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Abstract 

Supramolecular chemistry is a rapidly expanding area of research having seen the award of two 

Nobel prizes within the last 30 years. Whilst this means the phenomenon is well known, the 

important role it plays within inorganic structural chemistry is only beginning to be fully 

appreciated. The most common supramolecular interaction utilized is hydrogen bonding, which is 

fundamental for all life by allowing liquid water to exist over a wide range of temperatures and 

pressures. In addition to hydrogen bonding, there are other intermolecular interactions such as  

π-π, van der Waals, and the less common halogen, chalcogen, tetrel, or pnictogen bonds. The 

prevalence of hydrogen bond donors and acceptors in most systems can lead to unpredictability of 

the long-range structure, making rational design of specific supramolecular architectures a complex 

task. In a similar vein, halogen, chalcogen, tetrel, and pnictogen bonds can often prove unwieldy or 

challenging to work with as they typically require specialist design. The use of π-π interactions is 

however an attractive idea; these systems are typically easy to work with, stable, and able to be 

incorporated into many systems. 

Magnetically interesting compounds have had a large success over the same time frame, with the 

first single molecule magnet (SMM) being produced in the early 1990s. This field has continued to 

grow and recently, in 2018, reached a major milestone with the first reported system which retains 

the slow magnetic relaxation required of an SMM compound above the temperature of liquid 

nitrogen. The result has long been thought to be the first step on the route to incorporating SMMs 

into working components such as data processing and storage devices, as current SMM devices 

require expensive and finite liquid helium. 

Whilst the definition of a single molecule magnet is “a molecule that shows slow relaxation of the 

magnetisation of purely molecular origin”, researchers have recently begun to believe that the 

SMM properties can be modulated by the non-local environment in a similar manner to another 

magnetic phenomenon, spin crossover. 

This research explores the use of supramolecular design and control within magnetochemistry by 

producing a series of 1,8-naphthalimide based complexes to investigate their structure directing 

properties, with a view for inclusion into existing SMM architectures. The 1,8-naphthalimide system 

allows for a wide variety of components and simple synthesis resulting in a wide library of available 

ligands for almost any purpose. This organic species also provides a rigid framework for building π-

based supramolecular architectures given the predictability of the interactions between the 

naphthalimide molecules. We detail how the predictability of the system allowed us to build layered 



 

 

networks which demonstrate SMM characteristics, although not in the frequency region of a 

standard SQUID magnetometer.  

This research also investigates stronger π-based interactions using radical enhanced pancake-like 

bonds. The 9,10-phenanthrenequinone system used here provided a facile route to the  

9,10-phenanthrenesemiquinone radical via an in situ reduction. When combined with the presence 

of Ln(III) ions, the radical ligands form intramolecular π-bonds with an exceptionally short distance 

encapsulating two lanthanide ions in a cage consisting of four ligands. The exceptional strength of 

this pancake bond effectively forces the two lanthanide ions together, resulting in a strong 

electrostatic interaction which appears to quench the quantum tunnelling of magnetisation 

relaxation pathway. Further demonstrating the use of π-based interactions in SMM research. The 

future roadmap for modification to include supramolecular pancake-like bonds is provided in the 

future work section. 
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Chapter 1 Introduction 

This thesis covers multiple topics within the fields of coordination and supramolecular chemistry 

for magnetically interesting systems. The overriding theme which flows through this work is the use 

of π-based interactions for their structure directing capabilities, both inter- and intramolecularly. 

In order to provide the reader with a solid foundation to approach this work the introduction will 

provide an overview of the key background material.  

This begins with an introduction to N-substituted-1,8-naphthalimide complexes in section 1.1 by 

way of a literature review of structurally characterised systems. This review covers all structurally 

characterised complexes of s, p, d and f-group metal and metalloids which feature an N-substituted-

1,8-naphthalimide ligand. 

In section 1.2 the 9,10-phenanthrenesemiquinone radical species is introduced along with the 

related oxidation forms, 9,10-phenanthrenequinone and 9,10-phenanthrenehydroquinone. The 

historical significance of this organic species and some early work involving metal complexes is 

presented. The introduction covers the interesting redox states this species can observe and the 

flexibility this provides to coordination complexes.  

Section 1.3 provides an introduction to single molecule magnets (SMMs) with analogies drawn to 

classical bulk magnetic systems. This progresses to cover the discovery of SMM behaviour, the 

characterisation techniques, and the key benchmark properties. The section concludes with the 

current state of the field by comparing the strategies and results of the three most recent record 

holding systems. 

To separate the literature from the primary work, ligands discussed within the introduction will be 

referred to as (Rx) and the complexes as (Cx) where x is a number. Within the primary research 

carried out by the author, ligands and organic systems will be referred as (Lx) and the  

complexes as (x).  
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1.1 N-substituted-1,8-naphthalimides  

N

R

OO

R'                

Figure 1.1 – General scheme of an N-substituted-1,8-naphthalimide, where R = N-substituted 

position, and R’ = 4-substituted position, (left) and histogram of CCDC entries per year 

(1990 to 2020) of N-substituted-1,8-naphthalimide compounds, normalised data is 

number of N-substituted-1,8-naphthalimide structures per total number of structures. 

Source: CCDC’s database (CSD) with the November 2019 update, version 5.41 (right) 

Research into systems containing N-substituted-1,8-naphthalimide species has developed rapidly 

in recent years (figure 1.1). This research has heavily focused upon their use in biological systems,1 

primarily as anti-cancer agents2 via DNA binding,3 (with systems already in phase II clinical trials4) 

cellular probes,5 anion sensors,6 and even potential anti-HIV-1 drugs.7 In addition to this 

prominence in biological systems, N-substituted-1,8-naphthalimide species have found use as solar 

energy collectors8, 9 and laser dyes.10 One major contributing factor to the explosion in 1,8-

naphthalimide research is the ease of synthesis with the ability to produce compounds on a large 

scale with high purity. 

The second largest area of research involving 1,8-naphthalimide compounds is supramolecular 

chemistry.11 Supramolecular chemistry is the use of non-covalent interactions to influence the 

crystal architecture in a reliable and predictable way.12 As a rapidly expanding area of research,13-15 

supramolecular chemistry has seen the award of multiple Nobel prizes within the last 30 years.16-20 

The most common supramolecular interaction utilized is hydrogen bonding.21 The relatively strong 

nature of hydrogen bonding and the high degree of directionality allows for a more simplistic 

rational design than many other types of supramolecular interactions,22 such as π-π,23, 24 Van der 

Waals,25 and the less common halogen,26, 27 chalcogen,28-30 tetrel,31 or pnictogen bonds.32 Within 

this work, the π-interaction is the primary focus and discussed in further detail in the following 

section. 
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Figure 1.2 – Schematic showing the two types of π-π interactions present in 1,8-naphthalimides, 

head-to-head (left) and head-to-tail (right), the two main considerations are the 

offset and the planar distance 

By exploiting the strong π-based interactions that naphthalimides typically experience,33 the same 

type that allow for DNA intercalation,3 investigators are able to predictably design systems that will 

self-assemble into larger supramolecular frameworks. The π-deficient nature of the naphthalene 

ring and associated dipole from the naphthalimide moiety means that these systems reliably stack 

into the two main types of π-π interactions; head-to-head stacking and head-to-tail stacking (figure 

1.2, left and right respectively).  

  

N OO

NH2

(R1)  

Figure 1.3 – The absorption spectra of (R1) when recorded in dichloromethane and methanol (left), 

the fluorescence emission spectra of (R1) in dichloromethane, methanol and water 

(middle), and ligand (R1) (right)34 

In addition to their supramolecular advantages, N-substituted-1,8-naphthalimide systems are well 

known for their optical/photophysical properties.35 These properties arise from the π-conjugation 

in the 1,8-naphthalimide moiety and the absorption and emission profiles are very sensitive to even 

minor modifications to the chemical or structure environment (figure 1.3).34 This is evidenced 

clearly by the interplay between the energy and intensity of the emission and the polarity of any 

neighbouring solvent. 
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The combination of lanthanide metal ions and N-substituted-1,8-naphthalimides is an important 

part of chapter 2, in particular the photophysical interplay between these two entities. To further 

understand this, the photophysical properties of lanthanide metal ions are discussed briefly in the 

next two paragraphs. For more information beyond this the author directs readers to existing 

literature.36-38 

The photophysical properties of lanthanide ions depend on their electronic configuration, and with 

a wide range of electronic levels due to spin-orbit coupling there are many interesting effects. As 

these ions typically have minimal 4f orbital-ligand interactions the emissions observed are well 

defined and characteristic of the element regardless of the environment. 38 This lack of interaction 

between the 4f orbitals and the ligand, means that the Laporte selection rule for transitions 

between electronic states cannot be relaxed through ligand-orbital/metal-orbital mixing which 

occurs for some transition metal systems.39 This means that the lanthanide f-f transitions are 

forbidden, resulting in very low emission intensities after direct excitation. 

N R

O

O

LnIII

hvout
 

ligand 
emission

hvin
excitation hvout

 

lanthanide 
emission

energy 
transfer

 

Figure 1.4 – Schematic diagram illustrating the “antenna effect” in an N-substituted-1,8-

naphthalimide-lanthanide complex. Energy, in the form of hν (black), is absorbed by 

the ligand, where three potential processes can occur: non-radiative decay (not 

shown), emission from the N-substituted-1,8-naphthalimide (green), and/or energy 

transfer to the lanthanide (blue) resulting in an excited state 

Alternatively, indirect excitation of lanthanide ions, typically via the “antenna effect”, is a powerful 

technique. The ability of N-substituted-1,8-naphthalimide systems to sensitise lanthanide(III) ions 

is well known,40 and with the emission from the naphthalimide it is possible for some systems to 

include two or three independently emissive components.41 The ligand absorbs incoming light 

promoting an electron to an excited singlet state, this undergoes intersystem crossing to an excited 

triplet state, which exhibits an intramolecular energy transfer to the lanthanide excited state (figure 
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1.4). The system can experience radiative and non-radiative decay from any state and a simplistic 

Jablonski diagram is useful for visualising these processes (figure 1.5). 

 

Figure 1.5 – A simplified Jablonski energy level diagram depicting the energy transfer process within 

an N-substituted-1,8-naphthalimide-Eu(III) complex. The bold horizontal lines indicate 

the electronic energy levels, whilst the thinner lines indicate the vibrational levels at 

each electronic state. Dashed arrows indicate some of the non-radiative processes (IC, 

ISC and ET), whilst the solid arrows indicate radiative processes where photons are 

either absorbed or emitted. IC: internal conversion (transfer from a vibrational level in 

one electronic state, to a vibrational level in a lower electronic state), ISC: intersystem 

crossing (transition involving a change in spin multiplicity as an electron moves from 

an excited singlet state, Sx, to an excited triplet state, Tx) ET: energy transfer 

(intramolecular energy transfer from the excited ligand triplet state, to the excited 

state of the Eu(III) ion) 

Over the coming sections, N-substituted-1,8-naphthalimides complexes of s-block (section 1.1.1), 

p-block (section 1.1.2), d-block (1.1.3), and f-block (1.1.4) metals will be discussed. 
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1.1.1 N-substituted-1,8-naphthalimide complexes of the s-block 

N OO

O

O

N OO

O

OOH

 

Figure 1.6 – Schematic diagram of ligands (R2) (left) and (R3) (right)  

In this section due to the small number of papers published the results will be presented 

chronologically. The first structurally characterised N-substituted-1,8-naphthalimide complex 

involving an s-block metal was reported in 2012 by Reger and co-workers with two amino acid 

based ligands (figure 1.6) and a potassium metal ion.42 This was followed by a study involving 

sodium and caesium ions in 2013.43 The potassium salt will be discussed as a representative 

example of the studied complexes. In both polymeric compounds [K(R2)(MeOH)] (C1) and [K(R3)] 

(C2) the potassium ion is in a six-coordinate environment with two oxygen atoms from the amino 

acid groups of two different ligands (O3), two from a naphthalimide oxygen atom (O1 and O2) on 

two differing ligands, and two from methanol molecules (C1) (figure 1.7) or in the case of (R2) the 

ligand alcohol groups (C2). 

  

Figure 1.7 – Coordination environment of the potassium ion within complex (C1) highlighting the 

six oxygen atoms 
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As the coordination environment consists of multiple ligands from neighbouring metal ions the 

system is polymeric. However a clear 1D chain can be observed from the structure which shows 

helices following the K1-O3-K1-O3-K1 chain (C1) with a pitch of 6.90 Å (figure 1.8, left) and K1-O4-

K1-O4-K2 chain (C2) with a pitch of 6.62 Å (figure 1.8, right). 

    

Figure 1.8 – Helices of the potassium chains present in (C1) (left) and (C2) (right) 

These chains are intercalated with π-stacking between the N-substituted-1,8-naphthalimide ligands 

of neighbouring chains with distances of 3.45 Å and 3.30 Å between the mean planes of the parallel 

rings in (C1) and (C2).  

After this initial work with the group 1 metals, Reger and co-workers utilised (R1) and (R2) to 

produce the first structurally characterised group 2 N-substituted-1,8-naphthalimide systems using 

calcium and strontium.44 As the structures are broadly similar in nature, the calcium complexes of 

(R1) [Ca(R1)2(H2O)]·(H2O) (C3) and (R2) [Ca(R2)2]·(H2O)2 (C4) will only be briefly discussed here. 
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Figure 1.9 – Homochiral helices of the calcium chains present in (C3) (left) and (C4) (right) 

The backbone of the structure in compound (C3) is composed of calcium cations bridged by (R1) 

ligands into a chiral helical rod with a pitch of 14.06 Å. In this compound there are two types of 

weak π-π stacking which involve the naphthalimide rings, intra-helix π-π stacking (average planar 

distance 3.50 Å) and inter-helix stacking between neighbouring rings stacking (average planar 

distance 3.48 Å). For comparison, compound (C4) also contains calcium cations bridged by (L2) 

ordering the compound into homochiral zigzag rods with a pitch of 8.21 Å. There are only weak π-

π based interactions present within this structure (intra-helix average π-π planar distance 3.50 Å 

and inter-helix average π-π planar distance 3.48 Å). 

N OO

O

O

N OO

O

O

 

Figure 1.10 – Schematic diagram of ligands (R4) (left) and (R5) (right) 
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Following on from their previous work Reger and co-workers reported two new caesium containing 

complexes utilising the N-substituted-1,8-naphthalimide ligands (R4) and (R5) (figure 1.10). 

Complexes [Cs(R4)] (C5) and [Cs(R5)] (C6) also form polymeric chains throughout the structure, 

however, in the case of the less sterically hindered glycine based 1,8-naphthalimide (C5) a 

completely different packing arrangement with two different Cs cation metal sites is observed 

(figure 1.11). 

      

Figure 1.11 – One dimensional chain consisting of two environmentally unique caesium ions (left) 

and side view of the chain easily highlighting the two crystallographically unique 

caesium centres in (C5) 

Continuing with complex (C5), the intra chain π-π stacking has an average planar distance of 3.30 Å 

indicating a strong interaction, although there is a large offset of 3.70 Å. Since there is no rotation 

between the stacking 1,8-naphthalimide ligands this structure is not helical (unlike those presented 

so far). This may result from the increased flexibility as previously bulky groups (CH3, or CH2CH2OH) 

have been replaced by a hydrogen atom resulting is less steric hinderance. 
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Figure 1.12 – The one dimensional chain consisting of a single caesium site (left) and the 

interdigitated “zipper like” packing arrangement that occurs in (C6) (right) 

Compound (C6) assembles in a manner similar to (C1), although in this case without the helical 

twist. This results in a chain for caesium cations bridged by (R5) ligands. Again, there is no rotation 

between the intramolecular 1,8-naphthalimide ligands. These chains exhibit no intra-chain 

interaction, however there is a head-to-tail π-π interaction between neighbouring chains with an 

average distance of 3.32 Å and an offset of 2.62 Å. 

N OO

O

O

O
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Figure 1.13 – Schematic diagram of ligand (R6)  

After the extensive work carried out by Reger between 2012-2015, the final paper concerning  

s-block structures was published demonstrating a series of complexes with ligand (R6).45 These 

structures covered the s- and f-block ions Ca(II), Ba(II), La(III), Ce(III), Eu(III), Tb(III), UO2(II), and 

Th(IV). The Ca(II) structure [Ca4(R6)4], (C7), is described here, with the lanthanide and actinide 

structures discussed in the relevant section. 
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Figure 1.14 – One dimensional chain consisting of four environmentally unique calcium ions (left) 

and the packing interactions between the chains when viewed through the chain 

(right) of (C7) 

The asymmetric unit of complex (C7) consists of four unique calcium ions, and four independent 

ligand molecules. The calcium cations are bridged into helical rods through the carboxylates of 

ligand (R6), for each P-helical rod, there is an adjacent M-helix, creating a racemic mixture. All the 

ligand carboxylate sites are utilised in bonding, with each ligand coordinating to four different 

metals within the same rod. Each calcium cation is eight coordinate and has six sites occupied by 

ligand oxygen atoms with the remaining two sites occupied by water molecules. There are no 

intramolecular π- π interactions. However, there are four intermolecular interactions linking the 

chains to their nearest neighbour, which have planar distances ranging between 3.38 and 3.54 Å 

and offsets between 0.51 and 1.27 Å. 

These five studies published by Reger and co-workers are currently the only reported structurally 

characterised complexes of the s-block with N-substituted-1,8-naphthalimide ligands. 
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1.1.2 N-substituted-1,8-naphthalimide complexes of the p-Block 

To date there are 9 papers reporting complexes of p-block metals and metalloids, with 8 of these 

reporting novel tin structures, and 1 reporting an arsenic compound. As with the s-block complexes 

presented in (section 1.1.1) these will be presented in chronological order. 

N OO

S

 

Figure 1.15 – Schematic diagram of ligand (R7) 

The earliest reported p-block compound predates the s-block work by several years and was 

published in 2005 by Johnson and co-workers. This work utilised the thiol terminated ligand (R7) 

along with AsCl3 and resulted in a mixture of three compounds, [As(R7)Cl2], [As(R7)2Cl], and 

[As(R7)3], with the latter two structurally characterised and presented here as (C8) and (C9).46 The 

work was carried out to investigate bonding interactions within arsenic thiolate complexes. 

 

Figure 1.16 – Asymmetric unit of complex (C8) with the general formula [As(R7)2Cl]·2CHCl3, 

interstitial solvent molecules and hydrogen atoms omitted for clarity 

The asymmetric unit consists of two molecules of complex [As(R7)2Cl], (C8), and two interstitial 

chloroform molecules (figure 1.16). The central As(III) atom is formally three coordinate with two 

sulphur atoms from the ligand, and one chloride ion. However, the authors report a secondary 

As···O bonding interaction (As⋅⋅⋅O = 2.91 Å) stabilising the complex. The crystal packing is dominated 
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by the π-π interactions between adjacent molecules, with two interactions occurring throughout 

this crystal structure (figure 1.17). 

 

Figure 1.17 – Diagram of π-based interactions present in complex (C8) 

The average distance for the planes between the bonding pairs of naphthalimide rings is 

approximately 3.50 Å and results in layered stacking throughout the structure (figure 1.18).  

 

Figure 1.18 – Long range packing present in (C8) demonstrating that this structure packs into 

parallel layers 
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Figure 1.19 – Molecular unit of complex (C9) with the general formula [As(R7)3], interstitial solvent 

molecules and hydrogen atoms omitted for clarity 

The other crystallographically characterised complex [As(R7)3], (C9), has one complex molecule and 

one highly disordered interstitial water molecule in the asymmetric unit (figure 1.19). The central 

As(III) atom is formally three coordinate consisting of three sulphur atoms from three (R7) ligands. 

It should be noted that the authors also assigned an As-O interaction (As⋅⋅⋅O = 3.21 Å) for this 

complex, and suggest that the longer bond distance is likely a consequence of more steric hindrance 

in the structure as a result of the additional (R7) unit. The crystal packing in complex (C9) is similar 

to that seen for (C8) with the mean plain distance of the π-π stacking substituted-1,8-

naphthalimides reported at 3.54 Å. As such the individual interactions are not shown however the 

overall long-range order is a series of canted layers (figure 1.20). 

 

Figure 1.20 – Long range packing present in (C9) demonstrating that this structure packs into canted 

layers 
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Following this first paper, work involving p-block elements remained quiet for some years until 2011 

when Zhu and co-workers reported two novel tin complexes based on the carboxylate ligands (R6) 

and (R8), giving complexes [(SnPh3)2(R6)] (C10) and [SnPh2(R8)] (C11) respectively.47 

N OO

O

O

O

O
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O O

 

Figure 1.21 - Schematic diagram of ligand (R6) (left) and (R8) (right) 

In complex (C10) there is one molecule in the asymmetric unit which consists of an (R6) ligand that 

bridges to two triphenyltin(IV) centres (figure 1.22) and two interstitial toluene molecules. The two 

unique Sn(IV) centres are 4 and 5 coordinate respectively, with three positions occupied by carbon 

atoms from directly coordinated phenyl groups and the remaining site(s) from the ligand. The 

difference in coordination number arises from the binding mode of the (R6) ligand at the metal 

centre. The non-coordinated Sn-O interaction has a distance of 2.82 Å which is significantly longer 

than a typical Sn-O (2.10 Å) bond length, but less than the sum of the van der Waals radii (3.68 Å). 

 

Figure 1.22 – Molecular unit of complex (C10) with the general formula [(SnPh3)2(R6)], interstitial 

solvent molecules and hydrogen atoms omitted for clarity 
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Figure 1.23 – Diagram of π-based interactions present in complex (C10) 

The π-π interaction in this structure involves only a single N-substituted-1,8-naphthalimide which 

interacts with a coordinated phenyl moiety. The shortest carbon-carbon distance of 3.42 Å makes 

this a relatively weak π-based interaction (figure 1.23). The authors report no interactions involving 

the interstitial toluene molecule. There is no obvious pattern to the long-range order present. 

 

Figure 1.24 – Molecular unit of complex (C11) with the general formula [(SnPh3(R8)], hydrogen 

atoms omitted for clarity 

In complex (C11) there is one molecule in the asymmetric unit which consists of an (R8) ligand 

bound to a triphenyltin(IV) centre (figure 1.24). In this case the Sn(IV) centre is 5 coordinate, with 

three positions occupied by carbon atoms from directly coordinated phenyl groups and the 

remaining two positions with oxygen atoms from the ligand. 
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Figure 1.25 – Diagram of π-based interactions present in complex (C11) 

Unlike the last structure, complex (C11) does exhibit a π-based interaction involving two N-

substituted-1,8-naphthalimide ligands. The average distance of 3.26 Å between the atoms within 

the 1,8-naphthalimide rings indicates a strong π-π interaction. This causes complex (C11) to stack 

into parallel layers separated by the ligand stacks (figure 1.26). 

 

Figure 1.26 – Long range packing present in (C11) demonstrating that this structure packs into 

parallel layers separated by the ligand 

Zhu and co-workers continued with this work, and in 2013 reported  two complexes utilising the 

ligand (R4), with both Bu2SnO and Ph3SnOH as the starting materials.48 This resulted in two 

molecular complexes with the formulas [Sn(n-Bu)2(R4)2] (C12) and [Sn(Ph)3(R4)], the second of 

which will not be discussed here due to the similarities to the previous complexes.  
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Figure 1.27 – Schematic diagram of ligand (R4) (left) and (R9) (right) 

 

 

Figure 1.28 – Molecular unit of complex (C12) with the general formula [Sn(n-Bu)2(R4)2], hydrogen 

atoms omitted for clarity 

Complex [Sn(n-Bu)2(R4)2], (C12), (figure 1.28) consists of a central Sn(IV) atom with two carbon 

atoms from two n-Bu ligands and four oxygen atoms from two bidentate (R4) ligands. There are 

two π-based interactions present in complex (C12), with shortest carbon-carbon distances of  

3.35 Å and 3.33 Å respectively (figure 1.29). 
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Figure 1.29 – Diagram of π-based interactions present in complex (C12) 

These two interactions lead to a “zig-zag” chains of molecules repeating throughout the structure 

(figure 1.30). 

 

Figure 1.30 – Long range packing present in (C12) demonstrating the ‘zig-zag’ stacking interactions 

This study also examined  novel complexes using the ligand (R9) along with a triphenyltin starting 

material to give [Sn(Ph)3(R9)] (C13), or a dibutyltin oxide starting material to give  

[(n-BuSn)2(R9)O2]2 (C14). 
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Complex (C13) consists of the triphenyltin(IV) species coordinated to one (R9) ligand (figure 1.31). 

The four-coordinate tin centre consists of three carbon atoms from the phenyl groups and a 

monodentate oxygen bond from the acid group of ligand (R9).  

 

Figure 1.31 – Asymmetric unit of complex (C13) with the general formula [Sn(Ph)3(R9)], hydrogen 

atoms omitted for clarity 

There are no short π-based interactions within this structure, given the lack of competing 

supramolecular interactions the system still packs into layers. Each stack consisting of two head-to-

tail ligands, with a shortest carbon-carbon distance of 3.6 Å, resulting in the metalloid tin centres 

pointing away from the column (figure 1.32) 

 

Figure 1.32 – Long range packing present in (C13) showing the typical layered structure despite 

exhibiting no real appreciable stacking interactions  
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Figure 1.33 – Molecular unit of complex (C14) with the formula [(n-BuSn)2(R9)O2]2 hydrogen atoms 

and interstitial solvent omitted for clarity 

Complex (C14) has the formula [(n-BuSn)2(R9)O2]2 where there are two naphthalimide ligands 

coordinated to the metal/oxygen core (figure 1.33). With the absence of any π-based interactions 

this complex does not appear to arrange into any form of layered structure. Finally, a similar 

complex utilising ligand (R8) instead of (R9) was reported which exhibits the same molecular 

structure and is therefore not discussed in detail. 

 

N OO

OO

 

Figure 1.34 – Schematic diagram of ligand (R10) 
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A further two years later, in 2015, Zhu reported a Sn(IV) compound utilising ligand (R10) (figure 

1.34), which is the β-alanine version of the glycine based ligand (R4).49 This complex with the 

formula [Sn(Ph)3(R10)]·toluene exhibits a similar local environment to previously discussed 

complexes of ligand (R4) and unfortunately as the lattice toluene disrupts any potential 

naphthalimide π-based interactions the work will not be discussed further.  

 

Figure 1.35 - Molecular unit of complex (C15) with the formula [(Bn2Sn)2(R4)O2]2, hydrogen atoms 

and lattice solvent omitted for clarity 

Zhu and co-workers continued this research with their paper in 2017 where they utilised ligand (R4) 

and reproduced two of the complexes reported in 2013 as well as a new complex with the formula 

[(Bn2Sn)2(R4)O2]2·benzene (C15) by using Bn2SnO as the Sn(IV) source (figure 1.35).50 In addition to 

the structural work presented here, they also invested the complex for anti-tumour activities, 

where it showed potential against the HepG2 and MCF-7 cell lines. 

 

Figure 1.36 – Diagram of π-based interactions present in complex (C15) 
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The molecular structure of complex (C15) has the two naphthalimide ligands pointing away from 

the tin oxide-based core. Due to the molecular symmetry both naphthalimide ligands exhibit π-π 

stacking to the neighbouring molecules with the shortest carbon-carbon distance of 3.36 Å (figure 

1.36). This complex therefore stacks into ordered zig-zag layers (figure 1.37). 

 

Figure 1.37 – Long range packing present in (C15) showing the zig-zag style layers. 

The following year Xiao, previously the first author on many of the papers from the Zhu group, 

continued their work on Sn(IV) complexes involving the N-substituted-1,8-naphthalimide ligand 

(R9) which was previously utilised in 2013.51 In this paper the ligand is reacted with n-Bu2SnO in 

toluene and benzene resulting in either the previously reported complex (C14) or the novel complex 

[Sn(n-Bu)2(R9)2], (C16). 

 

Figure 1.38 – Molecular unit of complex (C16) with the formula [Sn(n-Bu)2(R9)2], hydrogen atoms 

omitted for clarity 
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Complex (C16) has the molecular formula [Sn(n-Bu)2(R9)2] with two ligands coordinated to the 

[Sn(n-Bu)2] sub-unit (figure 1.38). As with the complex synthesised in toluene, (C14), there is no 

appreciable π-π interaction in this complex, however, the overall packing still arranges into ordered 

naphthalimide layers (figure 1.39). 

 

Figure 1.39 – Long range packing present in (C16) showing the typical layered structure despite 

exhibiting no real appreciable stacking interactions 

After the dominance of Zhu and Xiao in this field, Godoy-Alcantar and co-workers produced the 

new ligand (R11) from a reaction between N-benzylethylendiamine and 1,8-naphthalic anhydride 

(figure 1.40).52 As with much of the previous work with tin, two Sn(IV) sources were used. Reactions 

of ligand (R11) with n-Bu2SnCl2 and Ph2SnCl2 resulted in [Sn(n-Bu)2(R11)Cl] (C17) and  

[Sn(Ph)2(R11)Cl] (C18) respectively. This paper primarily assessed the structural properties of the 

systems, however a brief study into the anti-tumour effects of the novel complex was performed. 

N OO

NS
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Figure 1.40 – Schematic diagram of ligand (R11) 
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Figure 1.41 – [Sn(n-Bu)2(R9)2], unit of complex (C17) with the formula [Sn(n-Bu)2(R11)Cl], hydrogen 

atoms omitted for clarity 

Complex (C17) has the molecular formula [Sn(n-Bu)2(R11)Cl] where the Sn(IV) coordination sphere 

consists of two carbons atoms from the two butyl groups, a coordinated chloride ion, and two 

sulphur atoms from the bidentate ligand (R11) (figure 1.41). Whilst this complex has no formal π-

bond, there is an interaction between two head-to-tail 1,8-naphthalimide ligands (with a C-C 

distance of 3.54 Å) which results in a layered array (figure 1.42) 

 

Figure 1.42 – Long range packing present in (C17) showing the typical layered structure despite the 

weaker π-interaction 
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Complex (C18) has the molecular formula [Sn(Ph)2(R11)Cl] where the Sn(IV) coordination sphere 

consists of two carbons atoms from the two phenyl groups, a coordinated chloride ion, and two 

sulphur atoms from the bidentate ligand (R11) (figure 1.43). With the phenyl group hindering the 

formation of even weak naphthalimide based π-interactions there are no appreciable π-bonds and 

the structure exhibits no clear layers in long-range structure. 

 

Figure 1.43 – [Sn(n-Bu)2(R9)2], unit of complex (C18) with the formula [Sn(Ph)2(R11)Cl], hydrogen 

atoms and lattice chloroform omitted for clarity 

The final complex involving a p-block metalloid was reported by Xiao in 2019 using the ligand (R10) 

which was previously presented by the same group in 2015 (figure 1.44).53 

N OO

OO

 

Figure 1.44 – Schematic diagram of ligand (R10) 
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This complex is prepared by the reaction between ligand (R10) and Tol2SnO, where Tol is a toluene 

bound directly to the Sn(IV) centre through the para position, resulting in the complex 

[Sn(Tol)(R10)O]6 (C19) (figure 1.45). 

 

Figure 1.45 – Molecular unit of complex (C19) with the formula [Sn(Tol)(R10)O]6, shown orthogonal 

(left) and parallel (right) to the naphthalimide plane, hydrogen atoms and lattice 

toluene omitted for clarity 

Complex (C19) has a complicated structure with each Sn(IV) having a six coordinate octahedral 

environment with one carbon atom from the toluene, two bridging μ2-oxygen atoms, and two 

oxygen atoms from two bridging (R10) ligands. There is a weak interaction at each of the 

naphthalimide ligands around the hexagonal system (C-C distance of 3.59 Å), however due to the 

highly symmetrical ‘self-contained’ nature of the system the structure does not pack into layers, 

instead hexagonal columnar packing is observed (figure 1.46). 

 

Figure 1.46 – Long range packing present in (C19) showing the lack of long-range layers  
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1.1.3 N-substituted-1,8-naphthalimide complexes of the d-Block 

The vast majority of 1,8-naphthalimide complexes utilise d-block metal centres (203 out the 274 

complexes discovered in this CSD search). In particular copper(II) complexes dominate this 

literature with over 25% of d-block structures involving copper. This is likely due to the active role 

that copper can play in biological systems. In addition to this, the magnetic and electronic 

properties of the d9 copper(II) ion with a single unpaired electron are relatively simple to analyse. 

Transition metals offer greater flexibility in available binding modes and geometries than those 

typically observed in s- and p-block complexes, which aids synthesis and crystallisation. By fully 

utilising the modular design of 1,8-naphthalimides researchers have been able to produce a large 

number of unique ligands with a wide variety of coordination sites targeting specific transition 

metal geometries and crystal field effects. This section will discuss the complexes by grouping 

similar coordination modes together, but where multiple coordination modes are present the 

complex will be discussed in the most relevant section. To restrict the literature to relevant 

structures two additional filters were imposed in the d-block section, the first of these is that only 

discrete molecular systems will be discussed and the second is that complexes where the only 

naphthalimide metal binding is through a direct carbon bond (organometallic systems) have been 

removed. The complexes fitting these parameters were first published in 2003 and the literature 

has continued to expand with complexes being published early this year. 

1.1.3.1 Oxygen bound 1,8-naphthalimide containing complexes 

1.1.3.1.1 Carboxylate Binding Ligands 

N OO

O

O

 

Figure 1.47 – Schematic diagram of ligand (R12) 

The first crystallographically characterised system which involves a naphthalimide carboxylate 

bound directly to a d-block metal was reported in 2010 by Müller and co-workers.54 The system 

utilises ligand (R12) (figure 1.47) to form a complex with the molecular formula [Rh2(R12)4(EtOAC)2], 
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(C20), (figure 1.48). The underlying [Rh2(R12)4] paddlewheel unit was previously prepared in 2003 

as part of a catalytic study where the EtOAC occupied sites were left freely available to perform 

enantioselective cyclopropanation of styrene and pent-1-ene, however no crystallographic 

characterisation was reported at that time.55 Around the same time, also in 2010, Fox and co-

workers reported the same system although one EtOAC ligand had been replaced by a coordinated 

THF molecule.56 Here the complex published by Müller will be discussed. 

    

Figure 1.48 – Molecular unit of complex (C20) with the formula [Rh2(R12)4(EtOAC)2] (left) and 

structure viewed through the Rh-Rh bond with the EtOAC molecules removed for 

clarity (right). In both views, hydrogen atoms omitted for clarity 

In this system two of the 1,8-naphthalimide ligands are involved in π-based interactions with the 

shortest C-C distance of 3.23 Å (figure 1.49) indicating a significant interaction. 

 

 

Figure 1.49 – Diagram of π-based interactions present in complex (C20) 
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As the two naphthalimides involved are in an approximately trans-position and both undergo head-

to-tail stacking the structure arranges into layers of 1D-chains (figure 1.50). 

 

Figure 1.50 – Long range packing present in (C20) showing the clear layers of 1D chains 

In 2011 Reger and co-workers published three papers, two dealing with copper based  

complexes with the enantiopure ligands (R13) – (R15),57, 58 and one reporting a zinc paddlewheel 

system using ligand (R8).59  
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Figure 1.51 – Schematic diagram of ligands (R13) (left), (R14) (middle), and (R15) (right) 

The first paper reported a copper tetramer with the chemical formula [Cu4(R13)8(Py)(MeOH)] (C21) 

(figure 1.51). The complex can be described as two bridged copper paddlewheel dimers, one with 

a terminal pyridine and one with a terminal methanol. The complex undergoes enantioselective 
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ligand exchange of the MeOH ligand for (S)-ethyl lactate when exposed to a racemic mixture 

resulting in additional complexes where the MeOH ligand has been replaced.  

 

Figure 1.52 – Molecular unit of complex (C21) with the formula [Cu4(R13)8(Py)(MeOH)] hydrogen 

atoms omitted for clarity 

There is a complex network of π-based supramolecular interactions in this system. The pyridine 

coordinated dimeric subunit exhibits π-stacking with neighbouring complexes via two 1,8-

naphthalimide ligands, whereas in the methanol containing subunit all four 1,8-naphthalimide 

ligands undergo π-stacking with neighbouring molecules. This ultimately builds a large porous 

network with pores of featuring diameters of around 17 Å which was likely necessary for solvent 

exchange (figure 1.53). 

 

Figure 1.53 – Long range packing present in (C21) showing the advanced 3D network generated by 

π-based interactions 
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The second paper published by Reger and co-workers reproduced this compound as well as two 

additional ones [Cu2(R14)4(THF)2] (C22) and [Cu2(R15)4(THF)2] (C23). These two systems can be 

viewed as one half of the previous complex. Complex (C22) has a Cu2 paddlewheel core with four 

bridging (R14) ligands and two terminal THF molecules (figure 1.54). 

     

Figure 1.54 – Molecular unit of complex (C22) with the formula [Cu2(R14)4(THF)2] (left) and complex 

(C23) with the formula [Cu2(R15)4(THF)2] (right) 

Whereas complex (C21) exhibits many π-based interactions, complex (C22) shows no appreciable 

π-stacking interactions and therefore in the overall long-range order there is no clear layered 

structure. 

 

Figure 1.55 – Long range packing present in (C22) showing the highly porous structure 
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Complex (C22) packs into a highly porous MOF-like network (figure 1.55) with 16 Å wide, solvent 

filled, channels running throughout the structure. This complex also undergoes selective uptake of 

(S)-ethyl lactate when exposed to a vapour of the racemic solvent which is located within the pores. 

This demonstrates the need for the long-range supramolecular structure in the stereoselective 

uptake of compounds. Complex (C23) has a Cu2 paddlewheel core with four bridging (R15) ligands 

and two terminal THF molecules (figure 1.54). Unfortunately, the high degree of disorder present 

in this structure obscure the long range bonding and limit any useful information on the π-based 

interactions. 

 

Figure 1.56 – Molecular unit of complex (C24) with the formula [Zn2(R8)4(DMSO)2], hydrogen atoms 

omitted for clarity 

The final complex reported in 2011 by Reger and co-workers has the formula [Zn2(R8)4(DMSO)2] 

(C24) and consists of a metal paddlewheel core with Zn2 in place of Cu2.  

 

Figure 1.57 – Diagram of π-based interactions present in complex (C24) 

Complex (24) exhibits a weak π-based interaction with a shortest carbon-carbon distance of  

3.61 Å, whilst this is weaker than a typical π-π interaction it is the only appreciable supramolecular 

interaction present.  
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Figure 1.58 – Long range packing present in (C24) showing the highly porous structure 

When looking at the long-range order within this complex, planar layers such as those previously 

observed are clear. This is likely due to the linear arrangement of the naphthalimide ligands which 

allows for packing in a single direction. 

