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Verdazyl Radicals as Mediatorsin Living Radical Polymerisation

Abstract

Verdazyl Radicalsas Mediatorsin Living Radical Polymerisation

The am of this work was to investigate verdazyl radicals as an alternative to
nitroxides as mediators in stable free radical polymerisation. Verdazyl radicals and
their unimolecular initiators were synthesised and utilised in the polymerisation of
styrene and n-butyl acrylate. Varying degrees of success was observed in the
polymerisations depending on the structure of the verdazyl radical. The
polymerisation of methyl methacrylate and the copolymerisation of styrene and
methyl methacrylate were also investigated. Correlations between observed
molecular weight and theoretical molecular weight were poor but may be improved
by optimisation of the reaction conditions. Electron paramagnetic resonance was
used to elucidate the radical structure as well as to confirm the living nature of the
polymerisation technique. Electron paramagnetic resonance was also utilised to
provide an insight into radical stability and reactivity in the various reactions

undertaken.

Dopamine End-Functionalised Polymers for Application as Friction

Modifiers

The am of this work was to synthesise oil soluble dopamine end-functionalised
polymers for mechanical testing to determine if the polymers can reduce friction by

film formation at a surface. A dopamine based initiator was synthesised and used in
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Cu(l) and Cu(0) mediated polymerisations with little success and the dopamine
catecholic end-group could not be identified as the polymer end-group. To enable a
successful living polymerisation, the catechol groups on dopamine required
protection. Complete deprotection of the catechol group can be achieved post
polymerisation. The polymerisation of lauryl methacrylate was achieved using a
polymerisation method designed for the long chain, non-polar molecule which
utilised Cu(I)Cl. The polymerisations were scaled up to obtain a baseline, protected
dopamine and deprotected dopamine polymers for mechanical testing. A reduction
in friction and wear observed for the deprotected dopamine polymer, however,

corrosion was also observed and may have affected the results.
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Verdazyl Radicals as Mediatorsin Living Radical Polymerisation

1. Verdazyl Radicalsas Mediatorsin Living

Radical Polymerisation

1.1. Introduction

1.1.1. The development of living radical polymerisation

1.1.1.1. Conventional radical polymerisation

The three main steps in a conventional radical polymerisation are initiation,
propagation and termination (Scheme 1.1-1). Initiation begins with the generation of
radicals either thermally, photolytically or via a redox reaction from a free radical
initiator such as 2,2'-azobisisobutyronitrile (AIBN) or benzoyl peroxide (BPO),
Figure 1.1-1. Propagation continues until all the monomer has been consumed or
termination occurs. Chain termination can be divided into two different
mechanisms. coupling and disproportionation. In termination by coupling, two
chains meet and combine to give a chain with an increased molecular weight.
Termination by disproportionation occurs by the transfer of a hydrogen atom from
one chain to another resulting in one saturated and one unsaturated chain end. Chain
transfer to solvent, monomer, initiator or polymer can also occur through the
abstraction of a hydrogen atom. Although a new radical is formed, often it cannot

undergo further propagation.
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Initiation:
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Scheme 1.1-1. General mechanism for conventional radical polymerisation
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Figure 1.1-1. 2,2'-Azobisisobutyronitrile (AIBN, left) or benzoyl per oxide (BPO, right)

Conventional radical polymerisations are tolerant to various reaction conditions,
temperatures, impurities and solvents, including water, enabling suspension and
emulsion polymerisations to be undertaken.® However, polymers of well defined
molecular weight or structure are unobtainable due to a high level of termination

reactions and as aresult led to the development of living radical polymerisation.
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1.1.1.2. Living polymerisation

The use of strongly nucleophilic anions to mediate vinyl addition polymerisation
reported by Szwarc®* was the start of the development of living polymerisation. The
use of anions instead of an unpaired electron removed termination reactions due to
repulsion of like charges. As the field of anionic polymerisation developed, Quirk
and Lee® established a set of criteria to define a living polymerisation. A
polymerisation is defined as living if: i) the polymerisation proceeds until all the
monomer is consumed and will continue to grow if more monomer is added; ii) a
linear increase in molecular weight with conversion is observed; iii) the
concentration of active species remains constant so that a plot of In([M]o/[M]) versus
timeislinear; iv) a narrow polydispersity (PDi) or molecular weight distribution; v)
sequential monomer addition results in the formation of block copolymers and vi)
the polymer end-groups retain their functionality. A polymerisation is only deemed

to beliving if all the aforementioned criteria are met.

1.1.1.3. Living radical polymerisation

Living radica polymerisation (LRP) reintroduces a free radica into the
polymerisation system, and as a result, requires a method to ideally prevent
completely termination reactions occurring. The addition of a mediating agent in
living radical polymerisations serves to reversibly activate and deactivate the
propagating radical, thus controlling the concentration of radicals in solution.
Keeping the concentration of propagating radicals low forces propagation and helps

to reduce termination reactions to a minimum. It is often preferred to use the term
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controlled when describing these systems, however, the term living can still be
applied as termination reactions have been reduced to a minimum and as such the
system meets most of the requirements described in Section 1.1.1.2. The term living

has been preferentially used throughout this body of work.

Over the last few decades three main systems for LRP have been developed: stable
free radical polymerisation (SFPR), atom transfer radical polymerisation (ATRP)
and reversible addition-fragmentation chain transfer (RAFT) polymerisation. ATRP
and RAFT will be introduced briefly in the following section. A more detailed
discussion of SFRP is included at the end of the following section as it forms the

basis of the technique used in this work.

1.1.2. Living radical polymerisation techniques

1.1.2.1. Atom transfer radical polymerisation

ATRP was developed independently by Sawamoto® and Matyjaszewski’ in 1995.
Developed from the Karasch® and the atom transfer radica addition (ATRA)
reaction’, ATRP utilises the radical addition of a halogen atom across a double
bond. The technique uses a transition metal-ligand complex as the mediating
species. The transfer of a halogen atom to and from the propagating radical to the

transition metal complex results in the oxidation and reduction of the metal as it
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activates and deactivates the propagating chain. Scheme 1.1-2 outlines a proposed

mechanism for ATRP.

Termination

T

P—X + Mt—L == P/

O

M

+ X—MtEL

Scheme 1.1-2. A proposed mechanism for ATRP

Since its discovery a variety of metals have been investigated including copper,
ruthenium, nickel and iron, although copper is the most widely used.™ Initiators are
typically alkyl halides and nitrogen based ligands are used.** A variety of monomers
can be polymerised using ATRP including styrenes, acrylates, methacrylates and

acrylamides. ™

1.1.2.2. Reversible addition- fragmentation chain transfer

RAFT was first reported in the 1980s, athough at the time, only macromonomers
were used and high polydispersities were observed.*> ** The technique has since
continued to develop and uses reversible chain transfer agents (CTAS) (Figure 1.1-
2), which when applied to a polymerisation system act as mediators.** The proposed

mechanism for a RAFT polymerisation is shown in Scheme 1.1-3. A conventional
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initiator is used to form active radicals which react with the monomer to form
propagating chains. A radical can then be transferred from the propagating chain to
the CTA expelling another radical group which initiates a second propagating chain.
This process repeats throughout the reaction. Monomers that can be polymerised by

RAFT include styrenes, acrylates, methacrylates and vinyl acetate.™

R
Z)\S’

R = leaving group
Z = activating group

Figure 1.1-2. General structure of chain transfer agentsused in RAFT

Initiation

Reinitiation

R : Pm‘

Propagation

M M
Termination

P .

5 . _p >, p
Z P - PP, + P+

m

Scheme 1.1-3. Proposed mechanism for RAFT®
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1.1.2.3. Sablefreeradical polymerisation

SFRP was the earliest living radical technique to be discovered and uses stable free
radicals as mediators in the polymerisation. The most widely studied family of
stable radicals for SFRP are the nitroxides and the technique is often referred to as
nitroxide mediated polymerisation (NMP). NMP offers an advantage over other
LRP techniques as there is no contamination of the polymer by metals, halides or
sulfur asit is governed by thermal activation thereby the addition of a catalyst is not

required and only a simple precipitation is required to remove unreacted monomer.

/Rl R |
R—0—N R—R + *0—N
R, R,
N /

R, k, /R |
R—Pn—0—N == R—Pn" + "O—N

\R n k c / ST \ R 2

& ‘.\\ }
M

Termination

Scheme 1.1-4. Proposed reaction pathway for NM P using a a) bimolecular or b) unimolecular

initiating system

In ageneral NMP system an initiator undergoes homolytic bond cleavage to form an
active radica and a mediating radical (Scheme 1.1-4). The active/nucleophilic

radicals initiate polymerisation. The coupling of the mediating radical with the
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active radical, which has now become a propagating chain, produces a dormant
species. The propagating chain and dormant chain are in equilibrium. The mediating
radical is often referred to as the persistent radical and the prevention of bimolecular

termination by the radical is known as the persistent radical effect (PRE).*%°

The development of nitroxides for SFRP stems from radical trapping experiments
conducted by Rizzardo, Solomon and Moad.?> % In these experiments 2,2,6,6-
tetramethylpiperdinyloxy (TEMPO) was found to react with a carbon centred free
radical formed during the initiation stages of a polymerisation (Scheme 1.1-5). The
resulting alkoxyamine derivatives were stable at the reaction temperatures (40-60

°C) and did not participate in further reactions.

7

\\\ "W\ y \ -2(~( ):‘ \\\ ..
——0 >0 n 1 — |0 ]
T 0 07 “OMe / HO™ ~OMe
0
\\ o ™
'y
o O ”TI\'
\;/’ \\ e N
O-N ) -« 0
/E () \)—‘/[ / Py
AL 07 “OMe
07 “OMe

Scheme 1.1-5. Theuse of TEM PO asaradical trap for deter mining the mechanism of initiation

in radical polymerisation
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Georges et al.”® prepared high molecular weight polystyrene of narrow
polydispersity in bulk using a molar ratio of benzoyl peroxideto TEMPO of 1.3:1 at
an increased temperature of 130 °C. At higher temperatures the C-ON bond becomes

unstable releasing the nitroxide radical to act as a mediator for the polymerisation.

This work demonstrates the use of a bimolecular initiating system where an
alkoxyamine isformed in situ. However, the yield of alkoxyamineis not quantitative
with respect to the amount of benzoyl peroxide added due to side reactions in the
alkoxyamine synthesis.’® The efficiency factor of a radical initiator such as AIBN
<1, whereas with an akoxyamine the value is ~1. This poorly defined initiating

2 2 \where an

system led to the development of unimolecular initiating systems
alkoxyamine is synthesised separately and then used to initiate a polymerisation

(Scheme 1.1-6).

80 °C TN 0T Y
— [

Scheme 1.1-6. TEM PO alkoxyamine synthesis for unimolecular initiation in NM P

NMP with TEMPO is generally limited to styrenes and requires high temperatures
(125-145 °C) and long reaction times (24-72 hours).?® The polymerisation of

acrylates proceeds only to low conversions before stopping without the use of
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additives.” Random copolymers of styrene with either n-butyl acrylate (nBA) or
methyl methacrylate (MMA) have been demonstrated, however over 50% styrene
was required.®® The inability of TEMPO to mediate acrylate polymerisations has
been shown to be due to irreversible termination reactions, causing the increase in
the concentration of TEMPO in solution which shifts the polymerisation equilibrium
to the dormant side.?’ Styrene possesses an auto-initiation mechanism (Scheme 1.1-
7) which generates new radicals that can consume the excess TEMPO®, making the

polymerisation of styrene by TEMPO possible.

Scheme 1.1-7. Mayo ther mal auto-initiation of styrene

The use of additives, such as ascorbic acid, reduces the concentration of TEMPO in
solution by the formation of hydroxylamine (Scheme 1.1-8)*° pushing the
equilibrium back towards the propagating species and allows the polymerisation of

butyl acrylate with TEM PO to proceed.?’

I ](2 PN H( )
Ho " 0 + 2~ L

\\_\ //,;?‘\\ \; p ~ \ }« P \J A
|
HO OH O, ¢] O OH

o

Scheme 1.1-8. Ascor bic acid reduction of TEM PO
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The desire to have polymerisation systems that do not require additives has led to
the development of a large family of structurally modified nitroxides. The
development of nitroxides that bear little resemblance to TEMPO, such as the
acyclic nitroxides 2,2,5-tri-methyl-4-phenyl-3-azahexane-3-nitroxide (TIPNO)* and
N-(2-methyl propy!)-N-(1-diethyl phosphono-2-dimethyl propyl)-N-oxyl (SG1)*
illustrated in Figure 1.1-3, showed a greater improvement as mediating radicals. The
nitroxides that possess a hydrogen atom on an a-carbon that is not present in
TEMPO display faster living polymerisations with good control over molecular
weight and polydispersity at lower temperatures without additives.?® Work published
by Nielsen and Braslau® detailed a decomposition mechanism that exists for the
acyclic nitroxide TIPNO at 120 °C which prevents accumulation of the nitroxide.
These new nitroxides increased the range of monomers to acrylates, dienes, acrylic

acid and substituted acrylamides.®

N_ A \‘ ()
,()" "\ { I;\

N
By 0" Y I OEt
N : OFt

Figure 1.1-3. Structures of TIPNO (left) and SG1 (right)

Despite these successes, the polymerisation of methacrylates by nitroxides is ill

considered to be difficult. The attempted TEMPO mediated polymerisation of MMA
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by Moad et al.* displayed no living character, stopping between 30-40%
conversion. The authors attributed these results to the occurrence of a hydrogen
abstraction reaction between the propagating chain end and the nitroxide radical to
form a saturated chain end and a hydroxylamine. The suggested mechanism of

hydrogen abstraction is shown in Scheme 1.1-9.

I + N-—H
COsMe CO,Me
disproportionation T N
. MMA MMA
[ — I g -

CO,Me CO-Me
combination || N

elimination
combination N

[——N

N

CO,Me CO,Me

Scheme 1.1-9. Proposed mechanism for hydrogen abstraction from methacrylates during NM P

With SG1 and TIPNO a large equilibrium constant (K) is seen in the NMP of MMA
(Equation 1.1-1).* The high value of K leads to an increased concentration of
propagating chains which leads to an increase in termination reactions. The case of

SG1 is further complicated as success depends on [SG1g]. When the concentration is
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low, there is no control due to a high value for K. When the concentration is high

hydrogen abstraction, as seen with TEM PO, becomes predominant.

kg o Ky [P ][ T]
P T -‘; l)‘ + I : K - —
k. ke [ P—T]

Equation 1.1-1.

The addition of a comonomer can be used to lower the value of K if the second
monomer has a lower K value, such as styrene. Charleux et al.** demonstrated a
living polymerisation of MMA using BlocBuilder®, an SG1 based akoxyamine®,
could be obtained by the addition of 4.4-8.8 mol% styrene to the polymerisation.
Charleux et a.*” have also demonstrated the nitroxide mediated copolymerisation of

MMA under living conditions with the addition of 2.2—-8.8 mol% acrylonitrile.

The successful nitroxide mediated homopolymerisation of MMA was reported in
2007 by Guillaneuf et a.® The authors used an indole based nitroxide, 2,2-dipheny!-
3-phenylimino-2,3-dihydroindol-1-yloxyl (DPAIO), Figure 1.1-4. The radical was
chosen as it was theorised that delocalisation of the radical onto the phenyl ring
would decrease the spin density on the oxygen atom, reducing its ability to undergo

hydrogen abstraction reactions.®

Georgina Rayner 13



Verdazyl Radicals as Mediatorsin Living Radical Polymerisation

'//,/w‘\*;:::\i !//, ::\{\]
} | |
N L
Y ) ~
= . .
\."/}“ ’\;\‘». ‘\;:f;'»f /,\;‘*-&‘_‘4\
T4 ON__~ o X [ L
O ‘/f;?"* S~ \?_,,,() T;;, \\1

Figure 1.1-4. 2,2-diphenyl-3-phenylimino-2,3-dihydroindol-1-yloxyl (DPAIQO, left) and DPAIO

based alkoxyamineinitiator (right)

The decomposition of DPAIO has been investigated to confirm the absence of the
hydrogen abstraction reaction.*® However, it was noted that DPAIO may undergo C-
ON bond homolysis to give an alkoxy and aminyl radical which may affect the
living nature of the polymerisation.*® The polymerisation of MMA was performed at
100 °C using a DPAIO based alkoxyamine (Figure 1.1-4), and proceeded up to 80%
conversion with polydispersity values between 1.3 and 1.4. Molecular weights were
generaly lower than the theoretical and this was attributed to a ower initiation rate

and slow decomposition of DPAIO.®

More recently, the NMP of MMA has aso been reported using a N-
phenylalkoxyamine initiator (Figure 1.1-5), achieving a living polymerisation with
conversions up to 50% with polydispersity values between 1.12 and 1.30.*° The
NMP of MMA has also been performed in the presence of sulfuric acid, which acts

as an accelerating agent**, aswell asin supercritical CO,*.
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Figure 1.1-5. N-phenylalkoxyamine initiator

1.1.2.4. Other stableradicals for SFRP

SFRP has mainly focused on the use of nitroxides, however, the technique is not
limited to nitroxides. Other stable radicals include triazolinyl***°, borinate®,
(arylazo)oxyl*® *° and verdazyl radical s> (Figure 1.1-6). The latter of which is the

focus of the first chapter of thisthesis and will be discussed further in Sections 1.1.4

and 1.1.5.
R R" R E
‘“‘4\; 0O ,/\\\ R N ~ R R /\,\;R
N. N B U J
= B L _I__.N N+ N Na N
R' AN ” N 0O ) T
R R
Triazolinyl Borinate (Arylazo)oxyl Verdazyl

Figure 1.1-6. Alternative stableradicalsfor usein SFRP

Triazolinyl radicals have been used as mediators in the synthesis of homo and block

copolymers of styrene and methacrylates. At elevated temperatures triazolinyl
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radicals decompose which prevents the build up of excess triazolinyl radical. During
decomposition a phenyl radical is produced which is capable of initiating further

polymerisation reactions leading to a broader PDi than seen when using nitroxides.

Borinate radicals are formed in situ from the decomposition of a peroxyborinate. As
decomposition yields an alkoxy and borinate radical, peroxyborinates act in the
same way as the nitroxide based alkoxyamines. Borinate radicals have been used as
mediators in the polymerisation of methacrylates where an increase in M,, with

conversion was observed although alongside broad PDis.

(Arylazo)oxyl radicals are also formed in situ by the one electron oxidation of an
arenedihyponitrite or cyanate anion with an arenediazonium or by an electron
transfer reaction between an activated carbon-halogen compound with an
(arenediazo)oxyl anion.>* The formation of the (arylazo)oxyl radical also creates an
initiating radical. Both the polymerisation of MMA and n-butyl acrylate has been
attempted, however similar trends seen in polymerisations using borinate radicals

were observed.
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1.1.3. Electron paramagnetic resonance

Electron paramagnetic resonance (EPR), or electron spin resonance (ESR)
spectroscopy as it is sometimes known, studies the interactions of unpaired electrons
with nearby nuclel and has such been an important tool in the characterisation of
stable radicals. EPR is a similar technique to the more widely known nuclear
magnetic resonance (NMR), although it looks at the interaction of unpaired electrons
in a magnetic field rather than nuclei. As this technique has been used throughout
this body of work an outline of the method and some experimental considerations

are given in the following sections.

1.1.3.1. Thetheory of EPR

The interaction of an unpaired electron in a magnetic field creates differences in
energy, known as the Zeeman effect.>® A single unpaired electron has two energy
states which lose their degeneracy when a magnetic field is applied. When
introduced to a magnetic field, an electron behaves like a bar magnet due to its
magnetic moment. When aligned with the magnetic field, a lower energy state is
observed. A higher energy state is observed when aligned against the magnetic field
(Figure 1.1-7). The lower energy state is denoted m; = -1/2 and the higher energy

state m¢ = +1/2.
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Figure 1.1-7. Energy diagram for a free electron in an applied magnetic field illustrating the

Zeeman effect

The energy difference (AE) required for atransition between the two states is shown

by Equation 1.1-2°°;

AE = g,LlBBOI hv

Equation 1.1-2

Where g is the electrons g-factor, pg is the Bohr magneton (9.2740 x 102 JIT), By is
the applied magnetic field, h is Plank’s constant (6.626 x 10 J/s) and v is the

frequency of the electromagnetic radiation.

Two possible approaches exist for obtaining EPR spectra. The most common

method involves scanning the magnetic field whilst the frequency of
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electromagnetic radiation is held constant, illustrated in Figure 1.1-7. This is called
the continuous wave EPR method.> The reverse is also possible. An absorption
occurs when the electron moves between the two energy levels and this occurs when

AE matches the energy of the applied radiation, known as the ‘field for resonance’>".

Although absorption curves are recorded, continuous wave EPR spectra are reported
as the first derivative of the absorption curve. This is the result of applying field
modulation with phase sensitive detection, used to improve the signal to noise ratio
and enhance the observed signa intensity.>® If the applied field modulation is
smaller than the line width, the detected signal is proportional to the slope of the

absorption curve, shown in Figure 1.1-8 taken from the literature.®

w
(=]

0
@
-

EPR .
absorption g ____ N"TEEeET PLPEL I

Detector current

N

field modulation

100 kHz

Figure 1.1-8. Effect of field modulation to produce thefirst derivative of an absorption curve>®
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1.1.3.2. Hyperfineinteractions

When an unpaired electron interacts with nearby nuclel with spin (1) > 0 splitting of
the EPR signal is observed.®® This is called a hyperfine interaction or hyperfine
coupling and is analogous in effect to observed J couplings in NMR. As aresult, an
abundance of structural information is obtained, in particular the identity and
number of atoms that interact with the electron.® The number of hyperfine linesin a

spectrum is equal to:

2nl +1

Equation 1.1-3

Where n is the number of symmetry equivalent nuclei with spin 1.>°> For example,
1N has | = 1, so the interaction of the electron with one nitrogen would give three

lines, as seen for TEMPO (Figure 1.1-9).

T T T T T
3460 3480 3500
Gauss

Figure 1.1-9. EPR spectrum of TEM PO
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As the number of nuclei which interact with the electron increases, so do the number
of signals, resulting in a complex multi-line spectrum. On occasion, broadening of

the signal can be seen due to overlap occurring from multiple signals.”®

1.1.3.3. Sample preparation and experimental consider ations

For stable free radicals, solution samples show more hyperfine structure compared
to solid samples as shown for 2,2-diphenyl-1-picrylhydrazyl (DPPH) in Figure 1.1-
10.>" % When preparing a sample, concentrations should generally be < 10° M
otherwise line broadening may occur resulting in the loss of some of the smaller

hyperfine interactions.® >

Figure 1.1-10. EPR spectra of polycrystalline DPPH and a 0.6 mM solution of DPPH in

toluene®
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Non-polar solvents are advisable as polar solvents can cause difficulties in tuning
the cavity, which is required to obtain a signa, due to interaction with the
microwaves.>’ Samples should also be carefully prepared to ensure the absence of
oxygen. Oxygen is paramagnetic and its interaction with the electron will result in
line broadening and the loss of hyperfine structure.®® Experimental parameters
(microwave power, modulation amplitude, frequency, time constant) also need to be
carefully chosen to ensure EPR signals do not get distorted.” As EPR spectra are
reported as first derivative of the absorption signal, the spectra must be integrated
twice to first obtain the absorption spectra and then secondly to calculate the area
under the absorption curve. The integrated intensity is proportional to the

concentration of radical and as such can be used for quantitative analysis.”®

1.1.4. Verdazyl radicals

Verdazyl radicals were first discovered by Kuhn and Trischmann in the 1960s.%°
They are considered stable radicals rather than persistent owing to the fact that they
can be isolated.** The general structure consists of a six membered ring substituted
with four nitrogen atoms as shown in Figure 1.1-11. Verdazyl radicals are classed as
either Type | or Type Il depending on the nature of the carbon atom at the 6
position. The second class of verdazyl was discovered in the 1980s by Neugebauer

and Fischer.®?
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R, R'" R, R
NZN N2 3N
R R

Figure1.1-11. Typel (left) and Typell (right) verdazyl radicals with atom numbering scheme,

X=0o0rS

Type | verdazyls have a saturated carbon atom at the 6 position and R' is generally
aromatic. Type Il verdazyls have a carbonyl or thiocarbonyl group at the 6 position

and R can be alkyl or aryl.

1.1.4.1. Synthesis of verdazyl radicals

Verdazyl radicals were accidentally discovered in 1963 by Kuhn and Trischmann
when attempting the alkylation of formazans.®® Triphenylformazan was reacted with
methyl bromide in the presence of air which yielded triphenylverdazyl instead of the
expected alkylated formazan (Scheme 1.1-10). In the mechanism, the akylated
formazan cyclises to give a leuco-verdazyl, which is in turn oxidised in air to give

the resulting verdazyl radical.
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Ph Ph Ph CH; _Ph Ph Ph Ph P Ph
SNH N7 CHaBr SNTTONT SN [Ox] NN
| { “Base | | —> | | N | |
Na N ase Na N N NH Na N
Ph Ph Ph Ph
alkylated formazan leuco-verdazyl 80%

Scheme 1.1-10. Kuhn method for the synthesis of verdazyl radicals from for mazan

In 1980, Neugebauer and Fischer reported the synthesis of 1,5-dimethyl-6-

.82 This work was followed in

oxoverdazyl and 1,5-dimethyl-3-phenyl-6-oxoverdazy!
1988 with a publication by Neugebauer et al. detailing the synthesis of a series of 6-
oxo and 6-thioverdazyls.®® The general scheme for the synthesis of 6-oxoverdazyls

isshown in Scheme 1.1-11.

0
@) R Il
HoN-NHCH; +  l ———» N7 'N
1~ d NH, NH;
0
H™ R
0 0
~ N Ox ~ /l\ -
N [Ox] ‘N \,J
I
No.N T HN__NH
R R
33-79% 49-85%

Scheme 1.1-11. Neugebauer method for the synthesis of 1,5-dimethyl-6-oxoverdazyl radicals
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In the first step methyl hydrazine is reacted with phosgene to give 24-
dimethylcarbonohydrazide. For the synthesis of 6-thioverdazyls, phosgene is
replaced by thiophosgene. The condensation of 2,4-dimethylcarbonohydrazide with
a substituted adehyde yields 1,2,4,5-tetrazinane-6-one, referred to as the
tetrazinanone intermediate, which is then oxidised to give the 6-oxoverdazyl radical.
A number of oxidants have been used including potassium ferricyanide®, lead

oxide™, sodium periodate® and benzoquinone®®.

The incorporation of aromatic substituents on the nitrogen atoms at the 1 and 5
positions can be afforded by constructing the tetrazinanone intermediate in a
stepwise process developed by Milcent et al. (Scheme 1.1-12).°” A hydrazone,
synthesised from the appropriate aldehyde and hydrazine, is reacted in phosgene or
thiophosgene to give a chloroformylhydrazone. The hydrazone is ring-closed with
an aryl hydrazine to give the tetrazinanone intermediate which is then oxidised to

give the corresponding verdazyl radical.

R\ _H R Jk R! J\ R R! )J\ _R2
\T COCl, T Cl R2NHNH, \\I \!I [Ox] ‘}1 }
Nao H Pyridine NY” NEt3 [[\JY_\][] Na N
R R R R
~70% X=0,S

Scheme 1.1-12. Milcent method for the synthesis of 1,5-diaryl substituted verdazyls™
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More recently, Paré et al. developed the synthesis of 1,5-diisopropyl substituted

verdazyls (Scheme 1.1-13).%°

J PN

NaBH;CN ]
B —

H-NNHBo¢ ———— , h
_ H” Boc H™ Boc

cocl,
pyridine
O
iPr )k iPr .
~N L~ Dy . Pr
N N iPr JJ\ iPr . !
. < W S NT N
N N | | EtOH | [
,. / i

R

~30%

44%

Scheme 1.1-13. Pare method for the synthesis of 1,5-diisopropy! substituted oxover dazyls™

In this method, the t-butyloxycarbonyl (Boc) protected isopropyl hydrazine is
reacted with phosgene in the presence of triethylamine. Removal of the Boc
protecting group Yields the desired 2,4-diisopropylcarbonohydrazide. The
condensation reaction with an aldehyde and oxidation steps are similar to that

already described.

