 144.78, 144.16, 136.44, 

134.91, 131.93, 131.24, 128.89, 127.70, 127.03, 126.60, 123.08. Single crystals of 1·Me2NH2 were 
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obtained as large light orange blocks by slow evaporation of DMF (after heating at 130°C for 12 

hours). Crystal Data for C20H18N2O5S (M =398.42 g/mol): triclinic, space group P-1 (no. 2), a = 

8.27110(15) Å, b = 8.56996(16) Å, c = 13.9226(3) Å, α = 77.2422(17)°, β = 85.3921(16)°, γ = 

66.6708(18)°, V = 883.80(3) Å3, Z = 2, T = 100 K, μ(MoKα) = 0.221 mm-1, Dcalc = 1.497 g/cm3, 16000 

reflections measured (5.29° ≤ 2𝜃 ≤ 49.992°), 3106 unique (Rint = 0.0167, Rsigma = 0.0077) which were 

used in all calculations. The final R1 was 0.0311 (I > 2σ(I)) and wR2 was 0.0814 (all data). 
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2.3.4.2 Pyridinium N-(m-aminobenzenesulfonate)-1,8-naphthalimide (2)·PyH. 

The precipitate was an off white powder (3.34 g, 52%). Anal. Calcd for C23H16N2O5S∙⅓H2O: C, 

63.01; H, 3.83; N, 6.39. Found: C, 62.91; H, 3.58; N, 6.20. HRMS (ESI-): Calculated for (1)- m/z = 

352.0285, found m/z = 352.0277. FTIR (ATR, cm-1): 3072, 1699, 1660, 1584, 1489, 1435, 1355, 1234, 

1170, 1029, 996; UV/vis (λmax, MeOH): 333 nm, ε = 16,700 L mol-1 cm-1; 1H NMR (400 MHz, DMSO-

d6, ppm): δ = 8.96 (m, 2H, Py-H), 8.63 (tt, J = 7.8, 1.6 Hz, 1H, Py-H), 8.50 – 8.47 (m, 4H, Naph-H), 8.12 

– 8.08 (m, 2H, Py-H), 7.88 (dd, J = 8.2, 7.4 Hz, 2H, Naph-H), 7.76 (dt, J = 7.8, 1.4 Hz, 1H, Ph-H), 7.70 

(t, J = 1.8 Hz, 1H, Ph-H), 7.53 (t, J = 7.8 Hz, 1H, Ph-H), 7.39 (dd, J = 7.8, 2.1 Hz, 1H, Ph-H). 13C NMR 

(101 MHz, DMSO-d6, ppm): δ = 164.16, 149.33, 147.01, 142.50, 135.97, 134.91, 131.85, 131.14, 

129.92, 128.90, 128.25, 127.77, 127.65, 126.80, 125.98, 123.00.  Single crystals of 2·Me2NH2 were 

obtained as large colorless needles by slow evaporation of DMF (after heating at 130°C for 12 

hours). Crystal Data for C20H18N2O5S (M =398.42 g/mol): triclinic, space group P-1 (no. 2), a = 

8.1427(4) Å, b = 8.5440(3) Å, c = 14.7488(8) Å, α = 86.266(4)°, β = 81.629(4)°, γ = 62.326(5)°, V = 

899.03(8) Å3, Z = 2, T = 100 K, μ(MoKα) = 0.217 mm-1,Dcalc = 1.472 g/cm3, 3753 reflections 

measured (5.584° ≤ 2𝜃 ≤ 49.976°), 2858 unique (Rint = 0.0145, Rsigma = 0.0248) which were used in 

all calculations. The final R1 was 0.0341 (I > 2σ(I)) and wR2 was 0.0912 (all data). 
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2.3.4.3 Pyridinium N-(5-amino-1-naphthalenesulfonate)-1,8-naphthalimide (3)·PyH. 

The precipitate was a very pale purple powder (5.54 g, 77%). Anal. Calcd for C27H18N2O5S·1½H2O: 

C, 63.65; H, 4.15; N, 5.58. Found: C, 63.21; H, 3.79; N, 5.50. HRMS (ESI-): Calculated for (3)- m/z = 

402.0442, found m/z = 402.0441. FTIR (ATR, cm-1): 3069, 2688, 2132, 1705, 1667, 1622, 1586, 1488, 

1375, 1350, 1238, 1153; UV/vis (λmax, MeOH): 332 nm, ε = 15,600 L mol-1 cm-1; 1H NMR (400 MHz, 

DMSO-d6, ppm): δ = 8.97 – 8.88 (m, 2H, Py-H), 8.58 – 8.54 (m, 3H, 2Naph-H 1Py-H), 8.40 (tt, J = 7.8, 

1.7 Hz, 1H, Nap-H), 8.32 (d, J = 1.6 Hz, 1H, Nap-H), 8.16 (d, J = 7.8 Hz, 1H, Nap-H), 7.97 – 7.89 (m, 

5H, 2Naph-H 2Py-H 1Nap-H),  7.78 (d, J = 8.7, 1H, Nap-H), 7.71 – 7.65 (m, 3H, 2Naph-H 1Nap-H). 13C 

NMR (101 MHz, DMSO-d6, ppm): δ = 164.35, 146.35, 144.55, 144.19, 135.13, 133.54, 133.31, 

132.06, 131.43, 130.42, 129.91, 128.70, 128.05, 127.76, 126.84, 126.67, 125.43, 124.91, 123.07, 

122.90. Single crystals of (3)·PyH were obtained as large pale purple needles by recrystallization 

from toluene.  Crystal Data for C27H18N2O5S (M =482.49 g/mol): monoclinic, space group Pc (no. 

7), a = 7.2420(2) Å, b = 20.0409(5) Å, c = 7.6589(2) Å, β = 100.378(3)°, V = 1093.40(5) Å3, Z = 2, T = 

100 K, μ(CuKα) = 1.697 mm-1, Dcalc = 1.466 g/cm3, 4501 reflections measured (4.41° ≤ 2𝜃 ≤ 

129.924°), 2366 unique (Rint = 0.0341, Rsigma = 0.0370) which were used in all calculations. The 

final R1 was 0.0384 (I > 2σ(I)) and wR2 was 0.1007 (all data). 
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2.3.4.4 Pyridinium N-(5-amino-2-naphthalenesulfonate)-1,8-naphthalimide (4)·PyH. 

The precipitate was an off-white powder (5.91 g, 81%). Anal. Calcd for C27H18N2O5S∙⅓H2O: C, 66.38; 

H, 3.85; N, 5.73. Found: C, 66.19; H, 3.60; N, 5.66. HRMS (ESI-): Calculated for (4)- m/z = 402.0442, 

found m/z = 402.0451. FTIR (ATR, cm-1): 3063, 2603, 1702, 1661, 1583, 1482, 1370, 1345, 1226, 

1150; UV/vis (λmax, MeOH): 332 nm, ε = 16,000 L mol-1 cm-1; 1H NMR (400 MHz, DMSO-d6, ppm): δ 

= 9.07 (dt, J = 8.5, 1.1 Hz, 1H, Nap-H), 8.93 (dt, J = 5.2, 1.5 Hz, 2H, Py-H), 8.60-8.54 (m, 5H, 4Naph-H 

1Py-H), 8.06 – 8.03 (m, 3H, 2Py-H 1Nap-H), 7.79 (dd, J = 8.2, 7.3 Hz, 2H, Naph-H), 7.81 (dt, J = 8.5, 

1.1 Hz, 1H, Nap-H), 7.71 – 7.63 (m, 2H, Nap-H), 7.40 (dd, J = 8.5, 7.1 Hz, 1H, Nap-H). 13C NMR (101 

MHz, DMSO-d6, ppm): δ = 164.44, 146.46, 144.87, 142.87, 135.15, 133.29, 132.05, 131.42, 131.16, 

130.41, 129.01, 128.70, 127.76, 127.57, 127.23, 126.03, 125.86, 125.13, 124.47, 123.06. Single 

crystals of (4)·PyH were obtained as large colorless needles by vapor diffusion of diethylether into 

methanol.  Crystal Data for C27H18N2O5S (M =482.49 g/mol): triclinic, space group P-1 (no. 2), a = 

9.43726(18) Å, b = 11.11578(19) Å, c = 11.7097(2) Å, α = 96.4085(15)°, β = 100.5493(16)°, γ = 

93.5152(14)°, V = 1195.86(4) Å3, Z = 2, T = 100 K, μ(MoKα) = 0.177 mm-1, Dcalc = 1.340 g/cm3, 

23579 reflections measured (4.406° ≤ 2𝜃 ≤ 60.748°), 6620 unique (Rint = 0.0165, Rsigma = 0.0132) 

which were used in all calculations. The final R1 was 0.0448 (I > 2σ(I)) and wR2 was 0.1359 (all data). 
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2.3.5 General procedure for the synthesis of [Fe(LT3)2](X) where X = 1 – 4. 

To a heated (50 °C) and stirred pale yellow solution of LT3H (28 mg, 0.1 mmol) in methanol (10 

mL) was added Fe(NO3)3·9H2O (20 mg, 0.05 mmol, in 5mL methanol) resulting in a very dark 

yellow/brown solution.  Immediately, a solution of the 1,8-naphthalimides (1 – 4·PyH, 0.05 mmol) 

in methanol (9 mL) and DMF (1 mL) was added and the dark solution heated with stirring at 60°C 

for 30 minutes.  The resulting reaction solution was cooled to room temperature and subjected to 

vapor diffusion of diethyl ether or slow evaporation.   

2.3.5.1 [Fe(LT3)2](1) 

 Slow evaporation yielded large very dark orange crystals (14 mg, 29%) that were easily physically 

separated from long colorless needles. Anal. Calcd for C42H32N9O5S5Fe·3H2O: C, 49.80; H, 3.78; N, 

12.44. Found: C, 49.46; H, 3.39; N, 12.42. HRMS (ESI+):  Calculated for [Fe(LT3)2]+ m/z = 606.0194, 

found m/z = 606.0191.  HRMS (ESI-): Calculated for [1]- m/z = 352.0285, found m/z = 352.0283. FTIR 

(ATR, cm-1): 3567, 3257, 3059, 1699, 1660, 1499, 1433, 1373, 1171, 1136. UV/vis (λmax, MeOH): 394 

nm (ε = ~36,000 L mol-1 cm-1). Crystal Data for C42H36FeN9O7S5 (M =994.95 g/mol): monoclinic, space 

group P21/n (no. 14), a = 10.3970(4) Å, b = 38.6830(16) Å, c = 11.0305(4) Å, β = 105.379(4)°, V = 

4277.5(3) Å3, Z = 4, T = 100 K, μ(MoKα) = 0.660 mm-1, Dcalc = 1.545 g/cm3, 31369 reflections 

measured (4.212° ≤ 2𝜃 ≤ 49.998°), 7539 unique (Rint = 0.0522, Rsigma = 0.0499) which were used in 

all calculations. The final R1 was 0.0688 (I > 2σ(I)) and wR2 was 0.1336 (all data). 

2.3.5.2 [Fe(LT3)2](2) 

Slow evaporation yielded large very dark orange crystals (15 mg, 31%) that were easily physically 

separated from long colorless needles. Anal. Calcd for C42H32N9O5S5Fe·2½H2O: C, 50.25; H, 3.71; N, 

12.56. Found: C, 49.98; H, 3.49; N, 12.71.   HRMS (ESI+):  Calculated for [Fe(LT3)2]+ m/z = 606.0194, 

found m/z = 606.0203.  HRMS (ESI-): Calculated for [2]- m/z = 352.0285, found m/z = 352.0288. FTIR 

(ATR, cm-1): 3023, 3087, 1701, 1662, 1505, 1565, 1439, 1374, 1305, 1238, 1184, 1150. UV/vis (λmax, 

MeOH): 398 nm (ε = ~35,500 L mol-1 cm-1). Crystal Data for C44H40FeN9O7S5 (M =1023.00 g/mol): 

monoclinic, space group P21/c (no. 14), a = 10.8378(7) Å, b = 27.3619(12) Å, c = 15.6774(8) Å, β = 

101.214(5)°, V = 4560.3(4) Å3, Z = 4, T = 100 K, μ(MoKα) = 0.621 mm-1, Dcalc = 1.490 g/cm3, 21529 

reflections measured (3.832° ≤ 2𝜃 ≤ 49.994°), 8040 unique (Rint = 0.0560, Rsigma = 0.0725) which were 

used in all calculations. The final R1 was 0.0656 (I > 2σ(I)) and wR2 was 0.1577 (all data). 

2.3.5.3  [Fe(LT3)2](3) 

Vapor diffusion of diethyl ether into the reaction solution yielded very dark orange/red crystals 

(21 mg, 41%).  Anal. Calcd for C46H34N9O5S5Fe·3H2O: C, 51.97; H, 3.79; N, 11.86. Found: C, 52.33; H, 
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3.48; N, 11.34.   HRMS (ESI+):  Calculated for [Fe(LT3)2]+ m/z = 606.0194, found m/z = 606.0204.  

HRMS (ESI-): Calculated for [3]- m/z = 402.0442, found m/z = 402.0447. FTIR (ATR, cm-1): 3257, 3076, 

1701, 1657, 1497, 1433, 1373, 1181, 1148, 1052, 1019. UV/vis (λmax, MeOH): 398 nm (ε = ~32,000 L 

mol-1 cm-1). Crystal  Data for C46H39FeN9O7.5S5 (M =1054.01 g/mol): monoclinic, space group P21/n 

(no. 14), a = 9.6101(5) Å, b = 40.4746(12) Å, c = 12.7566(4) Å, β = 95.419(3)°, V = 4939.7(3) Å3, Z = 

4, T = 100 K, μ(CuKα) = 4.927 mm-1, Dcalc = 1.417 g/cm3, 40470 reflections measured (7.296° ≤ 2𝜃 

≤ 129.996°), 8390 unique (Rint = 0.0622, Rsigma = 0.0371) which were used in all calculations. The 

final R1 was 0.1086 (I > 2σ(I)) and wR2 was 0.3154 (all data). 

2.3.5.4 [Fe(LT3)2](4) 

Vapor diffusion of diethyl ether into the reaction solution yielded very dark orange/red crystals 

(30%). Anal. Calcd for C46H34N9O5S5Fe: C, 54.76; H, 3.40; N, 12.49. Found: C, 54.26; H, 3.36; N, 12.24. 

HRMS (ESI+):  Calculated for [Fe(LT3)2]+ m/z = 606.0194, found m/z = 606.0201.  HRMS (ESI-): 

Calculated for [4]- m/z = 402.0442, found m/z = 402.0447. FTIR (ATR, cm-1): 3060, 2810, 1680, 1660, 

1570, 1430, 1370, 1230, 1170, 1150, 1020. UV/vis (λmax, MeOH): 348 nm (ε = ~38,000 L mol-1 cm-1). 

Crystal Data for C46.5H37FeN9O6S5 (M =1034.00 g/mol): triclinic, space group P-1 (no. 2), a = 

10.3898(3) Å, b = 21.5665(6) Å, c = 22.6561(6) Å, α = 92.346(2)°, β = 96.557(2)°, γ = 91.164(2)°, V = 

5037.6(2) Å3, Z = 4, T = 100 K, μ(MoKα) = 0.562 mm-1, Dcalc = 1.363 g/cm3, 79415 reflections 

measured (3.622° ≤ 2𝜃 ≤ 52°), 19782 unique (Rint = 0.0705, Rsigma = 0.0636) which were used in all 

calculations. The final R1 was 0.0864 (I > 2σ(I)) and wR2 was 0.2352 (all data). 

2.3.5.5 Synthesis of [Fe(LT3)2](5) 

To a heated (100 °C) and stirred white suspension of sodium hexadecylsulfonate (340 mg, 1.0 

mmol) in water (40 mL) an aqueous solution (5 mL) of Fe(NO3)3·9H2O (140 mg, 0.35 mmol) was 

added. The suspension was heated with stirring at 100 °C overnight before being allowed to cool, 

filtered, and dried. A pale yellow powder was collected of iron(III) tris(hexadecylsulfonate) (216 mg, 

0.17 mmol) with a yield of 49%. This iron salt was used without further purification. 

To a stirred solution of iron tris(hexadecylsulfonate) (55 mg, 43.1 x10-3 mmol) in 3 mL of methanol 

at room temperature was added solid LT3H (36 mg, 130 x10-3 mmol). The resulting dark yellow 

solution was stirred with heating for 2 h before it was cooled to room temperature and subjected 

to diffusion of diethyl ether. A dark red/brown microcrystalline solid of [Fe(LT3)2](5) (10.4 mg, 11.4 

x10-3 mmol) was collected with a yield of 18%. HRMS (ESI+): Anal. Calcd for C40H55N8O3S5Fe·H2O: C, 

51.66; H, 6.18; N, 12.05. Found: C, 51.66; H, 6.14; N, 11.75. Calculated for [Fe(LT3)2]+ m/z = 606.0194, 
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found m/z = 606.0209.  HRMS (ESI-): Calculated for [5]- m/z = 305.2156, found m/z = 305.2151. FTIR 

(ATR, cm-1): 3062, 2915, 2847, 1599, 1498, 1465, 1372, 1184, 1153, 1126, 1031. UV/vis (λmax, 

MeOH): 398 nm (ε = ~19,500 L mol-1 cm-1). Crystal Data for C72H127FeN8O7S5 (M =1432.96 g/mol): 

triclinic, space group P-1 (no. 2), a = 10.8333(5) Å, b = 14.5206(8) Å, c = 26.7742(14) Å, α = 

85.589(4)°, β = 83.128(4)°, γ = 70.282(5)°, V = 3933.3(3) Å3, Z = 2, T = 100 K, μ(MoKα) = 0.378 mm-

1, Dcalc = 1.210 g/cm3, 32081 reflections measured (3.3° ≤ 2𝜃 ≤ 49.998°), 13852 unique (Rint = 

0.0643, Rsigma = 0.1131) which were used in all calculations. The final R1 was 0.1139 (I > 2σ(I)) 

and wR2 was 0.3521 (all data). 
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Chapter 3 6-Membered chelate rings – Quinoline and 

Salicylaldehyde thiosemicarbazones 

3.1 Overcoming the limitations of the previous ligand structure 

In the previous chapter, it was found that the use of thiazole derived heterocycles attached to the 

thiosemicarbazone architecture lead to exclusively low spin complexes. This was attributed to two 

factors. Firstly, the field strength of the ligands around the metal centre was too high, which led to 

the splitting parameter, oct, being larger than the pairing energy, thus the pairing of the electrons 

forming the LS configuration was more favourable. Secondly, the  parameter defining the 

distortion away from a perfect octahedral geometry was high. This means that the geometry 

around the metal was significantly distorted. A highly distorted geometry can make facilitating the 

structural changes required for transition more of a challenge.  

In order to overcome this, the causes of the two problems outlined need to be addressed. The 

field strength felt by the metal is determined by the local electronic environment at each donor 

atom in each ligand and the electronic environment around each donor atom is affected by its 

surroundings within the ligand. This can be managed by varying the nature of the heterocycle 

(removing the larger sulfur atom) and changing the binding atom (from N to O).  

The high  parameter seen in the thiazole containing complexes, is a product of the 5-membered 

chelate ring formed between the nitrogen atom of the thiosemicarbazone backbone and the 

nitrogen atom of the thiazole moiety. This small bite angle deviates from the ideal 90o quite heavily, 

Table 3.1. 
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Table 3.1 Internal chelate angles within each thiazole complex. [Co(LT3)2]BF4 Co has been omitted due to 

disorder. 

 
Angle away from 90 0 

Angle [Co(LT1)2]BF4 [Fe(LT1)2]NO3 [Co(LT2)2]BF4 [Fe(LT2)2]NO3 [Fe(LT3)2]NO3 

N3-Fe1-N4 7.45 8.63 7.02 8.83 8.40 

N23-Fe1-N24 8.10 9.44 6.91 8.90 9.30 

N3-Fe1-S1 5.01 5.85 4.20 5.85 8.40 

N23-Fe1-S21 4.85 5.40 4.29 6.00 5.00 

 

The table shows that in all cases, the chelate angle between the donor atoms from the 

thiosemicarbazone backbone deviate less from the ideal 90o than the chelate angle formed 

between the adjacent donors from the thiosemicarbazone backbone and the heterocycle, Fig. 3.1. 

 

Figure 3.1 A schematic of the binding of the thiazole ligand to an iron centre in which A depicts the angle 

S1-Fe1-N3 and B depicts the angle N3-Fe1-N4. 

This proves that the bigger contributor to the high  values is the 5-membered chelate ring via 

the heterocycle. In order to increase the probability of achieving SCO, the distortion needs to be 

reduced. Increasing the chelate ring size from 5 to 6 could help to reduce the  value and help 

promote SCO activity.  

In order to maximise the probability of achieving SCO complexes, both of these factors need to 

be addressed. To do this, weaker field ligands, such as those containing nitrogens around the ring, 

or with oxygen donating atoms were employed whilst also increasing the chelate ring size around 

the heterocycle. Quinoline and salicylaldehyde derived ligands were therefore selected.  

The two different groups suggested give a varied metal binding mode of N2S2O2 (Salicylaldehyde) 

and N4S2 (Quinoline), which opens up a small range of ligand field strengths whilst expected to be 

lower than the field strength observed in the thiazole analogues.  
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3.2 The choice to use salicylaldehyde for iron(III) SCO 

Salicylaldehyde containing ligands have been widely used in Fe(III) SCO research with many 

examples displaying the tuneable SCO properties desired.16 

Within the sub-class of thiosemicarbazone containing ligands, a lot of interest has been placed in 

the use of salicylaldehyde, and its derivatives, in which these tridentate ligands coordinate as the 

di-anionic species, the thiolate and the alkoxide Fig. 3.2. These complexes are, therefore, overall 

mono-anionic; salts of these frequently show spin crossover behaviour.  

 

Figure 3.2 The general structure for unsubstituted salicylaldehyde thiosemicarbazones (left) and the doubly 

deprotonated ligand observed during binding (right). 

A range of ligand systems have been tested with the objective of determining the criteria for the 

occurrence of spin crossover. Table 3.2 outlines the scope from a review undertaken in 2004.60  Thsa 

= salicylaldehyde thiosemicarbazone. 

Table 3.2 Fe–donor atom bond lengths for various (cation+)[Fe(ligand2–)2]·nH2O compounds of R-

salicylaldehyde thiosemicarbazone. 
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There are four factors from which the magnetic properties of the Fe(III) chelates may be 

significantly changed: 

(i) The nature of the cation in the salt, 

(ii) The solvents present in the lattice, 

(iii) The introduction of substituents into the aromatic ring of the salicylaldehyde residue, 

(iv) The incorporation of substituents into the thioamide group of the thiosemicarbazide residue.  

Since the review16, further complexes have been synthesised. The counter ion has been varied 

and substituents around the ring have been looked into, but there’s a distinct lack of variety in the 

thioamide group of the thiosemicarbazide residue. The most studied is H2N- followed by alkyl 

substituted thioamide groups, MeHN- and EtHN-, show in Fig. 3.3, and their magnetic susceptibility 

measurements, Fig. 3.4.  

The most significant area of interest in recent years has been the combination of mono and di-

anionic ligands producing overall neutral complexes.66  

 

Figure 3.3 An example of ligands used to make overall neutral complexes upon the addition of Iron(III) with 

the thioamide moiety highlighted. 
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In sample A, the value of mT is 3.80 cm3Kmol-1 at 340 K, which lies within the range expected for 

HS Fe(III). Upon cooling a stepwise SCO is revealed Steps 1 and 2 are centred at temperatures of 

T1/2(S1) = 262 K and T1/2(S2) = 232 K, respectively. The two steps are approximately equal in height with 

the inflection point at around 238K with mt = 2.25 cm3Kmol-1. 

On heating, mT remains essentially constant in the temperature range from 100 to 269K, then 

abruptly increases at T1/2 = 274 K to show a thermally driven spin transition from the LS to the HS 

state. If the hysteresis widths (T) in steps 1 and 2 are defined as the difference between T1/2(S1) and 

T 1/2, and between T1/2(S2) and T1/2, respectively, they can be estimated to be 12 (step 1) and 42 K 

(step 2). The value of mT at 100 K is 0.45 cm3Kmol-1, which corresponds to the LS state. 

It is likely that this broad thermal hysteresis is induced by strong intermolecular interactions in 

the molecular packing through the – stacking and/or the hydrogen-bonding networks between 

the SCO centres.  

Figure 3.4 Thermal magnetic susceptibility measurements of three samples: A) [Fe(Hthsa)(thsa)]·H2O, B) 

[Fe(Hth5Clsa)(th5Clsa)]·H2O, and C) [Fe(Hth5Brsa)(th5Brsa)]·(H2O)1/2. Samples were warmed () and 

subsequently cooled (∇) in the temperature range 50–340 K. 
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The other two examples show no significant hysteresis loops; they exhibit very abrupt SCO 

transitions with t1/2 = 230 K (up) and 231 K (down) and t1/2 = 188 K (up) and 186 K (down) 

respectively. 

An important characteristic of this system is that, by replacing the hydrogen atom with a halogen 

group (Cl, Br) at the 5-position on the salicylaldehyde unit of the ligand, the cooperative interactions 

between the spin-changing molecules tend to disappear as the substituent size increases; thus, the 

transition is shifted to lower temperatures, which reflects increasing stabilization of the HS state. 

These results clearly support the existence of cooperative elastic interactions between the SCO 

Fe(III) centres due to chemical pressure.66  

3.3 Incorporating functionality to thiosemicarbazone ligands 

In this work, the effects of varying the groups attached to the thioamide moiety, as depicted in 

the yellow box in Fig. 3.3, are of significant interest. By including structure directing groups (SDGs) 

in this position, the effect on the field strength felt by the metal should be minimal (very far away 

from metal binding centres), so a wide family of SDGs can be incorporated. Seven different groups 

were investigated in this work, Fig. 3.5. 

 

Figure 3.5 Seven structure directing groups of interest. 1 - Phenyl, 2 - 4-fluorophenyl, 3 - 4-iodophenyl, 4 - 4-

nitrophenyl, 5 - 4-carboxyphenyl, 6 – octadecyl, 7 – 3-picolyl. 

Phenyl and phenyl substituted groups were chosen to add distance between the substituted 

groups and the binding sites to avoid having a significant effect on the ligand field whilst giving a 

simple architecture to add SDGs to. This ensures that the structures are easily comparable.  

Phenyl was used as a standard; the group isn’t expected to cause any interactions of interest in 

the solid state as its structure directing properties are minimal and enables direct comparisons to 

other, substituted analogues. Halogens were chosen, namely fluorine and iodine, because they 

represent the two ends of the halogen group in that fluorine is very small and electronegative, 

whereas iodine is significantly less electronegative and much larger. Halogens can be structure 

directing through the formation of halogen bonds and other non-classical hydrogen bonding, so 
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having the two ends of the group enables comparisons to be drawn. The nitro and carboxyl groups 

were included as they are well known for their structure directing properties through hydrogen 

bond formation, in particular, the self-complementary pairing of carboxyl groups in the solid state 

as well as nitro interactions. The carboxyl group was also used for its well documented ability to 

bind to metals, and in some cases, form metal organic frameworks (MOFs)134-136. Further structure 

extension is of interest with regards to developing extended networks and processability of the 

systems (MOFs and polymers). The octadecyl chain substituent was investigated for similar reasons 

to those described for the use of long aliphatic chain containing anions seen in chapter 2.2.5 - the 

main focus being the ability to process the resulting complexes into monolayers using the Langmuir-

Blodgett technique. The final group of interest is the picolyl group; pyridine groups are known for 

their ability to coordinate metals, which adds to the structure extension and processability of the 

complexes and the methylene link was incorporated to add flexibility to the group so that metal 

binding wasn’t limited by the directionality of the thiosemicarbazone architecture. 

The intention was to study the ability of these groups to direct the structure in the solid state, via 

crystallography, and for them to provide processability in the solution state, via the Langmuir-

Blodgett technique. 

3.4 Synthesis of thiosemicarbazone ligands 

3.4.1 Thiosemicarbazide intermediates 

Unlike in chapter 2, most of the thiosemicarbazides used in this chapter were synthesised from 

the corresponding isothiocyanate and hydrazine, except from 4-phenylthiosemicarbazide and 4-(3-

picolyl)-3-thiosemicarbazide which were commercially available, via the following synthetic route, 

Fig. 3.6.  

 

Figure 3.6 A general synthetic route for the formation of the thiosemicarbazide intermediates. 

Thiosemicarbazide intermediates were synthesised by the same general procedure using 1.1 

equivalent hydrazine hydrate solution and 1.0 equivalent of the appropriate isothiocyanate, 4-

fluorophenyl isothiocyanate, 4-iodophenyl isothiocyanate, 4-nitrophenyl isothiocyanate, 4-

carboxyphenyl isothiocyanate or octadecyl isothiocyanate in refluxing methanol for 2 h to yield 4-
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(4-fluorophenyl)-3-thiosemicarbazide, 4-(4-iodophenyl)-3-thiosemicarbazide, 4-(4-nitrophenyl)-3-

thiosemicarbazide, 4-(4-carboxyphenyl)-3-thiosemicarbazide, and octadecyl-3-thiosemicarbazide 

respectively. The resulting suspensions were cooled, filtered, and washed with additional methanol 

before being dried under vacuum. The solids collected were analysed by mass spectrometry to 

confirm the presence of the desired compounds and used without further purification. 

3.4.2 Quinoline thiosemicarbazone ligands 

Quinoline thiosemicarbazone ligands were synthesized by the same general procedure, Fig. 3.7 

using 1.1 equivalent quinoline-8-carbaldehyde and 1.0 equivalent of the appropriate 

thiosemicarbazide, (4-phenylthiosemicarbazide, 4-(4-fluorophenyl)-3-thiosemicarbazide, 4-(4-

iodophenyl)-3-thiosemicarbazide, 4-(4-nitrophenyl)-3-thiosemicarbazide, 4-(4-carboxyphenyl)-3-

thiosemicarbazide, octadecyl-3-thiosemicarbazide, or 4-(3-picolyl)-3-thiosemicarbazide) in 

refluxing methanol for 2 h to yield LQ1H, LQ2H, LQ3H, LQ4H, LQ5H, LQ6H, and LQ7H respectively. Solids 

were collected by filtration of the cooled reaction mixture and dried under vacuum. 

 

Figure 3.7 A general synthetic route for the formation of quinoline thiosemicarbazone ligands. 

The resulting ligands were synthesises in moderate yields and were fully characterised using 1H 

NMR, 13C NMR, 19F NMR (where appropriate), IR, UV/Vis, mass spectrometry, and x-ray 

crystallography. All spectroscopic data was consistent with the formation of the desired 

thiosemicarbazone ligands. 