In 2012 Reger and co-workers published two papers, the first of these looked at copper 

paddlewheel dimers using the ligands (R4), (R8), and (R10) and will not be discussed within this 

review due to the similarity to previous complexes.60 The second paper is an investigation into 

ligand (R14) with Zn. Compared with (C22), two bidentate ligands on the core complex have been 

replaced with two bridging OH groups and two terminal alcohol groups, giving the final complex 

the formula [Zn2(R14)6(μ2-OH)2(MeOH)4] (C25).61 Despite this loss of two ligands compared to (C22), 

the overall long-range structure is remarkably similar with this complex also packing into a large 

porous network (figure 1.59). This complex features smaller channels with diameters of 18 and 10 

Å in the two directions. 

 

Figure 1.59 – Long range packing present in (C25) showing the channels within the structure 

In 2014 Bartholomeus and co-workers continued the early work of Müller and Fox with Rh 

containing catalysts and reported an analogue of the (R12)-based complex (C20) with 4-
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dimethylamino pyridine replacing the EtOAC or THF molecules respectively.62 Fox and co-workers 

followed in 2016 with a further catalytic investigation which saw one (R12) ligand replaced with a 

dicyclohexylphenylacetate molecule.63 The final compound discussed within this section was 

reported by Masaoka and co-workers in 2018.64 

N OO

OO

 

Figure 1.60 – Schematic diagram of ligand (R10) 

The complex utilises ligand (R10) (figure 1.60) to build a rhodium paddlewheel structure with the 

formula [Rh2(R10)4(DMSO)2] (C26) (figure 1.61).  

 

Figure 1.61 – Molecular unit of complex (C26) with the formula [Rh2(R10)4(DMSO)2], hydrogen 

atoms omitted for clarity 

This complex exhibits head-to-tail π-stacking interactions which involve all four 1,8-naphthalimide 

ligands (figure 1.62). These stack into offset chains that run throughout the entire structure with a 

shortest carbon-carbon distance of 3.34 Å. 
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Figure 1.62 – Diagram of π-based interactions present in complex (C26) 

The neighbouring chains are linked via other supramolecular interactions which leads to a zig-zag 

style structure (figure 1.63).  

 

Figure 1.63 – Long range packing present in (C26) showing zig-zag structure 

The use of carboxylate based 1,8-naphthalimide ligands with transition metal ions has spanned 

many aspects of chemistry from structural, to catalytic, to magneto- and provides a rich base of 

ligands to draw upon for future researchers. Whilst some complexes exhibit more and stronger  

π-π interactions than others, the vast majority of the work presented here demonstrates that π-

based interactions are key in 1,8-naphthalimide chemistry, with many of the complexes organising 

into layered supramolecular structures.  
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1.1.3.1.2 Other oxygen Bound 1,8-naphthalimide containing complexes 

The remaining d-metal complex with an oxygen bound N-substituted-1,8-naphthalimide ligand was 

produced by Weinstein and co-workers. This is the only non-carboxylic acid containing system and 

utilises a catechol motif. Ligand (R16) consists of a 1,8-naphthalimide bound to a benzene-1,2-diol 

through the 4 position (figure 1.64).65 

N OO

O

O

 

Figure 1.64 – Schematic diagram of ligand (R16) 

The work investigated Pt(II) complexes of many catecholate ligands, including the species with 

ligand (R16) which has the formula [Pt(R16)(bpy*)] where bpy* = 4,4′-ditertbutyl-2,2′-bipyridine 

(C27). The study focused upon the photophysical and structural properties of the resulting 

complexes. 

This structure is square planar, which is typical for 4-coordinate Pt(II) complexes, and bound by two 

oxygen atoms from the 1,8-naphalimide ligand, and two nitrogen atoms from the bpy* ligand 

(figure 1.65). 

 

Figure 1.65 – Molecular unit of complex (C27) with the formula [Pt(R16)(bpy*)], hydrogen atoms 

omitted for clarity 
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Complex (C27) exhibits no appreciable π-based interactions, although there does appear to be a 

stabilising Pt-Pt interaction with a distance of 3.38 Å. The lack of π-based interactions may arise 

from the disruption caused by additional π-systems, in this case the bulky bpy* co-ligand, or it may 

be due to the compact nature of this complex and the naphthalimide plane lying almost 

perpendicularly to the plane of the PtN2O2 core. The lack of clearly defined supramolecular 

interaction leads to a long-range structure with no distinguishing features. 
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1.1.3.2 Nitrogen bound 1,8-naphthalimide containing complexes 

In addition to the complexes which featured oxygen based binding groups, extensive work has been 

carried out on N-substituted 1,8-naphthalimide ligands which feature groups with nitrogen donor 

atoms such as pyridine, triazole and pyrrole motifs. The following section will analyse these groups 

in turn with each section organised chronologically. 

1.1.3.2.1 Pyridine bound 1,8-naphthalimide containing complexes 

N OO

N

N

 

Figure 1.66 – Schematic diagram of ligand (R17) 

The first complex discussed in this section was published in 2003 by Zema and co-workers and 

utilised the ligand (R17) with Zn(II) and Cu(II) metal centres. The authors were investigating the 

excimer emissions resulting from the combination of metal ion and 1,8-naphthalimide ligand. 

Unfortunately, as the copper system produced poor quality crystals, only the Zn(II) complex with 

the formula [Zn(R17)2(CF3SO3)2] (C28) will be described.66 

 

Figure 1.67 – Molecular unit of complex (C28) with the formula [Zn(R17)2(CF3SO3)2], hydrogen 

atoms omitted for clarity 
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The complex consists of two bidentate (R17) ligands, bound through the pyridine and imine 

nitrogen atoms, with oxygen atoms from two monoanionic triflate groups completing the 

octahedral coordination sphere (figure 1.67). 

 

Figure 1.68 – Diagram of π-based interactions present in complex (C28) 

There is a single π-π interaction present in the structure between the two crystallographically 

independent ligands on neighbouring molecules with the shortest carbon-carbon distance being 

3.37 Å (figure 1.68). This leads to clear layers within the long-range structure (figure 1.69), as 

observed in many systems where the ligands are flexible and able to arrange freely to minimise the 

energy of the system. 

 

Figure 1.69 – Long range packing present in (C28) showing layered structure 
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Figure 1.70 – Schematic diagram of ligand (R18) 

Investigations into pyridine coordinated 1,8-naphthalimide ligands remained quiet for ten years 

until 2013 when Gunnlaugsson and co-workers reported a square planar Pt(II) complex with the 

ligand (R18) (figure 1.70).67 Gunnlaugsson and co-workers primary research aim was to study the 

complex’s DNA binding properties, with the 1,8-naphthalimide and the square planar Pt(II) centre 

both viable options for DNA intercalation.  

 

Figure 1.71 – Molecular unit of complex (C29) with the formula [Pt(R18)(terpy)], hydrogen atoms 

and anions omitted for clarity 

The complex consists of one monodentate naphthalimide ligand, and a tridentate terpy 

(2,2’:6,2’’-terpyridine) ligand. There are two nitrate counter anions [Pt(R18)(terpy)](NO3)2 (C29) 

(figure 1.71). 
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Figure 1.72 – Diagram of π-based interactions present in complex (C28) 

This molecule stacks in a head-to-tail manner with two different π-interactions. These occur 

between the naphthalimide and the terpy ring and in one case the shortest carbon-carbon distance 

is 3.37 Å, and in the other it is 3.37 Å. 

 

Figure 1.73 – Long range packing present in (C29) showing the layered structure 

This head-to-tail packing results in a structure consisting of wavy layers that extend throughout the 

entire system. The following year Gunnlaugsson and co-workers expanded upon this work with  

4-substituted pyridine 1,8-naphthalimide ligands by producing the 4-nitro-1,8-naphthalimide 

systems (R19) and (R20) (figure 1.74).68 A total of four copper complexes were produced, two from 

each ligand. One complex from each ligand will be presented here. 
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Figure 1.74 – Schematic diagram of ligands (R19) and (R20) 

The first complex produced using ligand (R19) was the linear system [Cu(R19)2(MeCN)2(MeOH)2]2+ 

(C30). This complex consists of a central octahedral Cu(II) ion bound by two trans (R19) ligands, and 

trans acetonitrile and methanol molecules(figure 1.75). 

 

Figure 1.75 – Molecular structure of complex (C30) with the formula [Cu(R19)2(MeCN)2(MeOH)2], 

hydrogen atoms and perchlorate anions omitted for clarity 

In this system the packing interaction is primarily dominated by hydrogen bonding and electrostatic 

interactions involving the oxygen atoms from both the nitrate and naphthalimide. However, there 

is evidence of a weak π-π interaction between neighbouring molecules (figure 1.76) with a shortest 

carbon-carbon distance of 3.61 Å. 
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Figure 1.76 – π-based interactions present in complex (C30) 

These supramolecular interactions build the system into layers which alternate between metal core 

and 1,8-naphthalimide ligand (figure 1.77). 

 

Figure 1.77 – Long range packing present in (C30) showing the alternating layers within the 

structure 

The second complex from this work that is presented here utilises ligand (R20) and has the formula 

[Cu2(OAc)4(R20)2] (C31). This structure consists of a Cu2 paddlewheel core with four bridging acetate 

ligands and two terminal (R20) ligands (figure 1.78). 
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Figure 1.78 – Molecular structure of complex (C31) with the formula [Cu2(OAc)4(R20)2], hydrogen 

atoms and interstitial solvent omitted for clarity 

Keeping the trend observed with the previous system, there is a single weak π-π interaction 

between the terminal 1,8-naphthalimide ligands of neighbouring molecules (figure 1.79). This 

interaction has a shortest carbon-carbon distance of 3.58 Å. 

 

Figure 1.79 – π-based interactions present in complex (C31) 

This results in packing interactions that form into ordered layers which also alternate between 

organic ligand and metal acetate core (figure 1.80). 
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Figure 1.80 – Long range packing present in (C31) showing the alternating layers within the 

structure 

The work involving naphthalimides which coordinate to d-block metals through a pyridine moiety 

remained quiet for three years until 2017 when seven publications containing 16 relevant 

structures were reported. One of these papers built upon the previous systems and was reported 

by Gunnlaugsson and co-workers, using ligands (R21), (R22), and (R23) (figure 1.81).69 In this paper 

the authors prepare clear homogenous metallogels which can be manipulated and retain their 

shape under gentle heating and against gravity. 
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Figure 1.81 – Schematic diagram of ligands (R21), (R22), and (R23) 

Four of the seven reported structures used ligand (R21), two cobalt structures, one zinc structure, 

and a manganese structure which will be described here as a representative complex. This complex 

features two bidentate (R21) ligands bound through the pyridyl nitrogen and naphthalimide oxygen 

atoms to a Mn(II) centre, with the octahedral coordination geometry completed by two bound 

chlorides, giving a formula of [Mn(R21)2Cl2] (C32) (figure 1.82). 
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Figure 1.82 – Molecular structure of complex (C32) with the formula [Mn(R21)2Cl2], hydrogen atoms 

and interstitial solvent omitted for clarity 

There is a single π-based interaction present within this structure between the terminal 

naphthalimide group and the nearest neighbour (figure 1.83). This interaction has a shortest 

carbon-carbon distance of 3.47 Å. 

 

Figure 1.83 – Diagram of π-based interactions present in complex (C32) 

In addition to this π-based interaction there are multiple other supramolecular interactions which 

leads to the overall structure forming wavy layers of metal complex and organic ligand (figure 1.84).  
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Figure 1.84 – Long range packing present in (C32) showing the layers within the structure 

The second complex utilises ligand (R22) and forms in a similar manner with two bidentate ligands 

bound through the pyridyl nitrogen and naphthalimide oxygen atoms to a Co(II) centre, with the 

octahedral coordination geometry completed by two bound chloride anions, giving a formula of  

[Co (R22)2Cl2]. Given the similarity to complex (C32) this will also not be discussed further. The final 

two complexes reported within this work feature ligand (R23), with MnCl2 and ZnCl2. 

 

Figure 1.85 – Molecular structure of complex (C33) with the formula [Zn(R23)2Cl2], hydrogen atoms 

and interstitial solvent omitted for clarity 

The Zn(II) structure is tetrahedral with two monodentate (R23) ligands bound through the nitrogen 

atoms and two coordinated chlorides giving the formula [Zn(R23)2Cl2]. (C33) (figure 1.85). 
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Figure 1.86 – Diagram of π-based interactions present in complex (C33) 

As seen with the other structures prepared by Gunnlaugsson and co-workers, there is a single  

π-based interaction present within this structure between the terminal naphthalimide group and 

the nearest neighbour (figure 1.86), with a shortest carbon-carbon distance of 3.44. This results in 

a similar packing arrangement to those previously observed, where clear layers of organic ligand 

are sandwiching layers of metal core (figure 1.87). 

 

Figure 1.87 – Long range packing present in (C33) showing the layers within the structure 

Around the same time Singh and co-workers produced a complex with the related ligand (R24) 

(figure 1.88) and Cu(II).70  
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Figure 1.88 – Schematic diagram of ligand (R24) 
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The photophysical study investigated the fluorescence of complex (C34) which is formed of two 

monodentate (R24) ligands and two bidentate nitrate anions, giving an overall formula of 

[Cu(R24)2(NO3)2] (C34) (figure 1.89). 

 

Figure 1.89 – Molecular structure of complex (C34) with the formula [Cu(R24)2(NO3)2], hydrogen 

atoms omitted for clarity 

There is no appreciable π-based interaction present within this structure as the interaction is 

dominated by hydrogen bonding to the nitrate oxygen atoms, with only weak interactions between 

the neighbouring π-systems. However, crystal packing interactions clearly play a role in the long-

range order as the system still packs into ordered layers of metal centres between organic ligands 

(figure 1.90). 

 

Figure 1.90 – Long range packing present in (C34) showing the layers within the structure 

The ligands (R21), (R23), and (R24) were utilised by Pelagatti and co-workers to prepare a range of 

moisture sensitive ruthenium(II) p-cymene-based organometallic systems. These systems all 

featured a [Ru(p-cymene)] core bound either to two ligands and one counter anion, or one ligand 

and two counter anions.71 Given the similarity to previous structures, these complexes are not 

discussed further here. 
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Figure 1.91 – Schematic diagram of ligand (R25) 

In the final publication of 2017 Pope and co-workers reported one complex using ligand (R25).72 

This study produced a Re(I) complex for investigations into bioimaging of yeast cells. The resulting 

luminescent complex consisted of a [Re(CO)3(phen)] (phen = phenanthroline) core to give the final 

formula [Re(R25)(CO)3(phen)] (C35). The ligand is monodentate bound through the nitrogen atom 

and the phen system is bidentate binding through the two nitrogen atoms resulting in an octahedral 

geometry (figure 1.92).  

 

Figure 1.92 – Molecular structure of complex (C35) with the formula [Re(R25)(CO)3(phen)], 

hydrogen atoms omitted for clarity 

Given that this complex crystalises in the Fdd2 space group with four molecules in the asymmetric 

unit there is a large number of π-based interactions within this structure. These involve both the 

1,8-naphthalimide and the phen ligands. A representative π-π interaction between the two 1,8-

naphthalimide ligands is shown in figure 1.93 with the shortest carbon-carbon distance of 3.30 Å, 

the other interaction between two 1,8-naphthalimide ligands has shortest carbon-carbon distance 

of 3.21 Å. The interactions solely involving the phen ligands are not discussed. 
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Figure 1.93 – Diagram of π-based interactions present in complex (C35) 

The packing interactions from the four molecules result in a grid-like arrangement of rhenium 

atoms (figure 1.94). 

 

Figure 1.94 – Long range packing present in (C35) showing the layers within the structure 

Finally, in 2018, the last year represented within this section, two groups prepared 4d-complexes 

with pyridine bound 1,8-naphthalimide ligands. The first of these groups utilised the hydrazide-

based ligand (R26) (figure 1.95) with a Ag(I) metal centre. 
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Figure 1.95 – Schematic diagram of ligand (R26) 

This complex was produced by Barauh and co-workers by reacting 2 equivalents of ligand (R26) 

with silver nitrate in an acetone/DMF mixture resulting in the Ag(I) complex [Ag(R26)2](NO3) (C36) 

(figure 1.96).73 

 

Figure 1.96 – Molecular structure of complex (C36) with the formula [Ag(R26)2](NO3), hydrogen 

atoms and nitrate anion omitted for clarity 

This complex exhibits the classic near linear N-Ag-N geometry (177°) often observed for Ag(I) 

complexes with the two crystallographically unique ligands effectively opposite each other.  

 

Figure 1.97 – Diagram of π-based interactions present in complex (C36) 

There is a single π-based interaction in this complex between the two different ligands on 

neighbouring complexes (figure 1.97). This interaction has a shortest carbon-carbon distance of 



Chapter 1 

54 

3.35 Å. As has been typical with the previous compounds, this linearity of the complex along with 

the π-interactions of naphthalimide ligands results in a layered structure (figure 1.98). 

 

Figure 1.98 – Long range packing present in (C36) showing the layers within the structure 

Fittingly, the final complex presented in this section, also reported in 2018, contains the 

synthetically complicated Tröger’s base containing ligand (R27) (figure 1.99).74 In addition to the 

structural characterisation the study by Gunnlaugsson and co-workers probed the antiproliferative 

properties of the system. 
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Figure 1.99 – Schematic diagram of ligand (R27) 

This ligand was reacted with 2 equivalents of the Ru(II) organometallic system [Ru(curcuminato)(p-

cymene)Cl] and each pyridyl site replaces a coordinated chloride anion bridging two metal centres, 

giving a complex formula of [{Ru(curcuminato)(p-cymene)}2(R27)]PF6 (C37) (figure 1.100).  
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Figure 1.100 – Molecular structure of complex (C37) with the formula [{Ru(curcuminato)(p-

cymene)}2(R27)]PF6, hydrogen atoms and PF6 anion omitted for clarity 

Because of the large amount of differing π-systems present and the steric bulk of the molecule 

naphthalimide-naphthalimide interactions are not observed. As a result of the bend introduced by 

the Tröger’s base the molecules pack into hollow spheres (figure 1.101). 

 

Figure 1.101 – Long range packing present in (C37) showing the pseudo-spheres 
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1.1.3.2.2 Pyrazole bound 1,8-naphthalimide containing complexes 

The next most popular class of nitrogen bound 1,8-naphthalimide ligands involve pyrazole 

coordinated systems. This work begins in 2005 with Reger and co-workers reporting two rhenium(I) 

complexes with the two ligands (R28) and (R29) (figure 1.102).75 
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Figure 1.102 – Schematic diagram of ligands (R28) and (R29) 

Both complexes exhibit a very similar molecular and long-range arrangement so only the complex 

containing ligand (R28) will be discussed here. The complex is produced from a reaction between 

ligand (R28) and Re(CO)5Br and results in the complex [Re(R28)(CO)3Br] (C38). This complex features 

an octahedral Re(I) metal centre with a bidentate bound ligand (R28), three carbonyls, and a 

coordinated bromide (figure 1.103). 

 

Figure 1.103 – Molecular structure of complex (C38) with the formula [Re(R28)(CO)3Br], hydrogen 

atoms omitted for clarity 

This system does not feature strong π-π interaction between the 1,8-naphthalimide ligands, 

however as there are no stronger competing supramolecular interactions present a π-stack is still 

observed with a shortest carbon-carbon distance of 3.53 Å (figure 1.104). 
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Figure 1.104 – Diagram of π-based interactions present in complex (C38) 

Since this is the only supramolecular interaction present, it is the dominant feature in the overall 

structure resulting in the system packing into alternating layers of complex and layers of ligand 

(figure 1.105). 

 

Figure 1.105 – Long range packing present in (C38) showing the alternating layers of metal and 

ligand 

The following year Reger and co-workers continued this work with another paper investigating 

silver(I) complexes of these same two ligands, however as these complexes pack in a largely similar 

way to (C38) they are not presented here.76 In 2010 Reger continued with this work by producing 

the related ligand (R30) (figure 1.106). 
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Figure 1.106 – Schematic diagram of ligand (R30) 

Cu(II), Fe(II), and Cd(II) metal complexes of the tris-pyrazole ligand (R30) were investigated with the 

Fe(II) structure described here. The octahedral “S-shaped” Fe(II) complex consists of two tridentate 

bound (R30) ligands and two non-coordinated tetrafluoroborate anions for an overall formula of 

[Fe(R30)2](BF4)2 (C39) (figure 1.107).77  

 

Figure 1.107 – Molecular structure of complex (C39) with the formula [Fe(R30)2], hydrogen atoms 

and BF4 anion omitted for clarity 
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The molecular symmetry means that both ligands are crystallographically identical and there is a 

single weak π-based interaction between two neighbouring 1,8-naphthalimide ligands resulting in 

interdigitated “S-shaped” complexes (figure 1.108). The shortest carbon-carbon distance is  

3.55 Å. 

 

Figure 1.108 – Diagram of π-based interactions present in complex (C39) 

The end on π-based interaction results in a long running chain of metal complexes throughout the 

structure in ordered alternating layers of metal core and ligand. 

 

Figure 1.109 – Long range packing present in (C39) showing the alternating layers of metal and 

ligand 

The literature remained quiet for another four years until 2014 when Baruah and co-workers 

reported the final study within this section utilising ligand (R31) (figure 1.110) and the transition 

metal ions: Co(II), Mn(II), Zn(II), Cd(II), and Hg(II).78 The authors investigated the structural and 

photophysical properties of the resulting complexes to investigate the interplay between the 

naphthalimides and metal ion centres. 
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Figure 1.110 – Schematic diagram of ligand (R31) 

Although Zn(II) and Hg(II) are four coordinate whilst Mn(II) and Co(II) are six coordinate, with Cd(II) 

exhibiting both options, all complexes feature similar binding and packing modes and only the Co(II) 

complex will be presented here. The complex is octahedral with four coordination sites occupied 

by the pyrazole nitrogen from four ligands and the remaining two sites are occupied by nitrogen 

atoms from coordinated thiocyanate anions, resulting in a complex with the formula 

[Co(R31)4(NCS)2] (C40) (figure 1.111). 

 

Figure 1.111 – Molecular structure of complex (C40) with the formula [Co(R31)4(NCS)2], hydrogen 

atoms omitted for clarity 

There are two crystallographically independent ligands with the others generated by symmetry 

operations. The two unique ligands are located on top of each other and exhibit a weak 

intramolecular π-based interaction with a carbon-carbon distance of 3.51 Å. In addition to this there 

is another weak interaction with the 1,8-naphthalimide ligand of a neighbouring complex (figure 

1.112). 
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Figure 1.112 – Diagram of π-based interactions present in complex (C40) 

This linear complex with the end-on π-based interaction results in the alternate layers of metal core 

and organic ligand typically observed for this class of complex (figure 1.113). 

 

Figure 1.113 – Long range packing present in (C40) showing the alternating layers of metal and 

ligand 
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1.1.3.2.3 Triazole bound 1,8-naphthalimide containing complexes 

The first triazole bound system was reported in 2011 by Goldup and Watkinson and featured a 

cyclam based macrocycle with a triazole (figure 1.114). This ligand was utilised as a sensor for Zn(II) 

ions in a biological study on zebrafish model cells. As part of this work the complexed species was 

isolated and reported within the paper.79  
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Figure 1.114 – Schematic diagram of ligand (R32) 

Unlike the previous 31 ligands this system does not bind to a metal centre through the N-

substituted position of the naphthalimide. The cyclam macrocycle bridged, to the 4-position of the 

1,8-naphthalimide through a triazole, captures a Zn(II) ion. The four cyclam nitrogen atoms and a 

nitrogen atom from the triazole result in a five coordinate Zn(II) system with the formula 

[Zn(R32)](ClO4)2 (C41) (figure 1.115). 

 

Figure 1.115 – Molecular structure of complex (C41) with the formula [Zn(R32)](ClO4)2, hydrogen 

atoms and perchlorate anions omitted for clarity 
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There is a weak π-based interaction between the 1,8-naphthalimide moieties on neighbouring 

complexes with a carbon-carbon distance of 3.68 Å (figure 1.116). 

 

Figure 1.116 – Diagram of π-based interactions present in complex (C41) 

With the head-to-tail stacking motif present these arrange into complex pairs which layer 

throughout the structure (figure 1.117). 

 

Figure 1.117 – Long range packing present in (C41) showing the alternating layers of metal and 

ligand 

In 2016, Kitchen and co-workers, including the author of this work, reported two dinuclear 

copper(II) complexes with the ligand (R33) (figure 1.118).80 This work investigated the structural 

and magnetic properties of the resulting complexes. 
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Figure 1.118 – Schematic diagram of ligand (R33) 

Copper nitrate and copper acetate complexes of ligand (R33) were prepared from 

acetonitrile/methanol solutions. As the paddlewheel containing structure from the copper acetate 

starting material is similar to the previous complexes, in this review only the copper nitrate system 

will be described.  

 

Figure 1.119 – Molecular structure of complex (C42) with the formula [Cu2(R33)4(NO3)4], hydrogen 

atoms omitted for clarity 

Complex (C42) consists of two symmetry equivalent Cu(II) ions. Each ion is seven coordinate with 

four oxygen atoms coming from two coordinated nitrate ions, one oxygen atom from a 

naphthalimide oxygen atom, and two nitrogen atoms from the triazole group on two different 

ligands, giving a molecular formula of [Cu2(R33)4(NO3)4] (figure 1.119). 
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Figure 1.120 – Diagram of π-based interactions present in complex (C42) 

Given the two independent 1,8-naphthalmide ligands, two π-based interactions occur between the 

two naphthalimide ligands on one molecule and two naphthalimide ligands on a symmetry 

generated equivalent (figure 1.120), with shortest carbon-carbon distances of 3.76 Å and 3.73 Å. 

These cooperative interactions also result in the layers often observed in such systems (figure 

1.121). 

 

Figure 1.121 – Long range packing present in (C42) showing the alternating layers of metal and 

ligand 

The final triazole-bound system covered in this review was published in 2019 as a collaboration 

between the groups of Triki and Boukheddaden. Given that this work was part of a study into 

molecular sensors, the spin crossover systems were probed with photophysical and magnetic 

measurements.81 This complex also uses the ligand (R33) however instead of a Cu(II) metal centre 

the authors utilised Fe(II) for its spin crossover potential. The complex consists of an Fe(II) metal 

centre surrounded by six (R33) ligands with a 1,1,3,3-tetracyano-2-thiomethylpropenide anion 

(tcnsme) resulting in the formula [Fe(R33)6](tcnsme)2 (C43) (figure 1.122). 



Chapter 1 

66 

 

Figure 1.122 – Molecular structure of complex (C43) with the formula [Fe(R33)6](tcnsme)2, 

hydrogen atoms and tcnsme anions omitted for clarity 

Given the bulky nature of this complex with the naphthalimide ligands pointing in all directions of 

the octahedral geometry it is unsurprising that there are no appreciable π-based interactions as the 

complexes are unable to come into close proximity to each other due to the steric bulk. This 

translates to the long-range order where the complex does not pack into layers, instead a similar 

self-contained packing arrangement like complex (C19) was observed (figure 1.223).  

 

Figure 1.123 – Long range packing present in (C43) showing the lack of long-range layers 
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1.1.3.2.4 Other nitrogen bound 1,8-naphthalimide containing complexes 

The final section of d-block bound 1,8-naphthalimide ligands concerns nitrogen bound systems 

which did not fit into the previous categories. The first of these was published in 2009 by Reger and 

co-workers and uses a bipy based 1,8-naphthalimide, ligand (R34) (figure 1.124) with a Ru(II) metal 

centre.82 

N OO

N

N

 

Figure 1.124 – Schematic diagram of ligand (R34) 

The photophysically active complex consists of an octahedral Ru(II) metal core with six nitrogen 

atoms, four from two bidentate bipy ligands and two from the bidentate bipy group on the 

naphthalimide. This results in an overall formula of [Ru(R34)(bipy)2](PF6)2 (C44) (figure 1.125). 

 

Figure 1.125 – Molecular structure of complex (C44) with the formula [Ru(R34)(bipy)2](PF6)2, 

hydrogen atoms and PF6
- anions omitted for clarity 
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Figure 1.126 – Diagram of π-based interactions present in complex (C44) 

As highlighted by the authors of this work in the publication title, this complex exhibits a π-based 

interaction between the naphthalimide ligands of neighbouring complexes (figure 1.126). The 

shortest carbon-carbon distance in this interaction is 3.36 Å. 

 

Figure 1.127 – Long range packing present in (C44) showing the 1D chains (horizontal) layers of 

metal and ligand 

Given the pairwise interaction between the neighbouring ligands, linear chains of the molecules are 

observed, and there is almost no interaction between these chains. 
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Figure 1.128 – Schematic diagram of ligand (R35) 

The second system presented here was reported by Ramaiah in 2015 and consists of a complicated 

ligand containing of a tertiary amine decorated with three benzimidazole substituted 1,8-

naphthalimide groups (R35) (figure 1.128).83 

 

Figure 1.129 – Molecular structure of complex (C45) with the formula [Cu(R35)OH2], hydrogen 

atoms omitted for clarity 

This complex consists of a Cu(II) core with a bound water molecule at a short distance and a 

tetradentate (R35) ligand giving the formula [Cu(R35)OH2] (C45). This large copper complex was 

investigated for in vitro biological activity. Given the bulky ligand no clear π-based interactions are 
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observed. This probably arises from the steric hindrance of the complex as the ligands all point in 

different directions. 

 

Figure 1.130 – Long range packing present in (C45) showing limited layering 

The final d-block metal complex within this review was prepared in 2017 by Singh and co-workers. 

Fittingly this is the simplest N-substituted 1,8-naphthalimide possible, with a single amine 

substituent (R36) (figure 1.130).70 

N OO

NH2

 

Figure 1.131 – Schematic diagram of ligand (R36) 

Complex (C46) consists of an octahedral Cu(II) centre connected to two bidentate (R36) ligands 

through the amine nitrogen and an naphthalimide oxygen, with the remaining two sites from two 

monodentate nitrate ions. This gives a complex formula of [Cu(R36)2(NO3)2] (R46). 
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Figure 1.132 – Molecular structure of complex (C46) with the formula [Cu(R36)2(NO3)2], hydrogen 

atoms omitted for clarity 

Given the molecular symmetry there is only one crystallographically unique 1,8-naphthalimide 

ligand in the structure. There is a single π-based interaction within this compound which occurs 

between two neighbouring molecules with the shortest carbon-carbon distance being 3.73 Å. 

 

Figure 1.133 – Diagram of π-based interactions present in complex (C46) 

 

Figure 1.134 – Long range packing present in (C46) showing the alternating layers of metal and 

ligand 

As seen with other linear complexes, complex (C46) also forms layers throughout the structure, 

demonstrating the wide use of 1,8-naphthalimide ligands for crystal engineering within the d-block.  
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1.1.4 N-substituted-1,8-naphthalimide complexes of the f-Block 

There are five papers published which feature N-substituted 1,8-naphthalimide ligands with f-block 

elements. All five papers reported structures containing 4f lanthanide elements, however one also 

investigated 5f actinide complexes. Although two papers only considered polymeric systems, due 

to the small number of papers published they have still been included. The final paper within this 

section, published in 2019, forms the bulk of the research presented in chapter 2 and as such will 

not be described here.84 

N OO

O

OOH

 

Figure 1.135 – Schematic diagram of ligand (R3) 

The first work on this class of systems was reported in 2015 by Reger and co-workers and used the 

ligand (R3) (figure 1.135).85 Reger and co-workers produced isostructural complexes utilising ligand 

(R3) with La(III), Ce(III), Sm(III), Gd(III), Tb(III), and Dy(III). Reger’s team analysed the photophysical 

and magnetic properties of these systems in addition to the obvious structural characterisation. In 

this review, the Sm(III) complex will be discussed as this structure contains the least structural 

disorder in the ligands and coordinated solvent molecules.  
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Figure 1.136 – Molecular structure of complex (C47) with the formula [Sm3(R3)8(EtO)], hydrogen 

atoms and interstitial solvent omitted for clarity 

This complex consists of three Sm(III) centres, eight (R3) ligands, and one coordinated ethoxy anion, 

giving the overall formula [Sm3(R3)8(EtO)] (C47). There are two unique metal environments with 

one environment 9 coordinate with 8 oxygen atoms coming from the serine motif of the (R3) ligand, 

and the remaining oxygen atom from the diethyl ether. The other environment is also 9 coordinate 

with 8 oxygen atoms coming from the serine motif of the (R3) ligand, with the remaining site 

occupied by a naphthalimide oxygen atom.  

 

Figure 1.137 – Diagram of π-based interactions present in complex (C47) 
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Given the inherent molecular symmetry there are four unique 1,8-naphthalimide ligands in this 

molecule. All four are involved in π-based interactions between opposite ligands in neighbouring 

molecules. The top two ligands shown in figure 1.137 correspond to ligands 1 stacking with ligand 

4, and the bottom two ligands to ligand 2 stacking with ligand 3. These two interactions have 

shortest carbon-carbon distances of 3.34 Å and 3.31 Å, respectively. 

 

Figure 1.138 – Long range packing present in (C47) showing evidence of the layers of the π-π 

interactions 

Given the steric bulk of the complex and the ligand orientation, unsurprisingly this complex does 

not pack into clearly defined layers. However, there is clear evidence of π-π interactions throughout 

the structure (figure 1.138). 
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Figure 1.139 – Schematic diagram of ligands (R4) and (R10) 

The second paper presented in this part of the review was published by Yan and co-workers in 2015 

and consists of Eu(III) complexes of ligands (R4) and (R10) (figure 1.139).41 The authors produced a 
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species that emits white-light. This occurs through the control of the energy transfer to the Eu(III) 

centres resulting in a potential luminescence sensor. 

 

Figure 1.140 – Structure of complex (C48) with the formula [Eu(R10)3(H2O)]n, hydrogen atoms and 

interstitial solvent omitted for clarity 

The structures are largely similar however the structure of the complex containing (R10) is of higher 

quality since it lacks the significant disorder seen in the (R4) containing complex. The complex is 

polymeric with the repeating formula [Eu(R10)3(H2O)]n (C48). Given the polymeric nature of this 

complex to see the full connectivity the middle Eu(III) ion should be considered. This ion is nine-

coordinate with eight oxygen atoms coming from (R3) ligands and one oxygen atom from a water 

molecule. 

 

Figure 1.141 – Diagram of π-based interactions present in complex (C48) 

There are no intramolecular π-based interactions within the polymeric chain, however there is a 

weak intermolecular interaction between the neighbouring chains with a shortest carbon-carbon 
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distance of 3.45 Å (figure 1.141). This gives give a rigid network of linear polymeric chains 

throughout the entire structure (figure 1.142).  

 

Figure 1.142 – Long range packing present in (C48) showing the interaction between the linear 

polymeric chains  

The third paper in this section also deals with polymeric systems and was published by Reger and 

co-workers in 2016. This was covered in the s-block section (section 1.1.1) as in addition to the  

f-block elements the study also investigated Ca and Ba complexes of ligand (R6).45 Given the similar 

binding and packing modes of this structure to the polymeric systems of the s-block elements this 

work will not be presented here. 
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Figure 1.143 – Schematic diagram of ligands (R37) and (R38) 

The fourth and final paper presented within this section of the review was reported by Yan and  

co-workers in 2017 and utilised the pyridine N-oxide based ligands (R37) and (R38) (figure 1.143) 

with Eu(III) and Gd(III).86 This work built upon their earlier study into the white emissive luminescent 

sensors published in 2015. In this study the authors produced discrete complexes which retain the 
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white emissive properties previously observed in the polymeric structure. The discrete nature of 

these provide the potential to be developed into devices. 

 

Figure 1.144 – Molecular structure of complex (C49) with the formula [Eu2(HFA)6(R37)2], hydrogen 

atoms and interstitial solvent omitted for clarity 

Given the similar nature of these complexes only the Eu(III) complex with ligand (R37) will be 

described here and for a further discussion of the other complex the reader should refer to the 

following reference.87 This complex was produced by a reaction between the pyridine N-oxide 

ligand with the Eu(III) hexafluoroacetylacetonate (HFA) salt and results in the dimeric complex 

[Eu2(HFA)6(R37)2] (C49). This complex consists of two Eu(HFA)3 units bridged by two (R37) ligands, 

each europium metal centre is 8 coordinate with six oxygen atoms from three bidentate HFA anions 

and two oxygen atoms from the two μ2-bridging (R37) ligands (figure 1.144). 

 

Figure 1.145 – Long range packing present in (C49) showing the interaction between the linear 

polymeric chains 
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The large number of fluorine atoms present in this structure is evidenced through their domination 

of the supramolecular interactions. The halogen bonding interactions present here disrupt the π-

based interaction although the system still appears to pack into layered arrays (figure 1.145).  
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1.1.5 Concluding remarks on N-substituted-1,8-naphthalimide complexes 

This chapter has reviewed progress in research into supramolecular aspects of naphthalimide 

systems combined with metal ions. Naphthalimide-based ligands are versatile and flexible in their 

coordination modes with the type of metal ion they are associated with also determining the 

resulting structural features. 38 unique ligands have been presented in this chapter (R1) – (R38) 

with a summary of all ligands given in appendix A. In order to highlight important structural motifs, 

a representative 49 complexes were chosen to illustrate and provide an overview summary of the 

existing literature which has 274 total results found from the CSD Search. 

N-substituted-1,8-naphthalimide ligands have been utilised in complexes produced for a wide 

variety of applications. However, a key recurring theme is their structure directing properties within 

supramolecular chemistry. These supramolecular effects are also observed in systems prepared for 

other studies, such as photophysical measurements, with the systems often packing into layered 

structures. So far it seems that any link between supramolecular packing effects and physical 

properties has not been investigated in any systematic way. 

It is this high degree of supramolecular control which led to 1,8-naphthalimide ligands being 

incorporated into the research presented here. In particular, exploiting the layer formation for 

production of layered materials through crystal engineering and surface coating techniques has 

been explored. Naphthalimide systems are an ideal initial candidate for this as the layers can 

potentially be turned into surface coated materials by delamination, as used in graphene formation, 

and stacking on hydrophobic surfaces. Additionally, it would be interesting to attempt to use the π-

stacking ability of graphene to interact with the naphthalimide π-system to build supramolecular 

surface coated materials. 

Given the limited research into lanthanide containing systems this was identified as a promising 

area to expand the existing literature and produce novel complexes of N-substituted-1,8-

naphthalimide ligands. 

Chapter 2 details the exploration of f-block complexes of N-substituted-1,8-naphthalimide systems 

for multifunctional luminescence-magnetic materials.  
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1.2 9,10-phenanthrenequinone and related complexes 

The second research oriented chapter (chapter 3) concerns the use of radical enhanced  

π-interactions, similar to the organic pancake bond phenomenon. In this section pancake bonds will 

be briefly described, (for a detailed review the author directs readers to the 2015 review by 

Preuss87) followed by the history of 9,10-phenanthrenequinone and complexes based upon this 

ligand. 

When closed-shell organic diamagnetic species form π-stacks the intermolecular distances are 

typically greater than the sum of the van der Waals radii of the closest atoms (more than 3.4 Å in 

carbon based systems) and the molecules pack in an offset manner as described in section 1.1. 

