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Abstract

Neutral radicals represent versatile building blocks for the design of new conductive and magnetic

molecular materials.  In order to obtain good electron transport, materials displaying a high bandwidth W

and a low on-site Coulomb repulsion energy U must be generated, and to this end, the pyridine-bridged

bisdithiazolyl radicals were developed.  As a result of resonance stabilization, these materials possessed

a low U, a high thermal stability, and did not dimerize in the solid state. Their heterocyclic framework

carried R1 and R2 groups that provided the necessary steric protection, but also caused plate slippage in the

π-stack arrays, limiting the overall bandwidth. Although the bisdithiazolyls exhibited relatively high

conductivity values, these materials were Mott insulators.

With the view of extending the beneficial features of the bisdithiazolyl radicals to a new building

block, the resonance stabilized bisthiadiazinyl radicals were developed.  Two derivatives were generated,

and although these compounds exhibited the desired properties (low U, good thermal stability, suppression

of dimerization), the R3 groups on the periphery of the framework behaved as buffers to isolate the radicals

from one another.  This limited the number of close S-N and S-S intermolecular contacts in the solid state,

thereby shutting down overall bandwidth. As a result, these compounds had very low conductivity values.

Nonetheless, the low-dimensionality enabled the study of the magnetic properties and subsequent modeling

of one compound as a 1D Heisenberg antiferromagnetic S = ½ chain.  Substituent modification has been

explored and may afford other interesting properties.

An alternative strategy in developing neutral radical conductors involved improving the known

bisdithiazolyl framework to increase the orbital overlap between radicals, and thus W. This could be

achieved by (i) removing some of the steric bulk to allow for more superimposed π-stacking in the solid

state, or (ii) incorporating the heavier, more spatially diffuse selenium atom into the framework. This thesis

encompassed both of these strategies.  To remove one of the R substituents, a pyrazine ring was used to

replace the pyridine bridge of the bisdithiazolyl framework, a design modification that could potentially

afford a superimposed π-stacked structure and large W. Two derivatives were obtained, and the first (R =

Et) formed two types of σ-bonded dimers in the solid state, demonstrating the importance of steric

protection in preventing association in these types of systems.  The second derivative (R = Me) however,

crystallized in the desired structural arrangement as vertically aligned alternating radical stacks.  The

bandwidth afforded by the multitude of close intermolecular contacts (W = 1.5 eV) suggested a metallic
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ground state, although the conductivity and magnetic properties did not support this prediction. Variable

temperature crystallography studies discovered a gradual phase transition to a dimer state at low

temperatures, and the transport properties are consistent with those of a small band gap semiconductor.  

The second approach to improving the bandwidth in the bisdithiazolyl radicals was to incorporate

selenium into the framework.  There are three selenium-containing variants possible, and in order to

generate them,  lengthy and difficult synthetic methods were developed.  These synthetic routes  include

selenium insertion reactions, R1/R2 modification procedures, purification steps, and reduction and crystal

growth techniques.  Many R1/R2 derivatives have been produced by these methods, and their properties and

structures have been examined.  

When selenium occupies the center position of the heterocycle, lateral σ-dimerization is especially

prevalent, although it can be avoided with certain combinations of R1/R2 substituents.  The σ-dimers are

semiconductors and exhibit high conductivity values, particularly under mild applied pressure (#5 GPa).

To study the effects of pressure on the crystal structures of these compounds, and to investigate the causes

behind the conductive behaviour, two other isostructural σ-dimers were developed and their conductive

properties were measured under increasing pressure.  A preliminary high pressure crystal structure of one

derivative was also obtained.  Although the mechanism for conductivity remains elusive, the results suggest

that the molecular geometry is maintained upon pressurization up to 5 GPa and that the closure of the

electronic band gap may be the cause of the increase in conductivity in these systems.  The differences in

pressure response between compounds was attributed to the compressibility of each crystal structure, with

a greater response observed for small R substituents.  The conductivity of one derivative (R1 = Me, R2 =

H) increased by five orders of magnitude to 0.5 x 101 S cm-1 at 5 GPa, with the activation energy (Eact)

dropping to near 0.10 eV.

An entire group of four S/Se radicals with R1 = Me, R2 = Cl was developed that did not dimerize

in the solid state, and unlike previously studied R1/R2 families, did not form an isostructural set.  Instead,

two types of crystallographic space groups were observed, the radicals separated according to the chalcogen

atom in the center position of the heterocycle.  When sulfur occupied that site, the orthorhombic space

group P212121 was preferred, but when selenium occupied the center position the monoclinic space group

P21/n was adopted.  This structural dichotomy allowed, for the first time, the opportunity to investigate the

effects of crystal structure on the transport properties.  It was found that the structural arrangement afforded
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in the monoclinic space group provided much stronger interactions between radicals.  The magnetic

exchange interactions were more strongly antiferromagnetic for this set of compounds, and the conductivity

was two orders of magnitude higher.  The all-selenium derivative displayed the highest conductivity we

have observed, with a σRT value of 4 x 10-3 S cm-1 and Eact of 0.17 eV.  Under an applied pressure of 5 GPa

the conductivity increased to 0.2 x 101 S cm-1 and Eact dropped to 0.10 eV, nearly reaching a metallic ground

state.  The differences in the transport properties between the two structures, that is, the orthorhombic and

monoclinic packing arrangements, have been analyzed using EHT bandwidth calculations and DFT

magnetic exchange energy calculations as a function of the degree and direction of plate slippage along the

π-stack.  It was found that in the monoclinic structures there is greater orbital overlap along the stacks,

which affords stronger magnetic interactions and higher conductivity values for these compounds.
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Chapter 1

Neutral Radicals as Functional Materials

1.1 Molecular Radicals

Generally, non-metal based molecules have paired electrons and are closed shell.  However, by

virtue of the number or types of atoms present, systems with unpaired electrons can also exist.1  These

molecules, usually referred to as radicals,2 are often thought of as highly reactive and even transient in

nature, as many rapidly decompose via dimerization, hydrogen or alkyl abstraction, hydrolysis or redox

reaction pathways.  However, many radicals are considered stable, that is, they are thermodynamically

favoured with respect to specific reactions like those mentioned above, and are observable and even

isolable.  The degree of stability is an important feature when comparing radicals, although unfortunately

the definition of a stable radical is a subjective term, as there is no universal convention used.  Therefore

the terms “persistent” and “stable” must be defined before any particular examples are described.  Thus,

for present purposes, the definitions provided by Ingold,3 and used by others,4 will be employed.  When

a radical is described as persistent it survives long enough to be observed by conventional spectroscopic

methods, but can not be isolated.  This suggests compounds with half-lives on the order of minutes.5  By

contrast, radicals that are considered stable are those that can be isolated and stored as a pure substance,

with no more precautions than would be used for the majority of commercially available organic

chemicals,3 and exist for prolonged periods of time.

In general, four design strategies are used in generating stable radicals and often a combination of

these are utilized.  The first is to position bulky substituents around the periphery of the molecule to impede
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close contact with other molecules, and the second is to block reactive sites and inhibit certain

decomposition pathways.  A third strategy is to incorporate resonance within the framework to delocalize

the electron and distribute spin density, and the fourth method is to include electron-rich heteroatoms that,

due to electron pair repulsion, inhibit association (the so-called alpha-effect).6,7  Many different types of

molecular radicals have been developed, and a range of reactivities have been observed.  Several classes

will be described here, ranging from radicals that have an entirely organic backbone to those that consist

predominately of heteroatoms.  The design strategies used to increase the stability in these compounds are

also discussed.

1.1.1 Organic Carbon-Centered Radicals

Gomberg’s report of the triphenylmethyl radical 1-1 marked the beginning of organic free radical

chemistry in 1900.8  He discovered this unusual carbon-based radical while attempting to prepare the

sterically encumbered hexaphenylethane molecule.9  The triphenylmethyl radical can not be isolated and

is present in solution along with its σ-dimer [1-1]2, which is bonded through a central carbon atom on one

molecule and a carbon atom at the para position of a phenyl ring on another.  The σ-bond is weak, as a

bond dissociation energy of ~ 11 kcal mol-1 was reported.10  When the para positions are blocked with

substituents, as in 1-2, the radicals are monomeric in solution and deemed kinetically stable.11  When all

positions are substituted, as the perchlorinated compound 1-3, the molecule is so severely obstructed that

it is considered chemically inert, being monomeric in the solid state, as well as in solution.12 
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Ph

Ph Ph
R C Cl C

Cl Cl

ClCl

R

R

R R

R

3

3
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Another class of carbon-based radical comprises the substituted cyclopentadienyls 1-4, which can

be monomeric or dimeric depending on the R substituent.  For example, the pentamethyl derivative (R =

Me) forms σ-dimers in solution and requires temperatures > 360 K for dissociation into discrete radicals.

A carbon-carbon bond enthalpy of ~19 kcal mol-1 was reported.13  By contrast, the pentaisopropyl

compound (R = i-Pr) can be isolated in the solid state and forms evenly spaced stacks, with molecules being

5.82 Å apart.14

Phenalenyl 1-5 and its derivatives also possess a carbon backbone.  Like triphenylmethyl,

phenalenyl is in thermodynamic equilibrium with its σ-bonded dimer [1-5]2 in solution.15 σ-Dimerization

is avoided in 1-6, which has t-butyl groups positioned at the β-carbon sites.16  In the solid state, this

compound forms stacks of π-dimers, in which the molecules are eclipsed so as to minimize steric repulsion

between the substituents.  When chlorine atoms are placed around the periphery of the molecule, as in the

perchlorophenalenyl radical 1-7, the molecules are monomeric.17  In the solid state, the molecules are well

separated, but are nonplanar as a result of the steric interaction between the chlorine atoms on neighbouring

molecules.  Dimerization through carbon-carbon bond formation has also been avoided without the use of

steric protection through the incorporation of nitrogen (1-8)18 or sulfur (1-9).19

Cl
Cl

Cl

Cl
Cl

Cl

Cl

Cl
Cl SS

N

1-5 [1-5]2

1-6 1-7

1-8 1-9
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The behaviour of these organic open-shell compounds demonstrates that generating stable carbon-

centered radicals requires a combination of resonance delocalization, steric bulk and strategic placement

of substituents.  The incorporation of other elements into the organic framework, where the unpaired

electron is centered on an atom other than carbon, specifically oxygen, nitrogen and sulfur, has been shown

to provide additional stability.  

1.1.2 Organic Heteroatom Radicals

Carboxyl radicals, such as the phenoxyls 1-10,20 are a well-known example of an organic radical

that has the electron centered on a heteroatom.  These molecules are studied as models of tyrosyl radicals

in living systems, and also as antioxidants.21  The unpaired electron is delocalized over the aromatic ring,

and for a phenoxyl to be more than a transient intermediate the ortho and para positions must be blocked

by groups that give steric protection.  The resonance delocalized galvinoxyl radical 1-11 for example, can

be isolated in pure form as a monomeric species that is stable in the solid state.22  This radical is unreactive

towards oxygen, even in solution, and is commercially available.23  
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Aminyls, organic radicals that contain the CN unit, also require steric bulk for stability.  For

example, perchlorodiphenylaminyl 1-12 can be stored indefinitely in air.24  Its stability is attributed to the

shielding of the nitrogen atom by the four ortho chlorine atoms on the phenyl substituents.  This molecule

has a half-life of about two months in carbon tetrachloride (in air at room temperature), but it reacts rapidly

with toluene, undergoing hydrogen abstraction and disproportionation.  Hydrazyls [RNNR]· are generally

only persistent in solution, although 2,2-diphenyl-1-picrylhydrazyl (DPPH) 1-13 has been known for

several decades as a stable radical, as it does not dimerize or react with oxygen.25  Consequently, DPPH

is commonly used as a reference compound in EPR (electron paramagnetic resonance) spectroscopy.

Resonance delocalized hydrazyls are among the most stable class of radicals and include  the verdazyls 1-

14, which were reported over forty years ago by Kuhn and Trischmann,26 and the related oxoverdazyls 1-

15, reported more recently in the 1980's by Neugebauer.27  These radicals are generally stable to air and

water, and do not require bulky substituents for stability.

Combining nitrogen and oxygen provides a range of nitroxyl radicals, the simplest being nitric

oxide 1-16.  This compound is indefinitely stable in the absence of oxygen, and does not rely on steric

protection to avoid dimerization.  Instead, the alpha-effect,6,7 that is, the repulsion between lone pairs on

neighbouring molecules, is sufficient to prevent σ-bond formation.  The NO unit has been incorporated into

carbon frameworks to afford a host of organic nitroxyl derivatives 1-17 with a range of stabilities that

depend primarily on the R substituents.28  To avoid disproportionation reactions for these compounds,

quaternary carbon-based substituents are used, as hydrogen atoms situated on the α-carbons are particularly

sensitive to H· abstraction.  For example, TEMPO (2,2,6,6-tetramethylpiperidine-N-oxyl) 1-18 is very

stable and is used as a building block for spin labeling studies.29  Incorporating resonance delocalization

into the framework affords the nitronyl nitroxide radicals 1-19, in which the spin density is dispersed

NO
N
O

N N

R

O O
N
O

RR

1-16 1-17 1-18 1-19
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evenly on both NO units.30  These compounds also require the absence of α-hydrogens, but once this

condition is met, these radicals are considered highly stable.

1.1.3 Inorganic Heteroatom Radicals

Replacing oxygen in the nitroxyl radicals with the heavier chalcogen sulfur leads to what is

considered to be a more inorganic class of radicals, the thiazyls.  Although oxygen and sulfur are both in

Group 16 of the periodic table, the thiazyl radicals are quite different from their nitroxyl analogues.  This

results from the fact that the sulfur atom is larger and more polarizable than oxygen, and that the S-N bond

is oppositely polarized to that of N-O.31  The thiazyl radicals are inherently stable, as they do not require

steric bulk for their stability.  Several acyclic thioaminyls [RSNR]· have been reported,32 but the bulk of

the stable thiazyls are ring systems,33 many including conjugation to carbon.  The 1,2,3,5-dithiadiazolyls

1-20 include a single carbon atom to make a 5-membered ring.  The R substituent is situated on the nodal

plane of the π-SOMO (singly occupied molecular orbital) 1-21, and therefore has little effect on the

electronic properties of the system, although it does influence solid state packing.  Most derivatives form

π-dimers in the solid state,34 displaying a range of association modes (Figure 1.1),35 although there are

several examples that remain as discrete radicals.36  The related isomer 1,3,2,5-dithiadiazolyl 1-22 is also

known, however, it is less thermodynamically stable and readily converts into 1-20 both in solution and

in the solid state.37  
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Figure 1.1 Modes of association demonstrated by 1-20 in the solid state, including the (a) cis-cofacial, (b)

trans-antarafacial, (c) trans-cofacial, and (d) twisted conformations.

Compounds 1-23 and 1-25 are also 5-membered rings, but have one of the nitrogen atoms in the

dithiadiazolyl ring replaced with a carbon atom.  The π-SOMOs of both compounds, 1-24 and 1-26

respectively, have spin density on the carbon atoms, allowing for the fine-tuning of their redox properties

through variations in the R substituent.  The 1,3,2-dithiazolyls 1-23 are air sensitive in solution, but are

indefinitely stable in the solid state.  Many examples exist as π-dimers,38 although the quinoxaline and

naphthalene fused compounds are monomeric.39  Some derivatives undergo a reversible phase change

between a structure of π-dimer stacks and a structure of π-radical stacks with change in temperature.40,41

For a few examples this transition is hysteretic, and can be observed in both magnetic and structural

measurements.  In 2004, Oakley outlined the structural mechanisms that afford the cooperative effects, and

resulting magnetic bistability, for several of these systems.41  Materials that exhibit this type of behaviour

are pursued for potential applications in magnetic switching devices.42

The other isomer, the 1,2,3-dithiazolyl 1-25, has also been explored, although only a few examples

of the monofunctional radicals have been stable enough to be structurally characterized.  Of these, three

consist of π-dimers,43 where only one is monomeric as a result of its strongly electron-withdrawing

substituents (R1 = Cl2C3SN, R2 = Cl).44  More recently, the 1,2,3-dithiazolyl unit has been extended to the

bifunctional system 1-27, in which two rings are in resonance across a bridging pyridine moiety.45  These

derivatives are highly stable and consist of discrete radicals both in solution and the solid state.  The

structures and properties of these compounds are further described in Section 1.4.1.  
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Another monofunctional thiazyl radical is the 6-membered compound, the 1,2,4,6-thiatriazinyl 1-

28.  Many derivatives have been studied in solution,46 although only one has been characterized in the solid

state.  This derivative (R = Ph) forms cofacial π-dimers, with an S---SN contact of 2.66 Å.47  Selenazyls are

also known, although all of the monofunctional derivatives form dimers in the solid state.  The 1,2,3,5-

diselenadiazolyls 1-29 generally align cofacially,48 although there are a couple of examples (R = Cl, Br)

that dimerize via a unique T-shaped mode 1-30.49   Like its sulfur analogue 1-28, the only known 1,2,4,6-

selenatriazinyl 1-31 forms cofacial dimers, with a Se---SeN distance of 2.79 Å.50  In contrast to these carbon-

containing thiazyls, when phosphorus is incorporated into the framework, as in 1-32 and 1-33, new modes

of association are observed.  While the thiaphosphatriazinyl dimerizes via a S---SN contact in the solid state

[1-32]2, the selenium derivative associates through a heteronuclear linkage [1-33]2, an association mode that

has been observed only for this system.51

In summary, several different classes of molecular radicals are known, both based on organic and

inorganic frameworks, and while some species are only persistent and observed for short periods in

solution, others are quite stable and long lived. Typically, steric protection is necessary to inhibit

decomposition pathways and prevent dimerization in many of the radicals, although the incorporation of

heteroatoms (O, N, S, Se) can increase stability without the use of bulky substituents.  Since radicals
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possess an unpaired electron, they have found use in a variety of biological, chemical and physical

applications, and the ability to alter the molecular framework and thus modify the structure or reactivity

of the species makes these open-shell molecules ideal candidates for many areas of research.

1.1.4 Applications of Molecular Radicals

Open-shell molecules are actively studied and used in a range of disciplines and research topics,

from biological processes to functional materials.  Radicals are commonly involved in chemical reactions

as  reactive intermediates, although some are used specifically as either nucleophiles or electrophiles.52

Certain radicals are used as oxidizing agents,53 while others are employed for their ability to act as

antioxidants.54  Radicals also have a variety of roles in living free-radical polymerization since radical

species act as initiators, transfer agents and terminators in polymer chain reactions.55  The ability to observe

and monitor radicals by EPR spectroscopy has provided insight into biological56 and chemical1 systems that

contain radicals, or ones in which radicals are introduced, using EPR imaging,57 spin labeling,58 and spin

trapping59 techniques.

Radicals are not only used in chemical processes, they are also studied for potential use in

applications where the conductive and/or magnetic properties afforded by the unpaired electron are

exploited.  In liquid crystalline materials, a radical species is incorporated into a rigid organic backbone that

can be manipulated with the application of a magnetic field.60  Some molecular radicals are used as spin-

bearing ligands that are coordinated to paramagnetic transition metals to allow for possible ferrimagnetic

effects,61,62 while others exhibit magnetic behaviour without the presence of a transition metal, and both

ferromagnetic63,64 and canted antiferromagnetic65,66,67 ordering has been observed.  For use in magneto-

thermal switching42 and information storage devices,68 radicals that exhibit bistability in which two

crystallographic phases (dimers or radicals) can coexist and be interconverted by an external perturbation,

are pursued.69  Also, molecular radicals are explored for use as organic semiconductors, metals and

superconductors,70 and systems in which both conductive and magnetic behaviour are displayed, that is,



10

those that exhibit magnetoresistance, have the potential to be used in spintronic applications.71  As the work

described in this thesis focuses on the conductive and magnetic properties of neutral radicals, the following

sections will provide a more detailed overview of materials that exhibit these properties, as well as a

theoretical background behind the behaviour.