3.4.2.1 Quinoline ligand crystal descriptions 

In all seven ligand structures, the thiourea moiety adopts an anti-conformation and the imine 

bond adopts a trans configuration (i.e. quinoline group and thiourea NH are trans). The molecules 

adopt a relatively planar structure with respect to the angles formed between the quinoline mean 

plane and the thiosemicarbazone mean plane whereas the thiosemicarbazone mean plane and the 

phenyl mean plane are only somewhat planar with some being closer to orthogonal, listed in table 

3.3.  
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Table 3.3 Table of selected mean plane angles for all structurally characterised, quinoline ligands. 

Substituent Angle between Quinoline mean 

plane and thiosemicarbazone 

mean plane / ° 

Angle between 

thiosemicarbazone mean plane 

and phenyl mean plane / ° 

 

5.03 12.30 

 

7.30 48.73 

 

12.07 57.79 

 

2.73 22.84 

 

3.29 20.55 

 7.31 25.67 

 

5.59 

18.74 

57.78 

 

Entries with multiple values indicate the crystallographically independent molecules within the asymmetric 

unit – Paired by rows. Angle between thiosemicarbazone mean plane and octadecyl chain mean plane. 

Angle between thiosemicarbazone mean plane and picolyl mean plane. 

3.4.2.1.1 8-Quinoline 4-phenyl-3-thiosemicarbazone 

Single crystals of 8-quinoline 4-phenyl-3-thiosemicarbazone (LQ1H) were obtained as large yellow 

blocks by hot recrystalisation from ethanol and crystallised in the chiral orthorhombic space group 

P212121 with one molecule in the asymmetric unit, Fig. 3.8.  
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Figure 3.8 ORTEP drawing (50% probability ellipsoids) of LQ1H showing one molecule from the asymmetric 

unit.  

Packing interactions within the ligand structure are controlled by hydrogen bonding between 

thioamine NH and quinoline N, [N(3)···N(1) = 2.994(3) Å and <(N(3)-H(3)···N(1))= 168.42(3)°], which 

form a continuous link between adjacent ligands causing layering, Fig. 3.9. 

 

Figure 3.9 Hydrogen bonding between N3 – N1 in LQ1H, [N(3)···N(1) = 2.994(3) Å and <(N(3)-H(3)···N(1))= 

168.42(3)°]. 

Two identical sets of parallel layers are formed by these interactions and are off centred causing 

there to be no significant − interactions. The layers are held 3.537 Å apart, determined by 

comparing the planes formed by the thiosemicarbazone architecture of each ligand, due to the 

complimentary interactions between N1 and N3 on adjacent ligands, Fig. 3.10. 
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Figure 3.10 Off-centred layers caused by hydrogen bonding held 3.537 Å apart. 

This packing creates planes of layered molecules which expand into a 3D network by having 

complimentary layers alternating in an ABAB type arrangement. The layers are held together by the 

hydrogen bonding previously mentioned and other weak crystal packing interactions causing the 

layers to be held at 72.38 ° to each other, Fig 3.11. 

 

Figure 3.11 Crystal packed ABAB layers of planes of molecules at 72.38 ° to each other. 

As expected, no substituent on the phenyl ring leads to no strong, directional interaction causing 

the packing to be dominated by interactions of adjacent thiosemicarbazone moieties. Long range 

packing is controlled by the alternate layering described previously, Fig. 3.12. 
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Figure 3.12 Long range order in the packing of LQ1H. 

3.4.2.1.2 8-Quinoline 4-(4-fluorophenyl)-3-thiosemicarbazone 

Single crystals of 8-quinoline 4-(4-Fluorophenyl)-3-thiosemicarbazone (LQ2H) were obtained as 

yellow plates by hot recrystalisation from ethanol and crystallised in the triclinic space group P-1 

with one molecule in the asymmetric unit, Fig. 3.13.  

 

Figure 3.13 ORTEP drawing (50% probability ellipsoids) of LQ2H showing the asymmetric unit. 

Packing interactions within the ligand structure are controlled by interactions pairing the 

thiosemicarbazone backbone of adjacent molecules. The anti-parallel pairing is caused by two sets 

of interactions between the thioamine NH and the thiocarbonyl S, [N(3)···S(1) = 3.4169(11) Å and 

<(N(3)-H(3)···S(1))= 159.90°]. These pairs form a plane of molecules linked by weak crystal packing 

interactions through the fluorine atom, F1, Fig. (2A); these planes of molecules form layers 

separated by crystal packing with 3.039 Å between each layer, Fig. 3.14. 
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Figure 3.14 Hydrogen bonding pairs, [N(3)···S(1) = 3.4169(11) Å and <(N(3)-H(3)···S(1))= 159.90°] (top). The 

formation of planes held by crystal packing interactions leading to ordered layers (bottom). 

There exists crystal packing interactions around the fluorine atom and other aromatic moieties, 

but these are weak in nature and non-directional, therefore the long range order is predominantly 

controlled by the layering previously, Fig. 3.15. 

 

Figure 3.15 Long range order in the packing of LQ2H. 

3.4.2.1.3 8-Quinoline 4-(4-iodophenyl)-3-thiosemicarbazone 

Single crystals of 8-quinoline 4-(4-Iodophenyl)-3-thiosemicarbazone (LQ3H) were obtained as 

yellow plates by slow diffusion of diethyl ether into an acetonitrile solution and crystallised in the 

monoclinic space group P21/n with one molecule in the asymmetric unit, Fig. 3.16.  
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Figure 3.16 ORTEP drawing (50% probability ellipsoids) of LQ3H showing the asymmetric unit. 

Similar to the packing seen in LQ2H, anti-parallel pairs of the thioamine NH and thiocarbonyl S, 

[N(3)···S(1) = 3.330(2) Å and <(N(3)-H(3)···S(1))= 172.40(3)°], dominate the packing interactions, Fig. 

3.17.  

 

Figure 3.17 Hydrogen bond pairs, [N(3)···S(1) = 3.330(2) Å and <(N(3)-H(3)···S(1))= 172.40(3)°] 

These pairs organise into a herringbone pattern via crystal packing interactions, forming layers in 

two directions, 8.613 Å and 8.060 Å. These layers fall at 61.89 ° to each other, Fig 3.18. 

 

Figure 3.18 Layers formed by the pairing of ligands and the crystal packing holding them together. 

The crystal packing interactions centred on the iodine atom are notably different when compared 

to the interactions around the fluorine atom in LQ2H, as there exists relatively weak, crystal packing 

interactions between the Iodine atom and other aromatic moieties, but also with the 

thiosemicarbazone backbone of adjacent ligands. These differences are the cause of the alternate 
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packing observed here as compared with LQ2H. The long range order is controlled by the layering 

previously described, Fig. 3.19. 

 

Figure 3.19 Long range order in the packing of LQ3H. 

3.4.2.1.4 8-Quinoline 4-(4-nitrophenyl)-3-thiosemicarbazone 

Single crystals of 8-quinoline 4-(4-Nitrophenyl)-3-thiosemicarbazone (LQ4H·H2O) were obtained as 

yellow plates by slow diffusion of diethyl ether into an acetonitrile solution and crystallised in the 

triclinic space group P-1 with one molecule in the asymmetric unit, Fig. 3.20.  

 

Figure 3.20 ORTEP drawing (50% probability ellipsoids) of LQ3H showing the asymmetric unit. 

Similar to the packing seen in LQ1H, the thioamine NH and quinoline N predominate the hydrogen 

bonding and similar to LQ2H & LQ3H, anti-parallel arrangement of the ligands is seen. In this case, 

the anti-parallel pairing is facilitated by a pair of water molecules. The quinoline N of one ligand 

interacts with one of the interstitial water molecules, [O(21)···N(1) = 2.815(3) Å and <(O(21)-

H(21A)···N(1))= 172.18°], this water molecule interacts with the thioamine NH of the next molecule, 

[N(3)···O(21) = 2.855(3) Å and <(N(3)-H(3)···O(21))= 154.98°], and the two interstitial water 

molecules, [O(21)···O(21) = 2.716(4) Å and <(O(21)-H(21A)···O(21))= 175.43°]. To complete the 
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network of hydrogen bonding between the ligands, chains are formed through the interaction of 

the nitro groups within of these pseudo-dimers. The nitro groups make complimentary type I 

interactions between the nitro group and adjacent ortho-CH bond, [C(16)···O(1) = 3.578 Å and 

<(C(16)-H(16)···O(1))= 158.73°] Fig. 3.21. 

 

 

Figure 3.21 Planes formed via hydrogen bonding and nitro interactions, [O(21)···N(1) = 2.815(3) Å and 

<(O(21)-H(21A)···N(1))= 172.18°],[N(3)···O(21) = 2.855(3) Å and <(N(3)-H(3)···O(21))= 154.98°],[O(21)···O(21) 

= 2.716(4) Å and <(O(21)-H(21A)···O(21))= 175.43°], and [C(16)···O(1) = 3.578 Å and <(C(16)-H(16)···O(1))= 

158.73°] 

In addition to the chains made via the nitro interactions, the interstitial water molecules form 

chains, at 68.95 ° to the thiosemicarbazone mean plane, which cause layers of the planes seen to 

be created by the alternating orientations of the interstitial waters with the interaction between 

O(21) and N(3) always being present, but alternating interactions between O(21) and an adjacent 

O(21) via either of the two half occupancy hydrogens (H(21A) and H(21B)), [O(21)···O(21) = 2.716 

Å and <(O(21)-H(21A)···O(21))= 175.43°],[O(21)···O(21) = 2.708 Å and <(O(21)-H(21B)···O(21))= 

166.56°], Fig. 3.22. 
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Figure 3.22 Chain of water molecules causing layering of ligand planes, [O(21)···O(21) = 2.716 Å and <(O(21)-

H(21A)···O(21))= 175.43°], [O(21)···O(21) = 2.708 Å and <(O(21)-H(21B)···O(21))= 166.56°]. 

These layers held together through hydrogen bonding and weak nitro interactions, organise the 

long range order within the crystal, Fig. 3.23, leading to an ABBA type arrangement of water 

molecules (A) to ligand molecules (B) via the ligand pairing, nitro interactions, as seen and described 

above. 

 

Figure 3.23 Long range order in the packing of LQ4H·H2O. 
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3.4.2.1.5 8-Quinoline 4-(4-carboxyphenyl)-3-thiosemicarbazone 

Single crystals of 8-quinoline 4-(4-Carboxyphenyl)-3-thiosemicarbazone (LQ5H·H2O) were obtained 

as yellow plates by hot recrystalisation from ethanol and crystallised in the triclinic space group P-

1 with one molecule in the asymmetric unit, Fig 3.24.  

 

Figure 3.24 ORTEP drawing (50% probability ellipsoids) of LQ5H showing the asymmetric unit. 

The packing of LQ5H·H2O is almost identical to the packing of LQ4H·H2O in that the anti-parallel 

pairing, seen previously, is facilitated by a pair of water molecules, however the nitro interaction 

seen in LQ4H·H2O is replaced with carboxyl pairing, [O(21)···N(1) = 2.812 Å and <(O(21)-

H(21A)···N(1))= 172.52°],[N(3)···O(21) = 2.867 Å and <(N(3)-H(3)···O(21))= 160.46°],[O(21)···O(21) = 

2.691 Å and <(O(21)-H(21A)···O(21))= 168.21°], and [O(1)···O(2) = 2.614 Å and <(O(1)-H(1)···O(2))= 

174.79°], Fig. 3.25.  

 

Figure 3.25 Planes formed via hydrogen bonding and carboxyl pairing interactions, [O(21)···N(1) = 2.812 Å 

and <(O(21)-H(21A)···N(1))= 172.52°],[N(3)···O(21) = 2.867 Å and <(N(3)-H(3)···O(21))= 

160.46°],[O(21)···O(21) = 2.691 Å and <(O(21)-H(21A)···O(21))= 168.21°], and [O(1)···O(2) = 2.614 Å and 

<(O(1)-H(1)···O(2))= 174.79°]. 

The similarities of the packing between LQ5H·H2O and LQ4H·H2O continue in that the interstitial 

water molecules form chains with a similar angle, 73.05 ° to the thiosemicarbazone mean plane, 

which causes layering of the planes observed in an identical fashion to that observed in LQ5H, 
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[O(21)···O(21) = 2.691 Å and <(O(21)-H(21A)···O(21))= 168.21°], [O(21)···O(21) = 2.689 Å and 

<(O(21)-H(21B)···O(21))= 168.45°], Fig. 3.26. 

 

Figure 3.26 Chain of water molecules causing layering of ligand planes, [O(21)···O(21) = 2.691 Å and <(O(21)-

H(21A)···O(21))= 168.21°], [O(21)···O(21) = 2.689 Å and <(O(21)-H(21B)···O(21))= 168.45°]. 

These layers held together through hydrogen bonding interactions, organise the long range order 

within the crystal, Fig. 3.27, leading to an ABBA type arrangement of water molecules (A) to ligand 

molecules (B) via the ligand pairing, nitro interactions, as seen and described above. 

 

Figure 3.27 Long range order in the packing of LQ5H·H2O. 
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3.4.2.1.6 8-Quinoline octadecyl-3-thiosemicarbazone 

Single crystals of 8-Quinoline octadecyl-3-thiosemicarbazone (LQ6H) were obtained as yellow 

blocks by evaporation from methanol and crystallised in the monoclinic space group P21/n with one 

molecule in the asymmetric unit.  

 

Figure 3.28 ORTEP drawing (50% probability ellipsoids) of LQ6H showing the asymmetric unit. 

Similar to LQ2H & LQ3H, the packing of the molecules is dominated by the formation of anti-parallel 

dimers of the ligands, [N(3)···S(1) = 3.4159(17) Å and <(N(3)-H(3)···S(1))= 167.57°], Fig. 3.29. 

 

Figure 3.29 Hydrogen bond pairs, [N(3)···S(1) = 3.4151(17) Å and <(N(3)-H(3)···S(1))= 167.46°]. 

Again, similar to LQ2H, layers are formed through crystal packing interactions organised by the 

alkyl chain substituent due to the favourable, hydrophobic, Van-der Waals interactions between 

alkyl chains on adjacent ligands, Fig. 3.30. 

 

Figure 3.30 Layers formed by the pairing of ligands and the crystal packing holding them together with 

3.236 Å between each layer. 

The hydrophobic alkyl chains pair with other alkyl chains in other layered pairs of ligands giving 

rise to planes of ligands held at 42.41 °, this can be observed in the long range ordering as it centres 
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on the anti-parallel dimers of ligands and the interactions of the alkyl chains leading to an ABAB 

type arrangement of hydrophobic and hydrophilic components, Fig. 3.31. 

 

Figure 3.31 Long range order in the packing of LQ6H. 

These sorts of crystal packing arrangements have been seen before forming tape structures.137-138 

3.4.2.1.7 8-Quinoline 4-(3-picolyl)-3-thiosemicarbazone 

Single crystals of 8-quinoline octadecyl-3-thiosemicarbazone (LQ7H) were obtained as yellow 

plates by evaporation from methanol and crystallised in the monoclinic space group P21/c with one 

molecule in the asymmetric unit. Fig. 3.32.  

 

Figure 3.32 ORTEP drawing (50% probability ellipsoids) of LQ7H showing one molecule from the asymmetric 

unit. 

Unusually, there is no anti-parallel pairing of the ligands, instead there is a hydrogen bonded 

network formed through interactions between the thiosemicarbazone backbone of adjacent 

molecules as well as with the pyridine group of adjacent molecules, [N(4)···S(1) = 3.496(3) Å and 

<(N(4)-H(4)···S(1)) = 147.03°], [N(23)···N(5) = 2.949(4) Å and <(N(23)-H(23)···N(5))= 172.05°], 
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[N(3)···N(25) = 2.964(4) Å and <(N(3)-H(3)···N(25))= 179.31°], [N(24)···S(21) = 3.391(4) Å and 

<(N(24)-H(24)···S(21))= 141.18°] Fig. 3.33. 

 

Figure 3.33 Hydrogen bonded network between thiosemicarbazone backbone and both adjacent 

thiosemicarbazone moieties and adjacent pyridine groups, [N(4)···S(1) = 3.496(3) Å and <(N(4)-H(4)···S(1)) = 

147.03°], [N(23)···N(5) = 2.949(4) Å and <(N(23)-H(23)···N(5))= 172.05°], [N(3)···N(25) = 2.964(4) Å and 

<(N(3)-H(3)···N(25))= 179.31°], [N(24)···S(21) = 3.391(4) Å and <(N(24)-H(24)···S(21))= 141.18°]. 

There is also a weak p-p stacking interactions between two adjacent ligands. The nearby quinoline 

moieties interact with a centroid to centroid distance of 3.887 Å. This interaction, in combination 

with the hydrogen bonding interactions, completes the network of interactions between these 

ligands, Fig. 3.34. 

 

Figure 3.34 − stacking between quinoline groups of two adjacent ligands with a centroid to centroid 

distance of 3.887 Å. 

The hydrogen bonded network forms a chain of hydrogen bonding interactions between 

thioamine NH and pyridine moieties of adjacent molecules, [N(23)···N(5) = 2.949(4) Å and <(N(23)-

H(23)···N(5))= 172.05°] and [N(3)···N(25) = 2.964(4) Å and <(N(3)-H(3)···N(25))= 179.31°], Fig. 3.35.  
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Figure 3.35 A chain of hydrogen bonding interactions between thioamine NH and pyridine moieties is 

formed by a pair of hydrogen bonds, [N(23)···N(5) = 2.949(4) Å and <(N(23)-H(23)···N(5))= 172.05°] and 

[N(3)···N(25) = 2.964(4) Å and <(N(3)-H(3)···N(25))= 179.31°]. 

These chains are held together by hydrogen bonds between the thioamine NH and S of an 

adjacent thiosemicarbazone of the two crystallographically independent ligands, as discussed 

previously, Fig. 3.33. This combination of interactions produces a herringbone pattern in the long 

range order of the crystal, Fig. 3.36. 

 

Figure 3.36 Long range order in the packing of LQ6H. 

Then phenyl analogue, LQ1H, used as a base for comparison showed very little directed order. The 

packing is controlled by interactions between the thiosemicarbazone backbones of the structures 

with a contribution from the − stacking capabilities of the phenyl ring. In the halogen substituted 

phenyl rings, LQ2H and LQ3H, the main interactions are the pairing of the thiosemicarbazone ligands 

and the formation of layers directed by crystal packing and non-classical hydrogen bonding 

interactions around the halogens. Both the nitro and carboxyl substituted phenyl analogues, LQ4H 
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and LQ5H, formed anti-parallel pairs through interactions of nearby thiosemicarbazone backbones, 

however these were facilitated by solvent molecules. The long range packing of both of these 

structures were orientated by the pairing of the nitro and carboxyl groups respectively. The pairing 

of the substituted phenyl rings caused ABBA type layering of the ligands in both cases. The octadecyl 

chain, in LQ6H, caused layering of the anti-parallel pairs similar to that seen in LQ4H and LQ5H other 

than that the pairing was influenced by the hydrophobic interactions between the long chains 

causing the ABBA type layering. The picolyl analogue, LQ7H, is the most unique of the structure seen 

within this family of ligands. There is no pairing of the ligands, instead a network of interactions is 

observed between the thiosemicarbazone backbone and pyridine moieties of adjacent ligands. This 

combination of interactions leads to the formation of a herringbone pattern in the long range 

ordering.  

These crystal structures show the capabilities of the chosen R groups to drive the long range order 

observed in the crystal packing.  

3.4.3 Salicylaldehyde derived thiosemicarbazone ligands 

Salicylaldehyde derived thiosemicarbazone ligands were synthesized by the same general 

procedure, Fig. 3.37, using 1.1 equivalent salicylaldehyde and 1.0 equivalent of the appropriate 

thiosemicarbazide (4-Phenylthiosemicarbazide, 4-(4-Fluorophenyl)-3-thiosemicarbazide, 4-(4-

Iodophenyl)-3-thiosemicarbazide, 4-(4-Nitrophenyl)-3-thiosemicarbazide, 4-(4-Carboxyphenyl)-3-

thiosemicarbazide, octadecyl-3-thiosemicarbazide & 4-(3-picolyl)-3-thiosemicarbazide) in refluxing 

methanol for 2 h to yield LS1H, LS2H, LS3H, LS4H, LS5H, LS6H and LS7H respectively. Solids were collected 

by filtration of the cooled reaction mixture and dried under vacuum. 

 

Figure 3.37 A general synthetic route for the formation of salicylaldehyde derived thiosemicarbazone 

ligands. 

The resulting ligands were synthesises in moderate yields and were fully characterised using 1H 

NMR, 13C NMR, 19F NMR (where appropriate), IR, UV/Vis, mass spectrometry, and x-ray 

crystallography (for those of which crystals were produced). All spectroscopic data was consistent 

with the formation of the desired thiosemicarbazone ligands. 
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3.4.3.1 Salicylaldehyde ligand crystal descriptions 

Unfortunately, it wasn’t possible to crystallise all of the ligand structures, however in the four 

ligand structures collected, the thiourea moiety adopts an anti-conformation and the imine bond 

adopts a trans configuration (i.e. quinoline group and thiourea NH are trans). The molecules adopt 

a relatively planar structure with respect to the angles formed between the salicyl mean plane and 

the thiosemicarbazone mean plane whereas the thiosemicarbazone mean plane and the phenyl 

mean plane cannot be considered planar with some being close to orthogonal, listed in table 3.4.  

Table 3.4 Table of selected mean plane angles for all structurally characterised, salicyl ligands. 

Substituent Angle between salicyl mean 

plane and thiosemicarbazone 

mean plane / ° 

Angle between 

thiosemicarbazone mean plane 

and phenyl mean plane / ° 

 

13.89 

1.61 

6.41 

65.73 

54.16 

61.13 

 

6.78 54.23 

 

4.92 51.71 

 

4.97 

5.72 

82.97* 

65.74* 

Entries with multiple values indicate the crystallographically independent molecules within the asymmetric 

unit – Paired by rows. *Angle between thiosemicarbazone mean plane and pyridyl mean plane. 

In order to observe the structural and chemical changes that the ligand undergoes during binding 

to the metal (tautomerisation), comparing the bond lengths around the thiosemicarbazone 

backbone gives an insight into the changes in bond order and electron density before and after 

metal binding, Table 3.5. 
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Table 3.5 Selected bond lengths in salicylaldehyde derived ligands 

 

 
LQ1H LQ2H LQ3H LQ4H LQ5H LQ6H LQ7H 

N3 – C8 / Å 1.353 (2) - 1.336 (12) 1.360 (5) - - 1.329 (3) 

S1 – C8 / Å 1.679 (2) - 1.668 (4) 1.686 (5) - - 1.699 (2) 

General labelling scheme for all salicylaldehyde ligands is shown. Only data for one of the molecules in the 

asymmetric unit listed in table. Data for the other crystallographically independent molecules: N23 – C28, 1.339 (2); S21 

– C28, 1.685 (2); N43 – C48, 1.350 (3); S41 – C48, 1.670 (2). Only the ordered molecule is included in the table. Data for 

the disordered component: N23 – C8, 1.370 (12). 

3.4.3.1.1 Salicylaldehyde 4-phenyl-3-thiosemicarbazone 

Single crystals of Salicylaldehyde 4-phenyl-3-thiosemicarbazone (LS1H) were obtained as large 

yellow blocks by evaporation from methanol and crystallised in the triclinic space group P-1 with 

three molecules in the asymmetric unit, Fig. 3.38.  

 

Figure 3.38 ORTEP drawing (50% probability ellipsoids) of LS1H showing the asymmetric unit. 

Similar to the interactions seen with the quinoline ligands, the packing of the molecules is 

dominated by the formations of anti-parallel dimers of the ligands via the thiosemicarbazone 

moiety, [N(2)···S(1) = 3.392(2) Å and <(N(2)-H(2)···S(1))= 163.31°], [N(22)···S(41) = 3.4228(19) Å and 

<(N(22)-H(22)···S(41))= 168.14°], and [N(42)···S(21) = 3.4733(19) Å and <(N(42)-H(42)···S(21))= 

164.79°]. The hydroxyl group from the salicylaldehyde moiety forms an intramolecular hydrogen 
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bonding interaction by pointing back towards the backbone of the ligand, [O(1)···N(1) = 2.659(2) Å 

and <(N(2)-H(2)···S(1))= 146.03°], [O(21)···N(21) = 2.664(2) Å and <(O(21)-H(21)···N(21))= 145.89°], 

and [O(41)···N(41) = 2.654(2) Å and <(O(41)-H(41)···N(41))= 145.56°], Fig. 3.39. 

 

Figure 3.39 Hydrogen bonded pairs leading to the formation of anti-parallel dimers, [N(2)···S(1) = 3.392(2) Å 

and <(N(2)-H(2)···S(1))= 163.31°], [N(22)···S(41) = 3.4228(19) Å and <(N(22)-H(22)···S(41))= 168.14°], and 

[N(42)···S(21) = 3.4733(19) Å and <(N(42)-H(42)···S(21))= 164.79°]. Intramolecular hydrogen bonding 

between hydroxyl group and thiosemicarbazone backbone, [O(1)···N(1) = 2.659(2) Å and <(N(2)-H(2)···S(1))= 

146.03°], [O(21)···N(21) = 2.664(2) Å and <(O(21)-H(21)···N(21))= 145.89°], and [O(41)···N(41) = 2.654(2) Å 

and <(O(41)-H(41)···N(41))= 145.56°]. 

These pairs interact with adjacent pairs through crystal packing interactions around the hydroxyl 

group and - stacking between phenyl rings that are in close proximity to each other. These 

interactions cause 2D layers to form, Fig. 3.40. 

 

Figure 3.40 Formation of 2D layers via crystal packing interactions around the hydroxyl group and − 

stacking interactions between adjacent phenyl rings. 
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These layers form planes through crystal packing interactions between neighbouring phenyl rings. 

These interactions also help to link the planes together as they form interweaved layers utilising a 

combination of all of the interactions described, Fig. 3.41. 

 

Figure 3.41 Long range ordered structure of LS1H formed by a combination of crystal packing interactions 

around the hydroxyl group and phenyl ring leading to interweaved layers of pairs of anti-parallel ligands. 

As seen with the phenyl quinoline analogue, LS1H, there are not any strong directional interactions 

due to the lack of substitution on the phenyl ring. Because of this, the packing is dominated by 

interactions of adjacent thiosemicarbazone moieties and weak crystal packing interactions. 

3.4.3.1.2 Salicylaldehyde 4-(4-iodophenyl)-3-thiosemicarbazone 

Single crystals of Salicylaldehyde 4-(4-iodophenyl)-3-thiosemicarbazone (LS3H) were obtained as 

pale yellow plates by evaporation from methanol and crystallised in the triclinic space group P-1 

with one molecule in the asymmetric unit, Fig. 3.42.  

 

Figure 3.42 ORTEP drawing (50% probability ellipsoids) of LS3H showing the asymmetric unit. 

The packing interactions are, again, dominated by the anti-parallel pairing of the ligands through 

interactions between the thiosemicarbazone moieties of adjacent molecules as well as the 

intramolecular interaction between the hydroxyl group from the salicylaldehyde moiety and the 

thiosemicarbazone backbone, as seen in the phenyl analogue, LS1H. [N(2)···S(1) = 3.401(4) Å and 

<(N(2)-H(2)···S(1))= 165.39°], [O(1)···N(1) = 2.653(5) Å and <(O(1)-H(1)···N(1))= 145.64°]. A similar 
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orientation of the molecules into layers is observed when compared to LS1H, however the iodine 

atom in LS3H brings the rings closer together with a − stacking distance of 4.276 Å, Fig. 3.43. 

 

Figure 3.43 Hydrogen bonded pairs leading to the formation of anti-parallel dimers, [N(2)···S(1) = 3.401(4) Å 

and <(N(2)-H(2)···S(1))= 165.39°]. Intramolecular hydrogen bonding between hydroxyl group and 

thiosemicarbazone backbone, [O(1)···N(1) = 2.653(5) Å and <(O(1)-H(1)···N(1))= 145.64°]. 

These layers interact with each other in a similar way to that observed in LS1H other than, since 

the substituted phenyl rings in LS3H are crystallographically equivalent, they form much more 

ordered layers than the non-substituted analogue as the three crystallographically independent 

ligands differed by the orientation of the phenyl ring, which interfered with the packing, Fig. 3.44. 

 

Figure 3.44 Long range ordered structure of LS3H formed by a combination of crystal packing interactions 

around the hydroxyl group and phenyl ring leading to ordered layers of pairs of anti-parallel ligands. 

3.4.3.1.3 Salicylaldehyde 4-(4-nitrophenyl)-3-thiosemicarbazone 

Single crystals of Salicylaldehyde 4-(4-nitrophenyl)-3-thiosemicarbazone (LS4H) were obtained as 

pale yellow plates by evaporation from methanol and crystallised in the monoclinic space group 

P21/c with one molecule in the asymmetric unit. Fig. 3.45.  
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Figure 3.45 ORTEP drawing (50% probability ellipsoids) of LS4H showing the asymmetric unit. 

As with previous structures, the ligands pair to form anti-parallel dimers and have internal 

hydrogen bonding between the hydroxyl group and the thiosemicarbazone backbone, [N(2)···S(1) 

= 3.447(4) Å and <(N(2)-H(2)···S(1))= 162.25°], [O(1)···N(1) = 2.756(5) Å and <(O(1)-H(1)···N(1))= 

143.37°], Fig. 3.46. 

 

Figure 3.46 Hydrogen bonded pairs leading to the formation of anti-parallel dimers, [N(2)···S(1) = 3.447(4) Å 

and <(N(2)-H(2)···S(1))= 162.25°]. Intramolecular hydrogen bonding between hydroxyl group and 

thiosemicarbazone backbone, [O(1)···N(1) = 2.756(5) Å and <(O(1)-H(1)···N(1))= 143.37°]. 

Each nitro group interacts with two adjacent molecules, with one there are two hydrogen 

bonding interactions that hold the ligands together, [O(1)···O(2) = 2.815(4) Å and <(O(1)-

H(1)···O(2))= 113.64°], [N(3)···O(2) = 3.007(5) Å and <(N(3)-H(3)···O(2))= 154.14°]. The other ligand 

is held in place by a non-classical hydrogen bond from the substituted phenyl ring to the other 

oxygen within the nitro group, Fig. 3.47.  
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Figure 3.47 Hydrogen bonding interactions around the nitro group, [O(1)···O(2) = 2.815(4) Å and <(O(1)-

H(1)···O(2))= 113.64°], [N(3)···O(2) = 3.007(5) Å and <(N(3)-H(3)···O(2))= 154.14°]. 

Similar to that seen in the previous structures, these interactions lead to the formation of layers, 

however the nitro group drives the difference in the layering. Rather than ordered layers in one 

plane, the hydrogen bonding around the nitro group leads to staggered layers, Fig. 3.48. 

 

Figure 3.48 2D layers formed due to hydrogen bonding around the nitro group. 

