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SUMMARY

The aim of this study was to prepare a ferromagnetic polymer using the design elements of
molecular magnets. This involved the preparation of co-polyradicals of phenylacetylenes
bearing nitronyl nitroxides and nitro/cyano groups. The magnetic properties of the
materials were determined using a SQUID magnetometer.

A novel rhodium catalyst, Rh((NBD)(NH;)Cl, was prepared in order to obtain good yields
of polymerisation. A wide range of substituted phenylacetylenes were first
homopolymerised in order to assess the cfficiency of the catalyst. Yields were generally
high, between 75% and 98%, and the time of polymerisation was short (one hour). SEC
analysis revealed that the Mw of the polymers were in the range of 200,000 and 250,000.
The discovery that phenylboronic acid acts a co-catalyst for the polymerisation served to
increase the yields by 10% to 20% but the Mw of the polymers was reduced to
approximately 100,000.

Co-polyradicals were prepared in good to excellent yield using the new catalyst. The
magnetic properties in the temperature range of 300K to 1.8K were investigated by
SQUID, which revealed a spin glass system, antiferromagnets and possible dipolar
magnets. Short-range ferromagnetic interactions between 300K and 100K were found in a
co-polyradical containing nitronyl nitroxide and cyano substituted monomers. The
magnetic properties were dependent upon both the type of monomers utilised and the ratio
between them.

The effects of ring substituents on the terminal alkyne have been studied by carbon-13
NMR. There was no correlation however, between the chemical shift of terminal alkyne
and the polymerisability of the monomer.

Key words : polymerisation; phenylacetylene; nitronyl nitroxide; polyradical,
ferromagnetic.
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CHAPTER 1. INTRODUCTION

1.1 General introduction

Imagine a material that 1s transparent, soluble in organic solvents, mouldable, 30% lighter
than conventional materials, and is magnetic. Such a material would have considerably
more application than conventional magnetic materials, such as metals (cobalt, nickel, and
iron), metal oxides (lodestone — Fe;04), and alloys', which are heavy, non-transparent,
insoluble, and costly to process. With a large diversity of applications ranging from the
mundane (fridge stickers) to the high technology of a synchrotron, the commercial value of
such a light weight magnetic material would be high. These properties can be envisaged

in a magnetic polymer.

A magnetic polymer based purely on organic atoms is theoretically possible, but has
cluded all research groups around the world up to the present time. However, with the
recent discovery of two organic molecules that possess magnetic properties, a polymeric
magnet may still be a viable proposition. This report studies a novel approach to the

design of a magnetic polymer.

In this chapter the origins of magnetic behaviour and how this can be applied to an organic
species are detailed, followed by a review of known organic molecular magnets, an
overview of polyradicals and their properties, and finally the strategy that encompasses the

project.

In order to attempt the synthesis of organic materials that have magnetic properties it 1s

necessary to review how magnetism actually arises.

21



1.2 Theorv of magnetism

The definition of a magnet can be regarded as the attractive (or repulsive) behaviour of a

2345 it s necessary

material in a magnetic field. In order to explain how magnetism occurs
to consider the nature of electrons and their spin about the nucleus of an atom. Every
electron has a quantum mechanical property called “spin” which has associated with it a
magnetic moment. When a magnetic field is applied the spin can either align with the
field, “spin-up” (4) or oppose the magnetic field, “spin-down” (V). Atoms have regions
of space around them, called orbitals, in which electrons can reside. Each orbital can
accommodate two electrons and these are filled in the most energetically favourable way.
This is where one electron is spin-up (4%) and the other is spin-down (V) such that the
spins cancel (W) and therefore there is no net magnetic moment. If an atom possesses
an odd number of electrons then spins cannot cancel (the electrons which cannot cancel

are called “unpaired” electrons) and hence there is a net magnetic moment associated with

the species.

There are four main classes of magnetic behaviour, paramagnetism, ferromagnetism,
antiferromagnetism, and ferrimagnetism. The type of behaviour is dependent upon how a

spin interacts and aligns with its neighbours, as shown in Figure 1.
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Classical magnetic materials, e.g. iron and nickel, are ferromagnetic in which each atom
has several unpaired electrons that reside in different non-bonding d orbitals. These
orbitals are all of similar energy, which leads to parallel alignment of the electrons, giving
the atom a large magnetic moment. Furthermore, if the distance between electrons on
neighbouring atoms is sufficiently close then they will “cooperatively” align with one
another. This alignment occurs in small regions of the material, known as “domains”. If
all the domains throughout the bulk of the material align in the same direction, then a

strong magnet is formed (ferromagnet).

Using the same scenario but where adjacent spins align opposing each other, 1.e. spins
cancel, then there is no net magnetic moment, and this is called an antiferromagnet. The

elements manganese and chromium are examples of antiferromagnets.

A ferrimagnet (strong magnet) occurs when there are different magnetic moments on
adjacent species that align antiferromagnetically, but still possess net magnetic moment.

Lodestone (Fe3;04) 1s an example of a ferrimagnet.

If adjacent spins are too far apart, or if the cooperative forces are very weak, then there 1s
no interaction between them. In these materials the spins are not ordered, but are
randomly orientated throughout the bulk. This type of material is called a paramagnet

(weak magnet).

totot VA

Ferromagnet Paramagnet
(ordered aligned) (disordered)
Antiferromagnet Ferrimagnet

(ordered opposed) (ordered opposed)

Figure 1 : Spin alignment in magnetic materials
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In ferromagnets, antiferromagnets, and ferrimagnets there are forces between adjacent
spins that create the alignment, which are characteristic of the species and are independent
of temperature. Thermal energies force the spins towards disorder, and therefore loss of
magnetic properties. When the thermal energies exceed the forces between neighbouring
spins then alignment is lost and the material becomes paramagnetic. The paramagnetic-
ferromagnetic transition occurs at a critical temperature, termed the Curie temperature

(T,), and paramagnetic-antiferromagnetic transitions occur at the Néel temperature (T,).

1.2.1 Spin interactions

There are two main pathways for spins to interact with one another™":-

1) exchange coupling (via orbitals)

2) dipolar coupling (through-space)

1.2.1.1 Orbital Interactions

There are many mechanisms of exchange interaction, which depend upon how the
molecular orbitals are populated in the spin containing species. It is unnecessary to
consider all of these exchange mechanisms, but an overview of the one that has recently
been invoked to account for the ferromagnetic interactions in an organic molecule® is now
described. Orbital interactions between the partially occupied molecular orbital (POMO)
and the next lowest unoccupied molecular orbital (NLUMO) on an adjacent molecular
species determine the exchange interaction. This theory relies on the sharing of an
electron between a spin site and its neighbour by charge-transfer. A typical material can

be envisaged by the structure:-
[A]"- [B]™+ [A]"- [B]™+

where A = donor and B = acceptor. If an electron is excited from the POMO of A to the

NLUMO of B then ferromagnetic exchange takes place, as shown in Figure 2.
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NLUMO ———— - NLUMO —%F

A

- - o0 ——
AL wowo AL womo -

A B A B

POMO

Figure 2 : Ferromagnetic spin exchange POMO to NLUMO

Ferromagnetic exchange can also be obtained by the virtual excitation of the next highest
occupied molecular orbital (NHOMO) of A to the POMO of B, in which the two electrons

remaining on A align ferromagnetically.

If there is a virtual excitation of an electron from the POMO of A to the POMO of B, then
antiferromagnetic exchange predominates, as shown in Figure 3. The two electrons of the
virtual POMO of B have to exist anti to each other because of the Pauli principle, in which

electrons occupying the same space are forbidden.

NLUMO —— —— NLUMO

oo = ) w0

A B A

POMO

Figure 3 : Antiferromagnetic spin exchange POMO to POMO

25



The type of exchange interaction is determined by the overlap of molecular orbitals. If the
POMOs of A and B overlap, then antiferromagnetic exchange is the result, but if this 1s

somehow prevented then the ferromagnetic exchange is possible (POMO to NLUMO).

It is important to emphasise the fact that both donor A and acceptor B are free radicals,

and that these types of spin exchange are intermolecular effects.

1.2.1.2 Dipolar coupling

Dipolar coupling does not involve the overlap of electron orbitals, but is the result of spin
interactions due to the magnetic fields generated by the magnetic moment associated with
each spin. This type of interaction is much weaker than that of the exchange interaction.
It is theoretically possible that dipolar coupling could result in ferromagnetic spin

alignment but only at low temperatures (lower than 1K).

The spin of an unpaired electron can also induce a polarisation of an electron in a
neighbouring atom, “spin polarisation”. This is an intramolecular effect only, but it 1s
sometimes important in determining magnetic properties in organic molecules. An
example of spin polarisation is when an unpaired electron on a carbon-based p orbital
polarises the paired spin in an orthogonal C-H ¢ bond so that one of the paired electrons is
more in the vicinity of the C atom. There is no unpaired spin density on the hydrogen

atom.

If only a few neighbouring spin sites take up alignment then the effects are said to be
“short range”. When the spin alignment takes place in many neighbouring sites it 1s

termed “long range”.
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1.2.2 Criteria for an organic magnet

From this theoretical consideration some initial conclusions can be made about how

magnetism may be produced in purely organic materials:-

a) each molecule in the material must have at least one unpaired electron.

b) there is an optimum distance between spin sites which leads to alignment

¢) spin alignment must be a property of the whole material.

If an organic material is to have magnetic properties then all of these criteria must be
fulfilled. There are several strategies towards the design of synthetic magnets, the most
successful being charge transfer complexess. These transition metal complexes, however,
are unstable to air and are notoriously difficult to synthesise4. Other attempts have utilised
oligomeric carbenes, but these have proved to be highly unstable and are prone to synthetic
defects’. This project, however, is primarily focused on organic materials that are stable
and easily synthesised. It is necessary to consider the design features of a magnetic

material without the presence of unstable carbenes/metal complexes.

1.3 Organic Radicals as Magnets

Normally, electrons in organic molecules are spin-paired, so that their spins cancel each
other out. An unpaired electron is required in a molecule for it to possess a net magnetic
moment. An organic molecule containing an unpaired electron (a “radical”) meets this
criterion. Radicals, however, are normally transient and their lifetimes are extremely

short, e.g. a methyl radical decomposes with a half-life of 10 to 15 minutes in methanol at

77K(10 pp.1806)

The short lifetime of these species is associated with their high reactivity, so once the
radicals are formed they are consumed quickly. They react with their environment, e.g.
solvents, oxygen in the air, and other organic radicals. Their magnetic properties will be
lost if the spins in an organic magnet degrade or react with each other, so it is imperative

that the radicals are stable.
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1.3.1 Stable Organic Radicals

A stable radical can be defined as one that can be obtained in a pure form, stored, and
handled in the laboratory with no more precaution than that taken with conventional
organic compounds“. The stability of a radical species is dependent upon four main

factors.

1. Substitution
2. Resonance
3. Steric hindrance

4. Presence of a hetero atom

1.3.1.1 Substitution

The stability of a radical is affected weakly by the degree of substitution around jt(10pp- 188)
as shown in Figure 4. The series is a reflection of the hyperconjugation effects possible,
which stabilise radical species. Although tertiary radicals are more stable than primary,

they are still transient under ordinary conditions.

C13H3 C|3H3 C'3H3
HsC—C > oG > e

CHj H H
Figure 4 : Effect of substitution on stability of a radical

1.3.1.2 Resonance

Radicals can be stabilised by resonance interactions, in which the unpaired electron is

(10pp-189-199) * The radical is more stable because the

delocalised over a 7 conjugated system
average electron density on each possible site is reduced. For example, the radical
depicted in Figure 5 exists in equilibrium with its dimer in solution. In the solid state,

resonance interactions are insufficient for the radical to exist in the monomeric form.
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Figure 5 : A radical stabilised by resonance

1.3.1.3 Steric Hindrance

The effect of steric hindrance is one of the most important factors that govern the stability
of a radical. This is exemplified by the perchlorotriphenylmethyl radical'® (Figure 6),
which is stable to oxygen, solvents (inert in boiling toluene), halogens, and remains stable
at temperatures up to 300°C. In this example, the contribution from resonance
delocalisation is minimal because the aryl rings are forced into a propeller arrangement
about the radical centre. These fascinating properties are ascribed to the huge steric
hindrance, which not only conceals the radical from the environment but also from other

radical species as well.
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ci I %
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Figure 6 : Perchlorotriphenylmethyl, a stable radical
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1.3.1.4 Neighbouring heteroatoms

1.3.1.4.1 Nitroxides

The stability of a radical is increased greatly by the presence of a neighbouring hetero
atom, e.g. 2,2,6,6-tetramethyl-1-piperidinyloxy free radical (TEMPO)”, as shown in
Figure 7. Radicals containing the (N-O") group are generally known as nitroxides, and this

term will be used throughout this work.

HC CHs,

Figure 7 : TEMPO stable radical

TEMPO is sufficiently stable to exist in the monomeric form at room temperature. The
adjacent methyl groups sterically shield the radical from its environment. In addition, the
electronic configuration between the nitrogen and oxygen atoms enhances the stability of
the radical'®, as shown in Figure 8. This occurs via orbital overlap between the oxygen

radical and a lone pair of electrons on a neighbouring hetero atom, in this case nitrogen.

R R
N \i ©
R R

Figure 8 : Resonance forms of nitroxides

The TEMPO moiety is probably more accurately represented in Figure 9, in which there is

a three electron bond between the nitrogen and oxygen.

/
Rl

Figure 9 : Hybrid representation of a nitroxide
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This electronic arrangement makes the radical very stable, because the spin density of
three electrons is shared between two atoms. Standard chemical reactions can be
performed on nitroxide containing molecules without degradation of the radical group.
This is exemplified by the reduction of a carboxylic acid derivative of TEMPO with

lithium aluminium hydride, as shown in Figure 10.

? ?

HC N CHs HaC N CHs
HaC CHs LiAIHs _ HC CHs
THF

CO,H CH,OH

Figure 10 : Example of TEMPO stability

1.3.1.4.2 Other hetero radicals

There are many more examples of stable radicals that utilise a neighbouring hetero atom,
such as verdazyll4 (Figure 11) and thioaminyls15 (Figure 12). The verdazyl group is based
upon a tetrazine ring, in which the radical is delocalised over five of the six possible
atoms'®. Verdazyls however, are sensitive to oxygen and can be difficult to synthesise.
Thioaminyls are not as stable as verdazyls and sometimes the radical can be degraded by

dimerisation of two molecules, owing to a lack of steric hindrance.

i
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Figure 11 : Verdazyl stable radical
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Figure 12 : Thioaminyl stable radical

1.3.1.4.3 Nitronyl nitroxides

Ullman first reported a stable radical based upon a nitroxide in conjugation with a
nitrone'’, as shown in Figure 13. It is generally called “nitronyl nitroxide” and this term
will be used throughout this report. Much research has focussed on this stable radical
because of its excellent stability and ease of synthesis. It is used throughout this research

so the chemical and electronic properties will now be examined in depth.

CHj; CH,
HaC CH,
@ .
Co—=N.. N—O

he

R
Figure 13 : Nitronyl nitroxide stable radical

When R is saturated, the radicals are generally red and are stable enough to be stored for
months at 0°C. Stability is markedly increased when R is unsaturated, or aromatic, in
which the radicals can be stored indefinitely at room temperature. An example of this
stability is the fact that aryl nitronyl nitroxides can withstand harsh conditions, such as
boiling water or alkali, without significant decomposition. These aryl derivatives are
usually blue, or can sometimes be obtained as violet depending upon other substituents on

the phenyl ring]g.

The steric hindrance provided by the four methyl groups is of great significance for the
stability of the radical. For example, it was reported that the stability of the nitronyl
nitroxide group was considerably reduced upon replacement of these methyl groups by a
phenyl ring'®, as shown in Figure 14. It was reported to partially decompose in solvents

such as acetone, diethyl ether, and benzene, in which most other nitronyl nitroxides are
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stable. The radical was stable in the solid state, however, which indicates that the nitronyl

nitroxide group is inherently quite stable.

Figure 14 : A nitronyl nitroxide with reduced stability

The nitronyl nitroxide group is an excellent stable radical because it is sterically shielded,
it has heteroatoms adjacent to the radical, and it is also stabilised by resonance.
Theoretical models have been carried out in order to assess on which atom/atoms the
unpaired electron actually resides, but the results often differ depending upon the program
and parameters used?’. A more satisfactory spin analysis was carried out experimentally,
using neutron diffraction?’. This revealed that within each molecule the unpaired electron
is shared between both sets of oxygen and nitrogen atoms, which must be attributable to
resonance forms>’, as shown in Figure 15. Furthermore, the spin is evenly shared between
the nitrogen and oxygen atoms of each group. The spin distribution may change if the
solvent is polar, as this tends to stabilise resonance forms with increased spin density on

the nitrogen atom'’.

Figure 15 : Resonance structures of nitronyl nitroxide
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The ring structure of the nitronyl nitroxide group exists in an almost planar conformation.
However, this group is actually twisted out of plane with the phenyl ring. The dihedral
angle usually varies between 30° and 50°, depending upon the other substituents on the
phenyl ring. Spin delocalisation over the phenyl ring is therefore minimal. An orbital

node at the central carbon of the O-N-C-N-O group also prevents delocalisation®.

1
%2 and

This radical has been tested in applications such as non-linear optics
. 2 . . .

photochromlsm~4 but has found little use when compared to conventional materials. The

recent discovery of a ferromagnetic, nitronyl nitroxide containing molecule has fuelled the

interest in this type of stable radical.

1.3.2 The first organic ferromagnet

The first organic molecule to exhibit bulk ferromagnetism was 4-nitrophenylnitronyl
nitroxide (4NPNN, as shown in Figure 16) discovered in 1989 by Awaga et al® and later
characterised in greater depth by Tamura?®. 4NPNN exists in four different crystalline
phases, of which only the B exhibits bulk ferromagnetism’’. The temperature at which
bulk ferromagnetic behaviour breaks down into paramagnetism, known as the Curie
temperature T, is 0.6K. Although this temperature seems very low it was a significant
advance because bulk ferromagnetic behaviour had never been observed before in purely
organic molecules. Hysteresis was observed in 4NPNN below its T,, which confirms the

bulk ferromagnetic properties of the material.

Ferromagnetic spin interactions are also present in the y phase, but the bulk sample 1s

paramagnetics.

o
HsC I %
HaC N ®/
H4C r\é) \\O
HaC 1
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Figure 16 : Nitronyl nitroxide based ferromagnet (4NPNN)
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Many other nitronyl nitroxides have been prepared and found to be ferromagnetic,
although none have a higher T than that of 4NPNN. Nakatsuji has reported an extensive
review of the magnetic properties of nitronyl nitroxides®®. A few examples of these

molecules and their T.’s are listed in Table 1.

Table 1 : Ferromagnetic molecules containing a nitronyl nitroxide

Structure T (K)
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1.3.3 A thioaminyl magnetic molecule

A molecule containing a thioaminyl group was recently reported to be magnetic at 36K,
as shown in Figure 17. The high T, of this molecule was a step forward in the design of
room temperature organic magnets. On closer examination this molecule 1s not a

ferromagnet strictly speaking. It is an unusual type of magnet called a ‘“canted
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ferromagnet”, in which the spins are aligned antiferromagnetically but they all tend to
point to one side, as shown in Figure 18. It was estimated that the material is

approximately one thousandth of the magnetic strength of iron.

F F
N\S
= \ \
N/S

F F

Figure 17 : A thioaminyl radial with high T,

Figure 18 : A "canted ferromagnet"

1.3.4 An organic molecule possessing the highest Te

The highest T, (1.48K) of an organic material belongs to a nitroxide biradical, N,N'-d10oxy-
1,3,5,7—tetramethyl—2,6—diazaadamantane33, as shown in Figure 19. This molecule is based
on an adamantane molecule, and it was shown to exhibit three dimensional intramolecular
and intermolecular ferromagnetism. The ferromagnetic spin coupling in this molecule was
cleverly designed using topological considerations, as described by Yoshizawa™. Tt is
most likely that the spin interaction is of the dipolar type (through-space), but the T, 1s
relatively high for this to be the only coupling mechanism. Instead the EM behaviour is
probably the result of a combination of dipolar and exchange spin interactions. Curiously,

hysteresis was not detected in this material and no account was made to explain it.

36



Figure 19 : Highest T, organic magnet

1.4 Spin control in molecular magnets

The bulk magnetic effects observed in molecular magnets are the result of spin alignment
in two or more dimensions. Most radicals however, do not have bulk magnetic properties.
In this research, polyradicals possessing bulk FM properties are required, and as
Dougherty points out, *‘... one cannot simply create a large number of spins, crystallise or
otherwise condense them, and then hope for the best. Most solid samples of radicals will,
at low temperatures, behave as antiferromagnets™. It is essential therefore, to examine the
factors that contribute to FM exchange and FM bulk properties in some of the known

organic radicals. These design considerations can then be applied to polyradical systems.

1.4.1 The influence of substituent groups

The bulk ferromagnetic effects observed in the B phase of 4NPNN are directly related to
the crystalline structure. Structural determination using X-ray techniques found that there
was close contact between the radical of one molecule and that of a neighbouring
molecule’”. Between these two radicals was a nitro group of another molecule, as shown
in Figure 20. This contrasts with the simple phenylnitronylnitroxide (PNN), in which
spins are too far apart for ferromagnetic coupling to take place®. The difference between
4NPNN and PNN is the presence of a para nitro substituent. Theoretical modelling shows

no spin density (from spin polarisation) on the nitro group”*.

The ferromagnetic
alignment, therefore, is likely to originate from spin interactions that go through the nitro
group. The low Curie temperature suggests that the FM couplings originate from dipolar
interactions. Compression of a crystal of 4NPNN should therefore increase the T, of the
material, as the distance between the radicals becomes shorter. However, a reduction of T,

was found when pressure was applied to 4NPNN, suggesting that the spin interactions are
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the result of a mixture of exchange and dipolar couplings, or exchange coupling alone 3
These exchange interactions in 4NPNN are thought to be very similar to those described

earlier in this report (refer to 1.2.1  Spin interactions).

Figure 20 : Ferromagnetic spin alignment through a nitro group

Only the B phase of 4NPNN has a nitro group sandwiched between two radicals. The
other phases of 4NPNN do not have this structural feature, and hence are not
ferromagnetic in the bulk. Spin exchange of the nitronyl nitroxide with the phenyl ring
(NO-Ar) of another molecule gives rise to ferromagnetic spin interactions in the other
phasesg. There are many examples of ferromagnetic NO-Ar spin couplings which do not
result in bulk properties, such as 4-fluorophenylnitronyl nitroxide®’, a quinolyl nitronyl

nitroxide™, a triazole nitronyl nitroxide®®, and a N-methylpyridinium nitronyl nitroxide™.

In the molecule 4-cyanophenylnitronyl nitroxide, both NO-Ar and spin coupling through a
cyano group are thought to take place40. This molecule does not have ferromagnetic bulk

properties, only short range FM exchange interactions.

In summary, the substituents of the phenyl ring do not provide a path for the interaction of
neighbouring spins, except in the case of B 4NPNN and 4-cyanophenylnitronyl nitroxide.
Instead, they influence the structure of the crystalline material by electrostatic forces. Spin

interactions are related therefore to the crystal packing.

1.42 Hydrogen bonding®’

If the crystalline packing could be controlled to make FM interactions favourable, then
new organic magnets with higher T.’s may be possible. Veciana was the first to study the
influence of hydrogen bonding on the crystalline structure of nitronyl nitroxides*>**. This

was accomplished by the introduction of a para hydroxyl group onto phenylnitronyl-
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nitroxide, as shown in Figure 21. This compound exhibited FM interactions between the
radicals, but bulk magnetic properties were absent. X-ray structure analysis showed that
there was hydrogen bonding between the NO of one molecule and the OH group of a
neighbouring molecule. Such hydrogen bonding between molecules gives rise to a zigzag
chain. Weak hydrogen bonds form between the free NO and the CHj; of another chain,
which results in a 2D network. It is thought that FM interactions occur because of the
short contact distance between radical species. As a direct consequence of the short

contact distance SOMO-SOMO interactions, and hence AFM coupling, are prevented.
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Figure 21 : FM interactions using hydrogen bonding

A study of several hydroxyl substituted nitronyl nitroxides revealed that the ortho isomer
exhibited a bulk ferromagnetic interaction with a T, of 0.45K**. The hydrogen bonding in
this molecule is intramolecular, between the OH and the NO. The crystalline ordering is
the result of very weak hydrogen bonding between the other NO group and the CHj; of
another molecule. It is thought that the FM interactions are the result of the 3D assembly

of the crystalline state (long range order).

There are no bulk, or local ferrromagnetic interactions when the hydroxyl group is in the
meta position, or when there are two hydroxyl groups on the phenyl ring. Thus, the
number and relative positions of the OH groups have a significant influence on the
crystalline packing. The impact of the hydroxyl function on the spin polarisation in the
molecule is minimal®'. Thus, it is apparent that the effect of the OH group is to control the

crystalline structure mainly.
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The role of hydrogen bonding has been investigated by exchanging the hydrogen atoms of
a ferromagnetic nitronyl nitroxide for deuteriums®’. The main effect of this is to elongate
the hydrogen bonds so that spin interaction should be decreased. If hydrogen bonds were
to control the crystalline packing only then there would be a minimal impact on the spin
interaction. If however, they were to play an important part in the FM interactions, then a
decrease in the spin moment would be expected. This reduction of spin moment was
found to occur in the deuteurated molecule, which implies that hydrogen bonds are very

likely to take part in the spin generation/transmission interactions.

Hydrogen bonding between a nitronyl nitroxide and a terminal alkyne has also been
suggested as a possible mechanism for FM spin interactions™. FM interactions, but no
bulk behaviour, were also observed below 100K for a triazole based nitronyl nitroxide®,
as shown in Figure 22. The FM coupling was ascribed to hydrogen bonding between the

N-O of one molecule and the hydrogen atom of a neighbouring triazole ring.
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Figure 22 : Stable radical exhibiting strong FM coupling via hydrogen bonding

In summary, the hydrogen bonding can have a dual purpose. Between molecules in
different planes it can lead to supramolecular assembly, and the formation of 3D
interactions necessary for magnetic behaviour. The hydrogen bond can also provide a

mechanism through which spin may be exchanged.

1.4.3 Diamagnetic bridges

Normally spin interactions occur via a substituent on the phenyl ring, but in 1995 it was
discovered that a (1:1) complex derived from phenyl nitronyl nitroxide and phenylboronic
acid (Figure 23) exhibited ferromagnetic spin interactions below 30K (Phenylboronic
acid is usually called benzeneboronic acid; this name will be used throughout this report).

A molecular chain of the type A-B-A-B was formed between the radical and the
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benzeneboronic acid (BBA), in which intermolecular spin coupling via hydrogen bonds

results in the ferromagnetic exchange.

At the present time, the radical/BBA complex has not been characterised completely so its

ferromagnetic properties are not fully understood.

OH
/

B
N

OH
Figure 23 : Benzeneboronic acid

Phenylnitronyinitroxide exhibits paramagnetic spin interactions in the absence of
benzeneboronic acid®®. Thus, the benzeneboronic acid provides a route through which
spins can couple. Groups or molecules that facilitate spin coupling through them are
known as “intermolecular spin-couplers™’, as shown in Figure 24. This name is rather

long, so in this report the term “bridge” will be synonymous with this effect.
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Intermolecular spin-coupler
or “bridge”

Figure 24 : Spin coupling through a "bridge"

This is the first example of spin transmission through a diamagnetic “bridge”, which is not
on the same molecule as the radical. It is possible therefore, that the mixing of a simple
radical species with a suitable “bridging” compound could create an organic ferromagnetic

material.
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1.5 Polvradicals

High spin density is required if strong ferromagnetic properties are to be obtained in
organic materials. This may be achieved by creating a polymer bearing a stable radical on
each repeat unit, a “polyradical”g. Ferromagnetic exchange may be achieved if the
distance and electronic forces between radicals are favourable. Bulk ferromagnetic
properties will only occur if the spin alignment occurs in at least two dimensions, and
preferably three*. This implies that it is not sufficient for spins on the same polymer chain
to be aligned ferromagnetically, but there must also be alignment between chains. Spin

interactions, therefore, must be both intermolecular and intramolecular.

Two main strategies towards the development of polyradicals can be distinguished.
Firstly, non-conjugated polymers bearing a pendant stable radical group. The second class
of materials is those that contain pendant stable radicals which are conjugated to the

polymer backbone, e.g. substituted polyacetyelenes.

1.5.1 Early “ferromagnetic” organic materials

Before polyradicals were designed, it was common to pyrolyse organic materials with the
aim of obtaining a magnetic material. The pyrolysis of polyacrylonitrile was a typical
example of this strategy’®. Magnetic behaviour was observed in a small fraction of the
material. This magnetic behaviour, however, was not the result of the magnetic regions
inside the polymer, but was due to metallic impurities originating from careless
experimental technique. This seems to be common throughout much of the earlier

o . 49,50
literature on magnetic polymers 930

1.5.2 Polyradicals by post-polymerisation reactions

The most obvious way to synthesise a polyradical is to take a normal polymer and oxidise
it to create the spin sites. This strategy is not widely reported in the literature, but has been
shown to be very effective in the conversion of po]y(m-anilines)Sl. The polymer was
oxidised using several oxidising agents and magnetic characterisation showed that one of
these modified polymers exhibited ferromagnetic properties in the bulk. An interesting
variation on this theme is to employ a protecting group that can be removed by
photochemical oxidation®’. The problem with polyradicals obtained from post-
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polymerisation modifications such as these is that the radical species are difficult to
characterise. For example, in the case of the oxidised poly(m-aniline) it is unclear whether
the spins correspond to a radical cation or to a nitroxide radical, the structures of which are

shown in Figure 25.
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Figure 25 : Possible magnetic species in an oxidised polymer

Incomplete oxidation of all the possible radical sites presents another significant problem.
This is exemplified by the attempted synthesis of a polymer bearing a nitronyl nitroxide
pendant group, in which a polymer possessing an aldehyde group was derivatised to the
precursor of a nitronyl nitroxide>>, as shown in Scheme 1. Oxidation gave the nitronyl
nitroxide containing polymer. On examination of the spin concentration it was found that
only 50% of the possible spins had been created. This low conversion is most likely the
result of the inability of the oxidant to penetrate fully the matrix of a pre-formed polymer.
Hence, it is advantageous to incorporate the radicals into the monomer prior to

polymerisation but this presents other problems that will be discussed later.
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Scheme 1 : Creation of a polyradical by modification of a polymer
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1.5.3 Polyradicals from radical monomers

The polymerisation of stable radical containing monomers would avert the problems of
generating radicals by post-polymerisation reactions. An example of this type of
polymerisation is that of a derivative of TEMPO bearing an epoxy group>®, as shown in
Scheme 2. The yield of polyradical obtained was dependent upon the catalyst used, e.g.
BF3.Et,0 gave 15% yield only, whereas rert--BuOK gave 92% yield. The incorporation of
spin in this polyradical was 97% efficient, as measured by EPR analysis, which
demonstrates the effectiveness of this synthetic strategy. The polyradical, however, was

paramagnetic only.

o
, BF ;. E6,0 jln
0—N O/W T

o

o or t-BuOK

Scheme 2 : Polymerisation of a monomer bearing a stable radical

Other examples of this strategy are the polymerisation of an 1socyanide monomer
containing TEMPO™, and the polymerisation of a diacetylene based TEMPO derivative™.
The latter polyradical was found to exhibit FM interactions in 0.7% of the material only.
The magnetic characterisation of this material has recently been questioned, because

attempts to repeat the synthesis failed to produce any similar magnetic properties49.