1.2 Molecular Magnetic Materials

Both chemists and physicists have been looking to extend the well-known magnetic behaviour of

transition metal (TM) alloys,72 that is, their bulk ferromagnetism at high ordering temperatures with large

coercivities, to molecular materials.  The flexibility and versatility of organic compounds has the potential

of providing a wealth of new and exciting magnetic behaviour.  Consequently, molecular magnetism has

a long history, and there have been several approaches taken towards generating systems in which the spins

associated with molecular units, and not atomic units, order in the solid state.73  Some strategies rely on the

use of TMs to provide the necessary unpaired electrons, and these include the areas of single-molecule

magnets (SMMs),74 organometallic charge transfer salts,75 and TM complexes that can be linked together

to form single chain magnets (SCMs).76  The SMMs consist of clusters of TMs in which the spins couple

through ligand atoms, allowing for high cumulative spin values.  A primary example is the

‘Mn12’compound, [MnIII
8MnIV

4O12(O2CMe)16(H2O)4]·4H2O·2MeCO2H, with S = 10.77  A higher

dimensionality is achieved for the TM complexes that are linked together through diamagnetic or

paramagnetic ligands in 1-3 dimensions.  Gatteschi’s [Mn(hfac)2NIT] (hfac = hexafluoroacetylacetonate,

NIT = nitronyl nitroxide with R = i-Pr) complex for example, is a SCM where molecular radicals are used

as spin-bearing ligands that link the metal centers into 1D chains.78  By contrast, the charge transfer salts

rely on charge transfer to generate spin couplers, with examples including Millers’s V[TCNE] and

[Fe(C5Me5)2][TCNE] (TCNE = tetracyanoethylene) salts.79  The known TM-containing molecular magnetic

materials display 1D or 3D magnetic ordering at temperatures that range from below 10 K to above 300

K, with only a few examples exhibiting large coercive fields.80  Although there have been some major

discoveries in this area, the design of materials with predictable properties continues to be a challenge.
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Other strategies of preparing molecular magnets do not contain TMs and consist entirely of organo-

main group elements.  However, there are only a few examples that actually exhibit bulk magnetic ordering.

These non-metal containing magnets fall into two groups, those based on radical ion salts,81 and those based

on neutral radicals.82  The radical ion salts require charge transfer for generating the necessary spins, and

therefore are composed of two components.  One example, [BBDTA][GaCl4] 1-34, displays bulk

ferromagnetism at temperatures below 6.7 K when all of the solvent molecules have been removed from

the crystalline lattice.83  Another example is Wudl’s C60[TDAE] (TDAE = tetrakisdimethylaminoethylene)

salt 1-35 which also undergoes a transition to a ferromagnetic state, but at the record high Curie temperature

(TC) of 16.1 K.84  Unlike the salts, molecular magnets based on neutral radicals, which naturally possess

unpaired electrons, are single-component.  The first reported example was in 1991, in which the onset of

ferromagnetic ordering was observed in the β-phase of the p-nitrophenyl nitronyl nitroxide radical 1-36 at

0.65 K.85  A few years later a ferromagnetic transition was reported for the adamantane biradical 1-37 at

a slightly higher TC of 1.48 K.86  Ferromagnetism has also been observed for a dithiadiazolyl radical 1-38

(R = NO2) below 1.32 K.87  When the substituent in 1-38 is changed to a nitrile group (R = CN), the β-phase

of this material displays weak ferromagnetism (or canted antiferromagnetism) at an unprecedented

temperature of 36 K.65  Under an applied pressure of 16 kbar the Néel temperature (TN) of this material

increases to 65 K.88  Some verdazyl radicals also exhibit weak ferromagnetism, but at much lower

temperatures.89  It is important to note that all of the above materials, both the radical ion salts and the

neutral radical materials, possess negligibly small coercive fields.  In order to be a practical alternative to

the TM-based molecular magnets, higher ordering temperatures and coercivity values are required.
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Oakley has recently discovered magnetic ordering in several bisthiaselenazolyls, and these

materials are discussed later in Section 1.4.1. At this time, it is prudent to introduce some of the theory

behind molecular magnetism and the computational methods used to examine the behaviour, as this has

now become one of the research directions of work in the Oakley group.  It is well known that the

development of long range order of the electron spins in radical-based systems relies on the packing

arrangements of the molecules and the way in which they interact with one another in the solid state.90  For

these materials, a quantum mechanical approach may be used to derive the relationship between the

magnetic ground state of the system, with the type and degree of intermolecular orbital overlap. 

1.2.1 Magnetism in Neutral Radicals  - Theory and Computation

If we consider two molecules A and B, each with one unpaired electron, that are weakly interacting,

the two associated spins can be aligned either parallel (88) or antiparallel (89) to one another.  When the

spins are aligned parallel, the system has a triplet ground state and the coupling is ferromagnetic (FM).

Alternatively, when the spins are aligned antiparallel, the singlet state is the ground state and the system

has antiferromagnetic (AFM) exchange.  Most organic radicals have spins that are randomly oriented at

ambient temperature and are paramagnetic, although at lower temperatures, the spins may show some

alignment and FM or AFM coupling may be observed.  For the magnetic radicals mentioned in Section 1.2,

there is long range order of the spins in three dimensions, which occurs at a particular transition temperature

TC (FM) or TN (AFM).

The multiplicity of the ground state, whether it is a triplet (T) or a singlet (S), depends, to a large

extent, on the type and degree of orbital overlap between the two molecules.  An expression relating the

relative energies of the two states to the orbital overlap may be obtained using quantum mechanics,91 and

both Molecular Orbital (MO)92 or Valence Bond (VB)6,93 methods can be employed.  A VB approach is

taken here, in which Heitler-London theory is used to describe the electronic structure of a homonuclear,

two orbital (NA, NB), two electron (1, 2) system.  Applying the Variation Method provides the triplet and
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singlet wavefunctions ψT and ψS , as well as their respective energies ET and ES.  These are defined in

Figure 1.2, where S is the overlap density integral, Q is the VB Coulomb integral and J is the VB exchange

integral.  For two weakly interacting radicals, the orbital overlap is small (S2 << 1) and the energy

difference between the singlet and the triplet states, ΔEST, is approximately equal to -2J.

Figure 1.2 The energy difference between the singlet and triplet states, ΔEST, of two weakly interacting

radicals.

The exchange integral J is expanded into its three terms in Figure 1.3, two of which are equivalent.

The  jN*S* term is the integral that involves the attraction of the overlap density with the two nuclei, and j

is the integral that corresponds to the repulsion of the overlap density with itself.94  Since the energy

difference between the singlet and triplet states is equal to 2J, the ground state, and thus the type of

magnetic interaction in a particular system, is governed by the sign and magnitude of the exchange

interaction J.  For J > 0, the triplet state (FM) is the ground state, but for J < 0, the singlet state (AFM) is

the ground state.  Therefore, in the 2J expression, +2j is considered the FM term because it stabilizes the

triplet state, whereas !4jN*S* is the AFM term as it stabilizes the singlet state.
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Figure 1.3 The energy difference, ΔEST, as a function of the exchange integral J.

The magnitude of the overlap integral S, has a significant effect on the sign and magnitude of 2J,

and therefore the ground state of the system.  When *S* >> 0, the AFM term dominates the 2J expression

so that J < 0, and the singlet state is favoured.  However, when *S* ~ 0, the AFM term diminishes, allowing

for the equation to be controlled by the FM term, with J > 0.  Therefore, ferromagnetism in molecular

materials is favoured by orthogonal, yet strongly interpenetrating overlap between magnetically active

orbitals.

The extent of orbital overlap between molecules in a particular lattice can be studied using

Extended Hückel (tight-binding) Theory (EHT) band structure calculations.  The results are plotted as the

energy as a function of direction in k-space and consist of the crystal orbitals (COs) that arise from the

radical SOMOs in the unit cell.‡  The behaviour of the dispersion curves indicates the degree and type of

interaction between molecules in the lattice.  An example of this is illustrated in Figure 1.4 for a model

system consisting of a 1D-array of π-stacked thiazyl radicals, each possessing a simple two-site antibonding

π* SOMO.  When the radicals are directly superimposed (Figure 1.4a), intermolecular overlap S is large

and antibonding (at k = 0), and the dispersion curve is characteristic of a 1D-string of σ-bonded p-orbitals,

that is, dEk/dk is negative and the electronic bandwidth W is large.  As the radical stacks slip progressively

away from a directly superimposed arrangement, the phase difference between the two atomic orbitals of
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the SOMO on each radical give rise to destructive interference in the intermolecular interactions, so that

overall both S and W decrease.  At some point along the slippage coordinate perfectly orthogonal overlap

is encountered (Figure 1.4b), a condition that nullifies CO dispersion and affords a zero bandwidth.

Beyond this null point orbital overlap re-emerges and W increases, but now the net intermolecular overlap

(at k = 0) is bonding, and the dispersion curve is characterized by a positive dEk/dk (Figure 1.4c).  For the

arrangements where *S* is large (Figure 1.4a and c), AFM exchange interactions are anticipated, but when

S is small (Figure 1.4b), it is possible that FM exchange will be observed.

Figure 1.4  Dispersion curves of a model 1D π-stack of thiazyl radicals as a function of stack slippage.

It has been shown above that the sign and magnitude of the exchange energy J indicates the type

(FM or AFM) and strength of the magnetic exchange between two interacting molecules.  This value can

be estimated for a radical and each of its nearest neighbours in a lattice using Density Functional Theory

(DFT) methods, where the experimental magnetic properties are considered to be a composite of all of the

individual interactions.95  Typically, the broken symmetry method is employed,96 which bypasses the

difficult-to-compute open-shell singlet state (ES) by calculating the energy of the hypothetical broken



‡  See Appendix A.4 for a range of conductivity behaviour in selected elemental and synthetic compounds.
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symmetry singlet state (EBSS).  These energies, along with that of the triplet state (ET), are shown in Figure

1.5, where the energy difference between EBSS and ET is J, and ΔEST is equal to 2J. With reference to the

Heisenberg Hamiltonian, Ηex = -2J{S1CS2},97 where J is the magnetic coupling constant between two centers

and S is the total spin operator, the exchange energy (J) for any pair of interacting radicals can be estimated

according to the J expression in Figure 1.5.  In this equation, EBSS and ET are the single point energies of

the broken-symmetry singlet and triplet states, and <S2> is the respective expectation value.  This approach

has been applied to several radical-based systems, including nitrogen-centered radicals,98 heterocyclic

thiazyls99,100 and selenazyls,101 and also phenalenyls,102 to determine the dominant magnetic exchange

interactions between molecules and to elucidate the magnetic exchange pathways within the system.

Figure 1.5  The relative energies of the singlet (ES), broken symmetry singlet (EBSS) and triplet (ET) states,

along with the expression for the exchange energy J, using the broken symmetry method.

1.3 Molecular Conductive Materials

Similar to the field of molecular magnetism, the development of organic metals and

superconductors without the use of metallic elements,‡ is also a very active field of research.  As

conductivity in neutral radicals is one of the primary goals in the Oakley group, a more extensive discussion
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of molecular conductors is presented.  For electrical conductivity to occur in any system, there are two

features that are required.  The first is the presence of charge carriers and the second is the existence of a

pathway by which the carriers can move through the material.  As organic materials usually exhibit filled

valence bands and vacant conduction bands, molecular conductors have traditionally relied on charge

transfer to generate charge carriers.  This approach has led to the field of charge transfer salts, radical ion

conductors, and conducting polymers, and typically required the use of two components.  Alternatively,

neutral radicals have been used as building blocks for molecular conductors, and unlike the previous

systems, these materials naturally possess partially filled energy bands and therefore do not require a second

component.

1.3.1 Charge Transfer Salts

The field of charge transfer (CT) salts began for the most part with the report of the π-molecular

acceptor TCNQ (tetracyano-p-quinodimethane) in 1962,103 and the discovery of the high conductivity of

its salts.104  Conductivity is possible in these TCNQ salts because (i) the crystal structures consist of

segregated π-stacks of cation and anion molecules, allowing for good orbital overlap along the stacks and

the development of an energy band, and (ii) charge transfer from the donor to acceptor species which

generates the charge carriers.  With strong interactions between molecules the electrons are partially

delocalized and able to migrate along the π-stacking direction.  It was not until a large number of TCNQ

salts were prepared, with both organic and inorganic cations, that it was understood that partial charge

transfer was necessary for high conductivity.105

When charge transfer is complete, there is one electron per site giving a half filled energy band (f

= ½) and a situation in which the on-site Coulomb repulsion energy U is the largest.  This energy is large

because the repulsion between two electrons on the same site must be overcome for charge transport to

occur (Figure 1.6a).  Its effect on conductivity is demonstrated by the insulating [Na][TCNQ] salt, which

has complete charge transfer and exhibits a room temperature conductivity σRT ~ 10-5 S cm-1.106  Conversely,
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when there is partial charge transfer (f … ½), there is no longer one electron per site (Figure 1.6b).  Instead,

in the case of TCNQ, there are empty sites and the movement of an electron into one of these sites requires

much less energy than the previous arrangement.  Obtaining a level of band filling other than  f = ½ can be

achieved by either partial charge transfer, as in the N-methylphenazinium salt, [NMP][TCNQ] (σRT ~ 102

S cm-1),107 or by using mixed ratios as for the 1:2 acridinium salt, [Ac][TCNQ]2 (σRT ~ 102 S cm-1).108  

Figure 1.6  The on-site Coulomb repulsion energies (U) of systems with (a) f = ½ and (b) f … ½.

When the good π-donor TTF (tetrathiafulvalene) 1-39 was combined with the good π-acceptor

TCNQ 1-40, the first organic metal was discovered (Figure 1.7).109  The TTF-TCNQ salt has a crystal

structure consisting of independent TTF and TCNQ π-stacks, with partial charge transfer from the valence

band of the donor to the conduction band of the acceptor, leading to partially filled energy bands.  The TTF-

TCNQ salt has a σRT value of ~ 4 x 102 S cm-1, with conductivity increasing when temperature is decreased,

reaching a maximum conductivity of ~104 S cm-1 at 60 K.105  To improve the transport properties of TTF-

TCNQ, both the donor and acceptor molecules have been modified, leading to an immense number of CT

salts.110  Of particular interest is the incorporation of selenium into TTF, to give TSF (tetraselenafulvalene)

1-41.  When co-crystallized with TCNQ, the resulting 1:1 CT salt was isomorphous to that of TTF-TCNQ

and the presence of selenium afforded a doubling of the σRT value.111  
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Figure 1.7 The charge transfer salt TTF-TCNQ, with packing motif (right).  HOMO is the highest occupied

molecular orbital, and LUMO is the lowest unoccupied molecular orbital.

With a view to simplifying the CT salts and controlling the degree of charge transfer, systems

referred to as the radical ion conductors (RICs) were produced.  These materials typically employed organic

π-molecular donors with inorganic counterions, where the charge of the anion fixed the degree of CT.  Two

principle donors have been studied, both modified versions of TTF, and a vast array of radical cation salts

have been generated.112  The first group were termed the Bechgaard salts, which used TMTSF (tetramethyl-

tetraselenafulvalene) 1-42 as the π-donor, with salts of the form [TMTSF]2[X], where, for example, X =

PF6G, AsF6G, NO3G.113  The other group used BEDT-TTF (bis(ethylenedithio)tetrathiafulvalene or ET) 1-43

as the electron donor, to give the [ET]2X salts, with X being a monovalent anion such as I3G.114  These 2:1
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compounds were obtained by electrochemical oxidation of the donor species in the presence on the anion,

which serves only to balance the charge.  By virtue of their mixed valency, the donor molecules have a

band filling of f = ¾, allowing for metallic behaviour in several systems.  Superconductivity has also been

observed for a few examples at low temperatures.115,116

As an alternative approach, the donor and acceptor species have been incorporated into a single

molecule, thereby alleviating the difficulties associated with two component systems.  These closed-shell

materials consist of neutral transition metal complexes that have extended TTF ligands, and the first

reported example was [Ni(tmdt)2] (tmdt = trimethylenetetrathiafulvalenedithiolate) 1-44.117  This material

exhibits a room temperature conductivity of 400 S cm-1 and is metallic down to 0.6 K.  Other derivatives

have been developed, with variations in both the ligand and the transition metal.118  These materials are

conductive because the separation of their HOMO and LUMO energy levels are sufficiently small that in

the solid state the valence and conduction bands overlap and allow for internal charge transfer.  

The CT strategy has also been applied to the development of multifunctional materials in which

the molecular crystal is composed of two sub-lattices, each exhibiting a distinct property.  Typically, this

involves the co-crystallization of highly conducting organic π-electron donors, such as TTF derivatives,

with magnetically active inorganic anions.119  For example, Coronado has reported the bifunctional [BEDT-

TTF]3[MnCr(C2O4)3] complex, in which the crystal structure consists of alternating columns of organic

cations with layers of the bimetallic anions.120  This material is both ferromagnetic at 5.5 K and metallic

down to 2 K (σRT = 250 S cm-1), although the authors report no indication of an interaction between the two

sublattices, a requirement for use in spintronic applications.71  

1.3.2 Conductive Polymers

The discovery that an organic polymer could be made metallic, with certain modifications, led to

the 2000 Nobel Prize being awarded to Shirakawa, Heeger and MacDiarmid for the report of the conductive
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properties of doped polyacetylene.  Polyacetylene itself, (CH)x, is a carbon chain with alternating single

and double bonds, and is insulating.  The trans isomer has a room temperature conductivity of 10-5 S cm-1,

where the cis conformation has a much lower value of 10-10 S cm-1.  However, the conductivity of

polyacetylene can be increased by approximately 13 orders of magnitude by simply doping it.121  Partial

oxidation or partial reduction of (CH)x by a variety of dopants has provided a range of materials and

properties,122,104 although the highest conductivity is observed for the AsF5 doped species, [(CH)(AsF5)0.14]x,

which exhibits a σRT of 560 S cm-1.123  Variations to the (CH)x backbone have been pursued by replacing

hydrogen with other substituents, as in (CHCR)x where R = C6H5, CN, CF3.124  However, when doped, none

of these materials reach the high σRT values of doped polyacetylene.  Other polymers have been explored,

including poly(pyrrole),125 poly(thiophene)126 and poly(selenophene),127 and all require doping to achieve

their conductive properties, with none reaching the high conductivity of doped (CH)x.