These 2D layers are formed as the nitro group interactions that drive this formations all align in 

one direction. The nitro groups of the ligands that pair the interactions in the original plane point 

out of plane, which drives the formation of the 3D structure. The interactions have the same 

arrangement in the other plane. This combination of interactions leads to the overall extended 

structure of the crystal system, Fig. 3.49. 
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Figure 3.49 Long range order in LS4H formed by a combination of hydrogen bonding interactions between 

the thiosemicarbazone moieties of the ligands as well as various hydrogen bonding interactions around the 

nitro group. 

3.4.3.1.4 Salicylaldehyde 4-(3-picolyl)-3-thiosemicarbazone 

Single crystals of Salicylaldehyde 4-(3-picolyl)-3-thiosemicarbazone (LS7H) were obtained as pale 

yellow plates by evaporation from methanol and crystallised in the monoclinic space group P21/c 

with two molecules in the asymmetric unit, Fig. 3.50.  

 

Figure 3.50 ORTEP drawing (50% probability ellipsoids) of LS7H showing the asymmetric unit. 

Unlike all of the other salicylaldehyde derived thiosemicarbazone ligand crystal structures, LS7H 

does not have hydrogen bond formed anti-parallel pairs. LS7H does, however, still have the 

intramolecular hydrogen bond between the hydroxyl group and the thiosemicarbazone backbone, 

[O(1)···N(1) = 2.750(2) Å and <(O(1)-H(1)···N(1))= 144.88°]. The thiosemicarbazone backbones still 

engage in hydrogen bonding; instead of making pairs, they make trimers. The thioamine NH of one 

ligand interacts with the hydroxyl OH of an adjacent ligand, [N(22)···O(1) = 2.933(2) Å and <(N(22)-

H(22)···O(1))= 172.77°], and the other thioamine NH of the second ligand interacts with the 

thioamine S of the third ligand, [N(3)···S(21) = 3.2718(18) Å and <(N(3)-H(3)···S(21))= 137.79°], Fig. 

3.51. 
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Figure 3.51 Hydrogen bonding between thiosemicarbazone moieties of three ligands causing the formation 

of a trimer instead of the dimers seen previously, [O(1)···N(1) = 2.750(2) Å and <(O(1)-H(1)···N(1))= 144.88°], 

[N(22)···O(1) = 2.933(2) Å and <(N(22)-H(22)···O(1))= 172.77°], [N(3)···S(21) = 3.2718(18) Å and <(N(3)-

H(3)···S(21))= 137.79°]. 

These trimers formed require only one of the hydroxyl groups to point back towards the 

thiosemicarbazone. This suggests that there are stronger interactions for the hydroxyl group to 

make elsewhere. These hydroxyl groups form strong hydrogen bonding interactions with the 

pyridine group of an adjacent ligand, [O(21)···N(24) = 3.2732(2) Å and <(O(21)-H(21)···N(24))= 

169.63°], which leads to the formation of twisted layers (twist angle of 58.18 0), Fig. 3.52. 

 

Figure 3.52 Formation of layers through hydrogen bonding between pyridine group of one ligand and the 

hydroxyl moiety of an adjacent ligand, [O(21)···N(24) = 3.2732(2) Å and <(O(21)-H(21)···N(24))= 169.63°]. 

The combination of these two sets of interactions leads to an overall herringbone structure, Fig. 

3.53, as the orientation of the ligand is directed by the trimers formed which cause the layers of 

hydroxyl to pyridine interactions to be twisted, as previously described.  
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Figure 3.53 Long range order in LS7H with colours shown by atom type (left) and symmetry equivalence 

(right). 

The substituent to the thiosemicarbazone backbone has been shown to make substantial changes 

to the packing of the salicylaldehyde derived thiosemicarbazone ligands. The phenyl and 4-

iodophenyl groups, LS1H and LS3H respectively, showed similar packing other than that the iodine 

helped maintain the orientation of the phenyl rings to make the interactions consistent, whereas 

the unsubstituted phenyl ring had three crystallographically independent orientations of the phenyl 

ring leading to interweaved layers rather than the ordered layers seen in the iodine substituted 

analogue. The nitro group, in LS4H, helped with the formation of staggered layers of dimers, which 

demonstrated the power of the structure directing group to heavily affect the long range order. 

The ability of the structure directing group to affect the long range order within the crystal structure 

was also observed in the 3-picolyl analogue, LS7H, as it was the only ligand of this type to not form 

anti-parallel dimers through interactions of the thiosemicarbazone, as seen in LQ7H. Instead, trimers 

were formed through interactions of the two crystallographically independent ligands. This 

alternate orientation lead to the layers formed through the interactions between the hydroxyl 

group and the pyridine group being twisted. This twisting led to a herringbone pattern in the long 

range ordering, again similar to that seen in LQ7H.  

3.5 Complexation of ligands 

3.5.1 Quinoline thiosemicarbazone complexes 

Complexes were synthesized by the same general procedure, Fig. 3.54, stirring 0.5 equivalent 

metal salt (Co(BF4)2·6H2O or Fe(NO3)3·9H2O) and 1.0 equivalent of the appropriate ligand (8-

quinoline 4-phenyl-3-thiosemicarbazone, 8-quinoline 4-(4-fluorophenyl)-3-thiosemicarbazone, 8-

quinoline 4-(4-iodophenyl)-3-thiosemicarbazone, 8-quinoline 4-(4-nitrophenyl)-3-
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thiosemicarbazone, 8-quinoline 4-(4-carboxyphenyl)-3-thiosemicarbazone, 8-quinoline octadecyl-

3-thiosemicarbazone & 8-quinoline 4-(3-picolyl)-3-thiosemicarbazone) in methanol for 1 h to yield 

[Co(LQ1)2]BF4, [Co(LQ2)2]BF4, [Co(LQ3)2]BF4, [Co(LQ4)2]BF4, [Co(LQ5)2]BF4, [Co(LQ6)2]BF4, [Co(LQ7)2]BF4, 

[Fe(LQ1)2]NO3, [Fe(LQ2)2]NO3, [Fe(LQ3)2]NO3, [Fe(LQ4)2]NO3, [Fe(LQ5)2]NO3, [Fe(LQ6)2]NO3 and 

[Fe(LQ7)2]NO3. Solids were collected by filtration of the cooled reaction mixture and washed with 

additional methanol before being dried under vacuum. 

 

Figure 3.54 A general synthetic route for the formation of quinoline thiosemicarbazone metal complexes. 

The complexes all adopt the general formula [M(L)2](anion)∙solvent with the metal in the +3 

oxidation state. As seen with previous complexes of terdentate thiosemicarbazones, including 

those in chapter 2, the ligand binds through the thioenolate form rather than the thioketo form 

giving a mono-negative charge on the ligand.139-141  

The resulting complexes were synthesises in moderate yields and were fully characterised using 

1H NMR, 13C NMR, 19F NMR (where appropriate), IR, UV/Vis, mass spectrometry, and x-ray 

crystallography (for those of which crystals were produced). All spectroscopic data was consistent 

with the formation of the desired thiosemicarbazone complexes. 

3.5.1.1 Crystal description of quinoline complexes 

In all of the quinoline containing metal complex structures, each complex is made up of two 

ligands which bind to the metal with three donor atoms: the thiourea moiety is deprotonated and 

tautomerised into the thio-enolate form and binds through the sulphur and one of the nitrogen 

atoms; the final binding mode for each ligand is taken up by the nitrogen from the quinoline moiety. 

The ligands adopt a meridional binding arrangement around the metal centre. Given that all of the 

complexes adopt a pseudo-octahedral geometry, the sigma value for each of the complexes can be 

determined to deduce how close to a perfect octahedron the complexes exist as.  
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3.5.1.1.1 Cobalt complexes 

All of the complexes have low sigma values and are all very similar to each other. This suggests 

that all of these complexes are close to the perfect octahedral with very little distortion, Table 3.3. 

Table 3.6 Selected bond lengths and  values in CoIII quinoline complexes 

 

 

General labelling scheme for all complexes is shown. 

3.5.1.1.1.1 [Cobalt bis(8-Quinoline 4-phenyl-3-thiosemicarbazone)] tetrafluoroborate 

Single crystals of [Cobalt bis(8-Quinoline 4-phenyl-3-thiosemicarbazone)] tetrafluoroborate 

([Co(LQ1)2]BF4·2DMF) were obtained as orange plates by slow diffusion of diethyl ether into a 

solution of the complex in dimethylformamide and crystallised in the monoclinic space group C2/c 

with one half of a molecule in the asymmetric unit. Fig. 3.55.  
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Figure 3.55 ORTEP drawing (50% probability ellipsoids) of ([Co(LQ1)2]BF4·2DMF) showing the asymmetric 

unit, solvent molecules removed for clarity. 

Packing interactions within the ligand structure are controlled by hydrogen bonding between 

thioamine NH and interstitial dimethylformamide, [N(4)···O(51) = 2.841(3) Å and <(N(4)-

H(4)···O(51))= 166.69 °], which form a continuous link between adjacent ligands. These chains of 

interactions are facilitated by interactions between adjacent dimethylformamide molecules linking 

the complexes together, Fig 3.56. 

 

Figure 3.56 Hydrogen bonding between N4 – O51 causing the formation of chains through the structure, 

[N(4)···O(51) = 2.841(3) Å and <(N(4)-H(4)···O(51))= 166.69 °]. 

These chains link to a second strand through both − interactions across the quinoline moiety, 

centroid – centroid distance of 3.897 Å, Fig. 3.57, and weak crystal packing interactions between 

the phenyl moiety of one complex and the quinoline moiety of an adjacent complex in an end on 

type interaction. 
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Figure 3.57  − stacking across the quinoline moiety layering the chains formed. 

These layers are linked together by non-conventional hydrogen bonding, [C(10)···N(3) = 3.621(3) 

Å and <(C(10)-H(10)···N(3))= 177.38 °], Fig. 3.58. This interaction is distinctly weaker than the 

hydrogen bonding holding the original chain together, but, given that there is no substitution 

around the phenyl ring, there exist no other, stronger interactions to bind the structure together.  

 

Figure 3.58 Non-conventional hydrogen bonding holding layers together, [C(10)···N(3) = 3.621(3) Å and 

<(C(10)-H(10)···N(3))= 177.38 °]. 

The overall packing is dominated by the three links described, the chains formed via hydrogen 

bonding which are linked together through − stacking and non-conventional hydrogen bonding, 

Fig. 3.59. 
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Figure 3.59 Long range order in the packing of ([Co(LQ1)2]BF4·2DMF). 

3.5.1.1.1.2 [Cobalt bis(8-Quinoline 4-(4-fluorophenyl)-3-thiosemicarbazone)] 

tetrafluoroborate 

Single crystals of [Cobalt bis(8-Quinoline 4-(4-fluorophenyl)-3-thiosemicarbazone)] 

tetrafluoroborate ([Co(LQ2)2]BF4·2DMF·H2O) were obtained as orange plates by slow diffusion of 

diethyl ether into a solution of the complex in dimethylformamide and crystallised in the triclinic 

space group P-1 with one molecule in the asymmetric unit, Fig. 3.60.  

 

Figure 3.60 ORTEP drawing (50% probability ellipsoids) of ([Co(LQ2)2]BF4·2DMF·H2O) showing the 

asymmetric unit, solvent molecules removed for clarity. 

The strongest interactions within the structure hold the complex, solvent molecules, and anions 

together with the thioamine NH of each ligand within the complex interacting with either the 

fluorine within the anion, [N(24)···F(42) = 2.909 Å and <(N(24)-H(24)···F(42))= 177.73 °], or the 

oxygen within the interstitial dimethylformamide, [N(4)···O(61) = 2.862 Å and <(N(4)-H(4)···O(61))= 

176.73 °], Fig. 3.61. 
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Figure 3.61 Hydrogen bonding between complexes, anions, and interstitial dimethylformamide, 

[N(24)···F(42) = 2.909 Å and <(N(24)-H(24)···F(42))= 177.73 °], [N(4)···O(61) = 2.862(?) Å and <(N(4)-

H(4)···O(61))= 176.73 °]. 

The anions and interstitial solvent continue these interactions through weak crystal packing 

interactions, but the complexes interact directly with their neighbours through two pairs of − 

stacking interactions. The − stacking occurs between the quinoline and phenyl moieties of 

adjacent complexes, with centroid-centroid distances of 3.685 Å and 3.728 Å; the two sets are at 

70.08 ° to each other, Fig. 3.62. 

 

Figure 3.62. − stacking across the quinoline and phenyl moieties in adjacent complexes. 

The -stacking is evident in the overall packing arrangement with the anions and solvent 

molecules occupying favourable locations around the complexes though the hydrogen bonding 

previously described, Fig. 3.63. There aren’t any significant interactions around the fluorine atom, 

however the fluorine atom is likely having an effect on the pi electron density of the phenyl ring 

which helps to enable the − stacking.  
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Figure 3.63. Long range order in the packing of ([Co(LQ2)2]BF4·2DMF·H2O). 

3.5.1.1.1.3 [Cobalt bis(8-Quinoline 4-(4-iodophenyl)-3-thiosemicarbazone)] tetrafluoroborate 

Single crystals of [Cobalt bis(8-Quinoline 4-(4-iodophenyl)-3-thiosemicarbazone)] 

tetrafluoroborate ([Co(LQ3)2]BF4·3DMF) were obtained as orange plates by slow diffusion of diethyl 

ether into a solution of the complex in dimethylformamide and crystallised in the triclinic space 

group P-1 with one molecule in the asymmetric unit, Fig. 3.64. 

 

Figure 3.64 ORTEP drawing (50% probability ellipsoids) of ([Co(LQ3)2]BF4·3DMF) showing the asymmetric 

unit, solvent molecules removed for clarity. 

The packing in ([Co(LQ3)2]BF4·3DMF) is almost identical to the packing seen in 

([Co(LQ2)2]BF4·2DMF·H2O) in that the main hydrogen bonding is between the thioamine NH of each 

ligand within the complex interacting with either the fluorine within the anion, [N(4)···F(41) = 



 

118 

2.870(6) Å and <(N(4)-H(4)···F(41))= 178.21 °], or the oxygen within the interstitial 

dimethylformamide, [N(24)···O(51) = 2.795(7) Å and <(N(24)-H(24)···O(51))= 171.08 °], Fig. 3.65. 

 

Figure 3.65 Hydrogen bonding between complexes, anions, and interstitial dimethylformamide, [N(4)···F(41) 

= 2.870(6) Å and <(N(4)-H(4)···F(41))= 178.21 °], N(24)···O(51) = 2.795(7) Å and <(N(24)-H(24)···O(51))= 

171.08 °]. 

Similarly, there exists − stacking similar to that seen in ([Co(LQ2)2]BF4·2DMF·H2O), the 

interactions are slightly weaker in the iodine substituted phenyl ring when compared to the fluorine 

substituted analogue as the − stacking interactions are slightly longer at 3.862 Å and 3.921 Å, Fig. 

3.66. These pairs of − stacking occur at 72.21 ° to each other. 

 

Figure 3.66. − stacking across the quinoline and phenyl moieties in adjacent complexes. 

The difference in the interstitial solvent between the two complexes and the strength of the 

interactions within each of the two structures causes no notable differences in the long range 

packing, Fig. 3.67. In both instances, the complexes pair and form a continuous chain in one 

direction and a pair of complexes fill in the space between the parallel chains in the perpendicular 

direction. 
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Figure 3.67. Long range order in the packing of ([Co(LQ3)2]BF4·3DMF). 

3.5.1.1.1.4 [Cobalt bis(8-Quinoline 4-(4-nitrophenyl)-3-thiosemicarbazone)] tetrafluoroborate 

Single crystals of [Cobalt bis(8-Quinoline 4-(4-nitrophenyl)-3-thiosemicarbazone)] 

tetrafluoroborate ([Co(LQ4)2]BF4·3DMF·(4/3)H2O) were obtained as orange needles by slow 

diffusion of diethyl ether into a solution of the complex in dimethylformamide and crystallised in 

the monoclinic space group C2/c with one molecule in the asymmetric unit, Fig. 3.68.  

 

Figure 3.68 ORTEP drawing (50% probability ellipsoids) of ([Co(LQ4)2]BF4·3DMF·(4/3)H2O) showing the 

asymmetric unit, solvent molecules removed for clarity. 

The strongest interactions within the structure hold the complex, solvent molecules, and anions 

together with the thioamine NH of each ligand within the complex interacting with either the 
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fluorine within the anion, [N(4)···F(41) = 2.865(3) Å and <(N(4)-H(4)···F(41))= 170.26(3)°], or the 

oxygen within the interstitial dimethylformamide, [N(24)···O(51) = 2.799(3) Å and <(N(24)-

H(24)∙∙∙O(51))= 168.48(3)°]. There’s also hydrogen bonding that links various solvent molecules with 

each other as well as the anions, [O(81)···O(71) = 2.953(5) Å and <(O(81)-H(81A)···O(71))= 155.76 °], 

[O(81)···F(44) = 2.941(5) Å and <(O(81)-H(81B)···F(44))= 167.55 °], [O(91)···O(61) = 2.450(3) Å and 

<(O(91)-H(91A)···O(61))= 152.54 °], Fig. 3.69. 

 

Figure 3.69 Hydrogen bonding around both metal centres, [N(4)···F(41) = 2.865(3) Å and <(N(4)-

H(4)···F(41))= 170.26(3)°], [N(24)···O(51) = 2.799(3) Å and <(N(24)-H(24)···O(51))= 168.48(3)°], [O(81)···O(71) 

= 2.953(5) Å and <(O(81)-H(81A)···O(71))= 155.76 °], [O(81)···F(44) = 2.941(5) Å and <(O(81)-H(81B)···F(44))= 

167.55 °], [O(91)···O(61) = 2.450(3) Å and <(O(91)-H(91A)···O(61))= 152.54 °]. 

The metal complexes directly interact with each other through weak − stacking between the 

quinoline moiety of one ligand of one of the complexes and one of the phenyl moieties of the other 

adjacent complex, with centroid – centroid distances of 3.775 Å and 4.014 Å, Fig. 3.70. 
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Figure 3.70. − stacking across the quinoline and phenyl moieties in adjacent complexes. 

As in previous examples, another pair of interactions can be found at 79.10 ° to this plane, with 

identical centroid – centroid distances. 

Similar to the crystal structure of the ligand used in this complex (LQ4H), the nitro groups interact 

with each other. In this instance, the interaction is an imperfect type 4 interaction as the oxygen 

doesn’t align perfectly with the nitrogen atom of the adjacent nitro group, Fig. 3.71. 

 

Figure 3.71. Nitro group interactions. 

The combination of the nitro interactions and − stacking define the orientation of the 

complexes with respect to each other in the long range packing with the anions and interstitial 

solvent held by hydrogen bonding and other crystal packing interactions, Fig. 3.72. 
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Figure 3.72. Long range order in the packing of ([Co(LQ4)2]BF4·3DMF·(4/3)H2O). 

3.5.1.1.1.5 [Cobalt bis(8-Quinoline 4-(4-carboxyphenyl)-3-thiosemicarbazone)] 

tetrafluoroborate 

Single crystals of [cobalt bis(8-Quinoline 4-(4-carboxyphenyl)-3-thiosemicarbazone)] 

tetrafluoroborate ([Co(LQ5)2]BF4·3DMF·H2O·Et2O) were obtained as orange needles by slow 

diffusion of diethyl ether into a solution of the complex in dimethylformamide and crystallised in 

the monoclinic space group Ia with one molecule in the asymmetric unit. Fig. 3.73. 

 

Figure 3.73 ORTEP drawing (50% probability ellipsoids) of ([Co(LQ5)2]BF4·3DMF·H2O·Et2O) showing the 

asymmetric unit, solvent molecules removed for clarity. 

The strongest interactions within the structure hold the complex and solvent molecules together 

with the thioamine NH of each ligand within the complex interacting with interstitial solvent 

molecules, [N(4)···O(51) = 2.776(6) Å and <(N(4)-H(4)···O(51))= 162.23(7)°], [N(24)···O(81) = 2.767(6) 

Å and <(N(24)-H(24)···O(81))= 155.99 °]. As with ([Co(LQ4)2]BF4·3DMF·(4/3)H2O), there’s also 

hydrogen bonding that links various solvent molecules with each other as well as the anions, 
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[O(91)···O(71) = 2.919(8) Å and <(O(91)-H(91A)···O(71))= 148.70 °], [O(91)···O(61) = 2.934(13) Å and 

<(O(91)-H(91B)···O(61))= 167.74 °], Fig. 3.74. 

 

Figure 3.74 Hydrogen bonding between metal complexes and interstitial solvent molecules, [N(4)···O(51) = 

2.776(6) Å and <(N(4)-H(4)···O(51))= 162.23(7)°], [N(24)···O(81) = 2.767(6) Å and <(N(24)-H(24)···O(81))= 

155.99 °],[O(91)···O(71) = 2.919(8) Å and <(O(91)-H(91A)···O(71))= 148.70 °], [O(91)···O(61) = 2.934(13) Å 

and <(O(91)-H(91B)···O(61))= 167.74 °]. 

Again, there is − stacking between the phenyl and quinoline moieties within adjacent 

complexes, with centroid – centroid distances of 3.739 Å and 3.579 Å. Another pair of interactions 

can be found at 74.65 ° to this plane, with identical centroid – centroid distances, Fig. 3.75. 

 

Figure 3.75. − stacking across the quinoline and phenyl moieties in adjacent complexes. 

As with the nitro analogue, there are similarities between LQ5H and ([Co(LQ5)2]BF4·3DMF·H2O·Et2O) 

in that the carboxyl groups form dimers and create chains in the structure. These are formed by 
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hydrogen bonding pairs, [O(1)···O(22) = 2.624(5) Å and <(O(1)-H(1A)···O(22))= 174.45(11)°], 

[O(21)···O(2) = 2.604(6) Å and <(O(21)-H(21)···O(2))= 175.16(9)°], Fig. 3.76. 

 

Figure 3.76. Carboxyl group pairing forming chains through hydrogen bonding, [O(1)···O(22) = 2.624(5) Å 

and <(O(1)-H(1A)···O(22))= 174.45(11)°], [O(21)···O(2) = 2.604(6) Å and <(O(21)-H(21)···O(2))= 

175.16(9)°]. 

Formation of these hydrogen bonded chains as well as the − stacking and other hydrogen bonds 

determine the long range order within the crystal, Fig. 3.77. 

 

Figure 3.77. Long range order in the packing of ([Co(LQ5)2]BF4·3DMF·H2O·Et2O). 

3.5.1.1.1.6 [Cobalt bis(8-Quinoline 4-(3-picolyl)-3-thiosemicarbazone)] tetrafluoroborate 

Single crystals of [cobalt bis(8-Quinoline 4-(3-picolyl)-3-thiosemicarbazone)] tetrafluoroborate 

([Co(LQ7)2]BF4) were obtained as orange needles by slow diffusion of diethyl ether into a solution of 

the complex in dimethylformamide and crystallised in the monoclinic space group P21/c with one 

molecule in the asymmetric unit, Fig. 3.78. 
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Figure 3.78 ORTEP drawing (50% probability ellipsoids) of ([Co(LQ7)2]BF4) showing the asymmetric unit, 

solvent molecules removed for clarity. 

The packing of the complex is primarily controlled by hydrogen bonds between the thioamine NH 

of each ligand with the pyridine moiety on an adjacent complex, [N(4)···N(25) = 2.916(2) Å and 

<(N(4)-H(4)···N(25))= 165.78(2)°], [N(24)···N(5) = 3.029(2) Å and <(N(24)-H(24)···N(5))= 145.92(2)°], 

Fig. 3.79. The two chains are at 70.22 ° to each other. 

 

 

 

Figure 3.79 Two chains formed by hydrogen bonding between metal complexes at 70.22 ° to each other, 

[N(4)···N(25) = 2.916(2) Å and <(N(4)-H(4)···N(25))= 165.78(2)°], [N(24)···N(5) = 3.029(2) Å and 

<(N(24)-H(24)···N(5))= 145.92(2)°]. 
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As with previous structures, there exists − stacking between the complexes, however, in this 

case, the stacking occurs between adjacent quinoline moieties and is notably longer distances, 

centroid – centroid distance of 4.337 Å, Fig. 3.80. 

 

Figure 3.80. − stacking between the quinoline moieties in adjacent complexes. 

The long range packing is dominated by the hydrogen bonding between adjacent complexes 

forming planes of complexes leading to a continuous arrangement, Fig. 3.81. 

 

Figure 3.81. Long range order in the packing of ([Co(LQ7)2]BF4). 

Again, the R groups selected have been shown to make a notable difference to the long range 

packing within the crystal structures of the quinoline cobalt complexes. The unsubstituted phenyl 

analogue, [Co(LQ1)2]BF4·2DMF, displayed hydrogen bonding between the complex itself and 

interstitial solvent molecules as well as weak non-classical hydrogen bonding between complexes. 

These interactions were held together by the formation of − stacking between adjacent 

quinoline moieties. This, again, shows the lack of directionality due to the lack of structure 

directing groups within the system. The fluoro and iodo substituted phenyl ring containing ligands 

within the complexes, [Co(LQ2)2]BF4·2DMF·H2O and [Co(LQ3)2]BF4·3DMF respectively, were held 
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together through interactions between the complex and interstitial solvent molecules as well as 

between the complex and the anions.  There are also − stacking interactions, however these 

analogues had − stacking between the phenyl rings and adjacent quinoline moieties rather 

than quinoline to quinoline − stacking. This suggests that halogen is having some impact on the 

− stacking interactions as they’re similar amongst themselves, but different to the 

unsubstituted analogue. 

As with the ligand systems, the nitro and carboxyl substituted phenyl quinoline cobalt 

complexes are directed by the pairing of their R groups as well as other hydrogen bonding and 

− stacking interactions leading to the formation of similar long range order within the two 

structures. The picolyl analogue, [Co(LQ7)2]BF4, shows similar hydrogen bonding interactions to 

those seen in the ligand structure in that chains are formed between the thioamine NH and 

pyridine moiety of adjacent complexes. These, alongside − stacking interactions the quinoline 

moieties of nearby complexes, lead to a unique long range ordering within the system. 

The observation, in the ligand structures, that the R group had the ability to direct the packing 

interactions is confirmed in the crystal structure of the complexes.  

3.5.1.1.2 Iron complexes 

All of the complexes have low sigma values and are all very similar to each other. This suggests 

that all of these complexes are close to the perfect octahedral with very little distortion, Table 3.7. 
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Table 3.7 Selected bond lengths and  values in CoIII quinoline complexes 

 

 

General labelling scheme for all complexes is shown. 

3.5.1.1.2.1 [Iron bis(8-Quinoline 4-phenyl-3-thiosemicarbazone)] nitrate 

Single crystals of [Iron bis(8-Quinoline 4-phenyl-3-thiosemicarbazone)] nitrate 

([Fe(LQ1)2]NO3·(3/2)DMF) were obtained as dark green needles by slow diffusion of diethyl ether 

into a solution of the complex in dimethylformamide and crystallised in the monoclinic space group 

C2/c with one molecule in the asymmetric unit, Fig. 3.82. 
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Figure 3.82 ORTEP drawing (50% probability ellipsoids) of ([Fe(LQ1)2]NO3·(3/2)DMF) showing the asymmetric 

unit, solvent molecules removed for clarity. 

Hydrogen bonding within the structure is dominated by chain formation through interactions 

between both thioamine NH (one per ligand) and nearby anions, [N(4)···O(41) = 3.095(6) Å and 

<(N(4)-H(4)···O(41))= 155.76 (5)°], [N(4)···O(42) = 3.265 (4) Å and <(N(4)-H(4)···O(42))= 152.52 (5)°], 

[N(24)···O(51) = 2.894 (6) Å and <(N(24)-H(24)···O(51))= 170.99 (4)°], Fig. 3.83. 

 

Figure 3.83 Chain formation through interaction between the complex and anions, [N(4)···O(41) = 3.095(6) 

Å and <(N(4)-H(4)···O(41))= 155.76 (5)°], [N(4)···O(42) = 3.265 (4) Å and <(N(4)-H(4)···O(42))= 152.52 (5)°], 

[N(24)···O(51) = 2.894 (6) Å and <(N(24)-H(24)···O(51))= 170.99 (4)°]. 

These chains interact with each other through weak crystal packing interactions as well as − 

stacking between the phenyl ring of one complex and the quinoline group of another with a 

centroid to centroid distance of 3.725 Å, Fig 3.84. 
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Figure 3.84 − stacking between nearby complexes with a centroid to centroid distance of 3.725 Å. 

This linking of the chains through p-p stacking determines the overall long range order of the 

structure. The − stacking can be seen to form a herringbone pattern in layers determined by the 

chain formation through hydrogen bonding interactions, Fig. 3.85. 

 

Figure 3.85 Long range order in the packing of ([Fe(LQ1)2]NO3·(3/2)DMF). 

3.5.1.1.2.2 [Iron bis(8-Quinoline 4-(fluorophenyl)-3-thiosemicarbazone)] nitrate 

Single crystals of [Iron bis(8-Quinoline 4-(4-florophenyl)-3-thiosemicarbazone)] nitrate 

([Fe(LQ2)2]NO3·DMF) were obtained as dark green needles by slow diffusion of diethyl ether into a 

solution of the complex in dimethylformamide and crystallised in the monoclinic space group C2/c 

with one molecule in the asymmetric unit, Fig. 3.86. 
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Figure 3.86 ORTEP drawing (50% probability ellipsoids) of ([Fe(LQ2)2]NO3·DMF) showing the asymmetric unit, 

solvent molecules removed for clarity. 

Similar chains observed due to hydrogen bonding observed in ([Fe(LQ1)2]NO3·(3/2)DMF) are also 

observed in the fluorine analogue, ([Fe(LQ2)2]NO3·DMF), through hydrogen bonding interactions 

between thioamine NH and anions, [N(4)···O(52) = 2.952 (5) Å and <(N(4)-H(4)···O(52))= 166.08°], 

[N(24)···O(41) = 3.245 (3) Å and <(N(24)-H(24)···O(41))= 148.11°], [N(24)···O(42) = 3.046 (5) Å and 

<(N(24)-H(24)···O(42))= 157.74°], Fig. 3.87. 

 

Figure 3.87 Hydrogen bonding interactions between thioamine NH and anions leading to the formation of 

chains, [N(4)···O(52) = 2.952 (5) Å and <(N(4)-H(4)···O(52))= 166.08°], [N(24)···O(41) = 3.245 (3) Å and 

<(N(24)-H(24)···O(41))= 148.11°], [N(24)···O(42) = 3.046 (5) Å and <(N(24)-H(24)···O(42))= 157.74°]. 
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Again, similar to the − stacking observed in the phenyl analogue, the fluorine substituted 

phenyl ring displays very similar − stacking with a centroid to centroid distance of 3.758 Å, Fig. 

3.88. 