In summary, should an effective mechanism exist for the synthesis of a polymer with a
high spin count it is not satisfactory just to have a large number of spins in a material. The
spins must have a mechanism by which they can interact with one another if magnetic

properties are to occur.
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1.5.4 Polyradicals by design

To build materials with bulk magnetic properties one needs spin interactions between
many radicals®”’. This may be achieved in polyradicals by conjugating radicals. An

overview of this theory is now given.

A radical can polarise a neighbouring bond, which leads to “spin polarisation” throughout

the molecule. Consider two radicals conjugated through a para substituted phenyl ring, as

shown in Figure 26. Positive spin polarisation is denoted as a star, and a negative
polarisation as unstarred. If the number of starred atoms and unstarred atoms are equal,
then antiferromagnetic coupling (singlet state) is predicted. Conjugated systems that

operate in this way are known as “disjoint”.

Figure 26 : Conjugation leading to AFM properties

On the other hand, if the number of starred atoms is greater than the number of unstarred
atoms, then a triplet state leading to FM coupling is predicted. This is exemplified by two
radicals linked through a meta substituted phenyl ring, as shown in Figure 27.
Conjugated systems that lead to this scenario are known as “non-disjoint” or as

“ferromagnetic coupling” units.

Figure 27 : Conjugation leading to FM coupling
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In the case of polyradicals one needs to consider the spin polarisation of radical monomer
units which are linked by a conjugated polymer backbone, as shown in Figure 28. The
number of starred atoms is greater than the number of unstarred atoms, so the conditions

for FM interactions are set up.

Figure 28 : FM interactions in a conjugated polyradical

Antiferromagnetic spin interactions will occur if a para substituted monomer is conjugated
to a meta substituted monomer, because the number of starred and unstarred atoms are

equal, as shown in Figure 29.

Figure 29 : AFM coupling in a conjugated polyradical

The type of radical employed is not of critical importance. It is the spin polarisation of the
conjugated system that will determine the magnetic properties.  Using this design
philosophy, a radical can interact with another radical through a conjugated system, which

favours FM coupling, as shown in Figure 30.
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Figure 30 : Overview of spin interactions through a conjugated system

Conjugated polyradicals require careful design if ferromagnetic properties are to be

realised.

1.5.5 Early conjugated polyradicals

Early attempts to synthesise conjugated polyradicals were poorly conceived because they
just attached a non-conjugated radical to a conjugated polymer backbone. For example, a
phenylacetylene monomer bearing two nitroxide radicals was polymerised5 ¥ (Figure 31).

Spin interactions in the polyradical were paramagnetic only.

Figure 31 : A poorly designed "conjugated" polyradical

Another attempt consisted of polymerising a TEMPO based monomer bearing an
1socyanide group>>. The backbone of this polyradical is not formally conjugated but 1s
better described as “cross—conjugated”(10 pp-33349) " The polyradical was found to be

paramagnetic.

These two examples show that interactions between neighbouring spins demand

conjugation between them.
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1.5.6 Problems in conjugated polyradicals

The discovery of ferromagnetic interactions in a fully conjugated polyradical has led to an
increasing amount of research into these types of materials. However, radicals conjugated
to each other via a conjugated polymer backbone have been difficult to synthesise because
of the tendency of the radicals to react with the catalyst or solvents employed during
polymerisation. In some cases a few monomer units only constitute each polymer chain

because the high rigidity of the backbone leads to insolubility during polymerisation.

There are problems associated with the stability of some polyradicals, which are the result
of poor steric hindrance and insufficient delocalisation of the radical species. In these
materials the conjugation is correct for FM coupling to occur, but if the radicals dimerise
or degrade then spin interactions cannot be attained. A triphenylmethyl radical attached to
a polyacetylene backbone is an example of this”. Only 1% of the total theoretical spins
were observed in this polyradical. The radicals employed in this system are stabilised by
resonance, and extra stability might be given by delocalisation into the polymer backbone.
However, radicals located on carbon atoms tend to be unstable without steric protection, as
already described in reference to molecular magnets. It is most likely that the pendant

radicals have degraded away.

The conditions employed during polymerisation can have a substantial impact on the
magnetic properties of the resultant polyradical. Triethylamine was found to degrade
nitroxide radicals when used as a solvent and resulted in only 49% of the spins being

present in the resultant polyradicaloo. The mechanism of degradation was not reported.

The poor solubility of some conjugated polyradicals has hindered the formation of high
molecular weight polymer chains. For example, a polyradical containing ethynyl links
(Figure 32) was found to have an average of seven monomer units in each chain®. The
low molecular weight is the result of the polyradical being insoluble in the solvent used for
polymerisation. The polyradical has the correct ferromagnetic coupler between radicals (a
meta substituted benzene ring) but only paramagnetic effects have been observed. The
lack of spin interactions is attributed to a low spin concentration, because the radicals are

present on every other repeat unit only. This means that there are just two or three radicals
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per polymer chain, and the distance between them is quite large.
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Figure 32 : Low molecular weight polyradical

A higher degree of polymerisation has been obtained using diacetylene links, in which the
polymer chains are comprised of an average of 32 monomer units®’, as shown in Figure
33, In this material however, the spin interactions were primarily dependent upon the
precipitation method employed. ~ When precipitated in hexane, paramagnetic spin
interactions were found. However, removal of the solvent by vacuum gave a material
exhibiting AFM spin interactions. A slight difference in the morphologies of the materials

is the most likely explanation for the different magnetic behaviours.

Figure 33 : Conjugated polyradical exhibiting AFM interactions
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Higher average molecular weight polyradicals can be obtained using metal complexes as
catalysts for polymerisation. The polymerisation of phenylacetylene bearing a nitronyl
nitroxide group using such catalysts produced a polymer with a weight average molecular
weight of 150,000, Magnetic analysis of this material showed paramagnetic spin
interactions, indicating that high molecular weight 1s not a significant factor for

ferromagnetic spin exchange.

Steric hindrance has led to the radical being forced out of plane with the conjugated
system in many polyradicals. A typical example is polyphenylacetylene bearing a pendant
nitronyl nitroxide group(’z. Theoretically, the spin polarisation of this polyradical fulfils
the requirements necessary for exchange interactions. However, no ferromagnetic spin
interactions were observed. Molecular modelling of the structure showed that conjugation
between the radical and backbone cannot occur because the nitronyl nitroxide group is
twisted out of the plane of the phenyl ring, which prevents delocalisation. Furthermore,

the phenyl ring is out of plane with the polymer backbone.

Other radicals that are more in plane with the backbone have been attached to
polyphenylacetylene. This is exemplified by the incorporation of a phenoxy radical®, as
shown in Figure 34. Delocalisation of the spin into the polymer backbone was suggested
by EPR analysis. However, analysis of the spin interactions, measured using a SQUID
magnetometer, showed that the polyradical was paramagnetic. At temperatures lower than
30K antiferromagnetic interactions were found, which are thought to occur via through-
space spin coupling. Molecular modelling of the polymer showed that conjugation
between radicals was prevented, because the phenyl ring is not in plane with the backbone

of the polymer.

Figure 34 : Phenoxy radical on a polyphenylacetylene backbone
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No spin interactions were observed for other radical groups such as nitroxide and
galvinoxyl when attached to polyphenyacety]ene@. Non-interacting spins were also found

in a conjugated polyimine, which had nitrony! nitroxides attached as pendant gl‘oups64.

Therefore, the radical containing pendant group must be in plane with the backbone of the
polymer if spins are to interact via a conjugated system. Furthermore, the radical must

also be in plane with the pendant group.

1.5.7 Ferromagnetic spin interactions in polyradicals

It was realised that co-planarity between the radical and the backbone is essential for spin
exchange. The polyphenylacetylene backbone does not permit this, because of steric
congestion. Polyphenylenevinylene is better suited to conjugated polyradicals because the

pendant groups are co-planar with the backbone.

Ferromagnetic spin exchange was first observed in polyphenylenevinylene bearing a
pendant phenoxy radical®>®®, as shown in Figure 35. The phenoxy radical is almost co-
planar with the phenyl ring, so spin delocalisation is possible. Steric protection of the
radical by the tertiary butyl groups gave the polyradical sufficient stability to be isolated as
a solid, at room temperature. The polyradical contained only 67% of the possible spins,
because of incomplete oxidation. Delocalisation of the radical into the backbone of the
polymer was observed using EPR analysis. Magnetic characterisation using SQUID
showed that below 100K there were ferromagnetic interactions between spins. This
suggests that conjugated radicals are tolerant of defects. However, the data reported was
insufficient to determine whether ferromagnetic interactions occur throughout the bulk of

the material.
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Figure 35 : Polyradical with ferromagnetic spin interactions

Theoretical modelling has shown that the spin polarisation of the repeat unit favours
ferromagnetic coupling, as shown in Figure 36. The number of starred atoms 1s greater
than the number of unstarred atoms. Theory also predicts that a higher degree of
polymerisation leads to stronger ferromagnetic properties. Thus, the spin exchange 1s

intramolecular, rather than intermolecular.

Figure 36 : Ferromagnetic spin interactions in a conjugated polyradical

Similar magnetic properties have been found in polyphenylenevinylene possessing a
nitroxide group, indicating that planarity of the radical with the backbone is critical for the

realisation of spin exchange”’.

1.5.8 Polyradicals utilising through-space spin interactions

Polyradicals designed to utilise dipolar (through-space) spin interactions are very rare.
The strategy requires the pendant radical groups to be ordered, like those of a crystalline
solid. The most effective design method is to employ liquid crystalline pendant groups(’s.
A TEMPO radical, when attached to a silicone polymer via a flexible spacer, as shown 1n

Figure 37, was found to exhibit liquid crystalline behaviour. However, spin Interactions
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were paramagnetic only, which suggests that structural ordering of the radical species is

not sufficient for magnetic interactions to occur.

? I N\c
oot O. H#N@ N

Figure 37 : A liquid crystalline polyradical

Another polyradical designed to utilise dipolar (through-space) coupling was comprised of
a verdazyl stable radical and a polyiminomethylene backbone®. The backbone exists in a
helical conformation, which would result in stacking of the side groups. Electronic
overlap may occur if there is a short contact distance between spins. However,
paramagnetic behaviour was observed. It should be noted that less than 50% of the

possible spins were present in the polyradical.

1.6 The stratecy emploved in this research

The aim of this work was to prepare an organic polymer that has ferromagnetic properties.
It was noted previously, that it is not sufficient simply to create a polymer bearing pendant
radical groups, but the radicals need a mechanism through which they can interact with
one another. Most polyradicals in the literature employ the conjugated approach to the
realisation of magnetic properties. This design strategy suffers from two major flaws,
namely: the pendant group is not normally in plane with the backbone, and the radical 1s
not in plane with the pendant group. Only by employing a polyphenylenevinylene
backbone can spin exchange take place. However, the conditions used in the synthesis of
this polymer tend to degrade the radicals. It is preferable for the polyradical to contain as

many radicals as possible.

A different approach was used in this research, in which the design aspects of molecular
magnets are integrated into a polyradical system. Bulk ferromagnetic properties are quite
common in nitronyl nitroxide containing compounds. In these molecules, hydrogen

bonding and “bridging” groups influence the magnetic properties. This project involved
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the application of these design elements to polyradicals. If both nitronyl nitroxides and
“bridging” group containing monomers could be co-polymerised then magnetic properties

could be obtained.

Nitronyl nitroxide containing monomers are difficult to polymerise in good yields, because
of incompatibilities with the polymerisation catalyst. The catalyst Rh(COD)(NH3)CI is
known to give moderate yields of polyradical using a phenylacetylene based monomer.
Higher yields of polyradical are required if co-polyradicals are to be prepared. In this

research, the ligands around the rhodium are tailored to give increased yields of polymer.

[t was essential to test the new catalyst with simple monomers, so that any
incompatibilities could be characterised. ~ Many phenylacetylene monomers were
synthesised, because they were not commercially available. ~Polymerisation of these
monomers allowed effective comparisons to be made between the new catalyst and those

reported in the literature.

Several co-polyradicals were created utilising nitro or cyano “bridging” groups. Radicals
could interact with “bridging” groups on the same chain, and “bridging” groups on a
neighbouring chain. Thus, both intramolecular and intermolecular dipolar coupling could

occur. The magnetic properties of these materials are investigated.
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2. EXPERIMENTAL

2.1 Chemicals and Sources

Name Source Grade Abbreviation
(Bicyclo[2.2.1]hepta-2,5- Alfa Unspecified
diene)chlororhodium(I) dimer

1-(4-lodophenyl)pyrrole Maybridge 98%
1-Ethynyl-4-fluorobenzene Aldrich 99% 4FPA
2,3-Bis(hydroxylamino)-2,3- ACROS Technical BDBS
dimethylbutane sulphate (85%)
2,4-Dinitrophenylhydrazine Aldrich 97% 2,4-DNP
2-Bromonaphthalene Avocado  98%
3.,4-Dihydro-2H-pyran Aldrich 97% DHP
3,4-Ethylenedioxyiodobenzene Avocado  97%
3,5-Dichloroiodobenzene Aldrich 99%
3-Bromobenzaldehyde Aldrich 97%
3-Bromobenzonitrile Aldrich 99%
3-Hydroxyphenylacetylene Lancaster ~ Technical
3-lodoanisole Lancaster  98%
3-Iodobenzylalcohol Lancaster  99%
3-lodonitrobenzene Aldrich 99%
4-Bromo-y-chlorobutyrophenone Lancaster  98%
4-Bromo-2-fluorobenzaldehyde ACROS 98%
4-Bromobenzaldehyde Aldrich 99%
4-Bromobenzonitrile Aldrich 99%
4-Bromoiodobenzene Avocado 97%
4-Ethynylbiphenyl Maybridge 98%
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4-Fthynyltoluene Aldrich 97%,

4-Jodoaniline Lancaster  98%

4-Todonitrobenzene Lancaster  98%

4-Todophenol Lancaster  98%
4-Methoxyphenylacetylene Maybridge 98% 4MeOPA
5-Bromopyrimidine Aldrich 98%

Ammonium hydroxide Aldrich 30% in water
Benzeneboronic acid Aldrich 99% BBA

Bis(triphenylpho sphine)palladium (II) Lancaster  Unspecified ~ BTPPC
chloride

Copper(I) iodide Lancaster ~ 98%
Ethyl-4-iodobenzoate Avocado  98%
Lead(IV) oxide Aldrich 97%
Phenylacetylene Aldrich 98% * PA
Potassium carbonate Aldrich 99%

(anhydrous)
Pyridinium p-toluenesulfonate Aldrich 98% PTS
Trimethylsilylacetylene Avocado  98% TMSA

* Dried over calcium hydride for 12 hours and vacuum distilled to give a pale yellow
liquid
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2.2 Solvents and Sources

Name Source Grade Abbreviation  Purification Procedure
Chloroform Fisher 99%
HPLC
Dichloromethane  Laboratory — Lab DCM
stores
Diethylether Laboratory  Lab Ether
stores
Ethanol Laboratory  99% Dried over Mg/
stores
Hexane Fisher 99%
HPLC
Methanol Laboratory  Lab
stores
Tetrahydrofuran  Fisher 99% THF Dried over calcium hydride
HPLC for 12 hours, then distilled

under vacuum

Triethylamine Aldrich 99% TEA Allowed to stand over
potassium hydroxide pellets
for 24 hours, then distilled
using the vacuum line
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2.3 Purification of Chemicals

2.3.1 Ethanol

Absolute ethanol was purified according to the literature procedure70. The reflux

apparatus for the purification of ethanol is shown in Figure 38 and consisted of a 2 necked,
1L flask fitted with a 100mL dropping funnel and reflux system. A water condenser and
argon inlet/outlet bubbler were connected to the still. Magnesium turnings (2.5g), todine
(0.25g), and 50mL of absolute ethanol were added to the RBF. The grey suspension was
refluxed, under argon, until the brown colour of jodine had disappeared, approximately 30-
60 minutes. A further 500mL of absolute ethanol were added and the grey suspension was
refluxed for 12 hours before use. Dry ethanol was removed through a 2 way Teflon tap

fitted in the reflux section and used immediately.
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Figure 38 : Apparatus used to obtain dry ethanol

2.3.2 Distillation of solvents using a high vacuum line

A vacuum line was used to purify, degas, and distil solvents, under conditions that enabled
many solvents/reagents to be distilled without heating. Highly flammable chemicals, such

as phenylacetylene, can be distilled safely under vacuum.

The vacuum line consisted of a series of greaseless taps attached to a glass manifold, as
shown in Figure 39. The manifold was connected to a mercury diffusion condenser and a
high vacuum pump. Liquid-nitrogen traps were used on both sides of the mercury

condenser to prevent stray vapours contaminating the manifold and vacuum pump.
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Figure 39 : High vacuum line used for distillation

Solvents were degassed using a freeze-thaw method before they could be distilled. A flask
containing solvent was attached to the manifold and immersed in a Dewar of liquid
nitrogen. When the contents were completely frozen, the flask was opened to the vacuum.
Once all the air had been removed the manifold was isolated from the vacuum pump, by
closing tap A. The Dewar of liquid nitrogen was removed and the contents of the flask
allowed to thaw. Dissolved gases were removed from the liquid and then the contents
were frozen and the procedure repeated. Closing the tap that connected the flask to the

manifold isolated it.

A clean dry flask was attached to the manifold and then opened to the vacuum pump for
30 minutes to eliminate residual vapours. The dry flask was immersed in a Dewar of
liquid nitrogen whilst still open to the vacuum. Once the flask was completely evacuated
tap A was closed and the solvent flask opened to the manifold whereupon distillation into
the frozen flask began. When the required amount had been distilled tap A was closed,
and the freshly distilled solvent was thawed. The manifold and flask were flushed with
argon. The flask was sealed using the greaseless tap and removed from the manifold, and

the solvent was used immediately.
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2.4 Characterisation Technigues

Although the structure determination techniques UV, IR, NMR, MS, SEC, and EA, are
used throughout the project, they are well known and as such are not discussed in detail.
More specialised EPR and SQUID analysis were carried out on substances containing free
radicals. There is very sparse information about the SQUID technique because it uses the
phenomenon of superconductivity and hence, is a relatively new technique for the
measurement of magnetic fields. EPR has been known for much longer, and is well

documented, so a fuller account of the technique is given.

2.4.1 Electron Paramagnetic Resonance (EPR)

The characterisation of a free radical cannot be accomplished using conventional NMR
because paramagnetism leads to broadening of the signals. Instead a technique, called

Electron Paramagnetic Resonance (EPR)71 was used to identify free radical species.

An unpaired electron can exist in two states, of which both are equal energy in the absence
of an applied magnetic field. However, when a magnetic field is applied the electron can

exist in two energy levels, parallel or anti-parallel to the field.

Electromagnetic radiation can be regarded as coupled electric and magnetic fields
oscillating perpendicular to one another. When a molecule containing magnetic dipoles 1s
irradiated with the magnetic component of microwaves, in the presence of a static
magnetic field, interactions occur. Specifically, absorption will occur when the energy of

incident radiation is equal to that of the energy-level separation.

In practice, for the detection of organic free radicals, it is common to keep the irradiation

frequency constant and to sweep the magnetic field.

EPR can provide structural information of the free radical, and three parameters, g factor,
linewidth, and hyperfine splitting describe this. For the purpose of this project only the
latter is of importance. Hyperfine splitting arises from interaction of the unpaired electron

and neighbouring magnetic nuclei, e.g. 'H, Pc, "N

62




Professor J. C. Walton, of St-Andrews University, generously performed EPR analysis
using a Bruker EMX 10/12 spectrometer operating at 9GHz with 100kHz modulation.
Samples were examined in DCM, or THF solution in capillary tubes at ambient
temperature (25°C). Prior of use each sample was degassed by bubbling nitrogen for 15

minutes. Polymeric free radicals were analysed n the solid state, and in DMF solution.

2.4.2 Gas Chromatography (GC)

GC analysis was performed with an ATI Unicam 610 Series gas chromatograph, and a
flame ionisation detector. The column was a packed type, with silicon grease as the
stationary phase. The oven temperature was set at a constant 150°C, or 200°C, or 250°C,

depending upon the boiling point of the molecule.

2.4.3 Ultra Violet - Visible Spectrometry (UV)

UV-Vis spectra were obtained using a Perkin Elmer Lamda 12 spectrometer. DCM or
CHCl; were used as the first choice solvent, other alternatives were THF, DMF, and
DMSO. In this work it was used to measure the m — 7* electronic transitions of
polyphenylacetylenes and other molecules. The absorption maximum (A max) provides an
indication of the extent of conjugation in the polymer, in general, the longer the

conjugation, the longer the wavelength of the absorption maximum (A max).

2.4.4 Infra Red Spectrometry (IR)

IR spectra were recorded on a Perkin Elmer FT-IR Paragon 1000. Solid samples were
mixed with KBr and compressed into a disk. Liquid samples were analysed between two

pre-formed NaCl disks.

2.4.5 Mass Spectrometry (MS)

Mass spectra were obtained using a HP 5989B MS Engine, with a HP 59987A
Electrospray, and a HP 5890 Gas Chromatograph. MS may be performed using a number
of different techniques but the one most used throughout this work was APCI
(atmospheric pressure chemical ionisation), using methanol as solvent. APCI was used

whenever possible because it allows the identification of a compound with
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minimum fragmentation. The APCI technique protonates the compound, so the peak 1is
found at one mass unit higher than the original compound, denoted as MH". Where APCI
failed, e.g. non-polar compounds, EI (electron impact) was used. EI substantially
fragments the molecule and occasionally the parent ion cannot be observed. To decrease
the amount of fragmentation a probe voltage of 50eV (rather than the normal 70eV) was

sometimes used.

2.4.6 Nuclear Magnetic Resonance (NMR)

NMR spectra were obtained using a Bruker AC300MHz FT-NMR spectrometer and
PENDANT’? pulse sequence. The 3C spectra was proton decoupled using “composite
pulse decoupling”, which is similar to broadband decoupling. The PENDANT technique
enhances the signal of an insensitive nucleus (**C) by polarisation transfer from a sensitive
nucleus (‘H). PENDANT differentiates between types of substituted °C where -CH
(tertiary) / -CHj (primary) are shown as positive signals and -C (quartenary) / -CH,
(secondary) as negative signals. NMR analysis was carried out in deuterated chloroform
(CDCI;). Impurities in this solvent gave a characteristic peak in the 'H spectrum, a singlet

at 87.24, and in the e spectrum, three peaks at §77.43, 877.00, and 676.58.

2.4.7 Size Exclusion Chromatography (SEC)

SEC analysis was performed in duplicate by an external agency, RAPRA Technology Ltd,
Shawbury, Shrewsbury, Shropshire, using a column (PLgel 2* mixed bed-B, 30cm, 10
microns) at a constant 30°C, with a flow-rate of 1 .0mL/min, and THF as the solvent. The

detector was of the refractive index type.

2.4.8 Superconducting Quantum Interference Device (SQUID)

Magnetic properties are best determined using a Superconducting Quantum Interference
Device (SQUID)”*"*™, because of its extremely high sensitivity to small magnetic fields.
SQUID is able to perform susceptibility measurements down to a temperature of 1.8K,

which is ideal for weak magnets where thermal energy can destroy magnetic properties.

64




There are at least three different types of SQUID instrument, RF (Radio Frequency), AC
(Alternating Current), and DC (Direct Current), the simplest of which is the latter. A
schematic diagram of a DC SQUID is show in Figure 40. It consists of a superconducting
loop where super-current enters at W and divides into two, part going to X and part going
to Y, and then recombines at Z. X and Y are weakly conducting junctions (Josephson
Junctions) through which super-current can tunnel. X is left unchanged whereas Y 1s
subjected to a magnetic field (from a magnetic material). The super-current flow through
junction Y is affected by a magnetic field and the difference in current is measured at Z.

The difference in current can be related to the magnetic field strength at Y.

Figure 40 : Schematic of SQUID magnetometer

Dr Andrew Harrison, University of Edinburgh, performed susceptibility analyses with a
Quantum Design MPMS, SQUID magnetometer. Samples were loaded into gelatine drug
capsules, which in turn were held in a plastic drinking straw that had a negligible
paramagnetic response. Data were taken over the temperature range 1.8-330K in an
applied magnetic field of 10000e (or 0.1 T in ST units), and in some cases hysteresis loops
were measured over the field range +/- 10,000 Oe (+/- 1 T) at various temperatures. Data
were corrected for the diamagnetic response of the sample holder and of the constituent

atoms in the sample, and calculated per gram of sample.
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2.4.9 FElemental Analysis (EA)

MEDAC LTD, using a Carloerb 1106, performed C, H, and N elemental analysis in
duplicate. Samples were combusted at an approximate temperature of 1000°C, and the

resulting gases were separated using a GC and analysed using a thermoconductivity

detector.
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CHAPTER 3.
SYNTHESIS AND CHARACTERISATION OF
PHENYLACETYLENE MONOMERS
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CHAPTER 3. SYNTHESIS AND CHARACTERISATION OF
PHENYLACETYLENE MONOMERS

3. Objectives

To synthesise a wide range of functionalised phenylacetylene monomers that could be
polymerised at a later stage. In particular, monomers with stable nitronyl nitroxide
radicals, and monomers bearing a bridging group, such as nitro, cyano, and fluoro, were

essential components of polyradicals.

3.1 Classical svnthesis of phenvlacetylenes

Aryl alkynes can be prepared from methyl ketones, styrenes, and cinnamic acids (Scheme
3) using conventional dehydrohalogenation techniques%, but the procedure suffers from
poor yields and poor tolerance. The reactions are normally carried out under strongly

basic conditions which can adversely affect base sensitive groups, such as esters.

Br2 CH3C02N8
Ar—CH=—=CH—CO,H —> Ar—CBr=CBr—CO,H ————> Ar—CH=—=CHBr
EtOH
NaCH
—>» Ar—C===CH
EtOH

Scheme 3 : Dehydrohalogenation of cinammic acid to give phenylacetylene

A different procedure for the synthesis of phenylacetylenes involves the addition of 1,1-
dichloro-2,2-difluoroethylene to an aryl-lithium species’’, shown in Scheme 4, where the
subsequent double de-halogenation generates the phenylacetylene in good yield. Again,
the reaction is of limited scope because of the strong reagents employed (n-BuL1), which

can interfere with functional groups sensitive to a strong base.
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n BulLi \ Cl,C=CF,
Br Li > CF—=CCl,

Et;,0, OOC -300C
CFS 3 CF3
i) 2 n-BuLi
0
Et,0, 40 Ci C=CH
iy H>O 0
CF5 55%

Scheme 4 : Synthesis of phenylacetylenes using de-halogenation

3.2 Svnthesis of phenvlacetylenes using palladium catalysed cross-coupling. or

Sonogashira Couplin

A more effective method involves the coupling of aryl iodides with a copper acetylide, in
the Stephens Castro reaction’®, shown in Scheme 5. Under harsh reflux conditions the
reaction generally gives good to excellent yields of the coupled product. However, the
reaction can be hazardous because copper acetylides are explosively unstable under certain

conditions, which can give rise to significant danger during the synthesis.

pyridine

O+ O B O

Scheme 5 : The Stephens Castro coupling reaction

Using a palladium catalyst the same reaction can be accomplished in high yields under
milder conditions, as described by Heck”. This reaction is sometimes referred to as
Sonogashira coupling and this name will be used throughout this report. It 1s based upon
the coupling of an aryl halide to trimethylsilylacetylene (TMSA), using a
bistriphenylphosphinepalladium(ll) chloride catalyst and triethylamine solvent, as shown
in Scheme 6. Triethylamine not only acts as a solvent for the reaction but also as a base,

and a scavenger of the hydrogen halide by-product. The reaction usually requires gentle
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reflux, but it can sometimes be accomplished at room temperature by the addition of a

catalytic amount of copper(l) 1odide.

?Hs (PhsP),PdCl, ®0
+ HCEC——Sii—-—CH3 > +  (CH3CHo)3N X
Cul, (CH3CH,)3N
X CH, ul, (CH3CH3)3 c
argon atmosphere \\\C
(X=Brorl) \S./CHa
/ ‘\
H,C© CHj
K,COs3 R
—_—
CH3OH, 250C
C
N\
e
N
H

Scheme 6 : Synthesis of phenylacetylenes using the Sonogashira reaction

TMSA is used as a one end protected acetylene equivalent, to prevent double addition of
the aryl halide. Deprotection of the trimethylsilyl group can be casily accomplished by
mild hydrolysis conditions using potassium carbonate in methanol. Purification of this

mixture by chromatography gives the phenylacetylene product.

The mild conditions used during the deprotection reaction are important because aromatic
aldehydes are susceptible to the Canizzaro reaction in the presence of sodium hydroxide or
other strong bases!'? PP12331239) - Aldehyde functionality is essential for the subsequent

synthesis of nitronyl nitroxide stable radicals, the target in this research.

The yield of coupled product obtained depends upon the nature of the halide, and also with
the electron donating/withdrawing characteristics of any other substituents present on the
ring. Excellent yields of the product can be obtained at room temperature when the
starting material is an aryl iodide, or an aryl bromide that is deactivated towards
electrophilic substitution. Aryl bromides possessing weak electron donor/withdrawing
groups also give good yields, but require reflux conditions. Yields are dramatically

reduced when the aryl bromide possesses a strong electron donor substituent, e.g. —
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NR,™. Aryl chlorides are generally unreactive, although a few examples have been
reported"”’ pp30981 T4 ynderstand the order of reactivity of the halide, a consideration of

the mechanism is required.