Unlike polyacetylene, the inorganic compound poly(sulfur nitride) (SN)x does not require doping

to display metallic behaviour.  This material exhibits a conductivity of 2 x 103 S cm-1 at 300 K, with

conductivity increasing with decreasing temperature.128  Not only was poly(sulfur nitride) the first metallic

polymer to be reported, it was also the first nonmetal-containing, single component material to exhibit

superconductivity, with a critical temperature of 0.3 K.129  It is synthesized via the solid state

polymerization of molecular  S2N2,130  and is isolated as fibrous bundles that consist of parallel chains of

covalently linked SN units tightly packed to allow for close interchain interactions.131  This material has

one unpaired π-electron per SN repeat unit and has a partially filled energy band (f = ½),132 enabling

metallic conductivity.  Poly(sulfur nitride) has been doped with both donors and acceptors, and the largest

improvement in conductivity is by an order of magnitude, which is observed for the bromine-doped

material, written as (SNBr0.4)x.130  Attempts to incorporate selenium into the framework have failed,133

limiting any potential modifications to the framework.  Since the precursors used in generating polysulfur

nitride are potentially dangerous (explosive), this material is not widely used.
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1.3.3  Neutral Radical Conductors

As an alternative to the CT paradigm, Haddon suggested the use of neutral radicals as the building

blocks of molecular metals and superconductors.70  In neutral radical conductors (NRCs), the unpaired

electron serves as the charge carrier, thereby obviating the need for two components.  This approach

requires the use of planar molecules that would form 1D π-stacked arrays in the solid state with strong

orbital overlap between SOMOs, similar to that exhibited by TTF-TCNQ.  This allows for the development

of a half filled energy band (f = ½) and inherent metallic conductivity (Figure 1.8b), similar to an elemental

metal.134  Haddon has argued in favour of odd alternant hydrocarbons (OAHs) as ideal candidates for NRCs,

specifcally phenalenyl (1-5), as it has a non-bonding SOMO and a triad of stable oxidation states (cation,

radical and anion).  As a consequence, the migration of an electron to and from this molecular orbital would

require minimal structural reorganization. 

There are, however, several design challenges associated with this model.  Firstly, any 1D system

with a partially filled energy band is vulnerable to a Peierls distortion.135 For f = ½ materials dimerization

can occur, accompanied by the opening of a band gap at the Fermi level (Figure 1.8c).  Secondly, f = ½

systems have very large on-site Coulomb repulsion energies U (see Section 1.3.1), and this, coupled with

a low bandwidth W, results in the localization of the charge carriers and a Mott insulating ground state

(Figure 1.8d).  Neither of these states exhibit metallic behaviour and therefore must be avoided.  As

described in Section 1.1, there are ways of suppressing dimerization in molecular radicals, but what is

potentially more challenging is overcoming the Mott insulating state that results from the large U.  For

systems in which the on-site Coulomb repulsion energy U is greater than the bandwidth (U > W), a Mott

insulating state will result.  However, for systems in which W is greater than U (U < W), a metallic ground

state will prevail.  Since these issues are at the forefront of NRC chemistry, a more thorough explanation

of the relationships between U and W, and insulators and metals, will now be described.
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Figure 1.8 Idealized energy levels and packing arrangements associated with (a) a single π-radical, (b) a

strongly interacting π-stack with a metallic ground state, (c) a Peierls distorted π-dimer stack with an

insulating or semiconducting ground state, and (d) a strongly correlated π-stack with a Mott insulating

ground state.

1.3.3.1  Electron Correlation and Mott Insulating States

Not all materials with partially filled energy bands are metallic, they can also be insulators.  The

difference between the two is the way in which the bands are occupied, and this is shown in Figure 1.9.

In the metallic state, the electrons are delocalized and able to move freely from one site to another.   In

contrast, electrons in the insulating state are localized and there is an energy barrier to charge transport. This

electron correlation occurs when the orbital overlap between molecules is weak and the repulsion between

electrons is large.  Insulating states are particularly prevalent in f = ½ systems where the movement of an

electron to a neighbouring site must overcome the high on-site Coulomb repulsion energy U.  The one-

electron band theory that is used to describe these systems is associated with a 1D chain with one atomic

orbital Ni and one electron on each lattice site i, as shown in Figure 1.9.  Whether the ground state is
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metallic or insulating depends on the relationship between the repulsion energy U and the bandwidth W,

and this can be obtained using molecular orbital theory.  To examine the relative energies of the two states,

the system is first simplified to a molecular dimer, in which the metal and insulator states of the chain are

equivalent to the low-spin and high-spin states of the dimer, respectively (Figure 1.9).136  

Figure 1.9 The metal and insulator states of a 1D chain and the low-spin and high-spin states of a dimer.

In Simple Hückel molecular orbital (SHMO) theory, when the two orbitals (N1, N2) within the

dimer overlap, two molecular orbitals are formed,R1 and R2, with energies ε1 and ε2, as shown to Figure

1.10.  At the SHMO level, the difference between the two energies (ε1 - ε2) is equal to 2β, where β is the

resonance integral.  For this two electron system, the levels can be occupied to give either a high-spin state

(a triplet) or a low-spin state (a singlet).

Figure 1.10 The energy level diagram of a dimer using SHMO theory, with triplet and singlet energy states.
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If the SHMO effective Hamiltonian is replaced by one in which electron repulsion is explicitly

included, and the antisymmetrized versions of  N1 and N2 are employed, the singlet and triplet energy states,

ES and ET respectively, can be obtained.  These energies are expressed in Figure 1.11,136 in terms of the

orbital energies  ε1 and ε2 and the Coulomb integral Jij.  The energy difference, ΔEST, is a function of the

ε1 and ε2 energies and the repulsion integral J12.

Figure 1.11 The energy difference between singlet (low-spin) and triplet (high-spin) energy states, along

with the definition of the Coulomb integral J12.

The J12 term can be simplified by expanding it and keeping only the on-site (N iN i, not N iN j)

Coulomb repulsion integrals, according to equation (1) in Figure 1.11.  Since J12 = U /2 and ε1 - ε2 = 2β

from Figure 1.10, the energy difference between the singlet state and the triplet state has been reduced to

an expression consisting of the repulsion energy U and the orbital overlap β, as shown in Figure 1.12.

Keeping in mind that β < 0 and U > 0, the ground state can be determined by the sign of ΔEST.  Therefore,

if ΔEST < 0, then 2β > U/2 and the singlet (low-spin) energy state is the ground state.  Alternatively, if ΔEST

> 0, then 2β < U/2 and the ground state is the triplet (high-spin) state.  Extending this two-site system to

a 1D chain in the solid state, and developing the low-spin and high-spin states into energy bands as shown

in Figure 1.12, the energy difference between a Mott insulating ground state and a metallic ground state

is obtained.
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Figure 1.12 Extension of the singlet and triplet states of a dimer to the metal and insulator states of a solid.

For systems with Mott insulating ground states, U > W (where W = 4β), and the metallic state is

higher in energy, as illustrated in Figure 1.13.  As W is increased, however, there becomes a point when

U ~ W and the two states are approximately equal in energy.  As W is increased further, so that W > U, there

is a state crossover and the metallic state is now lower in energy, making it the ground state.  Essentially,

systems with partially filled energy bands can be made metallic if the bandwidth is large enough to

overcome the on-site Coulomb repulsion energy, and this is the strategy used in developing molecular

metals from neutral radicals.

Figure 1.13 Crossover between a Mott insulating ground state and a metallic ground state for a 1D chain.
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For any system, the solid state bandwidth W can be approximated using, for example, Extended

Hückel Theory, but the Coulomb energy U is more difficult to assess.  For a neutral radical (R·) system,

the movement of an electron from one molecule to the next generates a cationic (R+) and anionic (R&)

species as shown in Figure 1.14.  This process is associated with the loss of an electron from one molecule

(the ionization potential, IP) and the gain of an electron to another molecule (the electron affinity, EA).  The

energy needed to move the electron can be interpreted as the repulsion energy between two electrons on

the same  site, that is, U.137

Figure 1.14 Relating U to the ionization potential (IP) and electron affinity (EA) of a radical (R·) system.

In the gas phase, U is equal to the disproportionation enthalpy ΔHdisp (= IP - EA), which can be

calculated using computational methods.  In solution, the reaction in Figure 1.14 corresponds to the

electrochemical half-wave potentials of the oxidation (E1/2
(0/+1)) and reduction (E1/2

(-1/0)) processes of the

radical.  Therefore, U can be related to the electrochemical window Ecell (= E1/2
(0/+1) - E1/2

(-1/0)) of a particular

system.  In the solid state however, U is not so easily obtained, and is instead determined indirectly.  It has

been well established that the trends in ΔHdisp and Ecell of a series of related compounds mimic the trends

in U.138  Therefore, neutral radicals with lower ΔHdisp and Ecell values have lower on-site Coulomb repulsion

energies U, and it is these materials that are better suited for use as neutral radical conductors.

1.3.3.2 Examples of Neutral Radical Conductors

In order to obtain neutral radical conductors, systems with low on-site Coulomb repulsion energies

U and large bandwidths W are needed, with σ ~ W/U.  High conductivity can be achieved either by reducing

U, through the use of polarizable molecular frameworks, or by maximizing orbital overlap to enlarge W.
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Oftentimes a combination of strategies are used in developing conductive materials, and although metallic

behaviour has not yet been observed, great strides have been made towards realizing this goal.

Haddon’s approach to overcoming U and obtaining neutral radical conductors based on the

phenalenyl (PLY) skeleton follows two separate pathways.  The first is by combining two or three PLY

units into a single molecule to move away from a half filled energy band entirely, and the second is by

incorporating heavy elements into the framework, to make PLY more polarizable and increase orbital

overlap between molecules.  The first strategy involved the bis- and tris-spiro-phenalenyl compounds 1-45

and 1-46 in which a band filling of 1/4 and 1/6 is achieved in the solid state, respectively.  Many substituent

modifications have been made to the 1-45 compounds, affording several different structural motifs and a

rich array of electronic behaviour.139  The room temperature conductivity values ranged between 10-7 and

10-2 S cm-1 depending on the compound, with a σRT value of 0.05 S cm-1 observed for 1-45b (R = hexyl).140

Some derivatives exhibit a reversible phase transition between a diamagnetic state and a paramagnetic state

with changes in temperature.  For one derivative, this transition is hysteretic allowing for bistability in three

physical channels (magnetic, electrical and optical).141  The high conductivity and Pauli-paramagnetism

exhibited by other derivatives, including 1-45b (R = cyclohexyl) with σRT reaching 0.3 S cm-1, has been

rationalized using Anderson’s Resonating Valence Bond (RVB) model.142  The recently reported tris-

phenalenyl molecule 1-46, has a complex structural arrangement with some electronic communication

between species, although the conductivity is low (σRT ~ 10-6 S cm-1).143

The second approach taken by Haddon was to incorporate sulfur into the PLY framework, and so

far two derivatives have been isolated, 1-9 and 1-47.  Dithiophenalenyl 1-9 was first reported in 1978, at

which time it was demonstrated that the radical was monomeric in solution.144  However, it took nearly

thirty years before the compound was fully characterized in the solid state.19 Unlike all other reported PLY-

based derivatives, its crystal structure did not involve σ-dimers, representing the first example to be

stabilized against σ-dimerization without the use of bulky substituents.  However, the structure of 1-9 does

consist of π-dimers and the material exhibits insulating behaviour with σRT < 10-6 S cm-1.  Continued
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positioning of sulfur around the phenalenyl core afforded tetrathiophenalenyl 1-47.145  Like 1-9, this

compound did not form C-C σ-bonded dimers in the solid state, although the crystal structure reveals a

rupture of one of the dithiole rings and the formation of a S-S σ-bonded dimer [1-47]2.

Betainic radicals, specifically the pyrimido-fused TTF derivatives 1-48 and 1-49 developed by

Neilands, also show potential for use as single component conductors.146  These materials have an unpaired

electron and a charge separation with the positive charge localized on the TTF portion of the molecule, and

the negative charge centered on the more electronegative pyrimidine moiety.  The betainic radicals have

half filled energy bands, but as a result of their highly polarizable nature, U is reduced.  The pyrimido-fused

TTF derivatives are able to form multiple intermolecular hydrogen bonds in the solid state similar to nucleic

acids, however, these systems are hindered by spin-quenching dimerization.  Magnetic measurements

indicate the presence of less than 3 % free Curie spins for all reported compounds.  Nonetheless, several

derivatives exhibit semiconducting behaviour with σRT reaching 10-1 S cm-1.
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An alternative approach is taken by Oakley who pursues thiazyls and selenazyls as neutral radical

conductors.  The presence of the large S/Se atoms within the molecular framework should provide good

orbital overlap and a bandwidth large enough to overcome U.  His work was initiated by the combined

discoveries of the metallic polymer (SN)x
130 and the π-stacking motif observed for a cyclic thiazyl radical.147

Many sulfur-nitrogen and selenium-nitrogen radicals have been developed by Oakley and a great deal of

progress has been made towards obtaining a neutral radical conductor.  This work is discussed in the

following section.

1.4 Thiazyls as Neutral Radical Conductors

An important design criterion for developing NRCs is the need for systems with  low U values, and

this has been an ongoing challenge in the Oakley group.  Several thiazyl and selenazyl radicals have been

explored over the years (Section 1.1), and the gas-phase ion energetics and the experimental cell potentials

for several of these (Scheme 1) are listed in Table 1.1.  The trends in these two parameters provide a handle

on the more elusive U, with low values of ΔHdisp and Ecell indicating a low U.  As described earlier, many

of the monofunctional derivatives 1-20, 1-23 and 1-25, when isolated, formed π-dimers in the solid state,

thereby quenching any potential charge carriers and opening up a band gap at the Fermi level.  Even when

dimerization could be suppressed, either by incorporating steric bulk or by increasing temperature,

conductivity did not improve, demonstrating that these materials were Mott insulators.  Attaching strong

electron withdrawing groups, such as in 1-50 or 1-51, was able to lower both ΔHdisp and Ecell, but this was

insufficient to overcome the Mott insulating condition where U > W.  For the monomeric compounds, the

room temperature conductivity values were less than 10-6 S cm-1, although when converted into charge

transfer salts these values were improved.148
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Table 1.1 Computed Gas-Phase Ion Energeticsa and Cell Potentialsb for Radicals in Scheme 1.

Compound IP EA ΔHdisp
c E1/2

(-1/0) E1/2
(0/+1) Ecell

d

1-20 7.82 1.02 6.81 -0.94 0.59 1.53e

1-23 6.77 -0.41 7.18 --- --- ---

1-25 7.01 0.34 6.67 -1.1f 0.38 1.48g,h

1-50 7.60 2.14 5.46 -0.06 1.00 1.06

1-51 7.81 2.57 5.23 0.15f 1.14 0.99g

1-27 6.16 1.39 4.77 -0.95 -0.130 0.77i

a Adiabatic ΔSCF values at the B3LYP/6-31G(d,p) level, R = H for all systems, values in eV. b In MeCN, ref. SCE,

values in V. c ΔHdisp = IP - EA. d Ecell = E1/2
(0/+1) - E1/2

(-1/0). e R = Me.149  f Irreversible behaviour, Epc value quoted. g Ecell

estimated as Epc
(0/+1) - Epc

(-1/0). h R = Cl, RN = C6F5.43c  i R = Me.45a

It became apparent that the on-site Coulomb repulsion energy U would have to be drastically

reduced in order to offset the W/U ratio and enable thiazyls to be effective as single-component molecular

metals.  Therefore, a new class of radicals was developed in which a closed-shell 1,2,3-dithiazole ring was

in resonance with an open-shell 1,2,3-dithiazolyl across a pyridine bridging  unit, to give the bisdithiazolyls

1-27.  The inclusion of resonance not only decreased the ΔHdisp and Ecell parameters, but also suppressed

π-dimerization entirely.  The π-SOMO (1-52) demonstrates that the electron is delocalized over the tricyclic

framework, and that the R1/R2 substituents lie on a nodal plane, thereby inhibiting any influence they may

have on the electronic properties of the compound.  The substituents do however, have an effect on solid

state packing.  These belt-line ligands provide the steric bulk necessary to suppress dimerization, as well

as cause the slippage of the radical π-stacks.  Although the bisdithiazolyls possess very low U values, all
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derivatives exhibit activated conductivity and are Mott insulators.  In hindsight, this is a result of the stack

slippage, and reduction in overall bandwidth, observed for these materials.  The behaviour of some of the

first reported bisdithiazolyl compounds will be described further, as it was the conclusions drawn from

these systems that directed my research goals.

1.4.1 The Bisdithiazolyls

Many derivatives of 1-27 have been developed, with the R1/R2 groups varying in both size and

shape.45  For the most part, the R2 = Cl compounds effectively represent the behaviour of this class of

radicals, and the discussion will be limited to this group, which includes the R1 = Me, Et, Pr derivatives.45b

In the solid state, radicals of the methyl compound pack in the orthorhombic space group P212121, while

the ethyl and propyl derivatives form an isomorphous set and arrange in the tetragonal space group P4̄21m.

The magnetic properties of all three compounds are shown in Figure 1.15 in the form of the product χT,

where χ is the magnetic susceptiblity, as a function of temperature.  These plots indicate that above 100 K

the three derivatives are all Curie paramagnets, however, at lower temperatures their behaviour diverges.

The methyl compound undergoes a phase change below 95 K that is accompanied by a surge in the

magnetic susceptibility with decreasing temperature, indicating the onset of FM exchange.  A phase

transition is not observed for the ethyl and propyl derivatives, and their low temperature data suggests weak

FM and AFM coupling, respectively.  Their conductive behaviour is also shown in Figure 1.15, as a log

plot of σ as a function of inverse temperature.  In all cases the conductivity is activated, with room

temperature values between 10-5 and 10-6 S cm-1 and activation energies between 0.4 and 0.5 eV.  Although

these values are an improvement over previously studied thiazyl radicals, the behaviour of the 1-27

compounds was at first surprising, as the on-site Coulomb repulsion energy U was so dramatically reduced.
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‡  These x and y axes are directions of plate slippage along the π-stacks that have been arbitrarily set according
to the stacking direction.  They are defined in Figure 1.16, and  are not related to the crystallographic axes.
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Figure 1.15 Plots of χT vs T (left) and conductivity vs 1/T (right) for compounds 1-27 (R1 = Me, Et, Pr;

R2 = Cl).

Since conductivity is a function of both U and W (σ ~ W/U), the individual packing arrangements

were examined in order to determine the degree of orbital overlap between radical SOMOs along the π-

stacks, and thus the 1D bandwidth W.  Although all three compounds, 1-27 (R1 = Me, Et, Pr; R2 = Cl), have

crystal structures that consist of radical π-stacks, each has a very different direction and degree of plate

slippage.  Figure 1.16 shows the packing arrangement of a pair of radicals along the stacking direction for

the methyl and ethyl compounds.  Radicals of the methyl derivative slip primarily along the long axis of

the molecule, or the x direction, while molecules of the ethyl compound slip predominantly along the short

axis, or y direction, of the molecule.‡  Since the structural arrangements of each compound are different,

the interactions between the radical SOMOs along the stacks must vary, and it  is therefore not surprising

that these materials exhibit different properties.
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Figure 1.16 Pairs of radicals in π-stacks of 1-27 (R1 = Me, Et; R2 = Cl) showing slippage along x and y.

In order to get a better sense of the interactions along the π-stacks of these compounds, we have

performed a series of calculations to probe both the conductive and magnetic behaviour as a function of

the direction and degree of plate slippage.  A model radical of 1-27 (R1 = R2 = H) was employed, with an

idealized molecular geometry taken from a C2v optimized B3LYP/6-31G(d,p) calculation.  We used this

model as the building block for a series of (i) EHT calculations of the 1D π-SOMO dispersion energy ΔEk

(where *ΔEk* = W) and (ii) DFT (B3LYP/6-31G(d,p)) calculations of the pairwise intrastack exchange

energy Jπ. Both series of calculations considered the effects of all possible translations (slippage) along x

and y, with individual radicals separated by 3.5 Å.  The results of the calculations are summarized in Figure

1.17 in the form of surface plots of the EHT 1D dispersion energy ΔEk and the magnetic exchange energy

Jπ for the model radical stack of 1-27 (R1 = R2 = H) as a function of x and y.  Due to the symmetry of the

molecular framework, only the [+x, +y] coordinates are shown.
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Figure 1.17 The 1D dispersion energy ΔEk (in eV) (left) and the exchange energy Jπ (in cm-1) as a function

of x and y for model 1-27 (R1 = R2 = H).  Contour lines are drawn at 0.5 eV (left) and 50 cm-1 (right)

intervals.