 

Figure 3.88 − stacking between nearby complexes with a centroid to centroid distance of 3.758 Å. 

Unsurprisingly, the long range order of the structure is very similar to the ordering seen in the 

phenyl analogue with the formation of a herringbone patter of − stacking clearly observable, 

which form layers directed by the chains of hydrogen bonds formed, Fig. 3.89.  

 

Figure 3.89 Long range order in the packing of ([Fe(LQ2)2]NO3·DMF). 

3.5.1.1.2.3 [Iron bis(8-Quinoline 4-(4-iodophenyl)-3-thiosemicarbazone)] nitrate 

Single crystals of [Iron bis(8-Quinoline 4-(4-iodophenyl)-3-thiosemicarbazone)] nitrate 

([Fe(LQ3)2]NO3·3DMF) were obtained as dark green needles by slow diffusion of diethyl ether into a 

solution of the complex in dimethylformamide and crystallised in the triclinic space group P-1 with 

one molecule in the asymmetric unit, Fig. 3.90. 
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Figure 3.90 ORTEP drawing (50% probability ellipsoids) of ([Fe(LQ3)2]NO3·3DMF) showing the asymmetric 

unit, solvent molecules removed for clarity. 

Packing interactions are dominated by chain formation via hydrogen bonding through both 

thioamine NHs of each complex, one with interstitial solvent, [N(24)···O(71) = 2.787(10) Å and 

<(N(24)-H(24)···O(71))= 171.88(3)°], and the other with the anion, [N(4)···O(41) = 2.878(13) Å and 

<(N(4)-H(4)···O(41))= 176.05(3)°], Fig. 3.91. 

 

Figure 3.91 Hydrogen bonding chains formed through interactions between thioamine NHs and interstitial 

solvent molecules and anions, [N(24)···O(71) = 2.787(10) Å and <(N(24)-H(24)···O(71))= 171.88(3)°], 

[N(4)···O(41) = 2.878(13) Å and <(N(4)-H(4)···O(41))= 176.05(3)°]. 

These chains are held together by a pair of − stacking interaction between the substituted 

phenyl ring and the C6 ring of the quinoline moiety with centroid to centroid distances of 3.907 Å 

and 3.724 Å, Fig. 3.92. 
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Figure 3.92 − stacking between phenyl and quinoline moieties of adjact complexes, centroid to centroid 

distances of 3.907 Å and 3.724 Å. 

This combination of interactions leads to the ABAB type layers due to the positional arrangements 

of the − stacked pairs complexes, Fig. 3.93. 

 

 

Figure 3.93 Long range order in ([Fe(LQ3)2]NO3·3DMF). 

3.5.1.1.2.4 [Iron bis(8-Quinoline 4-(4-nitrophenyl)-3-thiosemicarbazone)] nitrate 

Single crystals of [Iron bis(8-Quinoline 4-(4-nitrophenyl)-3-thiosemicarbazone)] nitrate 

([Fe(LQ4)2]NO3) were obtained as dark green needles by slow diffusion of diethyl ether into a 

solution of the complex in dimethylformamide and crystallised in the monoclinic space group P21/c 

with two molecules in the asymmetric unit, Fig. 3.94. 
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Figure 3.94 ORTEP drawing (50% probability ellipsoids) of ([Fe(LQ4)2]NO3) showing the asymmetric unit. 

There exist no classical hydrogen bonding within the structure, however the phenyl and quinoline 

moieties of adjacent molecules engage in − stacking with centroid to centroid distances of 4.054 

Å and 3.895 Å, Fig. 3.95. 

 

Figure 3.95 − stacking between phenyl and quinoline rings, centroid to centroid distance of 3.895 Å. 

The nitro groups interact exclusively with neighboring quinoline moieties via non-classical 

hydrogen bonding, so the − stacking drives the overall packing. The stacking leads to pairs which 

tilt in alternating directions to enable − stacking to nearby molecules, Fig. 3.96. 
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Figure 3.96 Long range order in ([Fe(LQ4)2]NO3). 

3.5.1.1.2.5 [Iron bis(8-Quinoline 4-(4-carboxyphenyl)-3-thiosemicarbazone)] nitrate 

Single crystals of [Iron bis(8-Quinoline 4-(4-carboxyphenyl)-3-thiosemicarbazone)] nitrate 

([Fe(LQ5)2]NO3) were obtained as dark green needles by slow diffusion of diethyl ether into a 

solution of the complex in dimethylformamide and crystallised in the monoclinic space group I2/a 

with one molecule in the asymmetric unit, Fig. 3.97. 

 

Figure 3.97 ORTEP drawing (50% probability ellipsoids) of ([Fe(LQ5)2]NO3) showing the asymmetric unit. 

Due to the quality of the data, the carboxyl proton cannot be located, because of this, any 

hydrogen bonding cannot be accurately assigned. Similar − stacking as that observed in 

[Fe(LQ4)2]NO3 can be seen in[Fe(LQ5)2]NO3 with a centroid to centroid distance of 3.643 Å. In this 

instance, the − stacking is between the substituted phenyl ring and the C6 ring within the 

quinoline moiety rather than the entire quinoline ring, Fig. 3.98. 
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Figure 3.98 − stacking between phenyl and quinoline rings, centroid to centroid distances of 3.643 Å. 

This − stacking causes the formation of layers, which drive the long range order within the 

structure, Fig. 3.99. 

 

Figure 3.99 Long range order in ([Fe(LQ5)2]NO3). 

3.5.1.1.2.6 [Iron bis(8-Quinoline octadecyl-3-thiosemicarbazone)] nitrate 

Single crystals of [Iron bis(8-Quinoline octadecyl-3-thiosemicarbazone)] nitrate ([Fe(LQ6)2]NO3 

were obtained as dark green needles by slow diffusion of diethyl ether into a solution of the 

complex in dimethylformamide and crystallised in the triclinic space group P-1 with two molecules 

in the asymmetric unit. 

Packing within the system is controlled by chains of hydrogen bonding formed between thioamine 

NH and anions, [N(4)···O(131) = 2.965(10) Å and <(N(4)-H(4)···O(131))= 165.01°], [N(64)···O(121) = 

2.900(10) Å and <(N(64)-H(64)···O(121))= 174.56°], [N(94)···O(133) = 3.016(10) Å and <(N(94)-

H(94)···O(133))= 170.75°], Fig. 3.100. 
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Figure 3.100 Hydrogen bonded chain formation , [N(4)···O(131) = 2.965(10) Å and <(N(4)-H(4)···O(131))= 

165.01°], [N(64)···O(121) = 2.900(10) Å and <(N(64)-H(64)···O(121))= 174.56°], [N(94)···O(133) = 3.016(10) Å 

and <(N(94)-H(94)···O(133))= 170.75°]. Octadecyl chains cut for clarity. 

The long chains of one complex interact with the long chains of adjacent complexes through 

hydrophobic, Van der Waals interactions leading to the formation of anti-parallel dimers which 

form layers through the hydrogen bonding chains previously described, Fig. 3.101. 

 

Figure 3.101 Anti-parallel dimer formation. 

This leads to long range order similar to the long range order observed in the cobalt analogue, 

[Co(LQ6)2]BF4, in that repeating ABBA layers are formed, Fig. 3.102. 
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Figure 3.102 Long range order in ([Fe(LQ6)2]NO3. 

3.5.1.1.2.7 [Iron bis(8-Quinoline 4-(3-picolyl)-3-thiosemicarbazone)] nitrate 

Single crystals of [Iron bis(8-Quinoline 4-(3-picolyl)-3-thiosemicarbazone)] nitrate 

([Fe(LQ7)(LQ7H)][(NO3)2]) were obtained as dark green needles by slow diffusion of diethyl ether into 

a solution of the complex in dimethylformamide and crystallised in the monoclinic space group C2/c 

with one molecule in the asymmetric unit. The ligands both bind in the thio-enolate forms, however 

one of the ligands is protonated on the pyridine ring, fig. 3.103. 

 

Figure 3.103 ORTEP drawing (50% probability ellipsoids) of ([Fe(LQ7)(LQ7H)][(NO3)2) showing the asymmetric 

unit. 

Long range order is controlled by chain formation through interactions between the thioamine 

NH with the anion, [N(4)···O(53) = 2.992(6) Å and <(N(4)-H(4)···O(53))= 142.33(3)°], and between 
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the protonated pyridine moiety with an adjacent anion, [N(5)···O(41) = 2.749(5) Å and <(N(5)-

H(4)···O(41))= 168.33(5)°], Fig. 3.104. 

 

Figure 3.104 Hydrogen bonded chain formation through protonate pyridine and thioamine groups, 

[N(4)···O(53) = 2.992(6) Å and <(N(4)-H(4)···O(53))= 142.33(3)°], [N(5)···O(41) = 2.749(5) Å and <(N(5)-

H(4)···O(41))= 168.33(5)°]. 

− stacking is also observed between the quinoline moieties of adjacent complexes with a 

centroid to centroid distance of 4.241 Å, Fig. 3.105. 

 

Figure 3.105 − stacking between phenyl and quinoline rings, centroid to centroid distances of 3.643 Å. 

This leads to the formation of defined layers in the crystal structure held together through a 

combination of − stacking and hydrogen bonding interactions, Fig. 3.106. 
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Figure 3.106 Long range order in ([Fe(LQ7)(LQ7H)][(NO3)2]). 

3.5.2 Salicylaldehyde derived thiosemicarbazone complexes 

Complexes were synthesized by the same general procedure, Fig. 3.107, stirring 0.5 equivalent 

metal salt (CoCl2.6H2O  & FeCl3) and 1.5 equivalent tetrabutylammonium triflate in methanol 

containing acetylaldehyde diethyl acetal and warmed at 40 OC for 30mins. To this, a suspension of 

1.0 equivalent of the appropriate ligand (Salicylaldehyde 4-phenyl-3-thiosemicarbazone, 

Salicylaldehyde, 4-(4-Fluorophenyl)-3-thiosemicarbazone, Salicylaldehyde 4-(4-Iodophenyl)-3-

thiosemicarbazone, Salicylaldehyde 4-(4-Nitrophenyl)-3-thiosemicarbazone, Salicylaldehyde 4-(4-

Carboxyphenyl)-3-thiosemicarbazone Salicylaldehyde octadecyl-3-thiosemicarbazone 

Salicylaldehyde 4-(3-picolyl)-3-thiosemicarbazone) in methanol is added and stirred for 1 h to yield 

[Co(LS1H)(LS1)], [Co(LS2H)(LS2)], [Co(LS3H)(LS3)], [Co(LS4H)(LS4)], [Co(LS5H)(LS5)], [Co(LS6H)(LS6)], 

[Co(LS7H)(LS7)], [Fe(LS1H)(LS1)], [Fe(LS2H)(LS2)], [Fe(LS3H)(LS3)], [Fe(LS4H)(LS4)], [Fe(LS5H)(LS5)], 

[Fe(LS6H)(LS6)]and [Fe(LS7H)(LS7)]. Water was added to the methanolic solution forming a suspension. 

The solids were collected by filtration, and washed with additional water before being dried under 

vacuum. 
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Figure 3.107 A general synthetic route for the formation of Salicyl thiosemicarbazone metal complexes. 

The complexes all adopt the general formula [M(L)(HL)] with the metal in the +3 oxidation state. 

As seen with previous complexes of terdentate thiosemicarbazones, the ligand binds through the 

thioenolate form and with the alcohol group deprotonated in half of the ligands forming neutral, 

heteroleptic complexes. 

The resulting complexes were synthesised and were fully characterised using 1H NMR, 13C NMR, 

19F NMR (where appropriate), IR, UV/Vis, and mass spectrometry. All spectroscopic data was 

consistent with the formation of the desired thiosemicarbazone complexes. 

3.6 Structure extension 

Producing systems with multiple metal centres has the possibility of further tuning the SCO 

properties of the metals, potentially leading to multi-step SCO, but it could also enable mixed metal 

systems to be produced. The ability to have a combination of metals enables a much wider variety 

of properties to be introduced to the system. One particular property of keen interest is the ability 

to introduce lanthanides into the systems to probe their luminescent properties alongside any SCO 

properties of the metal within the original complex.142-143 

Many experiments were undertaken in order to bind metals to the periphery of the complexes 

previously described. The combination of 1.0 equivalent [Co(LQ5)2](BF4) with 2.0 equivalent ZnCl2 

produced a small number of single crystals. 

Full structural analysis is not possible given the quality of the data produced, however it is possible 

to see most of the connectivity within the structure, Fig. 3.108. 
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Figure 3.108 Ball and stick model of asymmetric unit in ([CoZn(LQ5)2](SO4)·2H2O. 

It is clear that there is hydrogen bonding between the thioamine NH and the interstitial solvent 

molecule, however this cannot be explicitly reported.  

The long range order of the system is very similar to the precursor complex, as can be seen in Fig. 

3.109, this may suggest that the potentially magnetically interesting metal from the precursor 

complex may be unaffected by the additional structure extension. This may prevent a change in the 

properties of the metal. 

 

Figure 3.109 Long range order in ([CoZn(LQ5)2](SO4)·2H2O. 

3.7 Langmuir-Blodgett monolayer formation 

The octadecyl analogue of the quinoline and salicylaldehyde derived thiosemicarbazone ligands 

were chosen for this technique as the system is required to be amphiphilic in order to form the film 

at the interface. The ligand systems form favourable interactions between the hydrophilic 
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thiosemicarbazone moiety and the aqueous sub-phase whilst the hydrophobic octadecyl chain 

points away from the surface. The complexes interact in a similar fashion with the octadecyl chains 

pointing away from the aqueous sub-phase and the hydrophilic component surrounding the metal 

interacting with the surface.  

The interactions between the molecules on the surface is not the same between different 

samples, so, in an attempt to obtain compression isotherm profiles that clearly show the formation 

of the monolayer and the breaking of the monolayer at an area2 per chain value that is high enough 

that the barriers aren’t too close to each other on the trough, the quantity of sample added to the 

surface is varied. This is essential when considering the deposition technique. If the barriers are 

required to be close together to maintain a pressure suitable to preserve the monolayer for 

deposition, it can be practically difficult to get the substrate in/out.  

3.7.1 Ligand compression isotherms  

3.7.1.1 LQ6H 

In order to produce films of the complexes, it is essential that the ligands themselves are capable 

of making monolayers. To investigate the formation of a monolayer, a compression isotherm is 

developed to determine whether the monolayer is produced and at what pressure the monolayer 

breaks. 

The compression isotherm of LQ6H, Fig. 3.110, shows the profile expected by adding 12 L of a 0.5 

mgmL-1 solution of LQ6H in CHCl3 to the surface for the formation of the monolayer before breaking 

at ~40 mN. 

 

Figure 3.110 Compression isotherm of LQ6H. 
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3.7.1.2 LS6H 

The compression isotherm of LS6H, Fig. 3.111, shows the profile expected by adding 11 L of a 0.5 

mgmL-1 solution of LS6H in CHCl3 to the surface for the formation of the monolayer before breaking 

at ~35 mN. 

  

 

Figure 3.111 Compression isotherm of LS6H. 

These ligand compression isotherms both show successful formation of the respective 

monolayers. 

3.7.2 Monolayer formation of octadecyl containing thiosemicarbazone complexes 

3.7.2.1 [Co(LQ6)2]BF4  

The compression isotherm for [Co(LQ6)2]BF4 shows the typical profile expected by adding 17 L of 

a 0.5 mgmL-1 solution of [Co(LQ6)2]BF4 in CHCl3 to the surface for the formation of the monolayer 

before breaking at ~40 mN, Fig. 3.112. 
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Figure 3.112 Compression isotherm of [Co(LQ6)2]BF4. 

With a breaking point of ~40 mN, another monolayer can be formed by compressing to 30 mN 

and maintaining that barrier position and monitoring the change in pressure. A decrease in pressure 

is initially expected to account for a rearrangement of the molecules on the surface. In order for 

the monolayer to be deposited, the film must remain formed for long enough to complete the 

deposition, Fig. 3.113. 

 

Figure 3.113 Stability measurements of monolayer of [Co(LQ6)2]BF4. 

The stability measurements shows the profile expected with an initial decrease followed by a 

gradual decrease, but no significant change in pressure between 2000 and 5000 s.  
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3.7.2.2 [Fe(LQ6)2]NO3 

The iron analogue, [Fe(LQ6)2]NO3, has a similar compression isotherm profile by loading the surface 

with 15 L of a 0.5 mgmL-1 solution of [Fe(LQ6)2]NO3 in CHCL3 displaying a breaking point at ~40 mN, 

Fig. 3.114. 

 

Figure 3.114 Compression isotherm of [Fe(LQ6)2]NO3. 

 Stability measurements were taken by maintaining the barrier position at 25 mN, Fig. 3.115. 

 

Figure 3.115 Stability measurements of [Fe(LQ6)2]NO3. 
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The monolayer shows a very small initial decrease in pressure followed by the pressure being 

maintained. As the iron complexes are of interest with respect to their potential magnetic 

properties, deposition was attempted on [Fe(LQ6)2]NO3. 

The deposition was carried out using a hydrophilic substrate placed in the trough before the 

monolayer was formed around it. To aid deposition of the monolayer onto the substrate, an 

increase to 20 L of the 0.5 mgmL-1 solution was added atop the sub-phase. 

Once the monolayer was formed around the substrate, the pressure was maintained and the area 

defined by the barrier position was monitored as a function of time as the substrate was slowly 

withdrawn from the sub-phase, Fig. 3.116. 

 

Figure 3.116 Change in area during deposition of [Fe(LQ6)2]NO3 monolayer onto a hydrophilic substrate. 

By calculating the change in area over the course of the deposition, it is possible to calculate the 

transfer ratio. In this example, the area of the slide was 340 mm2 and the change in area during the 

deposition was 272.79 mm2. This gives a transfer ratio of 0.80 suggesting that the monolayer had 

been deposited on the slide with 80% coverage. A UV-vis spectrum can be acquired and compared 

to a solution state sample to determine whether the property of the film is the comparable to the 

properties of the bulk, Fig. 3.117. 
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Figure 3.117 A comparison between the UV-vis spectra of [Fe(LQ6)2]NO3 in solution and on the surface of the 

substrate – all measurements normalised. 

The absorbance gives no information due to the normalisation, but the peak positions match 

between both samples suggesting a successful transfer of the monolayer onto the surface.  

3.7.2.3 [Co(LS6)(LS6H)] 

The compression isotherm for [Co(LS6)(LS6H)] shows the typical profile expected by adding 18 L 

of a 0.5 mgmL-1 solution of [Co(LS6)(LS6H)] in CHCL3 to the surface for the formation of the monolayer 

before breaking at ~45 mN, Fig. 3.118. 

 

Figure 3.118 Compression isotherm for [Co(LS6)(LS6H)]. 
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Stability measurements were taken by maintaining the barrier position at 35 mN, Fig. 3.119. 

 

Figure 3.119 Stability measurements for [Co(LS6)(LS6H)]. 

The stability measurements show the desired profile for a stable film held at 35 mN. 

3.7.2.4 [Fe(LS6)(LS6H)] 

The compression isotherm for [Fe(LS6)(LS6H)] shows the typical profile expected by adding 20 L 

of a 0.5 mgmL-1 solution of [Fe(LS6)(LS6H)] in CHCL3 to the surface for the formation of the monolayer 

before breaking at ~30 mN, Fig. 3.120. 

 

Figure 3.120 Compression isotherm for [Fe(LS6)(LS6H)]. 
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Stability measurements were were taken by maintaining the barrier position at 17 mN, Fig. 3.121, 

which demonstrates the production of a stable film. 

 

Figure 3.121 Stability measurement for [Fe(LS6)(LS6H)]. 

Deposition of the iron complex was carried out using a hydrophilic substrate placed in the trough 

before the monolayer was formed around it. To aid deposition of the monolayer onto the substrate, 

an increase to 25 L of the 0.5 mgmL-1 solution was added atop the sub-phase. 

Once the monolayer was formed around the substrate, the pressure was maintained and the area 

defined by the barrier position was monitored as a function of time as the substrate was slowly 

withdrawn from the sub-phase, Fig. 3.122. 

 

Figure 3.122 Change in area during deposition of [Fe(LS6)(LS6H)] monolayer onto a hydrophilic substrate. 
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The same size slide was used, so the area of the slide remains 340 mm2 and the change in area 

during the deposition was 465.59 mm2. This gives a transfer ratio of 1.37 suggesting that the 

monolayer had been deposited on the slide with over 100% coverage (137%). This suggests that 

either multilayers are formed during a single deposition, or the monolayer is breaking during or 

after deposition. 

A UV-vis spectrum was acquired and compared to a solution state sample, Fig. 3.123. The peak 

positions broadly align, but the match is certainly not as clear as the quinoline analogue, 

[Fe(LQ6)2]NO3. This isn’t too surprising given the problems with the deposition. 

 

Figure 3.123 A comparison between the UV-vis spectra of [Fe(LS6)(LS6H)] in solution and on the surface of 

the substrate – all measurements normalised. 

3.8 Magnetic susceptibility measurements 

Magnetic susceptibility measurements were unfortunately not collected on all Fe(III) samples  

owing to issues with instrumentation.  Variable temperature magnetic susceptibility measurements 

were obtained for samples of [Fe(LQ1)2]NO3, [Fe(LS4)(LS4H)], and [Fe(LS6)(LS6H)]  between 50 and 300 

K in an applied field of 1000 Oe.  [Fe(LQ1)2]NO3 and [Fe(LS4)(LS4H)] exhibited very similar properties 

with a static χMT value of ~0.5 cm3 mol-1 K between 50 and 300 K, Fig 3.124 and Fig. 3.125, indicating 

the LS (S = ½) spin state at all temperatures.   
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Figure 3.124 Magnetic susceptibility measurements for [Fe(LQ1)2]NO3 between 50 and 300 K. 

 

Figure 3.125 Magnetic susceptibility measurements for [Fe(LS4)(LS4H)]between 50 and 300 K. 

[Fe(LS6)(LS6H)] was interesting in that the χMT value across the temperature range was ~2.5 cm3 

mol-1 K indicating HS and LS character present – likely from a mixture of HS and LS complexes 

within the sample rather than a S = 3/2 state, Fig. 3.126. Detailed Mossbauer measurements 

would be required to characterise this further.   
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Figure 3.126 Magnetic susceptibility measurements for [Fe(LS6)(LS6H)]between 50 and 300 K. 

3.9 Electrochemistry 

Cobalt complexes of the quinoline ligand family were synthesised for two main functions. The first 

was to be able to examine the complexes via NMR as any LS Co(III) complex is d6 and therefore 

diamagnetic. Co(III) is not directly analogous to Fe(III), but it enables additional characterisation to 

be collected. The second reason for synthesising the cobalt complexes is to probe the 

electrochemical switching nature of Co(III).  

Cobalt redox processes are well reported in the literature, (REF) and this switchable nature can 

be useful for similar applications to those described for SCO active complexes described previously, 

chapter 1.4, provided that the process is reversible and reproducible. 

To investigate this, cyclic voltammetry measurements were taken on the complexes in a 1.0 mM 

DMF solution, nBu4NPF6 as supporting electrolyte, with a consistent scan rate of 100 mVs-1. Glassy 

carbon, calomel and platinum as working, reference and counter electrodes respectively. Fig. 3.127 

and Fig. 3.128. These measurements were taken at Queen Mary University of London by Martina 

Cirulli under the supervision of Dr. Maxie Roessler. 
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Figure 3.127. Cyclic voltammetry undertaken on six of the cobalt complexes, [Co(LQ1)2]BF4, [Co(LQ2)2]BF4, 

[Co(LQ3)2]BF4, [Co(LQ4)2]BF4, [Co(LQ5)2]BF4, and [Co(LQ6)2]BF4 at 1.0 mM in DMF solution with a consistent scan 

rate of 100 mVs-1, glassy carbon, calomel and platinum as working, reference and counter electrodes 

respectively. 
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Figure 3.128. Cyclic voltammetry undertaken on [Co(LQ7)2]BF4 at 1.0 mM in DMF solution with a consistent 

scan rate of 100 mVs-1, glassy carbon, calomel and platinum as working, reference and counter electrodes 

respectively. 

All of the electrochemical processed observed are outlined in Table. 3.8. which shows that the 

cobalt process (Co(III) <-> Co(II)) occur around the same voltage, ~-0.86 V, which is consistent with 

the range expected for this electrochemical exchange. 

Table 3.8 A summary of all electrochemical processes in the cyclic voltammetry measurements 

undertaken on quinoline cobalt complexes. 

 

 

Cobalt 

process / V 

[Co(LQ1)2]BF4 -0.873 

[Co(LQ2)2]BF4 -0.858 

[Co(LQ3)2]BF4 -0.868 

[Co(LQ4)2]BF4 Red peak 

-0.860 

[Co(LQ5)2]BF4 -0.858 

[Co(LQ6)2]BF4 -0.963 

[Co(LQ7)2]BF4 -0.952 

The electrochemistry shows that the Co(II)/Co(III) transition occurs at approximately the same 

voltage for all of the complexes meaning that the functionalisation of the ligands on the periphery 
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of the molecule are having little effect on the redox switching at the metal centre. Some of the 

complexes have additional electrochemical processes occurring as the functional groups 

themselves can undergo redox change. 

3.10 Experimental 

3.10.1 Thiosemicarbazide intermediates experimental 

As stated in section 3.6, full characterisation was not carried out on the thiosemicarbazide 

intermediates. Low resolution mass spectrometry was used to confirm the presence of the desired 

product and used without further purification. 

4-(4-Fluorophenyl)-3-thiosemicarbazide LRMS (ESI+): (M+H)+, C7H9FN3S+, requires: 186.0496, 

found m/z = 186.2632. 

4-(4-Iodophenyl)-3-thiosemicarbazide LRMS (ESI+): (M+H)+, C7H9IN3S+, requires: 293.9556, found 

m/z = 294.5098. 

4-(4-Nitrophenyl)-3-thiosemicarbazide LRMS (ESI+): (M+H)+, C7H9N4O2S+, requires: 213.0441, 

found m/z = 213.2002. 

4-(4-Carboxyphenyl)-3-thiosemicarbazide LRMS (ESI+): (M+H)+, C8H10N3O2S+, requires: 212.0488, 

found m/z = 212.2656. 

Octadecyl-3-thiosemicarbazide LRMS (ESI+): (M+H)+, C19H42N3S+, requires: 344.3094, found m/z = 

344.5391. 