    

Figure 1.146 – The π-π interactions in the neutral pyrene compound (CSD PYRENE07) (left) and the 

radical enhanced pancake bond in 2,5,8-tri-tert-btyl-phenalenyl (CSD CORFIY) (right) 

However, the π-stacks of the planar carbon-based radicals are typically significantly shorter than 

the sum of the van der Waals radii of the involved atoms (2.8 – 3.3 Å for carbon-carbon distances) 

and with a higher degree of overlap. Figure 1.146 highlights the difference between classical  

π-interactions demonstrated for pyrene,88 and pancake/radical enhanced π-interactions 

demonstrated for 2,5,8-tri-tert-btyl-phenalenyl,89 and in particular the degree of overlap between 

the interacting molecules. Typically, π-π interactions are offset as the electron rich nature of the  

π-system around the ring overlaps with the electron deficient nature at the centre of the ring in an 

electrostatic quadrupole interaction. In the case of pancake bonds, a high degree of overlap is 

important as there is a multi-centre-2-electron bond formed between the two singly occupied 

molecular orbitals on the neighbouring ligands. 
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Figure 1.147 – The reversible oxidation/reduction steps for the quinone (left) – semiquinone 

(middle) – hydroquinone/diol (right) forms 

The semiquinone radical represents the intermediate oxidation state between the quinone and 

hydroquinone/diol forms (figure 1.147). 
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Figure 1.148 – The reversible oxidation/reduction steps for the 9,10-phenanthrenequinone-based 

ligand (L) system, termed (Lq), (Lr), and (Ld) in this work 

In this work, the 9,10-phenanthrenequinone system (figure 1.148) is of primary interest for its 

ability to attach to metal ions in a bidentate manner. Given the planar nature of the system it is also 

likely that strong pancake-like interactions can be observed under favourable conditions. 

 

Figure 1.149 – Absorption spectra of 9,10-phenanthrenequinone (5 x10-5 M) in deoxygenated 

ethanol before irradiation (solid line), after two minutes of irradiation at 436 nm (small 

dashed line) and after re-oxidation in air (large dashed line)90 
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In 1969 Rennert et al. studied the photoreduction of 9,10-phenanthrenequinone and found the 

system could be photo-reduced over the ultraviolet to green range.90 The system is photobleached 

at 436 nm from the yellow 9,10-phenanthrenequinone to the colourless phenanthrene-9,10-diol 

(figure 1.149).  

 

Figure 1.150 – Absorption spectra of 9,10-phenanthrenequinone (8 x 10-5 M) and magnesium 

acetate (5 x 10-3 M) in deoxygenated ethanol before irradiation (solid line), after two 

minutes of irradiation at 436 nm (small dashed line) and after prolonged irradiation 

(large dashed line)90 

Rennert also discovered the presence of a blue-green coloured long lived intermediate phase when 

the photoreduction is carried out in the presence of the divalent metal cations Mg(II), Ca(II), or 

Zn(II). In this work the authors noticed the blue-green intermediate phase was stable although it 

could be further photoreduced to the colourless system or else exposed to oxygen restoring the 

yellow colour of the 9,10-phenanthrenequinone. As the intermediate phase was only observed in 

the presence of a metal ion the authors proposed the blue-green material was a product resulting 

from the reaction between the semiquinone and dipositive metal ion. In order to confirm the 

presence of the paramagnetic semiquinone species EPR measurements under irradiation were 

performed. The strength of the signal increases upon irradiation to reach a maximum and then 

decreases upon prolonged exposure, in the same manner observed for the formation and loss of 

the blue-green colour (figure 1.150). Given the typical colourless nature of complexes of Mg(II), 

Ca(II) and Zn(II) cations, it is proposed that the colour originates from the 9,10-

phenanthrenesemiquinone species. 

Isolated metal complexes of the 9,10-phenanthrenequinone system have been known since at least 

1972,91 although it took until 1975 for the first structurally characterised coordination complex 
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containing this ligand to be published by Pierpont and Buchanan.92 In this first paper investigating 

the molybdenum complexes of this ligand, the oxidation state was not fully characterised, which is 

unsurprising given the wide range of available oxidation states in this system. With each of the 

three ligands able to take 3 possible oxidation states (0, -1, and -2) and the molybdenum metal 

centre able to take states 0 to +6, theoretically there are 6 potential oxidation states consistent 

with the formula accessible. During the course of this thesis this complex is reproduced as complex 

(24) and it is determined that the molybdenum is in the Mo(V) oxidation state with two diol ligands 

and one radical ligand (chapter 3). 

Pierpont continued this work in 1978 with a study of Fe(III) and Cr(III) complexes of the 9,10-

phenanthrenequinone system.93 In this work a complex with three coordinated semiquinone 

ligands, and a lattice quinone was isolated. It was here that the authors spelled out their ability to 

identify the ligand oxidation state through careful examination of bond lengths. 

Table 1.1 – Comparison of selected bond-lengths from 9,10-phenanthrenequinone (Lq), 9,10-

phenanthrenesemiquinone (Lr) and phenanthrene-9,10-diol (Ld) (right) and the 

phenanthrensemiquinone ligand with the significant bonds (A, B, C, and D) needed to 

determine the ligand oxidation state (right) 

 A B C D 

quinone94 1.208(4) 1.541(3) 1.459(5) 1.499(5) 

semiquinone95 
1.293(2) 

1.302(2) 
1.438(3) 

1.446(3) 

1.451(3) 
1.471(3) 

diol94 
1.383(2) 

1.397(2) 
1.345(3) 

1.432(3) 

1.435(3) 
1.461(3) 

In this work the authors probed the spin and oxidation states of the system using a wide range of 

techniques. Initially, Mössbauer spectroscopy recorded at 90 K indicated that the sample was Fe(III) 

high spin which allowed the authors to assign the ground state to the S=1 system by taking the HS 

Fe(III) core (d5), and pairing three of these electrons antiferromagnetically with the unpaired ligand 

electrons, leaving two unpaired electrons (S= 2
2
 or 1). 

The magnetic moments of the system are strongly temperature dependent (figure 1.151) which the 

authors attribute to weak exchange coupling allowing for thermally accessible excited states, with 

the system able to access the S=1,2,3 and 4 states. Unfortunately, at such a time when 

computational resources were limited, theoretical calculations were not available to predict the 

magnetic susceptibility of such a system. It may prove that the S=1 ground state is incorrectly 

assigned given the room temperature value of µeff (~3.4 µB) exceeding the expected value for 2 
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unpaired electrons. It is possible that whilst some of the radical ligands may pair with the metal 

centred electrons, others may become unavailable due to additional pancake like interactions, 

resulting in a higher ground state. Variable temperature (4 – 300 K) EPR measurements on a 

powdered sample showed no assignable signals which the authors attribute to the zero-field 

splitting of the S=1 ground state. 

 

Figure 1.151 – Plot of effective magnetic moment (μeff) per iron ion as a function of temperature 

for the [Fe(Lr)3](Ld) system reported by Pierpont, figure adapted from reference93 

This section briefly covered the early work with the 9,10-phenanthrenesemiquinone and for further 

detailed information on these systems and other semiquinone systems the reader is directed to the 

2001 review of the literature by Pierpont.96 

Systems with this ligand were ideal candidates for investigation given the early ambiguity of the 

transition metal containing species. The lack of lanthanide-based complexes presented a unique 

opportunity to explore systems with the potential for SMM behaviour (section 1.3), whilst the 

limited flexibility in metal oxidation states may allow for easier ligand identification. In addition to 

the lanthanide work, the advancement of analytical techniques and processing power provides the 

ability to revisit the original transition metal complexes and subject the resulting compounds to 

modern experimental techniques. Finally, a narrow scope of transition metals investigated to date 

was identified and therefore new compounds utilising other transition metals were produced.  
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1.3 Single molecule magnets (SMMs) and magnetic phenomena 

This section will give a brief background into magnetic properties, beginning with classical bulk 

magnetism, followed by the SMM phenomenon. In this section, examples of both transition metal 

containing and the more recent lanthanide containing SMMs, showing SMM behaviour above the 

key threshold of the boiling point of liquid nitrogen, will be presented. References for more detailed 

explanations of each of these topics will be highlighted to the reader where relevant. 

1.3.1 Classical and bulk magnetism 

In order to begin to discuss molecular magnetism and SMM behaviour an introduction to classical 

magnetism must first be presented. 

A sample containing one mole of a molecular compound within a homogeneous magnetic field (H) 

acquires a molar magnetisation value (M) which is related to H through equation 1 where χ is the 

molar magnetic susceptibility. 

𝛿𝛿𝛿𝛿
𝛿𝛿𝛿𝛿

= 𝜒𝜒      (Equation 1) 

When the magnetic field is weak enough (typically less than 0.5 T) this relationship is linear which 

allowed for the approximation: 

𝛿𝛿
𝛿𝛿

= 𝜒𝜒       (Equation 2) 

In principle χ consists of the sum of two components: 

𝜒𝜒 =  𝜒𝜒𝐷𝐷 +  𝜒𝜒𝑃𝑃     (Equation 3) 

where χD and χP represent the molar diamagnetic and paramagnetic susceptibilities, respectively. 

The former is negative, whilst the latter is positive. When χD dominates the sample is said to be 

diamagnetic (χ takes a negative value) and is repelled by a magnetic field. However, when χP is the 

dominant contribution, the sample is said to be paramagnetic (χ takes a positive value) and is 

attracted into an applied magnetic field.97 As diamagnetism arises from the interaction between an 

applied magnetic field and the motion of electrons in their orbitals, it is an underlying property of 

all matter and is always present. Even when a sample is paramagnetic and this dominates over the 

diamagnetic effect, which is often several orders of magnitude smaller than the paramagnetic 

contribution, the diamagnetic contribution is still present and should be taken into account when 

examining magnetic materials. 

𝜒𝜒𝑃𝑃 =  𝐶𝐶
𝑇𝑇

      (Equation 4) 
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The temperature dependence of an isolated paramagnetic centre can be described by the Curie law 

(equation 4). In practice, however, only perfect paramagnets, which is a rare behaviour, follow the 

Curie law as orbital momentum or magnetic interaction with neighbouring centres perturb this law. 

A historical example of a system which obeys the Curie law from standard temperatures down to 

1.0 K is Gd2(SO4)3·8H2O, the large counter anions and number of lattice water molecules per Gd(III) 

ion help isolate the paramagnetic metal centres which leads to little to no interactions.98 

𝜒𝜒𝑃𝑃 =  𝐶𝐶
𝑇𝑇−𝜃𝜃

      (Equation 5) 

For more typical systems where the metal centres are not fully isolated the Curie-Weiss law 

(equation 5) is used. In this equation the magnetic susceptibility is corrected by an additional term, 

the Weiss Constant, θ. This provides a correction for magnetic effects which occur in the low 

temperature region with a positive value indicating a ferromagnetic interaction, and a negative 

value indicating antiferromagnetic interactions (figure 1.152). Since this Weiss constant is a 

measure of the interactions between metal centres it is sometimes referred to as a coupling 

constant, J, and is given in units of energy such as K or cm-1. 

  

Figure 1.152 – χT vs Temperature plot for a ferromagnetic, antiferromagnetic, and 

Curie/paramagnet Cu(II) dimer with J coupling values of +10 K, -10 K and 0 K 

respectively. Graphical representation of the magnetic pairing for ferromagnetic, and 

antiferromagnetic systems (inset) 

Ferromagnetism refers to the phenomenon of magnetic spins within a small domain spontaneously 

orienting parallel to each other below the Curie temperature, TC, (figure 1.152 inset). Typically, 

these domains are randomly aligned with respect to each other resulting in no net magnetic 

moment. However, after the application of an external magnetic field these domains align in the 
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direction of the field and retain this orientation when the field is removed, resulting in a net 

magnetic moment, or a permanent magnet. In antiferromagnetic systems the spins of equal 

magnitude are aligned anti-parallel to each other below the Néel temperature, TN, (figure 1.152 

inset). The final type of magnetic material is the ferrimagnetic system, this exhibits anti-parallel spin 

alignment like the antiferromagnetic system, however in this case the spins are not equal in size, 

resulting in an overall net magnetic moment. When above the critical temperatures (TN and TC) all 

of these materials behave as paramagnets with randomly aligned spins. 

The Curie and Curie-Weiss laws are relatively simplistic functions which mask the fundamentals of 

the calculations and contain experimentally derived Curie constants. In order to predict and model 

novel magnetically discrete systems the spin-only formula is often used (equation 6). This equation 

was derived from the Curie law and was the product of significant work by van Vleck, Brillouin, and 

Langevin. The spin only-formula can accurately model χ for a wide range of systems.99 

𝜒𝜒 =  𝑁𝑁𝐴𝐴𝑔𝑔
2𝜇𝜇𝐵𝐵

2

3𝑘𝑘𝐵𝐵𝑇𝑇
𝑆𝑆(𝑆𝑆 + 1)    (Equation 6) 

In the standard units for magnetism (c.g.s units) 𝑁𝑁𝐴𝐴𝜇𝜇𝐵𝐵
2

3𝑘𝑘𝐵𝐵
≈  1

8
 which means that equation 6 can be 

simplified to: 

𝜒𝜒𝜒𝜒 = 1
8
𝑔𝑔2𝑆𝑆(𝑆𝑆 + 1)    (Equation 7) 

where g is the Landé g factor for the spin in question, and typically in the region of 2 for transition 

metals. This equation can be used to simulate or model χT plots for uncoupled magnetic systems. 

 

Figure 1.153 – Graph of Magnetization (M) Vs Field (H) for an exemplar ferromagnetic system 

showing a hysteresis loop. MS = Saturation of magnetisation, MR = Remanence of 

magnetisation, HS = Saturation field, and HC = Coercivity field 
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Ferromagnetic (and ferrimagnetic) materials can sometimes exhibit a magnetic hysteresis (figure 

1.153). In these cases, a magnetic field is applied until saturation of magnetisation is reached (MS). 

When the field is removed the sample relaxes along a different pathway and does not fully relax to 

a non-magnetised state. This results in some magnetisation being retained, this is called the 

remanence magnetisation (MR). In order to return the system to a non-magnetic ground state a 

further magnetic field (in the opposite direction to magnetisation of the sample) must be applied, 

the field required to return the sample to M = 0 is termed the coercivity field (HC). The larger the 

coercive field needed, the higher the energy barrier to return to the ground state is. For further 

discussion on these aspects of classical magnetochemistry the reader is directed to the following 

books.97, 100-102 

1.3.2 Single molecule magnets 

Single molecule magnets (SMMs) act as discrete and tiny molecular examples of classical bulk 

magnets,103 and provide an interesting platform for building future spin-based devices such as data 

storage devices and quantum computers.104-106 A comprehensive overview of the potential 

applications of molecular magnetic materials, including SMMs, can be found in in the following 

reference.107 

    

Figure 1.154 – Molecular structure of [Mn12O12(PhCOO)16(H2O)4] (C51), hydrogen atoms omitted for 

clarity (left) and ‘MnIV
4MnIII

8O12’ core with the four Mn(IV) atoms in dark purple and 

the eight Mn(III) atoms in light purple (right) 

It can be said that research into SMMs started in 1991 when Gatteschi, Sessoli, and co-workers 

investigated the magnetic properties of the first of the now famous Mn12 clusters 

[Mn12O12(CH3COO)16(H2O)4]·2CH3COOH·4H2O (C50).108 This study utilised high-field magnetisation, 

electron paramagnetic resonance (EPR), and the newly developed AC susceptibility measurements 

to determine the ground spin state of the Mn12 complex. The ground spin state is the total spin of 
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a system when in its lowest energy configuration, and Gatteschi, Sessoli, and co-workers assigned 

the ground spin state of (C50) as S = 10. This arises from the antiferromagnetic coupling between 

four ferromagnetically coupled Mn(IV) centres (each with S = 3/2, Stot = 12/2)  and eight 

ferromagnetically coupled Mn(III) centres (each with S=  4/2, Stot = 32/2) (figure 1.154), giving  

S = (32/2 – 12/2) = 10. However, the phenomenon of SMM behaviour was not reported until 1993, 

two years after the compound was first magnetically investigated. In this 1993 study, Sessoli and 

co-workers subjected the previously reported complex (C50) and the analogous 

[Mn12O12(PhCOO)16(H2O)4] (C51) (figure 1.154) to a wide range of techniques to begin to unravel 

the mystery surrounding the superparamagnetic-like behaviour of their molecular systems. Ths 

study is the first time that the phenomenon of slow magnetic relaxation of a molecular origin, a key 

feature of a SMM, was observed, “Thus, even though we are dealing with MnIV
4MnIII

8 molecular 

species, there are magnetic relaxation effects seen in zero applied field”.109 

 

Figure 1.155 – First ever recorded magnetic hysteresis of a molecular origin. Data collected on a 

Mn12 sample with a SQUID magnetometer at 2.2 K (closed circles) and 2.8 K (open 

circles), the dotted lines are a visual guide for the eye110 

Around eight months later, also in 1993, the first description of magnetic bistability of  molecular 

origin was used to explain the magnetic hysteresis that a Mn12 cluster exhibits (figure 1.155) below 

the blocking temperature (TB),110 where TB is defined as the maximum temperature at which a 

magnetic hysteresis loop can be observed. In the case of Mn12 the authors propose that the 

magnetic bistability is derived from the large magnetic ground state, S, and the negative anisotropy, 

D, which leads to the slow relaxation of magnetisation as a result of the energy required to 

overcome the anisotropy barrier (ΔE). In magnetochemistry, ΔE is the energy barrier which a system 

must overcome for magnetic spin reversal. ΔE, often given as Ueff (see below), along with TB, are 

the two primary measures of a molecule’s SMM characteristics. In the case of the original Mn12 

system these values are TB = 4 K, and ΔE = 61 K.111 
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It was originally believed that the blocking temperature is related to the energy of an anisotropy 

barrier (TB ∝ ΔE),112 which in turn is governed by the magnetic ground and easy axis anisotropy 

barrier, D, (equation 8 for integer spins, and equation 9 for half integer spins). It should be noted 

that in the case of SMM behaviour D should also be negative.112  

𝛥𝛥𝛥𝛥 = |𝐷𝐷| ∗ 𝑆𝑆2      (Equation 8) 

𝛥𝛥𝛥𝛥 = |𝐷𝐷| ∗ (𝑆𝑆2 − 1
4
)     (Equation 9) 

In general, instead of the absolute anisotropy barrier, ΔE, researchers typically use the effective 

barrier, Ueff, as this can be experimentally determined from the relaxation times, τ, with an 

Arrhenius equation (equation 11).113 The relaxation times can be obtained from AC susceptibility 

measurements, which feature two components, the real part of the AC susceptibility, in-phase (χ’), 

and the imaginary part, out-of-phase (χ’’). A frequency and temperature dependent signal in the 

out-of-phase AC susceptibility is indicative of SMM behaviour. τ values can be calculated by 

extracting the positions of the maxima in the frequency dependant χ’’ plot at each temperature 

and using the following equation: 

𝜏𝜏 = 1
2𝜋𝜋𝜋𝜋

       (Equation 10) 

These values can then be used to calculate the Ueff of a system using this equation: 

𝜏𝜏 = 𝜏𝜏0𝑒𝑒𝑒𝑒𝑒𝑒
𝑈𝑈𝑒𝑒𝑒𝑒𝑒𝑒
𝑘𝑘𝐵𝐵𝑇𝑇       (Equation 11) 

In equation 11, τ0 is the pre-exponential factor which provides a quantitative measure of the 

attempt time of relaxation from thermal phonons and the value typically lies within the range  

10-7 to 10-10 s for molecular systems.114  

 

Figure 1.156 – Potential energy vs the ms quantum number (magnetisation), calculated using zero-

field splitting parameters for the Mn12 system115 
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With SMM systems this energy barrier can be visualised as an inverted energy well (figure 1.156). 

For the overall magnetic moment to invert, the system must climb several steps on one side of the 

energy barrier and then descend on the other side of the barrier (figure 1.156). Given that it was 

known early on that the energy barrier is directly proportional to the square of the ground spin 

state (equations 8 and 9), many attempts were made to increase the magnetic spin ground state 

through magnetic coupling in large coordination complexes. This led to a record breaking Mn19 

system with a ground spin state of 83/2 reported by Powell and co-workers in 2006.116 

Unfortunately, it was found that a high S value does not directly translate to a good SMM with a 

large energy barrier. Powell and co-workers attributed this molecule’s lack of SMM behaviour to 

the very low anisotropy as a result of molecular symmetry. The following year, in 2007, Waldmann 

proposed that a better strategy for producing higher temperature should involve targeting the 

anisotropy term rather than the ground spin state.112 

This lack of correlation between large ground spin states and high temperature SMM behaviour 

was further reinforced in 2018 when Powell and co-workers produced another record-breaking 

system featuring an Fe10Gd10 core with a ground spin state of 120/2 as part of an investigation into 

quantum critical points. This complex did not exhibit SMM behaviour either.117 Complexes with 

large spin ground states still have potential uses outside the field of SMMs and are therefore still a 

relevant subject for exploration. The current record holder for the molecule with the highest 

magnetic spin ground state is a Ni21Gd20 system produced by the groups of Zheng and Winpenny 

with a ground spin state of 182/2. Notably, this system also lacked SMM properties.118 

Given that the ground spin state is not a good indication of SMM behaviour, more recent work has 

taken Waldmann’s advice into consideration by designing highly anisotropic systems. Research into 

single ion magnets (SIMs) has become increasingly relevant, particularly as symmetry control is 

significantly easier with smaller and more synthetically targeted systems. Typically these complexes 

take advantage of the inherent anisotropy of the lanthanide(III) ions by designing ligand fields to 

complement the oblate and prolate nature of the electron density of relevant ions (figure 1.157).119 

 

Figure 1.157 – Quadrupole approximations of 4f electron distribution for the lanthanide(III) ions119 
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The values used to create figure 1.157 were calculated using the total angular momentum quantum 

number (J), and the radius of the 4f shell squared (r2).119 Given that Eu(III) has an angular 

momentum quantum number of 0, this ion was not calculated. 

 

Figure 1.158 – Magnetisation energy barrier of a Dy-based SMM with example relaxation pathways 

shown.120 Processes: zero field QTM (green), thermally assisted QTM (orange), Orbach 

(blue), and Raman (red)  

In most paramagnetic systems relaxation occurs on a very fast timescale and is not observable with 

measurements performed on a standard SQUID magnetometer (up to 1,500 Hz). The primary 

relaxation pathway for most systems is fast quantum tunnelling of magnetisation (QTM). This can 

often, but not always, be supressed by applying a small static DC magnetic field to cause the energy 

well to become asymmetric effectively blocking QTM by eliminating the matching energy level on 

the opposite side of the well. However, there are additional relaxation processes which must be 

considered when designing and analysing SMMs. In simplistic terms, the height of the energy 

barrier is irrelevant if the system does not have to pass over it to relax. This can be exemplified by 

Tong’s Dy(III) species with an energy barrier of 1,024 K that only exhibits magnetic hysteresis up to 

14 K.121 Figure 1.158 provides an example of the different relaxation processes that most SMM 

researchers must consider. In addition to the direct process (not shown), QTM (green), thermally 

assisted QTM (orange), Orbach (blue), and Raman processes (red) must be examined. 
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𝜏𝜏−1 = 𝐴𝐴𝜒𝜒 + ′𝑄𝑄𝜒𝜒𝑄𝑄′ + 𝐶𝐶𝜒𝜒𝑛𝑛 +  𝜏𝜏0−1𝑒𝑒−𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒/𝐾𝐾𝑏𝑏𝑇𝑇  (Equation 12) 

Equation 12 is used to model relaxation processes (from extracted τ values) when multiple 

processes may be occurring over the temperature range. In this equation, the first term, AT, is the 

direct relaxation. This is the process which allows the spin to flip without traversing the energy 

barrier and is temperature and field dependent. The direct process is typically a very small 

contribution and often treated as 0 due to its resemblance to the QTM factor. The second term is 

the QTM term and gives the contribution for a magnetic spin to relax by tunnelling to the opposite 

side of the energy barrier. CTn describes the Raman processes which involves a two-phonon 

relaxation via an imaginary excited state. The Raman process shows strong temperature 

dependence but a non-dependence on the applied magnetic field. Values of n were found to be 7 

for non-Kramers and 9 for Kramers ions, but n may vary depending on the exact energies of the 

ground doublets and can be refined to account for relaxation processes featuring both acoustic and 

optical phonons.122 Therefore values of n ≥ 4 are reasonable.123 Finally, 𝜏𝜏0−1𝑒𝑒−𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒/𝐾𝐾𝑏𝑏𝑇𝑇 describes the 

Orbach process, a direct and resonant two-phonon process, where relaxation occurs via a real 

excited state before decaying to a lower energy position. In contrast to the other mentioned 

processes, the Orbach process is key in characterising a molecule as a SMM as this process allows 

the spin to reorient by climbing over the anisotropy barrier, Ueff. For a more detailed description of 

the relaxation processes the reader is directed to the following references.113, 124, 125 

 

Figure 1.159 – Molecular structure of [(CpMe4H
2Tb)2(μ-N2)]-, (C52), hydrogen atoms, counter cation, 

and interstitial THF omitted for clarity 

In order to give an overview of the current state of SMM research some key papers over the last 

few years will now be presented. In 2017 Demir et al. produced and analysed two radical bridged 

SMMs based upon Dy(III) and Tb(III).126 These isostructural SMMs both feature two [Ln(CpMe4H)2] 

units bridged by a N2
3- radical, giving the overall formula [(CpMe4H

2Tb)2(μ-N2)]-, (C52), for the terbium 

complex (figure 1.159). Structurally this complex features a nearly linear Tb-N2
3--Tb unit with a 

dihedral angle of 178.5° and a Tb···Tb distance of 4.22 Å. It is likely that the high orbital overlaps, a 



Chapter 1 

94 

product of the near linear dihedral angle, provide an excellent basis for strong coupling between 

the radical and the Tb(III) centres, resulting in the strong interaction observed in the DC magnetic 

data (figure 1.160).  

 

Figure 1.160 – Variable-temperature DC magnetic susceptibility data for restrained polycrystalline 

samples of 2-Dy and 2-Tb (C52) collected under a 1 T applied dc field (left) 126 

The room temperature χMT value for (C52) is 24.2 cm3 mol-1 K which is in good agreement with the 

value expected for a magnetically isolated Tb(III)2-N2
3- complex, 24.0 cm3 mol-1 K. This observed 

value increases to a maximum of 32.6 cm3 K mol-1 at 75 K. Such a dramatic increase in the χmT value 

indicates a strong coupling between the N2
3- radical and Tb(III) centres. The authors modelled this 

Tb-radical exchange interaction with a coupling constant of J = -23.1 cm-1. The explanation for the 

increase in χMT despite an antiferromagnetic exchange interaction is due to the presence of a 

higher-angular momentum ground state which becomes isolated at lower temperatures. 

 

Figure 1.161 – Plot of magnetization (M) vs. DC magnetic field (H) from 14 to 25 K126 for (C52) 

Complex (52) shows an open hysteresis until temperatures over 20 K (figure 1.161) which indicates 

slow magnetic relaxation. To determine whether this magnetic blocking arises from SMM behaviour 

variable-frequency, variable-temperature AC magnetic susceptibility data were collected. Peaks 
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were indeed observed in the out-of-phase (χMT’’) component confirming this compound as an 

SMM. Using an Arrhenius plot (equation 12), the authors extracted the key information needed to 

characterise this SMM giving final values of Ueff = 276 cm-1, τ0 = 1.3 x10-7, and TB = 20 K. 

     

Figure 1.162 – Synthesis (left)127 and molecular structure of [Dy(Cpttt)2][B(C6F5)4] (C53)128 hydrogen 

atoms and cation omitted for clarity (right) 

The next system to be discussed was presented in 2017 simultaneously by the groups of Layfield,128 

and Chilton and Mills.127 Whilst both manuscripts were submitted around the same time and have 

been used to prepare this summary, the key SMM parameters have been taken from the Layfield 

paper. This complex is produced by the removal of a chloride from a [Dy(Cpttt)2Cl] system under 

inert conditions, affording the salt [Dy(Cpttt)2][B(C6F5)4] (figure 1.162) (C53). Interestingly, (C53) 

adopts a bent metallocene structure with two 1,2,4-tri(tert-butyl)cyclopentadienide (Cpttt) ligands 

and a Cpttt-Dy-Cpttt angle of 152.8°. The room temperature χMT value for (C53) is around  

14 cm3 mol-1 K which is in good agreement with the expected value of 14.28 cm3 mol-1 K for an 

uncoupled Dy(III) ion. There was a gradual decrease in the χMT value until 50 K at which point there 

was a sudden drop, indicative of strong magnetic blocking. 

 

Figure 1.163 – χ’’ vs ν between 60 - 123 K for (C53)128 
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AC susceptibility measurements on (C53) show peaks in the χ’’ vs ν plot between temperatures of 

72 – 100 K (figure 1.163), with the position of the peaks showing a strong frequency and 

temperature dependence. By fitting this data with an Arrhenius law (equation 12) the authors were 

able to extract values for τ0 = 8.12 x10-12 and Ueff = 1277 cm-1, making this the new record holder for 

an SMM with the highest Ueff value.  

 

Figure 1.164 – M vs H between 2 - 60 K for (C53) 

To probe the magnetic behaviour at lower temperature and to extract a TB, magnetisation data was 

collected. M vs H data for complex (53) showed an open hysteresis until temperatures of 60 K 

(figure 1.164) and confirmed a linear dependence of τ on T to 53 K. The key parameters needed to 

characterise this SMM are Ueff = 1277 cm-1, τ0 = 8.12 x10-12, and TB = 60 K.128 Given the previous 

record TB of 20 K (14K at the time Layfield and co-workers prepared their manuscript) this was an 

incredible result and a dramatic improvement over existing compounds. With 60 K approaching the 

symbolic 77 K temperature (the boiling point of nitrogen), this result generated a lot of excitement 

in the community. It is suggested that for any SMM to progress into real applications a usable 

working temperature must be achieved, the first of these key benchmark temperatures is 77 K as a 

device can then be cooled with the cheaply available liquid nitrogen rather than the costly and 

difficult to obtain liquid helium that SMMs currently require. The two simultaneously published 

papers were together cited over 1,000 times in under two years demonstrating their significant 

importance to the community. 
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Figure 1.165 – Synthesis (left) and molecular structure of [Dy(CpiPr5)(Cp*)][B(C6F5)4] (C54) hydrogen 

atoms and cation omitted for clarity (right)129 

Following on from his 2017 work, in 2018 Layfield reported a related metallocene-based system 

with two different ligands. This system was produced in a similar manner (figure 1.165) to the 

previous complex, however it uses pentamethylcyclopentadienyl (Cp*) and penta-iso-

propylcyclopentadienyl (CpiPr5) as two heterogeneous ligands giving a formula of 

[Dy(CpiPr5)(Cp*)][B(C6F5)4] (C54).129 It has been calculated that a higher degree of linearity of the 

charge localisation in these systems would produce a better SMM.130, 131 In this complex Layfield 

and co-workers were able to bring the Cp-Dy-Cp angle up from 152.8° as seen in (C53) to 162.5°. 

The room temperature χMT value for (C54) of 13.75 cm3 mol-1 K is in good agreement with the 

expected value for such a system. On decreasing the temperature there is a gradual decrease in 

χMT until 75 K at which point a sharp drop was observed, indicating magnetic blocking, with a value 

of 0.94 cm3 mol-1 K reached at 2 K. 

 

Figure 1.166 – χ’’ vs ν between 82 - 138 K for (C54)129 

The SMM properties of compound (C54) were established through AC susceptibility measurements 

under zero applied DC field with the out-of-phase (χ’’) vs ν plot showing clearly defined maxima up 

to 130 K (figure 1.166). The key SMM parameters were extracted from this data using an Arrhenius 

plot and resulted in values of τ0 = 4.2 x10-12 and Ueff = 1541 cm-1. This once again cemented the 
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record for the highest known energy barrier within an SMM, beating the previous complex, (C53), 

by over 20 %.  

 

Figure 1.167 – M vs H between 2 - 75 K (left) and 75 – 85 k (right) for (C54)129 

To confirm if this increase in effective energy barrier translated to a higher blocking temperature, 

magnetisation against field (M vs H) plots were collected between 2 and 85 K (figure 1.167) where 

the authors observed an open hysteresis at 80 K. Utilising the same notation as accepted within the 

superconductor community, this would make (C54) the first high-TB SMM retaining its properties 

above the key liquid nitrogen temperature. The final parameters for (C54) are Ueff = 1541 cm-1, 

 τ0 = 4.2 x10-12, and TB = 80 K. 

One year later, at the time of writing this thesis, complex (C54) still holds the record for the SMM 

with the highest Ueff and TB values. The strong correlation observed between Ueff and TB in these 

recent metallocene-based complexes indicate that the dominant relaxation processes proceed via 

thermally excited states. By careful design of the axial field around the Dy(III) centre QTM and 

phonon (Raman) based processes appear to be quenched. It is proposed that a related complex 

which sees the Cp-Dy-Cp angle move even closer to linear (and symmetric) may further increase 

the blocking temperature. However, a completely linear complex could induce other relaxation 

processes currently not viable due to the lack of symmetry, therefore a balance must be reached. 

Whilst it must be acknowledged that the recent advancements into high temperature SMMs, 

particularly the 80K SMM reported by Layfield, have revitalised the field; it should also be noted 

that all three complexes (C52) – (C54) are highly prone to degradation when exposed to air. This 

leaves two key options for researchers in the SMM community, modifying the metallocene systems 

to improve their stability, including encapsulating and incorporating them into materials and 

frameworks. Or utilising the newly gained knowledge of ideal geometries and ligand field 

environments to produce novel systems where stability is considered at the concept and design 

stage.  
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1.3.3 Supramolecular chemistry and magnetism 

The definition of a single molecule magnet is “a molecule that shows slow relaxation of the 

magnetisation of purely molecular origin”. This indicates that the no interaction between molecules 

is necessary, and therefore SMMs can be dissolved or suspending in a matrix and retain their 

properties. Whilst this definition generally holds true and the slow relaxation of magnetisation is of 

a molecular origin, researchers have now begun to understand that it is modulated by the non-local 

environment. 

Taking the QTM relaxation process as an example, there is clear evidence that the non-local 

environment can supress the probability of tunnelling. In theory QTM should not occur for 

monometallic Dy(III) compounds as the ground electronic state (MJ = ± 15/2) is a Kramers doublet, 

and according to Kramers’ theorem there can be no mixing between the two states in zero magnetic 

field and therefore no QTM. In practice QTM does occur in Dy(III) systems and it is proposed that 

this is due to the presence of small transverse magnetic fields which break the degeneracy of the 

Kramers doublet.132 However many studies have shown that suspending the sample in an identical 

diamagnetic matrix can reduce zero-field QTM.129, 133, 134 This is done by producing a yttrium sample 

with a doped amount of Dy(III), typically 10%, resulting in a new sample which retains the same 

long-range structure, however, 9 out of 10 molecules are completely diamagnetic. 

The second evidence for SMM modulation via non-local environments, comes via the Raman 

process. There is recent evidence from 2017 which suggests that both intramolecular and 

intermolecular (lattice) phonons play an important part in the Raman relaxation process.135, 136 If 

lattice phonons are spin-coupling to provide a relaxation pathway in a particular system, then any 

change in the energies of the lattice phonons (by changing supramolecular packing) will modulate 

the Raman relaxation, and therefore the SMM behaviour. In 2016 Novikov and co-workers reported 

two polymorphs of the same cobalt-based system each with different SMM properties.137 Earlier 

this year, Scherthan and co-workers reported the first use of synchrotron-based nuclear resonance 

vibrational spectroscopy to study the vibrational properties of a Dy(III) single-molecule magnet, 

showing the current relevance of this work.138 

Unfortunately, given that supramolecular effects are a recent concern within SMM research, most 

studies make no effort to report or consider the non-local/long-range order present within the 

structure. However, in another area of magnetochemistry, spin crossover (SCO), research on this 

topic has been relevant for many years.139-141 Whilst SCO compounds are fundamentally different 

to SMMs, both feature magnetic phenomenon of a molecular origin which can be modulated by 

long range effects. This includes through hydrogen,142 π-π,143 and halogen144 bonds. It is also 

possible to include systems into functional formats via supramolecular interactions.145, 146  
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1.4 Introduction summary and project aims 

1.4.1 Introduction Summary 

A detailed structural literature review of existing complexes which utilise N-substituted-1,8-

naphthalimide-based ligands was presented, with the key structure directing properties 

highlighted. The overriding theme to this section was the ability of N-substituted-1,8-naphthalimide 

ligands to organise these systems into supramolecular layers through the use of π-based 

interactions. The vast majority of complexes discussed involved d-block metal centres with limited 

research investigating lanthanide ions. This presented an opportunity to utilise the supramolecular 

control often observed in 1,8-naphthalimide systems to build novel lanthanide coordination 

complexes. 

The second ligand featured in this work is the 9,10-phenanthrenesemiquinone radical, as such this 

system and the redox related compounds, 9,10-phenanthrenequinone and 9,10-

phenanthrenehydroquinone were discussed. A historical summary of the early work on these 

systems was presented along with the difficulties faced by these researchers. Key structural details 

were highlighted as these enable the characterisation of the ligand oxidation state which are 

referred to throughout this thesis. 

Finally, an introduction into the SMM phenomenon was provided, beginning with a brief 

explanation of bulk magnetic properties moving into the similarities and differences with SMMs. 

This included the origin of the phenomenon and the key information required to characterise this 

class of compound. In addition to the historical Mn12 complexes, recent examples (2017-2020) were 

provided to demonstrate the current state of the field. This section concluded with a summary of 

supramolecular chemistry in SMMs by drawing parallels to work from the SCO community. 
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1.4.2 Project Aims 

This project seeks to provide further understanding on the roles which non-covalent interactions 

can play in magnetochemistry. The importance of non-covalent interactions is already known to 

researchers in the field of spin crossover magnetism; however, it is expected that a similar effect 

will be found in single molecule magnets. This is likely to manifest as perturbations to the vibrionic 

relaxation processes, resulting in a higher working temperature, due to modifications to the lattice 

phonon energies.  

To define the relationship between non-covalent interactions and magnetic properties, detailed 

crystallographic analysis and variable temperature magnetic measurements will be performed on 

complexes using both identified π-containing ligands, 1,8-naphthalimide and 9,10-

phenanthrenequinone. The 1,8-naphthalimide motif was chosen as the literature demonstrates 

that these systems form extensive and predictable extended supramolecular layers due to the π-

deficient nature of the molecule causing head-to-tail stacking arrangements. This strong 

cooperative supramolecular interaction is likely to drastically modify the lattice phonon energies 

when incorporated into existing SMM species. The use of the 9,10-phenanthrenequinone system 

builds on this work and provides two additional pathways for exploration. Firstly the system 

features three oxidation states, allowing for further fine tuning of the overall electronic properties 

of the resulting complex; secondly, the radical 9,10-phenanthrenesemiquinone form has been 

shown to exhibit strong radical enhanced π-bonding which may further increase the energies of the 

lattice phonons whilst also potentially providing another magnetic centre for secondary magnetic 

features. 