According to the dispersion energy plot (Figure 1.17, left), the suggested region of largest *ΔEk*

is for direct superposition at [0.0,0.0] where a *ΔEk* value greater than 2.0 eV is reached.  Another area of

relatively high dispersion is near the middle of the map at approximately [1.5, 2.5] where *ΔEk* ~ 0.7 eV.

All other translations along x and y suggest weak, or even orthogonal (at the boundary between green and

blue), orbital overlap between radical SOMOs in the π-stack.  The surface plot for the magnetic exchange

energy Jπ (Figure 1.17, right) corresponds quite well to the dispersion energy map, particularly in the light

of the well-established relationship between the overlap of magnetically active orbitals and magnetic

exchange, as described earlier in Section 1.2.1.  Accordingly, the regions of large *ΔEk* map onto areas of

Jπ < 0 and AFM exchange, while regions with *ΔEk* ~ 0, correspond to areas where Jπ > 0 and FM

behaviour is suggested.
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The actual solid state slippage coordinates of 1-27 (R1 = Me, Et, Pr; R2 = Cl) were used to test the

predictive value of the calculations.  Keeping in mind that the surface maps were generated using a model

radical 1-27 (R1 = R2 = H) and a particular interplanar separation (3.5 Å), the results nonetheless translate

well to the experimental properties.  The room temperature structure of the methyl derivative has slippage

coordinates [2.45, 0.07], which places it in a region of low *ΔEk* and small negative Jπ.  The phase

transition that occurs below 95 K involves further plate slippage only in the x direction giving new

coordinates [2.99, 0.03].  This change pushes the structure into the positive Jπ region of the map, a change

which is consistent with the observation of FM behaviour at low temperature.  The R1 = Et and Pr

compounds have coordinates [0.0, 2.15] and [0.0, 2.79], respectively.  Both compounds slip exclusively

along the y direction, but to varying degrees.  The R1 = Et derivative is situated in a region of low *ΔEk*

and small positive Jπ (FM exchange), where the R1 = Pr compound, also with a low *ΔEk*, has a small

negative Jπ value (AFM exchange).  Since all three derivatives have small *ΔEk* it is not surprising that the

conductivity values are low.  Also, the small Jπ values are consistent with Curie paramagnetism, and the

sign of Jπ matches the low temperature behaviour of all three compounds. 

Overall, the calculations are in agreement with the experimental properties exhibited by the

bisdithiazolyl radicals 1-27 (R1 = Me, Et, Pr; R2 = Cl).  This exercise has provided us with the capability

to predict qualitatively the conductive and magnetic behaviour of new structures, as well as to highlight

packing arrangements with potentially desirable properties.  For example, high conductivity is expected

for systems with large *ΔEk* values, and therefore compounds that have superimposed π-stacks are

potentially good targets.  Alternatively, diagonal slippage along x and y  may also provide a structure with

high conductivity.

Another way of improving bandwidth is to incorporate the larger selenium atom into the molecular

framework.  The more spatially extensive orbitals of this chalcogen should provide better orbital overlap

between radical SOMOs, and this approach has been used to increase conductivity in charge transfer salts

(Section 1.3.1).111  To probe the influence of the incorporation of selenium, we have repeated the EHT
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dispersion energy ΔEk and DFT magnetic exchange energy Jπ calculations on a 1D stack of model radicals

1-55 (R1 = R2 = H), which has all of the sulfur atoms replaced with selenium.  The 3D surface plots are

shown in Figure 1.18, and it is readily apparent that the general trends in ΔEk and Jπ are identical to those

established for the all-sulfur derivative 1-27 (R1 = R2 = H) in Figure 1.17.  However, for the all-selenium

compound, the maxima and minima are more extreme, and interestingly, at direct superposition [0.0, 0.0],

a bandwidth (W = *ΔEk*) of over 3.5 eV is suggested.  If compound 1-55 can be prepared, and directly

superimposed π-stacks can be obtained, it may be possible to achieve a bandwidth that will overcome U

and produce a neutral radical conductor with metallic behaviour.

Figure 1.18 The 1D dispersion energy ΔEk (in eV) (left) and the exchange energy Jπ (in cm-1) as a function

of x and y for model 1-55 (R1 = R2 = H).  Contour lines are drawn at 0.5 eV (left) and 50 cm-1 (right)

intervals.
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The inclusion of selenium into the bisdithiazolyl framework 1-27 affords three possible isomers,

the two mixed S/Se variants 1-53 and 1-54 and the previously mentioned all-selenium compound 1-55.  A

large portion of my research has involved the development of these selenium-containing derivatives, and

the preparation and transport properties of a selection of these are described in this thesis.  However, the

discovery of magnetic ordering in several of the compounds is not presented, and will instead be mentioned

here.  Canted AFM is observed in compounds 1-53 and 1-55 (R1 = Et, R2 = H), with Néel temperatures of

18 and 27 K, respectively.150  These ordering temperatures are not far from Rawson’s dithiadiazolyl radical

that exhibits a transition to a canted antiferromagnet at 36 K.65 Several other derivatives have now been

found to exhibit FM ordering at low temperatures, and these include 1-53 and 1-55 (R1 = Et, R2 = Cl).151

Curie temperatures of 12.8 and 17.0 K are observed, values that outperform all other molecular non-metal

containing ferromagnets reported to date (Section 1.2).  The ferromagnetic ordering expressed by

derivatives of 1-53 (R1 = Et R2 = Me, Br) have also been recently reported.152  In addition to the high TC

values demonstrated by these materials, large coercive fields reaching 1370 Oe (at 2 K) are observed,

establishing that these compounds are relatively hard magnets.  The incorporation of selenium demonstrates

the importance of the heavy atom effect, and the resulting spin-orbit coupling and magnetic anisotropy, in

developing magnetic ordering in molecular compounds.

Not only do several examples exhibit interesting magnetic behaviour, but the selenium-containing

radicals 1-53, 1-54, 1-55 also possess some of the highest room temperature conductivity values for any

thiazyl or selenazyl radical so far.  The potential for multifunctional behaviour in neutral radicals, that is,

those that display both conductive and magnetic properties, is also now within reach.  A great deal has been

learned about neutral radical chemistry in the past five years, with the development of many interesting

solid state properties and structural motifs.  The following section outlines the work presented in this thesis

and the contributions that I have made towards the advancement of neutral radicals in materials science.
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1.5 Thesis Scope

At the beginning of my graduate work in 2004, the bisdithiazolyls 1-27 had just recently been

reported and the properties and behaviours demonstrated by these compounds were used as a starting point

for the directions of my own research goals.  As resonance delocalization in 1-27 had provided low ΔHdisp

and Ecell values (low U), suppressed dimerization and increased thermal stability, it seemed reasonable to

extend this to a new molecular framework.  This lead to the development of the bisthiadiazinyls as a new

class of resonance-stabilized radical, and their potential as NRCs are discussed in Chapter 2.  Another

research focus was the improvement of the bandwidth in the bisdithiazolyls 1-27, with the intention of

increasing the W/U ratio, and two strategies were followed.  The first was to alter the crystal packing so as

to obtain direct superposition, an arrangement that is suggested in Figure 1.17 to reach a bandwidth of over

2.0 eV. This was pursued through the replacement of the pyridine ring with a pyrazine ring, and the

removal of one of the belt-line ligands.  These radicals are presented in Chapter 3.  The second strategy

of improving bandwidth in 1-27 was to incorporate selenium, as it was established by computational studies

in Figure 1.18 that this increases W for all slipped π-stack structures.  Chapter 4 describes the development

of the synthetic methodologies used to generate the three selenium-containing radicals  1-53, 1-54 and 1-55.

Several R1/R2 derivatives have stemmed from this work, and I have been involved with a number of them.

Within the size constraints of this dissertation, I have confined the presentation to only a selection of these.

A series of uniquely bonded σ-dimers based on the 1-53 framework are presented in Chapter 5, along with

their dramatic increases in conductivity with the application of pressure.  An entire set of four S/Se radicals

1-27, 1-53, 1-54 and 1-55, that do not dimerize, are described in Chapter 6.  These materials represent the

only complete family that does not show isostructural replacement of selenium for sulfur, and their

behaviour has demonstrated the importance of the packing arrangement on transport properties.  Two of

the set exhibit the highest room temperature conductivity values ever reported for a selenazyl radical, and

applying pressure improves this behaviour, nearly reaching the metallic ground state.
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Figure 2.9 Dispersion energy curves for 2-6 (R1 = Me, Et; R2 = Cl, R3 = Ph) and 2-3 (R1 = Me, Et; R2 = Cl).

The slope of the curves (or the sign of dEk/dk) of these plots can be associated with the orbital

overlap properties between the radicals along the π-stack.  For the methyl derivative, the positive slope seen

as energy changes with k-space vector indicates a net bonding interaction between radical SOMOs at k =

0, where for the ethyl compound the negative slope suggests a net antibonding overlap (at k = 0) along the

stacks.  A similar feature is seen for the 2-3 radicals, although opposite in nature, as the energy increases

for the ethyl variant and decreases for the methyl-substituted compound along the k-space direction

corresponding to their stacking axes.  The overall dispersion of the ethyl derivative (W ~ 0.4 eV) is

comparable to that of the 2-3 radicals, and much larger than that of the methyl compound, a feature

resulting from the shorter S---CN contacts, and thus stronger interaction, along the π-stacks.  Not only does

the methyl derivative have a lower energy dispersion along the stacking direction, the four COs are nearly

coincident, demonstrating that the radicals are non-interacting between the stacks and that the material is

essentially 1-dimensional.  This conclusion can also be reached for the ethyl compound, although the

presence of the lateral S1---N5N interactions cause the four COs to separate into closely spaced pairs.  In

general the radicals are isolated from one another as a result of the blocking affect of the phenyl groups,

in stark contrast to the bisdithiazolyls 2-3 which are much more multidimensional due to their essentially

naked periphery and ability to form close lateral S---SN and S---NN contacts.
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2.7 Transport Property Measurements

The lack of communication between radicals within the stacks, as well as between them, greatly

restricts the bandwidths for these systems, and as a result, these radicals are Mott insulators with

conductivity values σ(300K) less than 10-7 S cm-1 for both compounds.  However, the limited number of

intermolecular interactions enable the magnetic properties to be more easily studied.  The results of variable

temperature magnetic susceptibility measurements on 2-6 (R1 = Me, Et; R2 = Cl, R3 = Ph) are summarized

in Figure 2.10, which shows plots of the paramagnetic susceptibility χP and χ PT as a function of temperature

for the two compounds.  The methyl derivative behaves as a Curie-Weiss paramagnet with a χ PT value

reaching 0.350 emu K mol-1 at 300 K, a number close to that expected (0.375 emu K mol-1) for an S = ½

system of undimerized radicals (assuming g = 2).  A fit to the high temperature data gives a Curie constant

C = 0.360 emu K mol-1 and 2-value of -11.9 K, suggesting the possibility of weak antiferromagnetic

behaviour.  In contrast, the magnetic susceptibility of the ethyl-substituted compound shows a pronounced

maximum in χ P near 90 K indicating the presence of significant antiferromagnetic (AFM) exchange

coupling.  The χ PT  versus T plot shows a gradual increase in χ PT  with increasing temperature, reaching

a maximum of 0.355 emu K mol-1 at 300 K.  

Figure 2.10 Magnetic susceptibility, χP, versus T plots for 2-6 (R1 = Me, Et; R2 = Cl, R3 = Ph). Insert shows

plots of χ PT versus temperature, and red lines indicate the derived fits to experimental data.



‡  R(χ) = [Σ(χobs - χcalc)2/Σ(χobs)2]½, α = fraction of monomeric paramagnetic impurity, TIP = temperature
independent paramagnetism.
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We have seen strong AFM coupling effects in π-stacked bisdithiazolyls 2-3,3d but in those cases

the electronic interactions were numerous and the potential exchange pathways more complex.  It was

therefore not possible to model the magnetic data in those cases.  Given the more 1D nature of the

electronic structure of 2-6 (R1 = Et), with a single strong S1---C1N interaction linking radicals along the

π-stack and a much weaker lateral S1---N5N  interaction linking the stacks into pairs, we decided to model

the temperature dependence of the χ P data to a 1D Heisenberg chain of AFM coupled S = ½ centers.  Based

on a Bonner-Fischer approach16 and an Hex = -2J{S1CS2} Hamiltonian,17 the derived fit (shown in Figure

2.10) was obtained using the following parameters: J = -49 cm-1, zJ = -3 cm-1, g = 2.007, 2  = 0 cm-1, α =

0.001, TIP = 2.2 × 10-4 emu mol-1, and R(χ ) = 0.0157.‡  The exchange equation was modified to include

a molecular field correction, which suggested a small long range AFM component.

In order to explore the origins of the magnetic properties of the two bisthiadiazinyls, we have

performed a series of DFT calculations in an attempt to characterize the individual exchange interactions

involved.  We  have used broken symmetry methods18 to estimate the singlet-triplet exchange energies for

closely interacting radical pairs, an approach which was described in Chapter 1, and has been successfully

applied to a variety of nitrogen centered radicals19 and heterocyclic thiazyl radicals.20,21  Accordingly, and

with reference to the Hamiltonian Ηex = -2J{S1CS2}, the exchange energy J for any pair of interacting

radicals can be estimated from the total energies of the triplet (ET) and broken symmetry singlet (EBSS) states

and the respective expectation values < S2 > of the two states, according to equation (1). 

(1)

Exchange energies were calculated with a simple dinuclear nearest neighbour exchange model

using a variety of pairwise combinations of radicals, with atomic coordinates taken from crystallographic

data.  For the methyl-substituted compound only one possible exchange pathway JA was considered, namely

J
E E

S S
T BSS

T BSS
=

− −
< > − < >

( )
2 2



‡  According to reference 22, where ξ is the number of equivalent neighbours.θ
ξ

=
+J S S

k
( )1
3
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that involving the interaction of nearest neighbour radicals along the  π-stack.  For the ethyl derivative, the

lateral interactions noted above give rise to a ladder-like structure (Figure 2.11) in which there are three

possible exchange couplings JA , JB  and JC .  As in the methyl compound, the JA pathway involves

radical-radical interactions along the π-stacks, while JB is associated with the lateral S1---N5N contacts noted

above.  The potential third coupling JC arises from the head-over-tail pairing of radicals in adjacent

π-stacks.  Single point total energies were calculated using the hybrid exchange correlation functional

B3LYP and a series of polarized, split-valence basis sets with double-zeta (6-31G(d,p)), triple-zeta

(6-311G(d,p)) and triple-zeta plus diffuse (6-311+G(d,p)) functions. 

Figure 2.11   Magnetic exchange pathways JA, JB and JC in 2-6 (R1 =  Et, R2 = Cl, R3 = Ph).  

The results are summarized in Table 2.4, which shows individual exchange energies as a function

of basis set.  Overall there is a fair consistency across the basis sets, certainly sufficient for a qualitative

evaluation of the relative importance of the various pathways.  In both cases (R1 = Me, Et) the calculations

predict an antiferromagnetic exchange interaction JA along the stacking axis, that of the ethyl compound

being substantially larger, as anticipated from the structural features noted above.  Within a mean field

model the 6-311+G(d,p) JA exchange energy for R1 = Me translates (with two equivalent neighbours) into

a predicted22 Curie Weiss 2-value of -5.4 K,‡ a value comparable to that observed from the Curie-Weiss
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fit of the experimental data.  There are similarly small discrepancies between the 6-311+G(d,p) JA, and JB,C

energies and those derived from the 1D Heisenberg chain model with the molecular field term included,

but given the size of the radicals the correspondence between DFT calculations and the modified chain

model is reasonable. 

Table 2.4  Calculated Exchange Coupling Constants (in cm-1) of 2-6 (R2 = Cl, R3 = Ph)

R1 J 6-31G(d,p) 6-311G(d,p) 6-311+G(d,p)

Me JA -14.4 -9.3 -7.5

Et JA -32.2 -32.7 -32.9

Et JB -5.6 -7.8 -8.5

Et JC -3.5 -4.3 -4.6

2.8  Conclusions

The bisthiadiazinyl radicals 2-6 are a new class of heterocyclic neutral radical and the first systems

of this type (R1= Me, Et; R2 = Cl, R3 = Ph) exhibited low ion energetics (a low U), high thermal stability

and a solid state packing arrangement consisting of discrete radicals.  All of the these attributes are in

favour of these materials being radical conductors.  Unique to these systems, over the bisdithiazolyls 2-3,

are the R3 groups on the outer ends of the heterocyclic core, and although these substituents offer another

mode for design modification, they also isolate the radicals from one another.  For the R3 = Ph compounds,

there were either no (R1 = Me) or few (R1 = Et) lateral intermolecular interactions within the crystal

structure,  which are critical for a bandwidth W that is sufficiently large to overcome U.  As a result, these

materials are Mott insulators with low conductivity values.  Nonetheless, due to the limited number of close

intermolecular contacts in the solid state, these materials provided a unique opportunity to model their

magnetic properties.
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2.9 Future Work

There are several ways in which the bisthiadiazinyl framework can be modified through variations

in the R1, R2 and R3 substituents to alter both the conductive and magnetic properties of the system.  To

improve the bandwidth, and thus conductivity, one obvious strategy is to change the R3 group to something

much smaller than phenyl, such as methyl or proto, to allow for the radicals to pack closer together.

Unfortunately, early work along this avenue has been thwarted by (i) the oxidation of the methyl group

during the closure reaction with S2Cl2, and (ii) the hydrolysis of the amidine of the R3 = H derivative during

the basic work up.  Other R3 substitents, those capable of S---SN and S---NN contacts, such as dithiazoles

or thiatriazines, could be used to increase the number and strength of intermolecular contacts in the solid

state.  In addition, the replacement of sulfur by selenium, or even tellurium, can also increase bandwidth,

a strategy implemented in improving the bandwidth of the bisdithiazolyls 2-3.23  Synthetic work into these

areas has not yet been approached.

Alternatively, one could focus on lowering the U parameter in conjunction with improving W, to

obtain a higher conductivity.  Variation of the redox properties, and therefore U, can be achieved through

the development of a ‘push-pull’ system in which the R3 groups are replaced by an electron-withdrawing

group (e.g., CF3) and an electron-donating group (e.g., NR2).  These hetero-substituted frameworks could

show interesting structures and electronic behaviour, and DFT calculations show ΔHdisp values lower than

that of the R3 = H framework.  With this goal in mind, our work on ‘one-armed’ amidines 2-9 has shown

partial success.  For the case of R3 = pyridyl and phenyl derivatives, the one-armed species is more

activated to a second substitution than the diamine and gives the bisamidine compounds in almost 100 %

yield.  In contrast, when R3 = trifluoromethyl and pyrimidyl, we can isolate the one-armed species through

the alkylation of the center nitrogen, but have difficulty placing a second arm.  Nonetheless, with 2-9 in

hand, it is possible, upon reaction with sulfur halides, to obtain the hybrid species 2-10, with one 5-

membered ring and one 6-membered ring in resonance across the pyridine bridge.  The precursors to this

framework have been isolated, and work on these systems is ongoing.
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Properties other than conductivity can also be envisaged, as R3 groups capable of polymerization

(2-11) or metal (M) coordination (2-12) could be developed.  Our work towards 2-12, with the R3 = pyridyl

derivative, has been restricted by the oxidation state of the isolated compound on ring closure.  We obtain

the bisthiadiazine framework in the fully reduced form 2-13, and we are as yet unable to successfully

oxidize the compound to the monocation 2-14. We were initially surprised to find this synthetic obstacle

following a minor modification in the R3 group (from phenyl to pyridyl), but we believe that the protons

are strongly held in the pocket created by the thiadiazine nitrogen and the pyridine nitrogen, an arrangement

similar to that of 2-12 but with a proton instead of a metal atom.  We realized from this work that we must

further explore the redox chemistry of each bisthiadiazine system before we can make any progress on a

general synthetic route to substituent modification.  
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Another area for investigation is the development of extended ring systems such as 2-15, 2-16 and

2-17.  Similar polycyclic systems have been studied for use as field effect and thin film transistors,24 liquid

crystalline materials,25 zwitterionic cyanine dyes14 and organic electronic materials.26  Our preliminary

calculations on these radicals indicate lower ΔHdisp values than the three ring systems 2-3 and 2-6, making

them potential targets for NRCs.  Possible synthetic pathways to these five ringed compounds have been

investigated for future work.27

In summary, the bisthiadiazinyl framework shows much potential for use as functional materials

with a variety of options available and modes of modification seemingly endless.  Work in this area has

demonstrated however, that a greater understanding into the redox chemistry and intermediate reaction

pathways must be achieved in order for the bisthiadiazinyl system to be widely applicable.