3.10.2 Thiosemicarbazone quinoline ligand experimental 

Quinoline thiosemicarbazone ligands were synthesized by the same general procedure using 1.1 

equivalent quinoline-8-carbaldehyde and 1.0 equivalent of the appropriate thiosemicarbazide in 

refluxing methanol for 2 h to yield LQ1H, LQ2H, LQ3H, LQ4H, LQ5H, LQ6H, and LQ7H respectively. Solids 

were collected by filtration of the cooled reaction mixture and dried under vacuum. 
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3.10.2.1 8-Quinoline 4-phenyl-3-thiosemicarbazone (LQ1H) 

 

Quinoline-8-carbaldehyde (816 mg, 5.19 mmol) was added to 4-phenylthiosemicarbazide (787 

mg, 4.71 mmol) in 15 mL methanol and refluxed for 2 h. The yellow solid product, 8-quinoline 4-

phenyl-3-thiosemicarbazone (1200 mg, 3.92 mmol, 83 %), was collected by filtration of the cooled 

reaction mixture and dried under vaccum. HRMS (ESI+): (M+H)+, C17H15N4S+, requires: 307.1012, 

found m/z = 307.1011 and (M+Na)+, C17H14N4NaS+, requires 329.0831, found m/z = 329.0830. FTIR 

(ATR, cm-1): 3288 (N-H), 3048 (N-H), 2901 (C-H), 1591 (N=C), 1088 (C=S); UV/vis (λmax, MeOH): 236 

nm, ε = 23,800 L mol-1 cm-1, 346 nm, ε = 21,500 L mol-1 cm-1. 1H NMR (400 MHz, DMSO-d6) δ 12.14 

(s, 1H, N4H), 10.29 (s, 1H, N3H), 9.52 (s, 1H, H10), 8.98 (dd, J = 4.2, 1.8 Hz, 1H, H8), 8.83 (dd, J = 7.4, 

1.4 Hz, 1H, H1), 8.39 (dd, J = 8.4, 1.8 Hz, 1H, H3), 8.04 (dd, J = 8.2, 1.4 Hz, 1H, H6), 7.69-7.63 (m, 3H, 

H7, H13 & H17), 7.57 (dd, J = 8.3, 4.2 Hz, 1H, H15), 7.41 – 7.37 (m, 2H, H14 & H16), 7.20 (t, J = 7.4, 

1.3 Hz, 1H, H2).13C NMR (101 MHz, DMSO-d6) δ 176.1 (C11), 150.3 (C1), 145.5 (C5), 139.8 (C10), 

139.1 (C12), 136.6 (C3), 131.0 (C9), 130.0 (C6), 128.0 (C14 & C16), 127.9 (C4), 126.6 (C8), 126.3 (C7), 

125.9 (C13 & C16), 125.3 (C15), 121.8 (C2). Single crystals of LQ1H were obtained as large yellow 

blocks by hot recrystalisation from ethanol. Crystal Data for C17H14N4S (M = 306.38 g/mol): 

orthorhombic, space group P212121 (no. 19), a = 7.0297(2) Å, b = 14.1531(4) Å, c = 14.6185(5) Å, V = 

1454.43(8) Å3, Z = 4, T = 100 K, μ(MoKα) = 0.224 mm-1, Dcalc = 1.399 g/cm3, 5380 reflections 

measured (5.574° ≤ 2Θ ≤ 49.974°), 2499 unique (Rint = 0.0231, Rsigma = 0.0327) which were used in 

all calculations. The final R1 was 0.0300 (I > 2σ(I)) and wR2 was 0.0722 (all data).  
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1H NMR 

 

13C NMR 
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3.10.2.2 8-Quinoline 4-(4-fluorophenyl)-3-thiosemicarbazone (LQ2H) 

 

Quinoline-8-carbaldehyde (436 mg, 2.77 mmol) was added to 4-(4-fluorophenyl)-3-

thiosemicarbazide (470 mg, 2.54 mmol) in 15 mL methanol and refluxed for 2 h. The yellow 

crystalline powder, 8-quinoline 4-(4-fluorophenyl)-3-thiosemicarbazone (515 mg, 1.59 mmol, 

63 %), was collected by filtration of the cooled reaction mixture and dried under vacuum. HRMS 

(ESI+): (M+H)+, C17H14FN4S+, requires: 325.0918, found m/z = 325.0924. FTIR (ATR, cm-1): 3288 (N-

H), 3144 (N-H), 2988 (C-H), 1607 (N=C), 1096 (C=S); UV/vis (λmax, MeOH): 235 nm, ε = 22,000 L mol-

1 cm-1, 346 nm, ε = 19,900 L mol-1 cm-1. 1H NMR (400 MHz, DMSO-d6) δ 12.11 (s, 1H, N4H), 10.26 (s, 

1H, N3H), 9.47 (s, 1H, H10), 8.99 (dd, J = 4.2, 1.8 Hz, 1H, H8), 8.81 (dd, J = 7.4, 1.4 Hz, 1H, H1), 8.43 

(dd, J = 8.4, 1.8 Hz, 1H, H3), 8.07 (dd, J = 8.2, 1.4 Hz, 1H, H6), 7.69 (t, J = 7.8 Hz, 1H, H7), 7.57 (dd, J 

= 8.3, 4.2 Hz, 1H, H15), 7.62 – 7.57 (m, 3H, H2, H14 & H16), 7.22 (m, 2H, H13 & H17). 13C NMR (101 

MHz, DMSO-d6) δ 176.5 (C11), 159.7 (d, J = 242.1 Hz, C15), 150.4 (C1), 145.4 (C5), 139.9 (C10), 136.6 

(C3), 135.5 (d, J = 2.8 Hz, C12), 130.9 (C9), 130.0 (C6), 128.2 (d, J = 8.3 Hz, C13 & C17), 128.0 (C4), 

126.6 (C8), 126.3 (C7), 121.8 (C2), 114.7 (d, J = 22.5 Hz, C14 & C16). 19F NMR (376 MHz, DMSO-d6) 

δ -116.83 (F1). Single crystals of LQ2H were obtained as large yellow blocks by hot recrystalisation 

from ethanol. Crystal Data for C17H13FN4S (M = 324.37 g/mol): triclinic, space group P-1 (no. 2), a = 

6.04189(15) Å, b = 8.4113(2) Å, c = 15.7815(4) Å, α = 104.936(2)°, β = 91.421(2)°, γ = 99.995(2)°, V = 

761.12(3) Å3, Z = 2, T = 100.0 K, μ(MoKα) = 0.227 mm-1, Dcalc = 1.415 g/cm3, 8315 reflections 

measured (5.092° ≤ 2Θ ≤ 49.986°), 2664 unique (Rint = 0.0190, Rsigma = 0.0164) which were used in 

all calculations. The final R1 was 0.0280 (I > 2σ(I)) and wR2 was 0.0759 (all data). 
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3.10.2.3 8-Quinoline 4-(4-iodophenyl)-3-thiosemicarbazone (LQ3H) 

 

Quinoline-8-carbaldehyde (296 mg, 1.88 mmol) was added to 4-(4-iodophenyl)-3-

thiosemicarbazide (500 mg, 1.71 mmol) in 20 mL methanol and refluxed for 2 h. The yellow powder, 

8-quinoline 4-(4-iodophenyl)-3-thiosemicarbazone (617 mg, 1.43 mmol, 84 %), was collected by 

filtration of the cooled reaction mixture and dried under vacuum. HRMS (ESI+): (M+H)+, C17H14IN4S+, 

requires: 432.9978, found m/z = 432.9988. FTIR (ATR, cm-1): 3315 (N-H), 3101 (N-H), 2957 (C-H), 

1615 (N=C), 1085 (C=S); UV/vis (λmax, MeOH): 237 nm, ε = 14,500 L mol-1 cm-1, 348 nm, ε = 12,000 L 

mol-1 cm-1. 1H NMR (400 MHz, DMSO-d6) δ 12.18 (s, 1H, N4H), 10.27 (s, 1H, N3H), 9.50 (s, 1H, H10), 

8.97 (dd, J = 4.2, 1.8 Hz, 1H, H8), 8.79 (dd, J = 7.4, 1.4 Hz, 1H, H1), 8.39 (dd, J = 8.4, 1.8 Hz, 1H, H3), 

8.04 (dd, J = 8.2, 1.4 Hz, 1H, H6), 7.73-7.71 (m, 2H, H7, H13 & H17 ), 7.68 – 7.65 (m, 1H, H7), 7.57 

(dd, J = 8.3, 4.2 Hz, 1H, H2), 7.52 (d, J = 8.6 Hz, 2H, C1 & H16). 13C NMR (101 MHz, DMSO-d6) δ 

175.85 (C11), 150.3 (C1), 145.4 (C5), 140.2 (C12), 139.0 (C10), 136.7 (C14 & C16), 136.6 (C3), 130.8 

(C9), 130.1 (C7), 127.9 (C4), 127.89 (C13 & C17), 126.6 (C6), 126.3 (C8), 121.8 (C2), 89.9 (C15). Single 

crystals of LQ3H were obtained as large yellow blocks by hot recrystalisation from ethanol. Crystal 

Data for C17H13IN4S (M = 432.27 g/mol): monoclinic, space group P21/n (no. 14), a = 9.7948(4) Å, b = 

18.8805(8) Å, c = 9.8935(5) Å, β = 114.863(5)°, V = 1660.04(14) Å3, Z = 4, T = 100 K, μ(MoKα) = 2.059 

mm-1, Dcalc = 1.730 g/cm3, 8987 reflections measured (4.91° ≤ 2Θ ≤ 49.996°), 2926 unique (Rint = 

0.0198, Rsigma = 0.0171) which were used in all calculations. The final R1 was 0.0224 (I > 2σ(I)) and 

wR2 was 0.0571 (all data). 
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3.10.2.4 8-Quinoline 4-(4-nitrophenyl)-3-thiosemicarbazone (LQ4H) 

 

Quinoline-8-carbaldehyde (144 mg, 0.92 mmol) was added to 4-(4-nitrophenyl)-3-

thiosemicarbazide (177 mg, 0.83 mmol) in 15 mL methanol and refluxed for 2 h. The dark yellow 

crystalline powder, 8-quinoline 4-(4-nitrophenyl)-3-thiosemicarbazone (289 mg, 0.82 mmol, 99 %), 

was collected by filtration of the cooled reaction mixture and dried under vacuum. HRMS (ESI): 

(M+H)+, C17H14N5O2S+, requires: 352.0864, found m/z = 352.0865. FTIR (ATR, cm-1): 3269 (N-H), 3074 

(N-H), 2869 (C-H), 1545 (N=C), 1488 (N=O), 1323 (N=O), 1083 (C=S); UV/vis (λmax, MeOH): 234 nm, 

ε = 2,900 L mol-1 cm-1, 351 nm, ε = 3,300 L mol-1 cm-1. 1H NMR (400 MHz, DMSO-d6) δ 12.42 (s, 1H, 

N4H), 10.56 (s, 1H, N3H), 9.53 (s, 1H, H10), 8.99 (dd, J = 4.2, 1.8 Hz, 1H, H8), 8.78 (dd, J = 7.4, 1.4 

Hz, 1H, H1), 8.42 (dd, J = 8.3, 1.8 Hz, 1H, H3), 8.27-8.23 (m, 2H, H14 & H16), 8.14-8.11 (m, 2H, H13 

& H17), 8.09 (dd, J = 8.2, 1.5 Hz, 1H, H6), 7.71 (t, J = 7.7 Hz, 1H, H7), 7.60 (dd, J = 8.3, 4.2 Hz, 1H, 

H2). 13C NMR (101 MHz, DMSO-d6) δ 175.4 (C10), 150.5 (C1), 145.5 (C12), 145.4 (C5), 143.4 (C15), 

141.1 (C10), 136.6 (C3), 130.6 (C9), 130.4 (C7), 128.0 (C4), 126.8 (C6), 126.3 (C8), 124.4 (C14 & C16), 

123.7 (C13 & C17), 121.9 (C2). Single crystals of LQ4H were obtained as large yellow blocks by hot 

recrystalisation from ethanol. Crystal Data for C17H15N5O3S (M = 369.40 g/mol): triclinic, space group 

P-1 (no. 2), a = 4.5075(3) Å, b = 10.9516(7) Å, c = 16.8236(11) Å, α = 86.229(5)°, β = 86.747(5)°, γ = 

84.260(5)°, V = 823.48(9) Å3, Z = 2, T = 100 K, μ(MoKα) = 0.226 mm-1, Dcalc = 1.490 g/cm3, 8947 

reflections measured (5.954° ≤ 2Θ ≤ 49.992°), 2881 unique (Rint = 0.0850, Rsigma = 0.0830) which 

were used in all calculations. The final R1 was 0.0492 (I > 2σ(I)) and wR2 was 0.1223 (all data). 
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3.10.2.5 8-Quinoline 4-(4-carboxyphenyl)-3-thiosemicarbazone (LQ5H) 

 

Quinoline-8-carbaldehyde (868 mg, 5.52 mmol) was added to 4-(4-carboxyphenyl)-3-

thiosemicarbazide (1060 mg, 5.07 mmol) in 40 mL methanol and refluxed for 2 h. The off white 

powder, 8-quinoline 4-(4-carboxyphenyl)-3-thiosemicarbazone (1029 mg, 2.94 mmol, 59 %), was 

collected by filtration of the cooled reaction mixture and dried under vacuum. HRMS (ESI): (M+H)+, 

C18H15N4O2S+, requires: 351.0910, found m/z = 351.0909. FTIR (ATR, cm-1): 3290 (N-H), 3149 (N-H), 

2991 (C-H), 1680 (C=O), 1545 (N=C), 1084 (C=S); UV/vis (λmax, MeOH): 235 nm, ε = 14,200 L mol-1 

cm-1, 282 nm, ε = 12,600 L mol-1 cm-1, 348 nm, ε = 12,500 L mol-1 cm-1. 1H NMR (400 MHz, DMSO-

d6) δ 12.24 (s, 1H, N4H), 10.40 (s, 1H, N3H), 9.49 (s, 1H, H10), 9.00 (dd, J = 4.2, 1.8 Hz, 1H, H8), 8.80 

(dd, J = 7.4, 1.4 Hz, 1H, H1), 8.44 (dd, J = 8.3, 1.8 Hz, 1H, H3), 8.09 (dd, J = 8.2, 1.4 Hz, 1H, H6), 7.97-

7.94 (m, 2H, H14 & H16), 7.88-7.86 (m, 2H, H13 & H17), 7.70 (t, J = 7.7 Hz, 1H, H7), 7.61 (dd, J = 8.3 

Hz, 1H, H2). 13C NMR (101 MHz, DMSO-d6) δ 175.7 (C11), 167.0 (C18), 150.5 (C1), 145.5 (C5), 143.2 

(C12), 140.5 (C10), 136.7 (C3), 130.8 (C9), 130.2 (C7), 129.4 (C14 & C16), 128.0 (C4), 127.0 (C6), 

126.7 (C8), 126.4 (C15), 124.6 (C14 & C16), 121.9 (C2). Single crystals of LQ5H were obtained as large 

yellow blocks by hot recrystalisation from ethanol. Crystal Data for C18H16N4O3S (M =368.41 g/mol): 

triclinic, space group P-1 (no. 2), a = 4.47346(16) Å, b = 10.9210(3) Å, c = 20.2050(8) Å, α = 

101.047(3)°, β = 91.591(3)°, γ = 95.033(3)°, V = 964.08(6) Å3, Z = 2, T = 100 K, μ(MoKα) = 0.192 mm-

1, Dcalc = 1.269 g/cm3, 10179 reflections measured (3.818° ≤ 2Θ ≤ 49.996°), 3403 unique (Rint = 

0.0219, Rsigma = 0.0161) which were used in all calculations. The final R1 was 0.0399 (I > 2σ(I)) and 

wR2 was 0.1155 (all data). 
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3.10.2.6 8-Quinoline octadecyl-3-thiosemicarbazone (LQ6H) 

 

Quinoline-8-carbaldehyde (105 mg, 0.67 mmol) was added to octadecyl-3-thiosemicarbazide (204 

mg, 0.59 mmol) in 20 mL methanol and refluxed for 2 h. The yellow crystalline powder, 8-quinoline 

octadecyl-3-thiosemicarbazone (215 mg, 0.45 mmol, 75 %), was collected by filtration of the cooled 

reaction mixture and dried under vacuum. HRMS (ESI+): (M+H)+, C29H47N4S+, requires: 483.3516, 

found m/z = 483.3527. FTIR (ATR, cm-1): 3367 (N-H), 3144 (N-H), 2995 (C-H), 1570 (N=C), 1469 (C=C), 

1039 (C=S); UV/vis (λmax, MeOH): 234 nm, ε = 16,400 L mol-1 cm-1, 343 nm, ε = 14,800 L mol-1 cm-1. 

1H NMR (400 MHz, DMSO-d6) δ 11.65 (s, 1H,N4H), 9.33 (s, 1H, H10), 8.97 (dd, J = 4.2, 1.8 Hz, 1H, 

H8), 8.67 – 8.56 (m, 2H, H1 & N3H), 8.42 (dd, J = 8.4, 1.8 Hz, 1H, H3), 8.04 (dd, J = 8.1, 1.4 Hz, 1H, 

H6), 7.67 (t, J = 7.7 Hz, 1H, H7), 7.60 (dd, J = 8.3, 4.2 Hz, 1H, H2), 3.60 – 3.55 (m, 2H, H12), 1.62 – 

1.59 (m, 2H, H13), 1.29 – 1.19 (m, 30H, H14, H15, H16, H17, H18, H19, H20, H21, H22, H23, H24, 

H25, H26, H27, H28), 0.85 – 0.82 (m, 3H, H29). 13C NMR (101 MHz, DMSO-d6) δ 177.0 (C11), 150.3 

(C1), 145.3 (C5), 138.6 (C10), 136.6 (C3), 131.3 (C9), 129.6 (C6), 128.0 (C4), 126.3 (C8), 126.0 (C7), 

121.8 (C2), 43.5 (C12), 31.3 (C13), 29.0 – 29.0 (m, C16, C17, C18, C19, C20, C21, C22, C23, C24, C25, 

C26), 28.8 (C15), 28.7 (C27), 26.4 (C14), 22.1 (C28), 13.9 (C29). Single crystals of LQ6H were obtained 

as large yellow blocks by hot recrystalisation from ethanol. Crystal Data for C29H46N4S (M = 482.76 

g/mol): monoclinic, space group P21/n (no. 14), a = 15.3518(7) Å, b = 9.0375(3) Å, c = 21.5250(8) Å, 

β = 110.590(5)°, V = 2795.64(19) Å3, Z = 4, T = 100 K, μ(MoKα) = 0.139 mm-1, Dcalc = 1.147 g/cm3, 

15979 reflections measured (4.94° ≤ 2Θ ≤ 50°), 4928 unique (Rint = 0.0404, Rsigma = 0.0502) which 

were used in all calculations. The final R1 was 0.0482 (>2sigma(I)) and wR2 was 0.1100 (all data). 
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3.10.2.7 8-Quinoline 4-(3-picolyl)-3-thiosemicarbazone (LQ7H) 

 

Quinoline-8-carbaldehyde (364 mg, 2.32 mmol) was added to 4-(3-picolyl)-3-thiosemicarbazide 

(396 mg, 2.17 mmol) in 20 mL methanol and refluxed for 2 h. The off white powder, 8-quinoline 4-

(3-picolyl)-3-thiosemicarbazone (546 mg, 1.70 mmol, 78 %), was collected by filtration of the cooled 

reaction mixture and dried under vacuum. HRMS (ESI): (M+H)+, C17H16N5S+, requires: 322.121, found 

m/z = 322.1118 and (M+Na)+ m/z = 344.0943, found m/z = 344.0940. FTIR (ATR, cm-1): 3251 (N-H), 

3122 (N-H), 2903 (C-H), 1523 (N=C), 1043 (C=S); UV/vis (λmax, MeOH): 234 nm, ε = 18,400 L mol-1 

cm-1, 344 nm, ε = 15,700 L mol-1 cm-1. 1H NMR (400 MHz, DMSO-d6) δ 11.90 (s, 1H, N3H), 9.38 (s, 

1H, H10), 9.28 (t, J = 6.3 Hz, 1H, N4H), 8.98 (dd, J = 4.2, 1.8 Hz, 1H, H8), 8.65 (dd, J = 7.4, 1.4 Hz, 1H, 

H1), 8.61 (d, J = 2.2 Hz, 1H, H17), 8.46 (dd, J = 4.8, 1.7 Hz, 1H, H14), 8.43 (dd, J = 8.4, 1.8 Hz, 1H, H3), 

8.06 (dd, J = 8.1, 1.4 Hz, 1H, H6), 7.80 (dt, J = 7.9, 2.0 Hz, 1H, H15), 7.68 (t, J = 7.7 Hz, 1H, H7), 7.61 

(dd, J = 8.3, 4.2 Hz, 1H, H2), 7.36 (ddd, J = 7.8, 4.8, 0.9 Hz, 1H, H16), 4.90 (d, J = 6.2 Hz, 2H, H12). 

13C NMR (101 MHz, DMSO-d6) δ 177.8 (C11), 150.4 (C1), 148.9 (C14), 148.0 (C17), 145.3 (C5), 139.4 

(C10), 136.6 (C3), 135.1 (C13), 135.0 (C15), 131.1 (C9), 129.8 (C6), 128.0 (C4), 126.3 (C8), 126.1 (C7), 

123.4 (C16), 121.8 (C2), 44.3 (C12). Single crystals of LQ7H were obtained as large yellow blocks by 

hot recrystalisation from ethanol. Crystal Data for C17H15N5S (M =321.40 g/mol): monoclinic, space 

group P21/c (no. 14), a = 19.4528(4) Å, b = 7.6421(2) Å, c = 21.8622(5) Å, β = 94.165(2)°, V = 

3241.46(13) Å3, Z = 8, T = 100 K, μ(MoKα) = 0.206 mm-1, Dcalc = 1.317 g/cm3, 34111 reflections 

measured (4.15° ≤ 2Θ ≤ 54.96°), 6999 unique (Rint = 0.0669, Rsigma = 0.0507) which were used in all 

calculations. The final R1 was 0.0978 (I > 2σ(I)) and wR2 was 0.1959 (all data). 
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3.10.3 Thiosemicarbazone quinoline complexes experimental 

3.10.3.1 Cobalt complexes 

Complexes were synthesized by the same general procedure stirring 0.5 equivalent metal salt 

(Co(BF4)2·6H2O or Fe(NO3)3·9H2O) and 1.0 equivalent of the appropriate ligand in methanol for 1 h 

to yield the metal complex. Solids were collected by filtration of the cooled reaction mixture and 

washed with additional methanol before being dried under vacuum. 

3.10.3.1.1 [Cobalt bis(8-quinoline 4-phenyl-3-thiosemicarbazone)] tetrafluoroborate 

([Co(LQ1)2]BF4) 

 

Only one ligand shown and anion omitted for clarity 

Co(BF4)2·6H2O (59.6 mg, 0.175 mmol) was added to LQ1H (99.5 mg, 0.325 mmol) in 3 mL methanol 

and stirred at room temperature for 1 h to yield the metal complex. Solids collected by filtration of 

the cooled reaction mixture and washed with additional methanol before being dried under 

vacuum. An orange solid, [Co(LQ1)2]BF4 (117.1 mg, 0.155 mmol, 48 %), was collected. HRMS (ESI+): 

(M)+, C34H26CoN8S2
+, requires m/z = 669.1048, found m/z = 669.1043. FTIR (ATR, cm-1): 3341 (N-H), 

3090 (C-H), 1590 (N=C), 1493 (C=C), 1438 (C=C), 1040 (B-F), 744 (C-S); UV/vis (λmax, MeOH): 259 nm, 

ε = 19,800 L mol-1 cm-1, 303 nm, ε = 9,800 L mol-1 cm-1, 408 nm, ε = 7,800 L mol-1 cm-1. 1H NMR (400 

MHz, DMSO-d6) δ 9.76 (s, 2H, N4H & N24H), 9.46 (s, 2H, H10 & H30), 8.86 (d, J = 5.4 Hz, 2H, H8 & 

H28), 8.72 (d, J = 8.1 Hz, 2H, H1 & H21), 8.64 (d, J = 7.4 Hz, 2H, H6 & H26), 8.41 (d, J = 8.2 Hz, 2H, H3 

& H23), 8.04 (t, J = 7.8 Hz, 2H, H2 & H22), 7.73 – 7.48 (m, 6H, H13, H15, H17, H33, H35 & H37), 7.28 

(t, J = 7.7 Hz, 4H, H14, H16, H34 & H36), 6.99 (t, J = 7.4 Hz, 2H, H7 & H27). 13C NMR (101 MHz, DMSO-

d6) δ 170.9 (C11 & C31), 156.7 (C10 & C30), 155.9 (C1 & C21), 141.5 (C3 & C23), 140.1 (C5 & C25), 

139.8 (C6 & C26), 138.4 (C12 & C32), 135.0 (C8 & C28), 130.2 (C9 & C29), 128.7 (C14, C16, C34 & 

C36), 128.2 (C7 & C27), 128.1 (C4 & C24), 123.4 (C15 & C35), 122.6 (C2 & C22), 119.4 (C13, C17, C33 

& C37). 19F NMR (376 MHz, DMSO-d6) δ -147.89 (BF4
-), -147.95 (BF4

-). Single crystals of 

[Co(LQ1)2]BF4·2DMF were obtained as orange plates by slow evaporation of diethyl ether into a 

solution of the complex dissolved in dimethylformamide. Crystal Data for C40H40BCoF4N10O2S2 



 

174 

(M =902.68 g/mol): monoclinic, space group C2/c (no. 15), a = 8.7205(5) Å, b = 25.3217(19) Å, c = 

18.2771(10) Å, β = 97.290(5)°, V = 4003.3(4) Å3, Z = 4, T = 293(2) K, μ(MoKα) = 0.603 mm-1, Dcalc = 

1.498 g/cm3, 18875 reflections measured (3.924° ≤ 2Θ ≤ 49.99°), 3529 unique (Rint = 0.0542, Rsigma = 

0.0393) which were used in all calculations. The final R1 was 0.0427 (I > 2σ(I)) and wR2 was 0.1140 

(all data).  
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3.10.3.1.2 [Cobalt bis(8-Quinoline 4-(4-Fluorophenyl)-3-thiosemicarbazone)] 

tetrafluoroborate ([Co(LQ2)2]BF4) 

 

Co(BF4)2·6H2O (113.3 mg, 0.333 mmol) was added to LQ2H (200.0 mg, 0.617 mmol) in 3 mL 

methanol and stirred at room temperature for 1 h to yield the metal complex. Solids collected by 

filtration of the cooled reaction mixture and washed with additional methanol before being dried 

under vacuum. An orange solid, [Co(LQ2)2]BF4 (227.1 mg, 0.287 mmol, 46 %), was collected. HRMS 

(ESI+): (M)+, C34H24CoF2N8S2
+, requires m/z = 705.0860, found m/z = 705.0850. FTIR (ATR, cm-1): 3346 

(N-H), 3088 (C-H), 1591 (N=C), 1493 (C=C), 1406 (C=C), 1050 (B-F), 775 (C-S); UV/vis (λmax, MeOH): 

257 nm, ε = 33,800 L mol-1 cm-1, 407 nm, ε = 13,000 L mol-1 cm-1. 1H NMR (400 MHz, DMSO-d6) δ 

9.79 (s, 2H,H4 & H24), 9.44 (s, 2H, H10 & H30), 8.85 (s, 2H, H8 & H28), 8.73 (s, 2H, H1 & H21), 8.62 

(s, 2H, H3 & H23), 8.42 (s, 2H, H6 & H26), 8.04 (s, 2H, H7 & H27), 7.63 (s, 6H, H2, H14, H16, H22, 

H34 & H36), 7.12 (s, 4H, H13, H17, H33 & H37). 13C NMR (101 MHz, DMSO-d6) δ 170.9 (C11 & C31), 

157.6 (d, J = 240.0 Hz, C15 & C35), 156.8 (C10 & C30), 155.9 (C1 & C21), 141.5 (C3 & C23), 139.8 (C6 

& C26), 138.4 (C5 & C25), 136.6 (C12 & C32), 135.0 (C8 & C28), 130.2 (C9 & C29), 128.2 (C4 & C24), 

128.1 (C7 & C27), 123.5 (C2 & C22), 121.2 (d, J = 7.8 Hz, C13, C17, C33 & C37), 115.2 (d, J = 22.3 Hz, 

C14, C16, C34 & C36). 19F NMR (376 MHz, DMSO-d6) δ -119.81 (F1 & F21), -147.88 (BF4
-), -147.94 

(BF4
-). Single crystals of [Co(LQ2)2]BF4·2DMF·H2O were obtained as orange plates by slow 

evaporation of diethyl ether into a solution of the complex dissolved in dimethylformamide. Crystal 

Data for C40H38.665BCoF6N10O2.335S2 (M =944.69 g/mol): triclinic, space group P-1 (no. 2), a = 

11.4258(4) Å, b = 12.7503(4) Å, c = 16.1402(4) Å, α = 108.174(3)°, β = 101.058(3)°, γ = 106.104(3)°, 

V = 2044.18(12) Å3, Z = 2, T = 100 K, μ(MoKα) = 0.601 mm-1, Dcalc = 1.535 g/cm3, 39026 reflections 

measured (3.604° ≤ 2Θ ≤ 49.996°), 7200 unique (Rint = 0.0967, Rsigma = 0.0871) which were used in 

all calculations. The final R1 was 0.0529 (I > 2σ(I)) and wR2 was 0.1918 (all data). 
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3.10.3.1.3 [Cobalt bis(8-Quinoline 4-(4-Iodophenyl)-3-thiosemicarbazone)] tetrafluoroborate 

([Co(LQ3)2]BF4) 

 

Co(BF4)2·6H2O (147.2 mg, 0.432 mmol) was added to LQ3H (347.3 mg, 0.803 mmol) in 5 mL 

methanol and stirred at room temperature for 1 h to yield the metal complex. Solids collected by 

filtration of the cooled reaction mixture and washed with additional methanol before being dried 

under vacuum. An orange solid, [Co(LQ3)2]BF4 (356.4 mg, 0.353 mmol, 44 %), was collected. HRMS 

(ESI+): (M)+, C34H24CoI2N8S2
+, requires m/z = 920.8981, found m/z = 920.8966. FTIR (ATR, cm-1): 3342 

(N-H), 3077 (C-H), 1583 (N=C), 1483 (C=C), 1392 (C=C), 1049 (B-F), 778 (C-S); UV/vis (λmax, MeOH): 

265 nm, ε = 19,100 L mol-1 cm-1, 408 nm, ε = 7,200 L mol-1 cm-1. 1H NMR (400 MHz, DMSO-d6) δ 9.83 

(s, 2H, H4 & H24), 9.44 (s, 2H, H10 & H30), 8.96 – 8.79 (m, 2H, H8 & H28), 8.73 (d, J = 8.1 Hz, 2H, H1 & H21), 

8.62 (d, J = 7.3 Hz, 2H, H3 & H23), 8.43 (d, J = 8.2 Hz, 2H, H6 & H26), 8.05 (t, J = 7.9 Hz, 2H, H7 & H27), 7.71 – 

7.53 (m, 6H, H2, H14, H16, H22, H34 & H36), 7.42 (d, J = 8.3 Hz, 4H, H13, H17, H33 & H37). 13C NMR (101 
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MHz, DMSO-d6) δ 170.7 (C11 & C31), 157.4 (C10 & C30), 156.0 (C1 & C21), 141.6 (C3 & C23), 140.0 

(C6 & C26), 139.8 (C5 & C25), 138.4 (C12 & C32), 137.2 (C14, C16, C34 & C36), 135.2 (C8 & C28), 

130.2 (C9 & C29), 128.2 (C7 & C27), 128.0 (C4 & C24), 123.5 (C2 & C22), 121.6 (C13, C17, C33 & 

C37), 86.0 (C15 & C35). 19F NMR (376 MHz, DMSO-d6) δ -147.97 (BF4
-), -148.03 (BF4

-). Single crystals 

of [Co(LQ3)2]BF4·3DMF were obtained as orange plates by slow evaporation of diethyl ether into a 

solution of the complex dissolved in dimethylformamide. Crystal Data for C43H45BCoF4I2N11O3S2 

(M =1227.56 g/mol): triclinic, space group P-1 (no. 2), a = 13.2886(3) Å, b = 13.4051(3) Å, c = 

15.9551(4) Å, α = 95.245(2)°, β = 105.450(2)°, γ = 115.568(2)°, V = 2400.56(11) Å3, Z = 2, T = 

100.00(10) K, μ(MoKα) = 1.798 mm-1, Dcalc = 1.698 g/cm3, 50939 reflections measured (5.726° ≤ 

2Θ ≤ 52°), 9437 unique (Rint = 0.0470, Rsigma = 0.0353) which were used in all calculations. The final 

R1 was 0.0483 (I > 2σ(I)) and wR2 was 0.1390 (all data). 
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3.10.3.1.4 [Cobalt bis(8-Quinoline 4-(4-Nitrophenyl)-3-thiosemicarbazone)] tetrafluoroborate 

([Co(LQ4)2]BF4) 

 

Co(BF4)2·6H2O (29.7 mg, 0.087 mmol) was added to LQ4H (54.4 mg, 0.155 mmol) in 3 mL methanol 

and stirred at room temperature for 1 h to yield the metal complex. Solids collected by filtration of 

the cooled reaction mixture and washed with additional methanol before being dried under 

vacuum. An orange solid, [Co(LQ4)2]BF4 (62.8 mg, 0.074 mmol, 48 %), was collected. HRMS (ESI+): 

(M)+, C34H24CoN10O4S2
+, requires m/z = 759.0750, found m/z = 759.0740. FTIR (ATR, cm-1): 3330 (N-

H), 3089 (C-H), 1590 (N=C), 1490 (N=O), 1410 (C=C), 1327 (N=O), 1176 (B-F), 1051 (B-F), 748 (C-S); 

UV/vis (λmax, MeOH): 391 nm, ε = 3,800 L mol-1 cm-1. 1H NMR (400 MHz, DMSO-d6) δ 10.41 (s, 2H, 

H4 & H24), 9.58 (s, 2H, H10 & H30), 8.88 (s, 2H, H8 & H28), 8.76 (s, 2H, H1 & H21), 8.67 (s, 2H, H3 

& H23), 8.57 – 8.38 (m, 2H, H6 & H26), 8.17 (s, 4H, H14, H16, H34 & H36), 8.09 (s, 2H, H7 & H27), 

7.85 (s, 4H, H13, H17, H33 & H37), 7.64 (s, 2H, H2 & H22). 13C NMR (101 MHz, DMSO-d6 δ 170.7 

(C11 & C31), 159.3 (C10 & C30), 156.2 (C1 & C21), 145.7 (C15 & C35), 141.8 (C3 & C23), 141.2 (C5 

& C25), 140.6 (C6 & C26), 138.4 (C12 & C32), 135.9 (C8 & C28), 130.3 (C7 & C27), 128.3 (C9 & C29), 

127.7 (C4 & C24), 124.9 (C13, C17, C33 & C37), 123.7 (C2 & C22), 118.8 (C14, C16, C34 & C36). 19F 

NMR (376 MHz, DMSO-d6) δ -147.94 (BF4
-), -147.99 (BF4

-). Single crystals of 

[Co(LQ4)2]BF4·3DMF·(4/3)H2O were obtained as orange needles by slow evaporation of diethyl ether 

into a solution of the complex dissolved in dimethylformamide. Crystal Data for 

C43H47.66625BCoF4N13O8.33375S2 (M =1089.80 g/mol): monoclinic, space group C2/c (no. 15), a = 

13.2995(2) Å, b = 26.5409(5) Å, c = 27.9887(4) Å, β = 99.556(2)°, V = 9742.4(3) Å3, Z = 8, T = 100 K, 

μ(MoKα) = 0.520 mm-1, Dcalc = 1.486 g/cm3, 52198 reflections measured (5.878° ≤ 2Θ ≤ 51.996°), 

9585 unique (Rint = 0.0349, Rsigma = 0.0292) which were used in all calculations. The final R1 was 

0.0438 (I > 2σ(I)) and wR2 was 0.1096 (all data). 
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3.10.3.1.5 [Cobalt bis(8-Quinoline 4-(4-Carboxyphenyl)-3-thiosemicarbazone)] 

tetrafluoroborate ([Co(LQ5)2]BF4) 

 

Co(BF4)2·6H2O (245 mg, 0.719 mmol) was added to LQ5H (500 mg, 1.427 mmol) in 20 mL methanol 

and stirred at room temperature for 1 h to yield the metal complex. Solids collected by filtration of 

the cooled reaction mixture and washed with additional methanol before being dried under 

vacuum. An orange solid, [Co(LQ5)2]BF4 (413 mg, 0.489 mmol, 34 %), was collected. HRMS (ESI+): 

(M)+, C36H26CoN8O4S2
+, requires m/z = 757.0845, found m/z = 757.0851. FTIR (ATR, cm-1): 3333 (N-

H), 3047 (C-H), 1702 (C=O), 1591 (N=C), 1485 (C=C), 1053 (B-F), 768 (C-S); UV/vis (λmax, MeOH): 281 

nm, ε = 45,900 L mol-1 cm-1, 288 nm, ε = 46,300 L mol-1 cm-1, 303 nm, ε = 46,700 L mol-1 cm-1, 398 

nm, ε = 26,400 L mol-1 cm-1. 1H NMR (400 MHz, DMSO-d6) δ 10.08 (s, 2H, H4 & H24), 9.54 (s, 2H, 

H10 & H30), 8.87 (d, J = 5.1 Hz, 2H, H8 & H28), 8.74 (d, J = 7.8 Hz, 2H, H1 & H21), 8.66 (d, J = 7.2 Hz, 
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2H, H3 & H23), 8.45 (d, J = 8.0 Hz, 2H, H6 & H26), 8.07 (t, J = 7.7 Hz, 2H, H7 & H27), 7.86 (d, J = 8.5 

Hz, 4H, H14, H16, H34 & H36), 7.72 (d, J = 8.6 Hz, 4H, H13, H17, H33 & H37), 7.63 (dd, J = 8.2, 5.4 

Hz, 2H, H2 & H22). 13C NMR (101 MHz, DMSO-d6) δ 170.7 (C11 & C31), 166.9 (C18 & C38), 158.1 

(C10 & C30), 156.1 (C1 & C21), 143.8 (C5 & C25), 141.6 (C3 & C23), 140.2 (C6 & C26), 138.4 (C12 & 

C32), 135.4 (C8 & C28), 130.3 (C14, C16, C34 & C36), 130.2 (C9 & C29), 128.3 (C7 & C27), 127.9 (C4 

& C24), 124.1 (C15 & C35), 123.5 (C2 & C22), 118.5 (C13, C17, C33 & C37). 19F NMR (376 MHz, 

DMSO-d6) δ -147.97 (BF4
-), -148.02 (BF4

-). Single crystals of [Co(LQ5)2]BF4·3DMF·H2O·Et2O were 

obtained as orange needles by slow evaporation of diethyl ether into a solution of the complex 

dissolved in dimethylformamide. Crystal Data for C52H66BCoF4N12O10S2 (M =1229.02 g/mol): 

monoclinic, space group Ia (no. 9), a = 13.6462(3) Å, b = 13.0323(3) Å, c = 32.3234(5) Å, β = 

92.9946(18)°, V = 5740.61(19) Å3, Z = 4, T = 99.99(10) K, μ(MoKα) = 0.452 mm-1, Dcalc = 

1.422 g/cm3, 30468 reflections measured (6.252° ≤ 2Θ ≤ 49.998°), 9971 unique (Rint = 0.0343, Rsigma 

= 0.0354) which were used in all calculations. The final R1 was 0.0435 (I > 2σ(I)) and wR2 was 0.1117 

(all data).  