In addition to this fundamental research into magnetic properties, preliminary synthetic processing 

will be investigated by producing thin films of the layered 1,8-naphthalimide ligands, which is a 

clear pre-requisite for further processing of the systems into materials for device formation. The 

resulting films will be characterised with a photophysical study, investigating both the fluorescent 

1,8-naphthalimide species, and the phosphorescent lanthanide centres of the complexes.  
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Chapter 2 Sulfonate-Based N-substituted-1,8-

naphthalimides 

2.1 Introduction 

As discussed in section 1, N-substituted-1,8-naphthalimide species have a rich history within 

supramolecular chemical research. The use of N-substituted-1,8-naphthalimide motifs as 

coordinating ligands to produce molecular building units for the development of larger metallo-

supramolecular materials has recently become an active area of synthetic research (chapter 1). 

Whilst this field is developing at a rapid pace, to date little work has focused upon N-substituted-

1,8-naphthalimide based supramolecular architectures with the 4f-metals. Initially the project 

focused upon producing a N-substituted-1,8-naphthalimide ligand with a functional group that may 

coordinate to the traditionally ‘hard acid’ f-group metals. 

In this chapter the synthesis, characterisation and structural analyses of a sulfonate-based  

1,8-naphthalimide ligand, and the resulting lanthanide(III) complexes, is presented.84 A preliminary 

study on thin film formation using spin coating and the novel rapid annealing self-shearing solution 

method. This is followed by new lanthanide(III)-based complexes with the sulfonate containing 1,8-

naphthalimide ligands previously utilised as anions in transition metal complexes and reported in 

Carter et al., Crystal Growth & Design, 2017, 17, 5129-5144 are described.147 

The author would like to thank Sarah Akponasa for her involvement with the synthesis of the 

sulfonate-based 1,8-napthalimides, and Alice Oakley for her work on the thin film studies presented 

in this chapter. Both students carried out this work during their third-year projects which were 

supervised and given direction by the author of this thesis. Sarah and Alice completed their projects 

at The University of Southampton in 2015-16 and 2016-17 respectively. 
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2.2 N-(4-aminobenzenesulfonate)-1,8-naphthalimide (L1)·PyH 

2.2.1 Synthetic route to N-(4-aminobenzenesulfonate)-1,8-naphthalimide (L1)·PyH 

O OO

N OO+

NH2

SO3H

SO3
-

N
H+

Pyridine, Reflux

 

Figure 2.1 – Synthetic route for pyridinium salt of N-(4-aminobenzenesulfonate)-1,8-naphthalimide 

ligand, (L1)·PyH 

The 1,8-naphthalimide anion N-(4-aminobenzenesulfonate)-1,8-naphthalimide (L1)·PyH was 

prepared by reacting a stoichiometric amount of 1,8-naphthalilic anhydride with sulfanilic acid 

during an eight hour reflux in pyridine (figure 2.1). Upon cooling to room temperature an almost 

colourless precipitate formed and was collected via vacuum filtration giving the pyridinium salt 

(L1)·PyH in good yield (ca. 70%). The (L1) anion was fully characterised using IR, UV-Vis, 

fluorescence, and mass spectrometry, as well as 1H and 13C-NMR (section 2.6). X-Ray 

crystallographic data was obtained for (L1)·NH2Me2,147 and (L1)·PyH. All spectroscopic data 

supported the formation of this ligand. 

2.2.2 Crystallographic analysis of (L1)·Py 

 

Figure 2.2 – Asymmetric unit cell of the ligand (L1)·PyH shown in ball and stick projection 
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Single crystals of (L1)·PyH were obtained by the slow evaporation of a MeOH:DMF (5:1) solvent 

mixture and the low temperature (100 K) molecular structure was collected. (L1)·PyH crystallises in 

the monoclinic space group P21/n and contains one (L1) anion and one pyridinium cation in the 

asymmetric unit (figure 2.2). The phenyl ring of the 4-aminobenzenesulfonate motif is 

approximately perpendicular to the plane of the naphthalimide system with an angle of 88° 

between the two mean planes. The packing interactions in (L1)·PyH consist of both hydrogen bonds 

and π···π interactions.  

 

Figure 2.3 – Hydrogen bonding present in (L1)·PyH. Hydrogens not involved removed for clarity 

Hydrogen bonding between neighbouring (L1) anions and pyridinium cations result in a 1D chain 

that extends throughout the structure. This occurs from the pyridinium NH to a naphthalimide 

oxygen [N21⋅⋅⋅O5 = 2.824(2) Å and <(NH⋅⋅⋅O) = 136°], and from the same pyridinium NH to a 

sulfonate oxygen [N21⋅⋅⋅O2 = 2.846(2) Å and <(NH⋅⋅⋅O) = 129°] (figure 2.3). These 1D chains are then 

arranged into rows with head-to-tail π···π interactions [centroid⋅⋅⋅centroid = 3.593 Å] (figure 2.4). 

 

Figure 2.4 – π···π interaction present in in (L1)·PyH 
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Figure 2.5 –Long range order of (L1)·PyH with cation shown in light blue and anion shown in orange 

to highlight the layers 

This arrangement ultimately gives rise to a layered structure throughout the crystal (figure 2.5), as 

typically seen with this class of compound (chapter 1). It should be noted that in this case a different 

packing arrangement to that of the previously reported dimethylammonium salt is adopted.147 This 

change in packing is likely due to the pyridinium cation disrupting the naphthalimide π⋅⋅⋅π 

interactions, with the previously reported structure exhibiting twice as many. 
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2.2.3 Photophysical measurements of (L1)·Py 

         

Figure 2.6 – UV-Visible spectrum of (L1)·PyH taken in MeOH (1 x 10-4 mol L-1) 

The UV-Visible spectrum of (L1)·PyH in MeOH (1 x 10-4 mol L-1) was obtained (figure 2.6) and shows 

a broad absorptions at λmax = 333 nm (ε = 13,900 L mol-1 cm-1) corresponding to a transition 

originating from the naphthalimide π-system.1 

 

Figure 2.7 – Excitation and emission spectrum for (L1)·PyH 

The emission spectrum of (L1)·PyH in MeOH (1 x 10-4 mol L-1) displayed a broad peak at 380 nm  

(λex =330 nm) giving a stokes shift of 50 nm. This emission spectrum (λem =380 nm) structurally 

matched those of the corresponding absorption spectrum (figure 2.7).  
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2.3 Lanthanide(III) complexes of (L1) 

2.3.1 Synthetic route to complexes [Ln(L1)(DMSO)6(H2O)2](L1)2⋅xH2O (1) – (5) 

The complexes [Ln(L1)(DMSO)6(H2O)2](L1)2⋅xH2O, where Ln = Eu (1), Tb (2) Dy (3), Ho (4) and Er (5), 

were prepared by heating colourless solutions of (L1)·PyH and the relevant lanthanide nitrate 

hydrate salt in DMF:DMSO (1:1) to 130 °C in 20 mL screw-capped vials. After 48 hours the solutions 

had turned pale orange, likely as a result of the decomposition of DMF to dimethyl ammonium as 

well as other by-products. These clear orange solutions were cooled to room temperature allowed 

to stand open to the atmosphere, after 3–5 days large colourless needle-like crystals had formed. 

These crystals were collected by gravity filtration, washed with diethyl ether (3x 5 mL) and air dried 

to give pale crystalline solids of complexes (1) – (5) in yields of around 15 – 20%. In these structures, 

the charged anion (L1) acts as both a coordinated ligand, as well as a non-coordinated organic 

anion, something previously not observed in 1,8-naphthalimide chemistry. Elemental analysis of 

the complexes showed the presence of additional water molecules compared to the 

crystallographic data, indicating that these complexes are hygroscopic when left open to the 

atmosphere.  

2.3.2 Crystallographic analysis of complex (1) 

 

Figure 2.8 – Asymmetric unit of (1) 

Complex (1), [Eu(L1)(DMSO)5(H2O)2](L1)2·3H2O, crystallises in the orthorhombic space group Pbca 

and the asymmetric unit contains one Eu(III) complex, two uncoordinated (L1) anions, and three 

interstitial water molecules (figure 2.8). The 8-coordinate Eu(III) environment consists of one 

coordinated (L1) anion (Eu1-O5 = 2.393(3) Å), five coordinated DMSO molecules (Eu1-O70 = 

2.351(4) Å, Eu1-O75 = 2.365(4) Å, Eu1-O80 = 2.429(4) Å, Eu1-O85 = 2.424(4) Å, Eu1-O90 = 2.369(4) 

Å), and two coordinated water molecules (Eu1-O95= 2.365(4) Å, Eu1-O96=2.475(4) Å). One 



Chapter 2 

109 

coordinated DMSO molecule is disordered over two sites and modelled as 0.33/0.67 occupancy. 

The coordination geometry was analysed using SHAPE148 and found to be a triangular 

dodecahedron with a distortion of 0.694 from the ideal D2d symmetry. As with the free anion, the 

plane of the phenyl ring of the coordinated ligand is almost perpendicular to the naphthalimide 

plane with an angle 87°, whilst the two uncoordinated ligands have angles between their mean 

planes of 77° and 70° respectively.  

 

Figure 2.9 – Labelled diagram of the hydrogen bonding present in (1)  

In this system there is a complex network of hydrogen bonds consisting of ten unique interactions 

(figure 2.9), these occur from the interstitial water molecules to oxygen atoms on the sulfonate 

groups of non-coordinated 1,8-naphthalimide molecules [O97⋅⋅⋅O32 = 2.842(6) Å and <(OH⋅⋅⋅O) = 

174°], [O97⋅⋅⋅O33 = 2.949(5) Å and <(OH⋅⋅⋅O) = 164°], [O98⋅⋅⋅O53 = 2.772(7) Å and <(OH⋅⋅⋅O) = 176°], 

and [O99⋅⋅⋅O54 = 2.718(7) Å and <(OH⋅⋅⋅O) = 175°], there is also an interaction from one of these 

interstitial water molecules to an oxygen atom of a Eu(III) coordinated DMSO molecule [O99⋅⋅⋅O85 

= 2.928(6) Å and <(OH⋅⋅⋅O) = 171°]. In addition to these interactions originating from interstitial 

water molecules, there are also two hydrogen bonds from the coordinated water molecules to the 

interstitial water molecules [O95⋅⋅⋅O98 = 2.670(6) Å and <(OH⋅⋅⋅O) = 141°] and [O96⋅⋅⋅O97 = 

2.811(6) Å and <(OH⋅⋅⋅O) = 158°], and from the coordinated water molecules to sulfonate-based 

oxygen atoms [O95⋅⋅⋅O34 = 2.723(6) Å and <(OH⋅⋅⋅O) = 110°] and [O96⋅⋅⋅O3 = 2.770(5) Å and 

<(OH⋅⋅⋅O) = 147°]. Finally, there is an interaction between two interstitial water molecules 

[O98⋅⋅⋅O99 = 2.780(7) Å and <(OH⋅⋅⋅O) = 173°]. 
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Figure 2.10 – π-containing interactions present in (1) 

In addition to the hydrogen bonding discussed, there is also a repeating offset (ca. 50°) π-based 

interaction between the neighbouring 1,8-naphthalimide units [C1⋅⋅⋅centroid = 3.52 Å], and 

[C30⋅⋅⋅centroid = 3.48 Å] resulting in a 1D chain of lanthanides through the structure, where the 

nearest europium atoms are 10.5 Å apart [Eu⋅⋅⋅Eu = 10.53 Å]. 

 

Figure 2.11 – Overall long range order present on (1), showing the 1D chains (A), the view down the 

a-axis (B), and the view down the b-axis (C) 

Overall, the long-range structure shows clear ordering into a layered-based system as is typically 

expected for such 1,8-naphthalimides complexes.  
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2.3.3 Crystallographic analysis of complexes (2) – (5) 

Complexes (2) – (5) are isostructural and crystallise in the monoclinic space group P21/c with the 

general formula Ln(L1)(DMSO)5(H2O)2](L1)2·H2O where Ln = Tb (2) Dy (3), Ho (4) and Er (5). These 

structures are clearly related to complex (1) with a halving of what was the a-axis and fewer 

interstitial water molecules. It is likely that complex (1) crystallises in a different space group as the 

Eu(III) ion is larger, this is often the case for full series of lanthanide complexes, with Gd(III) often 

proving to be the transition point for different structures as the midpoint for the f-shell (f7). The 

crystals showed pseudo-merohedral twinning ranging from 10% to 47% depending on the crystal 

measured. 

Table 2.1 – Table of selected refinement data for complexes (2) – (5) 

Complex (2) (3) (4) (5) 

Lanthanide(III) Tb Dy Ho Er 

Temperature/K 100 100 100 100 

Crystal system monoclinic monoclinic monoclinic monoclinic 

Space group P21/c P21/c P21/c P21/c 

a/Å 19.0593(6) 19.0400(6) 19.0278(3) 18.9221(4) 

b/Å 17.2586(4) 17.2402(4) 17.2419(3) 17.1846(4) 

c/Å 20.4306(6) 20.4294(7) 20.4092(4) 20.3473(5) 

α/° 90 90 90 90 

β/° 90.072(3) 90.069(4) 89.9970(18) 90.023(2) 

γ/° 90 90 90 90.0 

Volume/Å3 6720.4(3) 6706.0(4) 6695.7(2) 6616.3(2) 

Z 4 4 4 4 
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Figure 2.12 – Asymmetric unit cell of (5) 

The structural features of complex (5) are described as a representative description for complexes 

(2) – (5), with table 2.1 showing key refinement parameters for each compound. The asymmetric 

unit of (5) contains two non-coordinated (L1) molecules as anions, an interstitial water molecule, 

and one Er(III) complex. The local Er(III) coordination environment consists of one coordinated (L1) 

anion (Er1-O5 = 2.300(4) Å), five coordinated DMSO molecules (Er1-O70 = 2.362(4) Å, Er1-O75 = 

2.279(4) Å, Er1-O80 = 2.330(4) Å, Er1-O85 = 2.302(5) Å, Er1-O90 = 2.310(4) Å), and two coordinated 

water molecules (Er1-O95 = 2.339(4) Å, Er1-O96 = 2.387(4) Å) for a total of eight coordinated 

oxygen atoms (figure 2.12). One coordinated DMSO molecule is disordered over two sites and 

modelled with 0.33/0.67 occupancy. The coordination geometry was analysed using SHAPE148 and 

exhibits triangular dodecahedron geometry with a slightly larger distortion than that of (1) at 0.777 

from the ideal D2d symmetry. The local environments for complexes (2) – (5) are summarised in 

table 2.2.  

 

Figure 2.13 – Hydrogen bonding present in (5) 
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Complex (5) has six hydrogen bonding interactions, these include strong interactions between a 

coordinated water molecule and oxygen atoms of the sulfonate group on the two non-coordinated 

(L1) anions, [O95⋅⋅⋅O34 = 2.788(8) Å and <(OH⋅⋅⋅O) = 162°] and [O95⋅⋅⋅O53 = 2.891(8) Å and 

<(OH⋅⋅⋅O) = 131°]. The second coordinated water molecule acts as a hydrogen bond donor to the 

interstitial water [O96⋅⋅⋅O97 = 2.793(7) Å and <(OH⋅⋅⋅O) = 143°], as well as to an oxygen atom of the 

sulfonate group on the coordinated anion [O96⋅⋅⋅O4 = 2.749(6) Å and <(OH⋅⋅⋅O) = 160°]. Finally, the 

interstitial water molecule acts as a bridge between a non-coordinated anion, and its symmetry 

equivalent [O97⋅⋅⋅O32 = 2.849(8) Å and <(OH⋅⋅⋅O) = 174°] and [O97⋅⋅⋅O33’ = 2.949(8) Å and 

<(OH⋅⋅⋅O) = 154°]. The hydrogen bonding interactions for complexes (2) – (5) are summarised in 

table 2.3. 

 

 

 

Figure 2.14 – π-containing interactions present in (5) 

In addition to the hydrogen bonding, there is also a repeating offset (ca. 50°) π-based interaction 

between the neighbouring 1,8-naphthalimide units, the naphthalimide planes deviate slightly (2.0-

3.8°) from perfectly parallel with the naphthalimide mean plane distances approximately 3.34 Å. 

Such π-stacking can be described as ‘parallel offset π-rich⋅⋅⋅π-rich interactions [C1⋅⋅⋅centroid = 3.441 

Å], and [C30⋅⋅⋅centroid = 3.345 Å] (figure 2.14) resulting in a 1D chain of lanthanides through the 

structure, where the nearest erbium atoms are also ca. 10.5 Å apart, [Er⋅⋅⋅Er=10.597 Å]. 
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Figure 2.15 – Overall long range order present on (1), showing the 1D chains (A), the view down the 

a-axis (B), and the view down the b-axis (C) 

These interactions propagate throughout the structure to give the overall layered arrangement 

shown in figure 2.15. Despite the differences in the unit cell, it is apparent that the structure 

fundamentally remains the same with long range packing consistent in complexes (1) and (2) – (5). 

Table 2.2 – Table of Ln-O bond lengths (Å) for complexes (2) – (5) 

Bond (2) (3) (4) (5) 

Ln-O5 (Å) 2.347(5) 2.333(7) 2.317(5) 2.300(4) 

Ln-O70 (Å) 2.402(5) 2.393(7) 2.380(5) 2.362(4) 

Ln-O75 (Å) 2.317(5) 2.302(8) 2.306(5) 2.279(4) 

Ln-O80 (Å) 2.374(5) 2.360(8) 2.355(5) 2.330(4) 

Ln-O85 (Å) 2.339(5) 2.336(7) 2.328(5) 2.302(5) 

Ln-O90 (Å) 2.336(5) 2.335(7) 2.321(5) 2.310(4) 

Ln-O95 (Å) 2.400(5) 2.386(8) 2.378(5) 2.339(4) 

Ln-O96 (Å) 2.429(5) 2.414(7) 2.409(5) 2.387(4) 

SHAPE 0.804 0.771 0.754 0.777 
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Table 2.3 – Table of hydrogen bonds present in complexes (2) – (5) 

2.3.4 Powder X-ray diffraction analysis of (1) – (5)  

Powder X-ray diffraction of complexes (1) – (5) was carried out using a Bruker D2 Phaser with a 

Lynxeye detector and Cu-Kα radiation (1.5405 Å). Le Bail profile fits on powder X-ray data were 

performed in Rietica 2.1149 to ensure phase identity and sample purity (figures 2.16 and 2.17). The 

details of the fits are summarised in table 2.4. 

 

Figure 2.16 – PXRD Pattern (black), fit (red), predicted peak positions (blue) and difference between 

predicted and calculated  pattern (green) for complex (1) (Pbca) 

Interaction (2) (3) (4) (5) 

O96···O4 2.766(8) Å & <130° 2.792(11) Å & <166° 2.748(8) Å & <106° 2.749(6) Å & <160° 

O96···O97 2.811(9) Å & <157° 2.788(13) Å & <130° 2.807(8) Å & <142° 2.793(7) Å & <143° 

O95···O34 2.785(10) Å & <140° 2.844(17) Å & <153° 2.770(9) Å & <147° 2.788(8) Å & <162° 

O95···O53 2.890(9) Å & <153° 2.901(13) Å & <146° 2.909(9) Å & <148° 2.891(8) Å & <131° 

O97···O32 2.852(9) Å & <178° 2.858(13) Å & <170° 2.864(9) Å & <169° 2.849(8) Å & <174° 

O97···O33 2.960(9) Å & <143° 2.976(14) Å & <139° 2.957(9) Å & <154° 2.949(8) Å & <154° 
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Figure 2.17 – PXRD Pattern (black), fit (red), predicted peak positions (blue) and difference between 

predicted and calculated  pattern (green) for complexes (2) (top left), (3) (top right), 

(4) (bottom left), and (5) (bottom right), (P21/c) 

 

Table 2.4 – Table of cell parameters found using Rietica 2.1 on the powder collected powder 

patterns, showing a match to the single crystal data 

Compound s.g. a / Å b / Å c / Å β / ° V / Å3 Rp / % 

(1) - Eu Pbca 17.3176(1) 20.7679(2) 38.0500(3) 90 13684.7(8) 3.39 

(2) - Tb P21/c 18.890(3) 17.2260(5) 20.4337(6) 91.007(5) 6648.3(12) 5.47 

(3) - Dy P21/c 18.856(3) 17.3400(11) 20.4096(13) 91.129(6) 6671.8(11) 4.58 

(4) - Ho P21/c 18.9683(8) 17.2670(6) 20.3639(6) 90.882(2) 6668.9(4) 3.21 

(5) - Er P21/c 18.891(1) 17.2538(4) 20.5490(6) 90.939(3) 6697.0(5) 3.83 

The powder X-ray diffraction measurements of (1) – (5) confirmed the phase purity of the samples 

before further bulk measurements were undertaken. 
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2.3.5 Photophysical measurements of (1) – (5) 

With the inherent photophysical properties of the 1,8-naphthalimide moiety (section 2.2.3) and 

ability of aromatic chromophores to promote Eu(III) and Tb(III) emission, a study of the 

photophysical properties of the complexes was carried out. This was on a solid state freshly ground 

sample pressed onto a quartz slide. 

            

Figure 2.18 – Diffuse spectral reflectance (left) and fluorescence after excitation at 340nm (right) of 

complexes (1) – (5) 

Diffuse spectral reflectance measurements on complexes (1) – (5) show the characteristic 1,8-

naphthalimide absorption band at ~340 nm, as well as a smaller side band at ~260 nm from the 

phenylsulfonate group (figure 2.18). Fluorescence data was collected after excitation at 340nm, in 

all cases emission occurs at ~495 nm, typical for coordinated lanthanides. This value is significantly 

shifted from the free (L1) fluorescence data, indicating complexation has occurred. 

          

Figure 2.19 – Phosphorescence of complexes (1) (left) and (2) (right) after excitation at 228 and 340 

nm 

A more detailed study was carried out on the emission properties of complexes (1) and (2) as both 

Eu(III) and Tb(III) can be sensitised when coordinated to an appropriate chromophore. In such cases 

a characteristic time-delayed red or green emission, respectively, is observed. This occurs due to 
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the antenna effect, where the lanthanide excited states are populated via ligand-based excited 

states. In the fluorescence spectra of (1) and (2) the weaker metal-based emission is masked by the 

relatively intense 1,8-naphthalimide-based emission. However, when emission spectra were 

collected in phosphorescence (time-delayed) mode the characteristic Eu(III) and Tb(III) profiles 

were observed (figure 2.19). This occurs after excitation at both 228 nm and 340 nm, confirming 

the ability for the naphthalimide-based ligand (L1) to sensitise lanthanide emission. The Eu(III) 

complex (1) showed characteristic line-like emission bands observed at λ=579, 594, 617, 656, and 

700 nm, assigned to the 5D0 → 7FJ transitions. In (2), the Tb(III)-centred emission bands were 

observed at 494, 547, 592, and 620 nm and assigned to the 5D4 → 7FJ transitions. Whist the 

intensities cannot be directly compared in these samples due to changes in the mass and uniformity 

of the solid sample on the BaO matrix, the drastic decrease (over 100 orders of magnitude) of the 

terbium emission is unlikely to be solely from sample effects. It is proposed that (L1) is not an ideal 

antenna for terbium(III) emission and the energy match between the ligand excited state and the 

lanthanide excited state is poor. This theory is supported when considering the emission at 228 nm 

vs 340nm, the more intense emission swaps between europium and terbium sample showing that 

terbium has a better match with the excited state from the 228 nm excitation. 

2.3.6 Magnetic measurements of (3) 

      

Figure 2.20 – DC susceptibility plot of (3) collected under an external field of 0.1 T 

With the known ability of lanthanides, particularly Dy(III), to exhibit single molecule magnet 

behaviour, the magnetic properties of complex (3) were measured. The DC susceptibility of (3), 

collected under an applied field of 0.1 T, is shown in figure 2.20 where the room temperature χT 

value of 13.92 cm3 mol-1 K is in excellent agreement with the theoretical value for a single Dy(III) 

ion (6H15/2, 14.18 cm3 mol-1 K). On decreasing temperature, χT drops to a value of 9.40 cm3 mol-1 K, 

this is in line with a depopulation of the electronic Mj sub-levels (figure 2.20). 
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Figure 2.21 – Magnetisation data of (3) at 2 K, 3 K and 5 K with external fields from 0 T to 7 T (left) 

and reduced magnetisation data (right) 

The magnetisation does not achieve saturation at 2 K even under an applied magnetic field of 7 T, 

reaching a value of 6.02 μB. This suggests strong anisotropy which is further supported by the 

reduced magnetisation plots (figure 2.21). This value is within the expected range as magnetisation 

values between 5.23 and 10 μB per Dy(III) ion are possible.125 

             

Figure 2.22 – Frequency-dependent in-phase (left) and out-of-phase (right) magnetic susceptibility 

of (3) at 1.8 K under applied dc fields ranging from 0 – 3000 Oe (0 – 0.3 T) 

In order to investigate the single molecule magnetic behaviour, frequency dependent AC 

susceptibility was measured under various applied fields to determine the optimal conditions to 

supress quantum tunnelling of magnetisation. Both the in-phase and out-of-phase AC susceptibility 

plots show field dependent signals (figure 2.22) but an optimal field could not be found. This effect 

may originate from the presence of SMM behaviour, but a standard SQUID is unable to measure 

frequencies larger than 1,500 Hz, therefore the energy barrier and relaxation processes could not 

be fully investigated.  
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2.3.7 Thin films of (L1), and complexes (1) and (2) 

2.3.7.1 Introduction 

It has been proposed that for any compound to progress from the lab to a working device, including, 

smart membranes, and chemical sensors, the compound must be accessible in a useful format such 

as a gel or film. The deposition of compounds on surfaces as thin films is a vast and relevant area 

of research.150-153 The ability to combine ease of synthesis and characterisation of small molecule 

chemistry, with the practicality of surface chemistry, is an attractive proposition to many research 

groups looking to produce working devices. 

After identifying the photophysical properties of ligand (L1) and complexes (1) and (2) a preliminary 

study was attempted to assess the feasibility of this class of systems for surface coating with a view 

to magnetically addressable systems. Initial attempts utilised the photoluminescence lanthanides 

as this allows a less time-consuming analysis using readily available lab equipment. This preliminary 

study utilised two methods of thin film formation, the “Rapid Annealing Self-Shearing Solution” 

(RASSS) method developed by Li et a.l in 2015,154 and a more traditional spin coating technique.  

 

Figure 2.23 – Illustration of the RASSS method used to produced thin films154 

The RASSS deposition method was used by Li to produce a large single crystal surface consisting of 

an organic semiconductor for potential applications in electronics. As previously discussed, single 

crystals are limited in their use for applications due to bulk samples containing crystals of varying 

size and quality arranged in random orientations. This is true even for single crystals grown directly 

onto substrates which suffer the same issues whilst also reducing the yield and introducing an 

additional variable, the substrate lattice type. The RASSS method allows for a large single crystal, 

or an ordered array of single crystals to be readily grown onto many surfaces. The process involves 
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creating a minimal gradient upon the substrate, in this case quartz, (figure 2.23 a), and heating the 

substrate to the desired temperature to ensure rapid solvent evaporation (figure 2.23 b). The 

solution containing the compound is added covering the entire substrate with a thin layer and as 

the solvent evaporates the solution recedes along the direction of the gradient potentially forming 

ordered crystalline arrays of the chosen compound (figure 2.23 c and d). 

To prepare the quartz slide for RASSS deposition the slide was sonicated for 10 minutes in acetone, 

then isopropyl alcohol, followed by water. The slide was then submerged in ‘piranha solution’ 

(sulfuric acid:hydrogen peroxide, 3:1) for 20 minutes to remove any remaining organic matter and 

cause the surface to become hydrophilic. The slide was then removed from the solution, rinsed 

with water and then dried under a stream of nitrogen gas. 

Spin coating was the second method chosen for this preliminary study as this is a quick, simple and 

accessible technique. An in-house engineered spin-coater was used with the same substrate and 

solutions of the desired compound in order to match the RASSS method for an easy comparison.  

2.3.7.2 Thin films of (L1) 

      

Figure 2.24 – Fluorescence spectra of a RASSS produced thin film of (L1) showing the blue-white 

emission (excitation wavelength: 340 nm) immediately after formation (blue line), and 

the green emission 20 minutes later (green line) (left). Photos of these films showing 

the initial blue-white luminescence and the same film after 20 minutes showing green 

emission (right). Photos taken under long wave UV irradiation 

Initial attempts to produce thin films started with the ligand (L1) in MeOH:DMF (2:1),  

(2 mg mL-1). The formation of an optically transparent film with luminescent properties was 

achieved, however it is clear from figure 2.24 that deposition was not uniform and potentially may 

not be crystalline. 
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Immediately after formation the film showed blue-white emission under UV-irradiation (figure 2.24 

right), which is vastly different from the pale green colour observed for the (L1) solutions measured 

in section 2.2.3. Photophysical data was collected on the film (figure 2.24 left) and showed a 

maximum emission of λem = 467nm after excitation at 340 nm (λex = 340 & λem = 467). This increased 

stokes shift compared to the methanolic solution (λex = 330 & λem = 380) is not unexpected upon 

transitioning to a solid-state measurement. This phenomenon generally occurs due to greater 

intermolecular interactions in the solid-state, this effect is particularly enhanced for planar 

molecules which can stack together, such as 1,8-naphthalimides.155 After leaving the sample for 

approximately 20 minutes an even larger bathochromic shift occurs with a maximum emission at 

497 nm (λex = 340 & λem = 497) which is associated with the colour change from blue-white to green. 

The emission profile also became more defined with a narrower peak than for the blue-white 

measurement which showed a more consistent emission over a wider range, further explaining the 

“whitish” look. 

It is proposed that the change in emission from blue-white to green is due to water exposure due 

to humidity from the atmosphere, which is consistent with the behaviour discussed in the 

introduction. This is similar to a solvatochromic effect that would typically be observed in solution 

where polar solvents cause a larger Stokes shift, due to the stabilisation of the excited state, and 

the solvent-based relaxation pathway.155 In this system it is suggested that water vapour can 

permeate through the supramolecular structure between the (L1) molecules resulting in a more 

polar local environment for the naphthalimide. This theory is supported when examining the 

photophysical properties of a film stored in a dry environment which retains the blue-white 

emission for longer than one week. 

Whilst this initial result was promising, there is clearly room for improvement. Firstly, the thickness 

and uniformity of the film was difficult to control with even deposition across an entire substrate 

difficult to achieve (figure 2.24). When all variables are controlled (concentration, solution volume, 

substrate type, substrate temperature, substrate contact angle) it was still not possible to achieve 

consistent films. The differences in the physical properties of the film may play a role in the 

photophysical behaviour although there is no indication that is the case within this study. 
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2.3.7.3 RASSS thin films of (1) and (2) 

 

Figure 2.25 – Photos of a thin film of (1) produced using the RASSS method demonstrating the 

optical transparency in the visible region (left) and blue-white luminescence when 

subjected to longwave UV irradiation (right) 

Following on from the study of (L1) the complexes of the photoactive lanthanides, europium (1) 

and terbium (2) were investigated. Solutions were prepared by gently heating (1) and (2) in a 

solution of MeOH:DMF (2:1 – 3 mL) at 50 °C for a few minutes until the solids had completely 

dissolved. The solution was left to cool to room temperature before being used for RASSS thin film 

formation. In addition to (1) and (2), a new sample containing an equal mixture of europium and 

terbium was also prepared (1,2) to investigate any potential dual emission properties which can 

arise from multiple emissive lanthanides within the same system. The crystalline complexes were 

used to ensure the correct ligand to metal ratio in the final system which is important for good film 

growth. These films demonstrated near transparency in the visible region, whilst they absorbed 

light in the UV region (with subsequent emission in the visible) (figure 2.25). It should be noted that 

the film may have a different chemical structure to the single crystal data as growth may occur 

differently on a solid surface. 
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Figure 2.26 – Fluorescence spectra of RASSS produced thin films of (1) (red), (2) (blue) and (1,2) 

(green). Excitation wavelength: 340 nm  

As with the freshly formed films of (L1) the fluorescence emission appeared blue-white to the naked 

eye. The emission profile was characterised, and all three films showed a maxima around ~475 nm 

Eu (1) (λex = 340 & λem = 484), Tb (2) (λex = 340 & λem = 479), and the EuTb (1,2) (λex = 340 & λem = 

474) (figure 2.26). The intensity difference can be disregarded due to the uneven uniformity and 

differing thicknesses between the films. The lanthanide could play a possible role in changing the 

energy transfer observed for the films, however it is more likely that the naphthalimide is highly 

sensitive to the local environment and differing water content is present at the time of analysis 

resulting in the slight changes to λem. 

 

Figure 2.27 – Still images taken from a video in which water was dropped onto a freshly formed 

RASSS film of (1). Observed under long wave UV irradiation 

To test this theory a new film of (1) was prepared and examined under long wave UV irradiation, 

showing the expected blue-white emission. Water was dropped onto the film at which point the 

areas in contact immediately turned from blue-white to green. This effect propagated across the 

film and after the addition of more water the surface began to break apart and delaminate from 

the quartz slide (figure 2.27). It should be noted that this effect is unlikely to arise from dissolution 
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of (L1) as studies on this system revealed no emission in the visible region. This was supported by 

an investigation where a film was exposed to steam rather the liquid water and a similar effect was 

observed. 

      

Figure 2.28 – Phosphorescence emission spectra for the RASSS films of (1) (red), (2) (blue) and (1,2) 

(green) Excitation wavelength: 340 nm 

Whilst the fluorescence measurements were largely like that of the ligand, the addition of a 

lanthanide to the ligand can allow for phosphorescence. These films show the expected long-lived 

emission associated with the relevant lanthanide(III) ions, (figure 2.28) as seen for the crystalline 

solids in section 2.3.5. As with the fluorescence studies, little can be inferred from the relative 

intensities of the films until all the variables that effect thickness are controlled. However, when 

considering the mixed metal system (1,2) the much lower intensity of the terbium emission despite 

the equal molar amounts is indicative of the mismatch in excitation energies of the ligand and the 

terbium(III) ion (section 2.3.5). 

The sensitivity of lanthanide phosphorescence to quenching is a well-known phenomenon.36, 37, 156, 

157 In addition to the solid-state solvation effects on the naphthalimide fluorescence, quenching of 

the lanthanide phosphorescence is also likely. In order to confirm the effect of humidity and water 

vapour two RASSS films were prepared of complex (1) showing the expected blue-white 

fluorescence emission. The phosphorescence of these films was immediately investigated after 

which one was left open to the atmosphere, whilst the other stored under vacuum. After two weeks 

a second set of phosphorescence data was recorded (figure 2.29). 



Chapter 2 

126 

     

Figure 2.29 – Phosphorescence spectra of the RASSS thin films of one (1) immediately after 

synthesis (solid line) and after two weeks (dashed line) of the samples stored open to 

the atmosphere (left) and under vacuum (right). 

When comparing the phosphorescence spectra of the two films, the film stored open to the 

atmosphere showed a drastic degradation of phosphorescence emission after two weeks, whilst 

the film held under vacuum only showed small differences. Although there could be a variety of 

reasons for this difference in emission, given the conclusions drawn from the organic only films of 

(L1) it is likely that this quenching of emission occurs due to water permeating into the compound. 

Such a proposal would be in line with the observed changes to the energy of the naphthalimide 

excited state in the presence of polar compounds, reducing the energy overlap with the Eu(III) 

excited emissive state. 

2.3.7.4 Spin coating films of (1) and (2) 

Although the initial RASSS produced films were successful and showed novel photophysical 

properties including both fluorescence and phosphorescence in the visible region whilst retaining 

transparency under normal conditions, the uneven coating was a concern. In an attempt to retain 

these interesting properties whilst also increasing the uniformity and thickness of the films spin 

coating was investigated. The initial process utilised a self-produced spin coater from a magnetic 

stirrer as an easy method to test the feasibility of the method. For a closer comparison the same 

solution and substrate was utilised for both RASSS and spin coating. 
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Figure 2.30 – Fluorescence spectra of spin coated thin films of (1) (red), (2) (blue) and (1,2) (green). 

Excitation wavelength: 340 nm 

All three spin coated films appeared green under UV irradiation and showed a maximum emission 

at ~485 nm. There was significantly less variation between the λem value when compared to the 

RASSS films (figure 2.30). This fixed position is unsurprising given the initial green colour. When the 

green colour is considered to arise from the presence of water permeating into the structure, the 

initial green colour results in films that all have water present and removes the variance due to film 

age and relative atmospheric conditions, such as humidity. This suggests that the spin coating 

method appears to allow water from the start which is possible given the RASSS method relies more 

heavily on evaporation. However, there is always the fact that the films could crystallise or form in 

differing lattices which can affect the emission profile. 

     

Figure 2.31 – Thin films of (2) produced from the same solution spin coated (left) and RASSS method 

(right). Photos taken under long wave UV irradiation.  

The images of the films highlight the apparent evenness of the spin coated films, whilst also 

demonstrating that the spin coated samples have significantly less material (figure 2.31). Given the 

differences in the process this is not an unexpected result as the excess material is removed from 
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the sample at high velocities. Grazing incidence X-ray diffraction analysis was collected on a RASSS 

film and compared to the spin coated film (figure 2.32)  

 

Figure 2.32 – Grazing incidence scan of the RASSS film of (1) (orange), RASSS film of (2) (blue), and 

the spin coated film of (1) compared to the quartz slide (green) 

The grazing incidence X-ray diffraction showed some structural features hinting at an ordered array 

upon the surface. The sharp peaks at 5.16 and 10.32° 2θ correspond to d-spacings of 17.10 and 8.54 

Å respectively. Whilst the peak at 17.10 Å could correspond to the b-axis of the crystal structure 

(17.18 Å) without high angle data this is inconclusive. As the strongest signal was observed from 

the RASSS produced film of (1) another attempt at spin coating was made. 