1.1.4.2. Propertiesof verdazyl radicals

Verdazyl radicals can be isolated, handled and stored without decomposition, are air

and water stable, and do not dimerise when in solution or in the solid state.>*

Georgina Rayner 26



Verdazyl Radicals as Mediatorsin Living Radical Polymerisation

Verdazyls substituted with small groups at the 3 position, such as H or Me, are
known to gradually decompose; however, this is over a period of weeks.®® Larger
substituents at the 3 positions can sterically shield the verdazyl ring, thus increasing
its stability.®® The 1,5-dimethyloxoverdazyls disproportionate very slowly over time
and as such can still be referred to as stable rather than persistent (Scheme 1.1-14).%*
%370 |n the disproportionation reaction, a hydrogen atom is abstracted from one of
the methyl groups creating an azomethine imine intermediate and a leuco-verdazyl.”

The leuco-verdazyl is air oxidised back to the verdazyl radical whilst the azomethine

imine undergoes a[3+3] cycloaddition reaction.>

Scheme 1.1-14. Disproportionation reaction of 1,5-dimethyl-6-oxover dazyls **

Verdazyl radicals are brightly coloured and the colours vary depending on the type

of verdazyl and its substituents. Type | verdazyls are typically green with an
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absorption wavelength at approximately 700 nm.®® ™ Type Il verdazyls range from
dark yellow to brown, with absorptions between 400 and 600 nm.®* % Both types of
verdazyl generally show two overlapping bands in UV-vis spectra. The latter band
varies upon changing the substituent at the 3 position.?® ™ In particular, when the
substituent at the 3 position is small, such as R = H or Me, a shift to a lower
wavelength by about 50 nm is observed in comparison to the corresponding verdazyl

withR =Ph>

Nitrogen hyperfine coupling constant ranges and calculated spin density
distributions recorded in the literature are summarised in Table 1.1-1>* for both
types of verdazyl. Both type | and type Il verdazyls display a general nine line
pattern in EPR spectra corresponding to the hyperfine coupling of the unpaired
electron to the four nitrogen atoms on the verdazyl ring. In type | verdazyls the
hyperfine couplings for both sets of nitrogen atoms (N2,4 and N1,5) are generally
equivalent (Table 1.1-1). In type Il verdazyls the measured hyperfine coupling
constant for N1 and N5 is smaller than for N2 and N4 and this has the effect of

splitting the observed nine lines.
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Table 1.1-1. Nitrogen hyperfine couplings and calculated spin densitiesfor both typel and type

Il verdazyls™

Verdazyl general  N1/N5 hyperfine coupling (G) N2/N4 hyperfine coupling (G)
structure N1/N5 calculated spin density  N2/N4 calculated spin density

AT N AN Ar
|

N 5.7-6.2 54.-6.1

Y ' 0.24 0.16
R

ZzZ—Z

AN )k 5.1-5.4 6.4-6.6

.
\IY\I
R

0.18-0.21 0.34-0.40

The spectra of the type Il verdazyls are further complicated by the addition of
hyperfine coupling of the unpaired electron with the substituents on the N1 and N5
positions on the verdazyl. This hyperfine interaction varies depending on the
substituent with values ranging from 5.2-5.8 for R = methyl, 2.9-3.0 for R = CH,Ph
and 1.2-1.5 for R = isopropyl.>* Hyperfine interactions with the substituent at the 3
position is generally small (< 1 G) and often requires a more sensitive technique
such as electron nuclear double resonance (ENDOR) spectroscopy’® for its
calculation.®®* ™ Figure 1.1-12 compares the simulated EPR spectra of 1,35
triphenyl verdazyl and 1,5-dimethyl-3-phenyl-6-oxoverdazyl and illustrates how

additiona hyperfine interactions serve to complicate the spectrum.
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—a

20 Gauss

Figure 1.1-12. Simulated EPR spectra of 1,3,5-diphenylverdazyl (bottom) and 1,5-dimethyl-3-

phenyl-6-oxover dazyl (top) using hyperfine couplings from the literature®

Spin density distributions on verdazyl radicals are commonly determined
computationally to support hyperfine coupling values determined from EPR.”®! For
both types of verdazyl the unpaired electron is in a n system delocalised over
N1,2,4,5 and C3.>* % The calculated singly occupied molecular orbital (SOMO) isa
m* orbital that resides mostly over the four nitrogen atoms.>* % A nodal plane passes
through the carbon atom at the 3 and 6 positions, however, spin polarisation effects

produce some spin density on the substituent at the 3 position.>* & For both types of
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verdazyl the four nitrogen atoms carry the majority of the spin density. Calculated
spin densities (Table 1.1-1) are close in magnitude for both sets of nitrogen atomsin
the type | verdazyls, although slightly higher values are seen for N1 and N5. In type

Il verdazyls N2 and N4 carry amost double the spin density seen on N1 and N5.

1.1.4.3. Applications of verdazyl radicals

Since their discovery, verdazyl radicas have found themselves in a number of

65, 85, 86

applicationsincluding spin labels*, ligands for transition metals whichinturn

87-91

can be used as building block for magnetic materials™ ™", substrates for organic

7092 nolymerisation inhibitors™ and polymerisation mediators™>* *. The

synthesis
latter is the focus of the first chapter of this thesis and is discussed in more detail in

Section 1.1.5.

1.15. Verdazyl radicals as mediators in stable free radical

polymerisations

Yamada et al. reported the first use of verdazyls in SFRP with their attempts to
mediate the polymerisation of MMA and styrene with triphenylverdazyl.™® The
authors used a unimolecular initiator formed from the coupling product of
triphenylverdazyl with a 2-cyano-2-propyl radical formed from the decomposition of

AIBN (Scheme 1.1-15).
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Ph Ph / Ph Ph
) \T/\\T/ NC \C.\' j \T/\T/
= . . - .
NN 20 °C NN
Ph Ph CN
(i)
40°C

Ph Ph
2 | | + 2 °
NN CN
Ph

Scheme 1.1-15. Synthesis of unimolecular initiator from the coupling product of AIBN and

triphenylverdazyl

Heating the coupling product above 40 °C* resulted in bond dissociation which was
expected to initiate the polymerisation. Coupling products with 2,2’ -azobis-2,4-di-
methylvaleronitrile (AVN) and methyl 2,2'-azobisbutylrate (MAIB) with

triphenylverdazyl were also synthesised and investigated (Figure 1.1-13).

Ph Ph Ph Ph
~ T /\T - \T /\,l\ -
NY‘\.\}/\( N\rx\‘/
Ph CN Ph CO,CH;
(ii) (iii)

Figure 1.1-13. Coupling products of triphenylverdazyl with 2'-azobis-2,4-di-methylvaleronitrile

(left) and methyl 2,2’ -azobisbutylrate (right)
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The polymerisation of MMA was performed a 80 °‘C. After 24 hours low
conversions, low molecular weights and high polydispersities were observed for al
three initiating systems (Table 1.1-2). The polymerisation mixture went from
colourless to green, indicating the presence of free verdazyl and was attributed by
the authors to the slow recombination of the propagating chain with the verdazyl.
The colour was observed to become more intense on exposure to air indicating the
presence of |leuco-verdazyl.”® The formation of leuco-verdazyl was accounted for by
the abstraction of a hydrogen atom from the propagating chain (Scheme 1.1-16).

From these results it was concluded that triphenylverdazyl was unsuitable for

mediating the SFRP of MMA.>®

Table 1.1-2. Final results from the polymerisation of MMA with initiators (i) — (iii)*®

Unimolecular initiator Time (h) Conversion (%) My, (g/mol)

() 40 9.9 4,700
(ii) 29 3.6 1,600
(iif) 29 4.4 1,700
H
) - l P ”{\, /,“ ¢ < Ph _ -~ Ph
: \|\ ? : \( e~ [{\A) > Y ‘ A Iu
N A Z
v — 07 007 o 07 007 0
I,h I Pll
lw
Ph  _~ __Ph
N N
[

Scheme 1.1-16. M echanism of leuco-verdazyl formation from the polymerisation of MM A by (i)
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The polymerisation of styrene was performed at 60 °C. After 24 hours no polymer
formation was observed and the polymerisation mixture remained colourless, even
on exposure to air. It was concluded that a strong carbon-nitrogen (C-N) bond,
formed between the propagating radical and the verdazyl radical, did not dissociate

at the polymerisation temperature preventing the formation of polymer.®

In 1998 the polymerisation of styrene was revisited by Yamada et al.>* The coupling
product of the 2,-cyano-2-propyl radical and triphenylverdazyl (i) was again used as
the unimolecular initiator, however, this time higher polymerisation temperatures
were investigated (90-120 °C). Nearly linear first order kinetics with respect to
monomer was observed aongside an increase in molecular weight with conversion
a 110 °C, however, polydispersity values remained > 1.5. The use of 'H NMR
confirmed that 40% of polymer chains contained the triphenylverdazyl end-group
indicating a large amount of bimolecular termination was occurring. Through the
use of EPR spectroscopy it was determined that at 110 °C the triphenylverdazyl
radical decomposed, resulting in a reduced concentration of radical that was
insufficient to cap all the growing polymer chains (Figure 1.1-14>%). Reducing (90
°C) or increasing (120 °C) the temperature did not improve on the observed results.
It was concluded by the authors that the use of a structurally modified verdazyl
radical that was more stable at the polymerisation temperature would be able to

mediate a SFRP.>!
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Figure 1.1-14. Changein triphenylverdazyl concentration during the polymerisation of styrene

by (i) determined by EPR*

The area of verdazyl mediated SFRP remained dormant until 2007 when Georges et
al. investigated the polymerisation of styrene and butyl acrylate mediated by 6-
oxoverdazyls.>® After some initial, largely unsuccessful work using a bimolecular
initiating system, work was then focused on the use of a verdazyl based
unimolecular initiator similar in structure to a unimolecular initiator utilised in
NMP.>> %3 |t was speculated by the authors that the use of a unimolecular initiator
would introduce the correct ratio of propagating species to verdazyl radical that was
not seen in the bimolecular systems.>® The unimolecular initiators were prepared by
either a radical exchange reaction or an atom transfer radical addition (ATRA)

reaction (Schemes 1.1-17 and 1.1-18).
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Scheme 1.1-17. Exchange reaction for the synthesis of verdazyl unimolecular initiators

[ Q
o~ o~ N R M R
1) o AN IT ~ o ‘NN
R AR Ny N B i
‘N7 R %T NN AN NN > N
N X N. N | ) ’ R’
T o~ “ Y wluene, Ny, 41 h, 60 °C, NF N
R AN Cu powder, Cu(I1)Bry e |

Scheme 1.1-18. ATRA reaction for the synthesis of verdazyl unimolecular initiators

A sdlection of unimolecular initiators were investigated (Figure 1.1-15). Initiator (iv)
was used to polymerise styrene at 130 °C resulting in high molecular weight growth
and a high polydispersity. The poor result was attributed to the slow dissociation and
recombination of the verdazyl radical to and from the propagating polymer chain.>
In contrast, initiator (v) was demonstrated to control the polymerisation of styrene
well with low polydispersities and molecular weights close to theoretical values.
This illustrated how atering the verdazyl structure, in this case by making it less
sterically bulky by changing the phenyl groups at N1 and N5 to methyl, increased

the radicals ability to mediate a polymerisation.
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0 N , (iv) R=Ph,R'=Ph
1 | - Me, R' = P}
NN (v) R=Me, R =Ph
0 Y (vi) R=Me,R'=H
(vii) R =Me, R' = Et

R’ (viii) R = Me, R’ = PhCN

(ix) R =Me, R'= methyl imidazole

Figure 1.1-15. Unimolecular verdazy! initiators employed by Georgeset al.

The polymerisation of styrene was aso discussed for initiator (vi). High conversions
and molecular weights close to theoretical values were observed alongside low
polydispersity values in the same timescales used for (v). It had been expected by
the authors that less steric crowding around the radical site would increase the
dissociation constant (kq) for the C-N bond, thus increasing the amount of energy
required resulting in a slower polymerisation.®> The calculated kg values for (v) and
(vi) were in fact similar (2.6 x 10° s and 2.7 x 10° s? respectively) and it was
concluded that a radicals ability to mediate a controlled polymerisation was not

completely due to steric effects around the C-N bond.*®
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Table 1.1-3. Resultsfor the polymerisation of styrene by verdazyl unimolecular initiators

Initiator Time  Conversion Mhn M e PDi  Temperature
(h) (%) (gmal)  (g/mol) (‘O
(iv) 6 39 32,700 20,000 1.60 130
(V) 5 40 12,100 15500 1.22 125
(vi) 7 59 19,900 23,000 1.09 123
(viii) 10 45 6,600 17,700 1.14 125

The polymerisation of n-butyl acrylate with initiator (v) proceeded under controlled
conditions. The ability of the radical to mediate the polymerisation without any

additives, often required with nitroxides®”

, was attributed to the radical possessing
some form of instability under the polymerisation conditions, resulting in slow
decompostion.®® * This controlled the amount of free radical in the polymerisation
mixture and prevented the equilibrium being pushed toward the dormant side.
Initiator (vi) displayed less control with high polydispersity values being observed
(Table 1.1-3). The authors specul ated that this was due to the verdazyl radical being
more susceptible to participate in the abstraction of a hydrogen atom to form a
leuco-verdazyl due to the lack of steric hindrance around the radical centre than
radicals with larger substituents.™ The presence of leuco-verdazyl was confirmed by

the polymerisation mixture changing from colourless to yellow, the colour of the

free verdazyl, on exposureto air.
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Table 1.1-4. Results for the polymerisation of n-butyl acrylate using verdazyl unimolecular

initiators
Initiator Time  Conversion Mhn M e PDi Temperature

(h) (%) (g/mol)  (g/mal) (O
v) 28 40 14,300 23,000 1.20 130
(vi) 8 68 23,200 24300 154 125
(vii) with 27 53 13,100 18,700 121 132

ascorbic acid
(viii) 24 40 11,500 22,000 1.17 130
(ix) 5 57 56,000 25500 2.06 130

The polymerisation of styrene and n-butyl acrylate by (vii) was briefly addressed by
the authors. They observed a decrease in the rate of polymerisation from styrene and
asimilar rate for the polymerisation of butyl acrylate compared to (v) (Table 1.1-4).
It was concluded from this that the ability of a verdazyl radical to mediate a
polymerisation could be varied between different monomers based on the choice of

substituent at the 3 position on the radical .

Initiators (viii) and (ix) were separately reported.” Improved results on those
previousy published were not observed (Table 1.1-4). Noticeably, the
polymerisation of n-butyl acrylate by (ix) was fast and lacked control (Table 1.1-4).
This was suggested to be either the result of faster decomposition of the radical at
the polymerisation temperature or the substituent at the 3 position sterically

hindering the recombination of the radical with the propagating chain.®
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Three main differences between the polymerisation of styrene and n-butyl acrylate
were commented upon by the authors.>* ® Longer reaction times were required for
the butyl acrylate polymerisations, no low molecular weight tailing was seen for
butyl acrylate, in contrast to styrene, and the rate of polymerisation was seen to slow
over time for the butyl acrylate polymerisations whereas the rate of styrene remained
constant. The longer reaction times for butyl acrylate were accounted for by alarger
kq value for the C-N bond in the acrylate polymerisation compared to the analogous
styrene bond.*® The last two observations were accounted for by the build up of free
verdazyl due to bimolecular termination which reduces the rate of the
polymerisation.> ® This had a greater effect in butyl acrylate polymerisations as it
lacks the auto-initiation reaction seen with styrene polymerisations that prevents the
build up of free verdazyl.?” ® The addition of ascorbic acid to butyl acrylate

polymerisations resulted in increased conversion confirming the author’s theories.®

95

The authors concluded that verdazyl radicals could successfully mediate
polymerisation reactions; however, different substituents on the radical resulted in
them having different mediating abilities, consistent with the behaviour seen by

nitroxides.>® %
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1.1.6. Aim of thiswork

Previous studies have shown that the structure of a nitroxide radical can have a great
effect on its ability to mediate polymerisation reactions. With a variety of structural
modifications possible, verdazyl radicas could potentialy be designed to
specifically mediate polymerisation reactions. This work aims to further evaluate the
use of verdazyl radicals as an aternative to nitroxides in the SFRP of styrene, butyl

acrylate and MMA.
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1.2. Verdazyl radicals: Synthesis and

characterisation

1.2.1. Radical synthesis

The focus of this work was the investigation of 1,5-dimethyl-6-oxoverdazyls used
previously to mediated living polymerisations in the work described by Georges et
al.® The genera synthesis for a range of substituents at the 3 position was

developed by Neugebauer (Scheme 1.2-1).%% 97

o O 0 0

H,N-NHCH, . TNTONT N7
- o . P————— \

| i
¢ NH, NH, HN_

Scheme 1.2-1. General synthesis of 1,5-dimethyl-6-oxover dazyl radicals

The first step is the synthesis of 2,4-dimethylcarbonohydrazide (1). Initially a
procedure described by Barr et al.° was used (Scheme 1.1-2) which utilised solid

triphosgene over more traditionally used phosgene gas.
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O
Cl O Cl toluene/DCM

HN-NHCH; + o M Lo - NTONT
Clof 00 0 LB N, 420 NH, NH,
(1)

Scheme 1.2-2. Barr method for the synthesis of 2,4-dimethylcar bonohydrazide (1)

Triphosgene dissolved in toluene was added dropwise to methyl hydrazine in
dichloromethane cooled to -42 °C using a dry ice/acetonitrile bath. After stirring
overnight, the solution was filtered and the solvent/volatiles were removed in vacuo.
'H NMR analysis showed a mixture of products which were difficult to purify using
column chromatography and 1 could not be isolated. A second method described by

Plater et al.*® (Scheme 1.2-3) was then investigated.

o)

ct o «a )DCM,-10°C ||

H,N-NHCH, + | M L= ; SN N
(1)

Scheme 1.2-3. Plater method for the synthesis of 2,4-dimethylcar bonohydrazide (1)

In this method triphosgene dissolved in dichloromethane was added dropwise to a
solution of methyl hydrazine in dichloromethane cooled to below 0 °C. As with the
previous method the reaction mixture was stirred overnight before removing solids

and solvent. No further purification was required and high yields (> 80%) were
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observed. Compound 1 is hygroscopic and requires drying on a high vacuum line

before being stored under nitrogen in the fridge.

The second step in the synthesis is the condensation of the appropriately substituted
aldehyde with 1 to give the tetrazinanone intermediate, 1,5-dimethyl-3-R-tetrazinan-

6-one (Scheme 1.2-4).

N~ N H R N7 '?
‘\‘1113 Tt\lll: HN___NH
!
R = H. Ph, PhMe, PhOMe, PhNO,

Scheme 1.2-4. Synthesis of 1,5-dimethyl-3-R-tetrazinan-6-one

(@) 2, R = H, formaldehyde, MeOH/H,0, 52%,; (b) 3, R = Ph, benzaldehyde, MeOH, 29%; (c) 4, R =
PhMe, p-tolualdehyde, MeOH, 63%; (d) 5, R = PhOMe, 4-methoxybenzaldehyde, MeOH, 60%; (€)

6, R = PhNO,, nitrobenzaldehyde, MeOH, 17%.

Following the described literature procedures® %, the dissolved aldehyde is added
dropwise to a solution of 1 and stirred at ambient temperature for 1-2 hours. Note
that it is important not to add the aldehyde too quickly as this results in the
formation of the acyclic bis-hydrazone over the desired cyclic tetrazinanone.® ¥
The volatiles are removed to give 1,5-dimethyl-tetrazinan-6-one (2), 1,5-dimethyl-3-
phenyl-tetrazinan-6-one (3), 1,5-dimethyl-3-methylphenyl-tetrazinan-6-one (4) and

1,5-dimethyl-3-methoxyphenyl-tetrazinan-6-one (5) and, in the case of 1,5-
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dimethyl-3-nitrophenyl-tetrazinan-6-one ~ (6), filtered.  All  tetrazinanone

intermediates were purified by recrystallisation from appropriate solvents.

Molecular structures determined by X-ray crystallography have been obtained for
intermediates 2 and 3 (Figures 1.2-1 and 1.2-2). In 2 (R = H), the tetrazinanone ring
isin adistorted boat conformation with all the nitrogen atoms nearly coplanar. In 3
(R = Ph), the phenyl group sits orthogonal to the tetrazinanone ring, which is itself
more planar than 2 (R = H), with only the carbon in the three position out of plane.
Crystals suitable for X-ray crystallography for the other tetrazinanone intermediates

were unfortunately not obtained.

Figure 1.2-1. Molecular structure of 1,5-dimethyl-3-tetrazinan-6-one (2) determined by X-ray

crystallography

Georgina Rayner 45



Verdazyl Radicals as Mediatorsin Living Radical Polymerisation

Figure 1.2-2. Molecular structure of 1,5-dimethyl-3-phenyl-tetrazinan-6-one (3) determined by

X-ray crystallography

The fina step is the oxidation of tetrazinanone intermediates 2-6 to give the

corresponding verdazyl radical, 1,5-dimethyl-3-R-6-oxoverdazyl (Scheme 1.1-5).

O O

\I'\ J*\ N e Kzrt(( I\)h \_N - xI\ e
| I I
HN___NH  aq. Na,COjzsoln N N
R R

Scheme 1.2-5. Synthesis of 1,5-dimethyl-3-R-6-oxover dazyl

(8) 7, R=H, 82%; (b) 8, R = Ph, 89%; (c) 9, R = PhMe, 46%; (d) 10, R = PhOMe, 81%; (€) 11, R =

PhNO,, 66%.

Following a literature procedure®®, potassium ferricyanide dissolved in water and a

2N aqueous solution of sodium carbonate were used to synthesise 1,5-dimethyl-6-
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oxoverdazyl (7). The reaction was completed at ambient temperature, with the
product then extracted into diethyl ether. The radical was purified using an activated
alumina (basic) column eluted using 1:1 dichloromethane/petroleum ether yielding a
dark red crystaline solid. This crystalline material decomposes to a viscous liquid

that islargely insoluble if |eft at ambient temperature (Figure 1.2-3).

® -

Figure 1.2-3. 1,5-dimethyl-6-oxover dazyl (7) straight after purification (Ieft) and after standing

at ambient temperaturefor 1 day (right)

The crystaline material can be stored in the freezer; however, this is not a
permanent solution as it only slows the degradation of the crystals. It is better to
store the eluent from the column in the freezer, removing portions of solvent in
vacuo to obtain ‘fresh’ crystalline materia as required. Crystals of 7 (R = H) which
may be suitable for x-ray crystallography can be grown in petroleum ether on
storing in the freezer, however, these crystals disappear into solution quickly on

warming so obtaining a crystal structure has thus far not been possible.
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The synthesis of radicals 1,5-dimethyl-3-phenyl-6-oxoverdazyl (8), 1,5-dimethyl-3-
methylphenyl-6-oxoverdazyl (9), 1,5-dimethyl-3-methoxyphenyl-6-oxoverdazyl
(10) and 1,5-dimethyl-3-nitrophenyl-6-oxoverdazyl (11) follow a similar synthetic
route to 7 (R = H), al described in the literature.®® * Tetrazinanone intermediate 3
(R = Ph) was found to be difficult to dissolve if not used soon after synthesis. When
adding the potassium ferricyanide to tetrazinanone intermediates 3 (R = Ph) and 6
(R = PhNO,), a large amount of white precipitate is formed alongside the radical.
This can be mostly removed once the solids have been collected by extensive
washing with water. Radicals 9-11 were purified by recrystalisation from
appropriate solvents. Purifying 8 (R = Ph) proved problematic and was therefore

used without further purification.

1.2.2. Verdazyl characterisation

Five radicals were synthesised during this body of work, focused on varying the
substituent at the 3 position of the verdazyl (Figure 1.2-4). The am was to
investigate whether changing the substituent would affect the outcome of a verdazyl
mediated polymerisation through both steric and electronic effects. Steric effects
have been introduced by the use of a phenyl substituent and electronic effects by the

use of electron donating (CH3, OCH3) and electron withdrawing (NO,) groups.
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Figure 1.2-4. General numbering scheme used for verdazyl radicals

Figure 1.2-5 shows a sample of each radical and illustrates how each radical is a

different colour as aresult of the substituent at the 3 position on the radical.

O O O j)J\
O
SNTONT N__N . N__N N__N
1 X ~ N__N Z N
e
H )
X
0L NO,

Figure 1.2-5. Verdazyl radicals (from left to right); 1,5-dimethyl-6-oxoverdazyl (7), 1,5
dimethyl-3-phenyl-6-oxoverdazyl (8), 1,5-dimethyl-3-methylphenyl-6-oxover dazyl (9), 1,5-
dimethyl-3-methoxyphenyl-6-oxover dazyl (10) and 1,5-dimethyl-3- nitr ophenyl-6-oxover dazyl

11)
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It is documented in the literature that the substituent at the 3 position effects the
absorption wavelength, Amax, Of the radicals.> Figure 1.2-6 compares the electronic
spectrafor the five radicals (1, 4-dioxane) and each radical displays two overlapping
bands with Ay Values between 350 and 600 nm. The verdazyl with R = H, ie. when
the verdazyl is the least substituted, has the lowest Amax Value of al the radicals
synthesised. A shift in Ama towards the red wavelength was seen when the verdazyl
was substituted with electron rich aromatic groups (R = PhMe or PhOMe),

concurrent with existing data.”

1_4- fln‘llh 0,14 — R=H
f T "R=Ph
\ 0.12 4 ——R =PhMe
1.2 4 { | ﬂ ——R =PhOMe
0.10 \ /\ R - PENO.
1.0 0

0.024

0.004_>

Absorbance

300 400 500 600

Wavelength (nm)

Figure 1.2-6. UV-vis spectra of verdazyl radicals 7-11in 1, 4-dioxane
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Along with traditional characterisation techniques, EPR has been used to gain
further insight into the electronic structure of the verdazyl radicals. The solution
EPR spectrum of 7 (R = H, 1 mM, toluene) is shown in Figure 1.2-7 (—). The
hyperfine structure of 7 arises from the coupling of the free electron to the four
nitrogen atoms, the six methyl hydrogen atoms and the hydrogen at the 3 position
and the hyperfine coupling constants (Table 1.2-1) were calculated by simulating the

experimental spectrum (Figure 1.2-7, —).

N_ 2N
b
I ! I ! [ ! I ' I !
3440 3460 3480 3500 3520
Magnetic field (Gauss)

Figure 1.2-7. Experimental (top) and simulated (bottom) EPR spectrum of 7
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The solution EPR spectrum of 8 (R = Ph) was initially recorded at the same 1 mM

concentration as 7 (R = H) and is displayed in Figure 1.2-8.

] T T T T T T T
3440 3460 3480 3500 3520
Magnetic field (Gauss)

Figure 1.2-8. Experimental EPR spectrum of a 1 mM solution of 8 in toluene

The EPR spectrum of 8 displays less hyperfine coupling than 7, illustrated by a
reduction in the number of lines in the spectrum. To investigate whether this
spectrum accurately showed the full extent of the coupling or whether broadening of
the signal was occurring, a second sample was run at a concentration of 0.2 mM
(Figure 1.2-9). The spectrum of the 0.2 mM solution showed less broadening of the
signa. This determined that there was some saturation of the signal in the 1 mM
sample. Again, a simulation was done to obtain the hyperfine coupling constants
(Table 1.2-1). The simulation revealed that there was no hyperfine coupling

observed with the phenyl group at the 3 position on the verdazyl.
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I ! |

[ ! [ ! I !
3440 3460 3480 3500 3520
Magnetic field (Gauss)

Figure 1.2-9. Experimental (top) and simulated (bottom) EPR spectrum of a 0.2 mM solution of

8in toluene

It was expected that the EPR spectra of verdazyl radicals 9-11 should be that similar
to that of 1,5-dimethly-3-phenyl-6-oxoverdazyl. However, the group at the 4
position on the phenyl ring may exhibit some electronic effect on the coupling of the
radical. Figures 1.1-10-1.1-12 displays the recorded EPR spectra of radicals 9 (R =
PhMe), 10 (R = PhOMe) and 11 (R = PhNO). A 0.05 mM concentration of radical

was used instead of a 0.1 mM concentration, the concentration used for 8, as the
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higher concentration resulted in significant line broadening. The lower concentration
reduced the amount of line broadening significantly for 10. Less of an effect was
seen in the spectra of 9 and 11, and the line broadening was taken into account

during the simulations of the two radicals.