1H NMR 
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3.10.3.1.6 [Cobalt bis(8-Quinoline octadecyl-3-thiosemicarbazone)] tetrafluoroborate 

([Co(LQ6)2]BF4) 

 

Co(BF4)2·6H2O (19.6 mg, 0.057 mmol) was added to LQ6H (49.8 mg, 0.103 mmol) in 3 mL 

methanol and stirred at room temperature for 1 h to yield the metal complex. Solids collected by 

filtration of the cooled reaction mixture and washed with additional methanol before being dried 

under vacuum. An orange solid, [Co(LQ6)2]BF4 (44.4 mg, 0.040 mmol, 39 %), was collected. HRMS 

(ESI+): (M)+, C58H90CoN8S2
+, requires m/z = 1021.6056, found m/z = 1021.61. FTIR (ATR, cm-1): 3205 

(N-H), 2916 (C-H), 1586 (N=C), 1497 (C=C), 1467 (C=C), 1046 (B-F), 775 (C-S); UV/vis (λmax, MeOH): 

245 nm, ε = 29,900 L mol-1 cm-1, 402 nm, ε = 12,100 L mol-1 cm-1. 1H NMR (400 MHz, DMSO-d6) δ 

9.09 (s, 2H, H10, H40), 8.76 – 8.62 (m, 4H, H1, H8, H31, H38), 8.48 (d, J = 7.3 Hz, 2H, H3, H33), 8.32 

(d, J = 8.0 Hz, 2H, H6, H36), 7.97 (t, J = 7.9 Hz, 2H, H7, H37), 7.58 (t, J = 6.6 Hz, 2H, H2, H32), 3.10 

(s, 4H, H12, H42), 1.22 (s, 64H, H13-H28, H43-H58), 0.84 (t, J = 6.4 Hz, 6H, H29, H59). 19F NMR (376 

MHz, DMSO-d6) δ -147.97 (BF4
-), -148.02 (BF4

-). 

1H NMR 

 

13C NMR 
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3.10.3.1.7 [Cobalt bis(8-Quinoline 4-(3-picolyl)-3-thiosemicarbazone)] tetrafluoroborate 

([Co(LQ7)2]BF4) 

 

Co(BF4)2·6H2O (28.2 mg, 0.083 mmol) was added to LQ7H (49.8 mg, 0.155 mmol) in 3 mL 

methanol and stirred at room temperature for 1 h to yield the metal complex. Solids collected by 

filtration of the cooled reaction mixture and washed with additional methanol before being dried 

under vacuum. An orange solid, [Co(LQ7)2]BF4 (54.2 mg, 0.069 mmol, 44 %), was collected. HRMS 

(ESI+): (M)+, C34H28CoN10S2
+, requires m/z = 699.1266, found m/z = 699.1250. FTIR (ATR, cm-1): 

3355 (N-H), 3032 (C-H), 1589 (N=C), 1497 (C=C), 1420 (C=C), 1061 (B-F), 1011 (B-F), 770 (C-S); 

UV/vis (λmax, MeOH): 246 nm, ε = 14,500 L mol-1 cm-1, 322 nm, ε = 7,400 L mol-1 cm-1. 1H NMR 

(400 MHz, DMSO-d6) δ 9.09 (s, 2H, H10, H30), 8.75 – 8.68 (m, 4H, H1, H8, H21, H28), 8.58 (s, 2H, 

H17, H37), 8.49 (d, J = 7.3 Hz, 2H, H14, H35), 8.42 (s, 2H, H3, H23), 8.36 (d, J = 8.2 Hz, 2H, H6, 

H26), 7.98 (t, J = 7.7 Hz, 2H, H15, H35), 7.67 (s, 2H, H7, H27), 7.55 (t, J = 6.4 Hz, 4H, H2, H16, H22, 

H36), 4.55 – 4.31 (m, 4H, H12, H32). 13C NMR (101 MHz, DMSO-d6) δ 155.67 (C10, C30), 154.29 

(C1, C21), 144.59 (C14, C17, C34, C37), 141.18 (C3, C23), 139.14 (C5, C25), 138.98 (C6, C26), 

138.35 (C13, C33), 136.36 (C8, C28), 134.35 (C15, C35), 130.02 (C9, C29), 128.19 (C4, C24), 127.98 

(C7, C27), 124.90 (C16, C36), 123.09 (C2, C22), 45.00 (C12, C32). 19F NMR (376 MHz, DMSO-d6) δ -

147.96 (BF4
-), -148.01 (BF4

-). Single crystals of [Co(LQ7)2]BF4 were obtained as orange needles by 

slow evaporation of diethyl ether into a solution of the complex dissolved in dimethylformamide. 

Crystal Data for C34H28BCoF4N10S2 (M =786.52 g/mol): monoclinic, space group P21/c (no. 14), a = 

12.3294(3) Å, b = 20.0220(4) Å, c = 13.9236(4) Å, β = 109.557(3)°, V = 3238.88(16) Å3, Z = 4, T = 

100.00(10) K, μ(MoKα) = 0.728 mm-1, Dcalc = 1.613 g/cm3, 35278 reflections measured (6.024° ≤ 

2Θ ≤ 49.996°), 5690 unique (Rint = 0.0342, Rsigma = 0.0224) which were used in all calculations. The 

final R1 was 0.0294 (I > 2σ(I)) and wR2 was 0.0693 (all data). 
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19F NMR 

 

3.10.3.2 Iron complexes 

3.10.3.2.1 [Iron bis(8-Quinoline 4-phenyl-3-thiosemicarbazone)] nitrate ([Fe(LQ1)2]NO3) 

 

Fe(NO3)3·9H2O (16.0 mg, 0.040 mmol) was added to LQ1H (22.0 mg, 0.072 mmol) in 3 mL methanol 

and stirred at room temperature for 1 h to yield the metal complex. Solids collected by filtration of 

the cooled reaction mixture and washed with additional methanol before being dried under 

vacuum. A dark green solid, [Fe(LQ1)2]NO3 (19.0 mg, 0.026 mmol, 36 %), was collected. HRMS (ESI+): 

(M)+, C34H26FeN8S2
+, requires m/z = 666.1066, found m/z = 666.1071. FTIR (ATR, cm-1): 3255 (N-H), 

3063 (C-H), 1557 (N=C), 1495 (C=C), 1437 (C=C), 1044 (B-F), 744 (C-S); UV/vis (λmax, MeOH): 256 nm, 

ε = 31,200 L mol-1 cm-1, 397 nm, ε = 14,900 L mol-1 cm-1. Single crystals of [Fe(LQ1)2]NO3 were 

obtained as brown plates by slow evaporation of diethyl ether into a solution of the complex 

dissolved in dimethylformamide. Crystal Data for C38.5H36.5FeN10.5O4.5S2 (M =838.25 g/mol): 
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monoclinic, space group C2/c (no. 15), a = 17.3692(12) Å, b = 30.3624(12) Å, c = 15.5057(9) Å, β = 

115.774(8)°, V = 7363.7(9) Å3, Z = 8, T = 100(2) K, μ(MoKα) = 0.584 mm-1, Dcalc = 1.512 g/cm3, 

32697 reflections measured (3.238° ≤ 2Θ ≤ 50.052°), 6516 unique (Rint = 0.1081, Rsigma = 0.1040) 

which were used in all calculations. The final R1 was 0.0634 (I > 2σ(I)) and wR2 was 0.1599 (all data). 

3.10.3.2.2 [Iron bis(8-Quinoline 4-(4-Fluorophenyl)-3-thiosemicarbazone)] nitrate 

([Fe(LQ2)2]NO3) 

 

Fe(NO3)3·9H2O (26.8 mg, 0.066 mmol) was added to LQ2H (37.4 mg, 0.115 mmol) in 3 mL methanol 

and stirred at room temperature for 1 h to yield the metal complex. Solids collected by filtration of 

the cooled reaction mixture and washed with additional methanol before being dried under 

vacuum. A dark green solid, [Fe(LQ2)2]NO3 (40.4 mg, 0.053 mmol, 46 %), was collected. HRMS (ESI+): 

(M)+, C34H24F2FeN8S2
+, requires m/z = 702.0883, found m/z = 702.0859. FTIR (ATR, cm-1): 3260 (N-

H), 3065 (C-H), 1588 (N=C), 1497 (C=C), 1424 (C=C), 1046 (B-F), 828 (C-S); UV/vis (λmax, MeOH): 253 

nm, ε = 24,700 L mol-1 cm-1, 396 nm, ε = 11,800 L mol-1 cm-1. Single crystals of [Fe(LQ2)2]NO3were 

obtained as brown needles by slow evaporation of diethyl ether into a solution of the complex 

dissolved in dimethylformamide. Crystal Data for C37H31F2FeN10O4S2 (M =837.69 g/mol): monoclinic, 

space group C2/c (no. 15), a = 17.3172(13) Å, b = 30.878(2) Å, c = 15.5322(11) Å, β = 115.857(9)°, 

V = 7473.9(11) Å3, Z = 8, T = 100 K, μ(MoKα) = 0.581 mm-1, Dcalc = 1.489 g/cm3, 38461 reflections 

measured (3.93° ≤ 2Θ ≤ 49.998°), 6593 unique (Rint = 0.0927, Rsigma = 0.0634) which were used in all 

calculations. The final R1 was 0.0517 (I > 2σ(I)) and wR2 was 0.1344 (all data). 

3.10.3.2.3 [Iron bis(8-Quinoline 4-(4-Iodophenyl)-3-thiosemicarbazone)] nitrate 

([Fe(LQ3)2]NO3) 
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Fe(NO3)3·9H2O (35.0 mg, 0.087 mmol) was added to LQ3H (63.0 mg, 0.146 mmol) in 7 mL methanol 

and stirred at room temperature for 1 h to yield the metal complex. Solids collected by filtration of 

the cooled reaction mixture and washed with additional methanol before being dried under 

vacuum. A dark green solid, [Fe(LQ3)2]NO3 (65.0 mg, 0.066 mmol, 45 %), was collected. HRMS (ESI+): 

(M)+, C34H24FeI2N8S2
+, requires m/z = 917.9010, found m/z = 917.9007. FTIR (ATR, cm-1): 3261 (N-H), 

3050 (C-H), 1582 (N=C), 1485 (C=C), 1394 (C=C), 1001 (B-F), 825 (C-S); UV/vis (λmax, MeOH): 318 nm, 

ε = 16,300 L mol-1 cm-1. Single crystals of [Fe(LQ1)2]NO3 were obtained as brown plates by slow 

evaporation of diethyl ether into a solution of the complex dissolved in dimethylformamide. Crystal 

Data for C43H45FeI2N12O6S2 (M =1199.68 g/mol): triclinic, space group P-1 (no. 2), a = 13.1660(3) Å, 

b = 13.4774(3) Å, c = 15.7652(3) Å, α = 99.307(2)°, β = 104.767(2)°, γ = 113.616(2)°, V = 

2366.04(10) Å3, Z = 2, T = 100(2) K, μ(MoKα) = 1.772 mm-1, Dcalc = 1.684 g/cm3, 49812 reflections 

measured (3.61° ≤ 2Θ ≤ 54.97°), 10831 unique (Rint = 0.0369, Rsigma = 0.0265) which were used in all 

calculations. The final R1 was 0.0306 (I > 2σ(I)) and wR2 was 0.0739 (all data). 

3.10.3.2.4 [Iron bis(8-Quinoline 4-(4-Nitrophenyl)-3-thiosemicarbazone)] nitrate 

([Fe(LQ4)2]NO3) 

 

Fe(NO3)3·9H2O (34.1 mg, 0.084 mmol) was added to LQ4H (52.9 mg, 0.151 mmol) in 3 mL methanol 

and stirred at room temperature for 1 h to yield the metal complex. Solids collected by filtration of 

the cooled reaction mixture and washed with additional methanol before being dried under 

vacuum. A dark green solid, [Fe(LQ4)2]NO3 (53.2 mg, 0.065 mmol, 43 %), was collected. HRMS (ESI+): 

(M)+, C34H24FeN10O4S2
+, requires m/z = 756.0773, found m/z = 756.0755. FTIR (ATR, cm-1): 3260 (N-

H), 3053 (C-H), 1574 (N=C), 1485 (N=O), 1409 (C=C), 1367 (N=O), 1174 (B-F), 1107 (B-F), 750 (C-S); 

UV/vis (λmax, MeOH): 384 nm, ε = 52,400 L mol-1 cm-1. Single crystals of [Fe(LQ1)2]NO3 were obtained 

as brown needles by slow evaporation of diethyl ether into a solution of the complex dissolved in 

dimethylformamide. Crystal Data for C34H23.5FeN10O4S2 (M =756.10 g/mol): monoclinic, space group 

P21/c (no. 14), a = 12.9735(5) Å, b = 39.7471(15) Å, c = 16.9828(9) Å, β = 102.540(4)°, V = 

8548.4(7) Å3, Z = 8, T = 100(2) K, μ(MoKα) = 0.495 mm-1, Dcalc = 1.175 g/cm3, 64296 reflections 

measured (3.742° ≤ 2Θ ≤ 52.746°), 17485 unique (Rint = 0.0711, Rsigma = 0.0777) which were used in 

all calculations. The final R1 was 0.0924 (I > 2σ(I)) and wR2 was 0.2530 (all data). 
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3.10.3.2.5 [Iron bis(8-Quinoline 4-(4-Carboxyphenyl)-3-thiosemicarbazone)] nitrate 

([Fe(LQ5)2]NO3) 

 

Fe(NO3)3·9H2O (17.1 mg, 0.042 mmol) was added to LQ5H (20.1 mg, 0.057 mmol) in 3 mL methanol 

and stirred at room temperature for 1 h to yield the metal complex. Solids collected by filtration of 

the cooled reaction mixture and washed with additional methanol before being dried under 

vacuum. A dark green solid, [Fe(LQ5)2]NO3 (11.8 mg, 0.014 mmol, 25 %), was collected. HRMS (ESI+): 

(M)+, C36H26FeN8O4S2
+, requires m/z = 754.0868, found m/z = 754.0870. FTIR (ATR, cm-1): 3247 (N-

H), 3063 (C-H), 1681 (C=O), 1587 (N=C), 1488 (C=C), 1052 (B-F), 767 (C-S); UV/vis (λmax, MeOH): 278 

nm, ε = 20,300 L mol-1 cm-1, 299 nm, ε = 20,400 L mol-1 cm-1, 385 nm, ε = 12,400 L mol-1 cm-1. Single 

crystals of [Fe(LQ5)2]NO3 were obtained as brown needles by slow evaporation of diethyl ether into 

a solution of the complex dissolved in dimethylformamide. Crystal Data for 

C24H16Fe0.666667N5.333333O2.666667S1.333333 (M =501.73 g/mol): monoclinic, space group I2/a (no. 15), a = 

13.2466(6) Å, b = 11.1199(8) Å, c = 33.009(3) Å, β = 98.063(6)°, V = 4814.2(6) Å3, Z = 6, T = 100(2) K, 

μ(MoKα) = 0.438 mm-1, Dcalc = 1.038 g/cm3, 36667 reflections measured (3.87° ≤ 2Θ ≤ 50.056°), 

4256 unique (Rint = 0.1533, Rsigma = 0.0863) which were used in all calculations. The final R1 was 

0.0812 (I > 2σ(I)) and wR2 was 0.2978 (all data). 

 [Iron bis(8-Quinoline octadecyl-3-thiosemicarbazone)] nitrate ([Fe(LQ6)2]NO3) 

 

Fe(NO3)3·9H2O (18.6 mg, 0.046 mmol) was added to LQ6H (36.7 mg, 0.076 mmol) in 3 mL methanol 

and stirred at room temperature for 1 h to yield the metal complex. Solids collected by filtration of 

the cooled reaction mixture and washed with additional methanol before being dried under 

vacuum. A dark green solid, [Fe(LQ6)2]NO3 (29.4 mg, 0.027 mmol, 36 %), was collected. HRMS (ESI+): 

(M)+, C58H90FeN8S2
+, requires m/z = 1018.6079, found m/z = 1018.61. FTIR (ATR, cm-1): 3057 (N-H), 
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2916 (C-H), 2849 (C-H), 1622 (N=C), 1550 (C=C), 1041 (B-F), 773 (C-S); UV/vis (λmax, MeOH): 294 nm, 

ε = 26,500 L mol-1 cm-1, 331 nm, ε = 27,200 L mol-1 cm-1. Single crystals of [Fe(LQ6)2]NO3 were 

obtained as brown needles by slow evaporation of diethyl ether into a solution of the complex 

dissolved in dimethylformamide. Crystal Data for C58H90FeN9O3S2 (M =1081.35 g/mol): triclinic, 

space group P-1 (no. 2), a = 9.8474(4) Å, b = 18.2689(8) Å, c = 34.0467(14) Å, α = 101.535(4)°, β = 

98.264(4)°, γ = 96.172(4)°, V = 5880.1(4) Å3, Z = 4, T = 100 K, μ(MoKα) = 0.378 mm-1, Dcalc = 

1.222 g/cm3, 20782 reflections measured (3.716° ≤ 2Θ ≤ 50.054°), 20782 unique (Rint = ?, Rsigma = 

0.1077) which were used in all calculations. The final R1 was 0.1234 (I > 2σ(I)) and wR2 was 0.2971 

(all data). 

3.10.3.2.6 [Iron bis(8-Quinoline 4-(3-picolyl)-3-thiosemicarbazone)] nitrate([Fe(LQ7)2]NO3) 

 

Fe(NO3)3·9H2O (29.1 mg, 0.072 mmol) was added to LQ7H (36.4 mg, 0.113 mmol) in 3 mL methanol 

and stirred at room temperature for 1 h to yield the metal complex. Solids collected by filtration of 

the cooled reaction mixture and washed with additional methanol before being dried under 

vacuum. A dark green solid, [Fe(LQ7)2]NO3 (20.8 mg, 0.027 mmol, 24 %), was collected. HRMS (ESI+): 

(M)+, C34H28FeN10S2
+, requires m/z = 696.1289, found m/z = 696.1273. FTIR (ATR, cm-1): 3236 (N-H), 

3024 (C-H), 1588 (N=C), 1499 (C=C), 1374 (C=C), 1038 (B-F), 779 (C-S); UV/vis (λmax, MeOH): 257 

nm, ε = 41,900 L mol-1 cm-1. Single crystals of [Fe(LQ7)2]NO3 were obtained as brown needles by slow 

evaporation of diethyl ether into a solution of the complex dissolved in dimethylformamide. Crystal 

Data for C34H29FeN12O6S2 (M =821.66 g/mol): monoclinic, space group C2/c (no. 15), a = 

14.9395(3) Å, b = 26.1066(6) Å, c = 21.6442(6) Å, β = 99.052(2)°, V = 8336.5(3) Å3, Z = 8, T = 293(2) K, 

μ(MoKα) = 0.518 mm-1, Dcalc = 1.309 g/cm3, 29795 reflections measured (5.902° ≤ 2Θ ≤ 50.054°), 

7269 unique (Rint = 0.0768, Rsigma = 0.0739) which were used in all calculations. The final R1 was 

0.0560 (I > 2σ(I)) and wR2 was 0.1586 (all data). 
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3.10.4 Salicylaldehyde derived ligands experimental 

Salicylaldehyde derived thiosemicarbazone ligands were synthesized by the same general 

procedure using 1.1 equivalent salicylaldehyde and 1.0 equivalent of the appropriate 

thiosemicarbazide in refluxing methanol for 2 h to yield LS1H, LS2H, LS3H, LS4H, LS5H, LS6H and LS7H 

respectively. Solids were collected by filtration of the cooled reaction mixture and dried under 

vacuum. 

3.10.4.1 Salicylaldehyde 4-phenyl-3-thiosemicarbazone (LS1H) 

 

Salicylaldehyde (105 L, 0.985 mmol) was added to 4-phenylthiosemicarbazide (149 mg, 0.891 

mmol) in 15 mL methanol and refluxed for 2 h. The white solid product, salicylaldehyde 4-phenyl-

3-thiosemicarbazone (156 mg, 0.575 mmol, 65 %), was collected by filtration of the cooled reaction 

mixture and dried under vacuum. HRMS (ESI+): (M+H)+, C14H14N3OS+, requires: 272.0852, found m/z 

= 272.0848 and (M+Na)+ m/z = 294.0672, found m/z = 294.0664. FTIR (ATR, cm-1): 3386 (O-H), 3118 

(N-H), 2966 (C-H), 1593 (N=C), 1444 (C=C), 1073 (C=S); UV/vis (λmax, MeOH): 306 nm, ε = 14,400 L 

mol-1 cm-1, 336 nm, ε = 22,000 L mol-1 cm-1. 1H NMR (400 MHz, DMSO-d6) δ 11.76 (s, 1H, N2H), 10.04 

(s, 1H, N3H), 9.96 (s, 1H, O1H), 8.49 (s, 1H, H7), 8.08 (d, J = 7.8 Hz, 1H, H5), 7.59 – 7.56 (m, 2H, H10 

& H14), 7.36 (t, J = 7.8 Hz, 2H, H11 & H13), 7.26 – 7.17 (m, 2H, H3 & H12), 6.88 (dd, J = 8.2, 1.1 Hz, 

1H, H2), 6.84 (t, J = 7.5 Hz, 1H, H4). 13C NMR (101 MHz, DMSO-d6) δ 175.7 (C8), 156.6 (C1), 140.0 

(C7), 139.1 (C9), 131.3 (C3), 128.0 (C11 & C13), 127.1 (C12), 125.7 (C10 & C14), 125.2 (C5), 120.2 

(C6), 119.2 (C4), 116.0 (C2). Single crystals of LS1H were obtained as large colourless blocks by slow 

evaporation from a methanolic solution. Crystal Data for C14H13N3OS (M =271.33 g/mol): triclinic, 

space group P-1 (no. 2), a = 10.477(2) Å, b = 13.797(2) Å, c = 13.842(3) Å, α = 82.080(7)°, β = 

83.505(6)°, γ = 78.489(7)°, V = 1934.4(6) Å3, Z = 6, T = 100 K, μ(MoKα) = 0.246 mm-1, Dcalc = 

1.398 g/cm3, 21521 reflections measured (4.534° ≤ 2Θ ≤ 49.996°), 6808 unique (Rint = 0.0463, Rsigma 

= 0.0623) which were used in all calculations. The final R1 was 0.0458 (I > 2σ(I)) and wR2 was 0.0950 

(all data). 
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3.10.4.2 Salicylaldehyde 4-(4-fluorophenyl)-3-thiosemicarbazone (LS2H) 

 

Salicylaldehyde (282 L, 2.65 mmol) was added to 4-(4-fluorophenyl)-3-thiosemicarbazide (445 

mg, 2.40 mmol) in 20 mL methanol and refluxed for 2 h. The white crystalline solid product, 

salicylaldehyde 4-(4-fluorophenyl)-3-thiosemicarbazone (639 mg, 2.21 mmol, 92 %), was collected 

by filtration of the cooled reaction mixture and dried under vacuum. HRMS (ESI+): (M+H)+, 

C14H13FN3OS+, requires: 290.0758, found m/z = 290.0757 and (M+Na)+ m/z = 312.0577, found m/z 

= 312.0576. FTIR (ATR, cm-1): 3387 (O-H), 3147 (N-H), 2988 (C-H), 1605 (N=C), 1411 (C=C), 1088 

(C=S); UV/vis (λmax, MeOH): 306 nm, ε = 11,700 L mol-1 cm-1, 335 nm, ε = 15,900 L mol-1 cm-1. 1H NMR 

(400 MHz, DMSO-d6) δ 11.79 (s, 1H, N2H), 10.05 (s, 1H, N3H), 9.96 (s, 1H, O1H), 8.50 (s, 1H, H7), 

8.09 (d, J = 7.8 Hz, 1H, H5), 7.56 (dd, J = 8.8, 5.2 Hz, 2H, H10 & H14), 7.26 – 7.17 (m, 3H, H3, H11 & 

H13), 6.89 (d, J = 8.2 Hz, 1H, H2), 6.84 (t, J = 7.5 Hz, 1H, H4). 13C NMR (101 MHz, DMSO-d6) δ 176.1 

(C8), 159.6 (d, J = 241.9 Hz, C12), 156.6 (C1), 140.2 (C7), 135.5 (d, J = 2.8 Hz, C9), 131.4 (C3), 128.0 

(d, J = 8.3 Hz, C10 & C14), 127.1 (C5), 120.3 (C6), 119.2 (C4), 116.1 (C2), 114.7 (d, J = 22.4 Hz, C11 & 

C13). 19F NMR (376 MHz, DMSO-d6) δ -117.00 (F1). 
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3.10.4.3 Salicylaldehyde 4-(4-iodophenyl)-3-thiosemicarbazone (LS3H) 

 

Salicylaldehyde (200 L, 1.88 mmol) was added to 4-(4-iodophenyl)-3-thiosemicarbazide (500 mg, 

1.71 mmol) in 20 mL methanol and refluxed for 2 h. The off white solid product, salicylaldehyde 4-

(4-iodophenyl)-3-thiosemicarbazone (545 mg, 1.37 mmol, 80 %), was collected by filtration of the 

cooled reaction mixture and dried under vacuum. HRMS (ESI+): (M+H)+, C14H13IN3OS+, requires: 

397.9819, found m/z = 397.9820; (M+Na)+, C14H12IN3NaOS+, requires 419.9638, found m/z = 

419.9627. FTIR (ATR, cm-1): 3374 (O-H), 3123 (N-H), 2979 (C-H), 1603 (N=C), 1394 (C=C), 1081 (C=S); 

UV/vis (λmax, MeOH): 306 nm, ε = 24,600 L mol-1 cm-1, 332 nm, ε = 25,700 L mol-1 cm-1. 1H NMR (400 

MHz, DMSO-d6) δ 11.83 (s, 1H, N2H), 10.05 (s, 1H, N3H), 9.97 (s, 1H, O1H), 8.49 (s, 1H, H7), 8.07 (d, 

J = 7.8 Hz, 1H, H5), 7.71 – 7.68 (m, 2H, H10 & H14), 7.46 – 7.42 (m, 2H, H11 & H14), 7.24 (ddd, J = 

8.6, 7.3, 1.8 Hz, 1H, H3), 6.88 (dd, J = 8.3, 1.0 Hz, 1H, H2), 6.84 (t, J = 7.5 Hz, 1H, H4). 13C NMR (101 