32.1 Mechanism of the Sonogashira coupling, and aryl halide reactivity

The sp-hybridised hydrogen of the terminal acetylene is acidic and can be removed by

triethylamine, to give an acetylide, as shown in Scheme 7.

—_—

. ® o
H—C=C—Si(CHg); + (CH3CHp}N ~—— (CH3CH,)sNH  +  C==C—Si(CHa)s

Scheme 7 : Loss of acetylenic hydrogen by triethylamine

The active catalyst in this case is bis(triphenylphosphine)palladium(0) which is formed by
the reduction of bis(triphenylphosphine)palladium(II) chloride by two acetylides, resulting
in the formation of the corresponding diacetylene as a by-product, as shown in Scheme 8.
For this reason a slight excess of trimethylsilylacetylene is always required to maximise

the yield of the product.

o e}
(PhgP)PdCly + 2 ¥c=C—Si(CHj)y ——> (PhsP),Pd 2 Cl

Scheme 8 : Formation of the active palladium(0) catalyst

The palladium(0) catalyst performs a nucleophilic attack on the aryl halide to give an
intermediate (INT1), as shown in Scheme 9, which by spontaneously rearranges to a tetra-

coordinate palladium(Il) complex (INT2).

The equilibrium constant K; and the reactivity of the intermediate (INT1) determine the
activity of the aryl halide in this scheme. Studies by Fitton showed that cleavage of the

leaving halide group (X) from the aryl moiety, k,, is the rate determining step®’. Tt was
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found that k» increased when changing the substituent X from chlorine, to bromine, and to
jodine, in agreement with the proposed mechanism. The position of equilibrium 1s
determined principally by the nature of R, electron withdrawing substituents favouring an
increase in equilibrium constant K. The order of reactivity of aryl halide was reported to
be: p-nitro > p-nitrile > p-phenone > p-hydrogen, in agreement with the proposed

mechanism.

This mechanism accounts for the poor reactivity of aryl chlorides and aryl bromides
particularly those possessing a strong electron donating group. The C-Cl bond 1s stronger
than both the C-Br and C-I bonds and thus causes a decrease 1n K. Aryl bromides bearing
a strong electron donating R group are thought to react poorly, because INTI 1S

destabilised, which decreases the equilibrium constant K.

X
X |
PhyP—Pd—FPPh;
Ky
(PhsP),Pd  + >
rate determining step
R R
INTI1 INT2

X =Cl, Br, 1

Scheme 9 : Oxidative addition of the aryl halide to the palladium(0) catalyst

Nucleophilic displacement of the halide by the acetylide gives the transient intermediate,

INT3, as shown in Scheme 10.

B N
PhsP X o PhgP C==C—Si(CHs)3
. A4 X A4
C=C—Si(CHy); + /Pd —> Pd
RPh PPhj RPh PPhy
INT3

Scheme 10 : Substitution of halogen for acetylide
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Reductive elimination of INT3 produces the coupled product and regenerates the active

catalyst, as shown in Scheme 11.

"_ ”T

PhP C==C—Si(CH PN
TN S (CHa)s R ==C—Si(CHa)s

RPh PPh; +
- (PhsP),Pd
INT3

Schene 11 : Reductive elimination to give the coupled product

3.2.2 Summary of the Sonogashira coupling reaction

In conclusion, the efficiency of the Sonogshira coupling reaction is governed by the choice
of halide starting material, where iodide and ring-deactivated bromides produce the best
yields.  Yields are generally high, conditions are mild, and the functional group
interconversion is accomplished in just two steps. For these reasons, the Sonogashira
coupling was employed throughout this project for the synthesis of substituted

phenylacetylenes.
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Recently it has been reported that THF/TEA is a better solvent system for the Sonogashira
coupling of aromatic bromides, such that the reaction could be accomplished at room
temperature, rather than under the reflux conditions usually employed®. The yields were
higher or at least on a par with the conventional TEA procedure. No account of how THF

increases the mildness/yields of the reaction was reported.

The timescale of the coupling reaction can be dramatically reduced to a few minutes using
microwave radiation, but the procedure requires DMF as the solvent™, which is difficult to

remove completely using a conventional rotary evaporator.

Other developments have increased the scope even further so that the reaction can be

. . . 84
accomplished successfully in aqueous media®*.
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3.3 Tvpical svnthesis of a phenvlacetylene monomer. 4-ethvnylbenzaldehvyde

H 40
H_ O c
C
CH,
(Ph3P),PdCl, ® ©
+ H—C=C—Si—CH;g > + H.).NH B
l Cul, (CH3CH,)sN (CH3CHz)sNH Br
CH, 4 hr reflux under argon
Br Q:!
4-bromobenzaldehyde |
H3C—?i——CH3
H\C _0 CHs
4-[(trimethylsilyl)ethynyl]benzaldehyde
K,CO3 (anhydrous)
CH3OH, 1 hour at RT
C
Ii
i
H
4-ethynylbenzaldehyde
(4APA)

Scheme 12 : The synthesis of a phenylacetylene derivative, 4-ethynylbenzaldehyde (4APA)

A mixture of 4-bromobenzaldehyde 6.0g (32.43mmol), bistriphenylphosphine
palladium(IT) chloride (BTPPC) 0.1g (0.14mmol), copper (I) iodide 0.01g (0.05mmol), and
triethylamine (100mL) was prepared in a single-neck 250mL RBF. The mixture was
stirred magnetically under argon for 15 minutes. Trimethylsilylacetylene (TMSA) 3.35g
(34.2mmol) was added to the flask, whereupon the mixture changed from yellow to orange
and then to brown. The mixture was refluxed at 80°C for 4 hours under argon, allowed to
cool to room temperature and filtered to yield an off-white solid (triethylammonium
bromide). More catalyst, BTPPC 0.05g (0.07mmol) and copper(]) iodide 0.01g
(0.05mmol) were added to the brown filtrate, and the mixture was refluxed for another 4
hours under argon. The brown mixture was filtered, and the filtrate was concentrated
using a rotary evaporator to yield a brown solid. This was dissolved in ether (80mL) and
washed with water (25mL) followed by saturated sodium chloride solution (25mL). The
supernatant liquor was separated and dried with MgSO;4 (anhyd.) for 12 hours. The
solution was filtered through a thin layer of silica gel, washed with ether (2*10mL), and
the ether removed on a rotary evaporator to  yield a brown solid. Purification by “flash”
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column chromatography using CHCls/hexane (1:1) gave a yellow crystalline broduct.
Recrystallisation of the product from hot hexane gave pale yellow crystals of 4-
[(trimethylsilyl)ethynyl]benzaldehyde 4.99g (24.70mmol), 76% yield. Analysis by IR,

NMR, and MS analysis confirmed the identity of the compound.

Analytical data for 4-[(trimethylsilyl)ethynyl]benzaldehyde:- mp 64-65°C (from hexane);
Viadem T 2966 (m, sharp, C-H), 2736 (w, sharp, -CHO), 2156 (m, sharp, C=C), 1701 (s,
sharp, Ar-CHO), 1250 (s, sharp, S1C-H), 842 (s, sharp, SiC-H); 81(300 MHz; CDCl3) 9.93
(1 H, s, -CHO), 7.76 (2 H, d, Ph), 7.54 (2 H, d, Ph), 0.22 (9 H, s, Si-Mes); c(75 MHz;
CDCl;) 191.15 (-CHO), 135.39 (Ph), 132.27 (Ph), 129.24 (Ph), 129.11 (Ph), 103.67 (=C-
Ph), 98.79 (=C-Si), -0.38 (Si-Me3); m/z (APCI) 203 (MH").

4-[(Trimethylsilyl)ethynyl]benzaldehyde 4.95g (24.50mmol) was dissolved in methanol
(50mL) and 1g of K,CO; was added. The mixture was stirred magnetically under an argon
atmosphere for 1 hour. Thin layer chromatography (TLC) was used to check the progress

of the reaction; a typical chromatogram is shown in Figure 41.

4-[(trimethylsilyl)ethynyl]benzaidehyde

Solvent front

O«

4APA

4-bromobenzaldehyde

Figure 41 : TLC of 4APA (CHCI; 1 : hexane 1)

When the reaction was complete the solvent was removed by rotary evaporation and a
brown crystalline solid was obtained. This was dissolved in chloroform (50mL) and the
solution filtered through a thin layer of silica gel. The yellow filtrate obtained was
concentrated on a rotary evaporator to give a yellow solid. The yellow solid was purified

by “flash” column chromatography using CHCls/hexane (1:1) on silica gel to yield a pale
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yellow crystalline solid. Recrystallisation from hot hexane gave very pale yellow crystals
of 4-ethynylbenzaldehyde (4APA) 2.54g (19.56mmol), 60% overall yield. The identity of
the product, 4APA, was confirmed using IR (Figure 42), NMR (Figure 43 and Figure 44),
and MS (Figure 45) analysis.

Analytical data for 4APA:- mp 88-89°C (from hexane); Vadom' 3218 (s, sharp, -C=C-H),
1685 (s, sharp, Ar-CHO), 1604 (m, sharp, Ph); 811(300 MHz; CDCl3) 9.98 (1 H, s, -CHO),
7.81 (2 H, d, Ph), 7.61 (2 H, d, Ph), 3.28 (1 H, s, =C-H); 8c(75 MHz; CDCl3) 8191.35 (-
CHO), 8135.85 (Ph), 132.63 (Ph), 129.43 (Ph), 128 21 (Ph), 82.56 (Ph-C=), 81.06 (=C-H);
m/z (APCI) 131 (MH").
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Figure 42 : Example IR of aldehydic monomer 4APA
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Figure 43 : Example "H NMR of aldehydic monomer 4APA
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Figure 44 : Example “C NMR of aldehydic monomer 4APA
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Figure 45 : Example mass spectrum (APCI) of aldehydic 4APA

3.4 Derivatives of phenvlacetylene monomers

During the course of this project several monomers were synthesised by derivatisation of
existing phenylacetylenes. These derivatives were selected because the mild reaction

conditions employed in their synthesis were not expected to destroy the alkyne group.

3.4.1 Synthesis of tetrahydro-2H-pyran phenylacetylene derivatives

Phenylacetylene monomers possessing hydroxyl groups were highly desirable because of
their ability to hydrogen bond. However, problems were encountered during the synthesis
of 4-hydroxyphenylacetylene (see 3.6.3) which were overcome by derivatising the
hydroxyl group by reaction with 3 4-dihydro-2H-pyran (DHP). The resulting
tetrahydropyran (THP) ethers were stable enough to be prepared and characterised

successfully.

The reaction of an alcohol with DHP under mildly acidic conditions gives the THP ether

in good yield®, shown in Scheme 13.
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pyridinium e
p-toluenesulfonate
OH s > 0
DCM, 12 hrs @ RT

C C
Y Y
HC DHE e PBO1S

3-hydroxyp henylacetylene
Scheme 13 : Synthesis of a THP derivative 2-(3—ethynylphenoxy)tetrahydro—ZH—pyran (PB018)

3-Hydroxyphenylacetylene 0.50g (4.24mmol), 3.4-dihydro-2H-pyran (DHP) 0.50g
(5.95mmol), pyridium p-toluenesulfonate (PTS) 0.1g, and 50mL of DCM were added to a
100mL RBE. The resultant yellow solution was stirred, magnetically, for 12 hours at room
temperature. The formation of the product was monitored by TLC until the reaction was
complete. The resultant yellow solution was concentrated using a rotary evaporator to a
yellow o1l that crystallised slowly.  The oil was purified by “flash” column
chromatography using CHCly/hexane (1 :1) and gave PBO18 as a pale yellow oil which
crystallised slowly, 0.68¢ (3.37mmol) 80% yield.

Characterisation of PBO18 was accomplished by IR, NMR, and MS analysis; mp 59-62°C
(from EtOH); vmax/cm'1 3286 (s, sharp, -C=C-H), 2948 (m, sharp, C-H), 2882 (w, sharp,
O-CH;-), 1583 (s, sharp, Ph), 1486 (m, sharp, Ph), 1252 (m, sharp, C-0); 8u(300 MHz;
CDCls) 7.22-7.19 (2 H, multplet, Ph), 7.14-7.11 (1 H, split doublet, Ph), 7.07-7.03 (1 H,
split doublet, Ph), 5.41-5.39 (1 H, t, THP), 3.91-3.83 (1 H, split triplet, THP), 3.63-3.560 (1
H, multiplet, THP), 3.10 (1 H, s, =C-H), 2.02-1.93 (1 H, multiplet, THP), 1.86-1.81 (2 H,
multiplet, THP), 1.73-1.54 (3 H, multiplet, THP); 8c(75 MHz; CDCl;) 156.62 (Ph),
129.14 (Ph), 125.25 (aromatic, 122.87 (Ph), 119.75 (Ph), 117.29 (Ph), 96.11 (THP), 83.37
(Ph-C=), 76.93 (=C-H) 61.73 (THP), 30.08 (THP), 24.97 (THP), 18.50 (THP); m/z (APCI)
203 (MH").
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3.4.2 Synthesis of 2,4-dinitrophenylhydrazine derivative

Aldehydes can be derivatised by reaction with 2.4-dinitrophenylhydrazine (2,4DNP) under

acidic conditions’’, shown in Scheme 14.

Nz
e {} . |
©/ CH4OH /Q 80%
\\\

3APA PEBS95
2,4-DNP

Scheme 14 : Synthesis of a 2,4DNP derivative of 3APA

A solution of 3APA 0.3g (2.3mmol) in methanol (10mL) was prepared. To this was added
a solution of 2,4DNP 0.6g (3.0mmol), methanol (8mL), and concentrated HC1 (2mL). The
combined solutions were allowed to stand at room temperature for 30 minutes.  The
orange suspension formed was filtered and evaporated to give orange crystals, which were
then washed with methanol (2*SmL). Recrystallisation from THF/hexane (1:1) gave
orange needle-like crystals of PEB995, 0.57g (1.8mmol), 80% yield.

Analytical data for PEB995: vmax/cm'1 3286 (s, sharp, -C=C-H), 3093 (w, sharp, Ph), 1618
(s, sharp, Ph), 1586 (5, sharp, Ar-NOy), 1513 (s, sharp, Ph), 1329 (s, sharp, Ar-
NO,); 81300 MHz; CDCl3) 11.33 (1 H, s, -CH=N-), 9.14 (1 H, d, unassigned), 8.37 (1 H,
split d, unassigned), 8.08 (2 H, s, unassigned), 7.89 (1 H, s, unassigned), 7. 72 (1 H, d,
unassigned), 7.56 (1 H, d, unassigned), 7.42 (1 H, t, unassigned), 3.15 (1 H, s, =C-
H); 8¢(75 MHz; CDCl) 146.51 (Ph), 134.29 (Ph), 130.88 (Ph), 130.10 (Ph), 129.06 (Ph),

127.89 (Ph), 123.47 (Ph), 116.83 (CH=N-), 82.63 (Ph-C=).
PEB995 was probably impure, as there were several peaks in the '"H NMR spectrum that

could not be rationalised. Time did not permit the purification of the compound by

column chromatography.
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3.4.3 Synthesis of nitronyl nitroxide monomers

Originally, nitronyl nitroxides were synthesised by the reaction of an aldehyde with pure
2,3—bis(hydroxylamino)—Z,3—dimethylbutane (BDBS) in refluxing methanol, and the
resulting adduct was oxidised by lead dioxide in benzene'’. This is a time consuming
procedure, because pure BDBS has to be synthesised from starting materials, and this can
take many days to complete. This procedure has now been superseded by stirring the
commercially available sulphate salt of BDBS with an aldehyde in a chloroform/methanol
mixture, shown in Scheme 15. Oxidation of the resultant slurry by lead dioxide in THF
gives a yield of product equivalent to that obtained by the original method. This method

was used throughout this project for the synthesis of nitronyl nitroxide monomers.

H o} CH, CH
N 3
c H,S0, HaC TH
HaC CHa CHayy, c
K2CO3 HO—N~_ _-N—OH
+ - C\H
HOHN NHOH CH3OH / CHCl (1:1)
Cx
ScH
3APA
C\\CH
HiC OHs Gy
(&) .
O”—NQ /N'—O
PbO, c
THF, 1 hour at RT 26%
Ca
NcH

3EPNN

Schene 15 : Synthesis of a nitronyl nitroxide monomer, 3-ethynylphenylnitronylnitroxide

During this reaction weighings and preparation were carried out in an inert atmosphere as
a precautionary measure. A solution of 3APA 0.5g (3.85 mmol), BDBS 1.12g (3.87
mmol), and K,COs (1.0g), in 40mL of methanol/chloroform (1:1), was prepared In a
100mL RBF. The flask was sealed with Nesco® film and stirred magnetically at room
temperature for 96 hours. The solvents were then removed using a rotary evaporator and

the yellow solid formed was dissolved in THF (20mL, dry, degassed, and distilled).

Lead(IV) oxide (1.0g) was added, the flask was quickly flushed with argon, and the

82



suspension stirred for 15 minutes. The black suspension was removed by filtration
through a thin layer of silica gel; the residue was washed with THE (2*15mL), and the
yellow filtrate collected. That the filtrate was yellow was an indication that oxidation had
not occurred. To the yellow filtrate was added lead(IV) oxide (0.5g) and the suspension
was again stirred for 15 minutes, when the colour changed to first green and then to blue.
Two further batches of PbO; (2*0.5g) were added to the reaction during 30 minutes of
stirring.  The blue/black suspension was filtered through a thin layer of silica gel, and the
residue washed with THF (2*15mL), to give a dark blue filtrate. The filtrate was collected
and the solvent was removed using a rotary evaporator to give a blue oil. The o1l was
purified by “flash” column chromatography (CHCl; as eluent) and the product was
obtained as a dark blue crystalline solid. Blue crystals were obtained by slow evaporation
of a solution of the product in DCM. The crystals of 3EPNN were collected, and dried in
a vacuum oven, 0.25¢g (0.98mmol), 26% yield. 3EPNN was characterised by IR (Figure 46
and Figure 47), MS (Figure 48) and EPR analysis (Figure 49).

Analytical data for 3EPNN; mp (from ether) 138—139°C(’2; vmax/cm"I 3206 (s, sharp, -C=C-
H), 2994 (w, sharp, C-H), 2922 (w, sharp, C-H), 2098 (w, sharp, -C=C-), 1392 (w, sharp,

unassigned), 1361 (s, sharp, N-O), 1310 (w, sharp, unassigned), 1214 (w, sharp, nitronyl
nitroxide), 1165 (w, sharp, nitronyl nitroxide); m/z (APCI) 258 (MH"); EPR (in CHCls)

showed 5 peaks in the ratio of 1:2:3:2:1.
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Figure 46 : IR spectrum of radical monomer 3EPNN
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Figure 47 : IR spectrum (attenuated) of radical monomer 3EPNN
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Figure 48 : Mass spectrum (APCI) of 3EPNN
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Figure 49 : EPR of monomer radical 3EPNN

3.5 Introduction to the results

The Sonogashira coupling betweeen alkynes and an aromatic halide is a much prized
reaction because of its specificity, high yield, and good tolerance. However, most
phenylacetylenes reported n the literature are simple derivatives and possess only one
functional group. This project reproduces many of these monomers, but also progresses to
a bi-functionalised phenylacetylene, where some problems were encountered. The

monomers synthesised during the course of this work are summarised in Table 2.
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Table 2 : Summary of phenylacetylene monomers

Code Functional Structure Name Yield
group (o)
3APA Aldehyde Q 3-ethynylbenzaldehyde 52
C=CH
H—C
3CPA Cyano Q 3-ethynylbenzonitrile 67
C=CH
///C
3EPNN Nitronyl — 3-ethynylphenylnitronyl 26
nitroxide 9 N nitroxide
=0
HiC  CHy
3MeOPA Alcoxy B 3-ethynylanisole 91
(methyl) QC:CH
CHy0
3NPA Nitro Q 3-ethynylnitrobenzene 90
C=CH
ON
4AMPA Amine 4-ethynylaniline 65
4APA Aldehyde % 4-ethynylbenzaldehyde 61
C‘QCECH
/
H
4BrPA Bromo 4-bromophenylacetylene 60
Br@czm
4CPA Cyano i j 4-ethynylbenzonitrile 82
N=C C==CH
4EPNN N.itron.yl we P 4-ethynylphenylnitronyl 36
nitroxide mci“’\ __ nitroxide
C==CH
HiC A
HC \Oe
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SEPYM Pyrimidine <N_j>— 5-ethynylpyrimidine 55
\ C=CH
"/
AMEPA Ester (methyl) X/ methyl-4- 63
HEC_O/CQCEC” ethynylbenzoate
ANPA Nitro 4-gthynylnitrobenzene 78
OQN@CECH
DCPA Chloro a 3,5- 76
dichlorophenylacetylene
c=cCH
cl
PBO14 Ketone A cyclopropyl-4- 82
(cyclopropyl) //C_Q—CECH ethynylphenyl ketone
(0]
PBO18 THP ether 0 2-(3- 80
QO ethynylphenoxy)tetrahyd
OCECH ro-2H-pyran
PB029 Ethylenedioxy Q 3,4- 89
( i j ethylenedioxyphenylacet
O C==CH
ylene
PB032 Naphthalene C 2-ethynylnapthalene 78
L)
PBO54 THP ether @_O_CH2 2-(3- 85
cthynylbenzyloxy)tetrahy
c=ci  dro-2H-pyran
PBO55 Pyrrole = B 1-(4- 77
DN®C:CH ethynylphenyl)pyrrole
PEB923B Ketone, fluoro A F 1-(4-ethynyl-2- 27
o 3}'_\\_@1 c—cn fluorophenyl)but-1-en-3-
one
PEB943 THP ether 2-(4- g4

ethynylphenoxy)tetrahyd
ro-2H-pyran
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PEB995 DNPH 2.4-DNP derivative of 80

O N
U 7 N\ c=cx 2
N _ 3APA
\N=C\
H

The first objective was 10 synthesise some simple phenylacetylene monomers that were
already known, €.8. 3-methoxyphenylacetylene (3MeOPA), 2-ethynylnaphthalene, and 4-
bromophenylacetylene (4BrPA). 4BrPA was synthesised from 4-iodobromobenzene, but
there was a possibility that TMSA would couple to both halides, to give a mixture of mono
and diethynyl products. To minimise this possibility, the procedure was conducted at
room temperature where only iodo derivatives are sufficiently reactive to couple with
TMSA. No diethynyl products were obtained, which illustrates that jodo aromatics can
undergo Sonogashira coupling in the presence of a bromo group, when the reaction

conditions are selected carefully.

The difference in reactivity between the bromo and iodo anilines 1s highlighted by the
yields of 4-ethynylaniline (4AMPA) obtained from 4-iodoaniline (65%) in this work, and
those obtained by Yashima from 4-bromoaniline (30%)80. This is an example of the
choice of starting material having a substantial effect on the yield of product. Bromo
compounds that possess a more strongly electron donating group react poorly, when
compared with the equivalent iodo compound. For this reason iodo starting materials were
preferred. When the iodo starting material could not be acquired commercially, the bromo
equivalent was used, but care was taken to avoid strong donating substituents, such as —
NR,, or -OR. When bromo starting materials were used, the Sonogashira coupling was

always carried out under reflux conditions, to maximise the yield of product.

Analysis of the phenylacetylene monomers by NMR, MS, and IR analysis confirmed the
structures of the products. The synthetic technique was carried out successfully and yields
of products compared favourably with those reported in the literature. However, 1t was
essential to carry out all experimental manipulations under an inert atmosphere, to
minimise brown by-products. These unwanted side-reactions probably originated from the

effect of atmospheric oxygen which can couple alkynes to form a diacetylene, by the
(10 pp.714-715)

Glaser reaction
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Once a good synthetic method had been established, monomers possessing “bridging

LR N " N ~
groups’ were prepar ed, as shown in Table 3.

Table 3 : Phenylacetylene inonomers synthesised possessing 2 bridging group

Bridging group required ~ Monomer synthesised

Nitro - NO2 4-nitrophenylacetylne (4NPA),

3-nitrophenylacetylene (3NPA)

Cyano — CN 4-cyanophenylacetylene (4CPA),

3-cyanophenylacetylene (3CPA)

Hydroxyl — OH Attempted 4-hydroxyphenylacetylene
Fluoro — F 1-Ethynyl-4-fluorobenzene (acquired
commercially)

For the synthesis of monomers bearing a nitrony! nitroxide group, it was first necessary to
prepare 4-ethynylbenzaldehyde (4APA) or 3-ethynylbenzaldehyde (3APA), which were
obtained in good yield. These aldehydic monomers were further derivatised to the nitronyl
nitroxide (4EPNN) and (3EPNN) respectively. Although the yields obtained for the
conversion of an aldehyde monomer to a nitronyl nitroxide seem quite low (36% and 26%
respectively) they are comparable with those reported in the literature®®. These monomers

were vital constituents of co-polyradicals, the target of this project.

Other monomers were prepared during the course of this research, and are reported

because they, and their subsequent polymers, are novel materials.
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3.6 Bv-products obtained

Some monomers exhibited side-reactions during the synthesis procedure, and these are

now described.

3.6.1 Side-reactions with the ethyl ester group

A monomer bearing an ethyl ester (ethyl-4-ethynylbenzoate, as shown in Figure 50) was
synthesised during initial testing of the MCAT catalyst. However, the monomer obtained

using conventional Sonogashira coupling did not correspond to that of the expected

0
Y
O—CH,—CHs

Figure 50 : Structure of ethyl-4-ethynylbenzoate

product.

The product was investigated first by MS analysis, which showed that the compound had a
molecular weight of 14 Daltons less than that expected for ethyl-4-ethynylbenzoate. The
magnitude of this mass loss corresponds to that of a CH,. Structural elucidation of the
unknown product was accomplished using NMR analysis (Figure 51 & Figure 52), which
showed the presence of a terminal alkyne, an aromatic ring, a carbonyl, and a CH;. The
absence of a CH, group in the NMR spectra confirms that suggested by the MS analysis.
Functional group identification by IR spectroscopy showed that the carbonyl was actually

an ester group. The product will be referred to as 4MEPA from hereon.

Analytical data for AMEPA : 4MEPA was synthesised from ethyl-4-iodobenzoate and was
obtained as pale yellow crystals (63%); mp (from hexane) 91-92°C (lit. mp 92.5-93.5°C"
(from sublimation)); Vina/em™ 3243 (s, sharp, -C=C-H), 2102 (w, sharp, -C=C-), 1703 (s,
sharp, -CO,-), 1606 (w, sharp, Ph), 1279 (s, sharp, C-O), 1109 (m, sharp, C-O); 6u(300
MHz; CDCly) 7.97 (2 H, d, Ph), 7.53 (2 H, d, Ph), 3.21 (1 H, s, =C-H); 8c(75 MHz;
CDCls) 166.36 (carbonyl), 132.02 (Ph), 130.06 (Ph), 129.40 (Ph), 126.68 (Ph), 82.73 (Ph-
C=), 80.01 (=C-H), 52.24 (CH3); m/z (EI) 160 (M").
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Figure 51 : 13C NMR of trans-esterified monomer 4MEPA
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Figure 52 : '"H NMR of trans-esterified monomer 4MEPA
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The interpretation of these analyses suggested that the compound was a phenylacetylene
derivative, but that it no longer possessed an ethyl ester group. Instead, the product was a

methyl ester, and was identified as methyl-4-ethynylbenzoate (4MEPA), Figure 53.

(@]

%
oo )<

\

O_‘CH3

Figure 53 : Structure of product methyl-4-ethynylbenzoate (dMEPA)

It was necessary to ascertain the stage at which transformation of ethyl to methyl ester had
occurred.  If the change had taken place during the palladium coupling, then the
trimethylsilyl intermediate (PEB121) should also be a methyl ester, shown in Figure 54.
'H and *C NMR spectra (Figure 55, and Figure 56) showed that both CH, and CH; were
present, suggesting that the compound contained an ethyl ester. This was confirmed by
MS analysis, which showed that the molecular weight of PEB121 corresponded to that of
an ethyl ester. Hence, the intermediate PEBI121 was identified as ethyl-4-

trimethylsilylethynylbenzoate.

)
N
MG C C=C—Si(CHs)3
CH,—O

Figure 54 : Structure of intermediate ethyl ester (PEB121)
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The transformation from ethyl to methyl ester must have occurred during the deprotection
using K,COs/methanol. Esters can undergo trans-esterification, when in the presence of

(10pp397-398) "shown in Scheme 16. An

an acid/base catalyst and a large excess of an alcohol
equilibrium of both methyl and ethyl esters is created, but because of the large excess of

methanol the former is favoured.

CH3 CHs
| | CHs
CH; ?Hz o |
O
o o o 5 CH3OH,
K,COg3,
KoCO3 warm
—_— —_—— + CH3CH20H
CH3OH —~
C
C Il
Il Il o}
C C l
Lo | i
(CHs)y H AMEPA
PEB121 structure confirmed
structure by MS, NMR, IR
confirmed by MS

Scheme 16 : Possible trans-esterfication of esters during deprotection in methanol

This highlighted a deprotection problem with hydrolysis-sensitive groups, such as esters.
3.6.2 TEA salt formation of a reactive benzylbromide

Another problem was encountered during the synthesis of a monomer bearing a
benzylbromide function, as shown in Scheme 17. The palladium/TEA reaction was
refluxed as usual and the mixture the solid was removed by filtration. The filtrate was
concentrated using a rotary evaporator to give, unexpectedly, a very small amount (about
0.1g) of a yellowish solid from about 5.0g of starting material. IR analysis of this yellow

solid showed that the peaks corresponding to silicon were absent.
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Scheme 17 : Attempted synthesis of a phenylactyelene monomer bearing a benzylbromide group

It was considered possible that the yellowish solid was actually the palladium catalyst,
BTPPC, and that the substituted benyzl bromide had been filtered out as the TEA salt.
This was confirmed by a test experiment in which the substituted benzyl bromide
compound was added to 10mL of TEA, whereupon it dissolved, but after 10 seconds a
white solid precipitate was formed, as shown in Scheme 18. The white solid was removed
by filtration, and added to water when it dissolved fully. No formal analysis was carried
out, but all these observations pointed towards the benzylbromide forming a salt with

TEA, which then precipitates out of solution.