T I T I T T [ T I

I |
3430 3500 3520 3540 3560 3380
Magpnetic field (Gauss)

Figure 1.2-10. Experimental (top) and ssmulated (bottom) EPR spectrum of a 0.05 mM solution

of 9in toluene
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I I I I l I

I I |
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Figure 1.2-11. Experimental (top) and ssmulated (bottom) EPR spectrum of a 0.05 mM solution

of 10 in toluene
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T T
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Figure 1.2-12. Experimental (top) and ssimulated (bottom) EPR spectrum of a 0.05 mM solution

of 11 in toluene

As expected, similar spectra to 8 (R = Ph) were observed with coupling seen with
the four nitrogen atoms and the six methyl hydrogen atoms. Table 1.2-1 displays the
calculated values for the hyperfine coupling constants and g-factors for al the

radicals and shows that small changes were observed in the values on changing the
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substituent at the 3 position. The values were in the expected range for
oxoverdazyls® and were similar to literature values® with the exception of 9 (R =

PhMe) as no EPR data was recorded by the authors who devel oped the synthesis™.

Table 1.2-1. Hyperfine coupling constants and g-factor valuesfor verdazyl radicals 7-11 at

room temperaturein toluene

R alN2g) alNis) aH, ) (6H) aH,) g-factor

H 6.50 5.19 5.45 0.78  2.0045
Ph 6.50 5.10 5.45 - 2.0045
PhMe 652 515 5.42 - 2.0099
PhOMe 653 537 5.15 - 2.0100
PhNO, 645 535 5.48 - 2.0101

No obvious trends are visible from the data in Table 1.2-1 relating to the changes in
substituent at the 3 position. In the future it may be beneficial to use the advanced
EPR method ENDOR to obtain more accurate values for the hyperfine coupling
values.” This technique has previously shown a small hyperfine coupling (< 1 G) to

the phenyl group in the 3 position of 8 (R = Ph) exists.”

A short computational study was completed by Professor Rob Deeth, University of
Warwick, to compliment the observed EPR results. The structures of the spin-
doublet radicals were optimised using spin-unrestricted density functiona theory
(DFT). The B3LYP functional with 3-21G* basis sets as implemented in Gaussian
03'® was used throughout. The results of molecular orbital and spin density

caculations for 8 (R = Ph) are shown in Figure 1.2-13, and Mulliken spin
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populations are recorded in Table 1.2-2. Figure 1.2-14 shows the atom numbering

scheme used in Table 1.2-2.

C

Figure 1.2-13. Calculated molecular orbital (top left), spin density plot (top right) for verdazyl

radical 8 (R = Ph)

The calculated molecular orbital explains why the substituent at the 3 position does
not have a greater effect on the hyperfine coupling seen in EPR. A noda plane
passes through the 3 and 6 positions on the radical making the molecular orbital
relatively insensitive to the substituent at the 3 position. However, a small amount of
spin density can be seen on the C3 atom and the phenyl ring as a result of spin
polarisation®®; however, this effect is very small. This fits with the observed
hyperfine coupling seen in the literature for 8 when ENDOR is used.®® The

molecular orbital spans the four nitrogen atoms and as such they carry the majority
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of the spin density. The nitrogen atoms at the 2 and 4 positions carry double the spin
density of those at the 1 and 5 positions, which correlates with the larger hyperfine

coupling seenin EPR for N2 and N4.

When calculated, the verdazyl radicas appeared planar. This has been seen in
crystals structures of 1,5-dimethyloxoverdazyls published in the literature.” *** To
determine if this was a correct representation for these radicals, the molecular orbital
for 3 (R = H) was caculated. The same boat conformation as illustrated in Figure

1.2-1 was observed.

Figure 1.2-14. Atom numbering scheme for used for Table 1.2-2

In general the verdazyl ring carries the same distributions of spin densities in all
radicals. An increased amount of spin density was observed for the nitrophenyl
substituent on 11, less so on the methoxy and methyl substituents on 10 and 9

respectively, and with the least on 8.
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Table 1.2-2. M ulliken spin populationsfor verdazyl radicals 7-11

Atom Verdazyl radical
7 8 9 10 11
(R=H) (R=Ph) (R=PhMe) (R=PhOMe) (R =PhNO,)
C6 -0.03 -0.03 -0.03 -0.03 -0.03
06 -0.02 -0.02 -0.02 -0.02 -0.01
N1,5 0.20 0.20 0.20 0.20 0.20
N2,4 0.42 0.41 0.42 0.42 0.42
C3 -0.19 -0.19 -0.19 -0.19 -0.19
C1l -0.02 -0.02 -0.02 -0.02 -0.02
C5 -0.02 -0.02 -0.02 -0.02 -0.02
H3 0.01 - - - -
C7 - 0.02 0.04 0.04 0.09
C8 - -0.01 -0.03 -0.03 -0.06
C9 - 0 0.02 0.02 0.07, 0.06
C10 - 0 -0.03 -0.02 -0.07
R CHs - - 0 - -
R OCHj; - - - -0.01 -
R NO; - - - - 0.18,0.44, -0.69

A brief second study was completed by Professor Rob Deeth. The differences
observed between the dimethyl substituted verdazyl and the diphenyl substituted
verdazyl were investigated. Removing the phenyl from the substituent at the 3
position i.e. having a nitro group instead of a nitrophenyl group was aso
investigated. The structures of the radicals are displayed in Figure 1.2-5 and the

calculated Mulliken spin populations are displayed in Table 1.2-3.
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Figure 1.2-15. Structur e of 1,5-diphenyl-6-oxoverdazy! (left) and 1,5-dimethyl-3-nitro-6-

oxoverdazy! (right)

The 1,5-diphenyl substituted verdazyl displayed less spin density on the 1 and 5
nitrogen atoms, and more on those at the 2 and 4 positions compared with radicals 8-

11. The opposite was observed for the nitro substituted verdazyl.

It has been observed from these calculations and from EPR data that only very small
differences in electronic structure occur on changing substituents on the verdazyl
radicals 7-11. Whether these small differences within the verdazyl structure will
translate to some kind of effect when used in polymerisation reactionsis explored in
Section 1.4. It should be noted that any differences observed may not only be due to

electronic effects as steric effects may aso play arole.
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Table 1.2-3. M ulliken spin populationsfor 1,5-diphenyl-6-oxoverdazyl and 1,5-dimethyl-3-

nitr o-6-oxover dazyl

Atom Verdazyl radical
N-Ph c-NO;,
C6 -0.03 -0.03
06 -0.02 -0.02
N1,5 0.18 0.21
N2,4 0.44 0.40
C3 -0.21 -0.19
C1l - -0.02
C5 - -0.02
H3 0.01 -
Phl -0.01, 0.01(2), 0.00 (2) -
Ph5 -0.01, 0.01(2), 0.00 (2) -
NO, - 0.01, -0.01(2)
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1.3. Verdazyl initiator synthesis

To synthesise the verdazyl initiators analogous to the nitroxide based unimolecular
initiator synthesised by Hawker®®, two synthetic routes are possible, firstly via an
exchange reaction or secondly via an atom transfer radical addition (ATRA)

reaction.>® %

1.3.1. Exchangereaction

The first method investigated was the radical exchange reaction. Prior to the
reaction, 2-phenyl-2-(2,2,6,6-tetramethylpiperidin-1-oxy)ethyl benzoate (12) was
synthesised from 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO), benzoyl peroxide

(BPO) and styrene (Scheme 1.3-1).*

=
0 0
: 0—0 : (5 C V

Scheme 1.3-1. Synthesis of 2-phenyl-2-(2,2,6,6-tetramethylpiperidin-1-oxy)ethyl benzoate
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The reagents were deoxygenated by bubbling with nitrogen for one hour before
being heated at 80 °C for 23 hours. Any remaining styrene was removed on a high
vacuum line. Repeated column chromatography on a silica gel column with 1:1
dichloromethane/petroleum ether 40-60 changing to 9:1 dichloromethane/petroleum
ether 40-60 and 30:1 petroleum ether 40-60/diethyl ether changing to 20:1
petroleum ether 40-60/diethyl ether as eluent was required to obtain 12 as a pure

compound as verified by *H NMR at a 20% yield.

The radical exchange reaction was attempted for the synthesis of 2-phenyl-2-(1,5-

dimethyl-3-phenyl-6-oxoverdazyl)ethyl benzoate (13, Scheme 1.3-2)

AN ’ < N X N chlorobenzene \[ O

2h, 120°C

Scheme 1.3-2. Exchange reaction for the synthesis of 2-phenyl-2-(1,5-dimethyl-3-phenyl-6-

oxoverdazyl)ethyl benzoate (13)

Following the method described by Georges et al.>*, a deoxygenated solution of the
TEMPO based initiator (12) and verdazyl radical 8 (R = Ph) in chlorobenzene was
heated at 120 °C under nitrogen for 2 hours. The exchange reaction was initialy
completed on a small scale (1.2 mg of 8). EPR was used to analyse samples taken

from the reaction mixture every half an hour for the duration of the experiment. It
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was expected, that if the reaction proceeded as described, that initialy only the
signa for 8 (R = Ph) would be visible and that over time it would decrease in
intensity and a signal for TEMPO would appear, indicating that the TEM PO radical

and verdazyl radical had exchanged.

Figure 1.3-1 shows the EPR traces for t = 0 and 2 hours. At time zero only the signal
for 8 (R = Ph) is visible as expected and at t = 2 hours a TEMPO signal was visible

alongside the verdazyl signal.
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Figure 1.3-1. EPR of spectra of samplestaken at 0 and 2 hoursfor the synthesis of 2-phenyl-2-

(1,5-dimethyl-3-phenyl-6-oxover dazyl)ethyl benzoate (13) via an exchangereaction

Initialy the results appear to show that in comparison, the verdazyl signal is much
weaker than the TEMPO signal at 2 hours, however, the values for the intensity of
the signal need to be fully investigated. The intensity signal for 8 (R =Ph) att =0

was approximately (+/-) 10,000 whereas in t = 2 hours, the TEMPO intensity is
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approximately (+/-) 150,000 thus the intensity of 8 (R = Ph) would look small in
comparison. To analyse the EPR spectra with two radical signas, simulations were

performed to separate the signals (Figure 1.3-2).
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Figure 1.3-2. Simulation of 8 (left) and TEM PO (right) at t = 2 h from the exchange reaction

It is possible to estimate the concentration of each radical and this was carried out
for this reaction. Solutions of radical (both 8 and TEMPO) at known concentrations
were run in the EPR spectrometer and the resulting spectra doubly integrated and
normalised. The double integration was calculated using the Bruker WIinEPR
program using the simulations for both radicals. The DI/N values have not been
normalised for the correct experimental receiver gain as the WinEPR Simfonia
program does not permit the experimental parameter to be changed. The result is a
calibration plot which relates intensity to concentration. Table 1.3-1 shows the
approximate concentrations of both radicals for the samples taken during the

exchange reaction cal culated from the calibration.
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Table 1.3-1. Approximate concentrations of 1,5-dimethyl-3-phenyl-6-oxoverdazy! (8) and

TEMPO at selected timeintervals during the exchange r eaction.

Time(h)  [8] (M) [TEMPO] (M)

0 0.032 0
0.5 0.061 0.014

1 0.061 0.014
15 0.069 0.014

2 0.069 0.015

As expected no signal was seen for TEMPO at t = 0 hours. The signa for TEMPO
was visible after 0.5 hours and remained constant over the remainder of the reaction.
There is some error observed as the concentration of the first sample for the verdazyl
radical (t = 0) is lower than that observed for other samples. It can be seen from
overlaying the EPR traces that the intensity of 8 at t = O is lower than the signal at
0.5 hours (Figure 1.3-3). The same error can account for the values for the

concentration of 8 increasing over the duration of the reaction.

The major problem with these results lies with the simulations. The overlap of the
two signals in the EPR spectra has the effect of altering the signal sufficiently to
make it difficult to match the intensity of the signal for 8 (R = Ph) correctly and the
concentrations can therefore not be calculated accurately. It is easier to simulate the
TEMPO signal due to it being the more prominent and simpler signal. The TEMPO
signa was visible after the first half hour, as expected, and the concentration values
do not change greatly throughout the reaction. For more accurate concentration

values, the samples from the exchange reaction would need to be reanalysed using a
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technique such as ENDOR in order to separate the two signals.'® This was not
followed up for this reaction as *H NMR analysis showed this to be an inefficient

reaction for initiator synthesis.
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Figure 1.3-3. Comparison of EPR spectra from the exchangereaction att =0 (—) and 0.5 (—)

hours zoomed in to the signal for 8 (R = Ph)

The exchange reaction was attempted for a second time using ascorbic acid, which
reacts with nitroxides to give the hydroxyamine®, in an attempt to increase the yield
by removing the free TEMPO.>® Some of the desired product was visible in *H
NMR, however, the compound was difficult to purify and the yield was low. Figure
1.3-4 shows the *H NMR spectra from the attempts at the exchange reaction along
with the spectra for the nitroxide initiator (12). Characteristic features of 12 (bottom
trace, red) are the broad peaks between 0.6 and 1.8 ppm which relate to the four

methyl groups of the TEMPO moiety. If the exchange reaction was successful we
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would expect these peaks to disappear and peaks relating to the verdazyl radical (8,
R = Ph) to appear at approximately 2.65 and 3.34 ppm.> It is also expected that the
peaks relating to the rest of 12 should still be visible, in particular between 4 and 5

ppm, but may change dlightly in chemical shift.

Exchange reaction using ascorbic acid
Exchange reaction
— TEMPO mitiator (12)

A
Sl

ppm

8 7 6

]

Figure 1.3-4. '"H NMR spectrum of TEM PO initiator (—), thefirst attempt at the exchange

reaction (—), attempt at the exchange reaction using ascor bic acid (—)
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The green trace is the first attempt at the exchange reaction after attempts at
purification. The top trace (blue) is the reaction incorporating ascorbic acid after
purification. Silica gel column chromatography was attempted to purify the two
reactions and removed the peaks associated with the TEMPO moiety. In the green
trace the two peaks associated with the verdazyl are small and the other peaks that
would be expected for the initiator moiety are also very weak. The two verdazyl
peaks are quite strongly visible in the blue trace, however, despite purification there
is still a large amount of impurities present. This suggests that this reaction does

produce the desired product, however, it is difficult to purify and the yield low.

1.3.2. Atom transfer radical addition reaction

The aternative route is to use an ATRA reaction described in the work by Georges™
which is a modified procedure from that described by Matyjaszewski et al.'® It
proceeds by the transfer of a halogen atom to the copper atom leaving a free radical
species for the verdazyl to react with and form the initiator. This reaction was
attempted initialy using 7 (R = H), following the procedure described in the
literature®®, which described how the exchange reaction did not work for this

particular radical (Scheme 1.3-3).
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Scheme 1.3-3. Atom transfer radical addition reaction for the synthesis of 2-phenyl-2-(1,5-

dimethyl-6-oxover dazyl)ethyl benzoate (16)

Prior to the reaction 2-bromo-2-phenylethyl benzoate (15) was synthesised (Scheme
1.3-4). Hydrobromic acid was added dropwise to a solution of styrene oxide in
chloroform. Stirring a ambient temperature for about an hour, washing with
saturated sodium hydrocarbonate solution and water and removing the solvent gives
2-bromo-2-phenylethanol (14). To synthesise 15, benzoic acid is added to 14
dissolved in THF, followed by N,N'dicyclohexylcarbodiimide (DCC) and 4-
(dimethylamino)pyridine (DMAP). The solution is stirred overnight and purified by
silica gel column chromatography with 5:4:1 dichloromethane/petroleum ether 40-

60/diethyl ether asthe eluent.

0 Br~on 0 1) DCC. THF, 1t Br
AN HBr (aq. | ' ) Ji I
s rlaq.) P L NN 2 DMAP, 0 PN N
N CHCly, rt, 30 min \| } L 3) rt. overnight s O
N e
(14) (15)

Scheme 1.3-4. Synthesis of 2-bromo-2-phenylethyl benzoate (15)
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For the ATRA reaction, verdazyl radical 7 (R = H) and 15 was dissolved in toluene
and degassed by freeze-pump-thaw cycles in a Schlenk tube also containing
PMDETA. The solution was then cannulated into a degassed and nitrogen filled
two-neck round bottom flask containing both copper powder and Cu(l1)Br, and
heated at 60 “C under nitrogen for approximately 40 hours. Samples were taken
from the reaction at t = 0, 1.5 and 40.5 hours for EPR analysis. It was expected that
the strong radical signal observed at the start of the reaction would reduce until
amost completely gone as the reaction proceeds. Figure 1.3-5 shows the EPR

spectrafor the samples.

150000
t=0h
100000 t=15h
7 ——t=405h
50000 -
ez
|
g 0
—
-50000 -
~100000 4
-150000 ,

I ' T T T T T T
3440 3460 3480 3500 3520
Magnetic field (Gauss)

Figure 1.3-5. EPR tracesfrom the ATRA reaction for the synthesis of 2-phenyl-2-(1,5-dimethyl-

6-oxover dazyl)ethyl benzoate (16)
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As expected the strong signal seen for 7 (R = H) has been dramatically reduced after
1.5 hours. Using a calibration prepared for 7 and TEMPO, the intensity of the signal

has been related to concentration (Table 1.3-2).

Table 1.3-2. Concentrations of 1,5-dimethyl-6-oxoverdazy! (7) at selected time intervals during

the ATRA reaction.

Time(h) [7] (MM)

0 4.79
15 0.03
40.5 0.03

Over the course of this work, four initiators were synthesised using the ATRA
method using radicals 7 (R = H), 8 (R = Ph), 10 (R = PhOMe) and 11 (R = PhNO,)
to give 16 (32%), 13 (63%), 17 (36%) and 18 (49%) respectively (Figure 1.3-6). The

assigned 1H NMR spectrum of each initiator is displayed in Figures 1.3-7 to 13.10.

Figure 1.3-6. Verdazyl initiator s 2-phenyl-2-(1,5-dimethyl-6-oxover dazyl)ethyl benzoate (16), 2-
phenyl-2-(1,5-dimethyl-3-phenyl-6-oxover dazyl)ethyl benzoate (13), 2-phenyl-2-(1,5-dimethyl-3-
methoxyphenyl-6-oxover dazyl)ethyl benzoate (17) and 2-phenyl-2-(1,5-dimethyl-3-nitrophenyl-

6-oxover dazyl)ethyl benzoate (18)
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Figure 1.3-8. Assigned *H NM R spectrum of 13
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Figure 1.3-10. Assigned *H NMR spectrum of 18
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At ambient temperature, the *H NMR spectra of 13 (R = Ph), 17 (R = PhOMe) and
18 (PhNO,) are broadened with additional peaks. This is due to the molecules
existing as conformers in solution due to rotation around the C-N bond.>® Recording
the spectra at -20 °C allows for greater definition and separation of the peaks and is
illustrated in Figure 1.3-11 for 13 (R = Ph). The percentage of the two conformers

was determined from the integrals of the verdazyl methyl peaks.

Verdazyl initiator 13 at -20 °C
— Verdazyl itiator 13 at room temperature

“ﬂ Lo ol

Ppm

Figure 1.3-11. *H NMR spectra of 2-phenyl-2-(1,5-dimethyl-3-phenyl-6-oxover dazyl)ethyl

benzoate (13) at room temperature (—) and at -20 °C (—)

Further studies were carried out to investigate the structures of the two conformers

for 13 (R = Ph). Initially, Nuclear Overhauser effect (NOE) NMR experiments were
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completed by Dr. Ivan Prokes, University of Warwick. Unfortunately it was
observed that when irradiating a ‘major’ peak, the corresponding ‘minor’ peak was
also affected. This occurred with all the peaks in the spectrum. Further analysis by
Dr. Prokes confirmed that there is only one compound in solution and that at
different temperatures two different orientations exist, as opposed to two similar
compounds. However, as they are so similar, the structures of both of these

orientations have yet to be identified using NMR methods.

A molecular structure (Figure 1.3-12) of 13 (R = Ph) has been obtained.
Immediately it is noticeable that the orientation of the molecule is completely

different to the general structure used throughout this thesis.

Figure 1.3-12. Molecular structure of 2-phenyl-2-(1,5-dimethyl-3-phenyl-6-oxover dazyl)ethyl
benzoate (13) determined by X-ray crystallography with selected atom distances and atom

labels

Georgina Rayner 77



Verdazyl Radicals as Mediatorsin Living Radical Polymerisation

As seen with the computational studies the phenyl group in the 3 position is planar
to the rest of the verdazyl rather than orthogona to it, as seen for tetrazinanone
intermediate 4 (R = Ph) displayed in Figure 1.2-2. The two atomic distances
included on the crystal structure may offer some insight to the two possible
conformers observed for this molecule. The distance between C7 and C15 is 4.81 A
and the distance between C7 and C21 is 5.36 A. Rotation about the bond between
C7 and N2 may become restricted by the ethyl benzoate moiety incorporating C15.
As aresult, the two conformers may be the phenyl substituent on the verdazyl being
in front of and behind the ethyl benzoate group. This would provide an explanation
as to why two conformers are not seen for 16, which lacks a bulky substituent at the
3 position. Crystals adequate to obtain a structure have not been obtained for the

other initiators.
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1.4. Verdazyl mediated polymerisation

1.4.1. Polymerisation of styrene

The polymerisation of styrene was attempted using a similar procedure to that
described by Georges.>® The monomer was stabilised with free verdazyl at a
concentration of 1 mg of verdazyl per 40 mL of styrene. The verdazyl radical used
to stabilise the monomer was the same as that in the initiator used in the
polymerisation, in this case verdazyl initiator 16 (R = H) and verdazyl radical 7 (R =
H). The polymerisation was performed in bulk at 125 °C using mesitylene as an
internal standard to determine conversion by 'H NMR. After 50 hours, 71%

conversion had been reached.

The pseudo first order kinetic plot shown in Figure 1.4-1 () is linear indicating that
the concentration of propagating radicals remains relatively constant throughout the
reaction. However, it should be noted that the rate began to slow down over time,
seen as the kinetic plot starting to curve (after approximately 40 hours). The
polymerisation mixture was yellow at the end of the reaction indicating a build up of
free radical, due to termination reactions, which can inhibit the polymerisation
reaction. The molecular weight versus conversion plot (Figure 1.4-2, e) shows that
the experimental values for the molecular weight deviated from the calculated
theoretical molecular weights, in particular at conversions above 30% where the

molecular weight plateaus at alower molecular weight than targeted.
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Figure 1.4-1. First order kinetic plot for the verdazyl mediated polymerisation of styreneby 16

(R = H) using verdazy! stabilised styrene (e), styrene (e) and resultsfrom the literature (#)>
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Figure 1.4-2. Evolution of molecular weight (M) and PDi versus conversion for the verdazyl

mediated polymerisation of styreneby 16 (R = H) using verdazyl stabilised styrene (e), styrene

(e) and resultsfrom theliterature (#)>, DP =380, target M, = 39,500 g/mol (- - -)
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The kinetic plot shows the concentration of radical to be constant for the majority of
the reaction indicating that the monomer is being consumed at a steady rate,
however, the levelling out of the molecular weight indicates that chain termination
occurs. The number average molecular weight (M) is plotted against conversion in
Figure 1.4-2 and even though some monomer chains are getting longer, the number
of terminated lower molecular weight chains is also increasing which overal
averages out for no change in the value. This is confirmed by an increase in
polydispersity as the molecular weight plateaus and can be visualised in the
differential molecular weight distributions'® as a low molecular weight tail (Figure

1.4-3).
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Figure 1.4-3. Overlaid differential molecular weight distribution curvesfor the verdazyl

mediated polymerisation of styrene (o) by 16 (R = H)

Georgina Rayner 81



Verdazyl Radicals as Mediatorsin Living Radical Polymerisation

The reaction was then repeated, this time without stabilising the monomer with free
verdazyl prior to performing the reaction. The polymerisation produced identical
results (Figures 1.4-1 and 1.4-2, e), aso reaching 70% conversion in 50 hours. As

no differences were observed, styrene was not stabilised in further reactions.

Verdazyl initiator 13 (R = Ph) was investigated and the same trends were seen as
with 16 (R = H). A linear kinetic plot was observed (Figure 1.4-4, A) and the
molecular weight plateaued along with an increase in polydispersity (Figure 1.4-5,

A) towards the end of the reaction.
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Figure 1.4-4. First order kinetic plot for the verdazyl mediated polymerisation of styrenewith
0% (A),25% (A),50% (A)and literature valuesfor 0% ()% toluene with respect to

monomer by 13 (R = Ph)
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Figure 1.4-5. Evolution of molecular weight (M) and PDi versus conversion for the verdazyl
mediated polymerisation of styrene with 0% (A), 25% (A), 50% (A) and literaturevaluesfor
0% () toluene with respect to monomer by 13 (R = Ph), DP = 485, target M, = 50,500 g/mol

(--9)

As the polymerisations were carried out in bulk it was speculated that increasing
viscosity in the polymerisation mixture may affect growth of the polymer.
Therefore, two further reactions were performed (Figure 1.4-4) using 13 (R = Ph)
with either 25% (A ) or 50% (A) toluene with respect to styrene. As expected, the
rate of polymerisation slowed with increasing amount of solvent, but the molecular
weight and polydispersity showed the same trends and almost identical values

(Figure 1.4-5).
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The polymerisation of styrene in bulk at 125 °C was then repeated for each of the
four verdazyl initiators and the TEMPO initiator in order to observe if any
differences between radicals. Figure 1.4-6 shows the kinetic data for the five

polymerisations.
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Figure 1.4-6. First order kinetic plot for the verdazyl mediated polymerisation of styreneby 12

(m), 16 (o), 13 (A ), 17 (%), 18 (») and literature values for 16 (#)*

Slight differences were observed between initiators. Verdazyl initiator 16 (R =H, e)
displayed the same rate as the TEMPO initiator (12, m). Adding the phenyl
substituents to the verdazyl results in a reduction of the rate in the order of PhNO,
(») <Ph(A) <PhOMe (*). The rate was seen to slow down over time in a more

pronounced fashion for 17 (R = PhOMe, *) then for any of the other initiators. The
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molecular weight plot (Figure 1.4-7) shows that the same trends as already seen with

13 (R = Ph) and 16 (R = H).
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Figure 1.4-7. Evolution of molecular weight (M) and PDi versus conversion for the verdazyl
mediated polymerisation of styrene by 12 (m), 16 (), 13 (A), 17 (), 18 (») and literature

valuesfor 16 (®)>, DP = 485, target M, = 50,500 g/mol (- - -)

The slower rate resulted in low conversion for 18 (PhNO,, ») and the lowest
molecular weight of al five initiators was observed. The trend in rate for the phenyl
substituted verdazyls ran through with the molecular weight so that molecular
weights were observed in the order PhNO, (») < Ph (A) < PhOMe (*). Initiators
16 (R = H, o) and 12 (TEMPO, m) reached the same conversion and molecular
weights were similar, although were dlightly higher for the verdazyl initiator. The

polydispersities were substantialy higher for the phenyl substituted verdazyls than
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for 12 (TEMPO) and 16 (R = H). Figure 1.4-8 compares the differential molecular
weight distributions for the polymerisation of styrene by 16 (R = H) and 18 (R =
PhNO,). Low molecular weight tails were visible in both polymerisations after 8

hours; however, the distribution was much broader in the latter.
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Figure 1.4-8. Overlaid differential molecular weight distribution curvesfor the verdazyl

mediated polymerisation of styreneby 16 (R = H, e, top) and 18 (R = PhNO,, », bottom)
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In the literature®®, results are reported up to between 5-7 hours for the
polymerisation of styrene at which conversions were around 40%. This suggests that
above this conversion the same low molecular weight tail was observed and were
therefore not included. This was confirmed during email correspondence with
Georges.'® These results indicate that it is possible to polymerise styrene using
verdazyls, however, an improvement over TEMPO mediated polymerisation has not

been established.