MHz, DMSO-d6) δ 175.5 (C8), 156.6 (C1), 140.3 (C7), 139.1 (C9), 136.7 (C11 & C13), 131.4 (C3), 127.7 

(C10 & C14), 127.1 (C5), 120.2 (C6), 119.2 (C4), 116.0 (C2), 89.7 (C12). Single crystals of LS3H were 

obtained as large yellow blocks by hot recrystalisation from ethanol. Crystal Data for C14H12IN3OS 

(M =397.23 g/mol): triclinic, space group P-1 (no. 2), a = 4.6160(2) Å, b = 10.8510(5) Å, c = 

15.3020(7) Å, α = 75.730(4)°, β = 84.612(4)°, γ = 77.831(4)°, V = 725.40(6) Å3, Z = 2, T = 100 K, 

μ(CuKα) = 18.682 mm-1, Dcalc = 1.819 g/cm3, 8926 reflections measured (5.966° ≤ 2Θ ≤ 140.564°), 

2715 unique (Rint = 0.0474, Rsigma = 0.0321) which were used in all calculations. The final R1 was 

0.0511 (I > 2σ(I)) and wR2 was 0.1554 (all data). 
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3.10.4.4 Salicylaldehyde 4-(4-nitrophenyl)-3-thiosemicarbazone (LS4H) 

 

Salicylaldehyde (167 L, 1.57 mmol) was added to 4-(4-nitrophenyl)-3-thiosemicarbazide (300 mg, 

1.42 mmol) in 10 mL methanol and refluxed for 2 h. The yellow solid product, salicylaldehyde 4-(4-

nitrophenyl)-3-thiosemicarbazone (344 mg, 1.09 mmol, 77 %), was collected by filtration of the 

cooled reaction mixture and dried under vacuum. HRMS (ESI+): (M+H)+, C14H13N4O3S+, requires: 

317.0703, found m/z = 317.0709. FTIR (ATR, cm-1): 3315 (O-H), 3160 (N-H), 3002 (C-H), 1595 (N=C), 

1484 (N=O), 1416 (C=C), 1319 (N=O), 1067 (C=S); UV/vis (λmax, MeOH): 343 nm, ε = 26,700 L mol-1 

cm-1. 1H NMR (400 MHz, DMSO-d6) δ 12.11 (s, 1H, N2H), 10.39 (s, 1H, N3H), 10.03 (s, 1H, O1H), 8.54 

(s, 1H, H7), 8.25 – 8.22 (m, 2H, H11 & H13), 8.10 – 8.05 (m, 3H, H5, H10 & H14), 7.27 (ddd, J = 8.2, 

7.2, 1.8 Hz, 1H, H3), 7.02 – 6.74 (m, 2H, H2 & H4). 13C NMR (101 MHz, DMSO-d6) δ 175.0 (C8), 156.8 

(C1), 145.5 (C9), 143.3 (C12), 141.2 (C7), 131.7 (C3), 127.1 (C5), 124.2 (C10 & C14), 123.7 (C11 & 

C13), 112.0 (C6), 119.2 (C4), 116.1 (C2). Single crystals of LS4H were obtained as large yellow blocks 

by hot recrystalisation from ethanol. Crystal Data for C14H12N4O3S (M =316.34 g/mol): monoclinic, 

space group P21/c (no. 14), a = 3.8652(5) Å, b = 27.762(2) Å, c = 12.9294(11) Å, β = 89.996(9)°, V = 

1387.4(2) Å3, Z = 4, T = 100 K, μ(MoKα) = 0.253 mm-1, Dcalc = 1.514 g/cm3, 4569 reflections 

measured (5.414° ≤ 2Θ ≤ 49.998°), 2400 unique (Rint = 0.0742, Rsigma = 0.1586) which were used in 

all calculations. The final R1 was 0.0657 (I > 2σ(I)) and wR2 was 0.1470 (all data). 
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3.10.4.5 Salicylaldehyde 4-(4-carboxyphenyl)-3-thiosemicarbazone (LS5H) 

 

Salicylaldehyde (151 L, 1.42 mmol) was added to 4-(4-carboxyphenyl)-3-thiosemicarbazide (150 

mg, 0.71 mmol) in 15 mL methanol and refluxed for 2 h. The pale yellow solid product, 

salicylaldehyde 4-(4-carboxyphenyl)-3-thiosemicarbazone (42.2 mg, 0.134 mmol, 19 %), was 

collected by filtration of the cooled reaction mixture and dried under vacuum. HRMS (ESI+): (M+H)+, 

C15H14N3O3S+, requires: 316.0750, found m/z = 316.0749. HRMS (ESI-): Calculated for (X-H)- m/z = 

314.0605, found m/z = 314.0597. FTIR (ATR, cm-1): 3322 (O-H), 3178 (N-H), 2963 (C-H), 1690 (C=O), 

1594 (N=C), 1413 (C=C), 1034 (C=S); UV/vis (λmax, MeOH): 308 nm, ε = 22,700 L mol-1 cm-1, 336 nm, 

ε = 26,500 L mol-1 cm-1. 1H NMR (400 MHz, DMSO-d6) δ 12.82 (s, 1H, O2H), 11.93 (s, 1H, N2H), 10.20 

(s, 1H, N3H), 10.01 (s, 1H, O1H), 8.51 (s, 1H, H7), 8.08 (d, J = 7.7 Hz, 1H, H5), 7.93 – 7.90 (m, 2H, H11 

& H13), 7.84 – 7.81 (m, 2H, H10 & H14), 7.25 (ddd, J = 8.6, 7.2, 1.8 Hz, 1H, H3a), 6.90 – 6.83 (m, 2H, 

H2a & H4). 13C NMR (101 MHz, DMSO-d6) δ 206.5 (C15), 175.2 (C8), 167.0 (C12), 156.7 (C1), 143.3 

(C7), 131.5 (C3), 129.3 (C10, C11, C13 & C14), 126.7 (C9), 124.3 (C5), 120.1 (C6), 119.2 (C4), 116.1 

(C2).  
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3.10.4.6 Salicylaldehyde octadecyl-3-thiosemicarbazone (LS6H) 

 

Salicylaldehyde (17.5 L, 0.164 mmol) was added to octadecyl-3-thiosemicarbazide (50.0 mg, 

0.146 mmol) in 10 mL methanol and refluxed for 2 h. The white solid product, salicylaldehyde 

octadecyl-3-thiosemicarbazone (43.9 mg, 0.098 mmol, 67 %), was collected by filtration of the 

cooled reaction mixture and dried under vacuum. HRMS (ESI+): (M+H)+, C26H46N3OS+, requires: 

448.3356, found m/z = 448.3362. FTIR (ATR, cm-1): 3350 (O-H), 3251 (N-H), 2915 (C-H), 2849 (C-H), 

1546 (N=C), 1471 (C=C), 1031 (C=S); UV/vis (λmax, MeOH): 304 nm, ε = 6,400 L mol-1 cm-1, 332 nm, ε 

= 8,500 L mol-1 cm-1. 1H NMR (400 MHz, DMSO-d6) δ 11.33 (s, 1H, N2H), 9.88 (s, 1H, O1H), 8.40 (t, J 

= 5.9 Hz, 1H, N3H), 8.36 (s, 1H, H7), 7.91 (dd, J = 7.9, 1.7 Hz, 1H, H5), 7.21 (ddd, J = 8.6, 7.3, 1.7 Hz, 

1H, H3), 6.87 – 6.80 (m, 2H, H2 & H4), 3.53 (d, J = 7.0 Hz, 2H, H9), 1.57 (t, J = 7.2 Hz, 2H, H10), 1.29 

– 1.23 (m, 30H, H11, H12, H13, H14, H15, H16, H17, H18, H19, H20, H21, H22, H23, H24 & H25), 

0.86 – 0.83 (m, 3H, H26). 13C NMR (101 MHz, DMSO-d6) δ 176.7 (C8), 156.3 (C1), 139.0 (C7), 130.9 

(C3), 126.6 (C5), 120.5 (C6), 119.2 (C4), 116.0 (C2), 43.5 (C9), 31.3 (C10), 29.0 (d, J = 3.7 Hz, C13, 

C14, C15, C16, C17, C18, C19, C20, C21 & C22), 28.9 (C12), 28.8 (C23), 28.7 (C24), 26.4 (C25), 22.1 

(C25), 14.0 (C26).  
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3.10.4.7 Salicylaldehyde 4-(3-picolyl)-3-thiosemicarbazone (LS7H) 

 

Salicylaldehyde (193 L, 1.81 mmol) was added to 4-(3-picolyl)-3-thiosemicarbazide (300 mg, 1.65 

mmol) in 10 mL methanol and refluxed for 2 h. The white solid product, salicylaldehyde 4-(3-

picolyl)-3-thiosemicarbazone (415 mg, 1.45 mmol, 88 %), was collected by filtration of the cooled 

reaction mixture and dried under vacuum. HRMS (ESI+): (M+H)+, C14H15N4OS+, requires: 287.0961, 

found m/z = 287.0855; (M+Na)+, C14H14N4NaOS+, requires: 309.0781, found m/z = 309.0774. FTIR 

(ATR, cm-1): 3357 (O-H), 3242 (N-H), 3012 (C-H), 1597 (N=C), 1451 (C=C), 1045 (C=S); UV/vis (λmax, 

MeOH): 305 nm, ε = 11,800 L mol-1 cm-1, 332 nm, ε = 16,100 L mol-1 cm-1. 1H NMR (400 MHz, DMSO-

d6) δ 11.57 (s, 1H, N2H), 9.91 (s, 1H, O1H), 9.06 (t, J = 6.3 Hz, 1H, N3H), 8.57 (dd, J = 2.3, 0.9 Hz, 1H, 

H7), 8.45 (dd, J = 4.8, 1.7 Hz, 1H, H14), 8.41 (s, 1H, H11), 7.95 (dd, J = 7.9, 1.8 Hz, 1H, H5), 7.77 (ddd, 

J = 7.9, 2.3, 1.7 Hz, 1H, H12), 7.35 (ddd, J = 7.8, 4.8, 0.9 Hz, 1H, H13), 7.22 (ddd, J = 8.3, 7.2, 1.8 Hz, 

1H, H3), 6.87 (dd, J = 8.3, 1.1 Hz, 1H, H2), 6.82 (td, J = 7.3, 1.0 Hz, 1H, H4), 4.84 (d, J = 6.2 Hz, 2H, 

H9). 13C NMR (101 MHz, DMSO-d6) δ 177.4 (C8), 156.4 (C1), 148.8 (C11), 148.0 (C14), 139.6 (C7), 

135.1 (C10), 135.0 (C12), 131.1 (C3), 126.6 (C5), 123.3 (C13), 120.3 (C6), 119.1 (C4), 116.0 (C2), 44.3 

(C9). Single crystals of LS7H were obtained as large yellow blocks by hot recrystalisation from 

ethanol. Crystal Data for C14H14N4OS (M =286.35 g/mol): monoclinic, space group P21/c (no. 14), a = 

4.7945(2) Å, b = 28.2869(10) Å, c = 19.6224(7) Å, β = 94.219(4)°, V = 2654.03(17) Å3, Z = 8, T = 

100.00(10) K, μ(MoKα) = 0.245 mm-1, Dcalc = 1.433 g/cm3, 23313 reflections measured (5.76° ≤ 2Θ 

≤ 49.998°), 4675 unique (Rint = 0.0593, Rsigma = 0.0485) which were used in all calculations. The final 

R1 was 0.0421 (I > 2σ(I)) and wR2 was 0.0871 (all data). 
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3.10.5 Salicylaldehyde derived complexes experimental 

Complexes were synthesized by the same general procedure stirring 0.5 equivalent metal salt 

(CoCl2.6H2O  or FeCl3) and 1.5 equivalent tetrabutylammonium triflate in methanol containing 

acetylaldehyde diethyl acetal and warmed at 40 OC for 30mins. To this, a suspension of 1.0 

equivalent of the appropriate in methanol is added and stirred for 1 h to yield the metal complex. 

Water was added to the methanolic solution forming a suspension. The solids were collected by 

filtration, and washed with additional water before being dried under vacuum. 

3.10.5.1 Cobalt complexes 

3.10.5.1.1 [Cobalt bis(salicylaldehyde 4-phenyl-3-thiosemicarbazone)] [Co(LS1H)(LS1)] 

 

CoCl2.6H2O (90 mg, 0.378 mmol) and tetrabutylammonium triflate (448 mg, 1.144 mmol) were 

dissolved in 5 mL methanol containing acetylaldehyde diethyl acetal (1 mL, 7.032 mmol) and 

warmed at 40 OC for 30mins. To this, a suspension of salicylaldehyde 4-phenyl-3-thiosemicarbazone 

(100 mg, 0.369 mmol) in 10 mL methanol is added and stirred for 1 h to yield a brown solution. 

Water was added to the methanolic solution forming a suspension. The brown solid, [Co(LS1H)(LS1)] 

(92.4 mg, 0.154 mmol, 42 %), was collected by filtration, and washed with additional water before 

being dried under vacuum. HRMS (ESI-): (M-H)-, C28H22CoN6O2S2
-, requires: 597.0583, found m/z = 

597.0601. FTIR (ATR, cm-1): 3601 (O-H), 3285 (N-H), 3048 (C-H), 1594 (N=C), 1495 (C=C), 1435 (C=C), 

748 (C-S); UV/vis (λmax, MeOH): 244 nm, ε = 25,500 L mol-1 cm-11H NMR (400 MHz, DMSO-d6) δ 9.51 

(s, 2H, N3H, N23H), 8.78 (s, 2H, H7, H27), 7.73 (d, J = 8.1 Hz, 4H, C10, C14, C30, C34), 7.53 (d, J = 7.7 

Hz, 2H, C5, C25), 7.29 (t, J = 7.8 Hz, 4H, C11, C13, C31, C33), 7.18 – 7.06 (m, 2H, C12, C32), 6.94 (t, J 

= 7.3 Hz, 2H, C2, C22), 6.74 (d, J = 8.4 Hz, 2H, C3, C23), 6.68 (t, J = 7.4 Hz, 2H, C4, C24). 13C NMR (101 

MHz, DMSO-d6) δ 170.78 (C8, C28), 154.60 (C7, C27), 141.07 (C1, C21), 133.84 (C5, C9, C25, C29), 

132.35 (C3, C23), 128.53 (C11, C12, C13, C31, C32, C33), 121.39 (C4, C24), 120.30 (C2, C22), 119.07 

(C6, C26), 118.86 (C10, C14, C30, C34). 
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3.10.5.1.2 [Cobalt bis(salicylaldehyde 4-(4-fluorophenyl)-3-thiosemicarbazone)] 

[Co(LS2H)(LS2)] 

 

CoCl2.6H2O (42 mg, 0.177 mmol) and tetrabutylammonium triflate (202 mg, 0.516 mmol) were 

dissolved in 5 mL methanol containing acetylaldehyde diethyl acetal (1 mL, 7.032 mmol) and 

warmed at 40 OC for 30mins. To this, a suspension of salicylaldehyde 4-(4-fluorophenyl)-3-

thiosemicarbazone (100 mg, 0.346 mmol) in 10 mL methanol is added and stirred for 1 h to yield a 

brown solution. Water was added to the methanolic solution forming a suspension. The brown 

solid, [Co(LS2H)(LS2)] (70 mg, 0.110 mmol, 32 %), was collected by filtration, and washed with 

additional water before being dried under vacuum. HRMS (ESI-): (M-H)-, C28H20CoF2N6O2S2
-, 

requires: 633.0389, found m/z = 633.0390. FTIR (ATR, cm-1): 3601 (O-H), 3285 (N-H), 3048 (C-H), 

1594 (N=C), 1495 (C=C), 1435 (C=C), 748 (C-S). 1H NMR (400 MHz, DMSO-d6) δ 9.50 (s, 2H, N3H, 

N23H), 8.74 (s, 2H, H7, H27), 7.76 – 7.71 (m, 4H, H11, H13, H21, H23), 7.54 – 7.46 (m, 2H, H5, H25), 

7.15 – 7.08 (m, 6H, H2, H10, H14, H22, H30, H34), 6.71 (d, J = 8.4 Hz, 2H, H3, H23), 6.65 (t, J = 7.4 

Hz, 2H, H4, H24). 13C NMR (101 MHz, DMSO-d6) δ 171.22 (C8, C28), 156.22 (C12, C32), 154.98 (C7, 

C27), 138.12 (C1, C21), 134.25 (C5, C9, C25, C29), 132.76 (C3, C23), 120.88 (C2, C4, C22, C24), 119.49 

(C6, C26), 115.57 (C10, C14, C30, C34), 115.35 (C11, C13, C31, C33). 19F NMR (376 MHz, DMSO-d6) 

δ -11.08 (s, 2F, F1, F21). 
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19F NMR 

 

3.10.5.1.3 [Cobalt bis(salicylaldehyde 4-(4-iodophenyl)-3-thiosemicarbazone)] [Co(LS3H)(LS3)] 

 

CoCl2.6H2O (32 mg, 0.134 mmol) and tetrabutylammonium triflate (150 mg, 0.383 mmol) were 

dissolved in 5 mL methanol containing acetylaldehyde diethyl acetal (1 mL, 7.032 mmol) and 

warmed at 40 OC for 30mins. To this, a suspension of salicylaldehyde 4-(4-iodophenyl)-3-

thiosemicarbazone (100 mg, 0.252 mmol) in 10 mL methanol is added and stirred for 1 h to yield a 

brown solution. Water was added to the methanolic solution forming a suspension. The brown 

solid, [Co(LS3H)(LS3)] (77 mg, 0.091 mmol, 36 %), was collected by filtration, and washed with 

additional water before being dried under vacuum. HRMS (ESI-):  (M-H)-, C28H20CoI2N6O2S2
-, 

requires: 848.8511, found m/z = 848.8516. FTIR (ATR, cm-1): 3630 (O-H), 3319 (N-H), 2872 (C-H), 

1527 (N=C), 1439 (C=C), 751 (C-S); UV/vis (λmax, MeOH): 219 nm, ε = 62,400 L mol-1 cm-1, 237 nm, ε 

= 57,600 L mol-1 cm-1, 273 nm, ε = 54,900 L mol-1 cm-1, 305 nm, ε = 53,200 L mol-1 cm-1. 1H NMR (400 

MHz, DMSO-d6) δ 9.55 (s, 2H, N3H, N23H), 8.74 (s, 2H, H7, H27), 7.58 (s, 8H, H10, H11 ,H13, H14, 
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H30, H31, H33, H34), 7.49 (d, J = 7.9 Hz, 2H, H5, H25), 7.14 – 7.05 (m, 2H, H2, H22), 6.70 (d, J = 8.4 

Hz, 2H, H3, H23), 6.65 (t, J = 7.4 Hz, 2H, H4, H24). 13C NMR (101 MHz, DMSO-d6) δ 170.43 (C8, C28), 

154.87 (C7, C27), 140.95 (C1, C21), 137.41 (C9, C29), 137.00 (C11, C13, C31, C33), 133.79 (C5, C25), 

132.34 (C3, C23), 120.95 (C10, C14, C30, C34), 120.45 (C4, C24), 119.16 (C2, C22), 118.94 (C6, C26), 

83.95 (C12, C32). 
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3.10.5.1.4 [Cobalt bis(salicylaldehyde 4-(4-nitrophenyl)-3-thiosemicarbazone)] [Co(LS4H)(LS4)] 

 

CoCl2.6H2O (40 mg, 0.168 mmol) and tetrabutylammonium triflate (187 mg, 0.478 mmol) were 

dissolved in 5 mL methanol containing acetylaldehyde diethyl acetal (1 mL, 7.032 mmol) and 

warmed at 40 OC for 30mins. To this, a suspension of salicylaldehyde 4-(4-nitrophenyl)-3-

thiosemicarbazone (100 mg, 0.316 mmol) in 10 mL methanol is added and stirred for 1 h to yield a 

brown solution. Water was added to the methanolic solution forming a suspension. The brown 

solid, [Co(LS4H)(LS4)] (77 mg, 0.115 mmol, 36 %), was collected by filtration, and washed with 

additional water before being dried under vacuum. HRMS (ESI-): (M-H)-, C28H20CoN8O6S2
-, requires: 

687.0279, found m/z = 687.0296. FTIR (ATR, cm-1): 3600 (O-H), 3324 (N-H), 2930 (C-H), 1592 (N=C), 

1481 (C=C), 1440 (C=C), 1322 (N=O), 747 (C-S); UV/vis (λmax, MeOH): 233 nm, ε = 61,900 L mol-1 cm-

1, 371 nm, ε = 61,500 L mol-1 cm-1. 1H NMR (400 MHz, DMSO-d6) δ 10.14 (s, 2H, N3H, N23H), 8.82 (s, 

2H, H7, H27), 8.22 – 8.14 (m, 4H, H11, H13, H31, H33), 8.03 – 7.94 (m, 4H, H10, H14, H30, H34), 

7.49 (dd, J = 7.9, 1.8 Hz, 2H, H5, H25), 7.12 – 7.06 (m, 2H, H2, H22), 6.68 (d, J = 8.5 Hz, 2H, H3, H23), 

6.61 (t, J = 7.4 Hz, 2H, H4, H24). 13C NMR (101 MHz, DMSO-d6) δ 170.08 (C8, C28), 156.07 (C7, C27), 

147.15 (C1, C9, C21, C29), 139.95 (C12, C32), 133.92 (C5, C25), 132.61 (C3, C23), 125.00 (C11, C13, 

C30, C33), 123.71 (C4, C24), 120.94 (C2, C22), 118.66 (C6, C26), 117.68 (C10, C14, C30, C34). 
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3.10.5.1.5 [Cobalt bis(salicylaldehyde 4-(4-carboxyphenyl)-3-thiosemicarbazone)] 

[Co(LS5H)(LS5)] 

 

CoCl2.6H2O (38 mg, 0.158 mmol) and tetrabutylammonium triflate (191 mg, 0.488 mmol) were 

dissolved in 5 mL methanol containing acetylaldehyde diethyl acetal (1 mL, 7.032 mmol) and 

warmed at 40 OC for 30mins. To this, a suspension of salicylaldehyde 4-(4-carboxyphenyl)-3-

thiosemicarbazone (100 mg, 0.317 mmol) in 10 mL methanol is added and stirred for 1 h to yield a 

brown solution. Water was added to the methanolic solution forming a suspension. The brown 

solid, [Co(LS5H)(LS5)] (27 mg, 0.039 mmol, 12 %), was collected by filtration, and washed with 

additional water before being dried under vacuum. HRMS (ESI-): (M-H)-, C30H22CoN6O6S2
-, requires: 

685.0380, found m/z = 687.0389. FTIR (ATR, cm-1): 3044 (N-H), 2975 (C-H), 1617 (C=O), 1572 (N=C), 

1486 (C=C), 747 (C-S); UV/vis (λmax, MeOH): 291 nm, ε = 116,000 L mol-1 cm-1, 352 nm, ε = 101,500 

L mol-1 cm-1. 1H NMR (400 MHz, DMSO-d6) δ 9.73 (s, 2H, N3H, N23H), 8.75 (s, 2H, H7, H27), 7.85 (s, 

8H, H10, H11, H13, H14, H30, H31, H33, H34), 7.50 – 7.44 (m, 2H, H5, H25), 7.15 – 7.01 (m, 2H, H2, 

H22), 6.65 (d, J = 8.4 Hz, 2H, H3, H23), 6.57 (t, J = 7.3 Hz, 2H, H4 H24). 13C NMR (101 MHz, DMSO-

d6) δ 170.33 (C8, C28), 167.10 (C15, C35), 145.21 (C1, C9, C21, C29), 133.76 (C5, C25), 132.22 (C3, 

C23), 130.27 (C11, C13, C31, C33), 122.43 (C4, C24), 120.90 (C2, C22), 118.90 (C6, C12, C26, C32), 

117.52 (C10, C14, C30, C34). 
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1H NMR 

 

13C NMR 
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3.10.5.1.6 [Cobalt bis(salicylaldehyde octadecyl-3-thiosemicarbazone)] [Co(LS6H)(LS6)] 

 

CoCl2.6H2O (32 mg, 0.134 mmol) and tetrabutylammonium triflate (150 mg, 0.383 mmol) were 

dissolved in 5 mL methanol containing acetylaldehyde diethyl acetal (0.5 mL, 3.516 mmol) and 

warmed at 40 OC for 30mins. To this, a suspension of salicylaldehyde octadecyl-3-

thiosemicarbazone (105 mg, 0.235 mmol) in 10 mL methanol is added and stirred for 1 h to yield a 

brown solution. Water was added to the methanolic solution forming a suspension. The brown 

solid, [Co(LS6H)(LS6)] (76.3 mg, 0.080 mmol, 34 %), was collected by filtration, and washed with 

additional water before being dried under vacuum. HRMS (ESI-): (M-H)-, C52H86CoN6O2S2
-, requires: 

949.5586, found m/z = 959.5569. FTIR (ATR, cm-1): 2916 (C-H), 2848 (C-H), 1534 (N=C), 1469 (C=C), 

744 (C-S); UV/vis (λmax, MeOH): 218 nm, ε = 276,100 L mol-1 cm-1. 1H NMR (400 MHz, DMSO-d6) δ 

8.27 (s, 2H, H7, H37), 7.24 (d, J = 7.9 Hz, 2H, H5, H35), 6.96 (t, J = 8.0 Hz, 2H, H2, H32), 6.53 (d, J = 

8.5 Hz, 2H, H3, H33), 6.39 (s, 2H, H4, H34), 1.23 (s, 68H, H9-H25, H39-H55), 0.85 (t, J = 6.5 Hz, 6H, 

H26, H56). 
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1H NMR 

 

3.10.5.1.7 [Cobalt bis(salicylaldehyde 4-(3-picolyl)-3-thiosemicarbazone)] [Co(LS7H)(LS7)] 

 

CoCl2.6H2O (43 mg, 0.181 mmol) and tetrabutylammonium triflate (211 mg, 0.539 mmol) were 

dissolved in 5 mL methanol containing acetylaldehyde diethyl acetal (0.5 mL, 3.516 mmol) and 

warmed at 40 OC for 30mins. To this, a suspension of salicylaldehyde 4-(3-picolyl)-3-

thiosemicarbazone (102 mg, 0.367 mmol) in 10 mL methanol is added and stirred for 1 h to yield a 

brown solution. Water was added to the methanolic solution forming a suspension. The brown 

solid, [Co(LS7H)(LS7)] (46.5 mg, 0.074 mmol, 21 %), was collected by filtration, and washed with 

additional water before being dried under vacuum. HRMS (ESI-): (M-H)-, C28H24CoN8O2S2
-, requires: 

627.0796, found m/z = 627.0810. FTIR (ATR, cm-1): 3276 (O-H), 3016 (N-H), 2930 (C-H), 1597 (N=C), 

1440 (C=C), 754 (C-S); UV/vis (λmax, MeOH): 262 nm, ε = 32,000 L mol-1 cm-1, 329 nm, ε = 17,400 L 

mol-1 cm-1. 
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3.10.5.2 Iron complexes 

3.10.5.2.1  [Iron bis(salicylaldehyde 4-phenyl-3-thiosemicarbazone)] [Fe(LS1H)(LS1)] 

 

FeCl3 (58 mg, 0.358 mmol) and tetrabutylammonium triflate (352 mg, 0.899 mmol) were dissolved 

in 5 mL methanol containing acetylaldehyde diethyl acetal (0.5 mL, 3.516 mmol) and warmed at 40 

OC for 30mins. To this, a suspension of salicylaldehyde 4-phenyl-3-thiosemicarbazone (170 mg, 

0.626 mmol) in 10 mL methanol is added and stirred for 1 h to yield a green solution. Water was 

added to the methanolic solution forming a suspension. The green solid, [Fe(LS1H)(LS1)] (190.6 mg, 

0.320 mmol, 51 %), was collected by filtration, and washed with additional water before being dried 

under vacuum. HRMS (ESI-): (M-H)-, C28H22FeN6O2S2
-, requires: 594.0601, found m/z = 594.0603. 

FTIR (ATR, cm-1): 3568 (O-H), 3180 (N-H), 2948 (C-H), 1596 (N=C), 1433 (C=C), 748 (C-S); UV/vis (λmax, 

MeOH): 293 nm, ε = 27,500 L mol-1 cm-1. 

3.10.5.2.2 [Iron bis(salicylaldehyde 4-(4-fluorophenyl)-3-thiosemicarbazone)] [Fe(LS2H)(LS2)] 

 

FeCl3 (29.5 mg, 0.182 mmol) and tetrabutylammonium triflate (72.4 mg, 0.555 mmol) were 

dissolved in 5 mL methanol containing acetylaldehyde diethyl acetal (0.5 mL, 3.516 mmol) and 

warmed at 40 OC for 30mins. To this, a suspension of salicylaldehyde 4-(4-fluorophenyl)-3-

thiosemicarbazone (102.3 mg, 0.354 mmol) in 5 mL methanol is added and stirred for 1 h to yield a 

dark green solution. Water was added to the methanolic solution forming a suspension. The green 

solid, [Fe(LS2H)(LS2)] (93.5 mg, 0.148 mmol, 42 %), was collected by filtration, and washed with 

additional water before being dried under vacuum. HRMS (ESI-): (M-H)-, C28H20F2FeN6O2S2
-, 

requires: 630.0407, found m/z = 630.0405. FTIR (ATR, cm-1): 3209 (N-H), 2963 (C-H), 1599 (N=C), 

1435 (C=C), 754 (C-S); UV/vis (λmax, MeOH): 294 nm, ε = 22,000 L mol-1 cm-1. 
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3.10.5.2.3 [Iron bis(salicylaldehyde 4-(4-iodophenyl)-3-thiosemicarbazone)] [Fe(LS3H)(LS3)] 

 

FeCl3 (24.7 mg, 0.152 mmol) and tetrabutylammonium triflate (183.2 mg, 0.468 mmol) were 

dissolved in 5 mL methanol containing acetylaldehyde diethyl acetal (0.5 mL, 3.516 mmol) and 

warmed at 40 OC for 30mins. To this, a suspension of salicylaldehyde 4-(4-iodophenyl)-3-

thiosemicarbazone (103.5 mg, 0.261 mmol) in 5 mL methanol is added and stirred for 1 h to yield a 

dark green solution. Water was added to the methanolic solution forming a suspension. The green 

solid, [Fe(LS3H)(LS3)] (124.4 mg, 0.147 mmol, 56 %), was collected by filtration, and washed with 

additional water before being dried under vacuum. HRMS (ESI-): (M-H)-, C28H20FeI2N6O2S2
-, requires: 

845.8528, found m/z = 845.8553. FTIR (ATR, cm-1): 3171 (N-H), 2961 (C-H), 1582 (N=C), 1469 (C=C), 

752 (C-S); UV/vis (λmax, MeOH): 236 nm, ε = 39,500 L mol-1 cm-1, 306 nm, ε = 34,000 L mol-1 cm-1. 