2.10  Experimental Section 

Preparation of N, N -pyridine-2,6-diyldibenzenecarboximidamide 2-7  Aluminum chloride (12.2 g,

0.0916 mol), benzonitrile (9.50 mL, 0.0921 mol) and 2,6-diaminopyridine (5.00 g, 0.0458 mol) were

combined and melted together at 200 EC for 15 min.  The hard glassy solid was heated into 50 mL 10 %

aqueous HCl solution, which turned over to a brown crystalline solid that was filtered and washed with 20

mL 20 % aqueous HCl solution.  This hydrochloride salt (14.5 g, 0.0412 mol) was dissolved in 100 mL

boiling water and,  on cooling, 100 mL aqueous sodium carbonate monohydrate solution (35.3 g, 0.284

mol) was added to afford a light brown solid, that was filtered off and washed with water.  The bisamidine

2-7 was recrystallized from MeCN as light brown flakes, yield 9.48 g (0.0301 mol, 73 %); mp 177.5-180.5

EC.  IR: 3421 (m), 3274 (m), 1622 (s), 1584 (s), 1527 (s), 1492 (m), 1432 (w), 1320 (m), 1244 (m), 1182
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(w), 1153 (m), 1078 (w),1028 (m), 969 (w), 826 (m), 795 (m), 787 (m), 698 (s), 522 (w), 485 (w) cm-1.  1H

NMR (δ , CD3CN): 7.97 (m, 2H), 7.68 (t, 1H, J = 7.7 Hz), 7.49 (m, 3H), 6.76 (d, 2H, J = 7.7 Hz). Anal.

Calcd for C19H17N5: C, 72.36; H, 5.43; N, 22.21 %.  Found: C, 72.21; H, 5.61; N, 21.99 %.

Preparation of 10-chloro-3,7-diphenyl-5H-[1,2,4]thiadiazino[6',5':5,6]pyrido[2,3-e][1,2,4]-thiadiazin-

1-ium hexafluoroantimonate [2-6][SbF6], R1 = H, R2 = Cl, R3 = Ph  Sulfur monochloride (10.1 g, 0.0747

mol) was added to a slurry of 2-7 (3.92 g, 0.0124 mol) in 125 mL chlorobenzene.  The reaction mixture was

set to reflux for 16 h and the resulting precipitate was collected by filtration and washed with 2 x 60 mL

chlorobenzene.  Crude [2-6][Cl] (R1 = H, R2 = Cl, R3 = Ph) was obtained as a green-brown powder, yield

5.09 g (0.0114 mol, 93 %).  IR: 1885 (m), 1631 (w), 1596 (w), 1583 (w), 1556 (w), 1362 (s), 1233 (s), 1176

(w), 1043 (m), 1073 (m), 1064 (m), 1027 (m), 1000 (w), 972 (w), 845 (w), 829 (w), 775 (s), 789 (m), 696

(s), 664 (m), 624 (w), 585 (m), 535 (w), 472 (m), 453  (w) cm-1.  A sample of [2-6][Cl] (R1 = H, R2 = Cl,

R3 = Ph) (5.09 g, 0.0114 mol) was added to a colourless solution of nitrosonium hexafluoro-antimonate

(3.67 g, 0.0138 mol) in 70 mL MeCN to give a dark blue solution with lustrous red precipitate.  After 1 h,

the solvent was removed by flash distillation and the residue was filtered using 60 mL HOAc.  The product,

[2-6][SbF6] (R1 = H, R2 = Cl, R3 = Ph) was washed 2 × 50 mL HOAc to afford a dark green crystalline

solid, yield 4.03 g (0.00633 mol, 55 %); dec > 255 EC.  IR: 3224 (w), 1586 (m), 1561 (m), 1531 (m), 1407

(w), 1322 (s), 1237 (s), 1178 (m), 1149 (w), 1073 (w), 1061 (s), 1027 (m), 1000 (w), 938 (w), 821 (w), 788

(w), 774 (s), 725 (w), 695 (s), 664 (s), 652 (s), 643 (m), 581 (s), 564 (w), 460 (w) cm-1.  1H NMR (δ ,

CD3CN): 7.65 (m, 3H), 8.20 (m, 2H).  Anal. Calcd for C19H11ClF6N5S2Sb: C, 35.40; H, 1.72; N, 10.86 %.

Found: C, 35.41; H, 2.00; N, 10.63 %.

Preparation of 10-chloro-3,7-diphenyl[1,2,4]thiadiazino[6',5':5,6]pyrido[2,3-e][1,2,4]thiadiazin-1-

ium-5-ide, 2-8, R2 = Cl, R3 = Ph  Proton sponge (1.61 g, 7.54 mmol) was added to a slurry of [2-6][SbF6]

(R1 = H, R2 = Cl, R3 = Ph) (4.01 g, 3.21 mmol) in 125 mL MeCN to give a purple precipitate of 2-8 ( R2

= Cl, R3 = Ph)  that was collected by filtration and washed 2 × 50 mL MeCN, yield 2.28 g (5.59 mmol, 90

%); dec > 320 EC.  IR: 1627 (w), 1584 (w), 1507 (w), 1489 (w), 1432 (s), 1410 (w), 1343 (w), 1313 (m),
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1302 (m), 1179 (s), 1070 (w), 1053 (w), 1028 (m), 9321 (w), 866 (w), 847 (w), 779 (s), 764 (s), 722 (w),

708 (s), 693 (w), 627 (s), 597 (m), 553 (w), cm-1.  Anal. Calcd. for C19H10ClN5S2: C, 55.95; H, 2.47; N,

17.17 %.  Found: C, 55.81; H, 2.25; N, 17.36 %.

Preparation of 10-chloro-5-methyl-3,7-diphenyl-5H-[1,2,4]thiadiazino[6',5':5,6]pyrido[2,3-e][1,2,4]

thiadiazin-1-ium trifluoromethanesulfonate [2-6][OTf], R1 = Me, R2 = Cl, R3 = Ph  Methyl

trifluoromethanesulfonate (0.340 mL, 3.00 mmol) was added to a slurry of 2-8 (R2 = Cl, R3 = Ph) (1.00 g,

2.45 mmol) in 8 mL DCE to give a turquoise slurry that was stirred for 16 h.  The brown precipitate of [2-

6][OTf] (R1 = Me, R2 = Cl, R3 = Ph) was filtered off and washed with 2 × 10 mL DCE.  The crude product

was recrystallized in MeCN to afford a mixture of red rhombohedral plates and needles, yield 0.970 g (1.70

mmol, 69 %); dec > 248 EC for rhombohedral plates.  IR of rhombohedral plates: 1583 (w), 1530 (m), 1335

(s), 1314 (w), 1272 (m), 1263 (s), 1223 (w), 1158 (m), 1136 (m), 1039 (w), 1030 (m), 1022 (w), 966 (m),

838 (w), 809 (w), 794 (w), 775 (s), 750 (m), 722 (w), 722 (s), 701 (m), 692 (m), 680 (s), 636 (w), 621 (w),

573 (w), 559 (w), 520 (w), 498 (w) cm-1.  IR for needles: 1583 (m), 1530 (m), 1414 (s), 1337 (s), 1312 (w),

1264 (s), 1223 (w), 1179 (w), 1148 (s), 1097 (w), 1032 (s), 1023 (s), 966 (m), 840 (w), 814 (w), 779 (s),

749 (s), 697 (s), 680 (m), 637 (s), 621 (m), 573 (w), 559 (w), 517 (m), 500 (w) cm-1.  1H NMR of

rhombohedral plates (δ, CD3CN): 3.90 (s, 3H, CH3), 7.64 (m, 3H), 8.26 (m, 2H).  UV-vis: λmax 622 nm, log

ε = 4.7.  Anal. Calcd. for rhombohedral plates, C21H13ClF3N5O3S3: C, 44.09; H, 2.29; N, 12.24 %.  Found:

C, 44.25; H, 2.40; N, 11.99 %. 

Preparation of 10-chloro-5-ethyl-3,7-diphenyl-5H-[1,2,4]thiadiazino[6',5':5,6]pyrido[2,3-e][1,2,4]-

thiadiazin-1-ium trifluoromethanesulfonate [2-6][OTf], R1 = Et, R2 = Cl, R3 = Ph  A slurry of 2-8 (R2

= Cl, R3 = Ph) (1.00 g, 2.45 mmol) and ethyl trifluoromethanesulfonate (0.380 mL, 2.93 mmol) in 8 mL

DCE was stirred for 32 h. The brown precipitate of [2-11][OTf] (R1 = Et, R2 = Cl, R3 = Ph) was filtered off

and washed with 2 × 10 mL DCE.  The crude product was recrystallized from MeCN as bronze needles,

yield 0.638 g (1.09 mmol, 45 %); dec > 278 EC.  IR: 1595 (w), 1582 (m), 1529 (m), 1337 (s), 1263 (s),

1234 (w), 1176 (w), 1145 (s), 1111 (w), 1069 (s), 1048 (s), 1031 (s), 932 (w), 787 (m), 774 (s), 753 (s), 698
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(s), 678 (m), 636 (s), 619 (m), 571 (m), 517 (m) cm-1.  1H NMR (δ, CD3CN): 1.45 (t, 3H, CH2CH3, J = 7.0

Hz), 4.67 (m, 2H, CH2CH3, J = 7.0 Hz), 7.65 (m, 3H), 8.26 (m, 2H).  UV-vis: λmax 619 nm, log ε = 4.8.

Anal. Calcd. for C22H15ClF3N5O3S3: C, 45.09; H, 2.58; N, 11.95 %.  Found: C, 45.17; H, 2.43; N, 11.99 %.

Preparation of 10-chloro-5-propyl-3,7-diphenyl-5H-[1,2,4]thiadiazino[6',5':5,6]pyrido[2,3-e][1,2,4]-

thiadiazin-1-ium trifluoromethanesulfonate [2-6][OTf], R1 = Pr, R2 = Cl, R3 = Ph Propyl

trifluoromethanesulfonate (0.860 g, 4.48 mmol) was added to a slurry of 2-8 (1.50 g, 3.68 mmol) in 15 mL

DCE and the reaction mixture was set to reflux for 16 h.  At this time the heat was removed and the slurry

cooled to room temperature and then at -20 EC for 2 h.  The coppery precipitate was collected by filtration

and washed 2 x 10 mL DCE.  Recrystallization from MeCN afforded [2-6][OTf] (R1 = Pr, R2 = Cl, R3 = Ph),

yield 1.28 g (2.13 mmol, 58 %); dec > 255 EC.  IR: 1529 (w), 1424 (w), 1337 (s), 1265 (s), 1235 (w), 1224

(w), 1152 (m), 1096 (w), 1071 (w), 1051 (m), 1033 (m), 1025 (m), 967 (w), 801 (s), 774 (s), 753 (w), 698

(s), 674 (w), 638 (s), 617 (w), 568 (w), 517 (w) cm-1. UV-vis: λmax 620 nm, log ε = 4.7. Anal. Calcd. for

C23H17ClF3N5O3S3: C, 46.04; H, 2.86; N, 11.67 %.  Found: C, 46.72; H, 3.00; N, 10.54 %.

Preparation of 10-chloro-5-methyl-3,7-diphenyl-2H,5H-[1,2,4]thiadiazino-[6',5':5,6]pyrido[2,3-e]

[1,2,4]thiadiazin-2-yl, 2-6, R1 = Me, R2 = Cl, R3 = Ph  Dimethylferrocene (0.443 g, 2.07 mmol) was added

to a solution of [2-6][OTf] (R1 = Me, R2 = Cl, R3 = Ph) (0.970 g,1.70 mmol) in 100 mL degassed MeCN.

The maroon microcrystalline material was filtered after 1 h and washed with 2 × 50 mL MeCN, yield 0.630

g (1.49 mmol, 88%); mp 228 - 230 EC.  IR: 1583 (m), 1536 (s), 1500 (m), 1444 (s), 1403 (w), 1336 (w),

1308 (s), 1277 (s), 1246 (w), 1177 (s), 1116 (w), 1069 (w), 1030 (s), 1018 (w), 1000 (m), 953 (m), 921 (m),

852 (w), 785 (m), 760 (s), 728 (s), 693 (s), 677 (m), 672 (m), 621 (m), 616 (m), 543 (w), 486 (w), 451 (w)

cm-1.  Anal. Calcd. for C20H13ClN5S2: C, 56.80; H, 3.10; N, 16.56 %.  Found: C, 56.68; H, 3.30; N, 16.38

%.  Crystals suitable for structure analysis were grown by vacuum sublimation at 10-4 Torr down a

temperature gradient of 210 EC to 100 EC.
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Preparation of 10-chloro-5-ethyl-3,7-diphenyl-2H,5H-[1,2,4]thiadiazino-[6',5':5,6]pyrido[2,3-e]

[1,2,4]thiadiazin-2-yl, 2-6, R1 = Et, R2 = Cl, R3 = Ph  Dimethylferrocene (0.230 g, 1.07 mmol) was added

to a degassed solution of [2-6][OTf] (R1 = Et, R2 = Cl, R3 = Ph) (0.513 g, 0.088 mmol) in 40 mL MeCN.

After 30 min the maroon microcrystalline material was filtered off and washed with 2 × 30 mL MeCN,

yield 0.323 g (0.739 mmol, 84 %); dec > 200 EC. IR: 1583 (w), 1545 (m), 1521 (w), 1499 (s), 1347 (w),

1312 (s), 1299 (w), 1277 (s), 1219 (m), 1181 (m), 1090 (w), 1037 (m), 1023 (s), 993 (s), 931 (w), 920 (w),

780 (m), 755 (s), 736 (s), 705 (w), 695 (s), 691 (s), 678 (w), 667 (m), 616 (m), 559 (w), 484 (w) cm-1.  Anal.

Calcd. for C21H15ClN5S2: C, 57.72; H, 3.46; N, 16.03 %.  Found: C, 58.12; H, 3.62; N, 16.24 %.  Crystals

suitable for X-ray work were grown by vacuum sublimation at 10-4 Torr down a temperature gradient of

200 EC to 100 EC.

Preparation of 10-chloro-5-propyl-3,7-diphenyl-2H,5H-[1,2,4]thiadiazino-[6',5':5,6]pyrido[2,3-e]

[1,2,4]thiadiazin-2-yl, 2-6, R1 = Pr, R2 = Cl, R3 = Ph  Dimethylferrocene (0.442 g, 2.07 mmol) was added

to a degassed solution of [2-6][OTf] (R1 = Pr, R2 = Cl, R3 = Ph) (1.00 g, 1.67 mmol) in 50 mL MeCN.  After

1 h the maroon microcrystalline material was filtered off and washed with 2 × 20 mL MeCN, yield 0.626

g (1.39 mmol, 83 %); dec > 200 EC. IR: 1584 (w), 1535 (s), 1499 (s), 1442 (s), 1367 (w), 1316 (s), 1276

(s), 1207 (s), 1175 (s), 1116 (w), 1069 (w), 1038 (s), 1022 (s), 961 (m), 937 (w), 929 (w), 919 (w), 901 (w),

871 (w), 844 (w), 778 (m), 759 (s), 734 (s), 691 (s), 677 (m), 667 (w), 620 (m), 616 (m), 556 (w), 478 (w)

cm-1.  Anal. Calcd. for C22H17ClN5S2: C, 58.59; H, 3.80; N, 15.53 %.  Found: C, 58.39; H, 4.00; N, 15.63

%.  Crystals suitable for X-ray work could not be grown by either recrystallization or vacuum sublimation.
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Chapter 1


Neutral Radicals as Functional Materials


1.1 Molecular Radicals


Generally, non-metal based molecules have paired electrons and are closed shell.  However, by


virtue of the number or types of atoms present, systems with unpaired electrons can also exist.1  These


molecules, usually referred to as radicals,2 are often thought of as highly reactive and even transient in


nature, as many rapidly decompose via dimerization, hydrogen or alkyl abstraction, hydrolysis or redox


reaction pathways.  However, many radicals are considered stable, that is, they are thermodynamically


favoured with respect to specific reactions like those mentioned above, and are observable and even


isolable.  The degree of stability is an important feature when comparing radicals, although unfortunately


the definition of a stable radical is a subjective term, as there is no universal convention used.  Therefore


the terms “persistent” and “stable” must be defined before any particular examples are described.  Thus,


for present purposes, the definitions provided by Ingold,3 and used by others,4 will be employed.  When


a radical is described as persistent it survives long enough to be observed by conventional spectroscopic


methods, but can not be isolated.  This suggests compounds with half-lives on the order of minutes.5  By


contrast, radicals that are considered stable are those that can be isolated and stored as a pure substance,


with no more precautions than would be used for the majority of commercially available organic


chemicals,3 and exist for prolonged periods of time.


In general, four design strategies are used in generating stable radicals and often a combination of


these are utilized.  The first is to position bulky substituents around the periphery of the molecule to impede







2


close contact with other molecules, and the second is to block reactive sites and inhibit certain


decomposition pathways.  A third strategy is to incorporate resonance within the framework to delocalize


the electron and distribute spin density, and the fourth method is to include electron-rich heteroatoms that,


due to electron pair repulsion, inhibit association (the so-called alpha-effect).6,7  Many different types of


molecular radicals have been developed, and a range of reactivities have been observed.  Several classes


will be described here, ranging from radicals that have an entirely organic backbone to those that consist


predominately of heteroatoms.  The design strategies used to increase the stability in these compounds are


also discussed.


1.1.1 Organic Carbon-Centered Radicals


Gomberg’s report of the triphenylmethyl radical 1-1 marked the beginning of organic free radical


chemistry in 1900.8  He discovered this unusual carbon-based radical while attempting to prepare the


sterically encumbered hexaphenylethane molecule.9  The triphenylmethyl radical can not be isolated and


is present in solution along with its σ-dimer [1-1]2, which is bonded through a central carbon atom on one


molecule and a carbon atom at the para position of a phenyl ring on another.  The σ-bond is weak, as a


bond dissociation energy of ~ 11 kcal mol-1 was reported.10  When the para positions are blocked with


substituents, as in 1-2, the radicals are monomeric in solution and deemed kinetically stable.11  When all


positions are substituted, as the perchlorinated compound 1-3, the molecule is so severely obstructed that


it is considered chemically inert, being monomeric in the solid state, as well as in solution.12 
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Another class of carbon-based radical comprises the substituted cyclopentadienyls 1-4, which can


be monomeric or dimeric depending on the R substituent.  For example, the pentamethyl derivative (R =


Me) forms σ-dimers in solution and requires temperatures > 360 K for dissociation into discrete radicals.