The formation of a salt is the only example of a side-reaction that occurred during
Sonogashira coupling, but it highlights the fact that molecules containing reactive halides

are unsuitable for conversion to phenylacetylenes using the conventional solvent TEA.

- Et 7 O
Etw | _Et Br
CH,Br \?@
CH
TEA 2 salt of
TEA

Br

L Br i

Scheme 18 : TEA salt formation of a benzylbromide compound
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3.6.3 Attempted synthesis of 4-hydroxyphenylacetylene

The synthesis of a hydroxyl functionalised monomer was attempted, because the group
may act as a bridging moiety in organic magnets®®. It was envisaged that the hydroxyl
group could be incorporated into a co-polyradical to facilitate hydrogen bonding and hence

magnetic interactions.

Sonogashira coupling of the commercially available 4-iodophenol starting material gave
the product as a yellow oil, as shown in Scheme 19. A period of about seven days elapsed
before purification of this crude product obtained was attempted. Over a period of 72
hours the yellow oil was exposed to light and air, whereupon it changed to an insoluble

black solid. MS analysis found no trace of the monomer in this black solid.

OH
OH
i) couple with TMSA
- not isolated
i) deprotect with K,CO3/MeOH
C
! l
. C
4-iodophenol |
H

4-hydroxyphenylacetylene

Scheme 19 : Attempted preparation of 4-hydroxyphenylacetylene

NMR analysis was not carried out because the product was insoluble in a wide range of
solvents, but it was assumed that a type of autopolymerisation had occurred. To
circumvent this problem, iodophenols were converted to tetrahydropyran (THP)
derivatives. It was envisaged that upon polymerisation, the THP derivatives could be

deprotected to regenerate the hydroxyl function.
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3.6.4 Condensation reaction of an o-fluorobenzaldeyde (PEB923B)

An attempt was made to integrate a stable free radical and a “bridging group” into one
compound. The starting material 4-bromo-2-fluorobenzaldehyde was reacted with TMSA
and deprotected, using the normal Sonogashira procedure. The reaction mixture was
purified using ““flash” column chromatography, from which pale yellow crystals where
obtained. IR analysis showed an absence of an aldehyde group in the crystalline product.
Confirmation of the structure of the product was provided by MS analysis which showed
the compound isolated had a molecular weight of 188. This represents an increase of 40
mass units in excess of the expected molecule, 4-ethynyl-2-fluorobenzaldehyde (molecular

weight 148) (shown in Figure 57).
/)

H—C=C C

\

Figure 57 : Structure of 4-ethynyl-2-fluorobenzaldehyde

The structural interpretation of this unknown compound was made difficult because
fluorine (IQF) couples to both 'H and "’C giving a complex NMR spectrum, as shown in
Figure 58 and Figure 59. BC NMR analysis showed that there were peaks corresponding
to C=0 (ketone), a terminal alkyne, and a CHs. The 198ppm chemical shift of the
carbonyl is higher than that of a normal ketone, but conjugated ketones, such as 2-
cyclohexen-1-one (198ppm), are known to give higher chemical shift values®’.
Conjugation with the alkene is the cause of the higher ppm value, because it affects the 7t
electron distribution of the carbonyl group. This change of local magnetic environment

results in a chemical shift that is further downfield than normal.

"H NMR analysis confirmed the presence of a terminal alkyne group, and also revealed a
peak that corresponded to a CH;. No signal was found that corresponded to the hydrogen

of an aldehyde group (approximately 610ppm).
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Analytical data for PEB923B : obtained as yellow needle-like crystals (27%); mp 97-
98.5°C (from EtOH); Amax(CHCl3)/nm 350; vma/em’ 3192 (m, sharp, =C-H), 1670 (s,
sharp, C=C-CO-), 1612 (m, sharp, Ph), 1500 (m, sharp, Ph), 1363 (m, sharp, COCHa);
8u(300 MHz; CDCls) 7.53 (1 H, d, unassigned), 7.46 (1 H, t, unassigned), 7.20 (1 H, d,
unassigned), 7.15-7.11 (1H, split doublet, unassigned), 6.70 (1 H, d, unassigned), 3.21 (1
H, s, =C-H), 2.32 (3 H, s, methyl); 8c(75 MHz; CDCl3) 197.90 (C=0), 162.13-158.77
(unassigned), 134.37 (Ph), 129.64-129.56 (split singlet, Ph), 128.34-128.35 (split singlet,
Ph), 128.17-128.133 (split singlet, Ph), 119.58 (C=C), 119.27 (C=C), 81.76-81.72 (split
singlet, Ph-C=), 80.35 (=C-H); '"H-1*C NMR correlation spectrum was used to provide
additional confirmation; m/z (EI) 188 (M.

PEB923B

(ppn)

Figure 58 : "H NMR of condensation product PEB923B
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Figure 59 : 3C NMR of condensation product PEB923B

After much consideration of the analytical data it was decided that the structure of the

product was that of 1-(4-ethynyl-2-fluorophenyl)but-1-en-3-one (PEB923B), shown in

Figure 60.
O
V4
CH—C
4 \
H—C==C < CHs
H

Figure 60 : Structure of product 1-(4-ethynyl-2-fluorophenyl)but-1-en-3-one (PEB923B)

The compound is probably the product of a mixed aldol condensation (Claisen-Shmidt

10 pp.940-941
(10 pp-940-941) A cetone was used as a

reaction) between the aromatic aldehyde and acetone
general washing solvent, but in this case it acted as a reagent rather than as a solvent. A

possible mechanism for this condensation reaction is shown in Scheme 20.
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Under the basic conditions employed acetone was able to generate the enol-anion form
which could perform 2 nucleophilic attack on the aromatic aldehyde. The intermediate

alcoho! spontaneously dehydrates because of the drive towards conjugation, giving the

product PEB923B.

O, _H .
(@] o)
F /[k K,CO3, CHzOH F )\
-
+

+ HC CH; H,C CHs
acetone
c C
il il
o C
l [
H H

Ox_CHs OYCH3
H

~c—H C—

HO\C/<C J H\C// H
SH dehydration

—_— F —_—— F  product
27%
C C
I i
) I
H H
PEB923B

Scheme 20 : Condensation of 4-ethynyl—2—ﬂu0robenzaldehyde with acetone

As a result of this condensation mechanism observed, 1t was imperative that any synthesis
of this compound in the future should require the complete climination of acetone from the

procedure.
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3.6.5 Unexpected product from an alkyl chloride monomer (PB014)

The synthesis of a monomer possessing an chloroalkyl group was attempted, so that new
functionalities could be attached using a simple nucleophilic substitution, eliminating the
need for Sonogashira coupling. A suitable commercially available starting material, 4-
bromo-y-chlorobutyrophenone, was reacted using the conventional procedure, as shown n
Scheme 21. There was a possibility that TEA would form a salt with the chloroalkyl as

described previously for a substituted benzylbromide, but this did not occur.

Cl Cl
b |
e 2 CH2
C!Hz Ci—|2/
O CH; o) CH;

i) couple with TMSA

Y
-

B _ not isolated
i) deprotect (K,COj3 in CH30H)

Br

=0

4-bromo-y-chlorobutyrophenone

Ir—O0

Scheme 21 : Attempted synthesis of an alkyl chloride functionalised monomer

A pale yellow crystalline solid was obtained (PB014), but MS analysis of the product
showed that the compound had a molecular weight of 170 Daltons, thirty-six less than
expected. In addition, the chlorine isotopic pattern was absent. A loss of 36 mass units
corresponded to the molecular weight of HCI, and it was supposed that dehydro-
halogenation had occurred to give an alkene function. However, on examination of the
NMR this was proved not to be the case, as the 'H spectrum contained no peaks that
corresponded to an alkene (6-7ppm region), see Figure 61. The '"H alkyl splitting of the
product was expected to be triplet, quintet, and triplet, but it was found to be two quintets
and a septet. Three different alkyl carbons were expected 1n the BC spectrum, but only 2
different alkyl carbons were found, see Figure 62. The 3C PENDANT NMR technique
shows not only chemical shift, but also indicates the number of bonds of each carbon

atom. This was used to show that one type of alkyl carbon was a CH (tertiary) or CHj
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(primary), and the other type was a C (quarternary) or CH, (secondary). Furthermore, the
PENDANT "*C spectrum revealed that the carbonyl at 200ppm was a ketone. Two
separate effects can explain this unusually high shift of the ketone group. The first is that
the cyclopropyl ring can “act as an alkene” in its electronic properties, which results n
conjugation effects !0 PP13115D - The other important factor is that the ketone group is
directly attached to the benzene ring and may be susceptible, therefore, to the influence of

ring currents.

Analytical data for PB014; pale yellow crystalline solid (82% yield); mp 69-70°C (from
EtOH); Amax(DCM)/mm 290; vmax/(:m'l 3247 (s, sharp, -C=C-H), 3103 (w, sharp, Ph), 2107
(m, sharp, -C=C-), 1658 (s, sharp, ketone), 1599 (s, sharp, Ph), 1405 & 1386
(cyclopropane ring); 51(300 MHz; CDCl;) 7.88 (2 H, d, Ph), 7.51 (2 H, d, Ph), 3.23 (1 H,
s, =C-H), 2.57 (1 H, septet with unusual splitting, C-H), 1.19 (2 H, quintet with unusual
splitting, -CH,-), 1.02-0.96 (2 H, overlapping splitting pattern, -CHy-); dc(75 MHz;
CDCl3) 199.58 (C=0), 137.41 (Ph), 132.02 (Ph), 127.71 (Ph), 126.32 (Ph), 82.68 (Ph-C=),
80.16 (=C-H), 17.07 (-CH-), 11.79 (-CH,-); m/z (EI) 170 (M) chlorine isotopic pattern

absent.

PBO14 ‘
b ]
|
a a
O

a b 1
C=C—H \
d |
Ot |
i
|
\
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T T :'1%#.:,:. L T T T T T T T )L :'7’.’."." e el /""{.h F\":' IR S ,|
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Figure 61 : '"H NMR of cyclised monomer PB014
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Figure 62 : °C NMR of cyclised monomer PB014

The culmination of this characterisation implied that the product was a phenylacetylene
derivative bearing a ketone group, two CHy, and one CH. As there was no alkene function
the structure had to include a cyclopropyl ring structure. Hence, the most likely structure

of the product was cyclopropyl-4-cthynylphenyl ketone (Figure 63).

H—C=0C

Figure 63 : Cyclised product cyclopropyl-4-ethynylphenyl ketone (PB014)

It is interesting to note that the splitting patterns of the two quintets in the 'H NMR
spectrum are not identical. In most organic molecules only one magnetic environment 1s
observed because the bonds in the molecule are rotating about their axis. This rotation is
so fast that the NMR spectrometer can only detect an “average” magnetic environment for

each nucleus. The quintets in PB0O14 correspond to that of the CHy’s of the cyclopropyl
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group, thus implying that there are two different magnetic environments in this ring. It can
be assumed therefore, that the cyclopropyl ring is fixed in space. This may be explained
by considering that the highly strained bond angles that exist in the ring can also distort the
bonding orbitals. This distortion gives the orbitals some 7 character, which can overlap
with the 7 system of the neighbouring ketone group. It is this  overlap that is responsible

for the non-rotation of the cyclopropyl ring.

It is necessary to visualise the structure of this compound in three dimensions in order to
explain how the different magnetic environments of the hydrogen atoms arise, as shown in
Figure 64. The two hydrogens H, are equivalent because they are approximately the same
distance away from the carbonyl group, and they are on the same side of the cyclopropyl
ring. The distance between the oxygen atom and the hydrogens on the under-side of the
cyclopropyl ring, Hp, is much greater than for H,. Thus, the hydrogens Hy, give rise to a

separate magnetic environment to that of H,.

The splitting patterns are more complicated than a simple quintet, because the geminal
hydrogens on the methylene carbons are different. Each hydrogen atom, therefore, couples
{0 every other hydrogen atom in the ring, which in turn are split by other hydrogen atoms.
A full explanation of “ABX” coupling s beyond the scope of this work, but Williams &

.87 .
Flemming"' provides a good account.

Figure 64 : Atomic structure of cyclopropyl derivative PB014
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To ascertain the stage at which cyclisation had taken place, NMR and MS analyses were
carried out on the intermediate trimethylsilyl derivative PEB997 (Figure 65). An isotopic
pattern corresponding to the presence of a chlorine atom was found by MS analysis, and
the peak was of correct molecular weight. The expected '"H NMR splittings were found
for a -CH,-CH,-CH;- structure, as shown in Figure 66. Further evidence was provided by
the °C NMR spectrum which showed 3 peaks corresponding to CH,, see Figure 67. It
was concluded that PEB997 was of correct molecular weight and structure, l.e. it was

uncyclised.

Cl
CHz‘-—CHz"‘"CHz—‘"C EC——SlMe3

Figure 65 : Structure of the uncyclised trimethylsilyl intermediate PEB997
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Figure 66 : '"H NMR of trimethylsilyl intermediate PEB997
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Figure 67 : 3C NMR of uncyclised trimethylsilyl intermediate

Therefore, intramolecular cyclisation must have occurred during the deprotection to
K>COsy/methanol, to give the cyclopropane product (PBO14). This cyclisation was
unexpected, but it can be explained by using a classical “Neighbouring-Group
mechanism”'? PP208312) as shown in Scheme 22. A neighbouring-group (NG) can be
defined as a group (close to the carbon undergoing attack) which has a lone pair of
electrons, such as O, N, or S. The NG in this reaction is the enolate anion, which is
formed under the basic conditions employed. Performing an intramolecular cyclisation by
an SN, nucleophilic attack on the alkyl chloride relieves this instability of this enolate
anion. In addition, cyclisation is made easier because the chloride ion is an excellent

leaving group.

Although the cyclopropyl ring is very strained, it is quite common for this size of ring to

be formed in these NG type mechanisms.
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Scheme 22 : Neighbouring-group mechanism for the intramolecular cyclisation of PB014

3.7 Recommendations for Sonogashira coupling

The synthesis of phenylacetylene monomers was accomplished successfully, with yields
close to those reported in literature. However, some molecules possessing  less-
conventional functional groups exhibited side reactions during deprotection n
K,COs/methanol, such as trans-esterification, cyclisation, and the formation of
condensation  adducts. Deprotection  using non-basic  conditions, such as
tetrabutylammonium fluoride in THF, could have eliminated these unwanted side-
reactions®®. No problems were encountered with the palladium catalyst, but TEA was

found to form salts with reactive halides.
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CHAPTER 4.
POLYMERS AND POLYRADICALS
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CHAPTER 4. POLYMERS AND POLYRADICALS

4.1 Overview

In this chapter an overview of the synthesis and properties of polyphenylacetylene is
described. Polyphenylacetylene has attracted much attention during the last twenty years
because of its potential application in areas such as electrical conductivity®®, chiral
recognitionSO, non-linear opticsgo, and magnetisn162. Its main feature 1s a conjugated
backbone, with pendant phenyl groups. The three most common forms of
polyphenylacetylene are discussed, in which the structure is determined primarily by the
choice of polymerisation catalyst. An appreciation of the various catalyst systems 1s given,
with those based upon rhodium generally giving the best yields and tolerance of functional
groups. Some catalysts are intolerant of groups such as nitro or nitronyl nitroxide, both of
which are important in this research. Of vital importance to both the yield and/or tolerance
are the coordinated ligands around the catalyst. A rhodium catalyst was synthesised using
a new arrangement of ligands, and this catalyst was used to co-polymerise stable radicals
with “bridging group” monomers. Magnetic characterisation of these materials revealed

several interesting and unusual effects, and some account is made to explain these.

4.1.1 Thermal polymerisation

The simplest method of synthesising polyphenylacetylenes (PPAs) is to heat a
phenylacetylene monomer for 3 hours at 250°C, in a high boiling solvent’’. Good yields
are obtained, but the polymers are of very low molecular weight (500 to 1600 Daltons).
The conditions employed in this radical polymerisation are very harsh, which limits the
range of monomers that can be polymerised. Monomers bearing certain functional groups,
such as nitronyl nitroxide, are incompatible with this method of polymerisation because
they degrade in the presence of other free radical species. In addition, the high
temperature conditions can decompose some functional groups, such as primary amide or

tetrahydropyran.
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4.1.2 Metathesis catalysts

Polyphenylactetylene obtained from thermal polymerisation has low molecular weight and
no stereoregularity. Stercochemistry is very important in polyphenylacetylenes because
the carbon-carbon double bond of the backbone is able to exist in more than on
configuration. The backbone configuration plays an important part in the solubility,
conjugation, and colour of polyphenylacetylenes. Thus, it is highly desirable to control
these factors. Control of the stereochemistry, and sometimes molecular weight can be

achieved using a catalyst.

The first catalysts to be tested with phenylacetylene were those already known to be active
in ROMP, such as WC1692, W(CO)O/hv(B, M0C1594, and M0C1495. These catalysts give
good yields of stereoregular polyphenylacetylene, or its simple derivatives, but the average
molecular weight of the polymer obtained is usually only moderate (100,000 Daltons
approximately). The molecular weight of the polymer can reach 1 million Daltons by the
presence of a bulky substituent ortho to the alkyne, such as an 0-CF5"7 or an 0-Si(CH;3),”
group, as shown in Scheme 23. The electron donating or withdrawing effect of the ortho

substituent has a minimal influence on the reactivity of the alkyne.

H
WClg, [
Ph,Sn {\\C%C\}
C=CH —> n
toluene FsC 100% yield

CF,

Scheme 23 : Polymerisation of 0-CF; phenylacetylene by WClg-Ph,Sn

The standard metathesis catalysts offer only minimal control of average molecular weight,
with polydispersities in the range of 2 to 5. Some applications, such as non-linear optics,
demand a low polydispersity of polymer. This was achieved by Schrock, using a

96,97

molybdenum(VI) based catalyst”™”’, shown in Figure 68. This system gave low

polydispersities (in the range of 1.04 to 1.07) whilst retaining a high yield of polymer.
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Figure 68 : Schrock type catalyst

Metathesis catalysts, however, suffer from several disadvantages, the most obvious being
the requirement of an ortho substituent, which imposes severe limitations on the spatial
arrangement of functional groups about the structure of the monomer. Another
disadvantage is that the polymer backbone is known to possess defects, which can reduce

%  These catalysts are also sensitive to nitrogen

the length of conjugated sequences
containing solvents, such as nitrobenzene and benzonitrile, in which polymerisation is
inhibited®®. Further evidence for this poisoning effect of nitro groups was provided by the
attempted polymerisation of p-nitrophenylacetylene (4NPA), using WOCl,, which did not
yield any polymer()g. Successful polymerisation of 4NPA was achieved using WOCl, with
Me,Sn as the co-catalyst, but the highest yield obtained was only 56%. Of more
importance to this project is the fact that some functional groups containing basic nitrogen

‘ . . . - . - 58
atoms, such as nitroxide inhibited polymerisation™.

Furthermore, metathesis catalysts can be sensitive to oxygen containing solvents, such as
anisole or acetophenone, in which no metathesis took place’”’. This lack of tolerance
towards some functional groups has lead to the search for other catalysts that can

polymerise a wider range of monomers.

Other catalyst complexes such as those based on neodymium99 and iridium'® have been
reported, but only give moderate yields of polyphenylacetylene at best. This is because

these catalysts have a tendency to produce cyclotrimers, rather than polymers.
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4.1.3 Rhodium catalysts

Furlani reported that good yields of polyphenylacetylene could be obtained utilising a
rhodium complex, bis(cycloocta-1,5-diene)-pyt-dichlorodirhodium [Rh(COD)(Cl)]zIOl
(Figure 69). The highest yields (>90%) were obtained using the strong base NaOH as co-
catalyst. This system is quite flexible, in that the polymerisation can take place n solvents
of different polarity, such as benzene or THF. However, the use of the NaOH co-catalyst
is detrimental to the polymerisation of certain monomers, because base sensitive groups

could be hydrolysed during polymerisation (e.g. ester).

Figure 69 : [Rh(COD)(C)], catalyst for polymerisation of phenylacetylene

Monomers containing nitro groups, which posed a problem for metathesis catalysts, can be
polymerised by Furlani’s [Rh(COD)CI]/NaOH system. This was demonstrated by the
polymerisation of 4NPA to give a high yield of polymer (80%)102.

It was found that the NaOH co-catalyst of Furlani’s system could be omitted by the use of
triethylamine as the solvent. A system comprised of (bicyclo[2.2.1]hepta-2,5-
diene)chlororhodium(l) dimer, or [Rh(N’BD)(C])]z'03 (Figure 70), in TEA gave extremely
high molecular weight PPA ( >10° Daltons by SEC) in excellent yield (100%). This
catalyst system employs a 2,5-norbornadiene (NBD) ligand, instead of Furlani’s COD

104,105 It is

ligand, because NBD is known to give higher yields and lower polydispersity
unclear exactly how the NBD ligand influences the yield and molecular weight of the
polymer, but two important points have been suggested. Firstly, NBD is smaller sterically
than COD); secondly, the NBD is both a stronger 7 back-bonding acceptor and a stronger 6

donator. Such steric and electronic effects may affect the stability and reactivity of the

rhodium complex.
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Figure 70 : Popular polymerisation catalyst [Rh(NBD)Cl},

4.1.3.1 Living Polymerisation using [Ri(NBD)(OCH3)]>

Kishimoto developed a highly efficient rhodium catalyst [Rh(NBD)(OCH3)], (Figure 71)
by replacing the bridging chlorines of [Rh(NBD)(CD)]z with methoxy groups' . High
yields of PPA (>98%) were be obtained within 1 hour at room temperature using THF as
the solvent. The additives 4-dimethylaminopyridine and triphenylphosphine were required
to obtain very low polydispersities (<1.2 by SEC). By performing experiments involving
sequential monomer addition there was a distinct shift in average molecular weight, whilst
the polysdispersity remained low. The greater control of the average molecular weight

allows useful polymer structures, such as block co-polymers, to be synthesised.

T
~ e e Y
RhC RKC
X7
CHs

Figure 71 : [Rh(NBD)OCH,)], "Living" type rhodium catalyst

4.1.3.2 Polymerisation by rhodium catalysts in water

Water can be used as the catalyst medium for some types of rhodium catalyst, such as
[Rh(NBD)Cl],, in which polymerisation takes place at the aqueous-solvent interface and
generally gives a good yield of polymer'” (as shown in Scheme 24). The water has two
purposes, to behave as a solvent for the rhodium complex, and as a co-catalyst. The role

of water as a co-catalyst was confirmed by performing a polymerisation using an identical
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catalyst but with toluene as the solvent, which generated only a trace amount of polymer
(1% vyield). This water based system was shown to have several advantages over
conventional organic solvent systems. The catalyst solution can be used repeatedly
without depletion in the yield of polymer obtained, which decreases the amount of
expensive rhodium wasted. Of more importance is that the polymerisation can be carried
in an open flask in the presence of air. Films of polymer can ecasily be obtained by
dropping a solution of monomer onto the surface of the water phase. This system makes
the synthesis of PPAs very simple, but it does have two important drawbacks.
Polyphenylacetylene obtained from this catalyst system can be insoluble in common
organic solvents, whereas those obtained from other systems are soluble. Furthermore, it
can be envisaged that the complete removal of water from the polymer matrix would be

difficult to achieve.

CH
Il

[Rh(NBD)CI] , L — -

|
water, RT { T

PPA

Y

Scheme 24 : Polymerisation of PPA in water using a rhodium complex

4.1.4 Polymerisation of phenylacetylene bearing a stable nitronyl nitroxide radical

Fujii er al. found that conventional rhodium(l) catalysts were ineffective for the
polymerisation of phenylacetylene bearing a nitronyl nitroxide group®®. Tt is thought that
the polymerisation is inhibited because the basic nitrogen atom blocks the active site. This
most likely occurs by coordination of the nitrogen moiety to the metal centre, in preference
to the alkyne. The Rh(NBD)CI,/TEA system, which generally gives a high yield of
polymer, was not tested, presumably because nitronyl nitroxides are known to be unstable
in the presence of TEA®. These problems were overcome by the use of a rhodium(I)

complex which contained a basic ligand (ammonia), Rh(COD)(NH3)Cl (Figure 72). This
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catalyst was moderately effective for the polymerisation of a nitronyl nitroxide containing

monomer (42% yield of polymer) when using ethanol as the solvent.

The ammonia ligand is thought to modify the electron density on the rhodium(]) centre, by
donation of its lone pair of electrons, which leads to a better tolerance of a monomer

bearing a nitronyl nitroxide group.

Figure 72 : Rh(COD)(NH;)Cl - a catalyst tolerant of nitronyl nitroxide groups

4.1.5 Synthesis of co-polymers by rhodium catalysts

The problems of insolubility associated with some homopolymers of substituted
phenylacetylene have led to research into co-polymerisation.  The polymer of 4NPA 1S
highly desirable because of its enhanced conductivity compared to PPA, but it is
completely insoluble in all common organic solvents. ANPA was copolymerised with
phenylacetylene in an attempt to produce materials that have better solubility in organic
solvents. This was accomplished in good yield (70%) using [Rh(COD)CI], under high
reflux conditions'®%. In a ratio of 1:1, these monomers gave a random co-polymer of
partial solubility. Increasing the ratio of phenylacetylene to ANPA led to better solubility,
such that a co-polymer using a ratio of phenylacetylene:4NPA (3:1) was found to be

soluble in common organic solvents.
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To alleviate insolubility problems of the homopolymer of 4-(N,N-dimethylamino)
phenylacetylene (Figure 73) it was co-polymerised with 4-nitrophenylacetylene (4NPA), or
4-chlorophenylacetylene107. These random co-polymers were obtained in good yield
(greater than 75%) and were soluble (except when 4NPA was used as the co-monomer) in
common organic solvents. A lesser proportion of 4-(N,N-dimethylamino)phenylacetylene
was found in the co-polymer than that expected. This can be explained by considering that
one monomer is more reactive towards the catalyst than the other. No attempt was made

to explain how the substituent group altered the reactivity of the monomer.

Figure 73 : The monomer 4-(N,N-dimethylamino)phenylacetylene

4.2 Polvmerisation mechanism of phenvlacetylene

It can be rationalised from the review of rhodium complexes that the nature of the diene
ligand is of critical importance in obtaining good molecular weight and low polydispersity.
In order to gain further insight into how this may occur a mechanism of polymerisation 1is

required.

4.2.1 Hydrogen transfer mechanism

Escudero et al. first proposed a mechanism for the polymerisation of phenylacetylene
using a rhodium centre, but provided no physical data to support their theory'®,
Furthermore, the credibility of this mechanism was diminished further because it is based
on the results obtained from a non-standard rhodium catalyst,  di-p-
pentafluorothiophenolate bis(1,5-cyclooctadiene) rhodium(l). This catalyst gave results
that are not consistent with those reported in the literature. Monomers that normally
polymerise successfully were found to give very low yields, e.g. 4-methylphenylacetylene
polymerises in 18% yield only. In addition, 1t was reported by Escudero that

polymerisation was inhibited by benzaldehyde. Unfortunately this observation was based

on unpurified benzaldehyde, which can contain a small, but sometimes significant amount
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of benzoic acid. Carboxylic acids are generally used in the literature to quench

polymerisations, because they destroy rhodium complexes.

However, this mechanism deserves consideration because some of its conclusions have
subsequently been proved correct. A complete appraisal of this mechanism is not possible
in this report, because Escudero provided minimal description of the steps involved. An

overview of this mechanism 1s now given.

Association of a monomer unit to the rhodium complex to give the intermediate OW1 18

the initial step, as shown in Figure 74.

H Cl H
cl | - . l
diene . / C association diene >~. C
ligand RN ¥ I = lgang ROl
/’// \\\ C -7 : C
“ligand !
g ligand

OW1

Figure 74 : Association of phenylacetylene to the rhodium centre

The bonding mode of the monomer now changes from one that is coordinated to the
carbon-carbon triple bond OW1, to one that has two coordinate bonds OW2 (one from

each carbon), as shown in Figure 75.

Cl T Cl T
diene .. C diene o /,,/’C
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Figure 75 : Change of bonding mode of the monomer
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Propagation occurs by the association of a second molecule to OW2. Hydrogen transfer

from the newly associated monomer to the di-coordinated monomer occurs, as shown 1n

Figure 76.

Cl H
IS -C
diene “~ 1 -7 C
ligand /‘?h“ \\g * il — >
! |
ligand H
Oow2

Figure 76 : Propagation - hydrogen transfer from monomer to polymer

A rearrangment of the intermediate OW3 gives the polymer unit OW4, as shown in Figure

77. Propagation is repeated for a number of times.

diene diene
ligand ligand
I C H e
N \ / AN
— ¢
ligand-----"RA-==-=---=~ ICI —> ligand------ RN
c=—C C= N _.C/H
@ A
OW3
OwW4

Figure 77 : Rearrangement to give polymer

Escudero gave no account of how termination might occur.
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It was theorised by Escudero that only phenylacetylenes have the correct acidity to
facilitate this hydrogen transfer mechanism. This corresponds with that in the literature, in

which polymerisation of alkylacetylenes by rhodium complexes are rarely successful.

4.2.2 Monomer insertion mechanism

More recently, Schneidermeier et al. proposed a much simpler mechanism which was
o : . - 13 109,110
supported by kinetic experiments, computer modelling, and solid-state “C NMR .

Polymerisation proceeds via a coordination type mechanism comprised of four steps.

The rhodium(l) catalyst, RH1, forms a coordinate bond with the triple bond of

phenylacetylene, as shown in Scheme 25.

H Cl H

cl | o X |

diene . / C association diene >~ C

ligand . -RhC, + i = jgana R0l
/’/ AN C -7 :
“ligand |

Scheme 25 : Association of phenylacetylene with rhodium(I) centre

Oxidative addition of the coordinated phenylacetylene to the rhodium(l) centre generates a

rhodium(Il) complex (RH2), as shown in Scheme 26.

119




Cl H Cl
. | |
diene - I(ﬁ idative additi diene
i “Rh----- - oxidative addition i p
hgand// : C - - llgand//, : \c
] ! e
ligand ligand
RH2

Scheme 26 : Oxidative addition of phenylacetylene to give a rhodium(III) centre

Propagation occurs by the coordination of RH2 to another molecule of phenylacetylene, as
shown in Scheme 27, which was proved to be the rate-determining step of the
polymerisation, because of steric crowding around the catalyst centre. The steric size of
the diene ligand was found to be important for the formation of high average molecular
weight PPA.  COD gave lower molecular weight polymers than those obtained using

NBD. This was ascribed to the increased crowding around the rhodium centre caused by

the sterically larger COD.