     

Figure 2.33 – Image of spin coat from commercial device (left) and the resulting small angle X-ray 

diffraction pattern (right) 

The new spin coated sample appeared to be cleaner around the edges whilst still retaining enough 

material to be observed under UV irradiation (figure 2.33 left). As before the small angle X-ray 

diffraction pattern showed some structural features, however the sample is not crystalline across 

the entire surface and further work is required to optimise the surface coating methods to achieve 

a uniform sample for any potential devices. 
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2.4 Additional lanthanide(III) complexes of sulfonate-based N-

substituted-1,8-naphthalimides (L2) – (L4) 

2.4.1 General synthetic route to ligands (L2) – (L4)  
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Figure 2.34 – General synthetic route to the sulfonate containing N-substituted-1,8- Naphthalimide 

anions (L2) – (L4) (left to right) 

The 1,8-naphthalimide anions (L2) – (L4)·PyH were synthesised as pyridinium salts with the same 

general procedure as (L1) and as previously reported,147 where 1,8-naphthalic anhydride is reacted 

with a stoichiometric amount of the appropriate amine (L2 = 3-aminobenzoic acid, L3 = 5-amino-1-

naphthalenesulfonic acid, L4 = 5-amino-2-naphthalenesulfonic acid) during an 8 hour reflux in 

pyridine (figure 2.34). Full details of the synthesis and characterisation including detailed structural 

analyses of these compounds can be found in the paper Carter et al., Crystal Growth & Design, 

2017, 17, 5129-5144.147 

2.4.2 Crystallographic analysis of complex [Dy(L2)2(NO3)3(MeOH)](Py-H)2·H2O (6) 

A 1:1 molar ratio of (L2) and dysprosium(III) nitrate pentahydrate were dissolved in isopropyl 

alcohol:methanol:ethanol (2:1:1) in small sample vials. These were heated until the reactants were 

fully dissolved, and then allowed to stand for a few days until colourless crystals were observed and 

the low temperature (100 K) molecular structure was obtained. 
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Figure 2.35 – Asymmetric unit of (6) 

Complex (6), [Dy(L2)2(NO3)3(MeOH)](Py-H)2·H2O, crystallises in the triclinic space group P1�  and the 

asymmetric unit cell contains one Dy(III) complex, two non-coordinated pyridinium cations, and an 

interstitial water molecule (figure 2.35). The nine coordinate Dy(III) environment consists of two 

coordinated (L2) anions, (Dy1-O3 = 2.298(2) Å), (Dy1-O8 = 2.310(2) Å), three bidentate nitrate 

anions (Dy1-O60 = 2.248(2) Å), (Dy1-O62 = 2.436(2) Å), (Dy1-O70 = 2.482(2) Å), (Dy1-O72 = 2.413(2) 

Å), (Dy1-O80 = 2.461(2) Å), (Dy1-O82 = 2.424(2) Å), and a coordinated methanol (Dy1-O90 = 

2.362(2) Å). The coordination environment was analysed using the SHAPE148 software and found to 

be in the muffin geometry with a distortion of 2.087 from the ideal Cs symmetry. As with the 

complexes of (L1), the phenyl ring of the two coordinated ligands is twisted out of plane compared 

to the naphthalimide, with angles of 65° and 67° respectively.  

 

Figure 2.36 – Diagram showing the hydrogen bonding present in (6) 

In this structure four hydrogen bonding interactions are observed (figure 2.36), these occur from 

the interstitial water molecule to an oxygen on a nitrate anion [O95⋅⋅⋅O80 = 2.709(2) Å and 

<(OH⋅⋅⋅O) = 167°], from the coordinated methanol atom to a symmetry generated coordinated 

ligand of a neighbouring molecule [O90⋅⋅⋅O10 = 2.682(3) Å and <(OH⋅⋅⋅O) = 175°], and two 
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interactions from the non-coordinated pyridinium cations to the coordinated ligands, [N40⋅⋅⋅O9 = 

2.761(2) Å and <(OH⋅⋅⋅O) = 159°] and [N50⋅⋅⋅O4 = 2.761(3) Å and <(OH⋅⋅⋅O) = 176°]. 

 

Figure 2.37 – π-containing interactions present in (6) 

Unlike the previous structures, there are no π-interactions involving the 1,8-naphthalimide motif of 

the ligands. This is likely due to the disruption induced by the additional π-containing pyridinium 

cations, however, these are involved in an interaction to the phenyl motif, with ligand 1 interacting 

with pyridinium 1 [centroid⋅⋅⋅centroid = 3.738 Å], and ligand 2 with pyridinium 2 

[centroid⋅⋅⋅centroid = 3.637 Å] (figure 2.37). 

              

Figure 2.38 – Overall long range order present on (6), showing the view down the a-axis (left), and 

the view down the b-axis (right) 

Despite the lack of involvement from the naphthalimide motif, the system still arranged into 

ordered layers as seen previously (figure 2.38). 
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2.4.3 Crystallographic analysis of complex [Dy(DMSO)5(H2O)3](L3)3·3H2O·DMSO (7) 

Dysprosium(III) nitrate pentahydrate was added to a solution of (L3) in DMF:DMSO (1:1 by volume) 

in a sealed sample vial and heated to 135 °C overnight. Upon cooling the lids were removed and 

the sample was allowed to stand for one week, resulting in colourless crystals, the low temperature 

(100 K) molecular structure was obtained. 

 

Figure 2.39 – Asymmetric unit of (7) 

Complex (7), [Dy(DMSO)5(H2O)3](L3)3·3H2O·DMSO, crystallises in the monoclinic space group P21/c 

and the asymmetric unit contains one Dy(III) complex, three non-coordinated (L3) anions, two 

interstitial DMSO molecules, and three interstitial water molecules (figure 2.39). The local Dy(III) 

coordination environment consists of five coordinated DMSO molecules (Dy1-O90 = 2.345(2) Å, 

Dy1-O95 = 2.328(2) Å, Dy1-O100 = 2.349(2) Å, Dy1-O105 = 2.349(2) Å, Dy1-O110 = 2.299(2) Å), and 

three coordinated water molecules (Dy1-O120 = 2.382(2) Å, Dy1-O121 = 2.418(2) Å, Dy1-O122 = 

2.400 (2) Å). Two coordinated DMSO molecules and the interstitial DMSO are each disordered over 

two sites and modelled with 0.33/0.67 occupancy. The coordination geometry was analysed using 

SHAPE148 and exhibits square antiprismatic geometry with a distortion of 0.334 from the ideal D4d 

symmetry.  
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Figure 2.40 – Hydrogen bonding present in (7) 

In complex (7) there are nine hydrogen bonding interactions (figure 2.40), these occur from the 

coordinated water molecules to the interstitial DMSO molecules ([O121⋅⋅⋅O85 = 2.747(3) Å and 

<(OH⋅⋅⋅O) = 149°] and [O122⋅⋅⋅O115 = 2.691(3) Å and <(OH⋅⋅⋅O) = 151°]), from the coordinated water 

molecules to a non-coordinated anion ([O120⋅⋅⋅O3 = 2.697(3) Å and <(OH⋅⋅⋅O) = 157°] and 

[O121⋅⋅⋅O5 = 2.726(2) Å and <(OH⋅⋅⋅O) = 114°]). The next five interactions occur from interstitial 

water molecules to coordinated water ([O123⋅⋅⋅O120 = 2.698(3) Å and <(OH⋅⋅⋅O) = 152°]), to non-

coordinated anions ([O123⋅⋅⋅O33 = 2.754(2) Å and <(OH⋅⋅⋅O) = 174°] and [O124⋅⋅⋅O35 = 2.835(5) Å 

and <(OH⋅⋅⋅O) = 158°] and [O125⋅⋅⋅O63 = 2.753(4) Å and <(OH⋅⋅⋅O) = 150°]), finally there is a 

hydrogen bond between two interstitial water molecules ([O124⋅⋅⋅O125 = 2.784(6) Å and <(OH⋅⋅⋅O) 

= 173°]). 

 

Figure 2.41 – π-containing interactions present in (7), hydrogen atoms omitted for clarity 
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The three (L3) anions exhibit a weak π-based interaction organising them into a chain, this can be 

characterised with four centroid⋅⋅⋅centroid interactions ([centroid⋅⋅⋅centroid = 3.58 Å], 

[centroid⋅⋅⋅centroid = 3.75 Å], [centroid⋅⋅⋅centroid = 3.628 Å], [centroid⋅⋅⋅centroid = 3.67 Å]) (figure 

2.41). 

 

Figure 2.42 – Overall long range order present on (7), showing the 1D chains (A), the view down the 

a-axis (B), and the view down the b-axis (C) 

These interactions propagate throughout the structure to give the overall layered arrangement 

shown in figure 2.42. Despite the difference in the local packing interactions and structure the long-

range order is remarkably like that observed for complex (1) (figure 2.15).  
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2.4.4 Crystallographic analysis of complex [Dy(H2O)5(NO3)(MeOH)(L4)](L4)2(Py-

H)·MeOH·H2O (8) 

 

Figure 2.43 - Asymmetric unit of (8) 

Dysprosium(III) nitrate pentahydrate was added to a solution of (L4) in methanol in a small sample 

vial. The solution was gently heated until the reactants were fully dissolved and then cooled to 

room temperature. This was allowed to stand open to the atmosphere for a few days until 

colourless crystals were obtained. Complex (8) crystallised in the triclinic space  group P1�  and the 

asymmetric unit cell contains one Dy(III) complex, two non-coordinated (L4) anions, a non-

coordinated pyridinium cation, and interstitial methanol and water molecules (figure 2.43). The 

nine coordinate Dy(III) environment consists of one coordinated ligand (Dy1-O3 = 2.390(3) Å), five 

coordinated water molecules (Dy1-O105 = 2.419(4) Å), (Dy1-O106 = 2.430(3) Å), (Dy1-O107 = 

2.368(4) Å), (Dy1-O108 = 2.443(4) Å), (Dy1-O109 = 2.355(3) Å), a coordinated methanol (Dy1-O100 

= 2.354(3) Å), and a bidentate nitrate anion (Dy1-O95 = 2.493(4) Å) and (Dy1-O96 = 2.464(3) Å). The 

coordination geometry was analysed with SHAPE148 and found to be a distorted muffin with a 

distortion of 1.393 from the ideal Cs symmetry. 

The structure exhibits a complicated hydrogen bonding network of twelve interactions including 

five to symmetry equivalent neighbouring molecules. Most of these interactions originate from the 

coordinated water molecules, which are involved in nine interactions. The water molecules 

coordinate to the non-coordinated ligands ([O105⋅⋅⋅O34 = 2.754(5) Å and <(OH⋅⋅⋅O) = 157°], 

[O105⋅⋅⋅O64 = 2.798(5) Å and <(OH⋅⋅⋅O) = 168°], [O108⋅⋅⋅O33 = 2.819(5) Å and <(OH⋅⋅⋅O) = 152°], 

[O108⋅⋅⋅O63 = 2.810(6) Å and <(OH⋅⋅⋅O) = 170°], [O109⋅⋅⋅O34 = 2.720(5) Å and <(OH⋅⋅⋅O) = 170°], 

and [O109⋅⋅⋅O65 = 2.711(5) Å and <(OH⋅⋅⋅O) = 163°]), the coordinated ligand ([O106⋅⋅⋅O4 = 2.712(5) 

Å and <(OH⋅⋅⋅O) = 160°]), and to the interstitial solvent([O106⋅⋅⋅O101 = 2.731(6) Å and <(OH⋅⋅⋅O) = 

165°] and [O107⋅⋅⋅O110 = 2.636(6) Å and <(OH⋅⋅⋅O) = 130°]). In addition to the water molecules, the 
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coordinated methanol hydrogen bonds to a non-coordinated anion ([O100⋅⋅⋅O65 = 2.678(5) Å and 

<(OH⋅⋅⋅O) = 162°]) as does the interstitial methanol ([O101⋅⋅⋅O35 = 2.851(6) Å and <(OH⋅⋅⋅O) = 

167°]). Finally, there is an interaction between the pyridinium and a non-coordinated methanol 

([N90⋅⋅⋅O33 = 2.881(7) Å and <(OH⋅⋅⋅O) = 139°]). 

 

Figure 2.44 – π-containing interactions present in (8) 

The three (L4) anions exhibit a weak π-based interaction causing them to form trimers, 

unfortunately due to steric hindrance after the three anions the system is effectively capped and it 

does not repeat. These interactions can be characterised with four centroid⋅⋅⋅centroid interactions 

([centroid⋅⋅⋅centroid = 3.70 Å], [centroid⋅⋅⋅centroid = 3.75 Å], [centroid⋅⋅⋅centroid = 3.66 Å], 

[centroid⋅⋅⋅centroid = 3.70 Å]) (figure 2.44). 

 

Figure 2.45 - Long range order present in compound (8) 

Despite the presence of π-π interactions, it is interesting to note the limited success at forming 

layers in this compound, most likely due to the extensive competitive hydrogen bonding 

networking. However the final structure still consists of linear chains of Dy(III) ions (figure 2.45), 

lending support to the possibility that future work could still utilise such a system.  
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2.5 Chapter 2 conclusion 

This chapter described the synthesis of four novel sulfonate-based N-substituted-1,8-

naphthalimide ligands (L1) – (L4). A detailed study on the lanthanide complexes of (L1) was 

undertaken which demonstrates the success of 1,8-naphthalimide systems in targeted 

supramolecular engineering. These complexes were examined for their photophysical and 

magnetic properties showing early promise in both investigations. The photophysical 

measurements demonstrated the energy match between the naphthalimide and Eu(III) and Tb(III) 

ions with potential for future use in sensing applications. Out of phase AC signals were observed 

for the Dy(III) complex indicating potential single molecule magnetic behaviour, but with the 

relaxation on a timescale faster than a standard SQUID measurement can characterise. Thin films 

of Eu(III) and Tb(III) species were produced using RASSS and spin coating methods. This work 

demonstrated some structural features but highlighted the need for further work on film 

production to achieve uniform coatings. Development of more robust systems, particularly those 

soluble in a larger range of solvents would greatly aid this. 

Lanthanide-containing complexes of (L2) – (L4) were produced and structurally characterised to 

investigate how the geometry of the N-substituted sulfonate group effects the overall long-range 

order. These studies demonstrated that subtle ligand changes can result in drastic changes to the 

molecular formula and packing interactions. Despite the drastic changes, the work successfully 

proved that the inclusion of a 1,8-naphthalimide moiety results in a layered packing arrangement. 

All characterisation data supported the successful formation of the discussed systems and the 

conclusions drawn. Full synthetic and characterisation details can be found in section 2.6.  
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2.6 Experimental data 

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. The single crystal XRD measurements 

were performed 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 

with HF or VHF varimax optics using Mo-Kα I = 0.71073 Å. To determine the unit cells of the samples 

before a full measurement, the sample was attached to a goniometer head with perfluoroether oil 

and first frames were measured at different rotation angles. The measurements were carried out 

across different temperatures between 100 K and 293 K. The structures were solved using OLEX2158 

with the ShelXT159 software and refined with the ShelXL159 software package. Powder X-Ray 

diffraction measurements were performed on Bruker D2 Phaser with a Lynxeye detector 

diffractometer using Cu-Kα I = 1.5405 Å radiation. Le Bail profile fits on powder X-ray data were 

performed in Rietica 2.1149 to ensure phase identity and sample purity. The IR measurements were 

performed on a Thermo Scientific Nicolet iS10 spectrometer with Smart ITR accessory. The UV-VIS 

data was collected on a Perkin Elmer Lambda 265 spectrophotometer. Solid state UV/Vis 

measurements were performed on Shimadzu UV-2700 with a Shimadzu ISR2600 integration sphere 

using BaSO4 as a support. Samples were tested for fluorescent and phosphorescent properties on 

a Cary Eclipse Fluorescence Spectrophotometer. Magnetic susceptibility data (2-300K) were 

collected on powdered polycrystalline samples immobilised with eicosane in a polyurethane bag on 

a Quantum Design MPMS-XL SQUID magnetometer under an applied magnetic field of 0.1 T. 

Magnetization isotherms were collected at 2, 3, and 5 K between 0 and 7 T. AC measurements were 

performed at 2 K between frequencies of 1 and 1500 Hz with an oscillating field of 3 Oe without 

the need for an external fields. All data were corrected for the sample holder contribution and the 

diamagnetism of the samples estimated from Pascal’s constants. 

2.6.1 Sulfonate-based N-substituted-1,8-naphthalimides (L1) – (L4) 

2.6.1.1 General procedure 

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 h. The solution was 

cooled to room temperature, and the resulting off white powder was filtered and washed 

thoroughly with diethyl ether (30 mL) to remove residual pyridine. 
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2.6.1.2 Synthesis of N-(4-aminobenzenesulfonate)-1,8-naphthalimide (L1) 

The amine used was sulfanilic acid (2.60 g, 15 mmol). Yield: 4.59 g, 72%. Anal. Calcd for 

C23H16N2O5S·1/3H2O: C, 63.01; H, 3.83; N, 6.39. Found: C, 63.26; H, 3.55; N, 6.19. HRMS (ESI-): 

Calculated for (L1)− 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 = 8.96 (dd, J = 6.7, 1.5 Hz, 2H, Py-H), 8.65−8.60 (m, 1H, Py-

H), 8.48 (d, J = 8.0 Hz, 2H, Naph-H), 8.47 (d, J = 7.4 Hz, 2H, Naph-H), 8.10 (dd, J = 7.8, 6.7 Hz, 2H, Py-

H), 7.87 (dd, J = 8.0, 7.5 Hz, 2H, Naph-H), 7.80 (d, J = 8.5 Hz, 2H, Ph-H), 7.38 (d, J = 8.5 Hz, 2H, Ph-H). 

13C NMR (101 MHz, DMSO-d6, ppm): δ = 163.7, 147.9, 146.6, 142.1, 136.3, 134.6, 131.4, 130.8, 

128.6, 127.8, 127.4, 127.2, 126.3, 122.5. Single crystals of (L1)·Py were grown by slow evaporation 

from a methanol/DMF (5:1) solvent mixture. Crystal Data for C23H16N2O5S (M =432.44 g mol-1): 

monoclinic, space group P21/n (no. 14), a = 10.7091(2) Å, b = 9.5597(2) Å, c = 18.4216(5) Å, β = 

91.628(2)°, V = 1885.18(8) Å3, Z = 4, T = 100 K, μ(MoKα) = 0.214 mm-1, Dcalc = 1.524 g/cm3, 13021 

reflections measured (5.714° ≤ 2Θ ≤ 59.192°), 4680 unique (Rint = 0.0252, Rsigma = 0.0302) which 

were used in all calculations. The final R1 was 0.0389 (I > 2σ(I)) and wR2 was 0.1002 (all data). 

2.6.1.3 Synthesis of N-(3-Aminobenzenesulfonate)-1,8-naphthalimide (L2) 

The amine used was 3-aminobenzoic acid (2.60 g, 15 mmol). Yield: 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 (L2)- 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 = 8.95 (dd, J = 6.6, 1.5 Hz, 2H, Py-H), 8.60-8.64 (m, 1H, Py-H), 

8.48 (d, J = 8.2 Hz, 2H, Naph-H), 8.47 (d, J = 7.4 Hz, 2H, Naph-H), 8.09 (dd, J = 7.8, 6.6 Hz, 2H, Py-H), 

7.87 (dd, J = 8.5, 7.7 Hz, 2H, Naph-H), 7.76-7.73 (m, 1H, Ph-H), 7.69-7.68 (m, 1H, Ph-H), 7.52 (dd, J 

= 7.8 Hz, 1H, Ph-H), 7.39-7.36 (m, 1H, Ph-H). 13C NMR (101 MHz, DMSO-d6, ppm): δ = 163.7, 148.9, 

146.6, 142.1, 135.5, 134.5, 131.4, 130.7, 129.5, 128.5, 127.8, 127.3, 127.2, 126.4, 125.5, 122.6.  

Single crystals of (L2)·Me2NH2 were obtained as large colourless needles by slow evaporation of 

DMF (after heating at 130 °C for 12 hours). Crystal Data for C20H18N2O5S (M =398.42 g mol-1): 

triclinic, space group P1�  (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° ≤ 2𝜃𝜃 ≤ 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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2.6.1.4 Synthesis of N-(5-Amino-1-naphthalenesulfonate)-1,8-naphthalimide (L3) 

The amine used was 5-amino-1-naphthalenesulfonic acid (3.345 g, 15 mmol). Yield: 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 (L3)- 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 = 9.06 (d, J = 8.2 Hz, 1H, Nap-H), 8.93 

(dd, J = 6.5, 1.5 Hz, 2H, Py-H), 8.59-8.53 (m, 5H, 4Naph-H 1Py-H), 8.05 – 8.02 (m, 3H, 2Py-H 1Nap-

H), 7.93 (dd, J = 7.8 Hz, 2H, Naph-H), 7.80 (d, J = 8.3, Hz, 1H, Nap-H), 7.70 – 7.62 (m, 2H, Nap-H), 

7.40 (dd, J = 8.7, 7.5 Hz, 1H, Nap-H). 13C NMR (101 MHz, DMSO-d6, ppm): δ = 164.0, 146.0, 144.4, 

142.4, 134.7, 132.8, 131.6, 130.9, 130.7, 129.9, 128.5, 128.2, 127.3, 127.1, 126.7, 125.5, 125.4, 

124.7, 124.0, 122.6. Single crystals of (L3)·Py were obtained as large pale purple needles by 

recrystallization from toluene.  Crystal Data for C27H18N2O5S (M =482.49 g mol-1): 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° ≤ 2𝜃𝜃 ≤ 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). 

2.6.1.5 Synthesis of N-(5-Amino-2-naphthalenesulfonate)-1,8-naphthalimide (L4) 

The amine used was 5-amino-2-naphthalenesulfonic acid (3.345 g, 15 mmol). Yield: 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 (L4)- 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 = 8.84 (dd, J = 6.4, 1.5 Hz, 2H, Py-H), 8.57 – 8.53 (m, 4H, 

Naph-H), 8.41-8.37 (m, 1H, py-H), 8.31 (d, J = 1.2 Hz, 1H, Nap-H), 8.15 (d, J = 7.7 Hz, 1H, Nap-H), 

7.94 (dd, J = 8.0, 7.4 Hz, 2H, Naph-H), 7.91-7.88 (m, 2H, Py-H), 7.77 (d, J = 8.8, 1H, Nap-H), 7.70 – 

7.64 (m, 3H, Nap-H). 13C NMR (101 MHz, DMSO-d6, ppm): δ = 163.9, 145.9, 144.1, 143.7, 134.7, 

133.1, 132.8, 131.6, 130.9, 129.9, 129.4, 128.2, 127.6, 127.3, 126.4, 126.2, 124.9, 124.4, 122.6, 

122.4. Single crystals of (L4)·Py were obtained as large colourless needles by vapor diffusion of 

diethyl ether into methanol.  Crystal Data for C27H18N2O5S (M =482.49 g mol-1): triclinic, space group 

P1�  (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° ≤ 2𝜃𝜃 ≤ 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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2.6.2 Complexes (1) – (5) [Ln(L1)(DMSO)6(H2O)2](L1)2⋅xH2O 

2.6.2.1 General procedure 

To a solution of (L1)·Py (64.87 mg, 0.15 mmol) in DMF/DMSO (1:1, by volume 4 mL) the appropriate 

lanthanide nitrate hydrate salt (0.05 mmol) was added. This was sealed in a 20 mL scintillation vial 

and heated to 130 ℃ for 48 hours. After cooling to room temperature, the sample vials were left 

open to the atmosphere. 

2.6.2.2 Synthesis of [Eu(L1)(DMSO)5(H2O)2](L1)2·3H2O (1) 

The lanthanide nitrate hydrate salt was Eu(NO3)3·5H2O and evaporation of the reaction mixture 

gave colourless needle-like crystals (19.6 mg, 23%). Anal. Calcd., for C64H64N3O22S8Eu·3H2O (1689.67 

gmol-1): C 45.49, H 4.18, N 2.49. Found: C 45.21, H 3.85, N 2.61 %. FTIR (ATR, cm-1): 3354, 2164, 

1710, 1690, 1659, 1625, 1584, 1513, 1494, 1437, 1373, 1351, 1233, 1197, 1181, 1169, 1116, 1011. 

Crystal Data for C64H70EuN3O25S8 (M =1689.67 g mol-1): orthorhombic, space group Pbca (no. 61), 

a = 17.2897(2) Å, b = 20.8494(3) Å, c = 38.1032(5) Å, V = 13735.4(3) Å3, Z = 8, T = 99.99(10) K, 

μ(MoKα) = 1.241 mm-1, Dcalc = 1.634 g/cm3, 165323 reflections measured (5.794° ≤ 2Θ ≤ 55.754°), 

16352 unique (Rint = 0.0973, Rsigma = 0.0444) which were used in all calculations. The final R1 was 

0.0688 (I > 2σ(I)) and wR2 was 0.1641 (all data). Powder X-Ray diffraction confirmed the single 

crystal is representative of the bulk sample. Shape analysis indicates a triangular dodecahedron 

geometry with a distortion of 0.694 from the ideal D2d symmetry. 

2.6.2.3 Synthesis of [Tb(L1)(DMSO)5(H2O)2](L1)2·3H2O (2) 

The lanthanide nitrate hydrate salt was Tb(NO3)3·6H2O and evaporation of the reaction mixture 

gave colourless needle-like crystals (15.5 mg, 18%). Anal. Calcd., for C64H64N3O22S8Tb·3H2O (1696.66 

g mol-1): C 45.31, H 4.16, N 2.48. Found: C 45.21, H 3.87, N 2.60 %. FTIR (ATR, cm-1): 3359, 2169, 

1975, 1709, 1698, 1763, 1654, 1626, 1586, 1513, 1495, 1438, 1376, 1353, 1233, 1195, 1181, 1169, 

1155, 1141, 1114, 1035, 1011. Crystal Data for C64H66N3O23S8Tb (M =1660.59 gmol-1): monoclinic, 

space group P21/c (no. 14), a = 19.0593(6) Å, b = 17.2586(4) Å, c = 20.4306(6) Å, b = 90.072(3)°, V = 

6720.4(3) Å3, Z = 4, T = 100 K, μ(MoKα) = 1.383 mm-1, Dcalc = 1.641 g/cm3, 60854 reflections 

measured (4.522° ≤ 2Θ ≤ 63.984°), 21208 unique (Rint = 0.0720, Rsigma = 0.1032) which were used in 

all calculations. The final R1 was 0.0729 (I > 2σ(I)) and wR2 was 0.1782 (all data). Powder X-Ray 

diffraction confirmed the single crystal is representative of the bulk sample. Shape analysis 

indicates a triangular dodecahedron geometry with a distortion of 0.804 from the ideal D2d 

symmetry. 
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2.6.2.4 Synthesis of [Dy(L1)(DMSO)5(H2O)2](L1)2·3H2O (3) 

The lanthanide nitrate hydrate salt was Dy(NO3)3·5H2O and evaporation of the reaction mixture 

gave colourless needle-like crystals (13.7 mg, 16%). Anal. Calcd., for C64H64N3O22S8Dy·3H2O (1700.24 

g mol-1): C 45.70, H 4.07, N 2.50. Found: C 45.41, H 3.90, N 2.62 %. FTIR (ATR, cm-1): 3364, 2163, 

1710, 1698, 1670, 1654, 1626, 1586, 1514, 1498, 1437, 1375, 1353, 1233, 1195, 1182, 1170, 1154, 

1140, 1115, 1036, 1012. Crystal Data for C64H66N3O23S8Dy (M =1664.17 gmol-1): monoclinic, space 

group P21/c (no. 14), a = 19.0400(6) Å, b = 17.2402(4) Å, c = 20.4294(7) Å, β = 90.069(4)°, V = 

6706.0(4) Å3, Z = 4, T = 100 K, μ(MoKα) = 1.446 mm-1, Dcalc = 1.648 g/cm3, 43596 reflections 

measured (4.528° ≤ 2Θ ≤ 49.998°), 10991 unique (Rint = 0.1027, Rsigma = 0.0977) which were used in 

all calculations. The final R1 was 0.0736 (I > 2σ(I)) and wR2 was 0.1846 (all data). Powder X-Ray 

diffraction confirmed the single crystal is representative of the bulk sample. Shape analysis 

indicates a triangular dodecahedron geometry with a distortion of 0.771 from the ideal D2d 

symmetry. 

2.6.2.5 Synthesis of [Ho(L1)(DMSO)5(H2O)2](L1)2·3H2O (4) 

The lanthanide nitrate hydrate salt was Ho(NO3)3·5H2O and evaporation of the reaction mixture 

gave colourless needle-like crystals (15.6 mg, 18%). Anal. Calcd., for C64H64N3O22S8Ho ·3H2O 

(1702.67 g mol-1): C 45.15, H 4.14, N 2.47 Found: C 45.10, H 3.79, N 2.62 %. FTIR (ATR, cm-1): 3347, 

2358, 2106, 1709, 1699, 1670, 1653, 1625, 1585, 1513, 1498, 1438, 1374, 1351, 1319, 1249, 1231, 

1195, 1181, 1168, 1154, 1141, 1116, 1036, 1013, 1000. Crystal Data for C64H66N3O23S8Ho (M 

=1666.60 gmol-1): monoclinic, space group P21/c (no. 14), a = 19.0278(3) Å, b = 17.2419(3) Å, c = 

20.4092(4) Å, β = 89.9970(18)°, V = 6695.7(2) Å3, Z = 4, T = 100 K, μ(MoKα) = 1.514 mm-1, Dcalc = 

1.653 g/cm3, 47412 reflections measured (5.854° ≤ 2Θ ≤ 59.232°), 16577 unique (Rint = 0.0511, Rsigma 

= 0.0772) which were used in all calculations. The final R1 was 0.0627 (I > 2σ(I)) and wR2 was 0.1509 

(all data). Powder X-Ray diffraction confirmed the single crystal is representative of the bulk sample. 

Shape analysis indicates a triangular dodecahedron geometry with a distortion of 0.754 from the 

ideal D2d symmetry. 

2.6.2.6 Synthesis of [Er(L1)(DMSO)5(H2O)2](L1)2·3H2O (5) 

The lanthanide nitrate hydrate salt was Er(NO3)3·5H2O and evaporation of the reaction mixture gave 

colourless needle-like crystals (15.2 mg, 18%). Anal. Calcd., for C64H64N3O22S8Er·3H2O (1704.99 g 

mol-1): C 45.09, H 4.14, N 2.46. Found: C 45.06, H 3.83, N 2.61 %. FTIR (ATR, cm-1): 3370, 2998, 2112, 

1709, 1698, 1669, 1653, 1626, 1587, 1513, 1438, 1374, 1353, 1322, 1250, 1232, 1197, 1182, 1169, 

1141, 1115, 1035, 1012, 1000. Crystal Data for C64H66N3O23S8Er (M =1668.93 g mol-1): monoclinic, 

space group P21/c (no. 14), a = 18.9221(4) Å, b = 17.1846(4) Å, c = 20.3473(5) Å, β = 90.023(2)°, V = 
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6616.3(2) Å3, Z = 4, T = 100.0 K, μ(MoKα) = 1.604 mm-1, Dcalc = 1.675 g/cm3, 121503 reflections 

measured (4.544° ≤ 2Θ ≤ 64.4°), 22024 unique (Rint = 0.0382, Rsigma = 0.0291) which were used in all 

calculations. The final R1 was 0.0681 (I > 2σ(I)) and wR2 was 0.1837 (all data). Powder X-Ray 

diffraction confirmed the single crystal is representative of the bulk sample. Shape analysis 

indicates a triangular dodecahedron geometry with a distortion of 0.804 from the ideal D2d 

symmetry. 

2.6.3 Complex [Dy(L2)2(NO3)3(MeOH)](Py-H)2·H2O (6) 

Dysprosium(III) nitrate pentahydrate was added to a solution of  (L2) in isopropyl 

alcohol:methanol:ethanol (2:1:1) in small sample vials. The solution was gently heated until the 

reactants were fully dissolved and then cooled to room temperature. This was allowed to stand 

open to the atmosphere for a few days until colourless crystals were obtained. Crystal Data for 

C47H36.25DyN7O20.125S2 (M =1247.70 g mol-1): triclinic, space group P1�  (no. 2), a = 8.65476(12) Å, b = 

15.0663(2) Å, c = 19.3881(3) Å, α = 81.3297(13)°, β = 77.6949(13)°, γ = 74.8416(13)°, V = 

2371.97(7) Å3, Z = 2, T = 293(2) K, μ(MoKα) = 1.755 mm-1, Dcalc = 1.747 g/cm3, 28993 reflections 

measured (4.322° ≤ 2Θ ≤ 50°), 8344 unique (Rint = 0.0152, Rsigma = 0.0114) which were used in all 

calculations. The final R1 was 0.0152 (I > 2σ(I)) and wR2 was 0.0393 (all data). Shape analysis 

indicates a muffin geometry with a distortion of 2.087 from the ideal Cs symmetry. 

2.6.4 Complex [Dy(DMSO)5(H2O)3](L3)3·3H2O·DMSO (7) 

Dysprosium(III) nitrate pentahydrate was added to a solution of (L3) in DMF:DMSO (1:1) in a sealed 

sample vial. The vial was heated to 135 °C overnight. Upon cooling the lids were removed and the 

sample was allowed to sit for one week, resulting in colourless crystals. Crystal Data for 

C80H87.985DyN3O27.5S9.9975 (M =2014.53 g/mol): monoclinic, space group P21/c (no. 14), a = 

21.6758(2) Å, b = 18.46918(15) Å, c = 22.9551(2) Å, β = 110.0803(11)°, V = 8631.10(15) Å3, Z = 4, T = 

293(2) K, μ(MoKα) = 1.189 mm-1, Dcalc = 1.550 g/cm3, 69784 reflections measured (3.618° ≤ 2Θ ≤ 

49.996°), 15186 unique (Rint = 0.0236, Rsigma = 0.0166) which were used in all calculations. The final 

R1 was 0.0336 (I > 2σ(I)) and wR2 was 0.0904 (all data). Shape analysis indicates a square 

antiprismatic geometry with a distortion of 0.334 from the ideal D4d symmetry. 

2.6.5 Complex [Dy(H2O)5(NO3)(MeOH)(L4)](L4)2(Py-H)·MeOH·H2O (8) 

Dysprosium(III) nitrate pentahydrate was added to a solution of  (L4) in methanol in small sample 

vial. The solution was gently heated until the reactants were fully dissolved and then cooled to 

room temperature. This was allowed to stand open to the atmosphere for a few days until 
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colourless crystals were obtained. Crystal Data for C73H62DyN5O26S3 (M =1683.95 g/mol): triclinic, 

space group P1�  (no. 2), a = 13.6355(5) Å, b = 13.6400(6) Å, c = 20.4730(7) Å, α = 75.401(4)°, β = 

72.133(3)°, γ = 81.487(3)°, V = 3496.7(2) Å3, Z = 2, T = 293(2) K, μ(Cu Kα) = 7.320 mm-1, Dcalc = 

1.599 g/cm3, 42436 reflections measured (4.648° ≤ 2Θ ≤ 129.992°), 11849 unique (Rint = 0.0782, 

Rsigma = 0.0669) which were used in all calculations. The final R1 was 0.0533 (I > 2σ(I)) and wR2 was 

0.1394 (all data). Shape analysis indicates a muffin geometry with a distortion of 1.393 from the 

ideal Cs symmetry. 

2.6.6 Thin film formation 

2.6.6.1 Substrate preparation 

To prepare the quartz slide for RASSS deposition the slide was sonicated for 10 minutes in acetone, 

then isopropyl alcohol, followed by water. The slide was then submerged in ‘piranha solution’ 

(sulfuric acid:hydrogen peroxide, 3:1 by volume) for 20 minutes to remove any remaining organic 

matter and cause the surface to become hydrophobic. The slide was then removed from the 

solution, rinsed with water and then dried under a stream of nitrogen gas. 

2.6.6.2 RASSS method 

The substrate was placed at a small gradient and heated to the desired temperature (80 °C) to 

ensure rapid solvent evaporation. A solution containing the compound was added covering the 

entire substrate with a thin layer and left to evaporate. The solution receded along the direction of 

the gradient potentially forming ordered crystalline arrays of the chosen compound. 

2.6.6.3 Spin-coating method 

The substrate was adhered to the rotating platform and a small drop of a solution containing the 

compound was placed on the top of the substrate. The platform was turned on and started rotating 

at speeds between 1800 and 4000 rpm. This was run for 60 seconds and the excess solution was 

removed from the slide. This was completed for between 1 and 50 cycles forming a coating upon 

the slide. 
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Chapter 3 9,10-Phenanthrenesemiquinone Radical 

Containing Systems 

3.1 Introduction 

As discussed in section 1.2, semiquinone based radical systems have historically proven an 

interesting and challenging area of research. Whilst transition metal complexes of the 9,10-

phenanthrenequinone ligand were previously reported and subsequently characterised, only a 

single compound was reported with a lanthanide. This compound utilised bulky ytterbium 

formamidinates to stabilise the radical form which proved to be unnecessary in this work. 

Initially the dysprosium, yttrium, and gadolinium compounds were produced and characterised 

including detailed magnetic analysis. This was followed up with a Dy@Y sample (10% Dy into 90% 

Y) to investigate the local effect from two lanthanide ions in close proximity. To complete the 

lanthanide study, the full lanthanide series, from Sm to Lu, was produced. Finally, a selection of 

group six metal complexes involving this ligand are presented, demonstrating the difficulty of 

working with a system that features multiple sites with flexible oxidation sites. 

Throughout this chapter the oxidation state of the 9,10-phenanthrenequinone ligand is important 

and to aid discussions the crystallographically determined parameters for assigning oxidation dates 

are given below (figure 3.1, table 3.1). 

Table 3.1 – Comparison of selected bond-lengths from 9,10 phenanthrenequinone (Lq), 9,10-

phenanthrenesemiquinone (Lr) and phenanthrene-9,10-diol (Ld) (right) and the 

phenanthrensemiquinone ligand with the significant bonds (A, B, C, and D) needed to 

determine the ligand oxidation state (right) 

 A (Å) B (Å) C (Å) D (Å) 

quinone94 1.208(4) 1.541(3) 1.459(5) 1.499(5) 

semiquinone95 
1.293(2) 
1.302(2) 

1.438(3) 
1.446(3) 
1.451(3) 

1.471(3) 

diol94 
1.383(2) 
1.397(2) 

1.345(3) 
1.432(3) 
1.435(3) 

1.461(3) 

The author would like to thank Dr Thomas Kriese who began the initial work on the lanthanide 

systems during his PhD with Prof. Annie Powell at Karlsruhe Institute of Technology (2011-15). 

Details of this work can be found in his thesis (in German).160 However, the work was not fully 

completed in the timeframe of his PhD and it remained unpublished so the project was continued 
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by the author of this thesis during his PhD. To avoid the collection of duplicate data the crystal 

structures of (LrB), (LrY), and (10) discussed here were previously reported by Kriese. However, in 

these cases the same compound was produced by the author of this thesis and the unit cell was 

confirmed to be identical. All data analysis reported in this thesis was carried out by the author. 

The author would also like to thank Jonas Strecker (transition metal work) and Jonas Braun 

(lanthanide work) for their involvement in this section of the thesis during their Vertieferarbeit and 

Master’s projects respectively. Both students were supervised and directed by the author of this 

thesis and the research was conducted at Karlsruhe Institute of Technology in 2018 and 2019 

respectively.  
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3.2 Lanthanide(III) complexes of 9,10-phenanthrenesemiquinone (9) – 

(20) 

3.2.1 Synthetic route to complexes [Ln2(Lr)4(NO3)2(MeOH)2]·2MeOH (9) – (19) 

OO
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Figure 3.1 – Synthetic route for the dinuclear complexes [Ln2(Lr)4(NO3)2(MeOH)2]·2MeOH  

This reaction uses the commercial compound 9,10-phenanthrenequinone, which is reduced in situ 

to the 9,10-phenanthrenesemiquinone radical ligand in the presence of a lanthanide nitrate salt in 

methanol at 90 °C in an oven (figure 3.1). Previously this reaction involved a complicated procedure 

where the reaction mixture was heated for two weeks, then filtered, and left to stand in direct 

sunlight in clear containers, however, this proved to be unnecessary.  