1.4.2. Polymerisation of n-butyl acrylate

Attention then turned to the polymerisation of n-butyl acrylate using the same set of
verdazyl radicals. Unstabilised monomer was initialy used with 13 (R = Ph) in bulk
at 130 °C. The reaction proceeded faster than that observed with styrene (90%
conversion in 26 hours) but non-linear first order kinetics with respect to monomer
were observed with the reaction starting slowly before accelerating (Figure 1.4-9).
The rate constant of propagation (kp) for butyl acrylate at elevated temperatures is
much higher than that observed for styrene, with k, = 11,000 L/mol/s for butyl
acrylate and k, = 1,800 L/mol/s for styrene, and as such results in a faster
polymerisation at the same temperature.®* Polydispersities > 2 were observed along

with lower molecular weights than expected (Figure 1.4-10).
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Figure 1.4-9. First order kinetic plot for the verdazyl mediated polymerisation of n-butyl

acrylate by 13 (R = Ph)
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Figure 1.4-10. Evolution of molecular weight (M) and PDi versus conversion for the verdazyl
mediated polymerisation of n-butyl acrylate by 13 (R = Ph), DP = 280, target M, = 35,900 g/mol
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These results indicate that the polymerisation did not proceed in a controlled manner
as would be expected for a controlled/living system. Repeating the reaction with
stabilised n-butyl acrylate (1 mg of verdazyl per 40 mL) slowed the polymerisation
down and lowered the polydispersity (Figures 1.4-11 and 1.4-12, A). It did not
provide the linear first order kinetics with respect to monomer expected for a

controlled radical polymerisation and the molecular weight was again low.

Due to the limited availability of verdazyl initiators, all polymerisations up until this
point in the work had been performed on a small scale (between 1 and 3 mL of
monome). It was therefore deemed prudent to repeat the reaction as described in the
literature at the same 15 mL scale (Figures1.4-11 and 1.4-12, A)>. A 9 mL reaction
was also performed and is also displayed in Figures 1.4-11 and 1.4-12 ( A) aongside

the results published in the literature (A).

Increasing the volume of the reaction to 15 mL slowed down the reaction further and
linear first order kinetics with respect to monomer were obtained although, as seen
with styrene and in the literature (A), the reaction did slow down over time. The 9
mL reaction was slower than the 15 mL (25% conversion in 28 hours) and after 28
hours had only reached 13% conversion. Both reactions were slower than the
literature values, however, the observed molecular weights for both reactions was

much closer to the theoretical values, and much more so than the literature (Figure
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1.4-12). The polydispersities of al four reactions started relatively high, but

narrowed as the reaction proceeded.
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Figure 1.4-11. First order kinetic plot for the verdazyl mediated polymerisation of verdazyl
stabilised n-butyl acrylate by 13 (R = Ph) at different volumes (3 (A), 9 (A)and 15(A) mL)

and resultsfrom theliterature™ (A)
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Figure 1.4-12. Evolution of molecular weight (M) and PDi versus conversion for the ver dazyl
mediated polymerisation of verdazyl stabilised n-butyl acrylate by 13 (R = Ph) at different
volumes (3(A),9(A)and 15 (A) mL) and resultsfrom theliterature® (4 ), DP = 478, target

M, = 61,300 g/mol (- - -)

The polymerisation of n-butyl acrylate at 130 °C was then performed on the 15 mL
scale for the remaining verdazyl initiators 16 - 18 (R = H, PhOMe and PhNO,) and
for the TEMPO initiator (12) and the results are displayed in Figures 1.4-13 and 1.4-
14 along with the results for 13 (R = Ph). The polymerisation of n-butyl acrylate by
12 (TEMPO, m) proceeded to 5% conversion in the first five hours and only

increased to 7% after 70 hours; similar to published results.’
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Figure 1.4-13. First order kinetic plot for the verdazyl mediated polymerisation of verdazyl
stabilised n-butyl acrylate by 12 (m), 16 (), 13 (A), 17 (%), 18 (») and literature valuesfor 13

(‘)53

In comparison to TEMPO (m), al the verdazyl initiators showed an improvement.
The polymerisations using 16 (R = H, ) and 18 (R = PhNO,, ») were the slowest,
reaching approximately 20% conversion over the 70 hour reaction time. In contrast,
17 (R = PhOMe, *) proceeded much faster, needing to be stopped after 2 hours due
to the increased viscosity of the reaction mixture. Despite the speed of the reaction,
linear first order kinetics with respect to monomer were observed. The molecular
weight also increased linearly with conversion, athough typically lower than the

theoretical value (1.4-14, *). Despite these encouraging results, the polydispersity
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Figure 1.4-14. Evolution of molecular weight (M) and PDi versus conversion for the ver dazyl
mediated polymerisation of verdazyl stabilised n-butyl acrylate by 12 (m), 16 (e), 13 (A), 17

(%), 18 (») and literature values for 13 (#)>, DP = 478, target M, = 61,300 g/mol (- - -)

was very high (> 5) and the differential molecular weight distribution plot for 17
shows a bimodal system (Figure 1.4-15). This suggests that verdazyl radical 10 (R
=PhOMe) is unstable at this polymerisation temperature. The decomposition of the
radical would push the equilibrium towards the propagating species leading to an
increase in termination reactions resulting in low molecular weights and high

polydispersities.
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Figure 1.4-15. Overlaid differential molecular weight distribution curvesfor the verdazyl

mediated polymerisation of verdazyl stabilised n-butyl acrylate by 17 (R = PhOMe, %)

Using 13 (R = Ph, A), which is slower than 17 (R = PhOMe), linear first order
Kinetics with respect to monomer (Figure 1.4-13) and a similar molecular weight to
the polymer made using 17 was observed, but in this case an acceptable
polydispersity was obtained (Figure 1.4-14). The difference can be seen in the
differential molecular weight distribution plot for 13 (Figure 1.4-16) and traces are

mono-modal and narrower.
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Figure 1.4-16. Overlaid differential molecular weight distribution curvesfor the verdazyl

mediated polymerisation of verdazyl stabilised n-butyl acrylate by 13 (R = Ph, A)

The ability of the verdazyls with large substituents at the 3 position on the radical to
mediate the polymerisation of n-butyl acrylate is likely due to the slow destruction
of the radica at the polymerisation temperature due to it being moderately
unstable.® This prevents the build up of verdazyl in solution as seen with the
TEMPO mediated polymerisation of acrylates. It is therefore assumed that at 130 °C
verdazyl radical 7 (R = H) is more stable than the phenyl substituted verdazyls but

|ess stable than TEM PO.

A small study was competed to investigate whether reducing the temperature would
allow for a slower polymerisation of butyl acrylate by 17 (PhOMe) to take place to

obtain a living polymerisation. Due to the lack of initiator available, one 15 mL
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reaction was prepared and aliquots of 1.5 mL were used. Polymerisations were
carried out at 10 degree intervals between 50 and 110 °C. Between 50 and 80 °C no
polymerisation was observed over 22 hours. A slow polymerisation (Figure 1.4-17,
*) occurred a 90 °C where 14% conversion was obtained after 22 hours. The
molecular weight was approximately as it should be according to the theoretical
molecular weight (Figure 1.4-18, *), however, the polydispersity was relatively

high.

1.8

M 1 v I v 1 M 1 v I v ] N 1) M 1 M ] M 1) N |*
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Figure 1.4-17. First order kinetic plot for the verdazyl mediated polymerisation of n-butyl

acrylateby 17 (R = PhOMeg) at 90 °C (%), 100 °C () and 110 °C (*)
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Figure 1.4-18. Evolution of molecular weight (M) and PDi versus conversion for the ver dazyl
mediated polymerisation of verdazyl stabilised n-butyl acrylate by 17 (R = PhOMe) at 90 °C

(%), 100 °C (*) and 110 °C (%), DP = 524, target M, = 67,100 g/mol (- - -)

The polymerisations at 100 and 110 °C (Figure 1.4-17 and 1.4-18, * and *
respectively) were faster than the polymerisation at 90 °C, however, extremely high
molecular weights were observed as the polymerisations got to high conversions. As
these butyl acrylate polymerisations were performed on a small scale, already seen
to cause some problems with obtaining a controlled reaction, it was decided that
these results might not give a true representation of what should happen at those

temperatures.
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1.4.2.1. Polymerisation of styrene at alower temperature

As not enough material remained to do a 15 mL scale at lower temperatures using
17 (R = PhOMe) it was decided to use the initiator in a small scale styrene
polymerisation, shown to proceed under living conditions on as little as 1 mL
monomer scale, at 100 °C. The same polymerisation was also run using 13 (R = Ph)

for comparison.

The polymerisation using 13 (R = Ph, A) proceeded slower that that using 17 (R =
PhOMe, *) as shown in Figure 1.4-19. The molecular weight and polydispersity for
the polymerisation using 13 (Figure 1.4-20, A) remained constant for the duration
of the experiment indicating that a living polymerisation was not occurring. In
contrast, an increase in molecular weight with conversion was seen for 17 (Figure
1.4-20, %) after an initial jump to approximately 5,000 g/mol at the start of the
reaction. The polydispersity, athough high at the start of the reaction narrowed as
the reaction proceeded. A levelling off in molecular weight was seen towards the
end of the polymerisation as well as an increase in the polydispersity. These results
indicate that for 17 (R = PhOMe) it is possible to lower the polymerisation
temperature, however, a lower temperature may mean that the C-N bond
dissociation is slower and as such some optimisation work is required to gain control
a the start of the reaction. This can most likely be achieved by adding some free
verdazyl at the start, therefore stabilising the monomer, and allowing the equilibrium

between propagating and dormant chains to be reached much sooner.
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Figure 1.4-19. First order kinetic plot for the verdazyl mediated polymerisation of styrene by 13

(R =Ph, A)and 17 (R = PhOMe, %) at 100 °C
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Figure 1.4-20. Evolution of molecular weight (M) and PDi ver sus conversion for the verdazyl
mediated polymerisation of styreneby 13 (R = Ph, A) and 17 (R = PhOMe, %) at 100 °C, DP =

485, target M, = 50,500 g/moal (- - -)
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1.4.3. Polymerisation of MMA

Work then progressed to investigate the polymerisation of MMA. The
polymerisation was performed under the same conditions used for the
polymerisation of styrene (non-stabilised monomer, 125 °C, bulk) using all four

verdazyl initiators.

Reasonably similar kinetics were observed for each initiator (Figure 1.4-21) at the
start of the polymerisation but differences became more prominent over time. The
slowing of the polymerisation rate towards the end of the polymerisations was again
attributed to the build up of free radical in solution demonstrated by the bright
colour of the polymerisation mixture. The polymerisation using 13 (R = Ph) was
stopped after 7 hours as conversion was calculated to be 71%, however errors were

introduced by loss of some monomer through evaporation.
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Figure 1.4-21. First order kinetic plot for the verdazyl mediated polymerisation of MM A by 16

(o), 13 (A), 17 (%) and 18 (»)

Figure 1.4-22 shows the evolution of molecular weight for the polymerisation of
MMA. Unusually, a decrease in molecular weight was observed with conversion.
This decrease was accompanied by an increase in polydispersity and multi-modal
differential molecular weight distribution curves. These results suggest a high
proportion of chain end termination reactions were occurring throughout the
polymerisation resulting in a large quantity of low molecular weight chains,
reducing the overall value for the molecular weight. When precipitated, some of the
low molecular weight chains were removed which served to increase the molecular

weight and reduce the polydispersity (Table 1.4-1). The differential molecular
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weight distribution curves became more mono-modal after precipitation (Figure 1.4-

23).
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Figure 1.4-22. Evolution of molecular weight (M) and PDi versus conversion for the verdazyl
mediated polymerisation of MMA by 16 (e), 13 (A), 17 () and 18 (»), DP =485, target M, =

50,500 g/moal (- - -)

The homopolymerisation of MMA was repeated using 16 (R = H), however this
time the monomer was stabilised with free verdazyl prior to performing the
polymerisation. Similar results as with the non-stabilised monomer were observed.
The fina polymer had a molecular weight of 13,000 g/mol and a polydispersity of
1.70 after precipitation. Based on this result, the polymerisation was not repeated for

the other initiators
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These results may suggest that it is possible to polymerise MMA using verdazyl

radicals. Further work is required to ensure that the polymerisation meets the criteria

for a controlled/living system, in particular reducing the amount of termination

reactions occurring to address the large proportion of low molecular weight chains

that reduce the overal M, value for the polymerisation.

Table 1.4-1. Molecular weights and polydispersitiesfor the verdazyl mediated polymerisation of

MM A before and after precipitation

Initiatlor R Conversion (%) M. (g/mol) PDi® M.’ (g/mol) PDi"
16 H 61 8,000 2.64 21,900 1.37
13 Ph 71 6,100 3.70 23,600 1.56
17 PhOMe 55 5,300 3.76 18,600 1.86
18 PhNO, 76 5,200 3.25 14,800 1.66

*before precipitation, "after precipitation

d[W]/dlog[M] normalised to conversion
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Figure 1.4-23. Overlaid differential molecular weight distribution curvesfor the verdazyl

mediated polymerisation of MMA by 17 (PhOM e, %)
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1.4.4. Copolymerisation of MMA and styrene

Work finally moved on to see if it was possible to improve the polymerisation of
MMA by attempting copolymerisation reactions. Styrene was chosen as the co-
monomer. The method used for the copolymerisation was taken from the literature™,
in which MMA was copolymerised with butyl acrylate and used 0.05 equivalents of

freeradical for every equivalent of initiator. Polymerisations were run at 125 °C.

Three sets of experiments were run initially using 13 (R = Ph) varying the amount of
MMA and styrene from 1:1 to 3:1 and 9:1. Linear kinetic plots were observed and
the rates of polymerisation were similar at the start of the three reactions but started
to vary a hit over time (Figure 1.4-24). The polymerisation using 3:1 MMA to
styrene proceeded the fastest (A) followed by 1:1 (A) and then 9:1 (A). An
increase in molecular weight with conversion was observed but the increase was
small over time and much lower than the theoretical molecular weight (Figure 1.4-
25). The observed polydispersity was higher than would be expected for an ideal
living polymerisation, approximately 1.4 after 25 hours, but was lower than those
observed for the homopolymerisation of MMA at 25 hours where the polydispersity

was > 2.5 (prior to precipitation).
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Figure 1.4-24. First order kinetic plot for the verdazyl mediated copolymerisation of MM A and
styreneby 13 (R =Ph) at ratiosof 1:1 (A), 3:1 (A) and 9:1 (A) using 0.05 equivalents of free
verdazyl radical (8) for every equivalent of initiator
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Figure 1.4-25. Evolution of molecular weight (M) and PDi versus conversion for the verdazyl
mediated copolymerisation of MM A and styrene by 13 (R = Ph) at ratiosof 1:1 (A), 3:1(A)
and 9:1 (A) using 0.05 equivalents of free verdazyl radical (8) for every equivalent of initiator.

DP = 200, target M,, = 20,000 g/mol (- - -)
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The same three copolymerisations were repeated, however, this time no excess free
radical was added to the polymerisation to observe any changes as a result. Similar
results were observed with reasonably linear first order kinetics with respect to
monomer, with the 3:1 polymerisation the fastest and the 9:1 the slowest (Figure

1.4-26, A and A respectively).
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Figure 1.4-26. First order kinetic plot for the verdazyl mediated copolymerisation of MM A and

styreneby 13 (R =Ph) at ratiosof 1.1 (A), 3:1(A)and 9:1 (A)
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Figure 1.4-27. Evolution of molecular weight (M) and PDi versus conversion for the ver dazyl
mediated copolymerisation of MM A and styrene by 13 (R = Ph) at ratiosof 1:1 (A), 3:1(A)

and 9:1 (A), DP =200, target M,, = 20,000 g/mol (- - -)

After aninitial jJump in molecular weight, only a small increase in molecular weight
was observed (Figure 1.4-27). Polydispersity values were again higher than expected
for a living polymerisation. The conversion, molecular weight and polydispersity
data for al six aforementioned copolymerisation reactions are presented in Table
1.4-2. The overal conversion was caculated based on the conversions of the

individual monomers adjusted for their ratio in the polymerisation.
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Table 1.4-2. Molecular weights and polydispersities for the verdazyl mediated copolymerisation

of MMA and styrene before and after precipitation

I V- MMA: Sty Overdll Conversion Mhn PDi? Mhn PDi"

conversion (%) (g/mol)? (g/mol)°
%)  MMA Sty
1 05 100:100 58.3 80.8 359 2700 141 3600 1.28
1 - 100:100 63.8 87.0 405 3300 1.43 3800 1.36
1 05 150:50 66.2 68.6 295 2500 141 3100 142
1 - 150:50 73.6 723 38.7 3900 1.53 4144 1.55
1 05 180:20 50.2 520 224 2500 1.38 3100 1.33
1 - 180:20 60.2 63.2 332 3500 1.60 6300 151

*before precipitation, "after precipitation

Conversions were higher when free radical was not added at the start of the
polymerisation. In each polymerisation, the conversion of MMA was higher than for
styrene at the end of the polymerisation. As seen with the homopolymerisation of
MMA, after precipitation the copolymers had an increased molecular weight,
although to a much lesser extent. Molecular weights rarely exceeded 4,000 g/mol for
the copolymerisations, again lower than molecular weights observed for the
homopolymerisation of MMA. The changes in polydispersity were small after
precipitation. Based on the results displayed in Table 1.4-2, higher molecular
weights and polydispersity values were observed in the polymerisations that did not

include the addition of free verdazyl at the start of the polymerisation.

The overlaid differential molecular weight distribution curves for al the verdazyl

mediated copolymerisations of MMA and styrene are displayed in Figure 1.4-28.
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The evolution of molecular weight typically expected for a controlled radical
polymerisation was observed when free verdazyl was added at the start of the
polymerisation (Figure 1.4-28, left hand side). As conversion increased the low
molecular weight tail increased and a shoulder in the trace became more prominent
(Figure 1.4-28, top left), similar to the homopolymerisation of MMA (Figure 1.4-
23), but to a lesser extent. As the amount of MMA was increased this effect
increased. As aready seen in Figure 1.4-27, without the addition of free radical at
the start of the polymerisation, the evolution of molecular weight was much smaller
and decreased further on increasing amounts of MMA (Figure 1.4-28, right hand
side). The traces aso displayed a low molecular weight tail but were more mono-
modal. After precipitation all the molecular weight distributions were mono-modal

but they retained the low molecular weight tail.

The *H NMR of the precipitated polymer was different to both those for polystyrene
and poly methyl methacrylate suggesting that a random copolymer has been formed
over individual homopolymers or a block copolymer (Figure 1.4-29). Further work
is required to optimise the copolymerisation reaction to find the correct conditions to
achieve a completely controlled system. All polymerisations were brightly orange
coloured after 25 hours indicating the build up of verdazyl radical 8 (R = Ph) from
dissociation. The amount of free radica was not quantified for these
polymerisations; however, doing so in the future may improve understanding of the

polymerisation system and help to further optimise the reaction conditions.
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Figure 1.4-28. Overlaid differential molecular weight distribution curvesfor the verdazyl

mediated copolymerisation of MM A and styrenewith 0.5 equivalents of free verdazyl (left) and

without (right) at ratios of 1:1 (top), 3:1 (middle) and 9:1 (bottom)
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Figure 1.4-29. *H NMR of polystyrene homopolymer (PS, —), poly methyl methacrylate

homopolymer (PMMA, —) and poly methyl methacrylate/polystyr ene copolymer (—)
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1.5. High Temperature EPR studies

The facilities at Warwick have made it possible for a small set of high temperature
EPR experiments to be carried out. This provided an opportunity to study what
happens to the verdazyl radical over time a the polymerisation temperature in

various situations which will be discussed in this section of thesis.

Due to limitations with materials and time, studies have mostly been carried out
using only verdazyl initiator 13 and radical 8 (both R = Ph). Figure 1.5-1 displays
the ambient temperature EPR spectrum of 8. As previously seen in Section 1.2.2, 11
distinct peaks are visible. The two peaks at the far reaches of the radical spectrum
are weak and can be difficult to see if the concentration is low, so in general for
these experiments, 9 lines are expected. These 9 lines can broaden depending on
concentration, temperature, microwave power, experimental parameters etc.> but

should always be visible if the verdazyl is present.
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Figure 1.5-1. Ambient temperature EPR spectrum of 8 (0.2 mM)

It should be noted that atering the frequency, which changes depending on which

cavity is being used, will result in a shift in the centre field for the radical according

to the equation™:

hv =gu.B

Equation 1.5-1

The g-factor, which determines the centre field, is the only component in the
equation that is not a physica constant or fixed by experimental parameters

(frequency, microwaves etc.) and thus changes depending on the parameters used.
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1.5.1. High temperature cavity calibration

It was hoped that some quantitative analysis could be attempted to determine the

concentration of radical at the elevated temperature used during a polymerisation. A

calibration of 8 (R = Ph) was completed to enable this quantitative analysis to take

place. Similar to the process described in Section 1.3.1, five solutions of known

radical concentration were scanned using the same experimental parameters used for

all the high temperature experiments (with the exception of the receiver gain which

needed to be varied depending on the concentration of the sample). Samples were

scanned at ambient temperature before being scanned at 122 °C. The samples were

also scanned again once cooled back down to ambient temperature. The graph of

normalised double integral vs. concentration for each set of scansis shown in Figure

1.5-2.
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Figure 1.5-2. Plot of normalised doubleintegral vs. concentration for 0.1, 0.5, 1.2, 2.4 and 7.9

mM solutions of 8 at ambient temperature (m), during heating (m) and after heating (m)
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The original ambient temperature results (m) represent the concentration of 8 for a
given intensity. However, when the same sample is heated the signal was seen to
decrease (m). This effect became more prominent on increasing concentration. This
may indicate that at elevated temperatures the radical decomposes or that some
interaction, such as coupling, occurs between the radicals to reduce the signal. The
scan a ambient temperature after heating (m) showed in al cases that the
concentration of radical increased, but not to the original value. From this it can be
assumed that there is some radical decomposition at elevated temperatures, and as a
result the concentration of the heated sample does not match the concentration of the
same sample before it was heated. This means that the concentration cannot be
determined based on a calibration at high temperature, instead the ambient
temperature calibration needs to be used but it may not truly represent the

concentration at temperature.

1.5.2. Polymer end-group analysis

A brief investigation into chain end functionality, used to determine whether the
polymerisation was living, was first completed for a selection of polymers
synthesised using the verdazyl initiators. *"H NMR can be used to determine the
presence of a verdazyl end-group; however, high molecular weights can make it
more difficult to use this technique. EPR provides the advantage that if there are
polymer-verdazyl bonds present, heating the polymer should cause those bonds to

cleave and the signal for the verdazyl should be observed (Scheme 1.5-1).
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R = Ph, CO,C4Hy or CO,CH;

Scheme 1.5-1. Expected bond cleavage on heating polymers synthesised using 13 (R = Ph)

A deoxygenated solution of polymer in mesitylene was heated at 142 °C for between
15 minutes and 2 hours. The required length of time of heating was found to be
dependent on the molecular weight of the polymer, with higher molecular weights
requiring an increased amount of time. A higher concentration of polymer in
solution was also required as molecular weight increased in order for asignal for the
verdazyl radical to be observed. The polymer solution was scanned at ambient
temperature initially to confirm that there was no free verdazyl present prior to
heating the sample. Figure 1.5-3 displays the high temperature EPR spectrum of

poly n-butyl acrylate synthesised using 13.
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Figure 1.5-3. EPR spectrum of poly n-butyl acrylate synthesised using 13 recorded at 142 °C

The expected 9 line spectrum was observed, athough weak, and fitted the
simulation already recorded for 8. Interestingly, the polymer fragment was not
observed. It was possible that the centre field for the polymer fragment may lay
outside of the sweep width used, however when other samples were investigated
using a sweep width of 300 G no other signals were observed. The absence of the
polymer fragment is most likely due to the molecular weight of the polymer being

relatively high (21,200 g/mol) and it is difficult to detect long chain radicals.*®

Polystyrene and the MMA/styrene copolymers in the 1:1 and 3:1 ratios were also
investigated and displayed a radical signa on heating. The copolymer in the 9:1

ratio and poly methyl methacrylate displayed minima solubility in mesitylene.
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These polymers were dissolved in chlorobenzene, however, the high temperature
cavity is very sensitive to changes in dielectic constant and the solvent was found to
be too polar for the cavity to be coupled meaning that the EPR spectra could not be

obtained.

If this was reinvestigated at a later date, obtaining quantitative analysis for the
determination of the percentage of living polymer chains would provide a much

better insight to the controlled nature of the polymerisation technique.

1.5.3. In-situ EPR analysis of the polymerisation of styrene

The polymerisation of styrene mediated by 13 was then followed using the EPR
spectrometer. The polymerisation mixture was prepared and a sample taken to be
recorded. As expected no radical signal was visible at ambient temperature as the
monomer was not stabilised with free verdazyl prior to commencing the reaction.
On heating the sample it would be expected that the C-N bond would cleave
initiating the polymerisation and producing a signa for verdazyl radica 8. An
equilibrium between capped and uncapped polymer chains is expected over the
duration of the polymerisation and as such a constant concentration of radical should

be observed (Scheme 1.5-2).
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Scheme 1.5-2. Controlled radical mechanism for the polymerisation of styrene by 13

The sample was heated to 122 °C and a set of scans recorded every hour up until the
radical signal completely disappeared which took just short of 18 hours. Figure 1.5-4
displays the normalised double integral calculated from the recorded spectra and
shows that the radical concentration had reached a maximum after approximately
two hours and then decreased over the remaining reaction time. The concentration
was seen to decrease quite slowly after 6 hours. A *H NMR was run of the sample
and no polymer was observed indicating that no polymerisation had taken place

(Figure 1.5-5, —).
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Figure 1.5-4. Plot of normalised double integral vs. timefor thefirst attempt at the

polymerisation of styrenein the EPR spectrometer

The remaining polymerisation mixture was heated at the same temperature, without
stirring and without the flow of nitrogen to best recreate the conditions experienced
by the sample in the cavity. After 22 hours the polymerisation had reached 41%
conversion. In the 'H NMR spectra of a sample taken from the polymerisation
reaction (Figure 1.5-5, —), the polymer was clearly visible. This indicated that
something had occurred during the transfer of the sample from the Schlenk tube to
the EPR tube that stops the polymerisation reaction taking place, most likely the

presence of air.
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Figure 1.5-5. '"H NMR tracesfor the polymerisation by styreneat t = 0 (—), the EPR
polymerisation after 20 h (—) and the remaining polymerisation mixture heated in an oil bath

for 22h (—)

The EPR tube was normally degassed by placing it into a large (750 mL) Schlenk
tube kept under a nitrogen atmosphere. This however, does not mean that the entire
length of the narrow EPR tube would be degassed. To address this, the degassed
syringe was first used to fill the EPR tube with nitrogen. This was repeated three
times prior to syringing in the sample. The sample was run under the same
conditions in the EPR spectrometer as the original polymerisation. This time a
radical signal was observed at a much lower intensity over the course of the reaction.

Figure 1.5-6 displays selected EPR traces which show how the radical signal
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intensity changed over the duration of the reaction. The normalised double integral

from all the spectra recorded over the course of the reaction are displayed in Figure
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Figure 1.5-6. EPR traces from the second attempt at the polymerisation of styrenein the EPR

machineat 0, 23, 42 and 67 h
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Figure 1.5-7. Plot of normalised double integral vs. time for the second attempt at the

polymerisation of styrenein the EPR spectrometer

When the polymerisation was stopped at 67 hours a signal for the verdazyl was still
visible. The observed results indicate that the concentration of the radical in solution
remained low over the duration of the reaction, important if the reaction is to
proceeded in a controlled fashion. No particular build up of radical over the course
of the polymerisation was observed which would normally be associated with
termination reactions. The unprecipitated polymer was analysed using *H NMR and
GPC and had reached 64% conversion with a molecular weight of 33,400 g/mol and

apolydispersity of 1.48 (before precipitation).
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The polymer fragment was not seen in the recorded EPR spectra as seen when
determining the polymer end-groups. The concentration of stable radical in a
controlled living polymerisation can be at least four times greater than that of the
propagating radical.*>” Combined with small organic molecules being more easily
detectable over long chain radicals in EPR, it is perhaps not surprising that a signal
was not seen for the propagating radical. Propagating radicals have been observed
before using EPR and has been described in various papers, books and reviews.'%
108-113 However, in many cases the EPR experiment was designed using the optimum
parameters to capture the propagating radical species. The use of solid state EPR is
frequently used as it offers the advantage of longer lived propagating radicals in a
much higher concentration'', however this was not included in the scope of this

study.