H H
¢ | oo e
diene T~ H ¢ N A
~ Rh/ Hl L diene “>~_ PPt C
ligand RN + C association ligand SRR
’ : C\\C - /,/, E \C
. : Y
ligand Iigandkc
RH2

Scheme 27 : Propagation — association of another molecule of phenylacetylene

Insertion of the coordinated phenylacetylene gives the polymer repeat unit, as shown in

Scheme 28. The propagation and insertion steps are repeated for a number of times.

120




H

AN Cl
c oy c. \ l/H
insertion diene\\\‘ //\C diene . X
——>  ligand /,Rh\ > ligand A \
e T c=C
. \ %
ligand \\\\C ligand / \C
D

Scheme 28 : Insertion of coordinated phenylacetylene

Reductive elimination of the catalyst/polymer complex gives the polymer product, and

regenerates the rhodium(I) complex RHI, as shown in Scheme 29.

reductive Cl

elimination diene . / C—=CH C=CH
> ligand _--R0 *

< NV
/ . P c=cH C%
“ligand c n
RH1 @

Scheme 29 : Reductive elimination — to give PPA and reform the rhodium(l) centre

However, this mechanism should be considered only as a guide, because it does not
account for two important factors. There is no adequate explanation for the increased
yields observed by the use of triethylamine as the solvent, and how the addition of an

ammonia ligand gives better tolerance towards some functional groups.
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4.2.1 The role of the solvent during polymerisation with rhodium complexes

Tabata conducted research into the role of solvents during polymerisation, and it was
found that the choice of solvent employed can have a marked effect on the yield, average

: 11
molecular weight, and colour of the polymer .

Solvents can be split into two groups,
those that coordinate to the rhodium complex (TEA and ethanol/methanol), and those that

do not (THF and benzene).

Dissociation of dimeric rhodium complexes occurs in the presence of TEA, as shown in
Scheme 30. It is this catalyst-TEA complex RH3 that is thought to be the catalyst active
during polymerisation. The high molecular weights achieved by this system are attributed

to the presence of a very efficient propagation step.

RN N M Sy VE
“Rh DRh 2 "R
N7 Tar Ty cl
RH3

Scheme 30 : Rhodium complex with triethylamine

A similar dissociation also occurs using alcohol solvents, but to a lesser extent because it
is thought that the catalyst-alcohol complex may exist in equilibrium with the
uncoordinated rhodium complex. However, the nature of this coordinated species remains

unknown, and it is best represented as RH4, as shown in Scheme 31.

No evidence of coordination for benzene or THF was reported. It is safe to assume that

these solvents function as a solvent for the dimeric rhodium catalyst and the polymer only.
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Scheme 31 : Riiodium complex with alcohol

4.3 Tvpes of structure and properties of polvphenvlacetylene

Polyphenylacetylene exists in at least three different tautomeric forms. These tautomers
are the result from the differences n stereochemistry about the carbon-carbon double bond
of the polymer backbone. The structure of the polymer obtained 1s always dependent upon
the choice of catalyst used. There are three main types, trans-trans, cis-trans and cis-cis.
This nomenclature is based upon the conjugated backbone, and it must be considered that
a carbon-carbon double bond alternating with a carbon-carbon single bond is only a
representation. The real structure is probably a hybrid of this, so in these representations

the configurations of both bonds are required.

4.3.1 Trans-trans PPA from metathesis catalysts

All known metathesis catalysts give a “frans-trans’” polymer, where the double bond of the
backbone is in a trans configuration, the carbon-carbon single bond is also in the trans
conﬁguration63 . as shown in Figure 78. The trans structure of the backbone results in
substantial conjugation, giving this polymer a distincitive red/brown colour. The pendant
group of each monomer unit is on the same side as its neighbour, giving rise to steric
congestion when the chain is elongated. The strain is alleviated by twisting of the pendant
phenyl group, so that it is out of plane with the backbone. Conjugation between pendant

groups is therefore assumed to be weak, because of the lack of co-planarity.
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trans, trans

Figure 78 : The structure of trans-trans PPA from metathesis catalysts

4.3.1.1 Colours and solubility

The solubility of trans-trans polyphenylacetylene in common organic solvents, such as
toluene, or THF is usually very good. When the monomer possesses a bulky ortho group
the backbone structure remains unchanged, but the colour and solubility of the polymer
can change. This is exemplified by PPA bearing an 0-CF5'" which is dark brown and o-
Si(CHs)s°* which is dark purple. The solubility of halogen containing polymers 1s usually
very poor; ¢.g. PPA possessing chloro groups at the 2,4,and 6 positions was reported to be

insoluble in all common solvents' 2.

Characterisation of trans-trans PPA is quite difficult because analysis by NMR always
gives very broad signals. The reason for this broadening has not been fully ivestigated
but it is reasonable to assume that the twist of the phenyl groups is not the same from
neighbour to neighbour. This could result in slightly different magnetic environments for

the ring hydrogen atoms, and hence very broad signals.

4.3.2  Cis-trans PPA from rhodium catalysts

Rhodium catalysts are the main source of the the cis-trans tautomer of PPA. Its backbone
structure consists of a carbon-carbon double bond in the cis configuration, and the carbon-
carbon single bond is in the trans configuration, as shown in Figure 79. This backbone
configuration results in a structure in which each monomer unit is on the opposite side of
the chain from both its nearest neighbours. Although the pendant groups are not as close

as those in the trans-trans form, there is still significant steric congestion, which results in
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a slight dihedral twist of the phenyl group from the plane of the backbone. Hence the
conjugation between the phenyl ring and the backbone is prevented. Thus, any substituent
will not be conjugated with the main polymer structure and so there will be no through-

bond interaction between pendant rings.

cis, trans

Figure 79 : The structure of cis-trans PPA as obtained from rhodium catalysts

4.3.2.1 Colours and solubility

The colour of cis-trans PPA is generally yellow, but it can be be obtained as bright orange
depending upon the ligands of the catalyst and the solvent system used. Cis-trans PPA is
readily soluble in common organic solvents, such as THF or DCM, but when the phenyl
ring is substituted with a functional group, solubility can be affected greatly. This 1s
exemplified by poly(4-methoxyphenylacetylene) which is soluble in common solvents,
whereas poly(4-methylphenylacetylene) is insoluble in all common organic solvents. The
most common monomers which produce soluble polymers are listed in Table 4, and those

generating partially soluble or insoluble polymers are shown in Table 5.
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Table 4 : Soluble derviatives of polyphenylacetylene

Substituent

104
3-methoxy 0

3-methyl ester'

113
4-chloro'

104
4-methoxy 0

4-methyl ester'*

-

4-methyl ketone'

Table 5 : Insoluble derivatives of polyphenylacetylene

Substituent

.8
3-amino™
80

4-amino

13
4-cyano

4—dimethylamin080

Ll—(atllynylpyridine80
103

4-methy

113
4-nitro

Although there is no clear pattern of solubility, it is reasonable to suggest that polymers
bearing a highly polar functional group will tend to be insoluble, whereas those possessing

a flexible, less polar, substituent tend to be more soluble.

It should also be noted that the nature of the substituent group also affects the colour of the
polymer; highly polar substituent groups, such as nitro or amino, are brown rather than

yellow polymers. There is no satisfactory explanation available to account for this.
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4.3.2.2 Characterisation

Cis-trans PPA is highly stereorcgular, when synthesised by rhodium catalysts, and the
polymer gives a well defined 'H NMR spectrum allowing easy characterisation. Some
broadening can occur, and this is usually a function of the solvent system used during
synthesis. It has also been reported that broadening can occur when the polymer is
repeatedly dissolved in a solvent and then precipitated mn methanol'®'. This was attributed

to a relaxing of strain, giving rise to more disorder in the polymer structure.

4.3.2.3 Crystallisation of cis-trans to give cis-cis polyphenylacetylene

Cis-trans PPAs are amorphous materials when first made and they are generally soluble n
common organic solvents. Some polymers that possess a rigid, or a highly polar ring
substituent can be insoluble. These insoluble polymers can sometimes undergo a colour
change upon exposure to conventional solvents. This is exemplified by the change from
yellow to red for the insoluble p-CH3 PPA when it was immersed in either chloroform or
toluene'®. The red form of this material was found to be 75-80% crystalline by X-ray
analysis. It is thought that this red material is the “cis-cis” form of polyphenylacetylene,
although the nature of this solvent induced change was unaccounted for. The cis-cis form
of PPA is shown in Figure 80. The stereochemistry about the carbon-carbon double bond
is that of a cis configuration, and that of the carbon-carbon single bond is also in the cis
configuration. This backbone configuration gives rise to a helix type structure. If the
intramolecular pitch distance is very short then solvent molecules could be excluded from

penetrating the backbone and thus result in an insoluble material.
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cis, Cls

Figure 80 : The c¢is-cis form of polyphenylacetylene

4.4 Introduction to the results

The living catalyst [Rh(NBD)(OCHj3)], was first considered as a suitable catalyst in this
project, because it was known to produce good yields of polymer and exhibited excellent
control of molecular weight. This was the first catalyst system to be tested, and it was
found to be successful for the polymerisation of phenylacetylene, as shown in Table 6.
However, this system possessed one major flaw, it did not catalyse the polymerisation of
4-nitrophenylacetylene. This was an important point because the presence of nitro groups
is essential for use in co-polyradical work. The fact that 3-nitrophenylacetylene was found
to polymerise in 97% yield suggests that the nitro group in the para position has a
deactivating influence on the alkyne. This theory led to the investigation of the effects of
ring substituents on the alkyne, refer to Chapter 5. The incompatibility of 4-
nitrophenylacteylene with this catalyst was not investigated further. A new catalyst that

had more tolerance towards functional groups was sought.
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Table 6 : Results using [Rh(NBD)(OCHs3)l,

Derivative Structure Code % Yield Soluble in
N/A {\wa} PEB791 98 * DCM, THF
4-methyl [\Cfc@ PEB796 98 N/A
CHa
3-nitro [\Cécr«} PEB792 97% N/A
S
® O
N
I
o}
4-nitro [.\C;m{} PEB864 O0* N/A
GOSKO

( * = performed in duplicate)

4.4.1 Desion of a new catalyst

From the literature review it became apparent that none of the catalysts fitted the
requirements necessary for the synthesis of polymers containing nitro groups. The

characteristics of the ideal catalyst were as follows:-

1. it must give good yields of polymer (>70%).

o

the polymers obtained should be of moderate to high molecular weight.

3. it does not require the use of triethylamine, because nitronyl nitroxide stable radicals

degrade in this solvent.
4. it should tolerate a wide range of functional groups, including nitronyl nitroxide.

5. polymerisation should be possible preferably at ambient temperature.
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Metathesis catalysts are intolerant of functional groups, such as nitro, which precludes
their use in this project. Rhodium catalysts are superior in this respect, but the
solvents/conditions employed in most of these systems are unsuitable for nitronyl nitroxide
radicals, e.g. an amine solvent. The catalyst that best fitted the requirements of this work
was that employed by Fujii, Rh(COD)(NH;)Cl, as this was tolerant of nitronyl nitroxide
groups. This catalyst requires ethanol and ambient temperatures for polymerisation, which
is ideal for this work. However, the yield of polymer obtained from this catalyst was too

low (42%) to warrant its use in the synthesis of co-polyradicals, the target of this research.

With no suitable catalyst available from the literature, it was therefore necessary to

develop one that would fulfil the requirements of this project.

There are three important factors in the chemistry of the rhodium catalysts under
consideration, the diene ligand, the donor ligand, and the solvent. It was noted from a
review of the literature that the NBD diene gives a better yield, molecular weight, and
polydispersity of polymer compared to the equivalent COD. Better tolerance of nitronyl
nitroxides could be obtained by changing the ligand from the standard chloro to an
ammonia ligand. It was also noted that the rhodium complex that employed an ammonia
ligand could operate in ethanol, avoiding the use of triethylamine. It was envisaged that a

rhodium catalyst bearing these attributes would give good yields and good tolerance.

The novel catalyst Rh(NBD)(NH;)Cl, shown in Figure 81, was synthesised by a

modification of the literature procedure''* and hereafter will be referred to as MCAT.

< cl
P
- NH;

Figure 81 : Structure of novel catalyst Rh(NBD)(NH;)Cl - (MCAT)
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4.4.2 Svnthesis of novel catalyst Rb(NBD)Y(NHZ)CI - (MCAT)

NH

7 /Cl b g /// 3
\:ZRh/ \Rh’; + NH,OH ————> 2 ,,//;Rh\
\cn’/ CH3OH e cl

[Rh(NBD)(CD)], Rh(NBD)(NH ;)Cl

Scheme 32 : Synthesis of novel catalyst for the polymerisation of phenylacetylenes, Rh(NBD)(NH;)CI -
(MCAT)

To a suspension of [Rh(NBD)CI], 0.25g (0.55mmol) in 40mL of degassed methanol was
added ammonium hydroxide (0.3mL). The suspension was stirred vigorously until the
solid had dissolved, giving a yellow solution. This yellow solution was then filtered and
concentrated using a rotary evaporator. A yellow powder was precipitated upon addition
of this concentrated solution to ethanol (50mL). The yellow suspension was filtered, and
the yellow powder obtained was dried in a vacuum oven, to give 0.12g (0.49mmol) of

Rh(NBD)(NH;)Cl. The overall yield was 45%.

Analytical data for Rn(NBD)(NH;3)CI : Amax(acetone)/nm 395; (Found: C, 33.67; H, 4.37,
N, 4.58. C-H;,CINRh requires C, 33.97; H, 4.48; N, 5.66); 6(300 MHz; acetone-dq and
DMSO-d;) the spectrum showed many broad lines which made characterisation difficult,

as shown in Figure 82.
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Figure 82 : '"H NMR spectrum of polymerisation catalyst Rh(NBD)(NH3)Cl - (MCAT)

MCAT is fully soluble in ethanol, but only partially soluble in THF. Characterisation of
MCAT by 'H NMR proved fruitless, as the spectrum consisted of broad lines. The only
successful analytical technique was elemental analysis, but this revealed that the quantity
of nitrogen was inconsistent with that of a pure compound. Hence, MCAT was impure.
This considered, it remained a viable proposition for the polymerisation of

phenylacetylene derivatives, and would represent a significant advance if successful.

4.4.3 Use of the novel catalyst MCAT

Before any novel polymers could be prepared it was essential to test MCAT with
phenylacetylene, and some simple derivatives, to determine the conditions and solvent

system that would best suit this catalyst.
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4.4.3.1 Solvents and conditions employed

Ethanol was the ideal choice of solvent, because it dissolved MCAT completely to give a
yellow solution. However, monomers possessing nitronyl nitroxide are only partially
soluble in pure ethanol, so the polarity of the solvent had to be reduced by the use of THF
as co-solvent. It was found that ethanol: THF (3:1) was the ideal mixture, because nitronyl
nitroxide monomers, and most other types of monomer were soluble in the system.

MCAT was also soluble in this system.

The possibility that water could act as a co-catalyst could not be discounted, so to
minimise this possibility the polymerisation was conducted under an inert atmosphere.
The polymerisation time was initially set at 1 hour, although this could be altered if the
yield of polymer was low. Polymerisation was carried out at room temperature using a

monomer:MCAT ratio of approximately 100:1.

4.5 Example synthesis of polvphenvlacetvlene using MCAT (PB027)

H

| N/

C C=—=C

I MCAT \

C > H
ethanol (15mL) n
THF (5mL)
1 hour @ RT

PB027

Scheme 33 : Synthesis of a polyphenylacetylene (PB027)

All equipment was oven dried at 100°C for 12 hours before use. To a 2 neck 100mL RBF
was added Rh(NBD)(NH;)Cl 0.005¢, and a magnetic stirrer bar. The side-neck was
plugged using a Suba-Seal cap. The RBF was attached to, and evacuated, using the
vacuum line. Once evacuated, the vacuum line and RBF were flushed with argon. Super-
dry ethanol, 10mL, was admitted through the Suba-Seal cap using a syringe. The catalyst
solution was stirred for 15 minutes at RT, to give a yellow solution. Closing the
appropriate tap on the vacuum line isolated the RBF. The vacuum line was then re-

evacuated.
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A fresh solution of Rh(NBD)(NH3)Cl catalyst was prepared for each polymerisation
reaction, although this can lead to inaccuracies owing to the very small amount of rhodium
catalyst used. This may have been overcome by making an ethanolic stock solution of the
catalyst. However, dry ethanol 1s very hygroscopic and difficult to store for a length of
time. To minimise the water content of the polymerisation, the solution of catalyst was

always freshly prepared.

The side-neck of a two-neck RBF was plugged using a Suba-Seal cap and attached to the
manifold of a vacuum line. Having evacuated the RBF and flushed it with argon,
phenylacetylene 0.30g (2.94mmol) and ethanol (5SmL) were administered via a syringe.
Freshly distilled dry THF (SmL) was administered in the same manner. The solution of

monomer was repeatedly taken up in a syringe and expelled to facilitate mixing.

The solution of monomer was drawn up into a syringe, and the appropriate tap was closed
to eliminate the now redundant flask. The isolator tap of the catalyst flask was opened to
the argon supply to prevent pressure build-up, and the solution of monomer mjected. The
polymerisation mixture was stirred vigorously. Immediately, the colour became a darker
yellow, and after 2 minutes cloudiness had begun to develop. A yellow precipitate had
formed after 5 minutes. After 1 hour, the yellow suspension was added to 100mL of
methanol, to aid precipitation. Filtration of the fine yellow suspension gave PB027 as a
yellow/orange solid, which was dried in a vacuum oven for 6 hours at 40°C. PBO027 was
obtained as a yellow/orange solid, 0.25g, 83% (compared to mass of monomer), and was
soluble in DCM, and THF. The polymer PB027 was characterised by UV, IR, NMR
(Figure 83 and Figure 84), and SEC (Figure 85).

Analytical data for PB027 : Xy (CHCI3)/nm 460; vmax/cm'l 3051 (w, sharp, Ph), 1595 (w,
sharp, Ph), 1488 (m, sharp, Ph), 1442 (m, sharp, unassigned); 63(300 MHz; CDCls) 6.96-
6.94 (3 H, split singlet, Ph), 6.65-6.63 (2 H, split singlet, Ph), 5.85 (1 H, s, -C=CH-); 6c(75
MHz; CDCl;) 142.84 (Ph), 139.24 (Ph), 131.81 (=CH-), 127.76 (Ph), 127.52 (Ph), 126.68
(Ph); SEC (Mw = 200,500 ; Mn = 37,200 ; Pd=5.4).
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Figure 83 : "H NMR of polyphenylacetylene obtained using MCAT - (PB027)
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Figure 84 : C NMR of polyphenylacetylene obtained using MCAT - (PB027)
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Figure 85 : SEC analysis of polyphenylacetylene - PB027

4.5.1 Interpretation and comments

IR analysis of PB027 gave only a small amount of information. 1t showed that there were
peaks that corresponded to the phenyl group (around 1500 and 1600cm™). The peak
corresponding to the alkene backbone was found at approximately 1700cm™’, but this
signal was difficult to identify because it was very weak. A peak corresponding to that of

an alkyne (3300cm™) was absent, indicating that there was no monomer present in PB027.

The "H NMR shows a very sharp peak at 85.85 corresponding to the vinyl proton of the
polymer backbone. The sharpness of this peak is indicative of a highly stereoregular
polymer. The chemical shift of the peak corresponds to that of a vinyl proton in the cis
configuration, indicating that PB027 is likely to be a cis-trans type polyphenylacetylene.
No peaks corresponding to that of NBD were found, which implies that the diene ligand is

not incorporated into the polymer structure.

The polystyrene equivalent average molecular weight of PB027 was reasonably high
(200500), but the polydispersity was broad. This was better than the catalyst system of
Rh(COD)(NH3)CI in water'®, which was reported to give an average molecular weight of

only 23300. It can also be compared with the average molecular weight reported for the
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[Rh(NBD)CI],/TEA system''', which can reach values in excess of 10°.  The broad
polydispersity of PB027 could be the result from impure MCAT, which may contain more
than one initiation species. It is important to note that molecular weight determination of
polyphenylacetylenes by SEC should only be used as a guide because of the difference in
hydrodynamic volume between it and polystyrene, on which the calibration 1s usually
based. The chromatogram also shows that no oligomeric or other low molecular weight

species are formed during polymerisation.

The yield of PB027 obtained was good (83%), but it is lower than that obtained using TEA
or Kishimoto’s “living” catalyst system which can produce yields in excess of 98%. This
result showed that the catalyst/conditions employed can be considered to be successful for
the polymerisation of phenylacetylene. This lower yield could be attributed to an impurity

in the monomer, or that the time of polymerisation was too short.

No firm conclusion about the efficiency of MCAT could be rationalised from this one

result, so some simple derivatives of phenylacetylene were also polymerised.

4.6 Polvmerisation of some simple derivatives of phenylacetylene

Some simple derivatives of phenylacetylene were polymerised using MCAT, e.g.
monomers containing 4-methyl, 4-methyl ester, 4-methoxy, and 3-methoxy groups. These
monomers were chosen so that comparisons could be made between the MCAT catalyst
and those known in the literature. Using monomers bearing more unusual functional
groups, such as ethylenedioxy, a conjugated ketone, or a pyrrole ring, the scope of the
polymerisation was extended further. The results of these polymerisations are summarised

m Table 7.
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Table 7 : Results of the polymerisation of some simple derivatives of phenylacetylene

Derivative Structure Mw Code Colour % Yield Solublein Insol in
N/A {“*CﬁCH} 200,000  PBO027 Y 83 DCM, N/A
n THF
3.4- f\céc@ N/A PBO31  Y/O 40 N/A Al tested
ethylenedioxy "
o)
o
3,5-dichloro [‘\cfc’*} N/A PEB992 Y/O 94 DCM” THF
n
o i ~ci
3-methoxy' [‘_‘Cém} 213,000 PB035 Y 70! DCM, N/A
QL o
o)
\
CHy
4-bromo ﬂ*céc"'} N/A PBO17 Y/O 91 * N/A All tested
n
Br
4-ester ["‘CéCH} 248,000 PEB988 Y/O 98 DCM, N/A
(methyl)''¢ ! THF
o
&
4-ketone {.‘_Céc}{} N/A PB024 Y/O 97 * DCM, N/A
(cyclopropyl) " THF?
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4-ketone, and 3- f ;CH} N/A PB026 Red 98 N/A All tested

fluoro

4-methoxy' "’ { /CH} 214,000 PB033  Y/O 91 DCM ¥,

i " THF ¥
o]
\

4-methyl' " N/A PB0O08 O 94 * THF ? N/A

Q
\
o)
L"AL

4-phenyl { /CH} N/A PEB985 O 92 * N/A All tested

4-pyrrole [\Cfc}q N/A PBO57 Y/O 86 N/A All tested

Naphthalene { /CH} N/A PB044 Y/O 68 N/A All tested

(* = average of two polymerisation; ' = incomplete precipitation; " = partial solubilty; W=

warming required)
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4.6.1 Characterisation and interpretation

a}

Only the polymers bearing a 3-methoxy, a 4-methoxy, or a 4-methyl ester group were
found to be soluble in common organic solvents. The insoluble polymers PB0O08 (4-
methyl) and PB044 (2-ethynylnaphthalene) were found to change colour from yellow to
red upon exposure to chloroform or toluene. These changes of colour are usually
associated with the formation of a crystalline material (red) from an amorphous one
(yellow). Normally, polyphenylacetylenes are yellow when isolated from the catalyst
solution, but in the case of the conjugated ketone derivative (PB026) the polymer was
already red. This implies that a crystalline morphology is very favourable for this

polymer.

Most of these polymers were obtained in near quantitative yields, which were as good as
those reported using Kishimoto’s “living” catalyst and [Rhi(NBD)(CD)]o/TEA. The yield of
the 3-methoxy derivative (PB035) was lower because of difficulties encountered during
filtration of the polymer suspension. Another polymerisation that gave a low yield was
that of the ethylenedioxy derivative PB031 (40%). The poor yield of this polymer could
be attributed to either a lower affinity of the catalyst towards this monomer, or to an
impurity in the monomer compound. However, NMR analysis of the monomer found no

evidence of impurities.

The average molecular weights of all of these polymers were approximately in the range of
200,000 to 248,000 as determined by SEC. The electron donating/withdrawing nature of
the substituent group did not significantly affect the molecular weight of the polymer.
This suggests that the average molecular weight of the polymer is a function of the catalyst

and/or conditions employed, and not that of the monomer.

'H NMR analysis was used to probe the stereochemistry of the soluble polymers. An
example spectrum of the polymer PB024 is shown in Figure 86. A sharp peak
(approximately 86ppm) corresponding o that of the vinyl proton is found in all instances.
This indicates that the cis-trans structure of the polymers is not markedly influenced by the

presence of ring substituents.
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These polymerisations showed that MCAT is able to tolerate halides (Br, Cl, and F),

carbon-carbon double bonds, ketone, and conjugated ketone groups.

PB024
a

/ )
S "/
ol "
i i 1 =T T T T ¥ T T T T T T T T T T T T 7
10.0 5.0 8.0 7.0 6.0 5.0 4.0 3.0 20 t.o 0.0
(ppm)

Figure 86 : "H NMR of polyphenylacetylene bearing a cyclopropyl-ketone group (PB024)

4.6.2 Line broadening in the '"H NMR of poly(4-methoxyphenylacetylene)

The '"H NMR of poly(4-methoxyphenylacetylene) (PB033) was unusual because the peaks
were broad, particularly at the base of the peak, as shown in Figure 87. From the
literature, this is attributed either to the formation of a paramagnetic radical species, or to
an inhomogeneous polymer structure. The latter is the more likely explanation, as a
similar spectrum was obtained using Rh(NBD)Cl],/benzene and the line broadening was

attributed to the incorporation of 7rans sequences in the polymer backbone''".
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PB033

Figure 87 : Example of line broadening in the "H NMR of 4-(methoxy)phenylacetylene — PB033

4.6.3 Poly 1-(4-ethynylphenyl)pyrrole : A polymer exhibiting changes of colour in

different solvents

MCAT is also able to polymerise N-substituted pyrroles in excellent yield, as shown by
the polymer PB0O57. Interestingly however, the colour of the polymer was found to change

when exposed to different solvents.

This polymer PB057 was first obtained as a yellow/orange solid (from ethanol/THF). On
exposure to THF, the solid remained insoluble, but immediately changed to red. This was
not specific to THF, but was also found to occur in benzene, toluene, and DMF. By itself
this was not of great significance, until a fresh sample was exposed to DCM. The solid
remained insoluble, but instantly changed to black. A black insoluble solid was also

obtained from exposure to CHCl;.

142



To ascertain if these changes are reversible a simple experiment was performed. PB057
was pre-treated in THF to give a red product, which was then exposed to DCM whereupon
it became black instantly. The black solid was re-exposed to THF, but the black colour

remained. A diagram of these colour changes is shown in Figure 88.

Original colour
yellow/orange

Non-chlorinated ,:
solvent (CgHg, THF, £/

or DMF) Chlorinated solvent

(DCM, or CHCl,)

Chlorinated solvent

(DCM, or CHCl,) Black colour

Figure 88 : Colour changes of poly 1-(4-ethynylphenyl)pyrrole (PB057)

It is reasonable to assume that a structural change occurs from amorphous to crystalline in
PB057 when exposed to non-chlorinated solvents. In chlorinated solvents, the polymer
changes to black. There are no reports of such phenomena in the literature, but it is

reasonable to assume that a solvation of the polymer occurs.

4.7 Svnthesis of polyvmers bearing a THP group

The presence of a hydroxyl functional group is highly desirable for its ability to act as a
bridging group in organic radicals®®. However, during monomer synthesis it was found
that 4-hydroxyphenylacetylene was unstable, and underwent autopolymerisation. In an
attempt to obtain hydroxyl functionalised polymers, monomers that possessed a THP

group were synthesised. The polymerisation of these monomers is now reported, as shown

in Table 8.
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Table 8 : Summary of polymers containing a THP group

Derivative Structure Mw Code Colour % Yield Solublein Insolin
THP ether {,xcﬁc@ 255,500 PBOI3 (0] 87 DCM,
i n THF®
o)
CO
THP ether {\\Cé(}—q‘ 232,500 PBO33 O 92 DCM,
n THF
o)
o)
THP ether E ‘Céc,ﬂ 202,000 PB059  Y/O 43" DCM,
THF

O

(" = incomplete precipitation during synthesis; " = partially soluble)

4.7.1

Characterisation of THP derivatives

These polymers were obtained in excellent yield, except PB059, which was assumed to

possess an impurity, although none was found by NMR analysis.

Excellent solubility of these polymers was found in common organic solvents, such as

DCM or THF. SEC analyses showed that the average molecular weights were very similar

to those obtained for other derivatives (200,000 to 255,500). This indicates that the THP

group did not poison the catalyst or interfere with the polymerisation mechanism. An

example '"H NMR spectrum of polymer PB038 is shown in Figure 89.

Interpretation of

this spectrum was difficult, because the peaks were broad and tended to overlap, which
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resulted in unidentifiable multiplets. As noted before, this broadening can result from
structural 1regularities, such as the incorporation of some trans sequences mto the

backbone.

Time did not allow these polymers to be deprotected to their corresponding hydroxyl

functions.

PB038

9.0 8.0 7.0 6.0 5.0 4.0 3.0 20 1.0 0.0
(ppun)

Figure 89 : 'H NMR of a polymer bearing a THP group - (PB038)

4.8 Svnthesis of polymers bearing a bridging group

Before co-polyradicals were synthesised, 1t was necessary to determine the tolerance of
MCAT towards “bridging groups”. Monomers bearing a nitro, cyano, or a fluoro group
were polymerised using MCAT using the conditions designated previously for PB027. A

summary of these polymerisations is shown in Table 9.
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Table 9 : Summary of polymers containing bridging groups

Derivative Structure Mw Code Colour % Yield Solublein Insolin
Nitro'” [__‘?CH} N/A PB036  Brown 76 N/A All tested
n
@oEN\\o
Cyano'"” f"C;CH} N/A PEB9S6 Brown  25* DMF All else
n
C
i
N
Fluoro {‘“C//’CH} 201,000 PB049 Y 95 DCM,
n THF
F

(* = average of two polymerisations)

Poly(4-nitrophenylacetylene) (PB036) was obtained as a brown solid, in good yield. It was
completely insoluble in all solvents tested, including warm nitrobenzene and warm
DMSO. This is consistent with that reported by Furlani, but a higher yield was reported
for the [Rh(COD)CI],/NaOH catalyst system using reflux conditions for 3 daysloz. It 1s
likely that allowing a longer time of polymerisation could have increased the yield

obtained in this work.