 

Figure 3.2 – Colour change during the reaction of 9,10-phenanthrenequine with Ln(III) nitrate in 

methanol at 90 °C (left: initial mixture, middle: the ligand dissolves and the colour 

changes to dark green, right: the mixture is oxidised when opened to air, ultimately 

turning yellow again. 
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At the start of this work reactions were carried out in clear glass scintillation vials to monitor the 

colour change (figure 3.2), and whilst it was clear that the reaction had progressed and a radical 

species had formed, isolating a pure product proved challenging. 

3.2.1.1 Characterisation of the by-products (LrB) and (LrY) 

After leaving the reactions to stand for varying periods of time (from five days to six weeks), three 

sets of crystals were often observed. In addition to the desired compounds, two by-products were 

observed, in some cases these were the major product(s) of the reaction. The first of these 

crystallise as dark blocks (LrB), whilst the second as yellow needles (LrY), both products are dimers 

of the radical species with one showing an unusual structure where the exact nature of one of the 

oxygen atoms is unclear (figure 3.3). 

 

Figure 3.3 – Molecular structure of two by-products, (LrB) (left) and (LrY) (right) 

The first product, (LrB), was previously reported by Farid and Hess in 1969,161 however, the 

synthesis involved the use of 9-bromophenanthrene and to date no crystal structure has been 

reported in the CSD. (LrB) crystallised in the monoclinic space group P21/c with half a molecule in 

the asymmetric unit cell. 
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Table 3.2 – Comparison of selected bond-lengths from 9,10 phenanthrenequinone, 9,10-

phenanthrenesemiquinone and phenanthrene-9,10-diol, with (LrB), and (LrY) 

 A (Å) B (Å) C (Å) D (Å) 

quinone94 1.208(4) 1.541(3) 1.459(5) 1.499(5) 

semiquinone95 
1.293(2) 
1.302(2) 

1.438(3) 
1.446(3) 
1.451(3) 

1.471(3) 

diol94 
1.383(2) 
1.397(2) 

1.345(3) 
1.432(3) 
1.435(3) 

1.461(3) 

(LrB) 1.385(2) 1.358(3) 
1.438(2) 
1.439(3) 

1.459(3) 

(LrY) 1.386(2) 1.364(2) 
1.434(2) 
1.433(2) 

1.460(2) 

When comparing the bond lengths of the (LrB) system with the possible oxidation states of the free 

ligand, this molecule is clearly most similar to the diol form. This is further reinforced by the planar 

nature of the system indicating the six membered heterocycle in the centre of the molecule is the 

planar 1,4-dioxin with two double bonds (table 3.2, bond B), rather than the non-planar  

1,4-dioxane. 

As expected for a such a system there are no hydrogen bonds present, and due to the high 

symmetry of the system only a single π-based interaction between the central ring and an sp2-

carbon atom on the same ring, [centroid⋅⋅⋅C14 = 3.392 Å] is observed (figure 3.4)  

 

Figure 3.4 – π···π interaction present in (LrB) 
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Figure 3.5 – Angle between the mean planes of the non π-involved molecules in (LrB) 

The 1D chains are further arranged into a herring-bone pattern via crystal packing effects 

(potentially weak C-H···centroid interactions) giving an angle of 66.5° (figure 3.5) which results in a 

herringbone structure (figure 3.6) 

 

Figure 3.6 – Long range order present in (LrB) 

The exact synthetic route to this organic dimer is unknown however a proposed mechanism is given 

below (figure 3.7). In this mechanism the system is reduced and undergoes a double condensation 

reaction. This is probably assisted by the metal salt bringing molecules into close proximity as this 

reaction does not occur in the absence of a metal salt. 
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Figure 3.7 – Proposed mechanistic route to (LrB) 

Unfortunately, only small crystalline amounts of (LrB) were formed along with a variety of other 

solids. This hindered any useful bulk characterisation such as IR or UV-Vis spectroscopy. 

(LrY) crystallises in the monoclinic space group P21/n with half a molecule in the asymmetric unit. 

The exact nature of the of the molecule (LrY) is difficult to confirm as the oxygen atom can refine 

satisfactorily as disordered with either nitrogen or carbon. In an attempt to understand the nature 

of the molecule, the oxygen atom was modelled with a statistic disorder on the same site as a 

nitrogen atom. This was freely refined to a 67:33 oxygen:nitrogen ratio and fit the data 

appropriately. However, after reconsidering the mechanism there is no clear source of nitrogen so 

this was removed, and the site is considered to be an oxygen atom in all cases. The light colour of 

the crystals is interesting as the bond lengths confirm a semiquinone species which is expected to 

be dark in colour. This led to investigating into the potential radical nature of the system. Work in 

1994 on dibenzo-1,4-dioxin identified a radical intermediate that could be produced 

photochemically (figure 3.8) which showed a lighter colour than expected for the semiquinone and 

may be analogous to (LrY).162 
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Figure 3.8 – Photochemical reduction of dibenzo-1,4-dioxin162 

It is noteworthy that there is an unidentified ‘q-peak’ at 1.117 Å from the oxygen atom. This is 

further than a typical O-H bond and any attempts to refine it as a hydrogen atom were 

unsatisfactory. Given this ambiguity concerning the molecular composition it is proposed that this 

is a disordered crystalline radical molecule. 
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Figure 3.9 – π···π interaction present in (LrY) 

As with (LrB) there are no hydrogen bonds present, and again due to the high symmetry of the 

system only a single π-based interaction between the central ring and its symmetry generated 

equivalent [centroid⋅⋅⋅ centroid = 3.497 Å] is observed (figure 3.9)  

 

Figure 3.10 – Angle between the mean planes of the non π-involved molecules in (LrY) 

The 1D chains are further arranged into a herringbone pattern via crystal packing effects 

(potentially weak C-H···centroid interactions) giving an angle of 79.7° (figure 3.10) which is closer 

to perpendicular than previously observed, this functionally makes little difference to the overall 

packing interactions as a result (figure 3.11). 
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Figure 3.11 – Long range order present in (LrY) 

3.2.1.2 Optimising the synthetic procedure to isolate complexes 

After considering all the evidence including the proposed mechanism for the formation of the by-

products, and the colour change during the reaction, it is clear that reduction of the ligand occurs 

and therefore complexation/crystallisation is the limiting step in product formation. With the hard 

nature of the semiquinone oxygen atoms and the lanthanide(III) ions the in situ formation of the 

complex is highly likely with the metal salt providing the pathway for the reduction. This led to 

further investigation into different crystallisation methods. 

Initial attempts involved heating the scintillation vials to 90 °C for two weeks before removing them 

from the oven and placing them into a freezer set to -20 °C and leaving them for up to four weeks. 

A clear advantage of the vials is the ability to monitor crystal growth without exposing the mixture 

to the atmosphere and after four weeks crystals were only observed in some vials and not others 

(1 out of 5). This unpredictability has been a continuing difficulty thus making it challenging to 

narrow down optimal reaction conditions. 

The next strategy used vials that had been scratched on the inside surface to provide nucleation 

sites. After two weeks in the oven, crystals were observed in multiple vials (3 out of 5). However, 

these contained multiple crystal types, but yellow crystals of (LrY) were always present.  

As it was initially believed that the yellow needles could result from oxidation of the intermediate 

semiquinone, it was decided to minimise the amounts of oxygen and water in the reaction. Schlenk 

conditions using dry methanol, but still the hydrated lanthanide salt, were used. The reaction was 

heated to 90 °C and irradiated with a 60 W tungsten filament bulb. The typical colour change from 

yellow-orange to dark green occurred after 24 hours although the reaction was left heating for 3, 

5, or 7 days. After the relevant time this mixture was divided to test different crystallisation 

methods, including vapour diffusion of diethyl ether, cooling in the freezer to -20 °C, and 
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evaporation under a gentle argon flow. In all cases no crystals formed which led to premise that the 

presence of water is required, possibly as a source of protons (figure 3.8). 

After discovering that crystallisation was the issue, mixed solvent reactions were setup utilising 

differing ratios of MeCN:MeOH, ranging from (1:10 to 5:10). These were carried out in the glass 

scintillation vials in the oven at 90 °C to easily observe the course of the reaction. The higher the 

ratio of the acetonitrile the more solid was produced, although as with the scratched glass, this 

typically included more than one crystal type. On one occasion the (2:10) mixture produced the 

pure compound in low yield. 

Again, with crystallisation being deemed to be important, the nucleation surface was altered by 

switching from glass to Teflon by using Teflon-lined autoclaves. Whilst it was established that some 

water/oxygen content appeared to be necessary, it was also known that when the mixture was 

opened to the atmosphere the system was oxidised and gave unwanted by-products as well as the 

starting material. This suggested that the vials might have leaks which could allow 

oxygen/atmospheric moisture into the reaction. By switching to sealed Teflon lined autoclaves this 

possibility was eliminated. Although the early results were promising with reactions producing 

crystals some autoclaves were leaky and dried out. To stop this leakage new Teflon-lined autoclaves 

were tested, but most did not produce any crystals, possibly because of lack of nucleation sites on 

the new Teflon inserts. The original autoclaves likely had a significant number of nucleation sites 

on the inserts, as these were stained brown, rough to the touch, and had been previously used for 

solvothermal synthesis of iron nanoparticles. After removing the leaky autoclaves from further 

reactions, the remaining autoclaves consistently produced pure crystals. From this it appeared that 

a combination of methanol as the solvent and “dirty” inserts provide the most promising reaction 

conditions to investigate further. 

Following on from this working method other optimisations were investigated. The first of these 

was the reaction temperature and tests included reactions at 50 °C, 70 °C, 90 °C, and 110 °C. The 

reactions at 50 °C and 70 °C yielded little or no crystals, whilst the reactions at 90 °C and 110 °C 

both gave similar yields. As the yield was the same at 90 °C and 110 °C, 90 °C was chosen as the 

optimal temperature. The second optimisation concerned the reaction time; originally reactions 

were carried out for between two and four weeks which is a significant time investment, so test 

reactions were carried out for 1, 2, 3, 4, 5, 7, and 14 days (figure 3.12). 
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Figure 3.12 – Graph showing the yield vs time of each reaction of the complex (9), along with the 

exponential fit (left) and tabulated results (right) 

The reaction time results can be modelled using an exponential with the equation: 

𝑦𝑦 = 𝐴𝐴1  ×  𝑒𝑒𝑒𝑒𝑒𝑒
−𝑥𝑥
𝑡𝑡1 + 𝑦𝑦0 

where A1 = amplitude, t1 = time constant, and y0 = offset. This exponential model is an excellent fit 

for the data with an R-squared value of 0.995. From this graph it was determined that the optimal 

reaction time providing a good yield was between five and seven days as after this point a law of 

diminishing returns sets in. 

Finally, attempts were made to scale up the reaction and two options were explored. The first of 

these was tripling the reaction amounts whilst retaining the same volume of methanol resulting in 

a mixture with a 3-fold concentration. Despite this, the yield was about the same as the standard 

reactions and did not represent any improvement. The second attempt utilised a larger reaction 

vessel to allow a tripling of the reactants whilst keeping the concentration the same. This also 

provided a yield similar to the standard reaction amounts, which is unsurprising given the 

established sensitivity of the reaction to reactant:nucleation site ratio. For neutron diffraction 

experiments which required significant product the sample was produced in batches and combined. 
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3.2.2 Dy(III), Y(III), Gd(III) complexes [Ln2(Lr)4(NO3)2(MeOH)2]·2MeOH (9) - (11) 

The final synthesis of the complexes was carried out in methanol with a 1:1 ratio of ligand to 

lanthanide nitrate salt. These reactions utilised Teflon-lined autoclaves heated in the oven for five 

days. They were then left to stand at room temperature for 6-24 hours before being opened and 

the product collected by filtration. The resulting dark green pyramidal crystals were briefly washed 

with ice cold methanol before being left to air dry for 5-10 minutes. These provided yields of 

between 25 – 75% which was variable each time the reaction was carried out and appeared to be 

dependent upon the autoclave insert used. 

3.2.2.1 Crystallographic analysis of (9) – (11) 
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Figure 3.13 – Molecular structure of (9) (Dy) (left) and schematic (right) 

Complexes (9) – (11) are isostructural and crystallise in the orthorhombic space group Pbca, with 

half a dimer, containing two ligands, and a single lattice methanol in the asymmetric unit (figure 

3.13). The dysprosium analogue is described herein as representative of the structures. The two 

dysprosium ions are related by an inversion centre and each has a 9-coordinate geometry consisting 

of four oxygen atoms from bidentate 9,10-phenanthrenesemiquinone ligands (Dy1-O1 = 2.419(2) 

Å, Dy1-O2 = 2.283(2) Å, Dy1-O3 = 2.420(2) Å, Dy1-O4 = 2.283(2) Å), two oxygen atoms each from a 

monodentate 9,10-phenanthrenesemiquinone ligand (Dy1-O1’ = 2.598(2) Å, Dy1-O3’ = 2.495(2) Å), 

two oxygen atoms from a bidentate nitrate anion (Dy1-O5 = 2.460 (2) Å, Dy1-O6 = 2.444(2) Å) and 

one from a coordinated methanol (Dy1-O8 = 2.375(2) Å). SHAPE analysis of the local geometry 

determined that the lanthanide is in a capped square-antiprismatic geometry with a distortion of 

0.989 from the ideal C4v symmetry. There is a single hydrogen bond within this structure from the 

coordinated methanol to an interstitial methanol molecule [O97⋅⋅⋅O32 = 2.621 (4) Å and <(OH⋅⋅⋅O) 

= 165°]. 
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Table 3.3 – Comparison of selected bond-lengths from 9,10 phenanthrenequinone, 9,10-

phenanthrenesemiquinone and phenanthrene-9,10-diol, with the two ligands in (9) 

 A (Å) B (Å) C (Å) D (Å) 

quinone94 1.208(4) 1.541(3) 1.459(5) 1.499(5) 

semiquinone95 
1.293(2) 

1.302(2) 
1.438(3) 

1.446(3) 

1.451(3) 
1.471(3) 

diol94 
1.383(2) 

1.397(2) 
1.345(3) 

1.432(3) 

1.435(3) 
1.461(3) 

Ligand 1 
1.278(3) 

1.307(3) 
1.447(4) 

1.461(4) 

1.464(4) 
1.468(4) 

Ligand 2 
1.274(3) 

1.311(3) 
1.443(4) 

1.456(4) 

1.464(4) 
1.469(4) 

As seen in (LrB) and (LrY), the ligands in this complex can be characterised by the bond lengths of 

key bonds (table 3.3), and in this case are in the semiquinone form. As with the constant theme 

throughout this work, π-based interactions are a key feature here, and with the additional electron 

density in the π-system it was expected that the interaction would be stronger than observed for 

the 1,8-naphthalimide systems. 

       

Figure 3.14 – View of (9) looking through the 9,10-phenanthrenesemiquinone ligands (left) and 

looking side on the 9,10-phenanthrenesemiquinone ligands (right) 

When looking through the planes of the ligands (figure 3.14, left) a significant overlap of the stacked 

ligands is clearly observed which may indicate a strong interaction. In fact, the side view (figure 

3.14, right) highlights an interesting feature of this system, the strong interaction between the two 

stacked ligands. The shortest carbon-carbon distance is 2.678 Å, significantly shorter than twice the 

van der Waals radius of carbon at 3.40. When attempting to characterise the degree of inter-radical 

interaction crystallographically, it proved useful to examine the torsion angle, TOR1, which consists 

of atoms C7-C10 in ligand 1, and C21-C24 in ligand 2 (figure 3.15) 
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Table 3.4 – Torsion angles, and A and B distances (see above), and the existence of a radical 

enhanced π-bond (C-C distances of less than 3.2 Å). Where multiple fragments were 

present the fragment with the highest torsion angle was chosen 

CSD REF 
Code 

Torsion 
Angle (°) 

A-Distance 
(Å) 

B-Distance 
(Å) 

Evidence of Radical 
Enhanced π-bond 

PHQMOO 9.189 1.309 1.437 Yes 

QEGKUK 8.224 1.315 1.435 No 

QEGKOE 7.916 1.282 1.438 No 

FEPHSQ 7.798 1.276 1.444 No 

IGAJAB 6.761 1.27 1.434 No 

FICSOA 5.797 1.301 1.421 Yes 

BEQNUI 4.953 1.286 1.415 No 

MEQXAH01 4.743 1.289 1.42 No 

LEGFOV 4.705 1.28 1.433 No 

FUDTAZ 4.576 1.349 1.422 Yes 

CODLAK 4.356 1.301 1.411 No 

UJIQEJ 4.289 1.281 1.43 No 

ANIMOB 4.272 1.245 1.454 No 

PAFGAE 4.258 1.315 1.415 Yes 

QEGKIY 4.196 1.291 1.418 No 

BOXVAL 3.769 1.281 1.429 No 

MAFHUX 3.694 1.295 1.437 No 

BEQNOC 3.358 1.303 1.426 No 

PHSQNI 3.080 1.262 1.43 Yes 

ZAPHAC 2.796 1.286 1.448 No 

TPHQMO 2.766 1.312 1.427 No 

OGABII 1.274 1.291 1.422 No 

PADQER 1.188 1.32 1.444 No 

CODLOY 0.935 1.281 1.436 No 
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Figure 3.15 – Side view of ligand 1 (left) and ligand 2 (right) highlighting the torsion angle TOR1 and 

demonstrating the larger twist observed in ligand 2. 

The reason that this torsion angle proves insightful is due to the degree of aromaticity of the system, 

by introducing additional electrons into a π-system, the aromatic nature is broken and it tends to 

deform from completely planar. In this compound, ligand 1 is essentially planar (C7-C8-C9-C10 

torsion angle = 0.9°) whilst ligand 2 shows significant deviation from fully planar (C21-C22-C23-C24 

torsion angle = 8.5°). A search of the CSD revealed that 27 of the 43 compounds which contained 

such a ligand were in the radical form, these 27 compounds are summarised in table 3.4. Typically, 

a torsion angle larger than 3° indicated the radical form although this was not required. Despite 27 

compounds containing the radical 9,10-phenanthrenesemiquinone ligand, only five structures 

demonstrated radical enhanced π-interactions (defined here as shortest C-C distances of less than 

3.2 Å). 

These radical enhanced interactions are similar to the organic phenomenon of pancake bonds 

(section 1.2) where a multi-centred/2-electron (mc/2e) bond is formed between two stacked π-

containing radicals. This mc/2e bonding is generally restricted in organic compounds to unusual 

species, and whilst it does occur in some heavy transition metal complexes or non-typical main 

group compounds, typically the heavy elements present play a role. Observing this organic based 

mc/2e bond within a lanthanide containing species which does not strictly involve the lanthanide is 

rare. 

This strong interaction has an additional effect upon the structure, as the two radicals couple 

together and come closer than typically expected from the van der Waals radius, they also force 

the dysprosium ions into closer proximity than normally observed. The intramolecular dysprosium-

dysprosium distance is 3.34 Å, whilst the intermolecular distances are all over 9.8 Å. 

A search of the CSD (Version 5.41, November 2019) revealed 605 compounds that contain two 

dysprosium atoms as the only metals within the same molecule. Amongst these compounds there 

are 657 Dy-Dy interactions, as this accounts for symmetry and disorder. After excluding the out-

lying interactions over 10 Å, there are 619 interactions considered. Table 3.5 provides key statistical 

parameters for these interactions and shows that the mean, mode, and median all range around 

~4 Å. 
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Table 3.5 – Table of key statistical parameters of the 619 Dy-Dy interactions within the literature. 

Mean 4.5618 

Standard Error 0.0573 

Median 3.9700 

Mode 3.8450 

Standard Deviation 1.4247 

It was found that only three complexes exhibited shorter Dy-Dy interactions than observed for 

complex (9) (figure 3.16). The shortest of these, 3.189 Å, is an organometallic complex containing 

the pentadienyl dianion (pdl) with the molecular formula [Dy2(pdl)3(thf)2], this system synthesised 

by Walter and co-workers in 2018 required oxygen free conditions and produced an air and 

moisture sensitive complex. The authors did not report any dynamic magnetic properties for this 

complex.163 
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Figure 3.16 – Schematic drawings of the three complexes (CSD: XIMGIM, WEDVIN, and EXUZAZ) 

(left to right) which exhibit shorter Dy-Dy distances than (9). Dy-Dy distances of 3.19 

Å, 3.23 Å, and 3.33 Å respectively 

The second system reported in 2017 by Layfield and co-workers is also an organometallic species 

with the formula [(CpMe)2Dy(nBu)]2, and a Dy-Dy distance of 3.228Å. However, there is some 

ambiguity over the exact Dy-Dy length with the authors reporting “Only the basic cells were indexed 

for the structure solution […] and, as such, [the structure] contains large anisotropic atomic 

displacement parameters and unreliable bond lengths and angles”. This complex also required strict 

oxygen and moisture free synthesis and results in a highly unstable final product. The dynamic 

magnetic properties of this system were briefly investigated and the frequency dependence of the 

in-phase magnetic susceptibility did not produce a response either in zero or in applied DC fields.164 

The final system, a calix[4]-pyrrolyl containing complex with the formula [(n5:n1:n5:n1-R8–calix[4]-

pyrrolyl)(DyN(SiMe3)2)2], reported in 2011 by Wang and co-workers, also required challenging 
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synthesis in a dry argon atmosphere using Schlenk techniques. This structure has a Dy-Dy distance 

of 3.332 Å, and as the study was carried out to produce new catalytically active compounds, the 

magnetic properties of this system were not investigated.165 

3.2.2.2 Magnetic measurements and theoretical calculations on (9) – (11) 

The first complex investigated magnetically was the yttrium(III) analogue, (10). This compound was 

chosen as the diamagnetic lanthanoid will provide no contribution, allowing the radical ligands to 

be observed directly. The system was diamagnetic across all temperatures investigated and no 

signal was observed, this was unexpected given the clear radical nature of the 9,10-

phenanthrenesemiquinone ligand. Due to the similarities to pancake bonds, it appeared that the 

two radicals were interreacting anti-ferromagnetically and therefore providing no overall signal. 

Antiferromagnetic interactions between two electrons could also be described as a bond as in both 

cases the two spins are paired together in opposing “directions”. The ligand-ligand interaction was 

investigated further through computational methods with the assistance of Dr Tilmann Bodenstein 

under the supervision of Dr Karin Fink, both at KIT. 

 

Figure 3.17 – Schematic showing the ligand to metal bonds and the labels of the four ligands in the 

complex which were used for the quantum chemical calculations (left), and a diagram 

showing the overlap of ligands 1&2/3&4 (right) 

To assist in visualising the quantum chemical calculations, figure 3.17 was produced which shows a 

simplified bonding diagram demonstrating the connections to the lanthanides as well as labelling 

which ligands stack in pairs (ligands 1&2 as well as ligands 3&4). The right of the diagram is a top 

down view highlighting the overlap of the ligands, in particular, the large overlap of the central 

rings.  
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Figure 3.18 – Orientation of the ligand spins in the different calculations (top left), Ising operator 

(top right), relative energies of the different spin states (bottom left), total density 

difference between the high spin state and the broken symmetry state of the model 

system low spin: red, high spin blue (bottom right) 

The coupling of the π-stacked ligand pairs, e.g. 1&2 is three orders of magnitude larger than any 

other ligand pair (e.g. 1&3 and 1&4) coupling energy and corresponds to approximately 

-76 kJ mol-1 (–6341 cm-1) putting this interaction above that of a strong hydrogen-bond and 

approaching that of weak covalent bonds. In contrast, the couplings between 1&3 and 1&4, 

-3.5 cm-1, (figure 3.18) are well below the errors of the DFT calculation, as both broken-symmetry 

solutions converge to a state which does not exhibit any spin density. This means the stacked 

ligands can be described as closed shell systems and supports the description of a mc/2e bond 

rather than simple anti-ferromagnetically coupled radical states. 

This interpretation is supported by an energy decomposition analysis obtained for the high-spin 

and low-spin states of a model system (table. 3.6). The stabilisation of the low-spin state is 

dominated by increased orbital relaxation energy as well as slightly larger correlation contributions. 

The unpaired electrons of the radicals are mainly located around the semiquinonate functional 

group. In the singlet state electron density is increased between these semiquinonate groups. This 

interaction is typical of a mc/2e bond, and with the pairwise cofacial association of the planar  

π-radicals it shares significant similarity with pancake bonds. 
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Table 3.6 – Results of the energy decomposition analysis for the high-spin and low-spin states of 

the model complex of (9) 

 High Spin (HS)kJ/mol Low Spin (LS) kJ/mol ΔE (LS-HS) kJ/mol 

Total energy in Hartree -1391.008157110 -1391.033625778 -67 

Total Interaction energy -75 -141 -67 

Electrostatic Interaction -94 -94 0 

Exchange-Repulsion 302 291 -11 

Orbital Relaxation -99 -149 -50 

Correlation Interaction -69 -75 -6 

Dispersion Interaction -115 -115 0 

The DC susceptibility of [Dy2(Lr)4(NO3)2(MeOH)2]·2MeOH, (9), has a room temperature χT value of 

28.26 cm3 mol-1 K (figure 3.19 left) which is in good agreement with the theoretical value for two 

uncoupled Dy(III) ions (6H15/2, 28.14 cm3 mol-1 K). On decreasing temperature, the χT drops to a 

value of 8.35 cm3 mol-1 K in line with a depopulation of electronic mJ sub-levels. In order to estimate 

the strength of the exchange interaction between the Dy(III) centres, the Gd(III) analogue, (11) was 

measured and the magnetic data fitted with a Heisenberg model resulting in an exchange coupling 

of J = - 0.05 cm-1 (figure 3.19, right). Typically the exchange coupling for two Dy(III) centres is lower, 

which would give a value smaller than the errors on the quantum chemical calculations.  

     

Figure 3.19 –  DC susceptibility of the Dy(III) analogue (10) (left) and the Gd(III) analogue (11) (right) 

To overcome this problem, and the inherent centrosymmetry of the system, wave function-based 

ab initio calculations were performed on a model complex in order to study the magnetic 

anisotropy of Dy3+ in (10). In this model complex one Dy3+ was substituted with a diamagnetic Y3+, 

and restricted open shell (ROHF) calculations were performed for an averaged occupation of 9 

electrons in 7 f-orbitals. Then a quasi-relativistic CAS-CI computation was carried-out with software 

recently developed in Karlsruhe and Kaiserslautern using an effective spin-orbit mean field 
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operator.166, 167 The magnetic moments and static response functions obtained from ab initio 

calculations were then weighted with a Boltzmann distribution to give the final magnetic 

susceptibilities. The energies of the first 8 Kramers doublets, corresponding to the 6H15/2 ground 

state together with their respective g-factors168 are summarized in table 3.7, and the resulting  

χT vs. T plots are shown in fig. 3.21. The values are obtained by scaling the calculated values for the 

Dy-Y model complex by a factor of 2. 

Table 3.7 – Spin orbit configuration interaction calculations on a system with one Dy ion (second 

replaced by Y). Energies and g-factors of the lowest eight Kramers doublets (KD) 

State Energy (cm-1) g1 g2 g3 

KD1 00.0 00.0 00.0 19.0. 

KD2 138 00.2 00.2 17.0 

KD3 301 01.1 02.0 13.1 

KD4 380 00.4 01.3 14.6 

KD5 415 02.6 06.5 11.6 

KD6 458 00.4 01.2 11.8 

KD7 529 01.1 01.6 16.7 

KD8 707 00.0 00.1 19.6 

 

 

Figure 3.20 – Experimental susceptibilities of (9) (red dots) and calculated magnetic susceptibilities 

for the YDy model complex at 0.1 T scaled by a factor of 2 (blue curve) 

The ground state was found to have an axial g-tensor (g1 = g2 = 0, g3 = 19.8). As the molecule has 

idealised 2/m symmetry, the anisotropy axes of the Dy should lie either in the mirror plane 

(containing the Dy, nitrates, and methanol oxygens), or normal to it. The ab initio analysis shows 
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the latter is the case; the two co-parallel axes are thus perpendicular to the Dy···Dy vector (figure 

3.21).169 This is also consistent with an electron density difference map from the crystal structure, 

which shows a positive ring of difference electron density around Dy1 in the mirror plane (figure 

3.22).  

 

Figure 3.21 – Magnetic main axes (g=19.8) of the lowest Kramers doublet 

The first excited doublet is found at an energy of 138 cm-1 (197 K). The measured susceptibility 

values of (9) are in good agreement with those calculated for the model system with one Dy and 

one Y ion scaled by a factor of 2 considering additional internal magnetic fields (figure 3.20, see 

below for further discussion). 

 

Figure 3.22 – Electron density difference plot of the ‘Core’ of (9) with all C and H atoms removed. 

Positive electron density shown in green, negative electron density shown in pink. 

The dynamic properties of (9) were studied with AC susceptibility measurements between 1 and 

1500 Hz and at temperatures between 2 and 30 K. (figure 3.23) The out-of-phase susceptibility vs. 

frequency plot shows clear maxima up to a temperature of 19 K at a frequency of 1000 Hz without 

the need to apply a DC field making this a good SMM. 
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Figure 3.23 – Out-of-phase susceptibility vs temperature (left) and vs frequency (right) of (9) at 

temperatures between 2 – 30 K without an applied external field 

Analysis of an Arrhenius plot gives an energy barrier of 134 cm-1 (193 K) which is as expected lower 

than the energy of the first excited Kramers doublet and a relaxation time of 4.9 x10-8 s in the high 

temperature region. For the fitting of the relaxation time the following equation was used170: 

𝜏𝜏−1 = 𝐴𝐴𝜒𝜒 + 𝑄𝑄𝜒𝜒𝑄𝑄 +  𝐶𝐶𝜒𝜒𝑛𝑛 +  𝜏𝜏0−1𝑒𝑒−𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒/𝐾𝐾𝑏𝑏𝑇𝑇   (Equation 12) 

where the first two terms describe the direct and quantum tunnelling processes, the third is the 

Raman process, and the fourth the Orbach process. In all fits, the parameters describing direct and 

zero field tunnelling processes (quantum tunnelling of magnetisation) where found to be negligible. 

Regarding Raman processes, which are known to take an important role in lanthanide-based 

complexes171 a very good fit was obtained using the well-known n = 7 and n = 9 terms for Kramers 

doublets.170 

 

Figure 3.24 – Fitting of the relaxation times for (9), based on the fitting equation 12. Full fit (red) 

with the parameters: A=6.1x10-7 s-1 K-1, QTM=3.8x10-6 s-1, C=1.5x10-4 s-1 K-n, n=5.81, 

τ0=8.9x10-9 s, Ueff=193 K 
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In this fit, the Orbach barrier needed to be optimized to give 189.6 K which is in excellent agreement 

with the ab initio calculated barrier, but inconsistent with the Arrhenius plot. Therefore, in the 

following, the Orbach parameters were allowed to relax slightly with respect to the Arrhenius 

values (figure 3.24) to allow additional processes which employ other types of phonons to be 

considered. However, in order to prevent over-parametrization, the Raman exponent was relaxed 

and allowed to take real numbers which yielded n = 5.81. This value may be interpreted as a 

superposition of processes featuring acoustic and optical phonons.122 The primary feature to notice 

here is that the value the quantum tunnelling of magnetisation (QTM) term is 3.8x10-6 s-1 which 

indicates that this relaxation pathway is unlikely to have any effect on the lifetime of the excited 

magnetic state. 

 

Figure 3.25 – Molecular structure of a Dy2 containing system adapted from reference172 showing 

the 3.864 Å distance between the two Dy metal centres. 

The absence of fast quantum tunnelling in multinuclear SMMs with small distances between the 

magnetic centres is not unexpected as lanthanide ions are known to be able to produce internal 

magnetic fields which can influence the electronic structure of neighbouring ions. In a previous 

compound, with a Dy-Dy distance of 3.864 Å (figure 3.25), the authors related this suppression of 

quantum tunnelling to a ferromagnetic Ising type exchange interaction.172 A similar mechanism 

could be present in (9), but with an anti-ferromagnetic coupling between the two Dy(III) centres, as 

potentially suggested by the low temperature susceptibilities data. The values of such coupling 

constants depend quadratically upon the SZ value employed for the pseudo spins, and therefore 

the resulting effective coupling constant was not computed in this way. Instead a more intuitive 

approach was used where the ab initio wave functions for the theoretical YDy model complex were 

used to calculate the field induced strength induced by the lowest Kramers doublet of one Dy(III) 

ion along the Ln-Ln axis, giving B(r) = 9.16 r-3 TÅ3. Estimating the ionic radius of Dy(III) in (9) to be 

roughly 1.02 Å an “effective distance” of 1.30 Å is obtained, and thus an effective magnetic field 

acting upon the second Dy(III) ion of 4.13 T. 
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Figure 3.26 – Experimental susceptibilities of (9) (red dots), calculated magnetic susceptibilities for 

the YDy model complex at 0.1 T scaled by a factor of 2 (blue curve), and calculated for 

the same external field (0.1 T), but with an internal field added as model for the field 

induced by the second Dy in complex 9 (green curve) 

In figure 3.26, a new curve showing simulated susceptibility with an internal field has been added 

(green line). This simulation was calculated by scaling the Dy-Y model complex with an additional 

applied internal magnetic field by a factor of 2. Allowing for such an internal field improves the 

description of the low temperature region substantially, lending credence to the hypothesis that a 

strong magnetic dipole-dipole interaction is present in (9). Therefore, it is proposed that single-ion 

quantum tunnelling in (9) is supressed by the considerable, 4 T, internal magnetic field. 

In order to investigate this further, the theoretical complex where one Dy ion has been replaced by 

a Y ion to give a YDy complex, was produced. The sample was prepared using statistical doping with 

10% Dy and 90% Y starting material. If both sites are considered independent and assumed to have 

an equal chance of either metal, then the final crystals would exhibit the statistical breakdown is 

shown in table 3.8. 

Table 3.8 – Statistical breakdown of the complex distributions of Dy(III) doped Y(III) system (12) 

Site A Site B Percentage 

Y Y 0.9 x 0.9 = 81% 

Y Dy 0.9 x 0.1 = 9% 

Dy Y 0.1 x 0.9 = 9% 

Dy Dy 0.1 x 0.1 = 1% 
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This gives a final statistical composition of the powder as 81% YY, which is diamagnetic and 

therefore magnetically silent, 18% YDy which is the desired compound for investigation, and 1% 

DyDy which as a small relative amount can be cautiously ignored in the dynamic magnetic 

susceptibility data. 

  

Figure 3.27 – Out-of-phase susceptibility vs temperature (left) and vs frequency (right) of (12) at 

temperatures between 2 – 30 K without an applied external field 

The dynamic properties of (12) were studied with AC susceptibility measurements between 1 and 

1500 Hz and at temperatures between 2 and 30 K (figure 3.27). The out-of-phase susceptibility vs. 

temperature plot indicates the presence of a peak to the left of the available axis indicative of fast 

relaxation processes. The presence of multiple features in both graphs suggest more than one 

viable relaxation pathway, with the fast relaxation likely occurring as a result of quantum tunnelling 

of magnetisation. 

 

Figure 3.28 – Fitting of the relaxation times for (12) (YDy), based on the fitting equation 12. Full fit 

(red) with the parameters: A=6.1x10-7 s-1 K-1, QTM=12 s-1, C=2.3x10-3 s-1 K-n, n=4.88, 

τ0=1.9x10-8 s, Ueff=181 K 
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In order the investigate this further an Arrhenius plot was generated with the extracted data (figure 

3.28). The relaxation data was again fitted with equation 1, which gave values of A=6.1x10-7 s-1 K-1, 

QTM=12 s-1, C=2.3x10-3 s-1 K-n, n=4.88, τ0=1.9x10-8 s, Ueff=181 K. These values are similar for all terms 

with the exception of the quantum tunnelling of magnetisation term, which is now 12 s-1 up from 

3.8x10-6 s-1, an increase of around 7 orders of magnitude. This lends significant support to the theory 

that in (9) the influence from one dysprosium ion upon the other is the key to supressing the QTM, 

despite the exchange interaction of less than 0.05 cm-1, as an independent dysprosium ion would 

show little difference in either environment. 

3.2.3 Full series of lanthanides complexes [Ln2(Lr)4(NO3)2(MeOH)2]·2MeOH (9) – (20) 

After investigating the Dy2 (9), Y2 (10), Gd2 (11) and the YDy (12) samples, the remaining lanthanides 

were considered. In an attempt to produce the entire lanthanoid series the lanthanide complexes 

of the 9,10-phenanthrenesemiquinone ligands from samarium to lutecium were formed (table 3.9). 

Table 3.9 – Table of compound identifiers for the full series of lanthanoid complexes of the 9,10-

phenanthrenesemiquinone ligand 

Lanthanoid Compound Identifier 

Dy2 (9) 

Y2 (10) 

Gd2 (11) 

YDy (12) 

Sm2 (13) 

Eu2 (14) 

Tb2 (15) 

Ho2 (16) 

Er2 (17) 

Tm2 (18) 

Yb2 (19) 

Lu2 (20) 

When attempting the reaction with the larger lanthanides (lanthanum to neodymium) typically no 

crystals were observed, however, there is some precedent for a larger compound with the general 

formula [Ln2(Lr)6(MeOH)2] forming160 although that was not the case within this work. Additional 

efforts were made to isolate this larger six ligand containing system by using lanthanide salts which 
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contain anions which are unlikely to directly bond to the lanthanide ion, such as the triflate and 

chloride salts. 

3.2.3.1 Crystallographic details of (9) – (20) 

Compounds (9) – (20) are isostructural and all crystallise in the orthorhombic space group Pbca, 

with half a dimer, containing two ligands, and a single lattice methanol in the asymmetric unit (see 

section 3.2.2.1). There are slight differences in the unit cell volume due to the lanthanide 

contraction and key information is summarised in table 3.10. Throughout this chapter the 

previously discussed (9) – (11) compounds have been included for completeness. 