It was hoped that the polymerisation of MMA could be attempted; however, a few
problems were encountered. The boiling point of MMA (100 °C) is lower than the
desired polymerisation temperature. This would mean that if attempted the
polymerisation mixture would be boiling when in the EPR spectrometer and could
cause a pressure build which may cause the EPR tube to fail and risk damaging the
microwave cavity. This problem was solved by switching to n-butyl methacrylate
which has a boiling point of 162-165 °C. When it came to running the
polymerisation it was discovered that the polarity of the monomer was higher than
that of styrene and, as a result, the microwave cavity could not be coupled and the

reaction not completed.
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1.5.4. Initiator characterisation

It has been shown that the concentration of free radical in a polymerisation,
especially for butyl acrylate, can have an effect on the rate of polymerisation. The
purity of all four of the verdazyl initiators had already been confirmed by NMR,
mass spectrometry and elemental analysis but it was decided to also use EPR as a
complimentary technique; this would confirm the absence of any residua free

radical in these initiators.

The EPR spectrum of each initiator in mesitylene was recorded at ambient
temperature. Initiators 13 (R = Ph), 16 (R = H) and 17 (R = PhOMe) did not show a
radical signal. Interestingly, a signal was seen for 18 (R = PhNO,) at ambient
temperature. This result may be a factor as to why polymerisations using 18 were
generally observed to be slower than all the other verdazyl initiators. The same
samples were individually heated to 122 °C. Spectra were then recorded before
cooling back down to ambient temperature. After three hours back at ambient
temperature radical signals were till visible in al the initiator samples. The samples
were |eft for between 65-72 hours before being scanned again. This time the radical
signa had disappeared, or returned to the same value for 18, except for 13 where a
signal was still visible. The samples were heated back up to temperature where the
radical signals reappeared, proving that the initiator-verdazyl bond could be
reversibly cleaved. Figure 1.5-8 illustrates the changes in radical concentration on
heating and cooling of the samples as described in the text. If more time was

available, it would make for a more comprehensive study to extend this experiment
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to determine if the initiator could be reversibly cleaved indefinitely or how long it

would take before it started to decompose.
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Figure 1.5-8. Plot of normalised double integral vs. timefor all four verdazyl initiators

demonstrating thereversible nature of the cleavage of the C-N bond using EPR

1.5.4.1. Initiator decomposition

Following on from the previous study it was decided to see how long it took for the
initiator to decompose at the elevated reaction temperature. A solution of 13 in
mesitylene was heated to cleave the initiator-verdazyl C-N bond (Scheme 1.5-3) and
the EPR spectra recorded until the radical signa disappeared. On the first attempt
the same result was observed as in the initial attempt of the polymerisation of
styrene. There was an initial increase of the radical signal to a maximum before the

signal decreased until it completely disappeared, taking approximately 8 hours. The

Georgina Rayner 126



Verdazyl Radicals as Mediatorsin Living Radical Polymerisation

same reaction was repeated but using the more efficient sample preparation
technique that was used to get the polymerisation of styrene to proceed. The
normalised double integral values from the EPR spectra recorded during the second

attempt are shown in Figure 1.5-9.
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Scheme 1.5-3. Expected initiator cleavage mechanism at polymerisation temperature
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Figure 1.5-9. Plot of normalise doubleintegral vs. timefor the EPR decomposition study of 13

at polymerisation temperature
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In thisinstance, and similarly to the polymerisation of styrene, the radical signal was
seen to fluctuate. This fluctuation occurred during the first 20 hours before slowly

starting to decrease so that by 37 hours no signal was observed.

1.5.5. Radical decomposition

Lastly, the decomposition of radical 8 at the polymerisation temperature was
investigated. The amount of 8 used was based on the conditions for the
polymerisation of styrene; using the amount of moles of radical that would exist if
all the initiator molecules in the polymerisation cleaved all at once. As expected a
strong radical signal was observed prior to heating the sample. Upon heating, the
concentration of radical decreased dramatically over the first couple of hours before

slowing down and eventually disappearing after about 60 hours (Figure 1.5-10).
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Figure 1.5-10. Plot of normalised doubleintegral vs. time for the EPR study of the

decomposition of 8 at polymerisation temperature

Figure 1.5-11 displays a set of EPR traces recorded at various time intervals during
the experiment. The first trace (t = 0) illustrates how high concentrations of radical
broadens the observed signal. The first set of scans taken immediately after the
cavity reached the reaction temperature (t = 14 mins) shows a greater extent of
signa broadening. This is due to the high concentration combined with the fast
tumbling of the radicals in solution at elevated temperatures.* It was expected that
as time progressed and the radical decayed, the concentration of radica would
decrease resulting in a reduction in the broadening of the signal and a return to the
typical hyperfine splitting pattern for 8. This was seen in the experiment and is
illustrated in the remaining spectra in Figure 1.5-11 (t = 5.5, 16.5, 42.5 and 51

hours).
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Figure 1.5-11. EPR tracesfrom the polymerisation of styrene by 13
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The kinetics of the reaction were plotted (Figure 1.5-12) and after an initial decrease,
linear first order kinetics with respect to monomer were observed. This suggests that
there is no interaction of the radical with any external sources, such as the presence
of oxygen, that may prevent decomposition. Around 50 hours, where the radical
signal was low compared to the signal-to-noise ratio of the spectrum, the integration

became more difficult resulting in values deviating from the observed trend.
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Figure 1.5-12. First order kinetic plot for the verdazyl mediated polymerisation of styrene using

13

The work presented in this section illustrates the various ways in which EPR can be
used other than solely for determining a radical’s structure. The observations can be
used to gain a further understanding of radical action and stability at elevated
temperatures for reactions performed in the lab. These studies should ideally be
extended by investigating all of the different radicals and initiators described in this

thesis allowing further comparisons to be made.
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1.6. Conclusions and future wor k

In summary, five verdazyl radicals with varying substituents at the 3 position were
synthesised and four modified to form unimolecular initiators to be investigated as
mediators of controlled living radical polymerisations. Polymerisations were
undertaken using styrene and n-butyl acrylate to make direct comparison with
literature. The polymerisation of MMA and copolymerisation of MMA with styrene
was aso attempted. Difficulties were encountered in gaining control early on the
butyl acrylate polymerisations and MMA polymerisations proved even more
difficult to control leading to broad polydispersities and molecular weights that
differed from the theoretical values. Varying degrees of success were observed in
the polymerisations depending on the substituent at the three position on the
verdazyl radical in the aforementioned polymerisations. High temperature EPR has
been utilised to study the polymerisation of styrene and to provide an insight into
radical stability/activity in various situations based on the observed radica
concentration. This work has shown that verdazyl radicals with different structures
react differently and as such discrepancies become apparent in their ability to

mediate polymerisations, as seen with nitroxides.

Following on from the results discussed in this thesis, more work can be carried out
in order to optimise the conditions of the homopolymerisation of all three
monomers. One particular area to focus on is increasing the amount of free verdazyl

which has aready been shown in this work to improve control over the
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polymerisation. Better control of the polymerisation temperature to prevent
exotherms and aiming for lower molecular weights are aso viable options for
improving on the observed results. The determination of the C-N bond dissociation
constant and kinetic parameters would allow for further correlations between the

verdazyl radical structure and its polymerisation mediating ability.

Thiswork could be further extended to investigate a much wider library of verdazyl
radicals including those substituted at the 1 and 5 positions. This would undoubtedly
lead to the synthesis of novel verdazyls. It may aso be worthwhile to investigate
other verdazyl families including 6-thio and 6-phosphaverdazyl radicals. With the
wide range of possible verdazyl structures potentially available, it may be possible
to establish a family of verdazyl radicals designed to mediate the polymerisation of

any number of monomers.
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1.7. Experimental

1.7.1. Materials

All chemicals were purchased from Sigma Aldrich and used as received unless
otherwise stated. Inhibitors were removed from all monomers by passing through a
short basic alumina column. n-Butyl acrylate was stabilised by adding 1 mg of the
appropriate radica for initiator to 40 mL of monomer where stated. Mesitylene,
where added, was used as an internal standard for determining conversion.
Otherwise conversion was determined by measuring the disappearance of the

monomer vinyl peaks with the appearance of polymer.

1.7.2. Characterisation techniques

Melting points were recorded using a Stuart Scientific SMP3 melting point
apparatus at a rate of 3 “C/minute. Infra-red spectra were recorded using a Bruker
Vector 22 FTIR spectrometer fitted with a Golden Gate attenuated total reflection
cell. IR transmissions are reported as wavenumbers (cm’). The following
abbreviations have been used; br = broad, w = weak, m = medium, s = strong, Ar =
aromatic, adj = adjacent, def = deformation, sym = symmetrical and asym =
asymmetrical. NMR spectra were recorded using Bruker DPX-300, DPX-400, DRX-
500 and AV 111-600 instruments as solutions in deuterated NMR solvents. Chemical
shifts are reported in parts per million (ppm) relative to tetramethylsilane (TMS).

The following abbreviations are used to abbreviate multiplicities; s = singlet, d =
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doublet, t = triplet, g = quartet and m = multiplet. Mesitylene, where added, was
used as an internal standard for determining conversion by NMR. Otherwise
conversion was determined by measuring the disappearance of the monomer vinyl
peaks with the appearance of polymer in NMR spectra. Microanalyses were
performed in duplicate where possible by Warwick Analytica Service. High
resolution mass spectrometry were performed by the Mass Spectroscopy Facility at
Warwick. UV-visible spectra were recorded on a Perkin Elmer Lambdas 25
spectrophotometer using a quartz crystal cuvette. EPR spectra were recorded on
Bruker EMX-E, EMX and ECS 080 spectrometers, using either an ER 041X or
041XG X-band microwave bridge and an EIP model 545A microwave frequency
counter. The cavity for the ambient temperature measurements were recorded using
a Bruker 4103TM/9106 cavity. High temperature measurements were recorded
using the EX-102 high temperature cavity and Eurotherm B-V2 2000 control unit
Gel permeation chromatography samples were run on an Agilent 390-LC system
equipped with aPL-AS RT autosampler, a 100uL injection loop, a 5um PLgel guard
column (50 mm x 7.5 mm), 2 5um PLgel Mixed D columns (50mm x 300 mm) and
a differential refractive index (DRI) detector. The system was eluted with
chloroform at arate of 1 mL/minute and the detector was calibrated with PL narrow
polystyrene (162-371,100 g/mol) and poly methyl methacrylate (200-467,400
g/mol) standard easy vials. Crystallographic data was obtained by Dr Guy Clarkson
and theoretical calculations were carried out by Professor Rob Deeth both at the

University of Warwick.
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1.7.3. Synthesisof compoundsin Chapter 1

1.7.3.1. 2,4-dimethylcar bonohydr azide® (1)

o« DDCM,-10°C 5 || 4

HoN-NHCH; + o M L —————— NN
(1(01: 0 0 '(_l(l 2)rt,4h NH, NH,

I <

To a stirring solution of methyl hydrazine (54 mL, 1.04 mmol) in dichloromethane
(400 mL), cooled to -10 °C, was added a solution of triphosgene (25.16 g, 84.25
mmol) in dichloromethane (300 mL) dropwise over 1.5 hours. Following the
addition, the reaction was allowed to rise to ambient temperature and stirred for a
further 4 hours. The reaction mixture was filtered and the solvent removed in vacuo.
The resulting yellow oil was dried on a high vacuum line to give 1 as a pale yellow
solid (26.89 g, 89.5%). The compound is hygroscopic and requires storage under
nitrogen in the fridge. Melting point: 49-51 °C. IR (neat): v = 3308, 3199 (br s, >N-
H), 3020, 2920, 2839 (br m, CH stretch), 1583 (br m, C=0), 1385 (br m, CHz sym
def) cm™. *H NMR (300.13 MHz, CDCl5, 298 K) & = 3.01 (s, 6H, H2,4); 4.11 (br s,
4H, H1,5). 3C NMR (75.48 MHz, CDCl3, 298 K) § = 42.10 (C2, 4); 164.58 (C3).

Mass Spectrometry (+ESI-MS) mvz: 119.09 [M + H]*, 141.07 [M + Na]".
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1.7.3.2. 1,5-dimethyl-tetrazinan-6-one” (2)

‘ O ”3()

N
. I

H™ TH rt, 20 min HN_ _NH
4

To a solution of 1 (6.00 g, 50.81 mmol) in water (15 mL) stirring at ambient
temperature was added dropwise a solution of 37% agueous formaldehyde (3.80
mL, 43.19 mol) in water (15 mL). The resulting yellow solution was left stirring for
20 minutes. The water was removed on a high vacuum line to give off-white solid.
The solid was dissolved in ethanol and the solvent removed in vacuo. This was
repeated twice more with ethanol resulting in an off white solid which was
recrystallised from ethyl acetate to give 2 (2.90 g, 51.5%) as an off white crystalline
powder. Melting point: 107-109 °C. IR (neat): v = 3244 (br m, >N-H), 2932, 2873
(br w, CH stretch), 1601 (br m, C=0), 1532 (br w, >N-H), 1433 (br m, CH def),
1387 (m, CH5; sym def) cm™. *H NMR (300.13 MHz, DM SO, 298 K) & = 2.89 (s,
6H, H1, 5); 3.69 (t, J = 7.5 Hz, 2H, H3); 5.29 (t, J = 7.5 Hz, 2H, H2, 4). *C NMR
(75.48 MHz, DM SO, 298 K) § = 37.36 (C1, 5); 58.57 (C3); 163.26 (C6). Anal.
Calcd. for C4H10N4O: C, 36.91; H, 7.74; N, 43.05. Found: C, 36.43; H, 7.73; N,

42.64. Mass Spectrometry (+ESI-MS) mvz: 131.09 [M+H]".
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1.7.3.3. 1,5-dimethyl-3-phenyl-tetrazinan-6-one” (3)

O

(L | MeOH s

~ AN -~ + E« > r\ o \

NN H 1} HN_: NH
NH, NH, i, 1h

(1) 7 Py

To a solution of 1 (5.00 g, 42.34 mmol) in methanol (53 mL) stirring at ambient
temperature was added dropwise a solution of benzaldehyde (4.3 mL, 42.34 mmol)
in methanol (42 mL). The resulting solution was left stirring for 1 hour. The solvent
was removed in vacuo giving a pale orange solid which was recrystallised from
methanol to give 3 (2.57 g, 29.4%) as white crystalline needles. Melting point: 124-
125 °C. IR (neat): v = 3252, 3220 (w, >N-H), 3017 (w, Ar), 2964, 2912, 2868 (w,
CH stretch), 1656 (m, C=0), 1596, 1569, 1478 (m, Ar), 1448 (m, CH def), 1400 (m,
CHs sym def), 1234 (m, C-N stretch), 745, 628 (s, 5 adj H) cm™. *H NMR (300.13
MHz, DMSO, 298 K) & = 2.95 (s, 6H, H1, 5); 4.90 (t, J = 8.0 Hz, 1H, H3); 5.70 (d, J
= 8.0 Hz, 2H, H2,4); 7.31-7.41 (m, 3H, H9,10), 7.55 (br d, J = 7.3 Hz, 2H, H8). °C
NMR (100.60 MHz, DMSO, 298 K) & = 37.64 (C1, 5); 68.56 (C3); 127.01 (C9);
127.88 (C10); 128.19 (C8); 136.71 (C7); 154.47 (C6). Anal. Calcd. for C1oH1N4O:
C, 58.24; H, 6.84; N, 27.17. Found: C, 58.02; H, 6.86; N, 27.10. Mass Spectrometry

(+ESI-MS) m/z: 207.12 [M+H]".
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1.7.3.4. 1,5-dimethyl-3-(4-methylphenyl)tetr azinan-6-one™ (4)

0 MeOH s

rt, 1.5h

4)

To a solution of 1 (1.20 g, 10.20 mmol) in methanol (10 mL) stirring at ambient
temperature was added dropwise a solution of p-toluadehyde (1.28 mL, 10.80
mmol) in methanol (10 mL). The resulting solution was stirred 1.5 hours. The
solvent was removed to give a white solid with yellow staining which was
recrystallised from ethanol to give 4 (1.42 g, 63.3%) as white crystalline needles.
Melting point: 173-175 °C. IR (neat):v = 3256, 3228 (m, >N-H), 3023 (w, Ar),
2973, 2920, 2874 (m, CH stretch), 1593 (s, C=0), 1493 (m, Ar), 1434 (m, CH def),
1387 (s, CH3 sym def), 1233 (m, C-N stretch), 810 (s, 2 adj H) cm™. 'H NMR
(400.03 MHz, DMSO, 298 K) § = 2.29 (s, 3H, H11); 2.93 (s, 6H, H1, 5); 4.85(t, J =
8.0 Hz, 1H, H3); 5.63 (d, J = 8.0 Hz, 2H, H2, 4); 7.17 (d, J = 8.0 Hz, 2H, H9); 7.39
(d, J = 8.0 Hz, 2H, H8). **C NMR (100.60 MHz, DM SO, 298 K) & = 20.73 (C11);
37.71 (C1, 5); 68.51 (C3); 126.97 (C8); 128.80 (C9); 133.77 (C7); 137.11 (C10);
154.53 (C6). Anal. Calcd. for C13H16N4O: C, 59.98; H, 7.32; N, 25.44. Found: C,

59.72; H, 7.30; N, 25.23. Mass Spectrometry (+ESI-MS) nvz: 243.12 [M+Na]".
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1.7.3.5. 1,5-dimethyl-3-(4-methoxyphenyl)tetr azinan-6-one”’ (5)

| 0 MeOH s

h \; - \ - N L . ) \ 6 \
ll * NN - [ l - - ) ‘ '
\ I 1, l._ ] Il?\\*/\]l
\[ { N ‘ {3 “ /J I §| N

To a solution of 1 (2.36 g, 20.00 mmol) in methanol (25 mL) stirring at ambient
temperature was added dropwise a solution of 4-methoxybenzaldehyde (2.72 g,
20.00 mmol) in methanol (5 mL). The resulting solution was left stirring for 1.5
hours. The solvent was removed in vacuo to give a white solid with yellow staining
which was recrystallised from methanol to give 5 (2.81 g, 59.5%) as white
crystalline needles. Melting point: 146-147 °C. IR (neat): v = 3246 (s, >N-H), 3038
(W, Ar), 2965, 2920, 2871 (m, CH stretch), 2841 (m, C-OCHs), 1591 (s, C=0), 1436
(s, CH def), 1404 (s, CH3 sym def), 1242 (s, C-O stretch), 1170 (m, C-N), 1108 (C-
O stretch), 877 (2 adj H) cm™. *H NMR (400.03 MHz, DM SO, 298 K) & = 2.94 (s,
6H, H1, 5); 3.74 (s, 3H, H11); 4.83 (t, J = 8.0 Hz, 1H, H3); 5.61 (d, J = 9.0 Hz, 2H,
H2,4); 6.92 (d, J = 8.0 Hz, 2H, H8); 7.42 (d, J = 8.0 Hz, 2H, H9). *C NMR (100.60
MHz, DMSO, 298 K) & = 37.71 (C1, 5); 55.04 (C11); 68.27 (C3); 113.60 (C8);
128.21 (C9); 128.66 (C7); 154.54 (C10); 158.96 (C6). Anal. Calcd. for C1H16N4O2:
C, 55.92; H, 6.83; N, 23.71. Found: C, 55.94; H, 6.87; N, 23.65. Mass Spectrometry

(+ESI-MS) m/z: 259.11 [M+Na]".
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1.7.3.6. 1,5-dimethyl-3-(4-nitrophenyl)tetr azinan-6-one” (6)

) MeOH ' S

NTONT Ot P DR
N NHL O tt, 1 h HN 3 NH
i~]) - (}):.\‘_/‘-\\\':f;:f:./ i 17

NO,

To a solution of 1 (1.01 g, 8.55 mmol) in methanol (20 mL) stirring a ambient
temperature was added dropwise a solution of 4-nitrobenzaldehyde (0.92 g, 6.09
mmol) in methanol (50 mL). The methanol required gentle heating in order to get
the aldehyde to dissolve. The resulting solution was stirred for 1 hour. During this
time a yellow precipitate formed and was collected by suction filtration. The
resulting yellow powder was recrystallised from methanol to give 6 (0.25 g, 16.6%)
as pale yellow needles. Mélting point: 172-175 °C. IR (neat):v = 3268, 3227 (s,
>N-H), 3073 (w, Ar), 2952, 2910, 2865 (br w, CH stretch), 1628, 1607 (NO,), 1606
(m, Ar), 1517 (s, C=0), 1490 (m, CH3 sym def), 1432 (m, CH def), 1345 (s, C-
NO,), 1201 (m, C-N), 858 (s, C-OCH3) cm™. *H NMR (400.03 MHz, DM SO, 298
K) 8 =2.94 (s, 6H, H1, 5); 5.12 (t, J = 6.0 Hz, 1H, H3); 5.91 (d, J = 6.0 Hz, 2H, H2,
4): 7.82 (d, J = 9.0 Hz, 2H, H8); 8.25 (d, J = 9.0 Hz, 2H, H9). *C NMR (100.60
MHz, DMSO, 298 K) & = 37.50 (C1, 5); 67.69 (C3); 123.34 (C8); 128.70 (C9);
144.95 (C10); 147.11 (C7); 154.18 (C6). Anal. Calcd. for C1oH13NsOs: C, 47.81; H,
5.22; N, 27.87. Found: C, 47.78; H, 5.01; N, 27.96. Mass Spectrometry (+ESI-MS)

m/z: 247.09 [M+Na]".
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1.7.3.7. 1,5-dimethyl oxoverdazyl® (7)

0O K;3Fe(CN)g )
. 2 N Na,CO; 1 s
N~ "N N6 N’
HN_ _NH HyO, rt, 1.5 h .i,_,‘;,,\"

T 2 "]/ 4
H H
(2) (7

To a solution of 2 (3.30 g, 25.6 mmol) in water (26 mL) stirring at ambient
temperature was added dropwise a solution potassium ferricyanide (25.30 g, 76.8
mmol) dissolved in water (128 mL) and 2 N sodium carbonate solution (38.5 mL).
The resulting solution was stirred for 1.5 hours and then extracted eight times with
diethyl ether (60 mL). The combined extracts were dried using magnesium sul phate
and the solvent removed in vacuo to give a dark red solid. The compound was
purified by neutral aumina column  chromatography using 1.1
dichloromethane/petroleum ether 40-60 to give 7 (2.67 g, 82.1%) as a dark red
crystalline solid, which can be recrystallised from petroleum ether but the crystals
are not stable at ambient temperature and require storage in the freezer. Melting
point: 36-38 °C. IR (neat): v = 3072 (br w, Ar), 2942 (br w, CH stretch), 1672 (br s,
C=0), 1452 (br m, CH def), 1347 (br m, CHs sym def), 1262 (br m, C-O) cm™. EPR

(9.77 GHz, toluene, 298K): a(N,,) = 650 G; a(N, ) =5.19 G; a(H_, ) = 545 G
' ' 3

(6H); a(H_,) = 0.78 G; g = 2.0045. UV-vis (14-dioxane): Ama (Ig €) = 254 nm

(3.08), 378 nm (2.84), 416 nm, (2.75), 430 nm (2.79), 446 nm (2.69). Anal. Calcd.
for CosHaNOs: C, 37.79; H, 5.55; N, 44.07. Found: C, 36.37; H, 5.25; N, 41.25.

M ass Spectrometry (+ESI-MS) mvz: 127.06 [M]".
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1.7.3.8. 1,5-dimethyl-3-phenyl-6-oxover dazyl® (8)

- . P P 1
NN K;Fe(CN)g N
HN_ _NH 2 N Na,COs N3

H,0/MeOH, rt 7

R
/ \

10
3) 8)

To asolution of 3 (1.00 g, 4.85 mmol) dissolved in water (23 mL) and methanol (15
mL) stirring at ambient temperature was added dropwise a solution of potassium
ferricyanide (5.24 g, 15.9 mmol) in water (30 mL) and 2 N sodium carbonate
solution (7 mL). The addition of an excess of water precipitated 8 (0.88 g, 89.3%) as
an orange powder which was collected by suction filtration, washed thoroughly with
water and dried in a vacuum oven. Melting point: 63-65 °C. IR (neat): v = 3034 (w,
Ar), 2945 (w, CH stretch), 1670 (s, C=0), 1456 (m, CH def), 1375 (m, CHs sym
def), 1248 (s, C-0), 1162 (w, C-O), 776 (s, 5 adj H) cm™. EPR (9.77 GHz, toluene,

298K): a(N, ) =650 G; aN, ) =5.10 G; a(H__ ) = 5.45 G (6H); g = 2.0045. UV-
' ’ 3

Vvis (1,4-dioxane): Amax (19 €) = 248 nm (4.43), 389 nm (2.91), 400 nm (3.03), 440
nm, (3.17), 492 nm (2.48), 526 nm (2.34), 552 nm (1.29). Anal. Calcd. for
CxH31NOs: C, 59.10; H, 5.46; N, 27.57. Found: C, 57.50; H, 5.25; N, 26.61. Mass

Spectrometry (+ESI-MS) nvz: 203.09 [M]".
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1.7.3.9. 1,5-dimethyl-3-(4-methylphenyl)-6-oxover dazyl* (9)

MR KFe(CN) DR
HN I NH Na,CO, NN
R H,O/EtOH, N5, 1t 1 h RN 8
U\ = [\ 29
T Tio
T
4) 9)

To asolution of 4 (0.40 g, 1.80 mmol) in ethanol (30 mL) and water (10 mL) stirring
at ambient temperature under nitrogen in a two-necked round bottom flask was
added dropwise a solution of potassium ferricyanide (2.00 g, 6.10 mmol) and
sodium carbonate (0.50 g, 4.70 mmol) in water (10 mL). The resulting solution was
stirred for 1 hour before being poured into ice cold water (100 mL) to precipitate 9
(0.18 g, 46.1%) as an orange powder which was recrystallised from methanol to give
dark orange needles. Melting point: 95-96 °C. IR (neat):v = 3014 (w, Ar), 2974,
2941, 2923 (w, CH stretch), 1677 (s, C=0), 1516 (m, Ar), 1450 (m, CH def), 1400
(m, CH3 sym def), 1295 (m, C-N stretch), 823 (s, 2 adj H) cm™. EPR (9.86 GHz,

toluene, 298K): N, ) = 652 G; a(N, ) = 5.15 G; a(H_,) = 542 G (6H); g =
’ ' 3

2.0099. UV-vis (1,4-dioxane): Amax (Ig €) = 253 nm (3.34), 391 nm (2.80), 404 nm
(2.88), 416 nm (3.00), 451 nm (2.40), 495 nm (2.53), 528 nm (2.42), 557 nm (2.07).
Ana. Cdcd. for C11H13N4O: C, 60.81; H, 6.03; N, 25.79. Found: C, 60.39; H, 5.66;

N, 25.52. Mass Spectrometry (+ESI-MS) mvz: 240.10 [M]".
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1.7.3.10. 1,5-dimethyl-3-(4-methoxyphenyl)-6-oxover dazyl® (10)

) - !
N° N K3Fe(CN)q N
HN___NH I N Na,CO; N3

P H>,O/MeOH, 1t, 1 h l

(5)\ (10)
To a solution of 5 (1.50 g, 6.40 mmol) in methanol (77 mL) and water (52 mL)
stirring at ambient temperature was added dropwise a solution of potassium
ferricyanide (6.32 g, 19.2 mmol) in 1 N sodium carbonate solution (19 mL). The
resulting solution was stirred for 1 hour. During which time a mixture of red and
cream solids precipitated and was collected by suction filtration and washed
thoroughly with water to give 10 (1.20 g, 80.5%) as a red powder which was
recrystallised from methanol to give a dark red crystalline solid. Melting point: 86—
88 °C. IR (neat): v = 3028 (w, Ar), 2941, 2912 (m, CH stretch), 2833 (m, C-OCHa),
1678 (s, C=0), 1606, 1517 (m, Ar), 1469 (m, CH3 sym def), 1433 (m, CH def), 1298
(s, C-N), 1244, 1110 (m, C-O), 840 (s, 2 adj H) cm™. EPR (9.81 GHz, toluene,

298K): a(N,,) = 653 G; aN ) =5.37 G; aH_, ) = 5.15 G (6H); g =2.0100. UV-
' ' 3

vis (1,4-dioxane): Amax (g €) = 263 nm (4.46), 318 nm (2.17), 394 nm (2.82), 407
nm (2.79), 417 nm (2.88), 499 nm (2.57), 523 nm (2.61), 557 nm (2.30). Anal.
Calcd. for Ci3HsN4Oy: C, 56.64; H, 5.62; N, 24.02. Found: C, 56.41; H, 5.35; N,

23.85. Mass Spectrometry (+ESI-MS) m/z: 240.10 [M]".
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1.7.3.11. 1,5-dimethyl-3-(4-nitrophenyl)-6-oxover dazyl® (11)

0 0

- L o J« 5
N° N K3Fe(CN)q N"6 N
HN___NH 2 N Na,COy N 2N
- 2 7 4
A DMF, rt P

U o “\ 9
T Tho
NO, NO,

(6) (11)
To a solution of 6 in dimethylformamide (40 mL) stirring at ambient temperature
was added dropwise a solution of potassium ferricyanide (1.74 g, 5.28 mmol) in
water (20 mL) and 2 N sodium carbonate solution (2.64 mL). The solution got warm
during the addition and a cream precipitate formed. On cooling a brown precipitate
formed. The solids were collected by suction filtration and washed thoroughly with
water to give 11 (0.26 g, 65.5%) as a fluffy brown solid which was recrystallised
from methanol to give fine brown needles. Melting point: 144-146 °C. IR (neat): v =
3087 (w, Ar), 2947 (w, CH stretch), 1688 (s, NO,), 1604 (m, NO,), 1595 (m, Ar),
1520 (s, C=0), 1413 (m, CH def), 1402 (m, CH3 sym def), 1341 (s, C-NOy), 1292
(s, C-N stretch), 1248, 1107 (m, C-O), 854 (s, 2 adj H) cm™. EPR (9.81 GHz,

toluene, 298K): a(N24) = 6.45 G; a(le) =535 G; a(HCH )= 548 G (6H); g =
’ ' 3

2.0101. UV-vis (1,4-dioxane): Amax (19 €) = 293 nm (4.27), 408 nm (3.17), 424 nm
(3.33), 487 nm (2.43). Anal. Calcd. for C1oH10NsO3: C, 48.39; H, 4.06; N, 28.21.
Found: C, 48.03; H, 3.82; N, 27.95. Mass Spectrometry (+ESI-MS) m/z: 271.07

[M+Na]".
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1.7.3.12. Sample preparation of TEM PO and verdazyl radicals

7,8,9, 10 and 11 for EPR

To an oven dried Schlenk tube was added the verdazyl radical and toluene to make
up the desired concentration. The solution was degassed using three freeze-pump-
thaw cycles and kept under nitrogen. Using a gas tight syringe, 0.5 mL of solution
was introduced to a degassed EPR tube which was then capped and sealed with
parafilm. The EPR parameters used varied for each radical. This enabled the best

spectrum to be obtained to determine the hyperfine couplings constants.