The polymer poly(4-cyanophenylacetylene) (PEB956) was also obtained as a brown solid,
which exhibited partial solubility in hot DMF. There has been only one reported
successful synthesis of this polymer'®. This is probably because, as found in this work,
that the yield of polymer obtained is very low, approximately 25%. To verify this result,
the synthesis of PEB956 was repeated, and the yield was found to be almost identical. The
monomer was analysed by NMR, MS, and IR but no impurities were found. It was
unlikely therefore, that an impure monomer was the reason for the low yield of polymer.

The low yield of polymer may be explained by considering that the triple bond of the
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cyano group may coordinate to the rhodium centre, in a similar way to that of an alkyne, as
shown in Figure 90. Once coordinated, the normal mechanism of polymerisation cannot
ensue because of the lack of a terminal hydrogen (refer to the mechanism of
polymerisation Scheme 26). This would result in the active site of the catalyst becoming
blocked, and polymerisation would stop. The cyano group may therefore act as a poison

for the catalyst.

H Cl
Cl | o .
diene ¢ association gene™ | N
ligand _.-Rh. + Il =~ ligand -Rh—" =1l
e AN C P C
“ligand ]
o ligand

=0

Figure 90 : "Poisoning" effect of the cyano group

The fluorine containing monomer was expected to give an insoluble polymer, because of
solubility problems previously encountered in this work with other polymers bearing
halide groups. Surprisingly, poly(4-fluorophenylacetylene) (PB049) was found to be fully
soluble in DCM or THF. This suggests that the size of the halogen has a large influence
on the solubility, where the smallest halide is the most soluble. The electronegativity of

the halogen 1s not of marked importance.

The polystyrene equivalent Mw of PB049 was 201,000, which is the same as most of the
polymers synthesised using MCAT. The polydispersity was found to be very broad, with a
value of 11. It was impossible to ascertain whether the polymer was that of a stereoregular
cis-trans type, because the 'H NMR showed very broad peaks (Figure 91). This
broadening probably originates from those reasons discussed previously for poly(4-

methoxyphenylacetylene), namely a structural disorder of the polymer backbone.

147



i PB049

N . - O . . . .
67 6.6 6.3 64 6.3 6.2 6.1 6.0 hRY 58 37 5.6 55 54 33

DMSO db
\\
Vool
Vool
i
12l I
i l
! I f] |
i A | l
| J i
; A i \
: ,\1,// \\ /'l [ \\ (
i L N A | wo"/ \ i .
Y o \"[' 03 e AN IR R Navevaint ekt e
ANt o st e ket ORISR b tochtotccnontis cma st USSRl esintbiafis bt
10.5 10.0 9.5 9.0 8.5 8.0 735 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 25 2.0 [

{ppm)

Figure 91 : "H NMR of poly(4-fluorophenylacetylene)
g poly P

4.9 Enhancement of polvmer vield

The phenyl boronic acid group was found to act as a “bridging group” in the literature™, so
it was desirable to integrate this moiety into a monomer. A phenylacetylene monomer
bearing this group would have been difficult to synthesise because boronic acid groups are

well known to react under the conditions of Sonogashira coup]ingm.

However, it was
envisaged that a homopolymer of a nitronyl nitroxide could be synthesised in the presence
of BBA to give a polyradical that was doped with a “bridging” molecule. Before this
synthesis was attempted it was essential to test whether MCAT would be tolerant of BBA.
Firstly, phenylacetylene was polymerised in the presence of BBA using an approximate

ratio of phenylacetylene:BBA:MCAT (100:20:1), in the conventional EtOH/THF (3:1)

mixture.
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4.9.1 Synthesis of polyphenylacetylene in the presence of BBA

The experimental procedure was carried out in exactly the same manner as that described
previously for in section 4.5 but BBA 0.10g (0.82mmol) was added to the solution of

monomer prior to mixing with the catalyst. The yield of polymer PB047 was 95%.

Analytical data for PB047; Ama(DCM)/nm 440: vy/cm” 1700 (w, sharp, -C=C-), 1595
(w, sharp, Ph), 1489 (m, sharp, Ph); 53(300 MHz; CDCls) 6.98-6.93 (3 H, split singlet,
Ph), 6.64-6.62 (2 H, split singlet, Ph), 5.84 (1 H, s, -C=CH-); 6c(75 MHz; CDCls) 142.84
(Ph), 139.26 (Ph), 131.82 (=CH-), 127.76 (Ph), 127.52 (Ph), 126.70 (Ph); SEC (Mw =
117,500 ; Mn = 35,250 ; Pd =3.3).

4.9.2 Characterisation and interpretation of PB047

The 'H NMR spectrum of PB047 (shown in Figure 92) was very similar to that of PPA
synthesised using just MCAT (PB027), showing no signal corresponding to that of BBA.
The integrated values of the '"H NMR signals were correct for that corresponding to
polyphenylacetylene only. This means that BBA was not present in the polymer obtained.
The IR of PB047 was examined for the strong signal of boronic acids, which is usually
around 1350cm’”, but signals at this characteristic wavelength were absent. This provided
additional confirmation that BBA was absent from the polymer matrix. The BBA must
have been lost during synthesis/purification, probably when the precipitated polymer was

washed with methanol.

The yield of polymer obtained was excellent (95%), which was considerably higher than
that obtained without BBA (PB027, 83% yield). This result showed that the BBA/MCAT
system can give comparable yields with that of Kishimoto’s [Rh(NBD)(OCH3)], and
[Rh(NBD)CI],/TEA, both of which are renowned for their high yields (95% and greater).

Analysis of the molecular weight of PB047 showed that it was approximately half of that
obtained without BBA (PB027), 117500 compared to 200500. As described previously,
all the polymers synthesised without BBA had a molecular weight greater than 200,000
and this was a function of the catalyst or conditions employed. Therefore, BBA must alter

the nature of the catalyst, or the conditions. Conclusions cannot be rationalised from this
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data alone, and further work was beyond the scope of this project. However, some

possibilities can be proposed.

Firstly, BBA may coordinate to MCAT, giving a new catalyst complex that is a more
effective initiator than MCAT itself. Another possibility is that the presence of BBA
increases the occurrence of transfer reactions. Both of these hypotheses would result in a

reduction in molecular weight of the polymer obtained.

PB047

g RNGES .

Al T T T T T T T T T T T T s
7.6 7.4 7.2 7.0 6.8 6.6 6.4 6.2 6.0 58 5.6 54
{(ppm)

Figure 92 : '"H NMR of PPA using BBA co-catalyst (PB047)
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4.9.3 Synthesis of a polymer bearing a 2,4-dinitrophenylhydrazine group

To obtain further clarification that the BBA/MCAT gave better yields than MCAT alone,
it was necessary to polymerise a monomer that gave a poor yield using just MCAT. The
monomer bearing an ethylenedioxy group (PB029) was selected, as the yield of polymer
(PB031) obtained was particularly low when polymrerised with MCAT alone. This
monomer was polymerised using the BBA/MCAT to give the polymer PB054, as shown n

Table 10.

The yield of polymer obtained was markedly higher (63%) than that of the original method
(40%, PB031). This 23% increase in yield confirmed that enhanced yields can be obtained
by the use of this BBA/MCAT system.

Furthermore, the MCAT/BBA system also proved to be moderately successful for the
polymerisation of a monomer bearing a 2,4-DNP group. This group was envisaged to be
difficult to polymerise because the basic nitrogen atom would be expected to block the
active site of the catalyst. To effect polymerisation the solvent mixture had to be altered to
EtOH/THF (1:1) because the monomer exhibited poor solubility in the conventional
EtOH/THF (3:1) mixture. The polymer, PB056, was obtained as a red/brown solid, and
was found to be completely insoluble in all common organic solvents tested. The
monomer, however, was fully soluble in THF or DCM. Apart from the lack of solubility
of PB056 there was no other indication that polymer had been formed. Elemental analysis
revealed that the CHN ratio was in good agreement with theoretical calculations. The IR
spectrum revealed the presence of a terminal alkyne, which corresponded to that of the

monomer compound. This implied that the polymer was impur€.

IR was used to examine both of these polymers (PB054, PB056), and no trace of BBA was

found.
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Table 10 : Summary of polymers synthesised using the BBA/MCAT system

Derivative Structure Mw Code Colour % Yield Solublein Insolin
N/A 6\04@% N/A PB047 (@] 95 DCM,
f n THF
Ethylenedioxy f\_cﬁc@ N/A PB054 Y/O 63 DCMP ¥,
3 THF? "
o}
o
2,4- [‘--c%'*}. N/A PB056 Red/ 53 N/A All tested
dinitrophenyl- @\ brown
hydrazine ﬁ“
"
NO;

NO,

(" = partial solubility; W = warming required)

4.10 Inhibition of polvmerisation

Normally, substituent groups do not affect the yield of polymer, but an inhibition of
polymerisation was found to occur with two phenylacetylene monomers, ie. 5-
ethynylpyrimidine (SEPYM) and 4-ethynylaniline (4AMPA). After evaporation, NMR
and MS analysis of the polymerisation mixtures showed that only the monomer compound
was present, no polymerisation had occurred. This is in agreement with that reported by
Yashima®, in which the polymer of 4AMPA was obtained in a yield of 12% only (using
methanol as solvent). Furthermore, low yields of polymer were obtained using the

monomer 4-pyridylacetylene, which is similar in structure to SEPYM.
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Yashima did not account for the difficulty in polymerisation of these monomers, but it can
be postulated that the substituents block the active site of the catalyst. This “poisoning
effect” is most likely to occur because the nitrogen atoms have an exposed lone pair of
clectrons, which may preferentially coordinate to the catalyst instead of the alkyne, as

shown in Figure 93.

An experiment was performed with 4AMPA, in which the monomer was allowed to react
with the MCAT catalyst. No solid had formed in the polymerisation mixture, indicating
that polymerisation had not taken place.  Phenylacetylene was added to this
4AMPA/MCAT mixture to determine if the catalyst was in some way inhibited by the
presence of 4AMPA. No polymer was isolated after 1 hour, which confirms that the
amine substituent was inhibiting polymerisation. This implies that the theory of a

“poisoning effect” by preferential coordination of the nitrogen atom to the catalyst centre

1s coirect.
H Cl
R Cl | o R H
diene .. / c association diene .. A
ligand _-RN. + Il < ligand _-Rh-—-—* /N C=C—H
Pras N C e !
“ligand . H
ligand
NH,

Figure 93 : Possible mechanism for the "poisoning" effect of amine groups

4.11  Summary of the novel catalyst MCAT

The catalyst system of MCAT/EtOH/THF has been shown to be very effective, with good
to excellent yields, reasonable molecular weight, short polymerisation time, all at room
temperature. Most functional groups can be tolerated without degradation in yield, with
the exception of the cyano group. The system was capable of polymerising monomers
possessing either an electron donating or an electron withdrawing group. The polymers
obtained were a highly stereoregular form of the cis-trans polyphenylacetylene structure.
Some substituent groups containing a nitrogen atom were found to inhibit polymerisation,

probably by poisoning the catalyst.
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Yields were markedly increased by the addition of BBA to the system, but it was not
incorporated into the polymer structure. Therefore, BBA functions as a co-catalyst. The
polymers were of approximately half the molecular weight compared to that obtained

using MCAT only.

4.12 The synthesis of co-polyradicals

Initially, co-polyradicals were synthesised using a 1:1 ratio of 1:1 of “bridging group” to
nitronyl nitroxide. This was extended in some cases to a 2:1 ratio, respectively.
Generally, the co-monomers bore their substituents at the 4- position, but magnetic
properties can be affected by the morphology of the polymer, as found by Swoboda®'. To

test this, monomers with substituents at the 3- position were also co-polymerised.

It has been shown previously that MCAT does not permit effective control of molecular
weight, which implies that it is impossible to prepare block co-polymers. Therefore, the

co-polyradicals obtained in this work were of the random type.

BBA was omitted from these syntheses so that any magnetic properties could be safely

assigned to a function of the co-polyradical only.

4.12.1 Example synthesis of a copolyradical - poly 4NPA co 4EPNN

It was imperative that all possible sources of metal contamination, particularly nickel,
were eliminated from the synthetic procedure, because traces of nickel could interfere with
the estimation of magnetic behaviour.  For this reason, all handling of the radical

monomers and the resultant co-polyradicals was conducted using Teflon coated spatulas.

The polymerisation vessel and stirrer bar were allowed to stand in concentrated nitric acid
for 1 hour, washed thoroughly with water, and then acetone. All equipment was dried
overnight at 100°C prior to use. Co-polyradicals and radical monomers were stored in

glass sample vials with plastic tops and seals.

An example synthesis of a co-polyradical is shown in Scheme 34.
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CH CH
I I N/ Nl
c ¢ Rh(NBD)(NH 5)Cl =< =&
> H| co H
+ ethanol (15mL)
THF (5mL)
1 hour @ RT
NO, : e O NO, ' o 9
ANPA
H3C CH3 HgC CH3
CH3 CH3 CH3 CH3
4EPNN Copolyradical PEBI65

Scheme 34 : Synthesis of a copolyradical PEB965

The monomers 4NPA 0.57g, and 4EPNN 0.10g were prepared in the monomer-RBF. The
blue solution of monomers was added to the catalyst-RBF and stirred magnetically under
argon. After 1 minute the polymerisation mixture became cloudy, and a green precipitate
began to form. After 1 hour the green suspension was poured into methanol (100mL) to
aid precipitation. This green suspension was filtered and washed twice with 15mL
portions of methanol to give PEB965 as a green solid 0.13g, 83% overall yield. PEB965
was characterised using IR (Figure 94 and Figure 95), EPR (Figure 96 and Figure 97), and
SQUID. The data/graphs from SQUID analysis are not shown here, as this will be

described later in this report.

Analytical data for PEB965; vmax/cm"] 2984 (w, sharp, C-H), 1704 (w, sharp, C=C), 1593
(m, sharp, Ph), 1517 (s, sharp, Ph), 1342 (s, broad, NO, and overlap with nitronyl
nitroxide), 1216 (w, sharp, nitronyl nitroxide), 1165 (nitrony! nitroxide), 1105 (nitronyl
nitroxide); other peaks 3447 (m, broad, residual water); EPR (distorted five line
spectrum); SQUID (108% spin per Cp3H»N304 formula unit — calculated by Dr A.

Harrison).
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4.12.1.1 Characterisation and interpretation

Usually, the most useful structural characterisation technique for polymers 1s NMR. The
presence of a paramagnetic species, in this case a nitronyl nitroxide group, relaxes
hydrogen atoms faster than normal. This results in a broadening of the NMR spectrum,

and as such is of minimal use for these co-polyradicals.

Functional group identification was performed using IR, which showed peaks
corresponding to the nitronyl nitroxide group. The presence of the nitronyl nitroxide
group was confirmed using EPR analysis, which showed a 1:2:3:2:1 signal pattern, as
shown in Figure 96. There was no evidence for the delocalisation of spin on to the
aromatic ring, or polymer backbone. Hence, it can be rationalised that the nitronyl
nitroxide groups are not conjugated to each other or to the “bridging groups”. This was
expected, because Fujii obtained similar results for a homopolymer of PPA bearing a
nitronyl nitroxide®”. Poor conjugation is apparent because not only are the nitronyl
nitroxide groups out of plane with the aromatic ring, but the aromatic ring is also out of
plane with the backbone. The baseline of the EPR spectrum is slightly distorted, which

could result from the poor solubility of the polyradical in DMF.

Information regarding molecular weight is not available because of the poor solubility of

this co-polyradical.

It was essential to test the compatibility of nitronyl nitroxide monomers with the MCAT

system because some literature catalysts/solvents are known to degrade them®.

The spin
concentration per formula unit (radical monomer plus bridging monomers) of PEB965 was
analysed by extrapolation of the SQUID data, which revealed that there was negligible
degradation (108% spin per formula unit). The details and theory are not described in this
report, but Dr Andrew Harrison, of Edinburgh University generously performed these
calculations. The slight excess of spin in the polymer signifies that a greater proportion of

the stable radical group is incorporated into the structure of the co-polymer in comparison

to the “bridging group” monomer.
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Figure 94 : IR of co-polyradical PEB965
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Figure 95 : IR signature peaks of nitronyl nitroxide radical (PEB965)
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4.12.2 Improvement of Polymerisation Procedure - elimination of metal contact

Although the technique described previously for the synthesis of co-polyradicals gave
good yields of polymer, it also suffered from a flaw that was initially overlooked. The
transfer of monomer solution to the catalyst solution was accomplished using a
conventional syringe bearing a metal needle. This contact, although only brief, constituted
a possible source of metal contamination, and therefore a new procedure was required

which reduced this to a minimum.

This was accomplished using some Teflon tubing and a 3-way Omnifit® valve, as shown
in Figure 98. The glass tip of a syringe was attached to the third port of the valve and was

used to administer solvents into the flasks.

The monomer solution was mixed magnetically using a Teflon coated magnet for five
minutes, and was then taken up into the syringe. The contents of the syringe were then
injected into the catalyst solution by changing the valve configuration. The polymerisation
solution was stirred magnetically under an inert atmosphere for 1 hour at RT.

Precipitation and analysis were carried as described previously.

bubbler <——l—argon

3-way valve

suba-seal / (Omnifit)

!

syringe inlet

teflon tubing

Figure 98 : Polymerisation apparatus for minimum metal contact
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4.13 Results of co-polvradicals

Several co-polyradicals that possessed a 4-nitronyl nitroxide and a 4-“bridging group”
were synthesised, and these are summarised in Table 11. Co-polyradicals using the 3-

isomers were also prepared, and these are summarised in Table 12.

The yields of co-polyradicals obtained were generally moderate to good, demonstrating the
effectiveness of the MCAT/EtOH/THF system. No reduction in yield was found by
employing a co-monomer bearing a cyano group, which contrasts with the severely low

yields obtained for the formation of the homopolymer.

The nitronyl nitroxide radicals remained intact during polymerisation, and the percentage
spin was found to be in the range of 86 to 109% of the theoretical value. This is in good
agreement with that found by Fujii using the Rh(COD)(NH;)Cl catalyst(’z, in which
minimal degradation took place. This implies that the MCAT/solvent system utilised in

this project was very effective in yield and tolerance towards nitronyl nitroxide containing

Mmonomers.
Table 11 : Summary of copolyradicals using 4EPNN

Co-monomer Group Ratio Code % Yield Soluble in % Spins

(Mon:Rad) per unit*
4FPA F 1:1 PBO65  58"° DCM, THF
4CPA CN 1:1 PEB963 91 DMF 98
4CPA CN 1:1 PBO67  76° DMF 89
4CPA CN 2:1 PB034 64 DMF
4ANPA NO, 1:1 PEB965 83 N/A 108
ANPA NO, 2:1 PB020 72 N/A 86
ANPA NO, 2:1 PBOG4  61° N/A 85

(* =by Dr A. Harrison; ' = incomplete precipitation; © = using the Omnifit procedure)
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Table 12 : Summary of copolyradicals using 3SEPNN

Co-monomer Group Ratio Code % Yield Solublein % Spins

(Mon:Rad) per unit*
3CPA CN 1:1 PEB967 67 DMF 109
3NPA NO; 1:1 PB028 57 N/A 89

(% = calculated by Dr A. Harrison)

4.13.1 Physical properties of the co-polyradicals

All the co-polyradicals were obtained as green powder-like solids. Those that contained a
nitro “bridging group” were found to be insoluble in all common organic solvents. Better
solubility was observed for cyano “bridging groups”, where these co-polyradicals were
soluble in highly polar, non-hydrogen bonding solvents such as DMF or DMSO.
Interestingly, the most soluble co-polyradical was that which contained a fluorine co-
monomer. This product was found to dissolve in common solvents such as DCM and

THF.

4.14 A homopolvradical

Fujii’s Rh(COD)(NH;)Cl was the only catalyst in the literature that was able to polymerise
a phenylacetylene bearing a nitronyl nitroxide successfully®”.  The polymerisation,
however, was marred by the low yield obtained (42%). This result was used as a
benchmark for MCAT, and so a homopolyradical of 4EPNN was synthesised with the high
yielding MCAT/BBA system. 4EPNN was polymerised using the Omnifit method to give
the polyradical PB066, as shown in Table 13.

Analytical data for PB066; vaa/cm™' 2985 (w, sharp, C-H), 1601 (w, sharp, Ph), 1421 (m,
sharp, unassigned), 1388 (m, sharp, unassigned), 1356 (w, slightly broad, nitronyl
nitroxide or BBA), 1300 (m, sharp, unassigned), 1214 (m, sharp, nitronyl nitroxide), 1164

(w, sharp, nitronyl nitroxide), 1130 (m, sharp, nitronyl nitroxide).
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The polyradical PB066 was obtained as a dark green solid, which was msoluble in all
common organic solvents. These properties corresponded to those already reported by
Fujii for this polymer62, However, the 66% yield obtained in this work was significantly
greater than that obtained by Fujii. The IR spectrum was difficult to interpret because
signals from BBA and the nitronyl nitroxide overlap with each other (approximately
13500m'1). SQUID analysis was more satisfactory since it revealed that the number of
spins present was almost quantitative for a structure composed of nitronyl nitroxide
monomer units, i.e. BBA was absent from the polymer. This also indicates that there was
no degradation of the nitronyl nitroxide group during polymerisation. The magnetic

properties of this polyradical are discussed later in this chapter.

Table 13 : Result of the synthesis of a homopolyradical

Radical Colour Code Yield Soluble in % Spins
Monomer (%) per unit *
4EPNN Dark green/black ~ PB066° 66 N/A 97

( * = calculated by Dr A. Harrison; 9= using the Omnifit procedure)

4.15  Magnetic characterisation by S ID

It was expected that some through-space interactions could occur between the nitronyl
nitroxide and the “bridging group”. This can sometimes be observed using EPR, but the
data requires detailed analysis and an in-depth knowledge of the technique and substance
in question. A more effective method 1s to examine the substance using a SQUID
magnetometer. This is a highly sensitive device used for the detection of magnetic fields,

making it 1deal for the materials prepared in this work.

The SQUID analysis can reveal many attributes of a material, such as susceptibility,
hysteresis, magnetic interactions, and other effects. However, the amount of data and
graphs generated by each material analysed is very large and it is impractical to report all

of these. As such, only the non-standard results will be discussed in detail.
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4.15.1 The Curie Weiss law and its use

Before describing the magnetic properties of the co-polyradicals it is necessary to define

the terms used in the characterisation data.

The magnetisation (M), or net induced magnetic moment, is proportional to the applied
magnetic field, H, as shown in Equation 1. The proportionality constant is termed the

molar magnetic susceptibility, .
M= yH

Equation 1 : Relationship of magnetisation to susceptibility

The susceptibility has a dependence on temperature, T, which is characterised by the Curie
expression shown in Equation 2. The Curie constant, C, is defined by Equation 3, were N
is Avogadro’s number, S is the spin quantum number, g is the Lande factor, g is the Bohr

Magneton, and kg is the Boltzmann constant.

_c
T

Equation 2 : The Curic expression

_ Ngzj.iéS(S +1)
3k,

C

Equation 3 : Definition of the Curie constant

Different types of bulk magnetic behaviour can be differentiated using the Curie Weiss
Law, as shown in Equation 4. The Weiss constant, ®, can be determined by a linear
extrapolation of a plot of %™ against T. Paramagnetic materials have a Weiss constant of

zero, whereas negative values indicate an antiferromagnet, and positive values a

ferromagnet.
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&=

Equation 4 : The Curie Weiss law

Interactions between spins can be revealed by examination of the effective spin moment,

Her, which is defined by Equation 5.
Moy =283 xT
Equation 5 : Definition of effective spin moment

4.15.2 Symbols used in graphs

H = applied field (in Oe)

M = magnetisation

v = molar magnetic susceptibility
Lerr = effective magnetic moment
T = temperature (K)

EFC = field cooled

ZFC = zero field cooled

All data were obtained under ZFC conditions, unless specified.
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4.15.3 Paramagnetic co-polyradicals

It was assumed that the molecular weight of the co-polyradicals should be reasonably high
(100,000 to 240,000 Daltons) based solely on previous experiments. If ferromagnetic spin
interactions occur among the stable radicals, then very high spin polymers are obtained.
However, in this work all but one of the co-polyradicals were found to be paramagnetic. A
paramagnetic material is one where there is no bulk magnetic behaviour because the spins

are orientated in random directions.

By plotting the susceptibility () against temperature (T) it is normal to observe a straight
line between 100K and 300K, because the thermal energy is much greater than that energy
of spin alignment, as shown in Figure 99. At lower temperatures y, begins to increase, and
below 10K susceptibility rises very rapidly. This means that the alignment of spins
throughout the material increases because the thermal energy is insufficient to destroy all
spin coupling, and more of the material is becoming spin-aligned as the temperature
decreases. This data plot is known as a Curie Curve, and is typical of a purely

paramagnetic material.

Spin interactions involving the bulk of the material are easily observed in a plot of 1/y
against T. For purely paramagnetic behaviour the intercept should be 0K, which is a
feature of most of the co-polyradicals obtained in this work. A typical data plot showing

bulk paramagnetic behaviour is also shown in Figure 99.

165




1 ¥ i N i
0.0004 PBY6Y 4 400000
o O
O
(e}
o (o]
0.0003 o 4300000
o —_—
= ¢} >
N 00 =
35 o @
& 0.0002 8 x 0% 1/y +200000 2
L - e o 0‘0/ 3
> 0© ] N
o] © ° -
0.0001 50° -1 100000
o]
0.0000 & “ftoecceses 0
0 100 200 300

Temperature (K)

Figure 99 : Typical SQUID plot showing paramagnetism

Susceptibility graphs only reveal bulk interactions, or long-range order. Short-range spin
interactions are more effectively displayed by a plot of the effective spin moment pey
against T, as shown in Figure 100. The plot is horizontal in the range of 50K to 300K,
which signifies that the spins are acting independently, i.e. paramagnetic interactions are
occurring in this temperature region. For most of the co-polyradicals prepared in this
project the line deviates downwards below 50K, indicating that there is a net loss of spin
moment, which is the result of spin cancellation. This type of effect is indicative of weak
antiferromagnetic interactions occurring between the spins at very low temperatures.
These AFM interactions arise from intermolecular dipolar (through-space) coupling

between polymer chains''®.

These PM and AFM properties are consistent with many other polyradicals in the
literature, such as Fujii’s polyradical of 4EPNN®, or a PPA bearing a galvinoxyl stable

: 63 . . . . 9
radical™, or a conjugated polymer bearing a nitroxide' "’
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These results mean that the fluoro, nitro, and cyano substituted co-monomers did not
introduce any long-range ferromagnetic interactions, as they are known to do for some
molecular stable radicals. However, there are some interesting short-range magnetic

properties in a few co-polyradicals and these are now described.
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Figure 100 : SQUID plot showing weak antiferromagnetic interactions (PB066)

4.15.4 An antiferromagnet

Upon examination of the plot of 1/y against T for the cyano containing co-polyradical
PEB963, it became obvious that this material was not paramagnetic. The Weiss constant
1s a negative value because the data plot does not intercept T at 0K, as shown in Figure

101. This is the «classical sign of a material possessing bulk, short-range,

antiferromagnetic properties.

Interactions between neighbouring spins were examined using a plot of g against T,
shown in Figure 102. This plot shows that the number of spins is constant between 50K to

300K, which is indicative of paramagnetic spin interactions. Below 50K the plot deviates
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downwards, which signifies the presence of antiferromagnetic interactions. This deviation

becomes very steep below 25K, which is consistent with the onset of very strong

antiferromagnetic interactions.
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Figure 101 : SQUID plot of antiferromagnet PEB963
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Figure 102 : SQUID plot showing antiferromagnetic interactions
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This behaviour suggests that the material contains two different magnetic regions. A
small, but significant, part of the co-polyradical must contain spins that are coupled
antiferromagnetically. In this case, the AFM coupling is short range, implying that these
AFM regions are not limited to two or three spin sites, but probably consist of 10 or more.
The rest of the material must contain spins that are randomly orientated, i.e. paramagnetic,
because there is no discernible reduction in fL.;y between RT and S0K. As the temperature
is lowered below S0K, it can be envisaged that the antiferromagnetic regions tend to
propagate through the material (Figure 103). This would result in a decrease of s, which

gives a material where the type of spin alignment 1s predominantly AFM.
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Figure 103 : Propagation of AFM coupling

This co-polyradical is most unusual, because it is generally accepted that structural
disorder in amorphous solids makes them unsuitable for spin coupling'?’. Therefore, it
can be hypothesised that these short-range AFM properties are a function of small, ordered
regions in the material. The cyano groups must have a vital role in the AFM coupling,
because these magnetic properties are not found in any other co-polyradicals. Research by
Kinoshita has found that the cyano group can act as a “bridge” between nitronyl nitroxides
in an analogous manner to those of a nitro group®™. It is possible that this intermolecular
“bridging” occurs in the co-polyradical PEB963 but it is favourable for the cyano bridge to

align the nitronyl nitroxides antiferromagnetically, as shown in Figure 104.

Further work on this co-polyradical is required to determine a more in-depth explanation.
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Similar magnetic properties were found to occur in PB067, which was synthesised by the
Omnifit procedure using the same co-monomers in the same ratio as those of PEB963.
This indicates that these magnetic properties are most likely to be a function of the co-

polyradical than a contaminant.