A carbon-carbon bond enthalpy of ~19 kcal mol-1 was reported.13  By contrast, the pentaisopropyl


compound (R = i-Pr) can be isolated in the solid state and forms evenly spaced stacks, with molecules being


5.82 Å apart.14


Phenalenyl 1-5 and its derivatives also possess a carbon backbone.  Like triphenylmethyl,


phenalenyl is in thermodynamic equilibrium with its σ-bonded dimer [1-5]2 in solution.15 σ-Dimerization


is avoided in 1-6, which has t-butyl groups positioned at the β-carbon sites.16  In the solid state, this


compound forms stacks of π-dimers, in which the molecules are eclipsed so as to minimize steric repulsion


between the substituents.  When chlorine atoms are placed around the periphery of the molecule, as in the


perchlorophenalenyl radical 1-7, the molecules are monomeric.17  In the solid state, the molecules are well


separated, but are nonplanar as a result of the steric interaction between the chlorine atoms on neighbouring


molecules.  Dimerization through carbon-carbon bond formation has also been avoided without the use of


steric protection through the incorporation of nitrogen (1-8)18 or sulfur (1-9).19
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The behaviour of these organic open-shell compounds demonstrates that generating stable carbon-


centered radicals requires a combination of resonance delocalization, steric bulk and strategic placement


of substituents.  The incorporation of other elements into the organic framework, where the unpaired


electron is centered on an atom other than carbon, specifically oxygen, nitrogen and sulfur, has been shown


to provide additional stability.  


1.1.2 Organic Heteroatom Radicals


Carboxyl radicals, such as the phenoxyls 1-10,20 are a well-known example of an organic radical


that has the electron centered on a heteroatom.  These molecules are studied as models of tyrosyl radicals


in living systems, and also as antioxidants.21  The unpaired electron is delocalized over the aromatic ring,


and for a phenoxyl to be more than a transient intermediate the ortho and para positions must be blocked


by groups that give steric protection.  The resonance delocalized galvinoxyl radical 1-11 for example, can


be isolated in pure form as a monomeric species that is stable in the solid state.22  This radical is unreactive


towards oxygen, even in solution, and is commercially available.23  
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Aminyls, organic radicals that contain the CN unit, also require steric bulk for stability.  For


example, perchlorodiphenylaminyl 1-12 can be stored indefinitely in air.24  Its stability is attributed to the


shielding of the nitrogen atom by the four ortho chlorine atoms on the phenyl substituents.  This molecule


has a half-life of about two months in carbon tetrachloride (in air at room temperature), but it reacts rapidly


with toluene, undergoing hydrogen abstraction and disproportionation.  Hydrazyls [RNNR]· are generally


only persistent in solution, although 2,2-diphenyl-1-picrylhydrazyl (DPPH) 1-13 has been known for


several decades as a stable radical, as it does not dimerize or react with oxygen.25  Consequently, DPPH


is commonly used as a reference compound in EPR (electron paramagnetic resonance) spectroscopy.


Resonance delocalized hydrazyls are among the most stable class of radicals and include  the verdazyls 1-


14, which were reported over forty years ago by Kuhn and Trischmann,26 and the related oxoverdazyls 1-


15, reported more recently in the 1980's by Neugebauer.27  These radicals are generally stable to air and


water, and do not require bulky substituents for stability.


Combining nitrogen and oxygen provides a range of nitroxyl radicals, the simplest being nitric


oxide 1-16.  This compound is indefinitely stable in the absence of oxygen, and does not rely on steric


protection to avoid dimerization.  Instead, the alpha-effect,6,7 that is, the repulsion between lone pairs on


neighbouring molecules, is sufficient to prevent σ-bond formation.  The NO unit has been incorporated into


carbon frameworks to afford a host of organic nitroxyl derivatives 1-17 with a range of stabilities that


depend primarily on the R substituents.28  To avoid disproportionation reactions for these compounds,


quaternary carbon-based substituents are used, as hydrogen atoms situated on the α-carbons are particularly


sensitive to H· abstraction.  For example, TEMPO (2,2,6,6-tetramethylpiperidine-N-oxyl) 1-18 is very


stable and is used as a building block for spin labeling studies.29  Incorporating resonance delocalization


into the framework affords the nitronyl nitroxide radicals 1-19, in which the spin density is dispersed
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evenly on both NO units.30  These compounds also require the absence of α-hydrogens, but once this


condition is met, these radicals are considered highly stable.


1.1.3 Inorganic Heteroatom Radicals


Replacing oxygen in the nitroxyl radicals with the heavier chalcogen sulfur leads to what is


considered to be a more inorganic class of radicals, the thiazyls.  Although oxygen and sulfur are both in


Group 16 of the periodic table, the thiazyl radicals are quite different from their nitroxyl analogues.  This


results from the fact that the sulfur atom is larger and more polarizable than oxygen, and that the S-N bond


is oppositely polarized to that of N-O.31  The thiazyl radicals are inherently stable, as they do not require


steric bulk for their stability.  Several acyclic thioaminyls [RSNR]· have been reported,32 but the bulk of


the stable thiazyls are ring systems,33 many including conjugation to carbon.  The 1,2,3,5-dithiadiazolyls


1-20 include a single carbon atom to make a 5-membered ring.  The R substituent is situated on the nodal


plane of the π-SOMO (singly occupied molecular orbital) 1-21, and therefore has little effect on the


electronic properties of the system, although it does influence solid state packing.  Most derivatives form


π-dimers in the solid state,34 displaying a range of association modes (Figure 1.1),35 although there are


several examples that remain as discrete radicals.36  The related isomer 1,3,2,5-dithiadiazolyl 1-22 is also


known, however, it is less thermodynamically stable and readily converts into 1-20 both in solution and


in the solid state.37  
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Figure 1.1 Modes of association demonstrated by 1-20 in the solid state, including the (a) cis-cofacial, (b)


trans-antarafacial, (c) trans-cofacial, and (d) twisted conformations.


Compounds 1-23 and 1-25 are also 5-membered rings, but have one of the nitrogen atoms in the


dithiadiazolyl ring replaced with a carbon atom.  The π-SOMOs of both compounds, 1-24 and 1-26


respectively, have spin density on the carbon atoms, allowing for the fine-tuning of their redox properties


through variations in the R substituent.  The 1,3,2-dithiazolyls 1-23 are air sensitive in solution, but are


indefinitely stable in the solid state.  Many examples exist as π-dimers,38 although the quinoxaline and


naphthalene fused compounds are monomeric.39  Some derivatives undergo a reversible phase change


between a structure of π-dimer stacks and a structure of π-radical stacks with change in temperature.40,41


For a few examples this transition is hysteretic, and can be observed in both magnetic and structural


measurements.  In 2004, Oakley outlined the structural mechanisms that afford the cooperative effects, and


resulting magnetic bistability, for several of these systems.41  Materials that exhibit this type of behaviour


are pursued for potential applications in magnetic switching devices.42


The other isomer, the 1,2,3-dithiazolyl 1-25, has also been explored, although only a few examples


of the monofunctional radicals have been stable enough to be structurally characterized.  Of these, three


consist of π-dimers,43 where only one is monomeric as a result of its strongly electron-withdrawing


substituents (R1 = Cl2C3SN, R2 = Cl).44  More recently, the 1,2,3-dithiazolyl unit has been extended to the


bifunctional system 1-27, in which two rings are in resonance across a bridging pyridine moiety.45  These


derivatives are highly stable and consist of discrete radicals both in solution and the solid state.  The


structures and properties of these compounds are further described in Section 1.4.1.  
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Another monofunctional thiazyl radical is the 6-membered compound, the 1,2,4,6-thiatriazinyl 1-


28.  Many derivatives have been studied in solution,46 although only one has been characterized in the solid


state.  This derivative (R = Ph) forms cofacial π-dimers, with an S---SN contact of 2.66 Å.47  Selenazyls are


also known, although all of the monofunctional derivatives form dimers in the solid state.  The 1,2,3,5-


diselenadiazolyls 1-29 generally align cofacially,48 although there are a couple of examples (R = Cl, Br)


that dimerize via a unique T-shaped mode 1-30.49   Like its sulfur analogue 1-28, the only known 1,2,4,6-


selenatriazinyl 1-31 forms cofacial dimers, with a Se---SeN distance of 2.79 Å.50  In contrast to these carbon-


containing thiazyls, when phosphorus is incorporated into the framework, as in 1-32 and 1-33, new modes


of association are observed.  While the thiaphosphatriazinyl dimerizes via a S---SN contact in the solid state


[1-32]2, the selenium derivative associates through a heteronuclear linkage [1-33]2, an association mode that


has been observed only for this system.51


In summary, several different classes of molecular radicals are known, both based on organic and


inorganic frameworks, and while some species are only persistent and observed for short periods in


solution, others are quite stable and long lived. Typically, steric protection is necessary to inhibit


decomposition pathways and prevent dimerization in many of the radicals, although the incorporation of


heteroatoms (O, N, S, Se) can increase stability without the use of bulky substituents.  Since radicals
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possess an unpaired electron, they have found use in a variety of biological, chemical and physical


applications, and the ability to alter the molecular framework and thus modify the structure or reactivity


of the species makes these open-shell molecules ideal candidates for many areas of research.


1.1.4 Applications of Molecular Radicals


Open-shell molecules are actively studied and used in a range of disciplines and research topics,


from biological processes to functional materials.  Radicals are commonly involved in chemical reactions


as  reactive intermediates, although some are used specifically as either nucleophiles or electrophiles.52


Certain radicals are used as oxidizing agents,53 while others are employed for their ability to act as


antioxidants.54  Radicals also have a variety of roles in living free-radical polymerization since radical


species act as initiators, transfer agents and terminators in polymer chain reactions.55  The ability to observe


and monitor radicals by EPR spectroscopy has provided insight into biological56 and chemical1 systems that


contain radicals, or ones in which radicals are introduced, using EPR imaging,57 spin labeling,58 and spin


trapping59 techniques.


Radicals are not only used in chemical processes, they are also studied for potential use in


applications where the conductive and/or magnetic properties afforded by the unpaired electron are


exploited.  In liquid crystalline materials, a radical species is incorporated into a rigid organic backbone that


can be manipulated with the application of a magnetic field.60  Some molecular radicals are used as spin-


bearing ligands that are coordinated to paramagnetic transition metals to allow for possible ferrimagnetic


effects,61,62 while others exhibit magnetic behaviour without the presence of a transition metal, and both


ferromagnetic63,64 and canted antiferromagnetic65,66,67 ordering has been observed.  For use in magneto-


thermal switching42 and information storage devices,68 radicals that exhibit bistability in which two


crystallographic phases (dimers or radicals) can coexist and be interconverted by an external perturbation,


are pursued.69  Also, molecular radicals are explored for use as organic semiconductors, metals and


superconductors,70 and systems in which both conductive and magnetic behaviour are displayed, that is,
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those that exhibit magnetoresistance, have the potential to be used in spintronic applications.71  As the work


described in this thesis focuses on the conductive and magnetic properties of neutral radicals, the following


sections will provide a more detailed overview of materials that exhibit these properties, as well as a


theoretical background behind the behaviour.


1.2 Molecular Magnetic Materials


Both chemists and physicists have been looking to extend the well-known magnetic behaviour of


transition metal (TM) alloys,72 that is, their bulk ferromagnetism at high ordering temperatures with large


coercivities, to molecular materials.  The flexibility and versatility of organic compounds has the potential


of providing a wealth of new and exciting magnetic behaviour.  Consequently, molecular magnetism has


a long history, and there have been several approaches taken towards generating systems in which the spins


associated with molecular units, and not atomic units, order in the solid state.73  Some strategies rely on the


use of TMs to provide the necessary unpaired electrons, and these include the areas of single-molecule


magnets (SMMs),74 organometallic charge transfer salts,75 and TM complexes that can be linked together


to form single chain magnets (SCMs).76  The SMMs consist of clusters of TMs in which the spins couple


through ligand atoms, allowing for high cumulative spin values.  A primary example is the


‘Mn12’compound, [MnIII
8MnIV


4O12(O2CMe)16(H2O)4]·4H2O·2MeCO2H, with S = 10.77  A higher


dimensionality is achieved for the TM complexes that are linked together through diamagnetic or


paramagnetic ligands in 1-3 dimensions.  Gatteschi’s [Mn(hfac)2NIT] (hfac = hexafluoroacetylacetonate,


NIT = nitronyl nitroxide with R = i-Pr) complex for example, is a SCM where molecular radicals are used


as spin-bearing ligands that link the metal centers into 1D chains.78  By contrast, the charge transfer salts


rely on charge transfer to generate spin couplers, with examples including Millers’s V[TCNE] and


[Fe(C5Me5)2][TCNE] (TCNE = tetracyanoethylene) salts.79  The known TM-containing molecular magnetic


materials display 1D or 3D magnetic ordering at temperatures that range from below 10 K to above 300


K, with only a few examples exhibiting large coercive fields.80  Although there have been some major


discoveries in this area, the design of materials with predictable properties continues to be a challenge.
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Other strategies of preparing molecular magnets do not contain TMs and consist entirely of organo-


main group elements.  However, there are only a few examples that actually exhibit bulk magnetic ordering.


These non-metal containing magnets fall into two groups, those based on radical ion salts,81 and those based


on neutral radicals.82  The radical ion salts require charge transfer for generating the necessary spins, and


therefore are composed of two components.  One example, [BBDTA][GaCl4] 1-34, displays bulk


ferromagnetism at temperatures below 6.7 K when all of the solvent molecules have been removed from


the crystalline lattice.83  Another example is Wudl’s C60[TDAE] (TDAE = tetrakisdimethylaminoethylene)


salt 1-35 which also undergoes a transition to a ferromagnetic state, but at the record high Curie temperature


(TC) of 16.1 K.84  Unlike the salts, molecular magnets based on neutral radicals, which naturally possess


unpaired electrons, are single-component.  The first reported example was in 1991, in which the onset of


ferromagnetic ordering was observed in the β-phase of the p-nitrophenyl nitronyl nitroxide radical 1-36 at


0.65 K.85  A few years later a ferromagnetic transition was reported for the adamantane biradical 1-37 at


a slightly higher TC of 1.48 K.86  Ferromagnetism has also been observed for a dithiadiazolyl radical 1-38


(R = NO2) below 1.32 K.87  When the substituent in 1-38 is changed to a nitrile group (R = CN), the β-phase


of this material displays weak ferromagnetism (or canted antiferromagnetism) at an unprecedented


temperature of 36 K.65  Under an applied pressure of 16 kbar the Néel temperature (TN) of this material


increases to 65 K.88  Some verdazyl radicals also exhibit weak ferromagnetism, but at much lower


temperatures.89  It is important to note that all of the above materials, both the radical ion salts and the


neutral radical materials, possess negligibly small coercive fields.  In order to be a practical alternative to


the TM-based molecular magnets, higher ordering temperatures and coercivity values are required.
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Oakley has recently discovered magnetic ordering in several bisthiaselenazolyls, and these


materials are discussed later in Section 1.4.1. At this time, it is prudent to introduce some of the theory


behind molecular magnetism and the computational methods used to examine the behaviour, as this has


now become one of the research directions of work in the Oakley group.  It is well known that the


development of long range order of the electron spins in radical-based systems relies on the packing


arrangements of the molecules and the way in which they interact with one another in the solid state.90  For


these materials, a quantum mechanical approach may be used to derive the relationship between the


magnetic ground state of the system, with the type and degree of intermolecular orbital overlap. 


1.2.1 Magnetism in Neutral Radicals  - Theory and Computation


If we consider two molecules A and B, each with one unpaired electron, that are weakly interacting,


the two associated spins can be aligned either parallel (88) or antiparallel (89) to one another.  When the


spins are aligned parallel, the system has a triplet ground state and the coupling is ferromagnetic (FM).


Alternatively, when the spins are aligned antiparallel, the singlet state is the ground state and the system


has antiferromagnetic (AFM) exchange.  Most organic radicals have spins that are randomly oriented at


ambient temperature and are paramagnetic, although at lower temperatures, the spins may show some


alignment and FM or AFM coupling may be observed.  For the magnetic radicals mentioned in Section 1.2,


there is long range order of the spins in three dimensions, which occurs at a particular transition temperature


TC (FM) or TN (AFM).


The multiplicity of the ground state, whether it is a triplet (T) or a singlet (S), depends, to a large


extent, on the type and degree of orbital overlap between the two molecules.  An expression relating the


relative energies of the two states to the orbital overlap may be obtained using quantum mechanics,91 and


both Molecular Orbital (MO)92 or Valence Bond (VB)6,93 methods can be employed.  A VB approach is


taken here, in which Heitler-London theory is used to describe the electronic structure of a homonuclear,


two orbital (NA, NB), two electron (1, 2) system.  Applying the Variation Method provides the triplet and
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singlet wavefunctions ψT and ψS , as well as their respective energies ET and ES.  These are defined in


Figure 1.2, where S is the overlap density integral, Q is the VB Coulomb integral and J is the VB exchange


integral.  For two weakly interacting radicals, the orbital overlap is small (S2 << 1) and the energy


difference between the singlet and the triplet states, ΔEST, is approximately equal to -2J.


Figure 1.2 The energy difference between the singlet and triplet states, ΔEST, of two weakly interacting


radicals.


The exchange integral J is expanded into its three terms in Figure 1.3, two of which are equivalent.


The  jN*S* term is the integral that involves the attraction of the overlap density with the two nuclei, and j


is the integral that corresponds to the repulsion of the overlap density with itself.94  Since the energy


difference between the singlet and triplet states is equal to 2J, the ground state, and thus the type of


magnetic interaction in a particular system, is governed by the sign and magnitude of the exchange


interaction J.  For J > 0, the triplet state (FM) is the ground state, but for J < 0, the singlet state (AFM) is


the ground state.  Therefore, in the 2J expression, +2j is considered the FM term because it stabilizes the


triplet state, whereas !4jN*S* is the AFM term as it stabilizes the singlet state.
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‡  In a simple Hückel description of the electronic band structures of radicals, the SOMO constitutes the single
basis set function.  In the extended Hückel  description, a full valence shell atomic orbital basis set is used.
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Figure 1.3 The energy difference, ΔEST, as a function of the exchange integral J.


The magnitude of the overlap integral S, has a significant effect on the sign and magnitude of 2J,


and therefore the ground state of the system.  When *S* >> 0, the AFM term dominates the 2J expression


so that J < 0, and the singlet state is favoured.  However, when *S* ~ 0, the AFM term diminishes, allowing


for the equation to be controlled by the FM term, with J > 0.  Therefore, ferromagnetism in molecular


materials is favoured by orthogonal, yet strongly interpenetrating overlap between magnetically active


orbitals.


The extent of orbital overlap between molecules in a particular lattice can be studied using


Extended Hückel (tight-binding) Theory (EHT) band structure calculations.  The results are plotted as the


energy as a function of direction in k-space and consist of the crystal orbitals (COs) that arise from the


radical SOMOs in the unit cell.‡  The behaviour of the dispersion curves indicates the degree and type of


interaction between molecules in the lattice.  An example of this is illustrated in Figure 1.4 for a model


system consisting of a 1D-array of π-stacked thiazyl radicals, each possessing a simple two-site antibonding


π* SOMO.  When the radicals are directly superimposed (Figure 1.4a), intermolecular overlap S is large


and antibonding (at k = 0), and the dispersion curve is characteristic of a 1D-string of σ-bonded p-orbitals,


that is, dEk/dk is negative and the electronic bandwidth W is large.  As the radical stacks slip progressively


away from a directly superimposed arrangement, the phase difference between the two atomic orbitals of
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the SOMO on each radical give rise to destructive interference in the intermolecular interactions, so that


overall both S and W decrease.  At some point along the slippage coordinate perfectly orthogonal overlap


is encountered (Figure 1.4b), a condition that nullifies CO dispersion and affords a zero bandwidth.