Table 3.10 – Table of crystal cell parameters for complexes (9) – (20) extracted from single crystal 

measurements where * indicates lattice water in place of methanol 

Compound a / Å b / Å c / Å V / Å3 
Collection Temp / 

K 

(9) – Dy 18.374(1) 15.104(1) 18.806(1) 5219.26(7) 200 

(10) – Y 18.430(2) 15.198(2) 18.657(4) 5227(6) 293 

(11) – Gd  18.484(1) 15.118(2) 18.763(2) 5243.7(7) 150 

(12) - YDy 18.336(2) 15.083(2) 18.834(2) 5209.2(1) 200 

(13) – Sm* 18.451(5) 14.947(4) 18.351(6) 5061.1(3) 293 

(14) – Eu* 18.594(2) 15.281(1) 18.383(1) 5223.3(7) 293 

(16) – Ho 18.437(2) 15.243(2) 18.780(2) 5277.6(1) 293 

(17) – Er 18.402(3) 15.241(4) 18.753(4) 5259.9(2) 293 

(18) – Tm 18.189(8) 15.032(5) 18.659(6) 5101.4(3) 293 

(19) – Yb* 18.053(6) 14.882(5) 18.355(6) 4931.1(3) 293 

(20) – Lu 18.219(2) 15.1812(2) 18.8355(3) 5238.2(1) 293 

In addition to this single crystal X-ray diffraction data, powder X-ray diffraction data was collected. 

This was fitted using Rietica 4.2173 and shows good agreement with the single crystal data, 

unfortunately unlike the data collected in chapter 2, this used a less powerful instrument and 

therefore the model cannot go above 2θ values of 40°, this results in slightly less reliable fits 

however a clear match between the powder and single crystal data is observed (table 3.11). An 
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example fit for the Dy complex (9) is shown in figure 3.29. Unfortunately, complex (18) does not 

refine successfully and any attempts to extract unit cell parameters result in unstable fits. 

Table 3.11 - Table of cell parameters found using Rietica 4.2 on the powder collected powder 

patterns, showing a reasonable match to the single crystal data 

Compound a / Å b / Å c / Å V / Å3 Rp / % 

(9) – Dy 18.405 15.171 18.361 5126 2.39 

(10) – Y 18.400 15.073 18.176 5040 6.36 

(11) – Gd  18.453 15.122 18.392 5132 1.64 

(13) – Sm 18.947 15.194 18.599 5354 3.43 

(14) – Eu 18.802 15.220 18.557 5310 3.40 

(15) – Tb 18.826 15.173 18.462 5273 4.03 

(16) – Ho 18.850 15.245 18.521 5322 6.67 

(17) – Er 18.394 15.175 18.477 5157 3.81 

(19) – Yb 18.600 15.205 18.178 5140 6.97 

(20) – Lu 17.710 14.782 18.936 4957 7.44 

 

Figure 3.29 – PXRD Pattern (black), fit (red), predicted peak positions (blue) and difference between 

predicted and calculated  pattern (green) for complex (9) 
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In figure 3.30 a visual plot of the powder X-ray diffraction patterns of (9) – (20) is shown, this easily 

demonstrates the isostructural nature of the full series.  

Table 3.12 – Table of M-M distances for the compounds (9) – (20), and schematic diagram 

Compound M-M Distance (Å) 

(9) – Dy 3.339 

(10) – Y 3.328 

(11) – Gd  3.371 

(13) – Sm 3.418 

(14) – Eu 3.402 

(15) – Tb 3.337 

(16) – Ho 3.344 

(17) – Er 3.355 

(19) – Yb 3.318 

(20) – Lu 3.319 

A key feature of this system is the short intra metal-metal distance which are summarised in table 

3.12. The Tm complex (18) has been removed due to poor quality data collection as any discussion 

of bond lengths and angles cannot be considered accurate. As expected, the M-M distance follows 

the expected trend that the later lanthanides have a shorter M-M distance due to the lanthanide 

contraction which occurs throughout the series. The two shortest Ln-Ln distances are the smallest 

ions, ytterbium and lutecium with values of 3.318 Å and 3.319 Å, respectively.  

Table 3.13 – Table of the shortest inter-ligand C-C distances for the compounds (9) – (20) 

Compound C-C Distance (Å) 

(9) – Dy 2.678 

(10) – Y 2.676 

(11) – Gd  2.686 

(13) – Sm 2.731 

(14) – Eu 2.713 

(15) – Tb 2.712 

(16) – Ho 2.676 

(17) – Er 2.680 

(19) – Yb 2.689 

(20) – Lu 2.668 
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As discussed in section 3.2.2.1, the short M-M distances are possibly a feature of the strong pancake 

like bond established between the two radical ligands. Table 3.13 provides the shortest C-C distance 

to highlight this interaction. Whilst there is a slight correlation between the M-M distance and the 

lanthanide contraction, it is much less pronounced than observed for the M-M distance. This 

provides confirmation to the theory that the ligands are the driving force behind the close 

lanthanide-lanthanide distances because the C-C distances remain largely unchanged regardless of 

the size of the lanthanide. All C-C distances are within the range expected for a pancake like bond 

and are shorter than the sum of the two van der Waals radii. 
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3.2.3.2 Infrared measurements of (9) – (20) 

The IR spectra shows identical features across the entire energy range (4000 to 400 cm-1) (figure 

3.31).  

          

 

Figure 3.31 – Stacked IR spectra (top) and overlaid IR spectra (bottom) of compounds (9) – (20) 
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3.2.3.3 Photophysical measurements of (9) – (20) 

 

Figure 3.32 – UV-Vis absorbance spectroscopy of the complexes (9) – (20) 

For complexes (9) – (20) UV-vis spectroscopy was recorded on finely ground samples suspended in 

a perfluoroether oil pressed between two quartz slides. As with other photophysical measurements 

on solids carried out in this work, the exact intensity is variable due to the amount of sample, 

particulate size, and other preparation features. However, these dark green compounds all show 

the same features with absorption bands at ~365, and ~680 nm, along with an intense absorption 

below 300 nm. The dark green colour can potentially arise from both absorption bands as green is 

unique in that absorption close to 400 and 700 nm both lead to green being observed. The very 

intense colour suggests that this is a charge transfer process, likely involving only the radical ligand 

orbitals with little to no contributions from the lanthanide f-orbitals. 

Attempts to collect the fluorescence and phosphorescence data of the europium, terbium, and 

erbium analogues were unsuccessful. The complexes were excited at both 365 nm and 680 nm 

however no signal was observed. This is unsurprising considering the intense dark colour of the 

crystals likely overwhelms the relatively weak lanthanide emissions. 
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3.2.4 Ho complex with ethanol [Ho2(Lr)4(NO3)2(EtOH)2] (21) 

Preparing the lanthanide complexes with ethanol produced a related compound which 

incorporates two ethanol species into the core unit, replacing the two coordinated methanol 

molecules, that has no lattice solvent. The a and b axis of the unit cell are switched compared to 

the holmium compound (16) with the details given in table 3.14. 

Table 3.14 – Table of crystal cell parameters for complexes (16) and (21) extracted from single 

crystal measurements 

Compound a / Å b / Å c / Å V / Å3 Collection Temp / K 

(16) – MeOH 18.3743(2) 15.1040(2) 18.8064(2) 5219.3(1) 200 

(21) - EtOH 15.3041(5) 18.2223(5) 18.3589(4) 5119.9(3) 293 

Complex (21) crystallises in the orthorhombic space group Pbca with the asymmetric unit consisting 

of one lanthanide ion, two coordinated ligands, one coordinated nitrate anion, and one coordinated 

ethanol molecule. The coordinated ethanol is disordered over two sites which was been modelled 

with 0.33/0.67 occupancy, however the terminal carbon could potentially be split further with 

higher resolution or lower temperature data. In the MeOH based complexes, the lattice methanol 

was in the space now occupied by the 0.33 EtOH molecules which is likely the reason that there are 

no observable interstitial solvent molecules. The two holmium ions are related by an inversion 

centre and therefore each one has a 9-coordinate geometry consisting of four oxygen atoms from 

bidentate 9,10-phenanthrenesemiquinone ligands (Dy1-O1 = 2.412(5) Å, Dy1-O2 = 2.282(5) Å, Dy1-

O3 = 2.403(5) Å, Dy1-O4 = 2.280(5) Å), two oxygen atoms each from a monodentate 9,10-

phenanthrenesemiquinone ligand (Dy1-O1’ = 2.529(5) Å, Dy1-O3’ = 2.558(5) Å), two oxygen atoms 

from a bidentate nitrate anion (Dy1-O5 = 2.450(6) Å, Dy1-O6 = 2.409(6) Å) and one from a 

coordinated methanol (Dy1-O8 = 2.355(6) Å). SHAPE analysis of the local geometry determined that 

the lanthanide is close to both the muffin and spherical capped square antiprism geometries with 

distortions of 1.032 and 1.064 from the ideal Cs and C4v symmetries respectively. As this structure 

features no interstitial solvent molecules, there is no appreciable hydrogen bonding present. 
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Table 3.15 – Comparison of selected bond-lengths from 9,10 phenanthrenequinone, 9,10-

phenanthrenesemiquinone and phenanthrene-9,10-diol, with the two ligands in (21) 

 A (Å) B (Å) C (Å) D (Å) 

quinone94 1.208(4) 1.541(3) 1.459(5) 1.499(5) 

semiquinone95 
1.293(2) 
1.302(2) 

1.438(3) 
1.446(3) 
1.451(3) 

1.471(3) 

diol94 
1.383(2) 
1.397(2) 

1.345(3) 
1.432(3) 
1.435(3) 

1.461(3) 

Ligand 1 
1.306(8) 
1.266(8) 

1.452(9) 
1.463(10) 
1.442(10) 

1.468(4) 

Ligand 2 
1.301(8) 
1.274(9) 

1.443(10) 
1.456(4) 
1.437(10) 

1.469(4) 

As with the all the compounds presented in this work so far, the ligands in this complex are in the 

semiquinone form which is clear from the bond lengths presented in table 3.15. 

 

Figure 3.33 – View of (21) looking through the 9,10-phenanthrenesemiquinone ligands (left) and 

looking side on the 9,10-phenanthrenesemiquinone ligands (right) 

Complex (21) exhibits a similar short carbon-carbon distance (2.720 Å vs 2.676 Å) to the methanol 

version (16) (figure 3.33), indicating that there is also a significant π-π interaction occurring here, 

this is further evidenced by the torsion angle TOR1, with the two ligands having deviations of 2.0° 

and 10.2° from fully planar (figure 3.34). 

 

Figure 3.34 – Side view of ligand 1 (left) and ligand 2 (right) highlighting the torsion angle TOR1 and 

demonstrating the larger twist observed in ligand 2 for complex (21) 
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3.3 Group six complexes of 9,10-phenanthrenesemiquinone (22) – (27) 

In addition to the lanthanide complexes in section 3.2 novel transition metal complexes were 

investigated. The initial goal for this work was to produce the complex [Cr(Lr)3]·(Lq), previously 

reported in 1978 by the groups of Pierpont and Hendrickson,93 and collect the first crystal structure. 

The next transition metal investigated was molybdenum, with the goal to reproduce the [Mo(Lr)3] 

complex, also reported by Pierpoint in 1975,92 with a view to use modern magnetic techniques to 

probe the system further than originally possible in 1975. This work provided additional challenges 

due to the variable oxidation states of chromium (+2, +3, +4, and +6) and molybdenum ions (0, +1, 

+2, +3, +4, +5, +6), compared to the largely consistent +3 oxidation state that lanthanide ions 

typically occupy. 

3.3.1 Chromium containing complexes 

3.3.1.1 Synthesis of [Cr(Lr)3] (22) and [Cr(Lr)3]·CH2Cl2 (23) 

OO

Solvent OO
Cr(CO)6

O

O O

OCr

 

Figure 3.35 – Synthetic route for the [Cr(Lr)3] containing complexes 

9,10-phenanthrenequinone and chromium hexacarbonyl were suspended in dry DCM and heated 

to 40 °C for 24 hours under Schlenk conditions, after which the solution was irradiated with a 60 W 

tungsten filament lightbulb for a further 24 hours (figure 3.35). The colour of the solution remained 

unchanged over the reaction indicating a lack of reaction. The solvent was then removed under 

reduced pressure and the crude solid (orange and white powder), likely the starting materials, were 

dissolved in toluene and heated to 110 °C under light irradiation for 24 hours (figure 3.36). 
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Figure 3.36 – Synthesis of (22) at the beginning of toluene stage of the reaction (left) and after 24 

hours (right) 

A portion of the solution was removed via a cannula with a filter into a Schlenk prepared H-Tube 

with a glass frit divider along with dry diethyl either in the second section. The vapour diffusion of 

diethyl ether under the inert conditions produced a small number of black and orange crystals. The 

black crystals were identified as the target compound (22) whilst the orange crystals proved to be 

recrystallised 9,10- phenanthrenequinone. 

Complex (23) was produced in a similar manner with the 9,10-phenanthrenequinone and chromium 

hexacarbonyl dissolved in dry DMF and heated to 90 °C for 24 hours under Schlenk conditions, after 

which it was irradiated with a 60w tungsten filament lightbulb for a further 24 hours. Using Schlenk 

conditions, a small portion of this solution was removed via a cannula with a filter into a H-Tube 

with a glass frit divider along with dry DCM in the second section. The vapour diffusion of diethyl 

ether under the inert conditions produced a small number of black crystals (23). 

3.3.1.2 Crystallographic analysis of (22) 

Complex (22) crystallises in the triclinic space group P1�  with one [Cr(Lr)3] molecule in the 

asymmetric unit. Unfortunately, the crystals were all poor quality and could not survive the full 

collection with the best measurement only reaching 30% completeness.  
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Figure 3.37 – Asymmetric unit of (22) 

Each molecule contains one chromium ion and three ligands. Unfortunately, due to the poor 

collection it is not appropriate to discuss bond lengths and angles, instead figure 3.37 shows the 

connectivity of the compound. Without enough sample for further measurements and high-quality 

single crystal X-ray diffraction data the oxidation state of the ligands is uncertain. Unlike the 

relatively constant +3 oxidation state of the lanthanide ions, chromium is known to have oxidation 

states of +2, +3, +4, and +6. Whilst it appears that the ion is in the +3 oxidation state (bond valance 

sum giving a value of 2.99) with 3 semiquinone ligands is most likely. Given the quality of the data 

it is plausible that the chromium oxidation state is +2 with two radical ligands and one neutral one. 

There are other potential options involving various combinations of the neutral, -1 and -2 ligand 

oxidation states. 

3.3.1.3 Crystallographic analysis of and (23) 

Complex (23) also crystallises in the triclinic space group P1�  with one [Cr(Lr)3] molecule and one 

interstitial dichloromethane molecule disordered over two sites, which has been modelled with 

occupancies of 50/50. The chromium metal centre has a 6-corrdinate geometry consisting of six 

oxygen atoms from three ligands (Cr1-O1 = 1.9543(14) Å, Cr1-O2 = 1.9579(14) Å, Cr1-O3 = 

1.9580(14) Å, Cr1-O4 = 1.9605(14) Å, Cr1-O5 = 1.9614(14) Å, Cr1-O6 = 1.9650(14) Å). SHAPE analysis 

of the complex indicates that the chromium ion is nearly a perfect octahedral with a distortion of 

just 0.681 from the ideal Oh geometry (figure 3.38). 
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Figure 3.38 – Asymmetric unit of (23) with one interstitial DCM removed for clarity, the remaining 

solvent is disordered over a symmetry site further complicating the disorder 

When examining the bond lengths of the ligand the semiquinone oxidation state is confirmed for 

all three ligands (table 3.16). With no detectable trace of any additional anions this indicates the 

chromium is in the +3 oxidation state which is a reasonable expectation for such a system, this was 

confirmed by a bond valence sum calculation which gave a value of 3.04. 

Table 3.16 – Comparison of selected bond-lengths from 9,10 phenanthrenequinone, 9,10-

phenanthrenesemiquinone and phenanthrene-9,10-diol, with the three ligands in (23) 

 A (Å) B (Å) C (Å) D (Å) 

quinone94 1.208(4) 1.541(3) 1.459(5) 1.499(5) 

semiquinone95 
1.293(2) 
1.302(2) 

1.438(3) 
1.446(3) 
1.451(3) 

1.471(3) 

diol94 
1.383(2) 
1.397(2) 

1.345(3) 
1.432(3) 
1.435(3) 

1.461(3) 

Ligand 1 
1.292(3) 
1.288(3) 

1.424(3) 
1.440(3) 
1.443(3) 

1.463(3) 

Ligand 2 
1.293(3) 
1.292(2) 

1.431(3) 
1.436(3) 
1.436(3) 

1.471(3) 

Ligand 3 
1.291(1) 
1.289(9) 

1.429(3) 
1.440(3) 
1.437(3) 

1.465(3) 
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Interestingly, despite the radical nature of the ligands, no enhanced π-π interaction is present 

within the structures. Instead the shortest C-C distance between two π-based systems is 3.482 Å 

(figure 3.39), which is within the expected region of a typical π-bond, and significantly longer than 

the intramolecular interaction present within the lanthanides(2.678 Å). This is also longer than the  

3.2 Å value which is an indicator of a pancake-like bond. 

 

Figure 3.39 – View of (23) looking through two of the 9,10-phenanthrenesemiquinone ligands (left) 

and looking side on the intermolecular interaction involving to 9,10-

phenanthrenesemiquinone ligands (right)  
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3.3.2 Molybdenum containing complexes 

3.3.2.1 Synthesis of [Mo(Lr)x] (24) – (27) 

OO

Solvent OO
Mo(CO)6

O

O O

OMo

 

Figure 3.40 – Planned synthetic route for [Mo(Lr)x] containing complexes (24) – (27) 

9,10-phenanthrenequinone and molybdenum hexacarbonyl were suspended in dry DCM and 

heated to 40 °C for 24 hours under Schlenk conditions with irradiation from a 60 W tungsten 

filament lightbulb. The dark green solution was filtered under Schlenk conditions, and the filtrate 

and crude solid were subjected to various crystallisation techniques. 

[Mo(Lr)(Ld)2] (24): The crude product was dissolved in dry toluene and heated to 111 °C for 5 h 

under Schlenk conditions. The solution was filtered and vapour diffusion of dry diethyl ether into 

the toluene filtrate under inert conditions resulted in small black crystals of (24). A unit cell check 

confirmed this as the structure previously reported by Pierpoint et al.92 The complex will be 

described within this work for completeness. 

[Mo2O5(Lr)2] (25): Vapour diffusion of diethyl ether into the green DCM filtrate under ambient 

conditions produced a mixture of compounds. (24) crystallised as small black plates, with (LrB) 

crystallising as black blocks and the original 9,10-phenanthrenequinone starting material 

crystallising as orange needles. 

[Mo2O(Lr)6] (26): Vapour diffusion of dry diethyl ether into the green DCM filtrate under Schlenk 

conditions produced small black crystals of (26). 

[MoO(Lr)(Ld)DMF] (27): The crude solid collected from (24) was dissolved in DMF. Vapour diffusion 

of dry DCM into the DMF solution under Schlenk conditions produced small black crystals of (27). 
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3.3.2.2 Crystallographic analysis of (24) 

Complex (24) crystallises in the triclinic space group P1�  with one molecule in the asymmetric unit. 

Each molecule consists of one molybdenum metal centre and three bidentate 9,10-

phenanthrenequinone based ligands (figure 3.41). The six coordinate complex (Mo1-O1 = 1.969 Å, 

Mo1-O2 = 1.999 Å, Mo1-O3 = 1.947 Å, Mo1-O4 = 1.939 Å, Mo1-O5 = 1.953 Å, Mo1-O6 = 1.969 Å) is 

in the trigonal prismatic geometry with a distortion of 0.158 from the ideal D3h symmetry. 

     

Figure 3.41 – Asymmetric unit of (24) shown as two different views highlighting the unusual angle 

for one ligand 

In figure 3.41 it is possible to see that the phenanthrene sections of one of the three ligands is bent 

out of plane with respect to the MoO2 plane. This is easiest to conceptualise as a distance, with the 

Mo atom lying 1.166 Å from the mean plane for the phenanthrene ring. In all other cases within 

this work so far, the metal atom generally lies on the plane of the phenanthrene ring, with minimal 

distortion. 
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Table 3.17 – Comparison of selected bond-lengths from 9,10 phenanthrenequinone, 9,10-

phenanthrenesemiquinone and phenanthrene-9,10-diol, with the three ligands in (24) 

 A (Å) B (Å) C (Å) D (Å) 

quinone94 1.208(4) 1.541(3) 1.459(5) 1.499(5) 

semiquinone95 
1.293(2) 
1.302(2) 

1.438(3) 
1.446(3) 
1.451(3) 

1.471(3) 

diol94 
1.383(2) 
1.397(2) 

1.345(3) 
1.432(3) 
1.435(3) 

1.461(3) 

Ligand 1 
1.312 
1.312 

1.427 
1.452 
1.447 

1.437 

Ligand 2 
1.349 
1.342 

1.347 
1.412 
1.440 

1.444 

Ligand 3 
1.342 
1.360 

1.349 
1.334 
1.485 

1.429 

Using the bond lengths listed in table 3.17, it appears that ligand 1, the ligand bent out of plane, is 

in the semiquinone radical form (Lr) whilst the remaining two ligands are in the -2 diol form (Ld), 

which allows the Mo atom to be assigned as Mo(V), and giving the complex the overall formula 

[Mo(Lr)(Ld)2], bond valence sum supports this assignment (5.19). 

 

Figure 3.42 – π-containing interactions present in (24)  
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There are two types of π-containing interactions present within this system the shorter interaction 

is between ligand 1 (Lr) and ligand 2 (Ld) of a neighbouring molecule with the shortest carbon-

carbon distance of 3.33 Å. This is short for a standard π-π interaction, but longer than the distances 

observed for radical enhanced bonds, such as pancake bonds. As only one radical ligand is involved 

in this interaction, it is not possible for two electrons to pair anti-ferromagnetically resulting in the 

formation of a mc/2e bond. As such, the only effect present will be additional electron density to 

assist in the interaction formation, which is demonstrated by the shorter length than the other π-

based interaction observed between ligand 3 and a symmetry generated equivalent (carbon-carbon 

distance of 3.621 Å). 

3.3.2.3 Crystallographic analysis of (25) 

 

Figure 3.43 – Asymmetric unit of (25) 

Complex (25) crystallises in the triclinic space group P1�  with two molecules in the asymmetric unit. 

Each molecule consists of two molybdenum metal centres and two 9,10-phenanthrenequinone 

based ligands, one bridging oxygen atom, and four terminal oxygen atoms. (figure 3.43). Each 

molybdenum ion is 6-coordinate, with two oxygen atoms coming from a bidentate 9,10-

phenanthrenequinone based ligand (Mo1-O1 = 2.233(3) Å, Mo1-O2 = 2.036(3) Å, Mo2-O3 = 

2.458(3) Å, Mo2-O4 = 2.029(3) Å, Mo3-O5 = 2.247(3) Å, Mo3-O6 = 2.041(3) Å, Mo4-O7 = 2.240(3) 

Å, Mo4-O8 = 2.036(3) Å), one oxygen atom from a monodentate 9,10-phenanthrenequinone based 
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ligand (Mo1-O3 = 2.458(3) Å, Mo2-O1 = 2.433(3) Å, Mo3-O7 = 2.394(3) Å, Mo4-O5 = 2.447(3) Å), 

two terminal Oxygen atoms (Mo1-O10 = 1.696(3) Å, Mo1-O11 = 1.684(4) Å, Mo2-O12 = 1.688(3) Å, 

Mo2-O13 = 1.692(3) Å, Mo3-O15 = 1.692(3) Å, Mo3-O16 = 1.684(3) Å, Mo4-O17 = 1.686(4) Å, Mo4-

O18 = 1.683(4) Å) and finally one µ2-bridging oxygen (Mo1-O9 = 1.907(3) Å, Mo2-O9 = 1.900(3) Å, 

Mo3-O14 = 1.902(3) Å, Mo4-O14 = 1.914(3) Å). The coordination geometry of the four molybdenum 

metal centres was analysed with SHAPE and showed a distorted octahedral geometry with 

distortions of 1.728, 1.708, 1.633, and 1.741 from the ideal Oh geometry for Mo1 – Mo4 

respectively. 

Table 3.18 - Comparison of selected bond-lengths from 9,10 phenanthrenequinone, 9,10-

phenanthrenesemiquinone and phenanthrene-9,10-diol, with the four ligands in (25) 

 A (Å) B (Å) C (Å) D (Å) 

quinone94 1.208(4) 1.541(3) 1.459(5) 1.499(5) 

semiquinone95 
1.293(2) 
1.302(2) 

1.438(3) 
1.446(3) 
1.451(3) 

1.471(3) 

diol94 
1.383(2) 
1.397(2) 

1.345(3) 
1.432(3) 
1.435(3) 

1.461(3) 

Ligand 1 (Mo1) 
1.307(5) 
1.304(5) 

1.424(6) 
1.435(6) 
1.433(6) 

1.456(7) 

Ligand 2 (Mo1) 
1.298(5) 
1.302(5) 

1.440(5) 
1.424(5) 
1.432(6) 

1.471(6) 

Ligand 3 (Mo2) 
1.295(5) 
1.296(5) 

1.437(5) 
1.437(5) 
1.420(6) 

1.474(6) 

Ligand 4 (Mo2) 
1.307(5) 
1.301(5) 

1.425(6) 
1.420(6) 
1.437(5) 

1.458(7) 

When examining the oxidation states of the ligands, it’s clear that all four ligands are in the 

semiquinone radical form (Lr) with the -1 oxidation state. This gives the overall molybdenum 

oxidation state for all four metal centres as Mo(VI), which is supported by bond valence sum (5.87 

and 5.86). 

The two (Lr) ligands on each metal centre have angles of 35° and 36° between their mean planes, 

Mo1 and Mo2 respectively (figure 3.44)  
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Figure 3.44 – View of each complex in (25) looking through the 9,10-phenanthrenesemiquinone 

ligands, complex 1 (Mo1 and Mo2) left, and complex 2 (Mo3 and Mo4) right 

Unlike the previous complex (24), in this case two radical ligands exhibit a π-π interaction within 

the same complex, much like the Ln2 complexes discussed in section 3.2. The shortest carbon-

carbon distances present are 2.747 Å and 2.746 Å for complex 1 and 2 respectively (figure 3.45) 

     

Figure 3.45 – View of each complex in (25) highlighting the shorted carbon-carbon distance in 

complex 1 (left) and complex 2 (right) 

In addition to the intramolecular radical enhanced π-based interaction there is also an additional 

interaction between complex 1 and a symmetry generated equivalent, and complex 2 with its 

symmetry generated equivalent. The shortest carbon-carbon distances are 3.369 Å and 3.241 Å 

respectively, which is typical for a non-radical enhanced π-π interaction. This may indicate that like 

the Ln2 systems, the intramolecular radical ligands are paired anti-ferromagnetically in a mc/2e 

bond with no available radical characteristic for bonding intermolecularly. Unfortunately, a pure 

bulk sample was not obtained so further investigations, including magnetic measurements were 

not possible. Given the d0 Mo(VI) metal centres, any radical nature of the ligands would be readily 

apparent. 
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Figure 3.46 – Intermolecular π-containing interactions present in (25) 

 

3.3.2.4 Crystallographic analysis of (26) 

 

Figure 3.47 – Asymmetric unit of (26) with Mo1 on the left, and Mo2 on the right 

Complex (26) crystallises in the monoclinic space group P21/n with one molecule, and one 

dichloromethane in the asymmetric unit. The core complex consists of two molybdenum centres, 

each bound by three 9,10-phenanthrenequinone based ligands with a single oxygen atom bridging 

the complex (figure 3.47). The first feature to notice about this complex is that the two metal 

centres have a different coordination number, with Mo1 bound by 6 oxygen atoms and whilst Mo2 

is 7- coordinate. The coordination sphere of Mo1 consists of four oxygen atoms from bidentate 

9,10-phenanthrenequinone based ligands (Mo1-O2 = 1.957(2) Å, Mo1-O3 = 2.119(3) Å, Mo1-O4 = 
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1.981(3) Å, Mo1-O5 = 1.944(3) Å), one oxygen atom from a monodentate 9,10-

phenanthrenequinone based ligand (Mo1-O7 = 1.940(3) Å) and finally an oxygen atom which forms 

a µ2-bridge to the second metal centre(Mo1-O1 = 1.771(3) Å). The distance between the non-

coordinated oxygen atom and the Mo1 metal centre 3.751(3) Å. This second centre consists of the 

bridging oxygen atom (Mo2-O1 = 2.021(3) Å), and six oxygen atom from bidentate 9,10-

phenanthrenequinone based ligands (Mo2-O8 = 2.031(3)  Å, Mo2-O9 = 2.029(3) Å, Mo2-O10 = 

2.033(3) Å, Mo2-O11 = 2.068(3) Å), Mo2-O12 = 2.044(3) Å, Mo2-O13 = 2.022(3) Å). The coordination 

geometry of the first molybdenum metal centre is octahedral with a distortion of 1.686 from the 

ideal Oh geometry, whilst the second molybdenum metal centre has a capped octahedron 

geometry with a distortion of 0.329 from the ideal C3v geometry. 

Table 3.19 - Comparison of selected bond-lengths from 9,10 phenanthrenequinone, 9,10-

phenanthrenesemiquinone and phenanthrene-9,10-diol, with the six ligands in (26) 

 A (Å) B (Å) C (Å) D (Å) 

quinone94 1.208(4) 1.541(3) 1.459(5) 1.499(5) 

semiquinone95 
1.293(2) 
1.302(2) 

1.438(3) 
1.446(3) 
1.451(3) 

1.471(3) 

diol94 
1.383(2) 
1.397(2) 

1.345(3) 
1.432(3) 
1.435(3) 

1.461(3) 

Ligand 1 (Mo1) 
1.337(4) 
1.305(4) 

1.394(5) 
1.419(5) 
1.438(5) 

1.465(6) 

Ligand 2 (Mo1) 
1.350(5) 
1.348(5) 

1.371(6) 
1.428(6) 
1.421(6) 

1.451(7) 

Ligand 3 (Mo1) 
1.357(6) 
1.355(5) 

1.367(6) 
1.422(7) 
1.429(6) 

1.447(7) 

Ligand 4 (Mo2) 
1.316(4) 
1.286(5) 

1.391(6) 
1.444(6) 
1.428(6) 

1.458(8) 

Ligand 5 (Mo2) 
1.312(5) 
1.297(5) 

1.403(5) 
1.410(5) 
1.428(6) 

1.466(6) 

Ligand 6 (Mo2) 
1.312(5) 
1.306(5) 

1.383(6) 
1.431(6) 
1.421(5) 

1.456(8) 

The complex is particularly interesting as many of the bond lengths are located in between the -1 

semiquinone (Lr) and -2 diol (Ld) form. This means that for each metal there is the possibility of a 

range of oxidation states, from Mo(III) to Mo(VI) for Mo1, and (Mo(IV) to Mo(VI) for Mo2. There 

are a few possible explanations for this unusual observation, the first is a dynamic and changing 

oxidation state of the ligands and metal centres due to a process similar to valence tautomerism 

where the ligand and the metal dynamically undergo redox processes. This could be caused by an 
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external force such as light, or the X-ray irradiation applied to the crystal during the single crystal 

X-ray diffraction data collection. However, as with standard crystal data collections, the result is an 

average of the entire sample. This means it is possible that there could be complexes where ligand 

1 is -1 (Lr)  whilst ligand two is -2 (Ld), and other complexes within the same crystal where ligand 1 

is in the -2 (Ld) oxidation state, whilst ligand 2 is in the -1 (Lr) oxidation state. When averaged over 

the entire crystal the bond lengths would appear somewhere between the semiquinone radical and 

the diol form, as seen here. The final and most unlikely option would be that there are molecules 

which are entirely in the -2 diol form, and others entirely in the -1 semiquinone radical form. This 

seems unlikely as it would require one molybdenum to be in the Mo(VII) oxidation state. Bond 

valence sum provides some insight in this molecule by giving an oxidation state of Mo(V) for Mo2 

(4.95), however Mo1 remains ambiguous with a value of 5.52, directly between Mo(V) and Mo(VI). 

 

Figure 3.48 – Intermolecular π-containing interactions present in (26) 

There are two supramolecular π-based interactions present in this system, one originating from 

each metal centre. Ligand 1 exhibits a π-based interaction to a symmetry generated ligand 1 in a 

neighbouring complex with the shortest carbon-carbon distance at 3.283 Å, whilst the same 

situation occurs with ligand 4 resulting in a carbon-carbon distance of 3.384 Å.  

To characterise this complex with respect to the ligand and metal oxidation states, variable 

temperature X-ray diffraction measurements would be informative. As there is an energy barrier 

associated with valence tautomerism it would be expected that the system becomes trapped in the 

lower energy state as the temperature is decreased. This would be shown by changes in the bond 

lengths. Other variable temperature measurements such as EPR could also provide insight into the 

oxidation states present, by both examining the oxidation state of the molybdenum ion as well as 

detecting the presence of any radical species.  
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In this system there is no evidence of the presence of a counterion, which means any changes to 

the ligand oxidation state must be compensated by the metal centre. This in turn would provide 

access to oxidation states ranging from Mo(III) to Mo(VI). 

3.3.2.5 Crystallographic analysis of (27) 

Complex (27) crystallises in the monoclinic space group P21/c with one molecule, and one 

dimethylformamide in the asymmetric unit. The complex has a single molybdenum centre with an 

O6 coordination sphere, consisting of two bidentate 9,10-phenanthrenequinone based ligands 

(Mo1-O2 = 1.9821(18) Å, Mo1-O3 = 1.9663(18) Å, Mo1-O4 = 2.0126(17) Å, Mo1-O5 = 2.1666(19) Å), 

one terminal oxygen (Mo1-O1 = 1.687(2) Å), and an oxygen from the coordinated 

dimethylformamide (Mo1-O6 = 2.0830(18) Å). SHAPE analysis of (27) shows the complex is 

octahedral with a distortion of 1.500 from the ideal Oh geometry. 

 

Figure 3.49 – Asymmetric unit of (27) with interstitial DMF removed for clarity 

Table 3.20 - Comparison of selected bond-lengths from 9,10 phenanthrenequinone, 9,10-

phenanthrenesemiquinone and phenanthrene-9,10-diol, with the two ligands in (27) 

 A (Å) B (Å) C (Å) D (Å) 

quinone94 1.208(4) 1.541(3) 1.459(5) 1.499(5) 

semiquinone95 
1.293(2) 
1.302(2) 

1.438(3) 
1.446(3) 
1.451(3) 

1.471(3) 

diol94 
1.383(2) 
1.397(2) 

1.345(3) 
1.432(3) 
1.435(3) 

1.461(3) 

Ligand 1 (Mo1) 
1.358(3) 
1.366(3) 

1.364(4) 
1.430(4) 
1.421(4) 

1.464(4) 

Ligand 2 (Mo1) 
1.307(3) 
1.289(3) 

1.412(3) 
1.412(3) 
1.434(4) 

1.466(4) 
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As with the previous structure, there is some ambiguity about the oxidation state for one of the 

ligands (ligand 1) with the carbon-oxygen bond length between that for the semiquinone and the 

diol form. However, metrics B and D are more consistent with the diol form. From these metrics 

ligand 2 is clearly in the semiquinone radical form which gives a formula of [MoO(Lr)(Ld)(DMF)] with 

a metal oxidation state of Mo(V), however bond valence sum indicates this too could feature 

disorder or a dynamic process as the Mo oxidation state is between Mo(V) and Mo(VI) with a value 

of 5.43. 

 
Figure 3.50 – Intermolecular π-containing interactions present in (27) 

There is a singular supramolecular π-containing interaction present within this structure which 

occurs between the semiquinone radical ligand 2 (Lr) and a symmetry generated equivalent. In this 

case there are four short contacts all with a carbon-carbon distance of 3.399 Å. The fact that this 

radical ligand shows no radical-enhanced π-interaction, which would be indicated by shorter 

carbon-carbon distances, probably indicates that there is an interaction between the ligand and the 

single unpaired electron of the Mo(V) metal centre. Magnetic data would help to confirm how the 

two unpaired electrons (ligand and metal) interact.  
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3.4 Chapter 3 conclusion 

In this chapter the 9,10-phenanthrenesemiquinone radical was generated in situ, from 9,10-

phenanthrenequinone as starting material. A series of dimeric lanthanide complexes, from Sm 

through to Lu, was produced and structurally and photophysically characterised (9) – (20). Initially 

the synthesis proved challenging and many attempts were made to produce the compound cleanly, 

reliably and in high yield. A small section of this work is dedicated to the optimisation of these 

reactions using Dy(III) as the testbed lanthanide. 

A key feature in these compounds is the presence of an enhanced radical-based π-interaction which 

leads to very strong interactions between two ligands on the same molecule. This intramolecular 

pancake-like bond is responsible for forcing the two lanthanide ions of the complex into close 

proximity, resulting in a complex with the shortest Dy-Dy distance in any air stable, non-

organometallic, dimer. 

This Dy system is a single molecule magnetic, with clear signals in the χ’’ susceptibility until 20 K. 

Fitting of the relaxation data shows this compound has a µeff of 105 cm-1, whilst the QTM term is 

negligible. The short Dy(III)-Dy(III) distance appears to be responsible for the quenching the QTM in 

the sample. This was confirmed by experiments on a Y(III)-Dy(III) sample where all other relaxation 

parameters were largely unchanged except for the QTM value which increased by 7 orders of 

magnitude. This result demonstrates the importance of π- based interactions in modulating SMM 

behaviour. Whilst this interaction is intramolecular and cannot reasonably be called a 

supramolecular interaction, chapter 4 details how this can be expanded to provide supramolecular 

control are provided. 

Finally, a series of group 3 complexes of the 9,10-phenanthrenequinone family are discussed. The 

work on these complexes highlights the difficulty of working with complexes capable of up to six 

oxidation states when the ligand also features three oxidation states. This preliminary work 

identified that multiple compounds are produced from individual reactions, and slight 

modifications to solvent systems can play a large role in directing the overall properties of the 

system. The transition metal work is currently at an early stage and requires a significant investment 

in time to discover and optimise synthetic conditions in order to produce each of the desired 

compounds.  
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3.5 Experimental data 

The single crystal XRD measurements were performed on an IPSD II and a STADIVARI by STOE using 

Mo-Kα I = 0.71073 Å as well as on an Agilent SuperNova using Cu-Kα radiation I = 1.5405 Å. To 

determine the unit cells of the samples before a full measurement, the sample was attached to a 

goniometer head with perfluoroether oil and first frames were measured at different rotation 

angles. The measurements were carried out across different temperatures between 100 K and 293 

K. The structures were solved using OLEX2158 with the ShelXT159 software and refined with the 

ShelXL159 software package. Powder X-Ray diffraction measurements were performed on a STOE 

STADI-P diffractometer using Cu-Kα I = 1.5405 Å radiation. Le Bail profile fits on powder X-ray data 

were performed in Rietica 4.2173 to ensure phase identity and sample purity. The IR measurements 

were performed on a Bruker Alpha Platinum ATR Diamond. The UV-VIS data was collected on a Cary 

500 Scan UV-Vis-NIR Spectrophotometer equipped with a labsphere DRA-CA-5500 detector. 

Samples were tested for fluorescent and phosphorescent properties on a Cary Eclipse Fluorescence 

Spectrophotometer. Magnetic susceptibility data (2-300K) were collected on powdered 

polycrystalline samples immobilised with eicosane in a polyurethane bag on a Quantum Design 

MPMS-XL SQUID magnetometer under an applied magnetic field of 0.1 T. Magnetization isotherms 

were collected at 2, 3, and 5 K between 0 and 7 T. AC measurements were performed at 2 K 

between frequencies of 1 and 1500 Hz with an oscillating field of 3 Oe without the need for an 

external fields. All data were corrected for the sample holder contribution and the diamagnetism 

of the samples estimated from Pascal’s constants. 