Pt

N o ———-c —---O——N _N—0

Teek 1ll|l

Hlll ni IIII PEETE

Figure 104 : AFM spin coupling through a “bridging” cyano group

4.15.5 Enhanced magnetisation upon cooling in an applied field — a “Spin Glass”

An attempt was made to induce the spins of an amorphous co-polyradical (PEB965) to
align, by performing a SQUID experiment where the sample was cooled in the presence of
an applied magnetic field (FC conditions). It was found that below 10K there was a
significant increase in magnetisation under those conditions (1000 Oe magnetic field)

compared to that obtained under ZFC conditions, as shown in Figure 105.
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Figure 105 : SQUID of PEB965 obtained under FC and ZFC conditions

A molecular magnet developed by Mitsumori et al provided an insight into how these

2! 1t was comprised of a stable nitronyl nitroxide

magnetisation properties may occur
radical and a manganese complex (Figure 106), and this gave a similar magnetisation plot
to that obtained for PEB965. Mitsumori found that magnetisation of the material
dramatically increased at 11K under FC conditions, and this was associated with the FM
alignment of spins. Under ZFC conditions the magnetisation was significantly lower.
Although a full account was not reported, the main feature of this material was the
manganese complex, which acts as a “bridge” between spins. The spin alignment,
however, was found to be favourable for certain parts of the material only and the rest of
the spins remained paramagnetic. Only 30% of the total spins were observed to align,

indicating that even in this crystalline complex there are regions which are just

unfavourable for FM spin alignment.
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In effect, small “pockets” of the material became magnetised, but there 1s no long-range
order. This type of behaviour is commonly referred to as a “Spin Glass” system”. A
pictorial representation of a typical spin glass is shown in Figure 107. A typical system
bears some residual magnetisation when the applied magnetic field is removed. To further
verify the spin glass nature of PEB965 measurement of residual magnetisation is required,

but time did not permit this analysis 1n this project.

1 . @ @
f-"Mn---0—N____N—0---

[RELISRASE

TN

N

EARRRASENE . @ e
+F--Mn--0—N" ON—0--1-

Figure 106 : A manganese bridging group
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Figure 107 : Representation of a ""Spin Glass"
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It is reasonable to assume that a similar spin coupling takes place in PEB96S, but the
“pridge” in this case is a nitro group, as shown Figure 108. The magnitude of
magnetisation 1is substantially lower than that observed in Mitsumorl’s manganese
complex, implying that the spin alignment in PEB965 is only favourable for a small
fraction of the material. It is most likely that these effects are the result of intermolecular

spin coupling, i.e. between polymer chains.
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Figure 108 : Possible coupling in spin glass PEB965

The spin glass properties of PEB965 serve to illustrate that the nitro bridging group can be
effective 1n co-polyradicals, just as they are in molecular magnets. However, the
“bridging” effect is most likely to be very dependent upon the morphology of the polymer.
This hypothesis is substantiated further by the fact that molecular magnets such as
4NPNN, have different magnetic properties depending upon the internal structure of the

crystals27

4.14.6 A co-polyradical exhibiting ferromagnetic, paramagnetic, and

antiferromagnetic interactions

The cyano containing co-polyradical PB034 exhibited unusual spin interactions when
cooled in the presence of an applied field. A plot of py against T shows that there are
three different interactions and these occur in distinctive temperature regions, as shown in
Figure 109. In the range of 100K to 300K the plot shows an upward deviation, which
reaches a maximum at 100K. Between 100K and 50K a horizontal line is observed.
Below 50K the effective moment begins to drop, and the gradient of this curve becomes

increasingly steep at lower temperatures.
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When a sample is cooled in an applied field it is expected that this will encourage the spins
to align in the direction of the field, resulting in ferromagnetic interactions. Surprisingly,
an increase in spin moment was found to occur with the application of a weak field (100
Oe), which is synonymous with the presence of FM interactions. It is unusual to observe
this behaviour at such high temperatures. In the literature, they are usually reported to
occur below 100K™. There is no increase in effective spin moment from 100K,
suggesting that there are only certain regions of the material favourable for ferromagnetic
coupling. Once these are saturated the susceptibility will remain constant, as seen in the
plot between 100K and S0K.  The loss of spin moment below 50K is typical of

antiferromagnetic interactions resulting from through-space spin coupling.

A similar plot was reported by Nishide for a conjugated polynitroxide and the FM
interactions were explained by spin coupling through a conjugated system (spin
polarisation)®’. It is unlikely that this occurs in PB034 because the substituent groups are
out of plane with the backbone. It is most likely, therefore, that the origins of these
magnetic effects must be attributable to either dipolar or exchange interactions using the
cyano group as a “bridge”. In molecular magnets, such as 4NPNN, the FM interactions
are the result of exchange and dipolar coupling, which are affected by the structural
arrangement in the crysta127. ANPNN can exist in at least four different crystalline states,
and each state has different magnetic characteristics. Therefore, it can be postulated that
the interactions present in this co-polyradical are the result of the polymer morphology,

such that regions of the materials are favourable for FM spin coupling.

The possibility of contamination cannot be ruled out, because time did not permit a
repetition of this experiment using the Omnifit procedure. If, for example, the
contaminant were a metal such as cobalt or iron, then this would be expected to account
for the FM interactions. However, the onset of AFM coupling at low temperature is
inconsistent with that of a metallic impurity. Hence, it is most likely that these properties
are a function of the polymer and as such, represents a significant advance in the field of

magnetic polymers.
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Figure 109 : SQUID showing ferro, para, and antiferromagnetic interactions

4.15.7 Co-polyradicals exhibiting weak and strong antiferromagnetism

Under FC and ZFC conditions unusual behaviour was observed for the nitro containing
co-polyradical PB064, as shown in Figure 110. Under ZFC conditions the susceptibility of
the co-polyradical began to increase at temperatures lower than 10K, which is normal
behaviour for a paramagnetic material. As described previously, when a field is applied
the spins in the material are encouraged to align in the direction of the field, resulting in
FM interactions. This experiment was performed on PB064 under a weak field (100 Oe),
and the susceptibility exhibited only a small increase below 10K. Furthermore, a

susceptibility maximum was reached at 3K and below this a decrease was observed.
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Figure 110 : Unusual FC and ZFC magnetic properties (PB064)

Further insight was sought using a plot of ¥ T against T, as shown in Figure 111. This type
of graph is the most common in the hterature, and is well known to reveal spin
interactions. Generally, a horizontal plot is indicative of paramagnetic spin interactions, a
downward slope that of antiferromagnetic interactions, and an upward slope as
ferromagnetic interactions. It can be seen from the plot that under both ZFC and FC
conditions there is a downward slope, which is indicative of antiferromagnetic interactions
in the region of 300K to 10K. Below 10K the plots of ZFC and FC were found to be
markedly different, as shown in Figure 112. The AFM interactions were significantly
greater under FC conditions than under ZFC. This implies that the applied field is
encouraging the spins to align opposite to each other, rather than in the direction of the
applied field. This behaviour is highly unusual, because it 1s energetically favourable for

the spins to align in the direction of the field.
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Figure 112 : AFM spin interactions (PB064)
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Almost identical spin interactions were found to be operating in another nitro containing
co-polyradical, PB028. A plot of ¥ against T showed exactly the same curve under
FC/ZFC conditions (Figure 113) in comparison to that PB064 (Figure 110). The
morphology of PB028 should be significantly different to that of PB064, because its ring
substituents are in the meta rather than the para position. The only link between these two

materials is that they both employ co-monomers bearing a nitro “bridging group”.
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Figure 113 : Unusual magnetic behaviour in PB028

It is difficult to account for these unusual properties because nothing similar has been
reported for other polyradical systems. However, it may be possible to explain this

122,123
. At low

phenomenon by consideration of dipolar interactions between spins
temperatures, in zero applied field, some of the spins in these materials exhibit weak
antiferromagnetic interactions, but the majority of the spins experience paramagnetic
nteractions. The effective spin moment is significantly reduced with the application of an
applied field, which suggests that a new magnetic phase is being formed. This may take
the form of a “striped phase” in which there is short range magnetic order in a stripe of the

material but its neighbouring stripe has short range magnetic order in the opposite

direction. The spins of neighbouring stripes would then cancel each other out. This
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“striped phase” magnetism occurs because its ground state energy is less than that of the
corresponding spin aligned phase. It is thought that this effect originates from a
competition between short-range attractive forces that lead to local alignment and longer-
range repulsive forces that lead to a competitive anti alignment. It is also known that
under an applied magnetic field of a critical magnitude a change of phase from “striped” to
a “bubble lattice” can take place, as shown in Figure 114. The “bubble lattice” takes its
name from the fact that materials having this magnetic property were/are used in the

“bubble” memory (permanent memory) of computers.

I i

Zero field (striped phase) Applied field (bubble lattice)

Figure 114 : Formation of a "bubble' phase

A plot of the inverse susceptibility against temperature illustrates the change of magnetic
phase in PB064 more effectively, as shown in Figure 115. The ZFC data shows a straight
line, which intercepts the temperature axis at a negative value. This is characteristic of
bulk antiferromagnetic interactions. At about 6K the FC data begins to show a significant
slope upwards from the ZFC plot. The data cannot be extrapolated to the temperature
axis, which 1s highly unusual. This means that under an applied field and decreasing
temperature the material 1s undergoing a change of magnetic phase from a weak
antiferromagnet to a very strong antiferromagnet. Furthermore, both of these properties
are a function of the bulk of the material. This lends weight to the hypothesis of the

formation of a “stripe phase” or “bubble lattice” at temperatures lower than 6K.

Theoretical modelling of these co-polyradicals is required to reveal which of these effects

occur, but this 1s beyond the scope of this research.
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Figure 115 : Change of magnetic phase in PB064
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4.16 Summary of magnetic effects

Several co-polyradicals were synthesised in moderate to excellent yields using the MCAT
catalyst. Most of these materials exhibited bulk paramagnetism, but one was found to
have antiferromagnetic properties in the bulk. Short-range FM interactions were found in
a nitro containing co-polyradical. A co-polyradical that could be magnetised under an
applied field was found, and two co-polyradicals were found to exhibit a change of phase
under an applied magnetic field at low temperature. The origin of these magnetic effects
is most likely to occur by a through-space coupling via the “bridging group”. Magnetic
spin interactions were only observed in co-polyradicals that contained either cyano or nitro
“bridging groups”. No unusual magnetic properties were found in the case of a fluoro

containing co-polyradical.

It is interesting to note that altering the ratio of “bridging group” to the stable radical can
change the magnetic properties of a co-polyradical significantly. This is exemplified by
the difference between the co-polyradical with a 1:1 ratio of nitro:mitronyl niroxide
(PEB965), to that of a 2:1 ratio co-polyradical (PB064). Small regions of the former can
be made to ferromagnetically align under an applied magnetic field, whereas the spins of
the latter become strongly antiferromagnetic under an applied magnetic field. It seems
likely, therefore, that the magnetic properties of these co-polyradicals are predominantly

dependent upon electrostatic forces in the material.
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HAPTER 5
CHEMICAL SHIFTS OF PHENYLACETYLENES
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5. CHEMICAL SHIFTS OF PHENYLACETYLENES

5.1 Introduction

In this research, the monomer 4-nitrophenylacetylene did not polymerise in the presence of
[Rh(NBD)(OCH3)],, a catalyst reported to be very efficient for the polymerisation of
phenylacetylene. However, the polymerisation of 3-nitrophenylactetylene gave 98% yield
of polymer, suggesting that electronic factors affecting the terminal alkyne may play a

significant part in determining the polymerisability of the monomer.

In the literature, 1t has been suggested that the polymerisabilities of some phenylacetylene
monomers were related to the chemical shift of the terminal acetylenic hydrogen atom®.
No formal conclusion was drawn from this data, but it is likely that the ring substituent

group affects the electron density of the terminal acetylene.

An in-depth study of how substituent groups alter the chemical shift of the terminal alkyne

was undertaken.

5.1.1 Techniques of measurement

The determination of substituent induced electronic changes in phenylacetylenes has been

* and the addition of arylthiyl

traditionally based on measurements such as acidity'?
radicals'®. However the results from these types of measurements are inconclusive.
Newer methods use spectroscopy, such as NMR analysis'?°. The high precision of modern
NMR has made this the technique of choice, where *C NMR analysis has become the de-
facto standard because of problems associated with solvent interactions using 'H NMR'?.
The chemical shift of a nucleus is sensitive to the surrounding environment of electrons.
Changes in this environment will give rise to a change in the value of the chemical shift.

Thus, NMR is a sensitive probe for clectronic changes resulting from different ring

substituents.
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5.1.2 Substituent Induced Chemical Shifts

Dawson has investigated the substituent induced chemical shift, SCS, of phenylacetylenes
and reported that both resonance and polar effects are important in para substituted
phenylacetylenesm’. Resonance effects operate when the ring is para substituted, because

of the need for the substituents to conjugate.

Polarisation effects can be rationalised as the m-polarisation induced by a remote
substituent dipole. Conjugation is not necessary, because the polarisation of one =
electron system 1s known to affect a remote m electron system without an intervening

U 128
conjugated m system .

Dawson did not adequately investigate the magnitudes of these SCS effects. In this project
a series of meta substituted phenylacetylenes, including three electron donating
substituents and three electron withdrawing substituents, was devised to provide insight
to these electronic changes. The same substituents are also examined in the para
position so that a comparison of the magnitude and the type of effects can be made. Direct
resonance effects are excluded by changing the position of the substituent from para to

meta leaving n-polarisation SCS effects only .

Any relation between the SCS of the substituents and the polymerisability of the

phenylacetylene will be discussed.

5.2 Experimental

The spectrometer frequency of carbon was set at 75.45MHz. The samples were pulsed
480 times, using a relaxation delay of 3 seconds. The "*C spectra were proton decoupled
using “composite pulse decoupling”. Samples were not degassed. All analyses were
carried out at room temperature in deuterated chloroform (CDCls) using a maximum
concentration of 10%. The spectra were calibrated so that the middle peak of CDCl; was

set at 77.00ppm relative to TMS.
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Assignment of the alkyne signals was possible using the PENDANT spectra, see Figure
116 for an example of 4-nitrophenylacetylene, 18. The terminal carbon of the alkyne gave
a positive signal and the non-terminal carbon a negative signal. No correction was applied
for the biphenyl molecule, 9. Solvent induced shifts were assumed to be minimal. The

experimental error for '°C NMR spectra was found to be +/-0.1ppm, obtained by analysing

the same molecule three times.

B30 828 K20 (353 K16 505 &0 795 790 TRS 780 775 77.0

s

Figure 116 : attenuated "C PENDANT NMR spectrum of 4NPA in CDCl;

5.3 Results

The notation used in the following discussion is represented in Figure 117. The '*C NMR

shifts and polymerisability are summarised in Table 14.

c1 C2
C=C—H

Figure 117 : Key to NMR data
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Table 14 : *C NMR shifts of the terminal acetylenic carbon C2, and the non-terminal C1 (6 in ppm

relative to TMS), of substituted phenylacetylenes.

Entry R C2 C1 Polymerisable?
1 p-NH» 74.91 84.37 No
20 p-OCH,CH,CH,CH; 75.67 83.72 Yes
3 p-O-THP 75.82 83.61 Yes
4" p-CH; 76.47 83.76 Yes
5 m-NH, 76.61 83.83 No
6 m-OCH,CH,CH,CH; 76.83 83.57 Yes
7 m-O-THP 76.93 83.37 Yes
8 p-H 77.20 83.56 Yes
9 ¢ p-CeHs 77.81 83.52 Yes
10 m-CHO 78.86 81.98 Yes
11 p-ethynyl 79.09 82.98 No
12 m,m’dichloro 79.66 80.87 Yes
13 m-CN 79.75 81.03 Yes
14 m-NO; 79.89 81.04 Yes
15 p-CO,CH; 80.02 82.74 Yes
16 p-CHO 81.06 82.56 Yes
17 p-CN 81.54 81.78 Yes
18 p-NO, 82.33 81.56 Yes

* obtained from Maybridge. ° obtained from Aldrich.

THP = the tetrahydro-2/-pyran derivative of the corresponding phenol.
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5.4 Discussion

Magnetic anisotropy contributions from the substituents are assumed to be negligible, as
described by Dawson'?®.  Modification of the ring current by the substituent was also
assumed to be insignificant'?’. Ortho substituents were deliberately excluded because of

known complications from magnetic anisotropy and steric effects .

5.4.1 Electron donating groups at the para position

Electron donating groups in the para position relative to the triple bond shield C2, as seen
in compounds 1-4, and the effect increases with increasing donor strength. It can be seen
that a primary amine group shields the terminal alkyne more effectively than a butoxy
group, which in tum is more powerful than the methyl group. Substituents in the para
position are in conjugation, so the strongest resonance donor has the greatest effect. The
shielding of C2 occurs by extension of the resonance contributions of the donating group
into the conjugated triple bond. Polarisation of the 7 electrons in the conjugated system is
presumed to be minimal, because the donating groups studied do not possess a significant

dipole.

The SCS changes of C1 in the series of 1-4 are negligible. Delocalisation of the charge
from the substituent group over the conjugated system does not place any formal charge on

C1 and hence the effects under discussion do not affect the electron shielding of this atom.

5.4.2 Electron donating groups at the meta position

Electron donating groups in the meta position 5-7 also lead to shielding of C2, but to a far
lesser extent than in the para position. The strongest donor substituent has the greatest
effect, which suggests resonance type interactions. Direct resonance interactions are not
possible because substituents in the meta positions are not conjugatively linked. m-
polarisation effects in systems 5-7 are very small because the donating groups studied do
not possess a significant dipole moment. A similar effect was found in meta substituted

: (
benzene molecules, as reported by Bromilow'’.

The precise mechanism of resonance
transmission from the meta position was not reported. These resonance effects,

« s3 . . .
secondary resonance”, are significantly weaker than direct resonance but are strong
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enough to be observed. Using iterative calculations, Reynolds has also confirmed the

presence of secondary resonance in meta substituted styrenes' .

It must be emphasised that this interpretation of the donating meta substituents is based on
the series 5-7 that is identical to the donating para substituents 1-3, and as such supports
secondary resonance contributions. However, the differences in SCS between the
donating meta substituents are very close to the experimental error of *C NMR analysis.

Hence, a definitive explanation is impractical using the NMR data in isolation.

5.4.3 Electron withdrawing groups in the para position

Electron withdrawing groups in the para position, such as compounds 15-18, deshield C2,
and the effect increases with increasing recognised acceptor strength. Thus, a nitro group
induces a greater SCS than a cyano group. The SCS of para substituted phenylacetylenes
is known to be the product of two effects, resonance and n-polarisation. Resonance effects
operate between 1,4- substituents because they are conjugated. It 1s C2 of the alkyne that
1s directly conjugated with the para substituent, and it is this carbon that 1s most perturbed.
The effect of resonance is demonstrated by the series 15-18, where a stronger resonance
acceptor exerts a larger perturbation of C2. m-polarisation effects also apply to C2, but

these will be superimposed upon the resonance effects..

A “reverse” SCS occurs with C1 in which the shielding increases with increasing acceptor
strength, e.g. nitro groups shield C1 more strongly than a cyano group. The reverse SCS
of Cl can be explained by considering that the substituents are not only electron
withdrawing groups, but they are also dipoles. These dipoles can effect a polarisation of
the 7 electrons in the conjugated system'?®, as shown in Figure 118. The polarisation
effect is transmitted through space, and so C1 does not require direct conjugation. Hamer

has described evidence for the existence of m-polarisation in a substituted styrene series'*%.

188




St

Figure 118 : schematic of Tl-polarisation

Normally, in phenylacetylenes, C2 is more significantly shielded than C1, but this effect is
reversed when a nitro group is para to the alkyne (18). This reversal occurs because of the
powerful resonance acceptor properties of the nitro group which are manifested in the
deshielding of C2 only. It is important to emphasise that this is not a formal change of
alkyne bond polarity, as suggested by Izawa et al.'>, but a substituent induced change

peculiar to NMR analysis.

5.4.4 Electron withdrawing groups in the meta position.

Electron withdrawing groups in the meta position (10, 12-14) deshield C2, and the effect
increases with increasing acceptor strength. Since direct resonance interactions between
1,3- aromatic substituents are absent, the deshielding of C2 must be attributable to 7-
polarisation of the electron system, as reported by Reynolds for styrene derivatives''. As
already mentioned previously, the electron withdrawing groups studied all possess a
significant dipole that engenders a polarisation of the 7 electron system. The polarisation
effect modifies the distribution of 7 electrons about the acetylene carbons C1 and C2. The
“C NMR data shows that substituents containing stronger dipoles exert the largest
deshielding of C2 from the meta position, which reinforces the concept of m-polarisation.
The strength of the polarisation is greater for meta substituents in comparison to para

substituents, because of the closer proximity of meta substituents to C2'%*.

189




Although direct resonance plays no role in redistributing electrons from C2, a secondary
type may operate, as described previously for donating meta substituents. This effect will
be superimposed upon m-polarisation because the substituents studied possess dipoles, and
are resonance acceptlors. However the magnitude of SCS effects observed are far greater
than those anticipated for secondary resonance only. Thus, it can be concluded that the
major SCS effect is from m-polarisation. Additional problems are encountered because of
the small shift dispersity for the substituents studied, where the difference in SCS of C2

(between 13 and 14) 1s sometimes close to the experimental error of PC NMR.

5.4.5 Comparison of para and meta SCS

Difficulties arise when considering each type of substituent series individually because of
the superposition of resonance, secondary resonance, and m-polarisation effects. By
consideration of the NMR changes that occur on changing the substituent position from

meta to para, an assessment of the relative magnitudes can be made.

Direct resonance 1s a considerably more potent effect than secondary resonance. By
comparing the SCS changes of donating substituents in the meta and para positions this
becomes evident, because the former induce secondary resonance and the latter direct
resonance. For example, C2 of m-NH; (5) is shifted -0.59ppm, whereas the same carbon
centre of p-NH; (1) is shifted by -2.29ppm. A comparison of other donating groups, 6-7
vs 2-3, shows a similar trend. Thus the probe site C2 is relatively insensitive to changes in
the strength of secondary resonance, whereas direct resonance has a much greater

influence.

Assignment of SCS effects for para ring substituents that possess a dipole moment is
difficult because direct resonance and 7-polarisation operate simultaneously. Resonance
plays no direct role in meta substituents, as previously described, so SCS effects can be
ascribed to m-polarisation. The strength of the dipole has a direct influence on the SCS of
C2, and this is seen in the compounds m-CHO (10 +1.66ppm), m-CN (13 +2.55ppm), and
m-NO; (14 +2.69ppm).
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’Electron withdrawing dipolar substituents in the para position should exert both =-
polarisation and direct resonance effects. We have already discussed n-polarisation effects
of dipolar substituents in the meta position, so any further SCS change can be attributed to
a concomitant direct resonance effect. The SCS of substituents in the para position are
significantly greater than those in the meta position, as shown by the compounds p-CHO
(16 +3.86ppm), p-CN (17 +4.34ppm), p-NO, (18 +5.13ppm). These values are
approximately two to three times greater than the meta series discussed previously,
compounds (10, 13, 14). The large influence of direct resonance 1s clearly observed by the
SCS difference between m-NO; (14) and p-NO; (18), an increased SCS of +2.44ppm in
the para position. Hence, both direct resonance and n-polarisation operate simultaneously,

and both are equally important.

5.5 Polvmerisability in relation to the NMR data

Most phenylacetylenes in this study were amenable to polymerisation by the
MCAT/EtOH/THF system. There is no relation between the 3C NMR of the terminal
alkyne and the polymerisability of the monomer. The polymerisability 1s more related to
the ring substituent, in which those containing a sterically unhindered nitrogen atom
bearing 1ts lone pair of electrons do not polymerise well, if at all. The nitrogen containing
molecule may act as a ligand by coordination to the catalyst centre in preference to the

alkyne.
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5.6 Conclusion

In summary, both the type of substituent, and the position of substitution affect the SCS of
phenylacetylenes. Regardless of position, donors shield, and acceptors deshield C2
respectively.  Donor substituents in the meta position induce secondary resonance,
whereas dipole acceptors exhibit m-polarisation. Furthermore, the latter has a greater
influence than the former. Donors in the para position exert direct resonance, and dipole
acceptors exhibit direct resonance and m-polarisation. Both of these effects are
comparable in magnitude in this position. There was no link between C NMR data and

the polymerisability of the monomer.
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CHAPTER 6. CONCLUSION AND FURTHER WORK

6.1 Conclusion

Most polyradicals reported in the literature are paramagnetic because there is no
mechanism by which their spins can interact with each other. Spin alignment through a
conjugated 7 system has proved difficult to achieve because electron spin density tends to
be localised on the radical species. The vision encompassing this project however was to
integrate both a nitronyl nitroxide radical and a bridging group into a polymeric material.
The bridging groups (nitro or cyano) would provide a pathway through which
neighbouring spins can interact magnetically other than by delocalisation through a chain.
Before these polyradicals could be prepared however, 1t was essential to develop a catalyst
that could polymerise phenylacetylene monomers bearing a nitronyl nitroxide in good

yield.

Initial trials with a very efficient catalyst described in the literature, [Rh(NBD)(OCHj;)],
showed that polymensation did not occur when the phenylacetylene possessed a bridging
strongly electron withdrawing nitro group in the para position. The incompatibility of 4-
nitro groups was not investigated further. In addition, there has been only one successful
polymerisation of phenylacetylenes bearing nitronyl nitroxides radicals reported in the
literature, using Rh(COD)(NH3)Cl. However, the yields of polymer were too low (40%)
for 1t to be used in the synthesis of co-polymers in this research. A high yielding catalyst
with good tolerance of nitronyl nitroxides was therefore required, so a new catalyst had to
be synthesised. The yield and tolerance of rhodium catalysts are primarily determined by
the ligands about the catalyst centre. Changing the ligand of a rhodium catalyst from COD
to NBD tends to result in a significant increase in the yield of polymer obtained.
Incorporating ammonia as a ligand into the catalyst also tends to give increased tolerance
towards nitronyl nitroxide radicals. In this research both of these ligands were built into a
new catalyst complex, Rh(NBD)(NH;)Cl (MCAT). MCAT was synthesised successfully

in a simple one step reaction, which gave the product in moderate yield.
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Phenylacetylene and its simple derivatives were first polymerised in order to assess the

effectiveness of the MCAT catalyst. The yields of polymers obtained were high (80% to
98%) using a system comprised of MCAT/ethanol/THF. Furthermore, monomers bearing
functional groups such as halide, ketone, conjugated ketone, tetrahydropyran ethers,
pyrrole, alkoxy, and esters were tolerated without a reduction in polymer yield. High
weight average molecular weight polymers were obtained in each instance, with Mw in the
range of 200,000 to 250,000. The MCAT catalyst also gave high yields of polymer
containing a nitro bridging group (76% yield), which is a significant improvement over
literature catalysts. However, a marked reduction in polymer yield was encountered when
the monomer possessed a cyano group (25% yield). This “poisoning” effect is most likely
to originate from the electronic similarities between a terminal alkyne and a cyano group,
resulting in a blocking of the polymerisation mechanism. Experimental evidence from
other nitrogen containing monomers also suggested that nitrogen atoms bearing a lone pair
of electrons tend to inhibit polymerisation. Preferential coordination of the nitrogen to the

rhodium centre is the most likely cause of the “poisoning” effect.

During assessment of MCATS tolerance towards functional groups it was discovered that
the presence of benzene boronic acid (BBA) increased the yields of polymers in general by
as much as 20%. The enhanced reactivity of the MCAT/BBA system was utilised in the
polymerisation of a normally unreactive monomer, phenylacetylene bearing a 2.4-
dinitrophenylhydrazine substituent, with reasonable success (53% yield). This catalyst
system however also resulted in a reduction of the weight average molecular weight of the
polymers, approximately 50% compared to those obtained from the MCAT only system.
This reduction in molecular weight means that this catalyst system either is a more
efficient initiator than MCAT alone or that more transfer reactions are occurring during
polymerisation. It is unclear from this research which of these possibilities is occurring. It
was found that BBA was not incorporated into the matrices of the polymers indicating that
it acts as a co-catalyst. Polymerisation of a monomer bearing a nitronyl nitroxide using the
MCAT/BBA system showed that the yield was 25% greater than that reported in the
literature, thus showing that this system is the most efficient polymerisation catalyst

known for phenylacetylenes bearing nitronyl nitroxide substituents.
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The synthesis of co-polyradicals was initiated once a polymerisation system that could
tolerate nitronyl nitroxides had been established. The co-polyradicals were designed to
utilise dipolar (through-space) spin coupling, which is effective in molecular magnets.
The spin coupling units or “bridging groups” utilised in this research were nitro, cyano, or
fluoro groups. Monomers possessing these substituents were co-polymerised with
monomers bearing nitronyl nitroxides using the MCAT system. The yields of co-
polyradicals were remarkably high (70% to 90%) with no significant reduction in yield

when USillg a cyano co-monomer.

The magnetic properties of these co-polyradicals were investigated, and several were
found to possess Interesting magnetic properties. One material that employed a nitro
bridging groups (1:1 with respect to the nitronyl nitroxide radical) could be magnetised
under the application of an external magnetic field, albeit at very low temperatures. This
material is not naturally ferromagnetic but some magnetism can be induced artificially,
such systems are known as spin glasses. The importance of the bridging group in the
materials was demonstrated by changing the ratio of nitro group to nitronyl nitroxide from
1:1 to 2:1. This material, by contrast, was naturally a weak antiferromagnet but under an
apphied magnetic field became a very strong antiferromagnet. This was a highly unusual
result, and has been interpreted as a rare type of magnetic material in which strips of spins

align in opposite directions to their neighbouring strips.

The bridging groups are a necessity for the realisation of magnetic properties, as the
homopolymer of phenylacetylene possessing a nitronyl nitroxide radical was paramagnetic

and no unusual magnetic properties were found.
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The highlight of this project was a co-polyradical containing cyano bridging groups in

which short-range ferromagnetic interactions were found. Examination of the total spin
moment showed a gradual increase when cooled from 300K to 100K, which is the
signature of weak, but significant, ferromagnetic interactions. This result demonstrates
that spin alignment through bridging groups can give rise to magnetic interactions in
polymers. All literature reports of polyradicals that were designed to utilise through-space
interactions failed to observe anything but paramagnetism. The materials prepared in this
research therefore represent a significant advance towards a ferromagnetic polymer with

long-range mteractions.

6.2 Further work

Further work should be carried out using other co-monomers bearing “bridging” groups
that are able to hydrogen bond, such as boronic acid, or hydroxyl groups. Hydrogen
bonding could provide a mechanism through which spins exchange. It could also
mfluence the morphology of the polyradical. The synthesis of these monomers will
require careful consideration because the functional groups are either unstable or

incompatible with respect to the conventional Sonogashira coupling.

The effect of increasing the density of the radicals and “bridging” groups should be
investigated. Both of these groups should be incorporated into one monomer. This can be
envisaged in m-nitrophenylacetylene bearing a nitronyl nitroxide at the other meta
position. The cyano group would be more difficult to integrate into a monomer radical,
because of incompatibilities with the synthesis of nitronyl nitroxides. This could be
overcome using “protecting group” chemistry, in which the cyano group is regenerated
after the nitronyl nitroxide is formed. A polyradical using this strategy would guarantee

that a radical has an adjacent “bridging” group.