Table 1.7-1. Quantities of samplefor the EPR of verdazyl radicals

Radical R Solution concentration Radical Toluene
mM mg mmol mL
TEMPO 1 0.3 0.0020
7 H 1 0.3 0.0024 2
8 Ph 0.2 0.2 0.0010 5
9 PhMe 0.05 0.3 0.0011 27
10 PhOMe 0.05 0.6 0.0008 17
11 PhNO; 0.05 0.9 0.0036 72
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1.7.3.13. 2-phenyl-2-(2,2,6,6-tetramethylpiperidin-1-oxy)ethyl

benzoate* (12)

=z
OO
0—0 0.

(12)

To styrene (320 mL, 279 mmol) was added benzoyl peroxide (8.04 g, 33.19 mmol)
and 2,2,6,6-tetramethyl-piperidin-1-yloxy (TEMPO) (11.36 g, 72.7 mmol)
producing a deep red solution. The solution was degassed by bubbling with nitrogen
for 1 hour. The reaction mixture was kept under nitrogen and stirred at 80 °C for 23
hours. The solution was cooled to ambient temperature before removing the styrene
on a high vacuum line to give a dark orange oil. The product was purified by
repeated silica gel column chromatography with 1:1 dichloromethane/petroleum
ether 40-60 changing to 9:1 dichloromethane/petroleum ether 40-60, 30:1 petroleum
ether 40-60/diethyl ether changing to 20:1 petroleum ether 40-60/diethyl ether to
give 12 (2.47 g, 19.5%) as white crystalline solid. Melting point: 73-74 °C. IR
(neat): v = 3002 (w, Ar), 2967, 2923 (m, CH stretch), 1602 (w, Ar), 1712 (s, C=0),
1450 (m, CH def), 1364, 1311 (m, N-O asym stretch), 1295 (m, C-N stretch), 1264
(s, C-O stretch), 1132 (m, C-O stretch), 764 (m, 5 adj H) cm™. 'H NMR (300.13
MHz, CDCls, 298 K) & = 0.75, 1.06, 1.20, 1.36 (br s, 12H, H6, 7, 8, 9); 1.50 (br s,
6H, H2, 3, 4); 4.52 (dd, J = 6.0, 11.0 Hz, 1H, H15); 4.82 (dd, J = 5.0, 11.0 Hz, 1H,
H15); 5.05 (dd, J = 5.0, 6.0 Hz, 1H, H10); 7.23 - 7.28 (m, 7H, H12-14, 19); 7.38 (it,
J =70, 1.0 Hz, 1H, H20); 7.92 (dd, J = 8.0, 1.0 Hz, 2H, H18). *C NMR (75.47

MHz, CDCls, 298 K) & = 17.15 (C3); 20.40 (C7, 8); 34.00 (C6, 9); 40.41 (C2, 4);
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60.11 (C1, 5); 66.78 (C15); 83.94 (C10); 127.61 — 129.57 (C12-15, 18, 19); 130.20
(C18); 132.83 (C20); 140.691 (C11); 166.50 (C16). Anal. Calcd. for Ca4Hz1NOs: C,
75.56; H, 8.19; N, 3.67. Found: C, 75.59; H, 8.19; N, 3.64. Mass Spectrometry

(+ESI-MS) m/z: 382.26 [M+H]", 404.22[M+Na]".

1.7.3.14. Synthesis of 2-phenyl-2-(1,5-dimethyl-3-Phenyl-6-

oxover dazyl)ethyl benzoate (13) via an exchange

: 53
reaction
Q QO
N N ~. . A
/ L V
O NTONT O N N P
NS ‘ ’ | N__N Y
S % 0 ) N N chlorobenzene NN
(8] X~ ] 07 v Y\\
A 2h, 120°C - " N ¢ ™~
] ] [
(12) (8) (13)

To an oven dried Schlenk tube was added 8 (1.2 mg, 0.006 mmol) dissolved in
chlorobenzene (3 mL) and 12 (1.1 mg, 0.003 mmol) dissolved in chlorobenzene (3
mL). The resulting solution was degassed using 4 freeze-pump-thaw cycles and
stirred at 120 °C for 2 hours during which time the solution changed from pale
orange to pale purple in colour. Using a gas tight syringe samplesweretakenatt =0
and then every 30 minutes and put into degassed EPR tubes which were then

capped. The samples were run at ambient temperature in the EPR spectrometer.
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This reaction was repeated using ascorbic acid (0.6 equivaents with respect to 12)
which was mixed with chlorobenzene, degassed and syringed into the reaction

mixture after it had been heating for 10 minutes.

1.7.3.15. 2-bromo-2-phenyl ethanol™® (14)

)

/ \ HBr (aq.)

O CHCl3, 11, 50 min

To a stirring solution of styrene oxide (3.8 mL, 33.33 mmol) in chloroform (350

mL) at ambient temperature was added dropwise 48% aqueous hydrobromic acid
(100 mL, 184 mmol). The resulting orange mixture was stirred for 50 minutes
before being washed twice with water (100 mL), and twice with saturated sodium
hydrogen carbonate solution (200 mL). The resulting organic solution was dried
with magnesium sul phate and the solvent removed in vacuo to give 14 (6.1 g, 91%)
as apale orange oil. IR (neat): v = 3349 (w, OH), 3030, 1492 (w, Ar), 1453 (m, CH
def), 1060, 1021 (s, C-O), 694 (s, C-Br) cm™. 'H NMR (300.13 MHz, CDCl3, 298
K) & = 1.98 (br s, 1H, H1); 3.93-4.11 (m, 2H, H2); 5.06 (dd, J = 6.0, 2.0 Hz, 1H,
H3); 7.31-7.44 (m, 5H, H5-7). *C NMR (75.47 MHz, CDCls, 298 K) & = 56.40
(C3); 66.94 (C2); 127.32-128.40 (C5-7); 137.58 (C4). Anal. Calcd. for CgHeBrO: C,
47.79; H, 451. Found: C, 47.97; H, 4.56. Mass Spectrometry (+ESI-MS) m/z:

224.97 [M+Na]*; 183.98 [M-OH]".
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1.7.3.16. 2-bromo-2-phenylethyl benzoate (15)

1) DCC, THF, rt
2) DMAP, 0°C

\j

OH
3) rt, overnight

(14) ' (15)

Compound 15 was synthesised using a slightly modified procedure to that described
in the literature.**’ To a solution of 14 (5.01 g, 24.92 mmol) in tetrahydrofuran (100
mL) stirring at ambient temperature was added benzoic acid (3.35 g, 27.41 mmol).
Once dissolved, the solution was cooled to 0 °C, and N,N’ dicyclohexylcarbodiimide
(5.99 g, 24.93 mmol) added followed by 4-(dimethylamino)pyridine (0.27 g, 2.27
mmol) once dissolved. The solution was left stirring overnight at ambient
temperature. The solvent was removed in vacuo to give an off white solid. The solid
was dissolved in diethyl ether and filtered before washing twice with water. The
resulting solution was dried with magnesium sulphate and the solvent removed in
vacuo to give a yellow oil and white solid. The oil was dissolved in 3:1 petroleum
ether 40-60/dichloromethane and the white solid removed by suction filtration
before purification of the filtrate by silica gel column chromatography using 3:1
petroleum ether 40-60/dichloromethane. The solvent was removed in vacuo to give
15 (3.82 g, 50.4%) as a pale blue oil which solidified overnight during storage in the
fridge. Melting point: 36-38 °C. IR (neat):v = 3031 (w, Ar), 2955, 2876 (w, CH
stretch), 1600 (w, Ar), 1710 (br s, (C=0), 1109 (s, C-O stretch), 761, 707 (5 adj H),
692 (s, C-Br) cm™. *H NMR (300.13 MHz, CDCls, 298 K) § = 4.74 (dd, J = 6.0, 12
Hz, 1H, H6), 4.84 (dd, J = 7.0, 12 Hz, 1H, H6); 5.27 (dd, J = 8.0, 10.0 Hz, 1H, H5);
7.12 — 7.32 (m, 7H, H1-3, 10), 7.38 (tt, J = 1.0, 7.0 Hz, H11), 7.81 (dd, J = 1.0, 10.0

Hz, H9). *C NMR (75.48 MHz, CDCl3, 298 K) & = 50.00 (C5); 67.89 (C6), 127.80
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—129.61 (C1-3, 9, 10), 129.50 (C8), 133.25 (C11), 138.05 (C4), 165.84 (C7). Anal.
Calcd. for CisHi3BrO,: C, 59.04; H, 4.29. Found: C, 59.02; H, 4.33. Mass

Spectrometry (+ESI-MS) nmvz: 326.99 [M + Na]".

1.7.3.17. 2-phenyl-2-(1,5-dimethyl-6-oxover dazyl) ethyl benzoate

unimer (16)
‘ O
No o~ N J
(I 0 ™ N <N N6 N
e N B | ) =
N N N \() P ,\.\\‘ \ \T: N
N N N. N N AN ; - E\‘ AT I\ H
T ~ ( \1 toluene, N5, 41 h, 60 °C, N NN
H X Cu powder, Cu(Il)Br, | (
- X~
(7) (15) (16)

Compound 16 was synthesised using a dlightly modified procedure to that described
in the literature.® A solution of 7 (0.52 g, 3.90 mmol), 15 (1.00 g, 3.50 mmol) and
N,N,N’",N"’ N’ -pentamethyl diethylenetriamine (PMDETA, 0.15 mL, 0.7 mmol) in
toluene (15 mL) was degassed by five freeze-pump-thaw cycles and cannulated into
a nitrogen filled round bottom flask containing Cu powder (0.22 g, 3.50 mmol) and
Cu(1D)Br2 (16 mg, 0.072 mmol). The reaction mixture was stirred at 60 "C under
nitrogen for 41 hours. The reaction mixture was filtered and the solvent removed.
The resulting pale yellow oil was dissolved in the minimum amount of
dichloromethane and washed with water (3 x 15 mL). The resulting solution was
dried using magnesium sulphate and the solvent removed to yield an off white solid.
The compound was purified by silica gel column chromatography using 5:4:1
dichloromethane/petroleum ether 40-60/diethyl ether to give 16 (0.39 g, 31.6%) as

white powder which was recrystallised from 9:1 petroleum ether 40-60/isopropanol
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to give a white crystalline solid. Melting point: 110-111 °C. IR (neat): v = 3034 (w,
Ar), 2925, 2873, 2853 (w, CH stretch), 1717, 1657 (s, C=0), 1619 (m, Ar), 1452 (m,
CH def), 1371 (s, CH3 sym def), 1282 (br s, C-O stretch), 1178 (m, C-N stretch),
1116 (m, C-O stretch), 761, 707 (s, 5 adj H) cm™. *H NMR (400.03 MHz, CDCls,
298 K) & = 2.91(s, 3H, H5); 3.00 (s, 3H, H1); 459 (dd, J = 5.0, 8.0 Hz, 1H, H7);
4.72 (dd, J = 5.0, 12.0 Hz, 1H, H14); 4.89 (dd, J = 9.0, 12.0 Hz, 1H, H14); 6.77 (s,
1H, H3); 7.34 — 7.42 (m, 5H, H9-11); 7.45 (br tt, J = 8.0 Hz, 2H, 16), 7.58 (it, J =
1.0, 7.0 Hz, 1H, H17); 8.02 (dd, J = 1.0, 7.0 Hz, 2H, H15). *C NMR (100.60 MHz,
CDCl3, 298 K) & = 36.33 (C5); 38.60 (C1); 62.95 (C12); 64.95 (C7); 128.14 —
128.96 (phenyl C); 129.59 (C8); 129.83 (C15); 133.47 (C17); 134.97 (C14); 137.84
(C3); 157.06 (C6); 166.26 (C13). Anal. Calcd. for CioHoN4Os: C, 64.76; H, 5.72;
N, 15.90. Found: C, 64.78; H, 5.75; N, 15.47. Mass Spectrometry (+ESI-MS) m/z

375.14 [M+Na]".

This reaction was repeated on a smaller scale for EPR analysis. Using a gas tight
syringe samples were taken at t = 0, 0.5 and 40.5 hours and put into degassed EPR
tubes, which were then capped. The samples were run at ambient temperature in the

EPR spectrometer.
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1.7.3.18. Synthesis of 2-phenyl-2-(1,5-dimethyl-3-Phenyl-6-

oxover dazyl)ethyl benzoate (13)

oluene, N5, 44 h, 60 °C,

Cu powder, Cu(IDBr, Y L
(8) (1%) (13)

Compound 13 was synthesised using the same procedure as described for 16 to give
13 (0.94 g, 62.7%) as a white solid which was recrystallised from isopropanol to
give a white crystalline solid. Melting point: 102-104 °C. IR (neat):v = 3063 (W,
Ar), 2964, 2941, 2895, 2869 (w, CH stretch), 1721, 1617 (s, C=0), 1447 (m, CH
def), 1360 (s, CH3z sym def), 1276 (s, C-O stretch), 1254 (m, C-N stretch), 1118 (s,
C-0), 769, 705 (s, 5 adj H) cm™. 'H NMR (500.13 MHz, CDCls, 253 K) major
conformer (78%) 6 = 2.63 (s, 3H, H5); 3.33 (s, 3H, H1); 4.48 (dd, J = 4.0 Hz, 1H,
H7); 4.60 (dd, J = 4.0, 12.0 Hz, 1H, H12); 5.02 (t, J = 12.0 Hz, 1H, H12); 7.21-7.26
(m, 2H, H9); 7.28 (t, J = 8Hz, 2H, H21); 7.34-7.40 (m, 3 H, H10, 11); 7.43-7.53 (m,
2H, H20); 7.50 (t, J = 8Hz, 2H, H16); 7.67 (br t, J = 7.0 Hz, 1H, H17); 7.88 (br d, J
= 7.0 Hz, 2H, H19), 8.12 (br d, J = 7.0 Hz, 2H, H15); minor conformer (22%) & =
2.68 (s, 3H, H1); 3.02 (s, 3H, H5); 4.49 (m, 1H, H12); 4.75 (br dd, J = 4.0, 10.0 Hz,
1H, H7); 5.08 (br dd, J = 10.0, 12.0 Hz, 1H, H12); 7.20 — 7.53 (m, 10 H, H9-11, 16,
20, 21); 7.63 (br t, J= 7.0 Hz, H17); 7.81 (br d, J = 7.0 Hz, 2H, H19); 8.02 (br d, J =
7.0 Hz, 2H, H15). *C NMR (125.77 MHz, CDCls, 253 K) & = major conformer
(78%) & = 35.74 (C5); 40.59 (C1); 62.32 (C12); 64.43 (C7); 127.00 — 129.84 (C9-
11, 16, 19-21); 129.53 (C8); 130.58 (C18); 130.93 (C15); 133.76 (C17); 134.35

(C14); 147.43 (C3); 157.38 (C6); 166.31 (C13); minor conformer (22%) 6 = 36.89
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(C5); 40.26 (C1); 63.41 (C12); 63.98 (C7); 127.00 — 129.84 (C9-11, 16, 19-21);
129.37 (C8); 130.85 (C18); 131.08 (C15); 133.61 (C17); 135.38 (C14); 149.47 (C3);
159.63 (C6); 166.20 (C13). Anal. Calcd. for CxsH24N4Os: C, 70.08; H, 5.65; N,
13.08. Found: C, 69.86; H, 5.66; N, 12.99. Mass Spectrometry (+ESI-MS) m/z:

451.17 [M+Nad]".

1.7.3.19. Synthesis of 2-phenyl-2-(1,5-dimethyl-3-

methoxyphenyl-6-oxover dazyl)ethyl benzoate (17)

[ﬁ \ - ] toluene, No, 45 h, 60 °C, 17N
E*\‘i:i,,,.f Cu powder, Cu(I)Br,

(5 ) (15) (17)
Compound 17 was synthesised using the same procedure as described for 16 to give
17 (0.44 g, 36.1%) as an off white solid which was recrystallised from isopropanol
to give a white crystalline solid. Melting point: 101-102 °C. IR (neat): v = 3032 (w,
Ar), 3005, 2935, 2911 (w, CH stretch), 2838 (w, C-OCHs), 1719, 1670 (s, C=0),
1605, 1511 (m, Ar), 1452 (m, CH def), 1350 (m, CHs sym def), 1267 (s, C-O
stretch), 1250 (s, C-N stretch), 1170 (m, C-O stretch), 837 (s, 2 adj H), 752, 709 (s, 5
adj H) cm™. *H NMR (500.13 MHz, CDCl5, 253 K) major conformer (76%) & = 2.63
(s, 3H, H5); 3.34 (s, 3H, H1); 3.84 (s, H22); 4.51 (dd, J = 4.0, 11.0 Hz, 1H, H7);
4.63 (dd, J = 4.0, 12.0 Hz, 1H, H12); 5.03 (t, J = 11.0 Hz, 1H, H12); 6.77 (d, J = 9.0
Hz, 2H, H20); 7.23 - 7.25 (m, 2 H, H9), 7.36 — 7.50 (m, 3H, H10-11); 7.58 (t, J= 8

Hz, 2H, H16); 7.70 (t, J = 8 Hz, 1H, H17); 7.81 (d, J = 9 Hz, 2H, H19); 8.18 (d, J =
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7 Hz, 2H, H15); minor conformer (24%) & = 2.69 (s, 3H, H1); 3.04 (s, 3H, H5); 3.90
(s, 3H, H22); 4.51 (m, 1H, H12); 4.77 (dd, J = 4.0, 10.0 Hz, 1H, H7); 5.10 (br dd, J
= 10.0, 12.0 Hz, 1H, 12); 7.00 (d, J = 9.0 Hz, 2H, H20); 7.23 — 7.46 (m, 5 H, HY-
11), 7.52 (t, J = 8 Hz, 2H, H16); 7.65 (t, J = 8 Hz, 1H, H17); 7.76 (d, J = 9 Hz, 2H,
H19); 8.03 (d, J = 7 Hz, 2H, H15). *C NMR (125.77 MHz, CDCls, 253 K) § =
major conformer (76%) & = 35.48 (C5); 40.45 (C1); 55.54 (C22); 62.27 (C12); 64.26
(C7); 114.10 (C20); 122.65 (18); 127.00 — 129.80 (C8-11, 15, 16, 19); 133.61 (C17);
134.20 (C14); 147.58 (C3); 157.41 (C6); 161.41 (C21); 166.17 (C23); minor
conformer (24%) & = 36.65 (C5); 40.13 (C1); 55.52 (C22); 63.31 (C12); 63.84 (C7);
114.25 (C20); 122.83 (C18); 127.00 — 129.80 (C8-11, 15, 16, 19); 133.46 (C17);
135.36 (C14); 149.56 (C3); 159.74 (C6); 161.55 (C21); 166.07 (C13). Anal. Calcd.
for CosH2sN4O4: C, 68.11; H, 5.72; N, 12.22. Found: C, 67.43; H, 5.55; N, 11.90.

Mass Spectrometry (+ESI-MS) mVz: 459.20 [M+H]*, 451.17 [M+Na]".

1.7.3.20. Synthesis of 2-phenyl-2-(1,5-dimethyl-3-nitrophenyl-6-

oxover dazyl)ethyl benzoate (18)

N N o s~ N N - 0 ~ N o \

{

N ~ - _-Br o N3N

R . [/ v ) > [/, SN o0~ 0

- 3 I8

N N N . N NP PR

= 3 \‘ toluene/chlorobenzene, N,, 42 h, 17 > NI } ?
N O . . 16 |

\\k'“?"/ AN 60 °C, Cu powder, Cu(I)Br» ( ! :\Q,:f" 20

NO, ' NO,

(1) (15) (18)
Compound 18 was synthesised using the same procedure as described for 16 except
toluene and chlorobenzene (2:1) were used as the reaction solvent to give 18 (0.39 g,

48.5%) as a yellow solid. Melting point: 158-159 °C. IR (neat): v = 3064 (w, Ar),
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2939, 2877 (w, CH stretch), 1723, 1714 (s, NO,), 1684 (s, C=0), 1454 (m, CH def),
1342 (s, CH3z sym def), 1272 (s, C-N stretch), 1103 (m, C-O stretch), 853 (m, 5 adj
H), 749, 703 (s2 adj H) cm™ H NMR (600.13 MHz, CDCls, 253 K) major
conformer (81%) 6 = 2.65 (s, 3H, H5); 3.35 (s, 3H, H1); 4.41 (dd, J = 4.0, 7.0 Hz,
1H, H7); 4.61 (dd, J = 4.0, 8.0 Hz, 1H, H12); 5.01 (t, J = 11.0 Hz, 1H, H12); 7.10 -
7.22 (m, 2H, H9); 7.35 - 7.40 (m, 3H, H10, 11), 7.58 (t, J= 8 Hz, 2H, H16); 7.71 (t,
J=7Hz, 1H, H17); 8.01 (d, J = 9 Hz, 2H, H19); 8.11 (d, J = 9 Hz, 2H, H20); 8.14
(d, J =7 Hz, 2H, H15); minor conformer (19%) 6 = 2.76 (s, 3H, H1); 3.08 (s, 3H,
H5); 4.52 (dd, J = 4.0, 8.0 Hz, 1H, H12); 4.67 (dd, J = 4.0, 6.0 Hz, 1H, H7); 4.99 -
5.04 (m, 1H, 12); 7.10 — 7.45 (m, 5H, H9-11); 7.51 (t, J = 8 Hz, 2H, H16); 7.64 (t, J
=8 Hz, 1H, H17); 7.91 (d, J = 8 Hz, 2H, H19); 7.95 (d, J = 8 Hz, 2H, H15); 8.27 (d,
J = 8 Hz, 2H, H20). *C NMR (150.92 MHz, CDCl3, 253 K) & = major conformer
(81%) 5 = 35.93 (C5); 37.05 (C1); 62.17 (C12); 62.27 (C7); 124.27 (C20); 127.70 -
130.00 (C9-11, 15, 16, 19); 133.71 (C18); 134.07 (C17); 137.14 (C14); 148.53 (C3);
156.48 (C6); 166.22 (C13); minor conformer (19%) & = 37.13 (C5); 39.78 (C1);
63.43 (C12); 64.75 (C7); 127.70 — 130.00 (C9-11, 15, 16, 19, 20); 133.81 (C17);
134.66 (C18); 146.25 (C21); 148.60 (C3); 158.37 (C6); 166.06 (C13). Anal. Calcd.
for CsH2sNsOs: C, 63.42; H, 4.90; N, 14.79. Found: C, 63.05 H, 4.70; N, 14.61.

Mass Spectrometry (+ESI-MS) mvz: 496.16 [M+Na]".
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1.7.4. Polymerisation proceduresfor Chapter 1

1.7.4.1. Polymerisation of verdazyl stabilised and non stabilised

styreneusing 16 (R = H)

I 1
0 NTON . 0 NTON
i ' mesitylene .
125°C,50h || ] X

To two separate oven Schlenk tubes was added either styrene or verdazyl stabilised
styrene (2 mL, 17.46 mmol), 16 (R = H, 16.2 mg, 0.046 mmol) and mesitylene (1.2
mL). The solution was degassed using three freeze-pump-thaw cycles and stirred at
125 °C under nitrogen for 50 hours. The polymerisation was terminated by bubbling
with air for 10 minutes followed by the addition of dichloromethane (2 mL). The
crude polymer was precipitated twice into methanol using dichloromethane to
dissolve the polymer. M, = 11,800 g/mol; PDi = 1.32 (stabilised styrene). M, =

11,900 g/mol; PDi = 1.29.

1.7.4.2. Polymerisation of styrenewith 0, 25 and 50% toluene

using 13 (R = Ph)

O O
~ Al I
) NTONT Y esitvlen 0 NTON
mesiytene
L N_-N —_— - - ) v.N__-N
70T YT Y T N TN Y
1secson | ] x
\\; e - J ’7‘\\‘\ \\; ~ L V“\‘\ N
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To three separate oven dried Schlenk tubes was added styrene (2 mL, 17.46 mmol),
13 (R = Ph, 15.5 mg, 0.036 mmol) and mesitylene (1.2 mL). To one Schlenk was
added 0.5 mL of toluene and to another 1 mL. The solution was degassed using
three freeze-pump-thaw cycles and stirred at 125 °C under nitrogen for 50 hours.
The polymerisation was terminated by bubbling with air for 10 minutes followed by
the addition of dichloromethane (2 mL). The crude polymer was precipitated twice

into methanol using dichloromethane to dissolve the polymer.

Table 1.7-2. Final polymerisation data for the polymerisation of styrene with 0, 25 and 50%

toluene using 13 (R = Ph)

Toluene (%) M, (g/mol)* PDi*

0 7,500 1.63
25 7,100 1.78
50 7,500 1.75

*precipitated polymer

1.7.4.3. Polymerisation of styreneusing 13 (R = Ph), 16 (R = H),

17 (R = PhOMe) and 18 (PhNO,)

9 0
Ji§ o
0 I N S iton o NN
N ,s'\\( % - N + PN —, P ,»"’-\{}, N N
R 125°C, 50 h

To an oven dried Schlenk tube was added styrene (2 mL, 17.46 mmol), verdazyl

initiator (0.036 mmol) and mesitylene (1.2 mL). The solution was degassed using
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three freeze-pump-thaw cycles and stirred at 125 °C under nitrogen for 50 hours.
The polymerisation was terminated by bubbling with air for 10 minutes followed by
the addition of dichloromethane (2 mL). The crude polymer was precipitated twice

into methanol using dichloromethane to dissolve the polymer.