Beyond this null point orbital overlap re-emerges and W increases, but now the net intermolecular overlap


(at k = 0) is bonding, and the dispersion curve is characterized by a positive dEk/dk (Figure 1.4c).  For the


arrangements where *S* is large (Figure 1.4a and c), AFM exchange interactions are anticipated, but when


S is small (Figure 1.4b), it is possible that FM exchange will be observed.


Figure 1.4  Dispersion curves of a model 1D π-stack of thiazyl radicals as a function of stack slippage.


It has been shown above that the sign and magnitude of the exchange energy J indicates the type


(FM or AFM) and strength of the magnetic exchange between two interacting molecules.  This value can


be estimated for a radical and each of its nearest neighbours in a lattice using Density Functional Theory


(DFT) methods, where the experimental magnetic properties are considered to be a composite of all of the


individual interactions.95  Typically, the broken symmetry method is employed,96 which bypasses the


difficult-to-compute open-shell singlet state (ES) by calculating the energy of the hypothetical broken







‡  See Appendix A.4 for a range of conductivity behaviour in selected elemental and synthetic compounds.
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symmetry singlet state (EBSS).  These energies, along with that of the triplet state (ET), are shown in Figure


1.5, where the energy difference between EBSS and ET is J, and ΔEST is equal to 2J. With reference to the


Heisenberg Hamiltonian, Ηex = -2J{S1CS2},97 where J is the magnetic coupling constant between two centers


and S is the total spin operator, the exchange energy (J) for any pair of interacting radicals can be estimated


according to the J expression in Figure 1.5.  In this equation, EBSS and ET are the single point energies of


the broken-symmetry singlet and triplet states, and <S2> is the respective expectation value.  This approach


has been applied to several radical-based systems, including nitrogen-centered radicals,98 heterocyclic


thiazyls99,100 and selenazyls,101 and also phenalenyls,102 to determine the dominant magnetic exchange


interactions between molecules and to elucidate the magnetic exchange pathways within the system.


Figure 1.5  The relative energies of the singlet (ES), broken symmetry singlet (EBSS) and triplet (ET) states,


along with the expression for the exchange energy J, using the broken symmetry method.


1.3 Molecular Conductive Materials


Similar to the field of molecular magnetism, the development of organic metals and


superconductors without the use of metallic elements,‡ is also a very active field of research.  As


conductivity in neutral radicals is one of the primary goals in the Oakley group, a more extensive discussion
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of molecular conductors is presented.  For electrical conductivity to occur in any system, there are two


features that are required.  The first is the presence of charge carriers and the second is the existence of a


pathway by which the carriers can move through the material.  As organic materials usually exhibit filled


valence bands and vacant conduction bands, molecular conductors have traditionally relied on charge


transfer to generate charge carriers.  This approach has led to the field of charge transfer salts, radical ion


conductors, and conducting polymers, and typically required the use of two components.  Alternatively,


neutral radicals have been used as building blocks for molecular conductors, and unlike the previous


systems, these materials naturally possess partially filled energy bands and therefore do not require a second


component.


1.3.1 Charge Transfer Salts


The field of charge transfer (CT) salts began for the most part with the report of the π-molecular


acceptor TCNQ (tetracyano-p-quinodimethane) in 1962,103 and the discovery of the high conductivity of


its salts.104  Conductivity is possible in these TCNQ salts because (i) the crystal structures consist of


segregated π-stacks of cation and anion molecules, allowing for good orbital overlap along the stacks and


the development of an energy band, and (ii) charge transfer from the donor to acceptor species which


generates the charge carriers.  With strong interactions between molecules the electrons are partially


delocalized and able to migrate along the π-stacking direction.  It was not until a large number of TCNQ


salts were prepared, with both organic and inorganic cations, that it was understood that partial charge


transfer was necessary for high conductivity.105


When charge transfer is complete, there is one electron per site giving a half filled energy band (f


= ½) and a situation in which the on-site Coulomb repulsion energy U is the largest.  This energy is large


because the repulsion between two electrons on the same site must be overcome for charge transport to


occur (Figure 1.6a).  Its effect on conductivity is demonstrated by the insulating [Na][TCNQ] salt, which


has complete charge transfer and exhibits a room temperature conductivity σRT ~ 10-5 S cm-1.106  Conversely,
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when there is partial charge transfer (f … ½), there is no longer one electron per site (Figure 1.6b).  Instead,


in the case of TCNQ, there are empty sites and the movement of an electron into one of these sites requires


much less energy than the previous arrangement.  Obtaining a level of band filling other than  f = ½ can be


achieved by either partial charge transfer, as in the N-methylphenazinium salt, [NMP][TCNQ] (σRT ~ 102


S cm-1),107 or by using mixed ratios as for the 1:2 acridinium salt, [Ac][TCNQ]2 (σRT ~ 102 S cm-1).108  


Figure 1.6  The on-site Coulomb repulsion energies (U) of systems with (a) f = ½ and (b) f … ½.


When the good π-donor TTF (tetrathiafulvalene) 1-39 was combined with the good π-acceptor


TCNQ 1-40, the first organic metal was discovered (Figure 1.7).109  The TTF-TCNQ salt has a crystal


structure consisting of independent TTF and TCNQ π-stacks, with partial charge transfer from the valence


band of the donor to the conduction band of the acceptor, leading to partially filled energy bands.  The TTF-


TCNQ salt has a σRT value of ~ 4 x 102 S cm-1, with conductivity increasing when temperature is decreased,


reaching a maximum conductivity of ~104 S cm-1 at 60 K.105  To improve the transport properties of TTF-


TCNQ, both the donor and acceptor molecules have been modified, leading to an immense number of CT


salts.110  Of particular interest is the incorporation of selenium into TTF, to give TSF (tetraselenafulvalene)


1-41.  When co-crystallized with TCNQ, the resulting 1:1 CT salt was isomorphous to that of TTF-TCNQ


and the presence of selenium afforded a doubling of the σRT value.111  
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Figure 1.7 The charge transfer salt TTF-TCNQ, with packing motif (right).  HOMO is the highest occupied


molecular orbital, and LUMO is the lowest unoccupied molecular orbital.


With a view to simplifying the CT salts and controlling the degree of charge transfer, systems


referred to as the radical ion conductors (RICs) were produced.  These materials typically employed organic


π-molecular donors with inorganic counterions, where the charge of the anion fixed the degree of CT.  Two


principle donors have been studied, both modified versions of TTF, and a vast array of radical cation salts


have been generated.112  The first group were termed the Bechgaard salts, which used TMTSF (tetramethyl-


tetraselenafulvalene) 1-42 as the π-donor, with salts of the form [TMTSF]2[X], where, for example, X =


PF6G, AsF6G, NO3G.113  The other group used BEDT-TTF (bis(ethylenedithio)tetrathiafulvalene or ET) 1-43


as the electron donor, to give the [ET]2X salts, with X being a monovalent anion such as I3G.114  These 2:1
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compounds were obtained by electrochemical oxidation of the donor species in the presence on the anion,


which serves only to balance the charge.  By virtue of their mixed valency, the donor molecules have a


band filling of f = ¾, allowing for metallic behaviour in several systems.  Superconductivity has also been


observed for a few examples at low temperatures.115,116


As an alternative approach, the donor and acceptor species have been incorporated into a single


molecule, thereby alleviating the difficulties associated with two component systems.  These closed-shell


materials consist of neutral transition metal complexes that have extended TTF ligands, and the first


reported example was [Ni(tmdt)2] (tmdt = trimethylenetetrathiafulvalenedithiolate) 1-44.117  This material


exhibits a room temperature conductivity of 400 S cm-1 and is metallic down to 0.6 K.  Other derivatives


have been developed, with variations in both the ligand and the transition metal.118  These materials are


conductive because the separation of their HOMO and LUMO energy levels are sufficiently small that in


the solid state the valence and conduction bands overlap and allow for internal charge transfer.  


The CT strategy has also been applied to the development of multifunctional materials in which


the molecular crystal is composed of two sub-lattices, each exhibiting a distinct property.  Typically, this


involves the co-crystallization of highly conducting organic π-electron donors, such as TTF derivatives,


with magnetically active inorganic anions.119  For example, Coronado has reported the bifunctional [BEDT-


TTF]3[MnCr(C2O4)3] complex, in which the crystal structure consists of alternating columns of organic


cations with layers of the bimetallic anions.120  This material is both ferromagnetic at 5.5 K and metallic


down to 2 K (σRT = 250 S cm-1), although the authors report no indication of an interaction between the two


sublattices, a requirement for use in spintronic applications.71  


1.3.2 Conductive Polymers


The discovery that an organic polymer could be made metallic, with certain modifications, led to


the 2000 Nobel Prize being awarded to Shirakawa, Heeger and MacDiarmid for the report of the conductive
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properties of doped polyacetylene.  Polyacetylene itself, (CH)x, is a carbon chain with alternating single


and double bonds, and is insulating.  The trans isomer has a room temperature conductivity of 10-5 S cm-1,


where the cis conformation has a much lower value of 10-10 S cm-1.  However, the conductivity of


polyacetylene can be increased by approximately 13 orders of magnitude by simply doping it.121  Partial


oxidation or partial reduction of (CH)x by a variety of dopants has provided a range of materials and


properties,122,104 although the highest conductivity is observed for the AsF5 doped species, [(CH)(AsF5)0.14]x,


which exhibits a σRT of 560 S cm-1.123  Variations to the (CH)x backbone have been pursued by replacing


hydrogen with other substituents, as in (CHCR)x where R = C6H5, CN, CF3.124  However, when doped, none


of these materials reach the high σRT values of doped polyacetylene.  Other polymers have been explored,


including poly(pyrrole),125 poly(thiophene)126 and poly(selenophene),127 and all require doping to achieve


their conductive properties, with none reaching the high conductivity of doped (CH)x.


Unlike polyacetylene, the inorganic compound poly(sulfur nitride) (SN)x does not require doping


to display metallic behaviour.  This material exhibits a conductivity of 2 x 103 S cm-1 at 300 K, with


conductivity increasing with decreasing temperature.128  Not only was poly(sulfur nitride) the first metallic


polymer to be reported, it was also the first nonmetal-containing, single component material to exhibit


superconductivity, with a critical temperature of 0.3 K.129  It is synthesized via the solid state


polymerization of molecular  S2N2,130  and is isolated as fibrous bundles that consist of parallel chains of


covalently linked SN units tightly packed to allow for close interchain interactions.131  This material has


one unpaired π-electron per SN repeat unit and has a partially filled energy band (f = ½),132 enabling


metallic conductivity.  Poly(sulfur nitride) has been doped with both donors and acceptors, and the largest


improvement in conductivity is by an order of magnitude, which is observed for the bromine-doped


material, written as (SNBr0.4)x.130  Attempts to incorporate selenium into the framework have failed,133


limiting any potential modifications to the framework.  Since the precursors used in generating polysulfur


nitride are potentially dangerous (explosive), this material is not widely used.
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1.3.3  Neutral Radical Conductors


As an alternative to the CT paradigm, Haddon suggested the use of neutral radicals as the building


blocks of molecular metals and superconductors.70  In neutral radical conductors (NRCs), the unpaired


electron serves as the charge carrier, thereby obviating the need for two components.  This approach


requires the use of planar molecules that would form 1D π-stacked arrays in the solid state with strong


orbital overlap between SOMOs, similar to that exhibited by TTF-TCNQ.  This allows for the development


of a half filled energy band (f = ½) and inherent metallic conductivity (Figure 1.8b), similar to an elemental


metal.134  Haddon has argued in favour of odd alternant hydrocarbons (OAHs) as ideal candidates for NRCs,


specifcally phenalenyl (1-5), as it has a non-bonding SOMO and a triad of stable oxidation states (cation,


radical and anion).  As a consequence, the migration of an electron to and from this molecular orbital would


require minimal structural reorganization. 


There are, however, several design challenges associated with this model.  Firstly, any 1D system


with a partially filled energy band is vulnerable to a Peierls distortion.135 For f = ½ materials dimerization


can occur, accompanied by the opening of a band gap at the Fermi level (Figure 1.8c).  Secondly, f = ½


systems have very large on-site Coulomb repulsion energies U (see Section 1.3.1), and this, coupled with


a low bandwidth W, results in the localization of the charge carriers and a Mott insulating ground state


(Figure 1.8d).  Neither of these states exhibit metallic behaviour and therefore must be avoided.  As


described in Section 1.1, there are ways of suppressing dimerization in molecular radicals, but what is


potentially more challenging is overcoming the Mott insulating state that results from the large U.  For


systems in which the on-site Coulomb repulsion energy U is greater than the bandwidth (U > W), a Mott


insulating state will result.  However, for systems in which W is greater than U (U < W), a metallic ground


state will prevail.  Since these issues are at the forefront of NRC chemistry, a more thorough explanation


of the relationships between U and W, and insulators and metals, will now be described.
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Figure 1.8 Idealized energy levels and packing arrangements associated with (a) a single π-radical, (b) a


strongly interacting π-stack with a metallic ground state, (c) a Peierls distorted π-dimer stack with an


insulating or semiconducting ground state, and (d) a strongly correlated π-stack with a Mott insulating


ground state.


1.3.3.1  Electron Correlation and Mott Insulating States


Not all materials with partially filled energy bands are metallic, they can also be insulators.  The


difference between the two is the way in which the bands are occupied, and this is shown in Figure 1.9.


In the metallic state, the electrons are delocalized and able to move freely from one site to another.   In


contrast, electrons in the insulating state are localized and there is an energy barrier to charge transport. This


electron correlation occurs when the orbital overlap between molecules is weak and the repulsion between


electrons is large.  Insulating states are particularly prevalent in f = ½ systems where the movement of an


electron to a neighbouring site must overcome the high on-site Coulomb repulsion energy U.  The one-


electron band theory that is used to describe these systems is associated with a 1D chain with one atomic


orbital Ni and one electron on each lattice site i, as shown in Figure 1.9.  Whether the ground state is
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metallic or insulating depends on the relationship between the repulsion energy U and the bandwidth W,


and this can be obtained using molecular orbital theory.  To examine the relative energies of the two states,


the system is first simplified to a molecular dimer, in which the metal and insulator states of the chain are


equivalent to the low-spin and high-spin states of the dimer, respectively (Figure 1.9).136  


Figure 1.9 The metal and insulator states of a 1D chain and the low-spin and high-spin states of a dimer.


In Simple Hückel molecular orbital (SHMO) theory, when the two orbitals (N1, N2) within the


dimer overlap, two molecular orbitals are formed,R1 and R2, with energies ε1 and ε2, as shown to Figure


1.10.  At the SHMO level, the difference between the two energies (ε1 - ε2) is equal to 2β, where β is the


resonance integral.  For this two electron system, the levels can be occupied to give either a high-spin state


(a triplet) or a low-spin state (a singlet).


Figure 1.10 The energy level diagram of a dimer using SHMO theory, with triplet and singlet energy states.
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If the SHMO effective Hamiltonian is replaced by one in which electron repulsion is explicitly


included, and the antisymmetrized versions of  N1 and N2 are employed, the singlet and triplet energy states,


ES and ET respectively, can be obtained.  These energies are expressed in Figure 1.11,136 in terms of the


orbital energies  ε1 and ε2 and the Coulomb integral Jij.  The energy difference, ΔEST, is a function of the


ε1 and ε2 energies and the repulsion integral J12.


Figure 1.11 The energy difference between singlet (low-spin) and triplet (high-spin) energy states, along


with the definition of the Coulomb integral J12.


The J12 term can be simplified by expanding it and keeping only the on-site (N iN i, not N iN j)


Coulomb repulsion integrals, according to equation (1) in Figure 1.11.  Since J12 = U /2 and ε1 - ε2 = 2β


from Figure 1.10, the energy difference between the singlet state and the triplet state has been reduced to


an expression consisting of the repulsion energy U and the orbital overlap β, as shown in Figure 1.12.


Keeping in mind that β < 0 and U > 0, the ground state can be determined by the sign of ΔEST.  Therefore,


if ΔEST < 0, then 2β > U/2 and the singlet (low-spin) energy state is the ground state.  Alternatively, if ΔEST


> 0, then 2β < U/2 and the ground state is the triplet (high-spin) state.  Extending this two-site system to


a 1D chain in the solid state, and developing the low-spin and high-spin states into energy bands as shown


in Figure 1.12, the energy difference between a Mott insulating ground state and a metallic ground state


is obtained.
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Figure 1.12 Extension of the singlet and triplet states of a dimer to the metal and insulator states of a solid.


For systems with Mott insulating ground states, U > W (where W = 4β), and the metallic state is


higher in energy, as illustrated in Figure 1.13.  As W is increased, however, there becomes a point when


U ~ W and the two states are approximately equal in energy.  As W is increased further, so that W > U, there


is a state crossover and the metallic state is now lower in energy, making it the ground state.  Essentially,


systems with partially filled energy bands can be made metallic if the bandwidth is large enough to


overcome the on-site Coulomb repulsion energy, and this is the strategy used in developing molecular


metals from neutral radicals.


Figure 1.13 Crossover between a Mott insulating ground state and a metallic ground state for a 1D chain.
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For any system, the solid state bandwidth W can be approximated using, for example, Extended


Hückel Theory, but the Coulomb energy U is more difficult to assess.  For a neutral radical (R·) system,


the movement of an electron from one molecule to the next generates a cationic (R+) and anionic (R&)


species as shown in Figure 1.14.  This process is associated with the loss of an electron from one molecule


(the ionization potential, IP) and the gain of an electron to another molecule (the electron affinity, EA).  The


energy needed to move the electron can be interpreted as the repulsion energy between two electrons on


the same  site, that is, U.137


Figure 1.14 Relating U to the ionization potential (IP) and electron affinity (EA) of a radical (R·) system.


In the gas phase, U is equal to the disproportionation enthalpy ΔHdisp (= IP - EA), which can be


calculated using computational methods.  In solution, the reaction in Figure 1.14 corresponds to the


electrochemical half-wave potentials of the oxidation (E1/2
(0/+1)) and reduction (E1/2


(-1/0)) processes of the


radical.  Therefore, U can be related to the electrochemical window Ecell (= E1/2
(0/+1) - E1/2


(-1/0)) of a particular


system.  In the solid state however, U is not so easily obtained, and is instead determined indirectly.  It has


been well established that the trends in ΔHdisp and Ecell of a series of related compounds mimic the trends


in U.138  Therefore, neutral radicals with lower ΔHdisp and Ecell values have lower on-site Coulomb repulsion


energies U, and it is these materials that are better suited for use as neutral radical conductors.


1.3.3.2 Examples of Neutral Radical Conductors


In order to obtain neutral radical conductors, systems with low on-site Coulomb repulsion energies


U and large bandwidths W are needed, with σ ~ W/U.  High conductivity can be achieved either by reducing


U, through the use of polarizable molecular frameworks, or by maximizing orbital overlap to enlarge W.
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Oftentimes a combination of strategies are used in developing conductive materials, and although metallic


behaviour has not yet been observed, great strides have been made towards realizing this goal.