3.10.5.2.4 [Iron bis(salicylaldehyde 4-(4-nitrophenyl)-3-thiosemicarbazone)] [Fe(LS4H)(LS4)] 

 

FeCl3 (32 mg, 0.197 mmol) and tetrabutylammonium triflate (162 mg, 0.414 mmol) were dissolved 

in 5 mL methanol containing acetylaldehyde diethyl acetal (1 mL, 7.032 mmol) and warmed at 40 

OC for 30mins. To this, a suspension of salicylaldehyde 4-(4-nitrophenyl)-3-thiosemicarbazone 

(125.0 mg, 0.395 mmol) in 20 mL methanol is added and stirred for 1 h to yield a dark green solution. 

Water was added to the methanolic solution forming a suspension. The green solid, [Fe(LS4H)(LS4)] 

(107.3 mg, 0.157 mmol, 40 %), was collected by filtration, and washed with additional water before 

being dried under vacuum. HRMS (ESI-): (M-H)-, C28H20FeN8O6S2
-, requires: 684.0302, found m/z = 

684.0313. FTIR (ATR, cm-1): 3313 (N-H), 3158 (C-H), 1595 (N=C), 1486 (C=C), 1435 (C=C), 1326 (N=O), 

746 (C-S); UV/vis (λmax, MeOH): 220 nm, ε = 39,700 L mol-1 cm-1, 350 nm, ε = 41,700 L mol-1 cm-1, 

622 nm, ε = 1,300 L mol-1 cm-1. 
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3.10.5.2.5 [Iron bis(salicylaldehyde 4-(4-carboxyphenyl)-3-thiosemicarbazone)] [Fe(LS5H)(LS5)] 

 

FeCl3 (35 mg, 0.216 mmol) and tetrabutylammonium triflate (201 mg, 0.513 mmol) were dissolved 

in 5 mL methanol containing acetylaldehyde diethyl acetal (0.5 mL, 3.516 mmol) and warmed at 40 

OC for 30mins. To this, a suspension of salicylaldehyde 4-(4-carboxyphenyl)-3-thiosemicarbazone 

(107mg, 0.395 mmol) in 10 mL methanol is added and stirred for 1 h to yield a dark green solution. 

Water was added to the methanolic solution forming a suspension. The green solid, [Fe(LS5H)(LS5)] 

(107.3 mg, 0.157 mmol, 47 %), was collected by filtration, and washed with additional water before 

being dried under vacuum. HRMS (ESI-): (M-H)-, C30H22FeN6O6S2
-, requires: 682.0392, found m/z = 

682.0402. FTIR (ATR, cm-1): 3044 (C-H), 1690 (C=O), 1486 (N=C), 1385 (C=C), 767 (C-S); UV/vis (λmax, 

MeOH): 325 nm, ε = 57,300 L mol-1 cm-1.  

3.10.5.2.6 [Iron bis(salicylaldehyde octadecyl-3-thiosemicarbazone)] [Fe(LS6H)(LS6)] 

  

FeCl3 (23 mg, 0.142 mmol) and tetrabutylammonium triflate (140 mg, 0.358 mmol) were dissolved 

in 5 mL methanol containing acetylaldehyde diethyl acetal (0.5 mL, 3.516 mmol) and warmed at 40 

OC for 30mins. To this, a suspension of salicylaldehyde octadecyl-3-thiosemicarbazone (103 mg, 

0.230 mmol) in 10 mL methanol is added and stirred for 1 h to yield a dark green solution. Water 

was added to the methanolic solution forming a suspension. The green solid, [Fe(LS6H)(LS6)] (86.9 

mg, 0.092 mmol, 40 %), was collected by filtration, and washed with additional water before being 

dried under vacuum. HRMS (ESI-): (M-H)-, C52H86FeN6O2S2
-, requires: 946.5609, found m/z = 

946.5629. FTIR (ATR, cm-1): 3341 (N-H), 3090 (C-H), 1590 (N=C), 1493 (C=C), 1438 (C=C), 1040 (B-F), 

744 (C-S); UV/vis (λmax, MeOH): 286 nm, ε = 23,100 L mol-1 cm-1, 322 nm, ε = 21,500 L mol-1 cm-1. 
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3.10.5.2.7 [Iron bis(salicylaldehyde 4-(3-picolyl)-3-thiosemicarbazone)] [Fe(LS7H)(LS7)] 

 

FeCl3 (31.3 mg, 0.193 mmol) and tetrabutylammonium triflate (211.4 mg, 0.540 mmol) were 

dissolved in 5 mL methanol containing acetylaldehyde diethyl acetal (0.5 mL, 3.516 mmol) and 

warmed at 40 OC for 30mins. To this, a suspension of salicylaldehyde 4-(3-picolyl)-3-

thiosemicarbazone (101.3 mg, 0.354 mmol) in 5 mL methanol is added and stirred for 1 h to yield a 

dark green solution. Water was added to the methanolic solution forming a suspension. The green 

solid, [Fe(LS7H)(LS7)] (60.4 mg, 0.097 mmol, 27 %), was collected by filtration, and washed with 

additional water before being dried under vacuum. HRMS (ESI-): (M-H)-, C28H24FeN8O2S2
-, requires: 

624.0819, found m/z = 624.0819. FTIR (ATR, cm-1): 3052 (N-H), 2928 (C-H), 1597 (N=C), 1435 (C=C), 

757 (C-S); UV/vis (λmax, MeOH): 256 nm, ε = 26,000 L mol-1 cm-1, 332 nm, ε = 21,100 L mol-1 cm-1. 
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Chapter 4 Macrocyclic Fe(II) Complexes 

4.1 The need for new ligands 

All previous complexes discussed in this work have looked at Fe(III) with a pair of tridentate ligands 

surrounding the metal.  These produce stable complexes in solution, which allow them to be 

processed into larger architectures/materials such as into LB films.  

Fe(II) is the most widely studied metal regarding its ability to undergo SCO but, as has been 

previously discussed, Fe(II) requires additional protection to produce stable complexes due to its 

ability to readily oxidise to Fe(III). The ligands designed for use in coordination to Fe(III) are, 

therefore, unsuitable for use with Fe(II) as these ligands would be too labile and be unable to 

prevent oxidation. Significantly increased encapsulation of the metal centre is required to produce 

stable complexes that can be subsequently functionalised to include the structure directing 

capabilities seen in Fe(III) complexes within this work.  

4.2 Cyclen and Cyclam derived ligands 

As previously discussed, chapter 1.7, the macrocycles of interest are 4 donor-atom macrocycles 

with the capability to attach additional donor-atoms to increase the binding capacity of the ligand 

and give hexa-dentate ligands where all donor atoms for Fe(II) come from the macrocyclic ligand. 

Currently, aza macrocycles have been the only reported examples to be used for Fe(II) SCO 

research. 

The two studied macrocycles are 1,4,7,10-tetraazacyclododecane (cyclen) and 1,4,8,11-

tetraazacyclotetradecane (cyclam) as they are N4 macrocycles which differ only by the number of 

connected carbons between each nitrogen atom - two carbons between each nitrogen in cyclen 

and alternating 2 and 3 carbons between the nitrogens in cyclam, Fig 4.1. 

 

Figure 4.1 Cyclen (left), cyclam (right) 
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These macrocycles can be modified by adding pendant arms to the nitrogen atoms which can 

contain additional metal binding sites to fully occupy the metal coordination sphere.  

There have only been two reported cases of macrocycle encapsulation of Fe(II) with a view to 

investigate the magnetic properties of the complexes. These examples use 2-pyridine containing 

arms to complete the 6-cordinate binding mode of the ligand144. 

Cyclen macrocyclic ligands cause the metal to sit just above the main cavity of the macrocycle 

leaving two binding sites vacant. The arms attached to cyclen, as in trans-methylpyridine cyclen, 

fold above the ring forming a distorted trigonal prismatic geometry.  

 

 

 

 

 

A pseudo octahedron, or even distorted octahedron cannot form because of the constraint of the 

macrocycle itself. The OTREP figure of the molecular structure, Fig. 4.2, shows that the complex is 

unable to achieve an octahedral geometry as the pyridyl arms cannot reach far enough around the 

iron centre, so instead adopts a distorted trigonal prismatic geometry. 

Table 4.1 Selected bond length (Å) and bond angles (deg) for the Iron cyclen complex. 

 

Figure 4.2 ORTEP drawing (50% probability ellipsoids) of the cationic complex of trans methylpyridine 

cyclen showing the asymmetric unit, the atom labelling scheme, and the coordination environment of the 

iron ions. Code of equivalent position: (a) -x, y, 1/2 - z. 
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Using the values in table 4.1, it is possible to calculate the distortion parameter, , by considering, 

and therefore discarding, the three angles furthest away from 90 as the trans angles;  = 205.36 0 

(298 K) and 208.52 0 (90 K). A perfectly regular octahedron has  = 0; this structure is clearly 

significantly distorted.  

The observed geometry changes the energies of the orbitals expected as they no longer exist in 

an octahedral field; this, in turn, will have an effect on the magnetic properties of the complex, 

which is noted in the thermal dependences, the product of the molar magnetic susceptibility and 

the temperature (χmT). 

 

 

 

 

The plot shows no change in magnetic susceptibility (3.10 emu.K.mol-1) down to 20 K. The value 

is slightly higher than the predicted isolated metal spin only value, S=2 (3.0 emu.K.mol-1), but is 

paramagnetic and remains in the high spin state over the temperature range. 

Below 20 K, χmT sharply decreases to reach a value of ca. 1.7 emu.K.mol-1 at 2 K. This decrease at 

low temperatures can be attributed to the presence of a zero field splitting (ZFS) of the S=2 ground 

spin state rather than to an intermolecular coupling since the [FeL]2+ cations are quite well isolated. 

When the macrocycle size is increased, this problem can be overcome. By changing from cyclen 

to cyclam (adding a total of two additional carbon atoms to the ring) this constraint is largely 

eliminated, as seen in Fig. 4.4. 

  

Figure 4.3 Thermal variation of the χmT product for trans-methylpyridine cyclen. 



 

228 

 

 

 

 

 

The metal still sits above the macrocycle, but the nitrogen donor atoms with the pendant arms 

attached have the flexibility to reach higher around the metal ion enabling the donor atoms within 

the pyridine attached to the arms to reach to the top of the metal ions, leading to a distorted 

octahedral geometry being adopted. 

Table 4.2 Selected bond length (Å) and bond angles (deg) for the Iron cyclam complex. 

 

Using the figures in table 4.2, it is again possible to calculate the distortion parameter,  = 90.740 

(293 K) and 90.94 0 (90 K). This still shows a distorted structure, but significantly less distorted than 

the cyclen analogue. 

This geometry leads to a huge difference in the magnetic susceptibility of the metal centre. The 

room temperature χmT is slightly higher than the cyclen analogue, 3.25 emu.K.mol-1, however the 

thermal behaviour displays the biggest difference.  

Figure 4.4 ORTEP drawing (50% probability ellipsoids) of the cationic complex of trans-methylpyridine 

cyclam showing the asymmetric unit, the atom labelling scheme, and the coordination environment of the 

iron ions. 
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The mT product for trans-methylpyridine cyclam decreases upon cooling, initially the decrease is 

smooth down to 3.1 emu.K.mol-1 at ca. 200 K, where mT drops rapidly until a value near to zero at 

ca. 90 K is reached. This behaviour is characteristic of a HS <-> LS conversion. Using the derivative 

of the thermal variation of the mT product, the temperature of the transition, T1/2, can be 

estimated to be ~150 K. A small hysteresis of ca. 1.0 K was detected upon increasing the 

temperature. Such a small hysteresis is more likely to be accredited to the thermal hysteresis of the 

sample rather than a true hysteresis of the SCO transition, because it lies within experimental error, 

Fig. 4.5.144  

 

 

 

 

 

 

 

 

Since these are the only examples of macrocyclic Fe(II) complexes targeting the SCO phenomenon, 

there is very little to build on as only once example displays SCO capabilities. In order to develop 

the field towards functionality though the development of stable, solution processable Fe(II) SCO 

complexes, there needs to be more examples of these types of systems to build on. In this work, 

benzimidazole groups are focused on as an alternative to the pyridine group previously reported. 

4.3 Replacing pyridine with benzimidazole 

Benzimidazole as a substituent replacing pyridine maintains the N6 coordination sphere, ensures 

that the ligand field is similar, and keeps the orientation of the ligand similar. These three factors 

gives a reasonable chance for producing a second SCO active macrocyclic Fe(II) complex. 

4.3.1 Iron(II) 1,7-di(benzimidazole methyl) cyclen 

To begin with, the cyclen analogue was produced to mimic the literature example. The synthesis 

route used to produce the pyridine analogue was broadly followed, however benzimidazole methyl 

Figure 4.5 Thermal variation of the χmT product for trans-methylpyridine cyclam. Inset shows the derivative 

of the χmT product vs temperature. 
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iodide is not commercially available, so benzimidazole methyl chloride was used instead. Because 

the leaving group capabilities of chloride are significantly worse than that of iodide, the reaction 

conditions required are more forcing in the synthesis presented compared to that in the literature.  

In order to direct the reaction to produce the 1,7 substituted product, the macrocycle must first 

be protected to reduce the reactivity of intermediate products, such as the singularly substituted 

product, to prevent over addition. By condensing cyclen with glyoxal, the macrocycle becomes 

more rigid in that it loses much of its flexibility due to the link between all 4 nitrogen atoms in the 

macrocycle. The secondary amines are also converted into tertiary amines. This means that, upon 

addition of a benzimidazole methyl group, the ammonium cation would be formed, which would 

reduce the reactivity of the macrocycle towards electron deficient carbon atoms as part of the SN2 

reaction. The positive charge localised on one of the nitrogen atoms upon the addition of one 

pendant arm directs the second addition to the opposite side of the macrocycle through both 

electronic and steric contributions. Sterically, the opposite side of the macrocycle is the least 

encumbered, which is preferential in SN2 pathways, and electronically, the effect of the positive 

charged nitrogen is significantly less electron withdrawing at the opposite side of the macrocycle in 

comparison to the adjacent nitrogens. Both of these factors lead to the 1,7 addition products and 

prevent the reaction proceeding any further. 

4.3.1.1 Synthesis of 1,7-di(benzimidazole methyl) cyclen 

Figure 4.6 Synthetic route for the formation of 1,7-di(benzimidazole methyl) cyclen. 

1,7-Di(benzimidazole methyl) cyclen was synthesised following the route outlined by Hajj et al.144 

with some adaptations as required, Fig. 4.6. Intermediate 4.6a was synthesised by adding 1.1 

equivalent of a glyoxal solution to 1.0 equivalent of cyclen in ice cold acetonitrile and allowed to 

stir overnight at room temperature. 2.2 equivalents of 2-(chloromethyl) benzimidazole was added 

and stirred at room temperature for 5 d and filtered to yield intermediate 4.6a in solution. The 

reaction solution was analysed via mass spectrometry to confirm the presence of the desired 

intermediate and used without further purification. 

Hydrazine monohydrate solution was added to the reaction mixture and refluxed overnight. A 

solid was collected by filtration of the cooled reaction mixture and dried under vacuum. The solid 
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collected was analysed via mass spectrometry to confirm the presence of the desired ligand and 

used without further purification.  

 

Figure 4.7 Synthetic route for the formation of Iron(II) 1,7-di(benzimidazole methyl) cyclen. 

Iron(II) 1,7-di(benzimidazole methyl) cyclen was synthesised by combining a nitrogen purged 

solution of 1.0 equivalent of 1,7-di(benzimidazole methyl) cyclen and excess L-ascorbic acid in 

acetonitrile and a nitrogen purged solution of 1.1 equivalents of Fe(BF4)2·6H2O before being 

refluxed for 4 h. The product mixture was allowed to cool. 

 Single crystals of Iron(II) 1,7-di(benzimidazole methyl) cyclen were obtained as pale orange 

needles by slow diffusion of diethyl ether into a solution of the complex in acetonitrile. 

The resulting complexes were synthesised and fully characterised using IR, UV/Vis, mass 

spectrometry, and x-ray crystallography. All spectroscopic data was consistent with the formation 

of the desired iron(II) macrocyclic complex. 

4.3.1.2 Crystal description 

Single crystals of [Fe(II) 1,7-di(benzimidazole methyl) cyclen] bis(tetrafluoroborate) were 

obtained as pale orange needles by slow diffusion of diethyl ether into a solution of the complex in 

acetonitrile and crystallised in the monoclinic space group P21 with one molecule in the asymmetric 

unit. 
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Table 4.3 Selected bond lengths and  value for [Fe(II) 1,7-di(benzimidazole methyl) cyclen] 

bis(tetrafluoroborate). 

 

 

[Fe(II) 1,7-di(benzimidazole methyl) 

cyclen] bis(tetrafluoroborate) 

Fe1 - N1 / Å 2.142 (7) 

Fe1 - N2 / Å 2.386 (7) 

Fe1 - N3 / Å 2.199 (6) 

Fe1 - N4 / Å 2.197 (7) 

Fe1 - N5 / Å 2.378 (7) 

Fe1 - N6 / Å 2.137 (7) 

 / 0 199.8 

Cis angle range / 0 73.3 - 125.3 (6) 

Labelling scheme for the complex is shown on the ORTEP diagram displaying 50% probability ellipsoids. 

Packing interactions within the structure are controlled by hydrogen bonding interactions 

between the anions and the non-coordinating nitrogen on the benzimidazole ring. The two 

benzimidazole NH protons interact with different anions, [N(7)···F(23) = 2.733 (15) Å and <(N(7)-

H(7)···F(23))= 164.4 °] and [N(8)···F(3) = 2.836 (11) Å and <(N(8)-H(8)···F(3))= 169.8 °]. These two 

interactions lead to the formation of chains within the structure, Fig. 4.8. 
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Figure 4.8 Pairs of polymeric interactions leading, [N(7)···F(23) = 2.733 (15) Å and <(N(7)-H(7)···F(23)) = 

164.4 °] and [N(8)···F(3) = 2.836 (11) Å and <(N(8)-H(8)···F(3))= 169.8 °]. 

These chains are formed as these two interactions occur in the same direction of the two arms 

and are linked through crystal packing interactions around the anion. The chains pack together to 

make planes of 1D chains through crystal packing interactions around the anions. The planes link 

to form a 3D network through crystal packing interactions around the anion causing layers of the 

complex to be alternated by layers of the anions in an ABAB type formation. Fig. 4.9. 

 

Figure 4.9 Long range packing seen in {Fe(II) 1,7-di(benzimidazole methyl) cyclen] bis(tetrafluoroborate). 
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The metal centre shows significant distortion with  = 199.8 0 (100 K), which is only slightly less 

distorted than the distortion observed in [Fe(II) 1,7-dipicolyl cyclen] bis(tetrafluoroborate),  = 

205.36 0 (298 K) and 208.52 0 (90 K). 

4.3.1.3 Magnetic susceptibility measurements 

 

Figure 4.10 SQUID measurements on Iron(II) 1,7-dibenzimidazole methyl cyclen showing high spin state 

across the temperature range. 

The magnetic susceptibility measurements, Fig. 4.10, show that, even at low temperatures, the 

low spin state is never achieved. The heavily distorted geometry away from octahedral is likely the 

cause of this, as suspected with [Iron(II) 1,7-dipicolyl cyclen] bis(tetrafluoroborate). At low 

temperatures, there is a drop in magnetic susceptibility, but this is due to zero field splitting 

effects.145  

In order to overcome the geometric constraints, cyclen was replaced with cyclam. 

4.3.2 Iron(II) 1,8-di(benzimidazole methyl) cyclam 

4.3.2.1 Failure of 2-(chloromethyl) benzimidazole and the bridging group 

In an attempt to make the cyclam analogue, the same reaction pathway was employed by simply 

replacing the cyclen starting material with cyclam. However, the double addition product was not 

observed by mass spectrometry, only the single addition product. It was also discovered that the 

protecting bridge used to direct the addition reaction was unable to be removed using a hydrazine 

hydrate solution as was done with the cyclen analogue. Both of these issues must be overcome to 

be able to yield a usable ligand for complexation. 

As has been previously discussed in 4.3.1, the leaving group nature of the chloride ion is notably 

weaker than that of iodide used in the picolyl analogue and could be the cause of the failure of this 

reaction. 2-(Bromomethyl) benzimidazole and 2-(iodomethyl) benzimidazole are not commercially 

available, so one of these required synthesis. 
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The glyoxal linking bridge made the macrocycle far too stable, so a similar link was used instead 

which reduced the rigidity and stability of the macrocycle simply by removing the connection 

between the two carbons on the bridging group. This was done by replacing the glyoxal bridge, with 

a pair of methylene bridges. 

4.3.2.2 Better leaving group – synthesis of 2-(bromomethyl) benzimidazole 

Attempts were made to synthesise benzimidazole methyl bromide by reacting 2-

benzimidazolemethanol with N-bromosuccinimide  and phosphorous tribromide,146 before it was 

successfully synthesised by adding thionyl bromide to 2-benzimidazolemethanol and stirring at 

room temperature for 7 d, Fig 4.11. 

 

Figure 4.11 Synthetic route for the formation of 2-(bromomethyl) benzimidazole 

The resulting compound was synthesised and characterised by mass spectrometry to confirm the 

presence of the desired compound and used without further purification. 

Having successfully synthesised 2-(bromomethyl) benzimidazole, this was reacted with cyclam 

after its protection with DCM which used sodium hydroxide solution to quench the hydrochloric 

acid by-product, methylene bridged cyclam 4.10a. It was found that heating the reaction between 

methylene bridged cyclam and 2-(bromomethyl) benzimidazole to 70 0C helped the reaction to 

head towards completion (double addition) and simultaneously removed the bridge to yield the 

desired ligand, 1,7-di(benzimidazole methyl) cyclam, Fig. 4.12. 

 

Figure 4.12 Synthetic route for the formation of 1,7-di(benzimidazole methyl) cyclam. 

The presence of the ligand was determined by LRMS, but unfortunately, the product could not be 

collected nor complexed. 
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4.3.2.3 Functionalising the macrocycle 

In order to develop cooperativity within any magnetically interesting Fe(II) macrocyclic complex, 

there needs to be a mode by which the molecules can interact with each other. By adding pendant 

arms containing heterocycles to the macrocycle to completely occupy the coordination sphere of 

the iron, many functionalisable sites can be introduced. In the benzimidazole examples described, 

the non-coordinating nitrogen atom within the heterocycle can be additionally functionalised, as 

well as various sites around heterocycle, Fig. 4.13. 

 

Figure 4.13 Possible substitution sites for additional functionality to increase cooperativity. 

These sites could be occupied with similar groups to those used in chapter 3 of this work.  

4.4 Experimental 

4.4.1 1,7-Di(benzimidazole methyl) cyclen experimental 

 

Glyoxal solution (147 L 40 wt% in H2O, 1.28 mmol) was added to a solution of cyclen (200 mg, 

1.16 mmol) in 15 mL ice cold acetonitrile and allowed to stir overnight at room temperature. 2-

(Chloromethyl) benzimidazole (425.6 mg, 2.55 mmol) was added and stirred at room temperature 

for 5 d and filtered. The reaction solution was analysed via mass spectrometry to confirm the 

presence of the desired intermediate and used without further purification. LRMS (ESI+): (M)2+, 

C26H32N8
2+, requires m/z = 228.1369, found m/z = 228.4337.  

Hydrazine monohydrate solution (5 mL 50 wt% in H2O, 51.4 mmol) was added to the reaction 

mixture and refluxed overnight. A solid was collected by filtration of the cooled reaction mixture 

and dried under vacuum. The solid collected was analysed via mass spectrometry to confirm the 
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presence of the desired ligand and used without further purification. LRMS (ESI+): (M+2H)2+, 

C24H34N8
2+, requires m/z = 217.1448, found m/z = 217.0954. 

4.4.2 [Fe(II) 1,7-di(benzimidazole methyl) cyclen] bis(tetrafluoroborate) experimental 

  

1,7-di(benzimidazole methyl) cyclen (18.7 mg, 0.043 mmol) and L-ascorbic acid (2.0 mg, 0.011 

mmol) were dissolved in 5 mL acetonitrile and purged under nitrogen. Fe(BF4)2·6H2O was dissolved 

in 5 mL acetonitrile and purged under nitrogen. The solutions were combined and refluxed for 4 h. 

Slow diffusion of diethyl ether into the product solution yielded pale orange crystals of [Iron(II) 1,7-

di(benzimidazole methyl) cyclen] bis(tetrafluoroborate) (23.2 mg, 0.035 mmol, 81%). HRMS (ESI+): 

(M-H)+, C24H31FeN8
2+, requires m/z = 487.2016, found m/z = 487.2010, (M)2+, C24H32FeN8

2+, requires 

m/z = 244.1044, found m/z = 244.1044. FTIR (ATR, cm-1): 3272 (N-H), 2860 (C-H), 1542 (N=C), 1457 

(C=C), 1060 (B-F); UV/vis (λmax, MeOH): 272 nm, ε = 2,900 L mol-1 cm-1, 278 nm, ε = 2,600 L mol-1  

cm-1. 

4.4.3 2-(bromomethyl) benzimidazole 

 

Thionyl bromide (2 mL, 25.8 mmol) was added to 2-Benzimidazolemethanol (410 mg, 2.77 mmol) 

and stirred at room temperature for 7 d. The desired compound was extracted from the resulting 

solid over chloroform and water yielding 2-(bromomethyl) benzimidazole (39.6 mg, 0.188 mmol, 

7%). HRMS (ESI+): (M+H)+, C8H8
79BrN2

+, requires m/z = 210.9865, found m/z = 210.9862, (M+H)+, 

C8H8
81BrN2

+, requires m/z = 212.9845, found m/z = 212.9848. 
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4.4.4 Methylene bridged cyclam 

 

Cyclam (1.025 g, 5.12 mmol) was dissolved in 70 mL DCM before adding an aqueous sodium 

hydroxide solution (50 mL, 40 wt%) and refluxed overnight. The organic product was collected, 

washed with water and brine before being dried over magnesium sulfate. Solvent removed in 

vacuo; the resulting solid was dried under vacuum yielding methylene bridged cyclam (826 mg, 

3.68 mmol, 72%). HRMS (ESI+): (M+H)+, C12H25N4
+, requires m/z = 225.2074, found m/z = 

225.2078. 

4.4.5 1,7-di(benzimidazole methyl) cyclam 

 

2-(bromomethyl) benzimidazole (21.0 mg, 0.099 mmol) was added to a solution of methylene 

bridged cyclam (11.4 mg, 0.051 mmol) in 20 mL acetonitrile and heated to 70 0C for 16 d. The 

product solution was cooled. LRMS (ESI+): (M+H)+, C26H37N8
+, requires m/z = 461.3136, found m/z 

= 461.6295, (M+2H)2+, C26H38N8
2+, requires m/z = 231.1604, found m/z = 231.3268, (M + 3H)3+, 

C24H34N8
2+, requires m/z = 154.4427, found m/z = 154.6338.  
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Chapter 5 Conclusions and further work 

In this work, three thiosemicarbazone ligand families and their associated Co(III) and Fe(III) 

complexes have been synthesised and characterised.  

The first, the thiazole family, showed that simply adding and varying the position of a methyl 

group around the ligand architecture could lead to changes in the packing of the ligands and 

associated complexes in the solid state. It was also discovered that designer anions, 1,8-

naphthalimide and amphiphilic sulfonate anions, could be incorporated into the metal complexes 

to further develop the cooperativity between complexes. Unfortunately, the magnetic 

susceptibility measurements showed low spin complexes across the temperature range (10 - 300 

K). This is anticipated to be caused by the ligand field and the geometry around the metal centre. 

The heterocycle was changed in an attempt to reduce the ligand field, and the chelate ring size was 

increased to reduce the distortion in the geometry around the metal centre to try and keep the 

metal as close to octahedral as possible. 

The other two ligand families contains 6-membered chelate rings as opposed to 5 and the 

complexes all showed far reduced  values (from 49.7 – 77.0 0, to 32.94 – 45.16 0) meaning that the 

octahedral coordination was less distorted. The two different heterocycles used should also help to 

reduce the ligand field felt by the metal. Both of these factors can only help the probability of 

successfully achieving spin crossover thiosemicarbazone derived Fe(III) complexes. Unfortunately, 

there is insufficient magnetic data to determine whether this objective has been met. 

The cobalt complexes of the quinoline ligands were analysed electrochemically which found that 

the structure directing group had no significant impact on the electrochemical processes of the 

metal ion, which suggests that the groups may have a similarly minimal effect on the SCO of any 

magnetically interesting iron analogues. Their original purpose was to interact with other 

compounds within the system to increase cooperativity in an attempt to achieve more abrupt 

transitions or transitions with hysteresis loops rather than having any impact on the magnetic 

properties; this result is a step in the right direction. 

By having a variety of structure directing groups included in the ligands it was possible to vary and 

investigate the supramolecular impact those groups have on the solid state packing of the ligands 

and complexes. It was found that all of the groups chosen caused distinct and, in most cases, 

consistent changes to the packing of the molecules in the solid state. Any solvent molecules within 

the structure play a role in the packing, however the directing properties of the groups was evident. 
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It was shown that these complexes can bind to additional metals to further extend the structure 

into more intricate structures. Given the quality of the crystal data for ([CoZn(LQ5)2](SO4)·2H2O), it 

wasn’t possible to give a detailed crystal packing analysis, however it showed crystal packing similar 

to the precursor, ([Co(LQ5)2](BF4). This has potential uses in being able to further develop the 

potential SCO properties of the system similar to SCO polymers or to develop other mixed metal 

systems, such as introducing lanthanides to probe their magnetic or luminescent properties.(REF) 

Incorporating a long aliphatic chain into the systems, both through the anions and the ligands 

themselves, enabled monolayers to be produced at the air-water interface using the Langmuir 

Blodgett technique. It was possible to deposit these onto hydrophilic substrates and show that the 

deposition was successful by UV-visible spectroscopy. This shows that these materials can be 

designed with processability in mind and paves the way for further studies. 

An Fe(II) macrocyclic complex, based on the cyclen macrocycle was synthesised and fully 

characterised. The crystal structure shows significant distortion of the geometry,  = 199.8 0, similar 

to the pyridine analogue synthesised by Hajj et al.144 The cyclam analogue was shown to have been 

made by mass spectrometry, but complexation to form Iron(II) 1,8-di(benzimidazole methyl) cyclam 

was not possible. Optimisation of the synthesis route is required to produce the ligand, 1,8-

di(benzimidazole methyl) cyclam, in a reasonable yield so that complexation experiments can be 

undertaken to yield the desired Fe(II) complex. It is hoped that the similarities between the cyclen 

analogues may indicate similarities between the cyclam complexes. 
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