Table 1.7-3. Final polymerisation data for the ver dazyl mediated polymerisation of styrene

Initiator R Conversion (%) M, (g/mol)* PDi*

16 H 77.0 20,300 1.29
13 Ph 60.6 7,500 1.63
17 PhOMe 63.6 9,609 171
18 PhNO, 56.1 5,200 1.50

* precipitated polymer

1.7.4.4. Polymerisation of styrene using 12

\\\\\\\\

0 N X 0

Using the same procedure as described in Section 1.7.4.3, 12 (0.036 mmol) was used
to polymerise 125 °C under nitrogen for 50 hours where conversion had reached
76.9%. The polymerisation was terminated by bubbling with air for 10 minutes
followed by the addition of dichloromethane (2 mL). The crude polymer was
precipitated twice into methanol using dichloromethane to dissolve the polymer. My

= 17,100 g/mol; PDi = 1.28.
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1.7.4.5. Polymerisation of n-butyl acrylateusing 13 (R = Ph)

(j O
~ \r N \
< NN =0 130 °C
N \() \\\ f(/ . x\: ‘ + () e
1 % 255h
N N
\Q\ ‘Q\

To an oven dried Schlenk tube was added n-butyl acrylate (1 mL, 14 mmoal), 13
(11.7 mg, 0.05 mmol). The solution was degassed using three freeze-pump-thaw
cycles and stirred at 130 “C under nitrogen for 25.5 hours where conversion had
reached 89.3%. The polymerisation was terminated by bubbling with air for 10
minutes followed by the addition of dichloromethane (15 mL). The crude polymer

was not precipitated.

1.7.4.6. Polymerisation of verdazyl stabilised n-butyl acrylate at

different volumesusing 13 (R = Ph)

(U) " 0
/
o \| ~ \'!\ - / - - o ~ N \fl\
= ”1\()’”\"‘\ NN L U o~ NN
[ [ N | P!
o /I N r ‘/ [ 'L\ 070 #
C I U

(13)
Into two separate oven dried Schlenk tubes were added verdazyl stabilised (1 mg/ 40
mL) n-butyl acrylate (15 mL, 0.11 mol), 13 (0.1 g, 0.23 mmol). From one Schlenk
tube, aliquots of 3 and 9 mL were taken and put into two separate Schlenk tubes.

Each solution was degassed using three freeze-pump-thaw cycles and stirred at 130
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°C under nitrogen. The polymerisation was terminated by bubbling with air for 10
minutes followed by the addition of dichloromethane (15 mL). The crude polymer
was precipitated once into 80:20 methanol/ water using dichloromethane to dissolve

the polymer.

Table 1.7-4. Final polymerisation data for the verdazyl mediated polymerisation of n-butyl

acrylate by 13 (R = Ph) at different volumes

Reactionsize(mL) Time(h) Conversion (%) M, (g/mol)* PDi*

3 47 59.0 28,500 1.50
9 47.25 20.7 10,500 112
15 70 42.4 21,200 1.23

* precipitated polymer

1.7.4.7. Polymerisation of verdazyl stabilised n-butyl acrylate
using verdazyl initiators 16 (R = H), 17 (R = PhOMe)

and 18 (R = PhNO,)

Butyl acrylate polymerisations were performed using a sightly modified procedure
described in the literature.®® To an oven dried Schlenk tube was added verdazyl
stabilised (1 mg/ 40 mL) n-butyl acrylate (15 mL, 0.11 mol) and verdazyl initiator

(0.23 mmol). The solution was degassed using three freeze-pump-thaw cycles and
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stirred at 130 °C under nitrogen for 70 hours except for with 17 which was stopped
after 2 hours. The polymerisation was terminated by bubbling with air for 10
minutes followed by the addition of dichloromethane (15 mL). The crude polymer
was precipitated once into 80:20 methanol/ water using dichloromethane to dissolve

the polymer.

Table 1.7-5. Final polymerisation data for the verdazyl mediated polymerisation of n-butyl

acrylate

Initiator R Conversion (%) M, (g/mol)* PDi*

16 H 23.3 11,200 117
17 PhOMe 50.4 41,400 4.41
18 PhNO; 214 11,100 117

* precipitated polymer

1.7.4.8. Polymerisation of verdazyl stabilised n-butyl acrylate

using 12
(P /
PN o U)o e 0 ()
LN ~ p= 30° RPN
N " /‘E«*’/L\n' ~° T o — Ao [
[ Y 70h | ’, T 4 :
“ P | / ~F r’} 070

Using the same procedure as described in Section 1.7.4.7, 12 (0.23 mmol) was used
to polymerise n-butyl acrylate at 130 °C under nitrogen for 70 hours where
conversion had reached 7.4%. The polymerisation was terminated by bubbling with

air for 10 minutes followed by the addition of dichloromethane (50 mL). The crude
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polymer was precipitated once into 80:20 methanol/ water using dichloromethane to

dissolve the polymer. M, = 2,900 g/mol; PDi = 1.40.

1.7.4.9. Polymerisation of n-butyl acrylate at different

temperaturesusing 17 (R = PhOMe)

/
/

(10) (17

0.

i N N~ \I‘
7% [

l] ().:::.’1- (l) \}\\‘

~O_

To an oven dried Schlenk tube was added verdazyl stabilised (1 mg/ 40 mL) n-butyl

acrylate (15 mL, 0.11 mol) and 17 (95.7 mg, 0.21 mmol). Aliquots of 1.5mL were

added to eight separate Schlenk tubes. Each solution was degassed using three

freeze-pump-thaw cycles and stirred under nitrogen at various temperatures.

Table 1.7-6. Final polymerisation data for the verdazyl mediated polymerisation of n-butyl

acrylateby 17 (R = PhOMe¢) at different temperatures

Temperature ("C) Time(h) Conversion (%) M, (g/mol)*

PDi*

50
60
70
80
90
100
110

22
22
22.5
225
22
22
22

1.57
0.69
1.32
1.89
13.8
77.4
82.8

21,700
340,500

143
1.74

* precipitated polymer
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1.7.4.10. Polymerisation of styrene at a lower temperature

0 0
.. A

0 N 'I\ X . 0 N ‘N

I . . mesiviene f

J - N_.-N ' ) Il ) I N _N

P e + RN T RN o e AN
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Using the same procedure described in Section 1.7.4.3 verdazyl initiators 13 (R =
Ph) and 17 (R = PhOMe, 0.036 mmol) were used to polymerise styrene at 100 °C
under nitrogen for 44 hours. The polymerisation was terminated by bubbling with
air for 10 minutes followed by the addition of dichloromethane (2 mL). The crude
polymer was precipitated once into methanol using dichloromethane to dissolve the

polymer.

Table 1.7-7. Final polymerisation data for the verdazyl mediated polymerisation of styrene by

13 (R = Ph) and 17 (R = PhOMeé) at 100 °C

Initiator R Time(h) Conversion (%) M,(g/mol)* PDi*
13 Ph 44 28.3 4,900 1.45
17 PhOMe 47 41.8 13,200 1.30

* precipitated polymer
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1.7.4.11. Polymerisation of MMA using 13 (R = Ph), 16 (R = H),

17 (R = PhOMeé) and 18 (R = PhNO,)

To an oven dried Schlenk tube was added verdazyl initiator (0.036 mmol),

mesitylene (0.9 mL) and MMA (1.9 mL, 17.46 mmol). The solution was degassed

using three freeze-pump-thaw cycles and heated at 125 °C under nitrogen. The

polymerisation was terminated by bubbling with air for 10 minutes. The crude

polymer was precipitated once into methanol using dichloromethane to dissolve the

polymer.

Table 1.7-8. Final polymerisation data for the verdazyl mediated polymerisation of MM A

Initiator R Time(h) Conversion (%) M, (g/mol)* PDi*
16 H 255 61.0 21,900 1.37
13 Ph 7 711 23,600 1.56
17 PhOMe 25 55.4 18,600 1.86
18 PhNO; 25 76.0 14,800 1.66

*precipitated polymer
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1.7.4.12. Polymerisation of verdazyl stabilised MMA using 16 (R

(7 (16)

To an oven dried Schlenk tube was added 16 (0.036 mmol), mesitylene (0.9 mL)
and verdazyl stabilised MMA (1.9 mL, 17.46 mmol). The solution was degassed
using three freeze-pump-thaw cycles and heated at 125 °C under nitrogen for 22 h.
The polymerisation was terminated by bubbling with air for 10 minutes. The crude
polymer was precipitated once into methanol using dichloromethane to dissolve the

polymer. M, = 13,000 g/mol; PDi = 1.70.

1.7.4.13. Copolymerisation of styreneand MMA using 13 (R =

Ph) with the addition of 0.05 equivalents of 8*

NG

To an oven dried Schlenk tube was added styrene, MMA, 13 (42.2 mg, 0.0984
mmol), 8 (0.9 mg, 0.0005 mmol) and mesitylene (0.5 mL). The solution was
degassed using three freeze-pump-thaw cycles and stirred at 125 °C under nitrogen

for 24 hours. The polymerisation was terminated by bubbling with air for 10
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minutes. The crude polymer was precipitated once into methanol using

dichloromethane to dissolve the polymer.

Table 1.7-9. Final polymerisation data for the verdazyl mediated copolymerisation of verdazyl

stabilised styreneand MM A

Sty:MMA Styrene MMA Conversion (%) M, (g/mol)* PDi*
mL mmol mL mmol

1:1 113 984 105 984 58.3 3,600 1.28

1:3 06 492 16 1438 66.2 3,100 1.42

1.9 023 197 189 177 50.2 3,100 1.33

*precipitated polymer

1.7.4.14. Copolymerisation of styreneand MMA using 13 (R =

Ph)

To an oven dried Schlenk tube was added styrene, MMA, 13 (42.2 mg, 0.0984
mmol) and mesitylene (0.5 mL). The solution was degassed using three freeze-
pump-thaw cycles and stirred at 125 °C under nitrogen for 24 hours. The
polymerisation was terminated by bubbling with air for 10 minutes. The crude
polymer was precipitated once into methanol using dichloromethane to dissolve the

polymer.
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Table 1.7-10. Final polymerisation data for the verdazyl mediated copolymerisation of styrene

and MMA by 13 (R = Ph)

Sty:MMA Styrene MMA Conversion (%) Mg, (g/mol)* PDi*
mL mmol mL mmol
1.1 113 984 105 984 63.8 3,800 1.36
1:3 06 492 16 1438 73.6 4,200 1.56
1.9 023 197 189 177 60.2 6,300 151
*precipitated polymer

1.7.5. High Temperature EPR proceduresfor Chapter 1

For al high temperature experiments the following experimental parameters used:
centre field = 3443 G; sweep width 100 G; modulation frequency = 100 kHz;
modulation amplitude = 0.2 G; conversion time = 40.96 ms, time constant = 40.96
ms and resolution = 2048. The recelver gain was varied depending on sample

concentration. One spectrum consists of 10 scans, taking 83.98 seconds per scan.

1.7.5.1. Polymer end-group analysis by EPR

To an oven dried Schlenk tube was added polymer (approximately 0.4 g) and
mesitylene (0.3-0.5 mL). The solution was degassed using three freeze-pump-thaw
cycles and kept under nitrogen. Using a gas tight syringe, the solution was
introduced to a degassed EPR tube which was then capped and sealed with parafilm.
The parafilm was removed at prior to running the sample at high temperature. The

sample was run at 142 °C for between 15 minutes and 2 hours.
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1.7.5.2. High temperature cavity calibration

Solutions of 8 (R = Ph) in mesitylene were degassed using three freeze-pump-thaw
cycles and kept under nitrogen. Using a gas tight syringe, 0.4 mL of each solution as
introduced into individual degassed EPR tubes which was then capped and sealed
with parafilm. The parafilm was removed at prior to running the sample at high
temperature. Spectra were recorded at ambient temperature prior to heating at 122
°C to obtain spectra. The samples were then cooled back to ambient temperature to

obtain final spectra

Table 1.7-11. Quantities of 8 (R = H) for calibration of high temperature cavity

8 Mesitylene Concentration
mg mmol mL mM
1.6 0.008 1 7.87
1.2 0.006 2.46 2.40
1.2 0.006 4.92 1.20
1.0 0.005 9.84 0.50
1.2 0.006 49.21 0.11
0.4 0.002 24.60 0.08
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1.7.5.3. High temperature EPR study of the polymerisation of

styreneusing 13

To an oven dried Schlenk tube was added styrene (2 mL, 17.46 mmol), 13 (R = Ph,
15.4 mg, 0.036 mmol) and mesitylene (1.2 mL). The solution was degassed using
three freeze-pump-thaw cycles and kept under nitrogen. Using a gas tight syringe,
0.5 mL of solution was introduced to a degassed EPR tube which was then capped
and sealed with parafilm. The parafilm was removed at prior to running the sample
at high temperature. The sample was run for approximately 68 hours at 122 °C

where conversion had reached 64.0%. M,, = 33,400 g/mol; PDi = 1.48.

1.7.5.4. High temperature EPR study of radical decomposition

using 8

To an oven dried Schlenk tube was added 8 (R = Ph, 0.04 mmol, 7.4 mg) and
mesitylene (3.2 mL). The solution was degassed using three freeze-pump-thaw
cycles and kept under nitrogen. Using a gas tight syringe, 0.5 mL of solution was
introduced to a degassed EPR tube which was then capped and sealed with parafilm.
The parafilm was removed at prior to running the sample at high temperature. The

ample was heated at 122 °C for approximately 57 hours.
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1.7.5.5. Initiator characterisation

Solutions of verdazyl initiators 13 (R = Ph), 16 (R = H), 17 (R = PhOMe) and 18 (R
= PhNO,) and TEMPO initiator 12 in mesitylene were degassed using three freeze-
pump-thaw cycles and kept under nitrogen. Using a gas tight syringe, the solutions
were transferred to individual degassed EPR tubes which were capped and sealed
with parafilm. The parafilm was removed prior to running the sample at high
temperature. Spectra were recorded at ambient temperature prior to running at 122
°C for a set of scans. The sample was cooled back to ambient temperature and

further scans were run over time.

Table 1.7-12. Sample prepar ation of verdazyl initiatorsfor high temperature EPR analysis

Initiator Mesitylene
R mmol  mg mL
H 0.004 15 0.34
Ph 0.004 15 0.32
PhOMe 0.004 1.7 0.34
PhNO, 0.003 1.6 0.31

TEMPO 0.005 2.0 0.48
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1.7.5.6. High temperature EPR study of initiator decomposition

using 13

To an oven dried Schlenk tube was added 13 (R = Ph, 15.4 mg, 0.036 mmol) and
mesitylene (3.2 mL). The solution was degassed using three freeze-pump-thaw
cycles and kept under nitrogen. Using a gas tight syringe, 0.5 mL of solution was
introduced to a degassed EPR tube which was then capped and sealed with parafilm.
The parafilm was removed at prior to running the sample at high temperature. The

sample was run for approximately 50 hours at 122 °C.
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1.8. Appendix

1.8.1. Crystallographic data

1.8.1.1. 1,5-dimethyl-tetrazinan-6-one

Table 1.8-1. Crystal data for 1,5-dimethyl-tetrazinan-6-one

Compound reference
Chemical formula
Formula Mass
Crystal system

alA

b/A

c/A

al®

BI°

y°

Unit cell volume/A3
Temperature/K

Space group

No. of formula units per unit cell, Z

No. of reflections measured
No. of independent reflections
Rint

Final R; values (1 > 24(1))
Final WR(F?) values (I > 24(1))
Final R, values (all data)

Final WR(F?) values (all data)

1,5-dimethyl-tetrazinan-6-one
C4 H 10 N 40
130.16
Tetragonal
7.6562(2)
7.6562(2)
21.5935(13)
90.00
90.00
90.00
1265.75(9)
100(2)
P4(1)2(1)2
8

15503
1052
0.0823
0.0354
0.0807
0.0618
0.0847

data_1, 5-di met hyl -t et razi nan- 6- one

_audit_creation_nethod
_chemi cal _nane_systematic; ?;
_chemi cal _nane_conmon
_chemical _nelting_point
_chemical _fornula noiety
_chemical _fornula sum
_chemi cal _fornmul a_wei gh

| oop_
_atom type_synbol

_atom type_description

_atom type_scat_di spersion_real
_atom type_scat _di spersion_i mag
_atom type_scat_source

c 'cC 0. 0033

"International Tables Vol

SHELXL- 97

?

?

?

"C4 HIO d O
130. 16

C Tables 4.2.6.8 and 6.1.1.4'
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'H 'H 0. 0000 0. 0000
"International Tables Vol C Tables 4.2.6.8 and 6.1.1.4'
N 'N 0. 0061 0. 0033
"International Tables Vol C Tables 4.2.6.8 and 6.1.1.4'
' 'O 0. 0106 0. 0060
"International Tables Vol C Tables 4.2.6.8 and 6.1.1.4'

_symmetry_cell _setting Tet ragona
_symmetry_space_group_nane_H-M P4(1)2(1)2

| oop_

_synmmetry_equi v_pos_as_xyz
X, Yy, Z

"-X, -y, z+1/2

"-y+1/2, x+1/2, z+1/4
'y+1/2, -x+1/2, z+3/4
"-x+1/2, y+1/2, -z+1/4
"x+1/2, -y+1/2, -z+3/4
Y. X, -2

-y, -X, -z+1/2

_cell _length_a 7.6562(2)
_cell _length_b 7.6562(2)
_cell _length c 21.5935(13)
_cell _angl e_al pha 90. 00
_cell _angle_beta 90. 00
_cell _angl e_gamm 90. 00
_cell _vol une 1265. 75(9)
_cell _formula_ units Z 8

_cell _measurenent tenperature 100(2)
_cell _measurenent _reflns_used 4668

_cell _nmeasurenent _theta mn 2.65

_cell _measurenent _theta_max 29. 00
_exptl _crystal description bl ock
_exptl _crystal _col our col ourl ess
_exptl _crystal _size_max 0. 35
_exptl _crystal _size_md 0. 20
_exptl _crystal _size nmin 0.08
_exptl _crystal _density_neas ?

_exptl _crystal _density diffrn 1. 366
_exptl _crystal _density_met hod 'not neasured
_exptl _crystal _F _000 560

_exptl _absorpt _coefficient_nu 0. 103
_exptl| __absorpt_correction_type mul ti-scan

_exptl _absorpt _correction_T min 0.87

_exptl _absorpt_correction_T_max 1.00

_exptl _absorpt_process_details " ABSPACK( CrysAlis, Oxford
D ffraction)

_exptl _special _details

The tenperature of the crystal was controlled using the Oxford
Cryosystem Cobra Cooler. The data collection nonmnally covered over
a hem sphere of Reciprocal space, by a conbination of four sets of
exposures with different \f angles for the crystal; each 10 s
exposure covered 0.31%in \w
The crystal -to-detector distance was 5.5 cm
Crystal decay was found to be negligible by by repeating the initial
franmes at the end of data collection and anal yzing the duplicate
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refl ections.

Hydrogen atonms were added at cal cul ated positions and refined using

a riding nodel with freely rotating nethy

which were located in a differnece nap.

Ani sotropi ¢ di spl acenent paraneters were used for al

groups except the NHs

non- H at ons;

H-at ons were given isotropic displacenent paranmeters equal to 1.2
(or 1.5 for nethyl or NH hydrogen atons) times the equival ent
i sotropic displacenent paraneter of the atomto which the HHatomis

at t ached.

There was insufficient anonol ous scattering to define th handedness

of the crystal chosen (M radiation

the Friedels were merged.

_di ffrn_anbi ent _t enperature
_diffrn_radiati on_wavel ength
_diffrn_radiation_type
_diffrn_radiation_source
_diffrn_radiati on_nonochr onmat or
_di ffrn_neasurenment _devi ce_type
_di ffrn_nmeasurenent et hod
_diffrn_detector_area_resol _nean
_di ffrn_standards_nunber
_diffrn_standards_interval _count
_diffrn_standards_interval tine
_diffrn_standards_decay_ %
_diffrn_refl ns_nunber
_diffrn_reflns_av_R equival ents
_diffrn_reflns_av_signal/netl
diffrn_reflns linmt_h mn
diffrn_reflns linmt_h nmax
diffrn_reflns limt _k mn
_diffrn_reflns_ limt_k max
diffrn_reflns limt | _mn
diffrn_reflns linmt | nmax
_diffrn_reflns _theta nmn
_diffrn_reflns_theta nax
_reflns_nunber _total
_reflns_nunber gt
_reflns_threshol d_expression

_conputing_data collection

Ltd'

_conputing_cell _refinenent

Ltd'

_conputing_data_reduction

Ltd'
_conputing_structure_sol ution
_conputing_structure_refinenent
_conputi ng_nol ecul ar_gr aphi cs
_conputing_publication_materi al

_refine_special _details

Refi nement of F~2” against ALL reflections.
WwR and goodness of fit S are based on F*27,
R are based on F, wth F set

threshold expression of Fr22

100( 2)
0. 71073
MoK\ a

no atom heavi er than oxygen) so

' Enhance (Md) X-ray Source

graphite

'Oxford Diffraction Genini R

'"\'f & \w scans'

10. 2833
?

?

?

nil
15503
0. 0823
0. 0437
-8

10

-10

10

-27

29

2.82
29.18
1052
774
>2si gma(l)

"CrysAlis CCD, Oxford Diffraction

"CrysAlis RED, Oxford Diffraction

"CrysAlis RED, Oxford Diffraction

' SHELXS- 97 (Shel dri ck
" SHELXL- 97 (Shel drick

1990)
1997) "

' SHELXTL (Sheldrick, 1997)'
' SHELXTL (Sheldrick, 1997)'

to zero

> 2sigma(F27)

The wei ghted R-factor
conventional R-factors
negative F~2". The
used only for
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calculating R-factors(gt) etc. and is not relevant to the choice of
reflections for refinement. R-factors based on F*2* are
statistically about twice as |large as those based on F, and R-
factors based on ALL data will be even |arger.

_refine_Is_structure_factor_coef Fsqd

_refine_Is_matrix_type ful
_refine_|Is_weighting schene calc
_refine_|s_weighting details

"calc w=1/[\s”"2~( For27) +( 0. 0483P) 227 +0. 0000P] wher e
P=(Fo"2"+2Fc"27) [ 3
_atom sites_solution_primary direct
_atom sites_sol ution_secondary di f map
_atom sites_sol ution_hydrogens geom
_refine_|s_hydrogen_treat nent m xed
_refine I's _extinction_method none
_refine |Is _extinction_coef ?
_refine_Is_nunber_reflns 1052
_refine_|s_nunber_paraneters 90
_refine_|s_nunber restraints 0
_refine Is R factor_all 0. 0618
_refine_Is_R factor_gt 0. 0354
_refine Is WR factor_ref 0. 0847
_refine I's_ wWR factor_gt 0. 0807
_refine_|Is_goodness _of fit _ref 1.014
_refine Is restrained_S all 1.014
_refine_|Is_shift/su_max 0. 000
_refine_Is_shift/su_nean 0. 000

| oop_

_atomsite_ | abe

_atom site_type_synbo

_atomsite fract x

_atomsite fract_y

_atomsite fract_z

_atomsite_U iso_or_equiv

_atom site_adp_type

_atom site_occupancy

_atomsite _synmmetry multiplicity

_atomsite calc_flag

_atomsite_refinenment_fl ags

_atom site_di sorder_assenbly

_atom site_di sorder_group

Cl C 0.6309(2) 0.2131(3) 0.16747(9) 0.0347(5) Uani 1 1 d .
HLA H 0.6754 0.1755 0.1271 0.052 Uiso 1 1 calc R .
H1B H 0.6932 0.1507 0.2004 0.052 Uiso 1 1 calc R
H1C H 0.6493 0.3391 0.1723 0.052 Uiso 1 1 calc R

N2 N 0.44614(19) 0.1749(2) 0.17148(6) 0.0264(4) Uani 1 1 d .
N3 N 0.3767(2) 0.1851(2) 0.23321(6) 0.0263(4) Uani 1 1 d

H3 H 0.386(3) 0.077(3) 0.2487(10) 0.039 Uiso 1 1d . . .

C4 C 0.1925(2) 0.2259(2) 0.23007(7) 0.0260(4) Uani 1 1 d
HAA H 0.1790 0.3504 0.2187 0.031 Uiso 1 1 calc R

H4B H 0. 1407 0.2098 0.2717 0.031 Uiso 1 1 calc R. .

N5 N 0.0958(2) 0.1206(2) 0.18617(7) 0.0268(4) Uani 1 1 d

H5 H 0.111(3) 0.008(3) 0.1926(8) 0.040 Uiso 1 1.d . . .

N6 N 0.1715(2) 0.1428(2) 0.12603(6) 0.0258(4) Uani 1 1 d

C7 C 0.0493(3) 0.2091(3) 0.08016(8) 0.0345(5) Uani 1 1 d

H7A H 0.1117 0.2337 0.0415 0.052 Uiso 1 1 calc R.
H7B H -0.0047 0.3167 0.0956 0.052 Uiso 1 1 calc R .
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H7C H -0.0416 0.1215 0.0725 0.052 Uiso 1 1 calc R. .
C8 C 0.3447(2) 0.1825(2) 0.12020(8) 0.0241(4) Uani 1 1d . . .
0 0 0.40795(17) 0.21935(17) 0.06851(5) 0.0295(3) Uani 1 1 d .

| oop_
_atom site_aniso_| abel
_atomsite aniso U 11
_atomsite_aniso U 22
_atomsite_aniso_U 33
_atomsite_aniso_U 23
_atomsite_aniso_U 13

atomsite aniso U 12
.0278(11) 0.0396(12) 0.0367(12) 0.0032(9) 0.0002(8) 0.0005(8)
.0263(8) 0.0348(9) 0.0182(8) 0.0043(7) 0.0020(7) 0.0006(7)
.0326(9) 0.0300(9) 0.0163(7) 0.0030(6) 0.0000(6) -0.0001(7)
. 0323(10) 0.0290(10) 0.0167(8) 0.0010(7) 0.0062(7) 0.0014(8)
.0283(9) 0.0296(9) 0.0224(8) 0.0029(7) 0.0061(7) -0.0012(7)
.0282(8) 0.0331(9) 0.0161(8) 0.0007(6) 0.0013(6) -0.0019(6)
.0306(11) 0.0461(13) 0.0268(10) 0.0040(10) -0.0039(8) -0.0047(9)
.0278(10) 0.0239(10) 0.0206(9) -0.0008(8) 0.0021(8) 0.0020(7)
.0326(7) 0.0378(7) 0.0180(6) 0.0011(5) 0.0071(6) 0.0002(6)

8RAFEREF R

_geom speci al _details

Al'l esds (except the esd in the dihedral angle between two |.s.
pl anes) are estimated using the full covariance matrix. The cel
esds are taken into account individually in the estimtion of esds
in distances, angles and torsion angles; correlations between esds
in cell paraneters are only used when they are defined by crysta
symretry. An approximate (isotropic) treatnent of cell esds is used
for estimating esds involving |.s. planes.

| oop_

_geom bond_atom site | abel 1
_geom bond_atom site | abel 2
_geom bond_di st ance

_geom bond_site_synmetry_ 2
_geom bond_publ fl ag

0 C8 1.249(2) . ?
N6 C8 1.366(2) . ?
N6 N5 1.4323(19) . ?
N6 C7 1.454(2) . ?
NS C4 1.448(2) . ?
N5 H5 0.88(2) . ?
N2 C8 1.354(2) ?
N2 N3 1.437(2) ?
N2 Cl1 1.448(2) ?
N3 C4 1.446(2) . ?
N3 H3 0.90(2) ?
C4 H4A 0.9900 . ?
C4 H4B 0.9900 . ?
Cl H1A 0.9800 . ?
Cl H1B 0.9800 . ?
Cl H1C 0.9800 . ?
C7 H7A 0.9800 . ?
C7 H7B 0.9800 . ?
C7 H7C 0.9800 . ?
| oop_
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_geom angle _atomsite | abel 1
_geom angl e_atomsite_| abel 2
_geom angle_atomsite_label 3
_geom angl e
_geomangle site symetry 1
_geom angle _site symetry_ 3
_geom angl e_publ _fla

N6
N6
N6

G6666638RFEFERIBREEGLK
RRRRIBRBE666K5K6666

N5
cr
cr

4
H5
H5
N3

C1
C1
4
H3
H3
N2
N6
N6
N5

120.
118.
113.
108.
101.
111.
122.
120.
113.
109.
105.
107.
121.
120.
118.
114.