3.5.1 Complexes [Ln2(Lr)4(NO3)2(MeOH)2]·2MeOH (9) – (20) 

3.5.1.1 General procedure 

The appropriate lanthanide nitrate hydrate salt (1.04 eq., 0,50 mmol) was placed into a Teflon lined 

autoclave with 9,10-Phenanthrenequinone (1,00 eq., 0,48 mmol, 100 mg) and MeOH (10 mL). The 

autoclave was tightly sealed and placed into a preheated oven at 90 °C and left for five days. The 

autoclave was removed and left to stand at room temperature for 24 hours. The resulting green 

crystals were collected from the green solution via vacuum filtration and washed with MeOH (2x 

10 mL) before being briefly air dried on the filter paper. 

3.5.1.2 Synthesis of [Dy2(Lr)4(NO3)2(MeOH)2]·2MeOH (9) 

The lanthanide nitrate hydrate salt was Dy(NO3)3·5H2O and the final product was green pyramidal 

crystals (122 mg, 73%). FTIR (ATR, cm-1): 3465, 3070, 2958, 2115, 1601, 1565, 1521, 1479, 1455, 

1351, 1319, 1299, 1273, 1218, 1123, 1104, 1077, 1037, 1009, 935, 868. Crystal Data for. 
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C60H48Dy2N2O18 (M =1410.00 g/mol): orthorhombic, space group Pbca (no. 61), a = 18.37425(13) Å, 

b = 15.10404(13) Å, c = 18.80642(13) Å, V = 5219.26(7) Å3, Z = 4, T = 200.00(10) K, μ(Cu Kα) = 15.837 

mm-1, Dcalc = 1.794 g/cm3, 20375 reflections measured (8.92° ≤ 2Θ ≤ 141.942°), 4967 unique (Rint = 

0.0256, Rsigma = 0.0212) which were used in all calculations. The final R1 was 0.0244 (I > 2σ(I)) and 

wR2 was 0.0626 (all data). 

3.5.1.3 Synthesis of [Y2(Lr)4(NO3)2(MeOH)2]·2MeOH (10) 

The lanthanide nitrate hydrate salt was Y(NO3)3·6H2O and evaporation resulted in green pyramidal 

crystals (51 mg, 33%). FTIR (ATR, cm-1): 3465, 3070, 2958, 2115, 1601, 1565, 1521, 1479, 1455, 1351, 

1319, 1299, 1273, 1218, 1123, 1104, 1077, 1037, 1009, 935, 868. Crystal Data for C60H48N2O18Y2 

(M =1262.82 g/mol): orthorhombic, space group Pbca (no. 61), a = 18.3209(5) Å, b = 15.0280(6) Å, 

c = 18.8653(5) Å, V = 5194.1(3) Å3, Z = 4, T = 150(2) K, μ(MoKα) = 2.306 mm-1, Dcalc = 1.615 g/cm3, 

26475 reflections measured (4.446° ≤ 2Θ ≤ 58.092°), 6216 unique (Rint = 0.0538, Rsigma = 0.0655) 

which were used in all calculations. The final R1 was 0.0470 (I > 2σ(I)) and wR2 was 0.1084 (all data). 

3.5.1.4 Synthesis of [Gd2(Lr)4(NO3)2(MeOH)2]·2MeOH (11) 

The lanthanide nitrate hydrate salt was Gd(NO3)3·6H2O and the final product was green pyramidal 

crystals (25 mg, 15%). FTIR (ATR, cm-1): 3465, 3070, 2958, 2115, 1601, 1565, 1521, 1479, 1455, 1351, 

1319, 1299, 1273, 1218, 1123, 1104, 1077, 1037, 1009, 935, 868. Crystal Data for C60H48Gd2N2O18 

(M =1399.50 g/mol): orthorhombic, space group Pbca (no. 61), a = 18.4847(14) Å, b = 

15.1189(12) Å, c = 18.7631(15) Å, V = 5243.7(7) Å3, Z = 4, T = 150.15 K, μ(?) = 3.947 mm-1, Dcalc = 

1.773 g/cm3, 27426 reflections measured (5.472° ≤ 2Θ ≤ 63.406°), 6134 unique (Rint = 0.0220, Rsigma 

= 0.0180) which were used in all calculations. The final R1 was 0.0220 (I > 2σ(I)) and wR2 was 0.0545 

(all data). 

3.5.1.5 Synthesis of [Y1.82Dy0.17(Lr)4(NO3)2(MeOH)2]·2MeOH (12) 

The two lanthanide nitrate hydrate salts were Y(NO3)3·6H2O (90%) and Dy(NO3)3·5H2O (10%) and 

the final product was green pyramidal crystals (60 mg, 36%). FTIR (ATR, cm-1): 3465, 3070, 2958, 

2115, 1601, 1565, 1521, 1479, 1455, 1351, 1319, 1299, 1273, 1218, 1123, 1104, 1077, 1037, 1009, 

935, 868. Crystal Data for  C60H48Dy0.17N2O18Y1.83 (M =1275.33 g/mol): orthorhombic, space group 

Pbca (no. 61), a = 18.3362(2) Å, b = 15.0836(2) Å, c = 18.8345(2) Å, V = 5209.17(11) Å3, Z = 4, T = 

200.00(10) K, μ(Cu Kα) = 4.710 mm-1, Dcalc = 1.626 g/cm3, 29742 reflections measured (8.926° ≤ 2Θ 

≤ 142°), 4975 unique (Rint = 0.0186, Rsigma = 0.0116) which were used in all calculations. The final R1 

was 0.0191 (I > 2σ(I)) and wR2 was 0.0481 (all data). 
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3.5.1.6 Synthesis of [Sm2(Lr)4(NO3)2(MeOH)2]·2MeOH (13) 

The lanthanide nitrate hydrate salt was Sm(NO3)3·6H2O and the final product was green pyramidal 

crystals (55 mg, 33%). FTIR (ATR, cm-1): 3465, 3070, 2958, 2115, 1601, 1565, 1521, 1479, 1455, 1351, 

1319, 1299, 1273, 1218, 1123, 1104, 1077, 1037, 1009, 935, 868. Crystal Data for C59H44N2O18Sm2 

(M =1369.66 g/mol): orthorhombic, space group Pbca (no. 61), a = 14.9474(4) Å, b = 18.3507(6) Å, 

c = 18.4513(5) Å, V = 5061.1(3) Å3, Z = 4, T = 273.15 K, μ(MoKα) = 2.381 mm-1, Dcalc = 1.798 g/cm3, 

21273 reflections measured (4.15° ≤ 2Θ ≤ 66.45°), 8632 unique (Rint = 0.0411, Rsigma = 0.0447) which 

were used in all calculations. The final R1 was 0.0487 (I > 2σ(I)) and wR2 was 0.1699 (all data). 

3.5.1.7 Synthesis of [Eu2(Lr)4(NO3)2(MeOH)2]·2MeOH (14) 

The lanthanide nitrate hydrate salt was Eu(NO3)3·5H2O and the final product was green pyramidal 

crystals (77 mg, 46%). FTIR (ATR, cm-1): 3465, 3070, 2958, 2115, 1601, 1565, 1521, 1479, 1455, 1351, 

1319, 1299, 1273, 1218, 1123, 1104, 1077, 1037, 1009, 935, 868. Crystal Data for C59H44Eu2N2O18 

(M =1372.88 g/mol): orthorhombic, space group Pbca (no. 61), a = 15.2808(12) Å, b = 

18.3832(12) Å, c = 18.5941(15) Å, V = 5223.3(7) Å3, Z = 4, T = 273.15 K, μ(MoKα) = 2.461 mm-1, 

Dcalc = 1.746 g/cm3, 19823 reflections measured (4.1° ≤ 2Θ ≤ 66.504°), 8774 unique (Rint = 0.0748, 

Rsigma = 0.0762) which were used in all calculations. The final R1 was 0.0918 (I > 2σ(I)) and wR2 was 

0.3115 (all data). 

3.5.1.8 Synthesis of [Tb2(Lr)4(NO3)2(MeOH)2]·2MeOH (15) 

The lanthanide nitrate hydrate salt was Tb(NO3)3·6H2O and the final product was green pyramidal 

crystals (47 mg, 28%). FTIR (ATR, cm-1): 3465, 3070, 2958, 2115, 1601, 1565, 1521, 1479, 1455, 1351, 

1319, 1299, 1273, 1218, 1123, 1104, 1077, 1037, 1009, 935, 868. Crystal Data for C60H48N2O18Tb2 

(M =1386.80 g/mol): orthorhombic, space group Pbca (no. 61), a = 15.0744(6) Å, b = 18.8001(5) Å, 

c = 18.3938(6) Å, V = 5212.8(3) Å3, Z = 4, T = 273.15 K, μ(MoKα) = 2.772 mm-1, Dcalc = 1.767 g/cm3, 

21141 reflections measured (4.11° ≤ 2Θ ≤ 66.558°), 8962 unique (Rint = 0.0394, Rsigma = 0.0381) which 

were used in all calculations. The final R1 was 0.0424 (I > 2σ(I)) and wR2 was 0.1397 (all data). 

3.5.1.9 Synthesis of [Ho2(Lr)4(NO3)2(MeOH)2]·2MeOH (16) 

The lanthanide nitrate hydrate salt was Ho(NO3)3·5H2O and the final product was green pyramidal 

crystals (58 mg, 34%). FTIR (ATR, cm-1): 3465, 3070, 2958, 2115, 1601, 1565, 1521, 1479, 1455, 1351, 

1319, 1299, 1273, 1218, 1123, 1104, 1077, 1037, 1009, 935, 868. Crystal Data for C60H48Ho2N2O18 

(M =1414.86 g/mol): orthorhombic, space group Pbca (no. 61), a = 18.4369(2) Å, b = 15.2428(2) Å, 

c = 18.7796(2) Å, V = 5277.63(11) Å3, Z = 4, T = 293(2) K, μ(CuKα) = 6.112 mm-1, Dcalc = 1.781 g/cm3, 
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25152 reflections measured (8.878° ≤ 2Θ ≤ 141.98°), 5039 unique (Rint = 0.0252, Rsigma = 0.0195) 

which were used in all calculations. The final R1 was 0.0309 (I > 2σ(I)) and wR2 was 0.0915 (all data). 

3.5.1.10 Synthesis of [Er2(Lr)4(NO3)2(MeOH)2]·2MeOH (17) 

The lanthanide nitrate hydrate salt was Er(NO3)3·5H2O and the final product was green pyramidal 

crystals (94 mg, 55%). FTIR (ATR, cm-1): 3465, 3070, 2958, 2115, 1601, 1565, 1521, 1479, 1455, 1351, 

1319, 1299, 1273, 1218, 1123, 1104, 1077, 1037, 1009, 935, 868. Crystal Data for C60H48N2O18Y2 

(M =1262.82 g/mol): orthorhombic, space group Pbca (no. 61), a = 18.44330(10) Å, b = 

15.26750(10) Å, c = 18.76490(10) Å, V = 5283.88(5) Å3, Z = 4, T = 293(2) K, μ(Cu Kα) = 3.622 mm-1, 

Dcalc = 1.587 g/cm3, 15312 reflections measured (8.874° ≤ 2Θ ≤ 141.722°), 4999 unique (Rint = 

0.0148, Rsigma = 0.0132) which were used in all calculations. The final R1 was 0.0250 (I > 2σ(I)) and 

wR2 was 0.0679 (all data). 

3.5.1.11 Synthesis of [Tm2(Lr)4(NO3)2(MeOH)2]·2MeOH (18) 

The lanthanide nitrate hydrate salt was Tm(NO3)3·6H2O and the final product was green pyramidal 

crystals (106 mg, 63%). FTIR (ATR, cm-1): 3465, 3070, 2958, 2115, 1601, 1565, 1521, 1479, 1455, 

1351, 1319, 1299, 1273, 1218, 1123, 1104, 1077, 1037, 1009, 935, 868. Crystal Data for 

C60H48N2O18Tm2 proved to be unreliable and are therefore metric data is not presented here.  

3.5.1.12 Synthesis of [Yb2(Lr)4(NO3)2(MeOH)2]·2MeOH (19) 

The lanthanide nitrate hydrate salt was Yb(NO3)3·5H2O and the final product was green pyramidal 

crystals (32 mg, 18%). FTIR (ATR, cm-1): 3465, 3070, 2958, 2115, 1601, 1565, 1521, 1479, 1455, 1351, 

1319, 1299, 1273, 1218, 1123, 1104, 1077, 1037, 1009, 935, 868. Crystal Data for C59H44N2O18Yb2 

(M =1415.04 g/mol): orthorhombic, space group Pbca (no. 61), a = 14.8820(5) Å, b = 18.3546(6) Å, 

c = 18.0526(6) Å, V = 4931.1(3) Å3, Z = 4, T = 273.15 K, μ(MoKα) = 3.856 mm-1, Dcalc = 1.906 g/cm3, 

21100 reflections measured (4.184° ≤ 2Θ ≤ 66.29°), 8486 unique (Rint = 0.0320, Rsigma = 0.0334) which 

were used in all calculations. The final R1 was 0.0459 (I > 2σ(I)) and wR2 was 0.1474 (all data). 

3.5.1.13 Synthesis of [Lu2(Lr)4(NO3)2(MeOH)2]·2MeOH (20) 

The lanthanide nitrate hydrate salt was Lu(NO3)3·6H2O and the final product was green pyramidal 

crystals (35 mg, 20%). FTIR (ATR, cm-1): 3465, 3070, 2958, 2115, 1601, 1565, 1521, 1479, 1455, 1351, 

1319, 1299, 1273, 1218, 1123, 1104, 1077, 1037, 1009, 935, 868. Crystal Data for C60H48Lu2N2O18 

(M =1434.94 g/mol): orthorhombic, space group Pbca (no. 61), a = 18.3190(2) Å, b = 15.1812(2) Å, 

c = 18.8355(3) Å, V = 5238.24(12) Å3, Z = 4, T = 293(2) K, μ(CuKα) = 7.731 mm-1, Dcalc = 1.820 g/cm3, 

15476 reflections measured (8.904° ≤ 2Θ ≤ 141.88°), 4973 unique (Rint = 0.0236, Rsigma = 0.0251) 

which were used in all calculations. The final R1 was 0.0261 (I > 2σ(I)) and wR2 was 0.0653 (all data). 
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3.5.2 Complex (21) [Ho2(Lr)4(NO3)2(EtOH)2]  

3.5.2.1 Synthesis of [Ho2(Lr)4(NO3)2(EtOH)2] (21)  

Ho(NO3)3·5H2O (1.04 eq., 0.50 mmol) was placed into a Teflon lined autoclave with 9,10-

Phenanthrenequinone (1.00 eq., 0.48 mmol, 100 mg) and EtOH (10 mL). The autoclave was tightly 

sealed and placed into a preheated oven at 90 °C and left for five days. The autoclave was removed 

and left to stand at room temperature for 24 hours. The resulting green crystals were collected 

from the green solution via vacuum filtration and washed with MeOH (2x 10 mL) before being 

briefly air dried on the filter paper. The final product was green pyramidal crystals (15 mg, 9%). FTIR 

(ATR, cm-1): 3465, 3070, 2958, 2115, 1601, 1565, 1521, 1479, 1455, 1351, 1319, 1299, 1273, 1218, 

1123, 1104, 1077, 1037, 1009, 935, 868. Crystal Data for C60H44Ho2N2O16 (M =1378.83 g/mol): 

orthorhombic, space group Pbca (no. 61), a = 15.3041(5) Å, b = 18.2223(5) Å, c = 18.3589(4) Å, V = 

5119.9(2) Å3, Z = 4, T = 293(2) K, μ(CuKα) = 6.253 mm-1, Dcalc = 1.789 g/cm3, 14803 reflections 

measured (8.952° ≤ 2Θ ≤ 141.262°), 4812 unique (Rint = 0.0213, Rsigma = 0.0200) which were used in 

all calculations. The final R1 was 0.0585 (I > 2σ(I)) and wR2 was 0.1931 (all data). 

3.5.3 Complexes [Cr(Lr)3]·Solvent (22) and (23) 

3.5.3.1 Synthesis of [Cr(Lr)3] (22) 

Under an inert atmosphere with dry solvents, 9,10-phenanthrenequinone (3.00 eq, 2.40 mmol, 500 

mg) and chromium hexacarbonyl (1.00 eq 0.80 mmol. 176 mg) were suspended in DCM (20 mL). 

The solution was heated to 40 °C for 24 hours, at which point it was irradiated with light for further 

24 hours. The solvent was removed under reduced pressure. The crude product was dissolved in 

toluene and heated to 111 °C under light irradiation for 24 hours. The solution was filtered and the 

residue dried and analysed by IR. FTIR (ATR, cm-1): 1597, 1572, 1486, 1455, 1383, 1295, 1260, 1229, 

1162, 1116, 1080, 1036, 942, 788, 755, 714, 688, 628, 538, 466, 433, 413. Vapour diffusion of dry 

diethyl ether into a portion of the filtrate produced small black crystals of (22). These poor-quality 

crystals were unable to survive a full collection however the connectivity was established and 

discussed in this work. Crystal Data for C42H24CrO6 (M =676.61 g/mol): triclinic, space group P1�  (no. 

2), a = 8.2589(8) Å, b = 12.3587(11) Å, c = 16.9842(18) Å, α = 97.496(10)°, β = 91.320(11)°, γ = 

92.001(8)°, V = 1717.0(3) Å3, Z = 2, T = 200.00(10) K, μ(CuKα) = 3.135 mm-1, Dcalc = 1.309 g/cm3, 

2283 reflections measured (10.722° ≤ 2Θ ≤ 140.672°), 1917 unique (Rint = 0.0074, Rsigma = 0.0254) 

which were used in all calculations. The final R1 was 0.1434 (I > 2σ(I)) and wR2 was 0.4371 (all data). 
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3.5.3.2 Synthesis of [Cr(Lr)3]·CH2Cl2 (23) 

Under an inert atmosphere with dry solvents, 9,10-phenanthrenequinone (2.00 eq, 2.40 mmol, 500 

mg) and chromium hexacarbonyl (1.00 eq 1.19 mmol. 261 mg) were dissolved in in DMF (20 mL). 

The solution was heated to 90 °C for 24 hours, at which point it was irradiated with a 60w tungsten 

filament lightbulb light for further 24 hours. The solvent was removed under reduced pressure and 

the residue dissolved in toluene and heated to 110 °C for 24 hours. The solvent was removed under 

reduced pressure and the crude product analysed by IR. FTIR (ATR, cm-1): 1642, 1486, 1455, 1424, 

1383, 1365, 1338, 1295. 1231, 1162, 1114, 1080, 1024, 942, 866, 788, 755, 720, 688, 68, 538, 464, 

433, 415. This sold dissolved in dry DMF and subjected to DCM diffusion under Schlenk conditions 

resulting in small back crystals or (23). Crystal Data for C43H26Cl2CrO6 (M =761.54 g/mol): triclinic, 

space group P1�  (no. 2), a = 8.0887(2) Å, b = 12.2503(4) Å, c = 16.9986(5) Å, α = 98.529(2)°, β = 

90.960(2)°, γ = 95.657(2)°, V = 1656.79(8) Å3, Z = 2, T = 200.15 K, μ(CuKα) = 4.767 mm-1, Dcalc = 

1.527 g/cm3, 24337 reflections measured (5.26° ≤ 2Θ ≤ 141.914°), 6298 unique (Rint = 0.0185, Rsigma 

= 0.0189) which were used in all calculations. The final R1 was 0.0384 (I > 2σ(I)) and wR2 was 0.1150 

(all data). 

3.5.4 Complexes [Mo(Lr)x] (24) - (27) 

3.5.4.1 General procedure 

9,10-phenanthrenequinone (5.00 eq, 4.83 mmol, 1005mg) and molybdenum hexacarbonyl (1.00 

eq, 0.95 mmol, 250 mg) were suspended in DCM (30 mL) and heated to 40 °C for 24 hours under 

irradiation from a 60w tungsten filament lightbulb. The dark green solution was filtered under 

Schlenk, and the filtrate and crude solid were subjected to various crystallisation techniques. 

3.5.4.2 Synthesis of [Mo(Lr)(Ld)2] (24) 

The crude product was dissolved in dry toluene and heated to 111 °C for 5 h under Schlenk 

conditions. The solution was filtered and vapour diffusion of dry diethyl ether into the toluene 

filtrate under inert conditions resulted in small black crystals of (24). A unit cell check confirmed 

this as the structure previously reported by Pierpoint et al. As the compound was fully analysed in 

their 1975 paper, no further characterisation was undertaken.92  

3.5.4.3 Synthesis of [Mo2O5(Lr)2] (25) 

Vapour diffusion of diethyl ether into the green DCM filtrate under ambient conditions produced a 

mixture of compounds. (LrB) crystallised as black blocks, the original 9,10-phenanthrenequinone 

starting material crystallised as orange needles, whilst the title compound (25) crystallised as small 
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black plates. Crystal Data for C29H18Cl2Mo2O9 (M =773.21 g/mol): triclinic, space group P1�  (no. 2), 

a = 10.1158(8) Å, b = 10.3250(6) Å, c = 12.8394(10) Å, α = 84.812(6)°, β = 81.518(6)°, γ = 85.023(6)°, 

V = 1317.24(17) Å3, Z = 2, T = 293(2) K, μ(CuKα) = 10.178 mm-1, Dcalc = 1.949 g/cm3, 10206 

reflections measured (6.982° ≤ 2Θ ≤ 141.592°), 4997 unique (Rint = 0.0243, Rsigma = 0.0333) which 

were used in all calculations. The final R1 was 0.0284 (I > 2σ(I)) and wR2 was 0.0779 (all data). 

3.5.4.4 Synthesis of [Mo2O(Lr)6] (26) 

Vapour diffusion of dry diethyl ether into the green DCM filtrate under Schlenk conditions produced 

small black crystals of (26). Crystal Data for C85H51Cl2Mo2O13 (M =1543.04 g/mol): monoclinic, space 

group P21/n (no. 14), a = 15.6819(2) Å, b = 16.7736(2) Å, c = 29.5506(3) Å, β = 100.0020(10)°, V = 

7654.91(16) Å3, Z = 4, T = 199.99(10) K, μ(CuKα) = 3.831 mm-1, Dcalc = 1.339 g/cm3, 57756 

reflections measured (5.994° ≤ 2Θ ≤ 142.214°), 14564 unique (Rint = 0.0346, Rsigma = 0.0356) which 

were used in all calculations. The final R1 was 0.0511 (I > 2σ(I)) and wR2 was 0.1450 (all data). 

3.5.4.5 Synthesis of [MoO(Lr)(Ld)DMF] (27) 

The crude solid collected from (24) was dissolved in DMF. Vapour diffusion of dry DCM into the 

DMF solution under Schlenk conditions produced small black crystals of (27). Crystal Data for 

C34H30MoN2O7 (M =674.54 g/mol): monoclinic, space group P21/c (no. 14), a = 10.51580(10) Å, b = 

22.5744(4) Å, c = 12.86360(10) Å, β = 106.9510(10)°, V = 2920.99(6) Å3, Z = 4, T = 199.99(13) K, 

μ(CuKα) = 4.129 mm-1, Dcalc = 1.534 g/cm3, 16290 reflections measured (7.832° ≤ 2Θ ≤ 141.942°), 

5542 unique (Rint = 0.0235, Rsigma = 0.0283) which were used in all calculations. The final R1 was 

0.0330 (I > 2σ(I)) and wR2 was 0.0836 (all data). 
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Chapter 4 Conclusion and Future Outlook 

4.1 Concluding remarks 

The major theme throughout this work has been the use of π-based interactions within 

electronically and magnetically interesting species. The extensive number of π-π interactions found 

within the structures presented here and their key role in directing the physical properties of the 

described systems testifies to the success of this approach. 

Chapter 2 described the synthesis of novel sulfonate-based N-substituted-1,8-naphthalimide 

ligands (L1) – (L4). The primary focus was on the lanthanide complexes of ligand (L1) and the 

formation of thin films for further photophysical studies. The magnetic properties of the 

dysprosium complex of (L1) were studied and revealed out-of-phase signals in the AC susceptibility 

characteristic of slow relaxation of the magnetisation. Unfortunately, the relaxation time scale was 

too fast to allow for evaluation of the data obtained on a standard SQUID, but this result indicates 

possible SMM behaviour. Dysprosium complexes of ligands (L2) – (L4) were produced to investigate 

how modification to the relative position of the sulfonate group with respect to the 1,8-

naphthalimide moiety would affect the molecular and long-range structure. The (L1) and (L4) 

complexes featured one coordinated naphthalimide ligand, and two as anions. The ligand (L2) 

complex featured two coordinated naphthalimide ligands, three nitrates and two counter cations 

which is considerably rare in lanthanide chemistry. Finally, the ligand (L3) complex featured no 

coordinated naphthalimide ligands, and all three acted as counter anions for the 

[Dy(DMSO)5(H2O)3]3+ molecule. Despite the varying number of coordinated ligands observed, all 

four compounds feature π-based interactions, with the complexes of ligands (L1) – (L3) arranging 

into the expected layers. For the complex of (L4) layer formation through π-based interactions was 

hindered, probably as a result of the presence of a significant number of competing supramolecular 

interactions in the form of hydrogen bonds. 

Chapter 3 described the in situ, generation of the 9,10-phenanthrenesemiquinone radical from the 

9,10-phenanthrenequinone starting material. A series of dimeric lanthanide complexes, from Sm 

through to Lu, was produced and structurally and photophysically characterised. The reaction 

conditions were optimised to improve reliability, reproducibility and the clean reaction yield. Whilst 

the π-based interactions in this system were intramolecular, their significance in the overall 

structure cannot be overstated. In addition to providing a rigid encapsulating frame for two 

lanthanide ions, forcing the lanthanides into close proximity, the ligands also provide complex 

stability. As the ligands pair anti-ferromagnetically with a strong pancake-like multi-centre-2-
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electron bond (~ 76 KJ mol-1) the radicals are stabilised, and the resulting complex is “protected” by 

a robust framework. It appears that the short Dy(III)-Dy(III) distance is responsible for quenching 

the zero field quantum tunnelling of magnetisation pathway. This was supported by additional 

measurements on a Y(III)-Dy(III) sample (Dy@Y 10%) where the system undergoes extensive zero-

field quantum tunnelling of magnetisation. Finally, this section saw the synthesis of a range of group 

6 complexes of the 9,10-phenanthrenequinone family. The work demonstrated the difficulty of 

working with systems which feature multiple redox active sites, with some systems featuring up to 

six viable oxidation states. The work showed that in these cases careful control of the synthetic 

conditions is essential for ensuring reproducibility. This preliminary work will be continued by future 

students in order to prepare bulk samples of some of these interesting group 6 complexes. 

The following section (4.2) highlights the various directions this project will take in future work. This 

research will be continued by myself as a postdoctoral researcher in Prof. Annie Powell’s group, 

and by future short-term project students (BSc/MSc theses).  
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4.2 Ongoing and future work 

4.2.1 Water soluble N-substituted-1,8-naphthalimides 

A constant issue plaguing the early work in this thesis aimed at the production of magnetically 

interesting systems was the lack of solubility of the N-substituted-1,8-naphthalimide ligands in 

common solvents used in the production of magnetically interesting systems. The majority of 

magnetic clusters are produced through self-assembly in relatively low boiling point solvents such 

as methanol, ethanol, and acetonitrile. Unfortunately, the initially used sulfonate systems proved 

largely insoluble under these conditions and reactions did not proceed. Attempts to produce known 

SMMs using different synthesis solvents (e.g. DMSO and DMF) also yielded no results. Initially 

ligands based upon glycine and β-alanine were identified as ideal trial candidates, leading to the 

synthesis of the previously reported ligands (R4) and (R10) (figure 4.1 and chapter 1) since these 

were reported to be soluble in ethanol. 

N OO

O

O

N OO

OO

 

Figure 4.1 – Amino acid based ligands (R4) and (R10) 

Initial studies with these ligands and an Fe3 triangle system (section 4.2.1.1) in 

methanol/acetonitrile gave promising results with IR spectroscopy indicating their inclusion into 

the final complexes. However, the solubility of the ligands was not as good as expected as even 

under reflux only limited amounts dissolved. During the reaction, over several days, the entire 

portion of starting material did dissolve, but this was not an ideal result as the system requires the 

reagents to be in solution at an early stage for the self-assembly to proceed properly. It proved 

difficult to confirm if the ligands were directly coordinating to the metal or were simply present as 

counter anions in the final complexes. Attempts to recrystallise these complexes were unsuccessful, 

either resulting in an Fe3 triangle without the ligand or no crystals. 
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N OO
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SO3K SO3K  

Figure 4.2 – 4-sulfonate-substituted amino acid based ligands (L5) and (L6) 

To produce a more soluble, and even a water-soluble ligand, the 4-sulfo-1,8-naphthalic anhydride 

potassium salt was utilised as a starting material. This was refluxed with with the simple amino 

acids glycine and β-alanine in ethanol, resulting in the novel ligands (L5) and (L6) (figure 4.3). 

 

Figure 4.3 – 1H NMR spectrum of Ligand (L5) 

Preliminary results show that these ligands are indeed water soluble, and initial attempts at 

producing lanthanide complexes with EuCl3 seem promising with the formation of crystals after 

three weeks. These crystals have yet to be analysed. 

Ligands (L5) and (L6) are likely to be useful in the synthesis of SMMs which are typically produced 

by self-assembly of the components under mild conditions. Initially this work will continue with two 

identified systems, Fe3 triangles (section 4.2.1.1) and M2Ln2 “butterfly” complexes (section 4.2.1.2). 
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4.2.1.1 Fe3 triangles 

 

Figure 4.4 – Two views of the molecular structure of a Fe3 triangle with the molecular formula 

[Fe3O(O2CPh)2(py)2]ClO4, hydrogen atoms omitted for clarity174 

Iron triangles (figure 4.4) are not only an important precursor for many of our group’s SMMs,117, 175, 

176 including some of the soon to be discussed butterfly systems, they are also interesting for their 

own properties.174 The three coupled spins in an Fe(III)3 system will always lead to an exotic 

arrangement as there is not a simple magnetic arrangement possible. Fe(III)3 triangle systems are 

the classic example for demonstrating spin frustration,177 however toroidal magnetic moments 

have also been observed in complexes with 3 spin centres178 and this may be possible for these 

systems too. 

Even in the lowest possible ground state these systems demonstrate an S=1/2 spin, this is the 

simplest possible spin and therefore ideal for quantum computing as a qubit.179 This spin can be 

polarised in either direction demonstrating a true two-level system, therefore allowing for a 

molecular sized, quantum bit. Fe3 triangles may also potentially have a long coherence time given 

that any relaxation would likely involve significant energy given the spin-frustration observed.180 

Many different iron triangles have been produced within the group, although most lack structural 

characterisation.181 These complex are produced using simple reactions that carried out in common 

solvents including MeOH and MeCN. As these compounds form readily via the self-assembly 

processes, they make ideal candidates for the inclusion of soluble 1,8-naphthalimide ligands. The 

orientation of the carboxylate ligands all pointing away from the Fe3 core means there is likely more 

than enough space for the planar ligands (R4), (R10), (L5), and (L6) to replace simple benzoic acid 

groups.  
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4.2.1.2 M(III)2Ln(III)2 butterfly complexes 

      

N

NHO

HO  

Figure 4.5 – Molecular structure of a Cr2Dy2 butterfly with the molecular formula [Cr2Dy2(µ3-

OH)2(CH3PhCOO)6(Ligand)2], hydrogen atoms omitted for clarity (left) and the ligand 

used (right)182 

The second systems targeted for future early investigation are the Mn2Ln2 “butterfly” complexes 

(figure 4.5).182 Over the years a wide range of butterfly complexes have been produced by our 

working group with many showing SMM behaviour. 

This class of complex is attractive because many variations have been produced, showing the robust 

nature of this class of system to different ligands.183-186 The second major attraction to investigating 

these compounds is the ability to modify the magnetic properties by varying the nature of the 

carboxylate co-ligand. Previous studies have shown the effect that a range of substituted benzoic 

acid ligands can have on the magnetic anisotropy.187, 188 

The fact that these compounds are synthesised at low temperatures (typically below 50 °C) in 

various combinations of solvent involving: MeOH, MeCN, and H2O with reactions occurring quickly, 

typically providing crystals after just a few hours to a few days, makes them ideal candidates for 

quick batch production. 

Butterfly complexes have provided a foundation for testing the results of theoretical calculations 

as large series of complexes can be made by modifying the various components whilst retaining the 

same core structure. Researchers can modify the benzoic acid, the ligand, the transition metal, 

and/or the lanthanide. It is hoped that similar studies can be carried out using 1,8-naphthalimide 

based carboxylic acids with ligands (R4), (R10), (L5) and (L6). 
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4.2.2 Expanding the semiquinone radical systems 

In addition to optimising the reproducibility of the group 6 complexes in order to prepare bulk 

samples for full characterisation, the range of semiquinone radical complexes of the lanthanides 

can be expanded. There are two main pathways for investigation into the role that supramolecular 

interactions can play within this SMMs. The first of these is to modify the nitrate position on the 

existing compound (either pre or post synthetically), whilst the second is to change the 9,10-

phenanthrenesemiquinone radical for a different organic π-system species. 

4.2.2.1 Nitrate position modification 
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Figure 4.6 – Molecular structure of complex (9) with hydrogen atoms and interstitial solvent 

omitted for clarity, (left) and generalised diagram with the nitrate sites highlighted in 

red (right) 

Initial attempts to bring the two PhD topics (chapters 2 and 3) together involved trying to replace 

the nitrate anion with a bidentate carboxylic acid containing 1,8-naphthalimide ligand (figure 4.6). 

Unfortunately, solubility proved the biggest challenge, particularly as the synthesis of this molecule 

is very sensitive to reaction conditions limiting the use of different solvent systems. It is hoped that 

this will be overcome with the recently produced ligands (R4), (R10), (L5) and (L6) as discussed in 

the previous section. By providing a naphthalimide ligand at either end of the Ln2 dimer it is possible 

that the system could arrange into supramolecular chains with a π-based interaction between 

neighbouring molecules as seen in the linear systems presented in chapter 1. Given that this 

complex primarily relaxes via Orbach and Raman processes this could influence the SMM behaviour 

of the complex by changing the spin-lattice phonon energy levels in the overall system. 
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Figure 4.7 – Molecular structure of [Dy2(Lr)6(MeOH)2] with hydrogen atoms and interstitial solvent 

omitted for clarity, (left)160 and generalised diagram of the complex featuring six 

radical ligands with the formula [Ln2(Lr)6(MeOH)2] (right) 

The second avenue currently undergoing exploration is the production of Ln2 dimers with six 9,10-

phenanthrenesemiquinone radical ligands, [Ln2(Lr)6(MeOH)2] (figure 4.7). During his PhD thesis 

Kriese produced the Dy(III), Ce(III), and Nd(III) complexes with this general formula.160 

Unfortunately, the synthesis for any lanthanides past Nd(III) (including the Dy(III) system) gives the 

“standard” complex [Ln2(Lr)4(NO3)2(MeOH)2] when the nitrate salt is used. When different 

lanthanide starting materials are used, including triflate and chloride salts, typically no crystals were 

produced, or complexes featuring chloride in place of the nitrate were obtained. These synthetic 

difficulties led to limited characterisation by Kriese and over the course of the current PhD work 

the complex was not reproduced.  

Given that the system is viable it will be targeted in future work as potential for intermolecular 

radical enhanced π-bonds are highly desirable. These bonds will drastically change the lattice 

phonon energies as the system will have increased rigidity, and it is likely that even the 

intramolecular phonon energies will be modified as a result of the reduced flexibility. 
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4.2.2.2 Expanding the π-system 

OO
OO

O O  

Figure 4.8 –π-based quinone systems (L7) and (L8)  

Another option to explore the role of π-based interactions is through the expansion of the 

phenanthrene to a pyrene containing quinone (L7) and (L8) (figure 4.8). Both ligands have been 

produced through the oxidation of pyrene and separated through column chromatography 

although to date these have not been utilised in any complexation reactions. 

Ligand (L7) provides an interesting opportunity to study the role of π-systems on the SMM 

properties of the complex. There are two potential options here, either the increased π-system will 

result in a stronger π-π-interaction as is typical when increasing the size of neutral π-systems from 

benzene to naphthalene to anthracene to pyrene.189 Alternatively it is possible that the radical will 

be delocalised over a larger area and therefore have less radical character available for pancake 

bonding. Given that the theoretical calculations on complex (10) showed the radical character is 

located between the O-C-C-O group of the 9,10-phenanthrenesemiquinone ligands it seems 

plausible that delocalisation will have a limited effect. This would potentially result in an even 

stronger π-π-interaction, and therefore an even shorter Dy-Dy distance, thereby providing a further 

enhancement of the SMM properties.  

Ligand (L8) has the potential to take this system from discrete molecules towards an extended 

network. As this ligand also features flexible oxidation states, a wide range of potential metal 

cations could be targeted using selective reduction. In addition to this, if the system were to be fully 

reduced and then protonated it could be possible to capture anionic species through hydrogen 

bonding. 

Both of these pyrene-based ligands have excellent potential for producing better SMMs, and 

placing them in new frameworks, with stronger π-π-interactions than those in the existing 9,10-

phenanthrenesemiquinone complexes. 
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Appendix A Ligands (R1) – (R38) 
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Figure A1 – Diagram of ligands (R1) – (R3) 
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Figure A2 – Diagram of ligands (R4) – (R6) 
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Figure A3 – Diagram of ligands (R7) – (R9) 
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Figure A4 – Diagram of ligands (R10) – (R12) 
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Figure A5 – Diagram of ligands (R13) – (R15) 
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Figure A6 – Diagram of ligands (R16) – (R18) 
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Figure A7 – Diagram of ligands (R19) – (R21) 
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Figure A8 – Diagram of ligands (R22) – (R24) 
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Figure A9 – Diagram of ligands (R25) – (R26) 
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Figure A10 – Diagram of ligand (R27) 
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Figure A11 – Diagram of ligands (R28) – (R29) 
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Figure A12 – Diagram of ligands (R30) – (R31) 
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Figure A13 – Diagram of ligands (R32) – (R34) 

N OO

N

N
N

N

N
N

N

N

O

O
N

O

O

N OO

NH2

 

Figure A14 – Diagram of ligands (R35) – (R36) 
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Figure A15 – Diagram of ligands (R37) – (R38) 





Appendix B 

233 

Appendix B Crystallographic Details 
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