Further work 1s required to determine whether or not the conjugated backbone is necessary
for magnetic interactions using the through-space design philosophy. If the magnetic
properties are a result of interactions between radicals and “bridging” monomers then the
conjugated backbone is superfluous. This could be tested by co-polymerising monomers
based on styrene, rather than phenylacetylene. Magnetic properties may be enhanced by

the incorporation of a long spacer group  between the radical/’bridging” groups and
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the polymer backbone. This would allow the groups to assemble in a liquid crystalline

fashion. Magnetic spin interactions could be obtained 1f three dimensional ordering were

to take place.

The use of benzeneboronic acid as a co-catalyst for the polymerisation of phenylacetylenes
ought to be examined. NMR experiments should indicate whether this co-catalyst
complexes with the rhodium catalyst. Kinetic experiments would be required to determine
if BBA stabilises a mechanistic pathway, or if it changes the polarity of the solvent system.
Although ethanol 1s a good co-catalyst by itself, when it is combined with BBA increased
yields are obtained. Theoretical modelling may reveal whether the boron atom modifies
the electron density on its OH, compared to a normal alcohol group. This work would be
of considerable value, as there are very few catalysts that polymerise phenylacetylenes in

very high yields.

The poisoning effect of nitrogen containing monomers is worthy of further study. A
polymer bearing a primary amine group would be of great significance, because of the
ability of the group to form hydrogen bonds. Nitrogen atoms bearing lone pairs of
electrons tend to mhibit polymerisation. NMR evidence could be used to determine if the
nitrogen atom coordinates to the rhodium. A ligand of the catalyst could also be displaced,
altering the steric and electronic factors of the catalyst. This is a distinct possibility, as the
catalyst used in this research was formed by reaction with ammonia. If the ligands about
the catalyst could be tailored to reduce the affinity towards nitrogen atoms, then not only
could many novel polymers be prepared but it also may give increased yields of nitronyl
nitroxide containing polyphenylacetylene. At the time of writing, the highest known yield

obtained is the one reported in this research.
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APPENDIX

CHARACTERISATION OF PHENYLACETYLENE MONOMERS

4-Ethvnvlaniline (4AMPA)

AAMPA was synthesised from 4-iodoaniline and was obtained as pale brown crystals
(65%); mp 100.5-101.5°C; Vimax/cm 3484 (s, sharp, -NHy), 3386 (s, sharp, -NH>), 3258 (s,
sharp, -C=C-H), 2096 (m, sharp, -C=C-), 1616 (s, sharp, Ph), 1512 (s, sharp, Ph); 814300
MHz; CDCl;) 7.28 (2 H, d, Ph), 6.57 (2 H, d, Ph), 3.81 (2 H, br s, NH,), 2.96 (1 H, s, =C-
H); 8c(75 MHz; CDCly) 147.06 (Ph), 133.46 (Ph), 114.58 (Ph), 111.20 (Ph), 84.44 (Ph-
C=), 74.98 (=C-H); m/z (APCI1) 118 (MH™).

3-Ethvnvlbenzaldehvde (3APA)

3APA was synthesised from 3-bromobenzaldehyde and was obtained as off-white crystals
(52%); mp (from hexane) 76-77°C; Viax/em 3250 (s, sharp, -C=C-H), 2851 (w, sharp, Ar-
CHO), 1697 (s, sharp, CHO), 1595 (m, sharp, Ph); 8,3(300 MHz; CDCl;) 9.98 (1 H, s,
CHO), 7.97 (1 H, s, Ph), 7.85 (1 H, d, Ph), 7.71(1 H, d, Ph), 7.49 (1 H, t, Ph), 3.15 (1 H, s,
=C-H); 8c(75 MHz; CDCls) 186.57 (CHO), 132.80 (Ph), 131.61 (Ph), 128.58 (Ph), 124.73
(Ph), 124.33 (Ph), 118.51 (Ph), 77.39 (Ph-C=), 74.27 (=C-H); m/z (E1) 130 (M").

4-Bromophenvlactyvelene (4BrPA)

4BrPA was synthesised from 4-bromoiodobenzene and was obtained as white crystals
(60%); mp (from hexane) 62-63°C; Vima/em™ 3263(s, sharp, -C=C-H), 1483 (s, sharp, Ph);
81(300 MHz; CDCl3) 7.46-7.42 (2 H, split d, Ph), 7.35-7.32 (2 H, split d, Ph), 3.13 (1 H, s,
=C-H);; 8¢(75 MHz; CDCl3) 133.47 (Ph), 131.52 (Ph), 123.07 (Ph), 120.95 (Ph), 82.52
(Ph-C=), 78.37 (=C-H); (m/z (E) 180 (M", "Br), 182 (M, *'Br).
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3-Ethvnvlbenzonitrile (3CPA)

3CPA was synthesised 3-bromobenzonitrile and was isolated as yellow crystals (67%); mp
45-46°C (from hexane); voadem™ 3292 (s, sharp, -C=C-H), 3065 (w, sharp, Ph), 2230 (m,
sharp, Ar-C=N); 83(300 MHz; CDCls) 7.71 (1 H, s, Ph), 7.66 (1 H, d, Ph), 7.60 (1 H, d,
Ph), 7.42 (1 H, t, Ph), 3.19 (1 H, s, =C-H); 8c(75 MHz; CDCl;) 131.41 (Ph), 130.65 (Ph),
127.27 (Ph), 124.55 (Ph), 118.96 (-C=N) 113.12 (Ph), 108.12 (Ph), 76.42 (Ph-C=), 75.14
(=C-H); m/z (APCI) 128 (MH").

4-Ethvovlbenzonitrile (4CPA)

4CPA was synthesised from 4-bromobenzonitrile and was obtained as white crystals
(82%); mp 153-154°C; Voa/em' 3235 (s, sharp, -C=C-H), 2226 (m, sharp, Ar-C=N), 1600
(w, sharp, Ph), 1496 (w, sharp, Ph); 6u(300 MHz; CDCls) 7.57 (4 H, quartet, Ph), 3.29 (1
H, =C-H); 8¢(75 MHz; CDCl3) 132.62 (Ph), 131.98 (Ph), 126.93 (Ph), 118.23 (-C=N),
112.25 (Ph), 81.81 (Ph-C=), 81.56 (=C-H); m/z (EI) 127 (M.

3.5-Dichlorophenvlacetvlene (DCPA)

DCPA was synthesised from 3,5-dichloroiodobenzene and was obtained as off-white
crystals (76%); mp 81-83°C; Viax/cm” 3288 (m, sharp, (-C=C-H), 3070 (w, sharp, Ph),
1558 (s, sharp, Ph), 1412 (m, sharp, unassigned), 855 (m, sharp, Ph); 64300 MHz;
CDCls) 7.33 (3 H, s, Ph), 3.14 (1 H, s, =C-H); 8¢(75 MHz; CDCl;) 134.87 (Ph), 130.29
(Ph), 129.24 (Ph), 124.85 (Ph), 80.87 (Ph-C=), 79.66 (=C-H); m/z (APCI) 171 (MH", **Cl
3C1) 173 (MH", *C177Cly

4-Ethvnvlphenvylnitronyl nitroxide (4EPNN)

4EPNN was synthesised from 4APA and green crystals were obtained from slow
evaporation of a concentrated DCM solution (36%); mp (from benzene) 158-159°C;
Vma/em™' 3211 (s, sharp, -C=C-H), 2994 (w, sharp, C-H), 2922 (w, sharp, C-H), 2098 (w,
sharp, -C=C-), 1387 (w, sharp, unassigned), 1361 (s, sharp, N-O), 1302 (m, sharp,
unassigned), 1166 (m, sharp, nitronyl nitroxide), 1130 (w, sharp, nitronyl nitroxide); m/z

(APCI) 258 (MH"); EPR (in CHCls3) showed 5 peaks in the ratio of 1:2:3:2:1.
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5_Ethvnvipvrimidine (SEPYM)

PEB899 was synthesised from S-bromopyrimidine and was obtained as white crystals
(55%); mp (from hexane) 81-82°C; vima/em™ 3167 (s, sharp, -C=C-H), 2103 (m, sharp, -
C=C-), 1545 (s, sharp, Ph), 1410 (s, sharp, Ph); 84(300 MHz; CDCls) 9.09 (1 H, s, Ph),
8.74 (2 H, s, Ph), 3.37 (1 H, s, =C-H); 8c(75 MHz; CDCl3) 159.16 (Ph), 157.07 (Ph),
84.42 (=C-H), 76.75 (Ph-C=); m/z (EI) 104 (M").

3-Ethvnvlnitrobenzene (3NPA)

*x* BEWARE : 3NPA gave a highly exothermic reaction when heated in air ***

3NPA was synthesised from 3-iodonitrobenzene and was obtained as a pale yellow liquid
(90%); vmax/cm'l 3289 (s, sharp, -C=C-H), 3083 (m, sharp, Ph), 1531 (s, sharp, Ar-NO),
1354 (s, sharp, Ar-NO,); 64(300 MHz; CDCl3) 8.31-8.30 (1 H, split s, Ph), 8.18 (1 H, split
d, Ph), 7.78-7.75 (1 H, split s, Ph), 7.50 (1 H, t, Ph), 3.20 (1 H, s, =C-H); 6c(75 MHz,
CDCls) 137.76 (Ph), 129.37(Ph), 126.94 (Ph), 123.85 (Ph), 123.55 (Ph), 81.04 (Ph-C=),
79.89 (=C-H); m/z (EI) 147 (M™).

4-Ethynvlnitrobenzene (4NPA)

4NPA was synthesised from 4-iodonitrobenzene and was obtained as a pale yellow
crystalline solid (78%); mp 147-148°C; vnm/cm" 3252 (m, sharp, -C=C-H), 3106 (w,
sharp, Ph), 2106 (w, sharp, -C=C-), 1511 (s, sharp, Ar-NO,), 1344 (s, sharp, Ar-NO,);
51(300 MHz; CDCls) 8.18 (2 H, d, Ph), 7.62 (2 H, d, Ph), 3.34 (1 H, s, =C-H); 6c(75
MHz; CDCl3) 147.46 (Ph), 132.92 (Ph), 128.86 (Ph), 123.35 (Ph), 82.33 (=C-H), 81.55
(Ph-C=); m/z (GCMS) 147 (M").

3-Ethvnvlanisole (3MeOPA)

3MeOPA was synthesised from 3-iodoanisole and was obtained as a pale yellow liquid
(91%); Vinax/cm”! 3291(s, sharp, -C=C-H), 2958 (w, sharp, C-H), 2834 (w, sharp, -OCH3),
2107 (w, sharp, -C=C-), 1577 (s, sharp, Ph), 1482 (s, sharp, Ph), 1283 (s, sharp, C-O),
1260 (s, sharp, unassigned), 84(300 MHz; CDCl3) 7.23 (1 H, t, Ph), 7.11-7.08 (1 H, split
doublet, Ph), 7.03-7.02 (1 H, split singlet, Ph), 6.92-6.88 (1 H, split doublet, Ph), 3.77 (3
H, s, OCH;), 3.08 (1 H, s, =C-H); 6¢(75 MHz; CDCl5) 159.20 (Ph), 129.35 (Ph), 124.56

213



(Ph), 123.01 (Ph), 116.90 (Ph), 115.30 (Ph), 83.51 (Ph-C=), 77.00 (=C-H), 55.13 (OMe);
m/z (EI) 132 (M"); GC (150°C) 99.5% pure.

The non-terminal alkyne carbon peak was superimposed with the centre peak of CDCl;
(also 77.00ppm). To accurately identify this peak a separate NMR experiment was carried
out using a coupled C pulse sequence (including full NOE build-up). Using this
technique the non-terminal alkyne carbon couples with the hydrogen to give a doublet,
with the centre of the splitting identified as the original peak. This was recorded as

§77.00ppm for the non-terminal alkyne.

2-(4-ethynylphenoxv)tetrahvdro-2H-pyran (PEB943)

PEB943 was synthesised from 4-iodophenol and DHP, and was obtained as a white
crystalline solid (76%); vmax/om‘] 3279 (m, sharp, -C=C-H), 2942 (m, sharp, C-H), 2869
(w, sharp, -O-CH,-), 2106 (w, sharp, -C=C-), 1604 (s, sharp, Ph), 1505 (s, sharp, Ph),
1239 (s, sharp, C-O); 84(300 MHz; CDCl;) 7.44-7.40 (2 H, d, Ph), 7.01 (2 H, d, Ph), 5.42
(1 H, t, THP), 3.90-3.82 (1 H, split triplet, THP), 3.63-3.56 (1 H, multiplet, THP), 3.02 (1
H, s, -C=C-H), 2.05-1.91 (1 H, multiplet, THP), 1.88-1.83 (2 H, multiplet, THP), 1.75-
1.54 (3 H, multiplet, THP); 8¢(75 MHz; CDCl;) 157.36 (Ph), 133.41 (Ph), 116.24 (Ph),
114.88 (Ph), 96.08 (THP), 83.61 (Ph-C=), 75.82 (=C-H), 61.92 (THP), 30.14 (THP), 25.04
(THP), 18.55 (THP); m/z (EI) 202 (M™).

3.4-Ethvlenedioxyphenvlacetylene (PB029)

PB029 was synthesised from 3,4-ethylenedioxyiodobenzene and was obtained as a pale
yellow liquid (89%); Vimdem” 3288 (s, sharp, -C=C-H), 2982 (m, sharp, C-H), 2933 (m,
sharp, C-H), 2882 (m, sharp, -O-CH,-), 2105 (m, sharp, -C=C-), 1576 (s, sharp, Ph), 1503
(s, sharp, Ph), 1306 (s, sharp, C-O), 1287 (s, sharp, C-O); 4(300 MHz; CDCl;) 7.00-6.99
(1 H, multiplet, Ph), 6.98-6.95 (1 H, multiplet, Ph), 6.78 (1 H, d, Ph), 4.23-4.19 (4 H,
multiplet, -O-CH,-CH,-0-), 2.97 (1 H, s, =C-H); 8¢(75 MHz; CDCl3) 144.39 (Ph), 143.06
(Ph), 125.55 (Ph), 120.89 (Ph), 117.22 (Ph), 114.66 (Ph), 83.26 (Ph-C=), 75.63 (=C-H),
64.29 (-O-CH,-), 64.05 (-O-CH,-); m/z 161 (MH", 100%).

214



7-Ethvnvinaphthalene (PB032)

PB032 was synthesised from 2-bromonaphthalene and was obtained as a white crystalline
solid (78%); mp 39-40°C (from EtOH); Vma/om™ 3278 (s, sharp, -C=C-H), 3051 (w,
sharp, naphth), 1593 (m, sharp, naphth), 1497 (m, sharp, naphth); 8u(300 MHz; CDCl;)
8.07 (1 H, s, naphth), 7.85-7.79 (3 H, multiplet, naphth), 7.59-7.50 (3 H, multiplet,
naphth), 3.20 (I H, s, =C-H); 8c(75 MHz; CDCls) 132.96 (naphth), 132.75 (naphth),
132.25 (naphth), 128.49 (naphth), 127.98 (naphth), 127.72 (naphth), 126.84 (naphth),
126.55 (naphth), 83.99 (Ph-C=), 77.45 (=C-H); m/z (APCI) 185 (methanol adduct of M.

1-(4-ethvnviphenvlpvrrole (PB055)

PB0SS was synthesised from 1-(4-iodophenyl)pyrrole and was isolated as fine white
needles (77%); mp 104-105°C (from EtOH); vmax/em’’ 3254 (s, sharp, -C=C-H), 1604 (s,
sharp, Ph), 1515 (s, sharp, Ph); 83(300 MHz; CDCls) 7.56 (2 H, d, Ph), 7.36 (2 H, d, Ph),
7.11 (2 H, t, pyrrole), 6.39 (2 H, t, pyrrole), 3.13 (1 H, s, =C-H); d¢(75 MHz; CDCls)
140.56 (Ph), 133.38 (), 119.79 (), 118.95 (), 110.97 (), 82.89 (Ph-C=), 77.62 (=C-H); m/z
(APCI) 168 (MH").
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CHARACTERISATION OF HOMOPOLYMERS

Poly 2-(3-ethvnvlbenzvloxv)tetrahvdro-2H-pvran (PB059)

PB059 was synthesised from PB054 and was isolated as a yellow / orange solid 43%
yield; vmx/cm‘1 2938 (m, sharp, C-H), 2862 (w, sharp, -O-CH;-), 1636 (m, broad, Ph),
1261 (w, sharp, C-O); SEC (Mw = 202,000 ; Mn = 33,800 ; Pd = 6.0); soluble in DCM,
and THF.

Polv 1-(4-ethvnviphenvl)pvrrole (PB057)

PB057 was synthesised from PBO05S5 and was isolated as a yellow / orange solid 86%
yield; vmax/cm'] 1605 (m, sharp, Ph), 1510 (s, sharp, Ph), 1476 (m, sharp, Ph), 1327 (s,
sharp, unassigned); (Found: C, 85.62; H, 5.34; N, 8.37. C,,HyN requires C, 86.20; H,
5.42; N, 8.30).

Poly (4-fluoro)phenvlacetvlene (PB049)

PB049 was synthesised from 4-fluorophenylacetylene and was isolated as a yellow solid
95% yield; A (DCM)/nm 440; Via/em™' 3050 (w, sharp, Ph), 1600 (m, sharp, Ph), 1502
(s, sharp, Ph), 1226 (s, sharp, C-F); 63(300 MHz; CDCIl;) 6.34 (broad, Ph), 5.36 (broad,
=CH-); 8¢(75 MHz; CDCl; and DMSO-d6) 162.79 (), 159.52 (), 137.80 (), 130.18 (),
127.97 (), 114.10 (), 103.92 (); SEC (Mw = 201,000 ; Mn = 17,600 ; Pd = 11); soluble in
warm DCM, and warm THF.

Poly (2-ethvnvinaphthalene) (PB044)

PB044 was synthesised from PB032 and was isolated as a yellow/orange powder 68%
yield; (Found: C, 93.45; H, 5.23. C;;H; requires C, 94.70; H, 5.30); Vi/em” 3050 (m,
sharp, unassigned), 1595 (m, sharp, Ph), 1500 (m, sharp, Ph); insoluble in all solvents

tested.
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Poly (4-nitro)phenylacetvlene (PB036)

PB036 was synthesised from 4NPA and was isolated as a brown powder 76% yield;
(Found: C, 63.87; H, 3.30; N, 9.18. CgHs;NO; requires C, 65.31; H, 3.43; N, 9.52);
vmax/cm“ 1700 (w, sharp, C=C), 1590 (s, sharp, Ph), 1506 (s, broad, Ph), 1340 (s, broad,
NO;), 1103 (m, sharp, Ar-N), 851 (s, sharp, NO,); insoluble in all solvents tested.

Polv (3-methoxyphenvlacetylene) (PB035)

The yield of polymer was inaccurate because precipitation of the reaction mixture gave a

very fine yellow suspension that was difficult to filter.

PB035 was synthesised from 3MeOPA and was isolated as a yellow powder 70% yield;
Vax/em 2994 (w, sharp, C-H), 2935 (m, sharp, C-H), 2831 (m, sharp, OCHs), 1700
(C=C), 1595 (s, sharp, Ph), 1576 (s, sharp, unassigned), 1482 (s, sharp, Ph), 1285 (s,
sharp, C-O); 64(300 MHz; CDCl5) 6.85-6.80 (1 H, t, Ph), 6.54-6.51 (1 H, d, Ph), 6.29-6.26
(2 H, multiplet, Ph), 5.85 (1 H, s, =CH-), 3.54 (3 H, s, -OCH3); 8¢(75 MHz; CDCl;)
159.25 (Ph), 144.17 (), 139.13 (), 131.62 (-C=CH-), 128.60 (Ph), 120.48 (Ph), 112.53
(Ph), 55.02 (-OCH3); SEC (Mw = 213,000 ; Mn = 67,050 ; Pd = 3.15); soluble in DCM,
and THF.

Poly (3.4-ethvlenedioxyphenvlacetylene) (PB031)

PB031 was synthesised from PB029 and was isolated as a yellow/orange powder 40%
yield; (Found: C, 72.79; H, 4.98. C,¢HgO5 requires C, 74.99; H, 5.03); Vmadem™ 2971 (w,
sharp, C-H), 2927 (w, sharp, C-H), 2871 (w, sharp, unassigned), 1700 (w, sharp, C=C),
1581 (m, sharp, Ph), 1500 (s, sharp, Ph), 1306 (s, sharp, C-O), 1283 (s, sharp, C-0O);,

insoluble in all solvents tested.
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Poly 2-(3-ethvnviphenoxy)tetrahvdro-2H-pvran (PB038)

PB038 was synthesised from PBO18 and was isolated as an orange powder 92% yield;
Amax(DCM)/nm 420; Via/em™ 2940 (s, sharp, C-H), 2870 (w, sharp, O-CH(R)-O), 1109
(s, sharp, THP), 1075 (m, sharp, THP), 977 (s, sharp, THP); 84(300 MHz; CDCls) 6.70-
6.34 (4 H, multiplet, Ph), 5.81 (1 H, s, C=C-H), 5.17 (0.5 H, s, THP), 3.98-3.40 (1 H,
multiplet, THP), 1.99-1.53 (6 H, multiplet, THP); 6c(75 MHz; CDCl5) 156.66 (Ph),
156.01 (broad, Ph), 144.17 (broad, Ph), 138.25 (broad, unassigned), 128.99 (broad,
unassigned), 114.16 (broad, unassigned), 63.38 (THP), 30.93 (THP), 25.43 (THP), 19.75
(THP); SEC (Mw = 232,500 ; Mn = 65,650 ; Pd = 3.5); soluble in DCM, and THF.

Polv 2-(4-ethyvnviphenoxv)tetrahvdro-2H-pyran (PB01

PBO13 was synthesised from PEB943 and was isolated as an orange powder 87% yield,
Amax(CHCl3)/nm 410; Vimax/em™' 2940 (s, sharp, C-H), 2867 (w, sharp, O-CH(R)-0O), 1700
(w, sharp, C=C), 1604 (m, sharp, Ph), 1506 (s, sharp, Ph), 1109 (s, sharp, THP) 1075 (m,
sharp, THP), 977 (s, sharp, THP); 64(300 MHz; CDCl;) 6.67 (3 H, br s, Ph), 5.74 (0.5 H,
br s, C=CH), 5.17 (0.5 H, br s, THP), 3.98-3.46 (1 H, multiplet, THP), 1.86-1.51 (6 H, br
multiplet, THP); 8c(75 MHz; CDCls) 156.04 (Ph), 136.75 (Ph), 128.44 (Ph), 115.62
(C=C), 96.19 (THP), 61.58 (THP), 30.34 (THP), 25.21 (THP), 18.77 (THP); SEC (Mw =
255,500 ; Mn = 21,200 ; Pd = 12); soluble in warm DCM, and warm THF.

Poly (4-methviphenvlactyvlene) (PB008)

PB008 was synthesised from p-ethynyltoluene and was isolated as an orange powder 94%

yield; vy /em™ 3009 (w, sharp, C-H), 1700 (w, sharp, C=C); slightly soluble in THF.
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Polv (4-phenviphenvlactvlene) (PEB985)

PEB985 was synthesised from p-ethynylbiphenyl and was isolated as an orange powder
92% yield; Vmax/em” 1700 (w, sharp, C=C), 1482 (m, sharp, Ph); (Found: C, 93.08; H,
5.56. CisHyo requires C, 94.35; H, 5.65); insoluble in all solvents tested.

Polv (3.5-dichlorophenvlacetvlene) (PEB992)

PEB992 was synthesised from DCPA and was isolated as a yellow/orange powder 94%
yield; Amax(CHCl3)/nm 420; vm,\-/cm" 1557 (s, sharp, Ph), 1412 (m, sharp, unassigned),
855 (m, sharp, Ph); SEC (Mw = 453,000 ; Mn = 20,470 ; Pd = 22); NMR data was
unavailable owing to problems with solubility in CDCls; partially soluble in DCM, and
THF.

Poly (4-methvlester phenvlacetvlene) (PEB988)

PEBO988 was synthesised from 4MEPA and was isolated as a yellow/orange powder 98%
yield; Amax(CHCl3)/nm 440; Via/cm™ 2950 (w, sharp, C-H), 1722 (s, sharp, -CO,-), 1604
(m, sharp, Ph), 1275 (s, sharp, C-O), 1104 (s, sharp, C-O); 64(300 MHz; CDCls) 7.59-7.56
(2 H, d, Ph), 6.67-6.64 (2 H, d, Ph), 5.77 (1 H, s, -C=CH-), 3.81 (3 H, s, -CH3); 6c(75
MHz; CDCl3) 166.25 (C=0), 145.97 (), 139.01 (), 132.36 (), 129.35 (), 129.02 (), 127.07
(), 52.06 (); SEC (Mw = 248,000 ; Mn = 26,650 ; Pd = 9.4); soluble in DCM, and THF.

Polv (4-cvanophenvlacetvlene) (PEB956)

PEB956 was synthesised from 4CPA and was isolated as a brown powder 25% yield;
Vma/cm' 2227 (s, sharp, Ar-C=N), 1603 (m, sharp, Ph), 1498 (m, sharp, Ph); soluble in
warm DMF.

Poly (4-bromophenvlacetvlene) (PB017)

PBO17 was synthesised from 4BrPA and was isolated as an orange powder 91% yield;
Via/em™ 1700 (w, sharp, C=C), 1480 (s, sharp, Ph), 1008 (s, sharp, unassigned); (Found:
C, 53.08; H, 2.78. CgH;sBr requires C, 53.08; H, 2.83); insoluble in all solvents tested.
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Polv cvclopropyl-4-ethvnvlphenyl ketone (PB024)

PB024 was synthesised from PB0O14 and was isolated as a yellow/orange powder 97%
yield; Amax(DCM)/mm 450; Vadom™ 2924 (w, sharp, C-H), 1663 (m, sharp, Ar-CO-),
1599 (m, sharp, Ph), 1407 (m, sharp, cyclopropane), 1379 (s, sharp, cyclopropane); &13(300
MHz; CDCls) 7.57-7.55 (2 H, splht singlet, Ph), 6.71-6.89 (2 H, split singlet, Ph), 5.86 (1
H, s, C=C-H), 2.36 (1 H, s, -CH-), 1.09-0.94 (2 H, two overlapping singlets, -CH>-); 6¢(75
MHz; CDCl3) 199.47 (C=0), 145.95 (Ph), 139.02 (Ph), 16.98 (-CH-), 11.85 (-CH,-);
soluble in DCM; insoluble in THF.

Poly (1-(4-ethynvl-2-fluorophenvlbut-1-en-3-one) (PB026)

PB026 was synthesised from PEB923B and was isolated as a dark red solid 98% yield.
When first made, this polymer was a yellow orange solid. Washing with methanol and
drying the resultant slurry in a vacuum oven, at 50°C, for 6 hours gave a dark red solid,;
(Found: C, 74.32; H, 4.80. C;,HyFO requires C, 76.58; H, 4.82);, v,mx/cm'1 1668 (s, sharp,
C=C-CO-), 1602 (s, broad, Ph), 1495 Chapter 6 : Co-polyradicals
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CHARACTERISATION OF CO-POLYRADICALS

Co-polvradical 4EPNN co 4CPA (1 :1) (PEB963)

PEB963 isolated as a green solid (91%); Va/em™ 2985 (w, sharp, C-H), 2225 (m, sharp,
C=N), 1601 (s, sharp, Ph), 1358 (s, sharp, nitronyl nitroxide), 1215 (m, nitronyl nitroxide),
1165 (m, sharp, nitronyl nitroxide), 1132 (m, sharp, nitronyl nitroxide); 98% spins per

C,4H2:N30; formula unit.

Co-polvradical 3EPNN co 3CPA (1 :1) (PEB967)

PEB967 isolated as a green solid (67%); v,mx/cm'l 2227 (w, sharp, C=N), 1636 (w, broad,
Ph), 1214 (w, sharp, nitronyl nitroxide), 1165 (w, sharp, nitronyl nitroxide), 1132 (w,

sharp, nitronyl nitroxide); 109% spin per C,4H2,N30; formula unit.

Co-polvradical 4EPNN co 4NPA (1 :2) (PB020)

PB020 isolated as a green solid (72%); Vaa/em” 1700 (w, sharp, C=C), 1592 (m, sharp,
Ph), 1509 (s, sharp, Ph), 1340 (s, broad, NO, and overlap with nitronyl nitroxide), 1217
(w, sharp, nitronyl nitroxide), 1165 (w, sharp, nitronyl nitroxide), 1104 (w, sharp, Ar-N);
86% spin per C31Hy7N40¢ formula unit.

Co-polvradical 3EPNN co 3NPA (1 :1) (PB028)

PBO028 isolated as a green solid (57%); Viax/em” 1528 (s, sharp, NO,), 1349 (a, sharp,
NO,), 1498 (m, sharp, Ph), 1394 (w, sharp, nitronyl nitroxide), 1217 (w, sharp, nitronyl
nitroxide), 1166 (w, sharp, nitronyl nitroxide), 1134 (w, sharp, nitronyl nitroxide).

Co-polyradical 4EPNN co 4CPA (1 :2) (PB034)

PB034 isolated as a green solid (64%); vma/cm” 2226 (s, sharp, C=N), 1602 (m, sharp,
Ph), 1498 (m, sharp, Ph), 1387 (m, sharp, nitronyl nitroxide), 1362 (s, sharp, nitronyl
nitroxide), 1302 (m, sharp, nitronyl nitroxide), 1217 (w, sharp, nitronyl nitroxide), 1166

(w, sharp, nitronyl nitroxide), 1133 (w, sharp, nitronyl nitroxide).
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Co-polvradical 4EPNN co 4FPA (1 : 1) (PB065)

PB065 isolated as a green solid (58%) — all the polyradical could not be isolated owing to
the very fine precipitate; Vaax/om”™ 2986 (w, sharp, C-H), 1601 (m, sharp, Ph), 1503 (m,
sharp, Ph), 1360 (s, sharp, nitronyl nitroxide), 1220 (m, sharp, nitronyl nitroxide
overlapped with F), 1162 (w, sharp, nitronyl nitroxide), 1133 (w, sharp, nitronyl

nitroxide); soluble in warm THF and warm DCM, to give a green solution.
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