Haddon’s approach to overcoming U and obtaining neutral radical conductors based on the


phenalenyl (PLY) skeleton follows two separate pathways.  The first is by combining two or three PLY


units into a single molecule to move away from a half filled energy band entirely, and the second is by


incorporating heavy elements into the framework, to make PLY more polarizable and increase orbital


overlap between molecules.  The first strategy involved the bis- and tris-spiro-phenalenyl compounds 1-45


and 1-46 in which a band filling of 1/4 and 1/6 is achieved in the solid state, respectively.  Many substituent


modifications have been made to the 1-45 compounds, affording several different structural motifs and a


rich array of electronic behaviour.139  The room temperature conductivity values ranged between 10-7 and


10-2 S cm-1 depending on the compound, with a σRT value of 0.05 S cm-1 observed for 1-45b (R = hexyl).140


Some derivatives exhibit a reversible phase transition between a diamagnetic state and a paramagnetic state


with changes in temperature.  For one derivative, this transition is hysteretic allowing for bistability in three


physical channels (magnetic, electrical and optical).141  The high conductivity and Pauli-paramagnetism


exhibited by other derivatives, including 1-45b (R = cyclohexyl) with σRT reaching 0.3 S cm-1, has been


rationalized using Anderson’s Resonating Valence Bond (RVB) model.142  The recently reported tris-


phenalenyl molecule 1-46, has a complex structural arrangement with some electronic communication


between species, although the conductivity is low (σRT ~ 10-6 S cm-1).143


The second approach taken by Haddon was to incorporate sulfur into the PLY framework, and so


far two derivatives have been isolated, 1-9 and 1-47.  Dithiophenalenyl 1-9 was first reported in 1978, at


which time it was demonstrated that the radical was monomeric in solution.144  However, it took nearly


thirty years before the compound was fully characterized in the solid state.19 Unlike all other reported PLY-


based derivatives, its crystal structure did not involve σ-dimers, representing the first example to be


stabilized against σ-dimerization without the use of bulky substituents.  However, the structure of 1-9 does


consist of π-dimers and the material exhibits insulating behaviour with σRT < 10-6 S cm-1.  Continued
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positioning of sulfur around the phenalenyl core afforded tetrathiophenalenyl 1-47.145  Like 1-9, this


compound did not form C-C σ-bonded dimers in the solid state, although the crystal structure reveals a


rupture of one of the dithiole rings and the formation of a S-S σ-bonded dimer [1-47]2.


Betainic radicals, specifically the pyrimido-fused TTF derivatives 1-48 and 1-49 developed by


Neilands, also show potential for use as single component conductors.146  These materials have an unpaired


electron and a charge separation with the positive charge localized on the TTF portion of the molecule, and


the negative charge centered on the more electronegative pyrimidine moiety.  The betainic radicals have


half filled energy bands, but as a result of their highly polarizable nature, U is reduced.  The pyrimido-fused


TTF derivatives are able to form multiple intermolecular hydrogen bonds in the solid state similar to nucleic


acids, however, these systems are hindered by spin-quenching dimerization.  Magnetic measurements


indicate the presence of less than 3 % free Curie spins for all reported compounds.  Nonetheless, several


derivatives exhibit semiconducting behaviour with σRT reaching 10-1 S cm-1.
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An alternative approach is taken by Oakley who pursues thiazyls and selenazyls as neutral radical


conductors.  The presence of the large S/Se atoms within the molecular framework should provide good


orbital overlap and a bandwidth large enough to overcome U.  His work was initiated by the combined


discoveries of the metallic polymer (SN)x
130 and the π-stacking motif observed for a cyclic thiazyl radical.147


Many sulfur-nitrogen and selenium-nitrogen radicals have been developed by Oakley and a great deal of


progress has been made towards obtaining a neutral radical conductor.  This work is discussed in the


following section.


1.4 Thiazyls as Neutral Radical Conductors


An important design criterion for developing NRCs is the need for systems with  low U values, and


this has been an ongoing challenge in the Oakley group.  Several thiazyl and selenazyl radicals have been


explored over the years (Section 1.1), and the gas-phase ion energetics and the experimental cell potentials


for several of these (Scheme 1) are listed in Table 1.1.  The trends in these two parameters provide a handle


on the more elusive U, with low values of ΔHdisp and Ecell indicating a low U.  As described earlier, many


of the monofunctional derivatives 1-20, 1-23 and 1-25, when isolated, formed π-dimers in the solid state,


thereby quenching any potential charge carriers and opening up a band gap at the Fermi level.  Even when


dimerization could be suppressed, either by incorporating steric bulk or by increasing temperature,


conductivity did not improve, demonstrating that these materials were Mott insulators.  Attaching strong


electron withdrawing groups, such as in 1-50 or 1-51, was able to lower both ΔHdisp and Ecell, but this was


insufficient to overcome the Mott insulating condition where U > W.  For the monomeric compounds, the


room temperature conductivity values were less than 10-6 S cm-1, although when converted into charge


transfer salts these values were improved.148
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Table 1.1 Computed Gas-Phase Ion Energeticsa and Cell Potentialsb for Radicals in Scheme 1.


Compound IP EA ΔHdisp
c E1/2


(-1/0) E1/2
(0/+1) Ecell


d


1-20 7.82 1.02 6.81 -0.94 0.59 1.53e


1-23 6.77 -0.41 7.18 --- --- ---


1-25 7.01 0.34 6.67 -1.1f 0.38 1.48g,h


1-50 7.60 2.14 5.46 -0.06 1.00 1.06


1-51 7.81 2.57 5.23 0.15f 1.14 0.99g


1-27 6.16 1.39 4.77 -0.95 -0.130 0.77i


a Adiabatic ΔSCF values at the B3LYP/6-31G(d,p) level, R = H for all systems, values in eV. b In MeCN, ref. SCE,


values in V. c ΔHdisp = IP - EA. d Ecell = E1/2
(0/+1) - E1/2


(-1/0). e R = Me.149  f Irreversible behaviour, Epc value quoted. g Ecell


estimated as Epc
(0/+1) - Epc


(-1/0). h R = Cl, RN = C6F5.43c  i R = Me.45a


It became apparent that the on-site Coulomb repulsion energy U would have to be drastically


reduced in order to offset the W/U ratio and enable thiazyls to be effective as single-component molecular


metals.  Therefore, a new class of radicals was developed in which a closed-shell 1,2,3-dithiazole ring was


in resonance with an open-shell 1,2,3-dithiazolyl across a pyridine bridging  unit, to give the bisdithiazolyls


1-27.  The inclusion of resonance not only decreased the ΔHdisp and Ecell parameters, but also suppressed


π-dimerization entirely.  The π-SOMO (1-52) demonstrates that the electron is delocalized over the tricyclic


framework, and that the R1/R2 substituents lie on a nodal plane, thereby inhibiting any influence they may


have on the electronic properties of the compound.  The substituents do however, have an effect on solid


state packing.  These belt-line ligands provide the steric bulk necessary to suppress dimerization, as well


as cause the slippage of the radical π-stacks.  Although the bisdithiazolyls possess very low U values, all
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derivatives exhibit activated conductivity and are Mott insulators.  In hindsight, this is a result of the stack


slippage, and reduction in overall bandwidth, observed for these materials.  The behaviour of some of the


first reported bisdithiazolyl compounds will be described further, as it was the conclusions drawn from


these systems that directed my research goals.


1.4.1 The Bisdithiazolyls


Many derivatives of 1-27 have been developed, with the R1/R2 groups varying in both size and


shape.45  For the most part, the R2 = Cl compounds effectively represent the behaviour of this class of


radicals, and the discussion will be limited to this group, which includes the R1 = Me, Et, Pr derivatives.45b


In the solid state, radicals of the methyl compound pack in the orthorhombic space group P212121, while


the ethyl and propyl derivatives form an isomorphous set and arrange in the tetragonal space group P4̄21m.


The magnetic properties of all three compounds are shown in Figure 1.15 in the form of the product χT,


where χ is the magnetic susceptiblity, as a function of temperature.  These plots indicate that above 100 K


the three derivatives are all Curie paramagnets, however, at lower temperatures their behaviour diverges.


The methyl compound undergoes a phase change below 95 K that is accompanied by a surge in the


magnetic susceptibility with decreasing temperature, indicating the onset of FM exchange.  A phase


transition is not observed for the ethyl and propyl derivatives, and their low temperature data suggests weak


FM and AFM coupling, respectively.  Their conductive behaviour is also shown in Figure 1.15, as a log


plot of σ as a function of inverse temperature.  In all cases the conductivity is activated, with room


temperature values between 10-5 and 10-6 S cm-1 and activation energies between 0.4 and 0.5 eV.  Although


these values are an improvement over previously studied thiazyl radicals, the behaviour of the 1-27


compounds was at first surprising, as the on-site Coulomb repulsion energy U was so dramatically reduced.
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‡  These x and y axes are directions of plate slippage along the π-stacks that have been arbitrarily set according
to the stacking direction.  They are defined in Figure 1.16, and  are not related to the crystallographic axes.
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Figure 1.15 Plots of χT vs T (left) and conductivity vs 1/T (right) for compounds 1-27 (R1 = Me, Et, Pr;


R2 = Cl).


Since conductivity is a function of both U and W (σ ~ W/U), the individual packing arrangements


were examined in order to determine the degree of orbital overlap between radical SOMOs along the π-


stacks, and thus the 1D bandwidth W.  Although all three compounds, 1-27 (R1 = Me, Et, Pr; R2 = Cl), have


crystal structures that consist of radical π-stacks, each has a very different direction and degree of plate


slippage.  Figure 1.16 shows the packing arrangement of a pair of radicals along the stacking direction for


the methyl and ethyl compounds.  Radicals of the methyl derivative slip primarily along the long axis of


the molecule, or the x direction, while molecules of the ethyl compound slip predominantly along the short


axis, or y direction, of the molecule.‡  Since the structural arrangements of each compound are different,


the interactions between the radical SOMOs along the stacks must vary, and it  is therefore not surprising


that these materials exhibit different properties.
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Figure 1.16 Pairs of radicals in π-stacks of 1-27 (R1 = Me, Et; R2 = Cl) showing slippage along x and y.


In order to get a better sense of the interactions along the π-stacks of these compounds, we have


performed a series of calculations to probe both the conductive and magnetic behaviour as a function of


the direction and degree of plate slippage.  A model radical of 1-27 (R1 = R2 = H) was employed, with an


idealized molecular geometry taken from a C2v optimized B3LYP/6-31G(d,p) calculation.  We used this


model as the building block for a series of (i) EHT calculations of the 1D π-SOMO dispersion energy ΔEk


(where *ΔEk* = W) and (ii) DFT (B3LYP/6-31G(d,p)) calculations of the pairwise intrastack exchange


energy Jπ. Both series of calculations considered the effects of all possible translations (slippage) along x


and y, with individual radicals separated by 3.5 Å.  The results of the calculations are summarized in Figure


1.17 in the form of surface plots of the EHT 1D dispersion energy ΔEk and the magnetic exchange energy


Jπ for the model radical stack of 1-27 (R1 = R2 = H) as a function of x and y.  Due to the symmetry of the


molecular framework, only the [+x, +y] coordinates are shown.
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Figure 1.17 The 1D dispersion energy ΔEk (in eV) (left) and the exchange energy Jπ (in cm-1) as a function


of x and y for model 1-27 (R1 = R2 = H).  Contour lines are drawn at 0.5 eV (left) and 50 cm-1 (right)


intervals.


According to the dispersion energy plot (Figure 1.17, left), the suggested region of largest *ΔEk*


is for direct superposition at [0.0,0.0] where a *ΔEk* value greater than 2.0 eV is reached.  Another area of


relatively high dispersion is near the middle of the map at approximately [1.5, 2.5] where *ΔEk* ~ 0.7 eV.


All other translations along x and y suggest weak, or even orthogonal (at the boundary between green and


blue), orbital overlap between radical SOMOs in the π-stack.  The surface plot for the magnetic exchange


energy Jπ (Figure 1.17, right) corresponds quite well to the dispersion energy map, particularly in the light


of the well-established relationship between the overlap of magnetically active orbitals and magnetic


exchange, as described earlier in Section 1.2.1.  Accordingly, the regions of large *ΔEk* map onto areas of


Jπ < 0 and AFM exchange, while regions with *ΔEk* ~ 0, correspond to areas where Jπ > 0 and FM


behaviour is suggested.
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The actual solid state slippage coordinates of 1-27 (R1 = Me, Et, Pr; R2 = Cl) were used to test the


predictive value of the calculations.  Keeping in mind that the surface maps were generated using a model


radical 1-27 (R1 = R2 = H) and a particular interplanar separation (3.5 Å), the results nonetheless translate


well to the experimental properties.  The room temperature structure of the methyl derivative has slippage


coordinates [2.45, 0.07], which places it in a region of low *ΔEk* and small negative Jπ.  The phase


transition that occurs below 95 K involves further plate slippage only in the x direction giving new


coordinates [2.99, 0.03].  This change pushes the structure into the positive Jπ region of the map, a change


which is consistent with the observation of FM behaviour at low temperature.  The R1 = Et and Pr


compounds have coordinates [0.0, 2.15] and [0.0, 2.79], respectively.  Both compounds slip exclusively


along the y direction, but to varying degrees.  The R1 = Et derivative is situated in a region of low *ΔEk*


and small positive Jπ (FM exchange), where the R1 = Pr compound, also with a low *ΔEk*, has a small


negative Jπ value (AFM exchange).  Since all three derivatives have small *ΔEk* it is not surprising that the


conductivity values are low.  Also, the small Jπ values are consistent with Curie paramagnetism, and the


sign of Jπ matches the low temperature behaviour of all three compounds. 


Overall, the calculations are in agreement with the experimental properties exhibited by the


bisdithiazolyl radicals 1-27 (R1 = Me, Et, Pr; R2 = Cl).  This exercise has provided us with the capability


to predict qualitatively the conductive and magnetic behaviour of new structures, as well as to highlight


packing arrangements with potentially desirable properties.  For example, high conductivity is expected


for systems with large *ΔEk* values, and therefore compounds that have superimposed π-stacks are


potentially good targets.  Alternatively, diagonal slippage along x and y  may also provide a structure with


high conductivity.


Another way of improving bandwidth is to incorporate the larger selenium atom into the molecular


framework.  The more spatially extensive orbitals of this chalcogen should provide better orbital overlap


between radical SOMOs, and this approach has been used to increase conductivity in charge transfer salts


(Section 1.3.1).111  To probe the influence of the incorporation of selenium, we have repeated the EHT
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dispersion energy ΔEk and DFT magnetic exchange energy Jπ calculations on a 1D stack of model radicals


1-55 (R1 = R2 = H), which has all of the sulfur atoms replaced with selenium.  The 3D surface plots are


shown in Figure 1.18, and it is readily apparent that the general trends in ΔEk and Jπ are identical to those


established for the all-sulfur derivative 1-27 (R1 = R2 = H) in Figure 1.17.  However, for the all-selenium


compound, the maxima and minima are more extreme, and interestingly, at direct superposition [0.0, 0.0],


a bandwidth (W = *ΔEk*) of over 3.5 eV is suggested.  If compound 1-55 can be prepared, and directly


superimposed π-stacks can be obtained, it may be possible to achieve a bandwidth that will overcome U


and produce a neutral radical conductor with metallic behaviour.


Figure 1.18 The 1D dispersion energy ΔEk (in eV) (left) and the exchange energy Jπ (in cm-1) as a function


of x and y for model 1-55 (R1 = R2 = H).  Contour lines are drawn at 0.5 eV (left) and 50 cm-1 (right)


intervals.
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The inclusion of selenium into the bisdithiazolyl framework 1-27 affords three possible isomers,


the two mixed S/Se variants 1-53 and 1-54 and the previously mentioned all-selenium compound 1-55.  A


large portion of my research has involved the development of these selenium-containing derivatives, and


the preparation and transport properties of a selection of these are described in this thesis.  However, the


discovery of magnetic ordering in several of the compounds is not presented, and will instead be mentioned


here.  Canted AFM is observed in compounds 1-53 and 1-55 (R1 = Et, R2 = H), with Néel temperatures of


18 and 27 K, respectively.150  These ordering temperatures are not far from Rawson’s dithiadiazolyl radical


that exhibits a transition to a canted antiferromagnet at 36 K.65 Several other derivatives have now been


found to exhibit FM ordering at low temperatures, and these include 1-53 and 1-55 (R1 = Et, R2 = Cl).151


Curie temperatures of 12.8 and 17.0 K are observed, values that outperform all other molecular non-metal


containing ferromagnets reported to date (Section 1.2).  The ferromagnetic ordering expressed by


derivatives of 1-53 (R1 = Et R2 = Me, Br) have also been recently reported.152  In addition to the high TC


values demonstrated by these materials, large coercive fields reaching 1370 Oe (at 2 K) are observed,


establishing that these compounds are relatively hard magnets.  The incorporation of selenium demonstrates


the importance of the heavy atom effect, and the resulting spin-orbit coupling and magnetic anisotropy, in


developing magnetic ordering in molecular compounds.


Not only do several examples exhibit interesting magnetic behaviour, but the selenium-containing


radicals 1-53, 1-54, 1-55 also possess some of the highest room temperature conductivity values for any


thiazyl or selenazyl radical so far.  The potential for multifunctional behaviour in neutral radicals, that is,


those that display both conductive and magnetic properties, is also now within reach.  A great deal has been


learned about neutral radical chemistry in the past five years, with the development of many interesting


solid state properties and structural motifs.  The following section outlines the work presented in this thesis


and the contributions that I have made towards the advancement of neutral radicals in materials science.
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1.5 Thesis Scope


At the beginning of my graduate work in 2004, the bisdithiazolyls 1-27 had just recently been


reported and the properties and behaviours demonstrated by these compounds were used as a starting point


for the directions of my own research goals.  As resonance delocalization in 1-27 had provided low ΔHdisp


and Ecell values (low U), suppressed dimerization and increased thermal stability, it seemed reasonable to


extend this to a new molecular framework.  This lead to the development of the bisthiadiazinyls as a new


class of resonance-stabilized radical, and their potential as NRCs are discussed in Chapter 2.  Another


research focus was the improvement of the bandwidth in the bisdithiazolyls 1-27, with the intention of


increasing the W/U ratio, and two strategies were followed.  The first was to alter the crystal packing so as


to obtain direct superposition, an arrangement that is suggested in Figure 1.17 to reach a bandwidth of over


2.0 eV. This was pursued through the replacement of the pyridine ring with a pyrazine ring, and the


removal of one of the belt-line ligands.  These radicals are presented in Chapter 3.  The second strategy


of improving bandwidth in 1-27 was to incorporate selenium, as it was established by computational studies


in Figure 1.18 that this increases W for all slipped π-stack structures.  Chapter 4 describes the development


of the synthetic methodologies used to generate the three selenium-containing radicals  1-53, 1-54 and 1-55.


Several R1/R2 derivatives have stemmed from this work, and I have been involved with a number of them.


Within the size constraints of this dissertation, I have confined the presentation to only a selection of these.


A series of uniquely bonded σ-dimers based on the 1-53 framework are presented in Chapter 5, along with


their dramatic increases in conductivity with the application of pressure.  An entire set of four S/Se radicals


1-27, 1-53, 1-54 and 1-55, that do not dimerize, are described in Chapter 6.  These materials represent the


only complete family that does not show isostructural replacement of selenium for sulfur, and their


behaviour has demonstrated the importance of the packing arrangement on transport properties.  Two of


the set exhibit the highest room temperature conductivity values ever reported for a selenazyl radical, and


applying pressure improves this behaviour, nearly reaching the metallic ground state.
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