20( 13)
96( 14)
46(14)
70(14)
8(13)
8(13)

94(14)

22(14)
96( 14)
22(13)
5(13)
2(13)

19(16)

60( 15)
16( 15)
15(14)

HAA 108.7 .
HAA 108.7 .
HAB 108. 7
H4B 108. 7

HAA C4 H4B 107.6
N2 C1 H1A 109.5 .
N2 C1 H1B 109.5 .
HLIA C1 H1B 109.5 .
N2 C1 H1C 109.5 . .
H1A C1 H1C 109.5 .
H1B C1 H1C 109.5 .
N6 C7 H7A 109.5 .
N6 C7 H/B 109.5 . .
H7A C7 H7B 109.5
N6 C7 H/C 109.5 . .
H7A C7 H7C 109.5
H7/B C7 H7C 109.5

| oop_

NN N N

N N N )

N N N N

_geom hbond_atom site_| abel D
_geom hbond_atomsite | abel H
_geom hbond_atom site_ | abel A
_geom hbond_di st ance_DH
_geom hbond_di st ance_HA
_geom hbond_di st ance_DA
_geom hbond_angl e_DHA
_geom hbond_site_synmetry A

N5 H5 09 0.88(2) 2.23(2) 3.074(2) 160.8(17) 5 545
N3 H3 09 0.90(2) 2.14(2) 2.904(2) 142.2(18) 3_545

_diffrn_neasured fraction_theta_nax

_diffrn_reflns_theta ful

_diffrn_neasured fraction_theta_ ful

_refine_diff_density_nmax
_refine_diff_density _nin
_refine diff_density rns

0.190
-0.144
0. 036

0.974
28. 00
0.999
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1.8.1.2. 1,5-dimethyl-3-phenyl-tetrazinan-6-one

Table 1.8-2. Crystal data for 1,5-dimethyl-3-phenyl-tetr azinan-6-one

Compound reference
Chemical formula
Formula Mass
Crystal system

alA

b/A

c/A

al®

pl°

y°

Unit cell volume/A3
Temperature/K

Space group

No. of formula units per unit cell, Z

No. of reflections measured
No. of independent reflections
Rint

Final R; values (I > 24(1))
Final wR(F?) values (I > 24(1))
Final R; values (all data)

Final wR(F?) values (all data)

1,5-dimethyl-3-phenyl-tetrazinan-6-one

C1oH1aN4O
206.25
Triclinic
5.3871(5)
8.398(3)
12.752(3)
71.78(3)
84.421(14)
79.857(16)
538.9(2)
296(2)

P1

2

5867

2452
0.0358
0.0540
0.1339
0.1360
0.1589

dat a_1, 5-di net hyl - 3- phenyl -t et razi nan- 6- one

_audit_creation_nethod

SHELXL- 97

_chemi cal _nane_systenatic ;?;

_chem cal _nane_conmmon
_chemical _nelting_point
_chemical _fornul a_nvoiety
_chemical _fornula sum
_chemi cal _fornul a_wei ght

| oop_
_atom type_synbol

_atom type_description

?

?

?

"Cl0 H14 Nd O
206. 25

_atom type_scat _di spersion_real
_atom type_scat _di spersion_img

_atom type_scat_source

c 'C 0. 0033

"International Tabl es

'H 'H 0. 0000

"International Tabl es

"N "N 0. 0061

"I nternational Tables

'O 'O 0. 0106

"International Tabl es

_symmetry_cell _setting

C Tables 4.2.6.8 and 6.1.1.4'
C Tables 4.2.6.8 and 6.1.1.4'
C Tables 4.2.6.8 and 6.1.1.4'

C Tables 4.2.6.8 and 6.1.1.4'

Triclinic

_symmretry_space_group_nanme_H-M P-1

| oop_
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_synmmetry_equi v_pos_as_xyz

X, Y, Z
X, -y, -2
_cell _length_a
_cell _length b
_cell _length_c

_cell _angl e_al pha

_cell _angle _beta

_cell _angl e_ganma

_cell _vol une

_cell _formula units Z

_cell _measurenent _tenperature
_cell _measurenent _reflns_used
_cell _measurenent _theta nin
_cell _measurenent _theta nax

_exptl _crystal description
_exptl _crystal _col our

_exptl _crystal _size_nmax

_exptl _crystal _size nmd

_exptl _crystal _size_min

_exptl _crystal _density_neas
_exptl _crystal _density diffrn
_exptl _crystal density_nethod
_exptl _crystal F 000

_exptl _absorpt_coefficient_mnu
_exptl _absorpt_correction_type
_exptl _absorpt _correction_T min
_exptl _absorpt _correction_T_nmax
_exptl| _absorpt _process_details
D ffraction)

_exptl _special _details

5.3871(5)
8.398(3)
12. 752(3)
71.78(3)
84. 421(14)
79. 857(16)
538. 9(2)

2

296( 2)
1523

3.36

29. 98

rod

col ourl ess
0. 80

0.10

0.04

?

1.271

'not neasured'
220

0. 087

mul ti-scan

0. 87

1. 00

' ABSPACK(CrysAli s,

Oxford

%he crystal was glued to a glass fibre with Araldite and the data

recorded at 296 K

The data collection noninally covered over a hem sphere of

Reci procal space, by a conbination of four sets of exposures with

different \f angles for the crystal;

0.3\%in \w

The crystal -to-detector distance was 5.5 cm
Crystal decay was found to be negligible by by repeating the initial
franmes at the end of data collection and anal yzing the duplicate

refl ections.

each 10 s exposure covered

Hydrogen atonms were added at cal cul ated positions and refined using
a riding nodel except the NHs which were located in a difference

map.

Ani sotropi ¢ di spl acenent paraneters were used for al

non-H atons; H-atons were given

equal to 1.2 (or 1.5 for nethyl

i sotropic displacenment paraneter

at t ached.

_di ffrn_anbi ent _t enperature
_diffrn_radiati on_wavel ength
_diffrn_radiation_type
_diffrn_radiation_source

i sotropic displacenent
and NH H-atons) times the equival ent
of the atom to which

296(2)
0. 71073
MoK\ a

' Enhance (Md) X-ray Source

par amet er

they are
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_diffrn_radiati on_nonochr onmat or graphite

_di ffrn_neasurenment _devi ce_type 'Oxford Diffraction Genini R
_di ffrn_neasurenent et hod "\f & \w scans
_diffrn_detector_area_resol _nean 10.2833

_di ffrn_standards_nunber ?

_diffrn_standards_interval count ?
_diffrn_standards_interval tine ?

_diffrn_standards_decay_% ni

_diffrn_refl ns_nunber 5867

_diffrn_reflns_av_R equival ents 0. 0358
_diffrn_reflns_av_signal/netl 0. 0592

diffrn_reflns linmt_h mn -6

diffrn_reflns linmt_h nmax 6

diffrn_reflns limt _k mn -10

_diffrn_reflns_ limt_k max 10

diffrn_reflns limt | _mn -16

diffrn_reflns limt | nmax 16

_diffrn_reflns _theta nn 3. 37

_diffrn_reflns_theta nax 27.49

_reflns_nunber _total 2452

_reflns_nunber gt 1159

_reflns_threshol d_expression >2si gma(l)

_conputing_data collection "CrysAlis CCD, Oxford Diffraction
Ltd'

_conputing_cell _refinenent "CrysAlis RED, Oxford Diffraction
Ltd'

_conputing_data_reduction "CrysAlis RED, Oxford Diffraction
Ltd'

_conputing_structure_sol ution ' SHELXS- 97 (Shel drick, 1990)
_conputing_structure_refinenent " SHELXL- 97 (Sheldrick, 1997)
_conputi ng_nol ecul ar_gr aphi cs " SHELXTL (Sheldrick, 1997)'
_conputing_publication_materi al " SHELXTL (Sheldrick, 1997)'

_refine_special _details

Refi nement of F~2" against ALL reflections. The weighted R-factor
WR and goodness of fit S are based on F*2", conventional R-factors R
are based on F, with F set to zero for negative F*2*. The threshold
expression of F*2n > 2sigma(F*2”) is used only for calculating R-
factors(gt) etc. and is not relevant to the choice of reflections
for refinement. R-factors based on F*"2" are statistically about
twice as large as those based on F, and R- factors based on ALL data
will be even |arger

_refine_Is_structure_factor_coef Fsqd

_refine_Is_matrix_type ful
_refine_|Is_weighting schene calc
_refine_|s_weighting details

"calc w=1/[\s"2~(Fonr27) +( 0. 0794P) 22~ +0. 0000P] wher e
P=(Fo"2"+2Fc"27) [ 3
_atom sites_solution_primary direct
_atom sites_sol ution_secondary di f map
_atom sites_sol ution_hydrogens geom
_refine_|s_hydrogen_treat nent m xed
_refine I's _extinction_method none
_refine I's _extinction_coef ?
_refine_Is_nunber_reflns 2452
_refine_|s_nunber_paraneters 142
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_refine_|s_nunber restraints
_refine Is R factor_al
_refine_Is_R factor_gt
_refine_ Is WR factor_ref
_refine I's wR factor_gt
_refine_|Is_goodness_of fit _r
_refine Is restrained_S all
_refine_|Is_shift/su_max
_refine_Is_shift/su_nean

| oop_

_atomsite_ | abe

_atom site_type_synbo
_atomsite fract x
_atomsite fract_y
_atomsite fract_z
_atomsite_U iso_or_equiv
_atom site_adp_type

_atom site_occupancy
_atomsite synmetry nultip
_atomsite calc_flag
_atomsite_refinenment_fl ags
_atom site_di sorder_assenb
_atom site_di sorder_group

Cl C 0.6496(5) 0.3164(4) 0.1242(2) 0.0954(9) Uani 1 1 d .
HIA H 0.5550 0.4181 0.0854 0.115 Uiso 1 1 calc R. .

C2 C 0.8511(6) 0.2429(4) 0.0714(3) 0.1096(11) Uani 1 1 d .
H2A H 0.8869 0.2940 -0.0032 0.132 Uiso 1 1 calc R. .

C3 C 0.9983(5) 0.0976(4) 0.1256(3) 0.0907(9) Uani 1 1 d .
H3A H 1.1383 0.0517 0.0900 0.109 Uiso 1 1 calc R. .

C4 C 0.9376(5) 0.0211(4) 0.2324(3) 0.0883(8) Uani 1 1 d .
HAA H 1.0342 -0.0803 0.2703 0.106 Uiso 1 1 calc R. .

C5 C 0.7318(5) 0.0921(3) 0.2865(2) 0.0770(7) Uani 1 1 d
H5A H 0.6918 0.0372 0.3601 0.092 Uiso 1 1 calc R. .

C6 C 0.5870(4) 0.2423(3) 0.23259(19) 0.0609(6) Uani 1 1 d
C7 C 0.3602(4) 0.3250(3) 0.2877(2) 0.0670(7) Uani 1 1 d
H7A H 0.2117 0.2817 0.2753 0.080 Uiso 1 1 calc R. .

N8 N 0.3173(3) 0.5076(3) 0.23782(17) 0.0667(6) Uani 1 1 d
H8 H 0.179(4) 0.552(3) 0.266(2) 0.100 Uiso 1 1 d D

NO N 0.5143(3) 0.5783(2) 0.26668(16) 0.0602(5) Uani 1 1 d .
C9 C 0.6011(5) 0.7164(4) 0.1790(2) 0.0917(9) Uani 1 1 d .
HOA H 0.7328 0.7561 0.2049 0.138 Uiso 1 1 calc R

HOB H 0.4631 0.8074 0.1570 0.138 Uiso 1 1 calc R

HOC H 0. 6648 0.6774 0.1170 0.138 Uiso 1 1 calc R

010 O 0.8451(2) 0.5491(2) 0.37021(13) 0.0701(5) Uani 1 1
C10 C 0.6554(3) 0.4953(3) 0.35571(18) 0.0533(6) Uani 1 1
N11 N 0.5823(3) 0.3545(2) 0.42771(15) 0.0584(5) Uani 1 1
Cl1l C 0.7351(4) 0.2522(3) 0.51832(19) 0.0756(7) Uani 1 1
HI1A H 0.8643 0.3128 0.5259 0.113 Uiso 1 1 calc R

HI1B H 0.8119 0.1482 0.5043 0.113 Uiso 1 1 calc R

HI1C H 0.6312 0.2272 0.5852 0.113 Uiso 1 1 calc R. .

N12 N 0.3863(3) 0.2761(3) 0.40684(17) 0.0705(6) Uani 1 1
H12 H 0.247(4) 0.324(3) 0.433(2) 0.106 Uiso 1 1 d D

| oop_

_atom site_aniso_| abel
_atomsite aniso U 11
_atomsite_aniso U 22
_atomsite_aniso_U 33
_atomsite_aniso_U 23

1360
0540
1589
1339
947
948
000
000

ef

cooooocoom

icity

y

(ol RioR o}

d
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_atomsite_aniso_U 13

_atomsite aniso U 12

Cl 0.105(2) 0.099(2) 0.0627(18) -0.0155(16) -0.0127(16) 0.0251(17)
C2 0.126(2) 0.116(3) 0.0697(19) -0.0260(18) 0.0066(18) 0.018(2)

C3 0.095(2) 0.094(2) 0.089(2) -0.0484(19) -0.0109(17) 0.0121(17)

C4 0.109(2) 0.0664(18) 0.093(2) -0.0344(17) -0.0303(17) 0.0094(15)
C5 0.0984(19) 0.0634(18) 0.0741(17) -0.0254(14) -0.0080(15) -
0. 0142(15)

C6 0.0584(13) 0.0650(16) 0.0649(16) -0.0222(13) -0.0138(11) -
0.0130(12)

C7r 0.0468(12) 0.080(2) 0.0836(18) -0.0299(14) -0.0099(11) -
0.0217(11)

N8 0.0391(9) 0.0781(15) 0.0853(15) -0.0283(12) -0.0095(9) -0.0049(9)
N9 0.0444(9) 0.0677(13) 0.0681(13) -0.0176(10) -0.0023(9) -0.0127(9)
C9 0.0758(16) 0.087(2) 0.098(2) -0.0037(17) -0.0050(15) -0.0182(15)
Ol0 0.0472(8) 0.0907(13) 0.0842(12) -0.0369(10) -0.0013(7) -
0. 0232(8)

Cl0 0.0357(10) 0.0711(16) 0.0587(14) -0.0306(13) 0.0086(10) -
0. 0084( 10)

N11 0.0457(9) 0.0779(14) 0.0535(11) -0.0201(10) 0.0037(8) -0.0176(9)
Cl1 0.0714(15) 0.092(2) 0.0604(16) -0.0193(14) 0.0000(12) -
0.0134(14)

N12 0.0495(10) 0.0924(16) 0.0735(14) -0.0241(12) 0.0070(9) -
0. 0276( 10)

_geom speci al _details

Al'l esds (except the esd in the dihedral angle between two |.s.
pl anes) are estimated using the full covariance matrix. The cel
esds are taken into account individually in the estimation of esds
in distances, angles and torsion angles; correlations between esds
in cell paranmeters are only used when they are defined by crysta
symretry. An approximate (isotropic) treatnent of cell esds is used
for estimating esds involving |.s. planes.

| oop_

_geom bond_atom site_ | abel _1
_geom bond_atom site | abel 2
_geom bond_di st ance
_geom bond_site _symretry 2
_geom bond_ publ _flag

C6 1.363(3) ?

C2 1.376(4) . 2

H1A 0.9300 . ?

C3 1.354(4) . 7

H2A 0.9300 . ?

C4 1.347(4) . 7

H3A 0.9300 . ?

C5 1.392(3) . 7

HAA 0.9300 . ?

C6 1.374(3) . 7

H5A 0.9300 . ?

Cr 1.520(3) . 7

N8 1.450(3) ?

N12 1. 459(3) . ?

H7A 0.9800 . ?

N9 1.431(2) . ?

H8 0.868(16) . ?

Cl0 1.356(3) . ?

QR

6562228K8RRBYA
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NO C9O 1.446(3) . ?
C9 HOA 0.9600 . ?
C9 HOB 0.9600 . ?
C9 HOC 0.9600 . ?
010 C10 1.239(2)
C10 N11 1.346(3)
N11 N12 1.424(2)
N11 C11 1.437(3) .
Cl11 H11A 0.9600 . ?
Cl11 H11B 0.9600 . ?
Cl11 H11C 0.9600 . ?
N12 H12 0.878(16) . ?

N N N N

| oop_

_geom angle _atomsite | abel 1
_geom angl e _atomsite | abel 2
_geom angle_atomsite_label 3
_geom angl e
_geomangle site symetry 1
_geom angle site symmetry_ 3
_geom angl e_publ _fl ag

Cl C2 120.9(3) . .
Cl H1A 119.6 . . ?
Cl H1A 119.6 . . ?
Cl 121.5(3) . . ?
H2A 119.3 . . ?

H2A 119.3 . . ?

C2 118.6(3) . . ?
H3A 120.7 . . ?

H3A 120.7 . . ?

C5 120.7(3) . . ?
H4A 119.7 . . ?

H4A 119.7 . . ?

C4 120.8(3) . . ?
H5A 119.6 . . ?

H5A 119.6 . . ?

Cs 117.5(2) . . ?

C7 119.5(2) . . ?

Cr 122.9(2) . . ?

C7 N12 112.4(2) . . ?
C7r C6 111.32(19) . . ?
N12 C7 C6 110.8(2) . . ?
N8 C7 H7A 107.4 . . ?

N12 C7 H7A 107.4 . . ?

C6 C7 H7/A 107.4 . . ?

N9 N8 C7 109.03(17) . . ?
NO N8 H8 105.1(18) . . ?
C7 N8 H8 110.4(18) . . ?
Cl10 N9 N8 122.23(19) . . ?
Cl10 N9 C9 120.66(19) . . ?
N8 N9 C9 114.7(2) . . ?

N9 CO HOA 109.5 . . ?

N9 CO HOB 109.5 . . ?

HO9A C9 H9B 109.5 . . ?
N9
H9

?

558RARFIFBBIQRRRLBBAIY
SRRRRARRIVBBBAL

C9 HOC 109.5 . . ?
A C9 HOC 109.5 . . ?

HOB C9 HOC 109.5 . . ?

OL0 Cl0 N1l 121.3(2) . . ?

OL0 C10 N9 120.5(2) . . ?

N11 C10 N9 118.18(18) . . ?
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C10
C10
N12
N11
N11

N11
N11
N11
Cl1
Cl1

N12 122.89(19)
C11 120.99(18)
C11 114.63(19)
HI1A 109.5 .
H11B 109.5 .

HL1A Cl1 H11B 109.5 .
NI1 Cl1 H11C 109.5 .
HI1A Cl1 H11C 109.5 .
HL1B Cl1 H11C 109.5 .
NI1 N12 C7 108.52(16)
NI1 N12 H12 105.5(19)
C7 N12 H12 105.9(19)

| oop_
_geom hbond_atom site_ | abel D
_geom hbond_atomsite | abel H
_geom hbond_atom site_| abel _A

_geom hbond_di st ance_DH
_geom hbond_di stance_HA
_geom hbond_di st ance_ DA
_geom hbond_angl e_DHA

?
?

?

)

_geom hbond_site_symetry_ A

N8 H8 OLO 0.868(16) 2.132(19) 2.943(2) 155(2) 1_455
N12 H12 Ol0 0.878(16) 2.62(2) 3.349(3) 141(2) 1_455

_diffrn_neasured fraction_theta_nax
_diffrn_reflns_theta ful
_diffrn_nmeasured fraction_theta_ ful

_refine_diff_density nax
_refine diff_density nmin
_refine diff_density rns

0. 160
-0.126
0. 030
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1.8.1.3. 2-phenyl-2-(1,5-dimethyl-3-phenyl-6-oxover dazyl)ethyl

benzoate

Table 1.8-3. Crystal data for 2-phenyl-2-(1,5-dimethyl-3-phenyl-6-oxover dazyl)ethyl benzoate

Compound reference

2-phenyl-2-(1,5-dimethyl-3-phenyl-6-
oxoverdazyl)ethyl benzoate

Chemical formula CysH24N4O5
Formula Mass 428.48
Crystal system Monaoclinic
alA 8.56617(18)
b/A 34.5561(6)
c/A 7.35229(14)
al® 90.00
pI° 95.2700(18)
y/° 90.00
Unit cell volume/A® 2167.18(7)
Temperature/K 100(2)
Space group P2(1)/c
No. of formula units per unit cell, Z 4
No. of reflections measured 10435
No. of independent reflections 4052
Rint 0.0183
Fina Ry values (1 > 25(1)) 0.0380
Final WR(F?) values (I > 24(1)) 0.0982
Final R; values (all data) 0.0401
Final wR(F?) values (all data) 0.0998
dat a_2- phenyl - 2- (1, 5- di met hyl - 3- phenyl - 6- oxoverdazyl ) et hyl benzoate
_audit_creation_nethod SHELXL- 97
_cheni cal _nanme_systematic ;?;
_chemi cal _nane_conmmon ?
_chemical _nelting_point ?
_chemical _fornula noiety 'C25 H24 N4 8
_chenical _fornula_sum 'C25 H24 NMd O3
_chemi cal _fornul a_wei ght 428. 48
| oop_
_atom type_synbol
_atom type_description
_atom type_scat _di spersion_real
_atom type_scat _di spersion_img
_atom type_scat_source
'cC 'C 0.0181 0.0091
"International Tables Vol C Tables 4.2.6.8 and 6.1.1.4'
'H 'H 0.0000 0.0000
"International Tables Vol C Tables 4.2.6.8 and 6.1.1.4'
"N 'N 0.0311 0.0180
"International Tables Vol C Tables 4.2.6.8 and 6.1.1.4'
'O 'O 0.0492 0.0322
"International Tables Vol C Tables 4.2.6.8 and 6.1.1.4'
_symmetry cell _setting nonocl i ni ¢
_symmetry_space_group_nane_H-M P2(1)/c
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_symmetry_space_group_nane_Hal | '-P 2ybc
| oop_

_synmmetry_equi v_pos_as_xyz

X, Y, 2

'-x, y+1/2, -z+1/2

Lo, -y, -2

X, -y-1/2, z-1/2

_cell _length_a 8.56617(18)
_cell _length b 34.5561(6)
_cell _length_c 7.35229(14)
_cell _angl e_al pha 90. 00

_cell _angle _beta 95. 2700( 18)
_cell _angl e_ganma 90. 00

_cell _vol une 2167.18(7)
_cell _formula units Z 4

_cell _measurenent _tenperature 100( 2)
_cell _measurenent _reflns_used 3745

_cell _measurenent _theta nmn 3.83

_cell _measurenent _theta nax 70.01
_exptl __crystal description bl ock
_exptl _crystal _col our col ourl ess
_exptl _crystal _size_nmax 0.38

_exptl _crystal _size nmd 0. 30

_exptl _crystal _size_min 0.12

_exptl _crystal _density_meas ?

_exptl _crystal _density diffrn 1.313
_exptl _crystal density_nethod 'not neasured
_exptl _crystal F 000 904

_exptl _absorpt_coefficient_mnu 0.714
_exptl _absorpt_correction_type mul ti-scan

_exptl _absorpt _correction_T min 0.58

_exptl _absorpt _correction_T_nmax 1. 00

_exptl| _absorpt _process _details " ABSPACK( CrysAlis, Oxford
D ffraction)

_exptl _special _details

The tenperature of the crystal was controlled using the Oxford
Cryosystem Cryostream Cobr a.
The data collection noninally covered over a hem sphere of
Reci procal space, by a conbination of seventeen sets of exposures
with different \f angles for the crystal; |ow angles were recorded
at 4 s and high angles at 16 s exposure covering 1.0 \%in \w
The crystal -to-detector distance was 5.5 cm
Crystal decay was found to be negligible by by repeating the initial
franmes at the end of data collection and anal yzing the duplicate
reflections.

Hydrogen atonms were added at cal cul ated positions and refined using

a riding nodel. Ani sotropi c displacenent paraneters were used for
all non-H atons; H-atons were given isotropic displacenent paraneter
equal to 1.2 (or 1.5 for nethyl H-atons) tines the equivalent
i sotropic displacement paraneter of the atom to which they are
att ached.

_di ffrn_anbi ent _tenperature 100(2)
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_diffrn_radiati on_wavel ength 1.54184
_diffrn_radiation_type CuK\ a

_diffrn_radiati on_source ' Enhance (Mbd) X-ray Source
_diffrn_radiati on_nonochr onmat or graphite

_di ffrn_neasurenent device_type 'Oxford Diffraction Gemini R
_di ffrn_neasurenent et hod "\f & \w scans
_diffrn_detector_area _resol _nmean 10.2833

_di ffrn_standards_nunber ?

_diffrn_standards_interval count ?
_diffrn_standards_interval tine ?

_diffrn_standards_decay % nil

_diffrn_refl ns_nunber 10435

_diffrn_reflns_av_R equival ents 0.0183
_diffrn_reflns_av_signal/netl 0.0178

diffrn_reflns limt_h mn -10

_diffrn_reflns_linmt_h max 10

diffrn_reflns linmt _k mn -29

diffrn_reflns linmt_k nmax 42

diffrn_reflns limt | _mn -8

_diffrn_reflns_ limt | _ max 8

_diffrn_reflns_theta nn 5.19

_diffrn_reflns_theta nax 70. 81

_reflns_nunber total 4052

_reflns_nunber gt 3859

_reflns_threshol d_expression >2sigma(l)

_conputing_data_coll ection "CrysAlis CCD, Oxford Diffraction
Ltd'

_conputing_cell _refinenent "CrysAlis RED, Oxford Diffraction
Ltd'

_conputing_data reduction "CrysAlis RED, Oxford Diffraction
Ltd'

_conputing_structure_sol ution ' SHELXS- 97 (Shel drick, 1990)
_conputing_structure_refinenent " SHELXL- 97 (Shel drick, 1997)
_conputi ng_nol ecul ar_graphics " SHELXTL (Sheldrick, 1997)
_conputing_publication_nmateri al " SHELXTL (Sheldrick, 1997)

_refine_special _details

Refi nement of F~2" against ALL reflections. The weighted R-factor
WwR and goodness of fit S are based on F*"2”, conventional R-factors
R are based on F, with F set to zero for negative F*2*. The
threshold expression of F*20 > 2sigma(F*2”) is used only for
calculating R-factors(gt) etc. and is not relevant to the choice of

reflections for refinement. R-factors based on F*2" are
statistically about twice as large as those based on F, and R-
factors based on ALL data will be even larger.

_refine Is_structure factor_coef Fsqd

_refine Is_matrix_type ful
_refine_I s_weighting_schene calc
_refine_|s_weighting details
"calc w=1/[\s”"2~(For27) +( 0. 0588P) 227 +0. 5743P] wher e
P=(Fo"2"+2Fc"27) /3
_atom sites_solution_prinary direct
_atom sites_sol ution_secondary di f map
_atom sites_sol ution_hydrogens geom
_refine_|s_hydrogen_treat nent constr
_refine_|Is_extinction_nethod none
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_refine_|Is_extinction_coef ?
_refine_|I's _nunber _reflns 4052
_refine_| s_nunber_paraneters 291
_refine_|s_nunber restraints 0
_refine Is R factor_all 0. 0401
_refine_ Is_ R factor_gt 0. 0380
_refine Is wR factor _ref 0. 0998
_refine_Is_wR factor_gt 0. 0982
_refine_|Is_goodness _of fit _ref 1. 042
_refine Is restrained_S all 1. 042
_refine_Is_shift/su_max 0. 000
_refine I's _shift/su_nmean 0. 000

| oop_

_atom site_| abel

_atom site_type_synbol
_atomsite fract _x
_atomsite_fract_y
_atomsite fract_z
_atomsite U iso_or_equiv
_atom site_adp_type
_atom si te_occupancy
_atomsite_synmetry multiplicity
_atomsite calc_flag
_atomsite_refinenent flags
_atom site_disorder_assenbly
_atom site_di sorder_group

CL C 0.20819(14) 0.91257(3) 0.40204(16) 0.0236(2) Uani 1 1 d .
HIA H 0.1977 0.8858 0.4283 0.028 Uiso 1 1 calc R. .

C2 C 0.13569(15) 0.92764(4) 0.24093(17) 0.0299(3) Uani 1 1 d .
H2A H 0.0752 0.9113 0.1581 0.036 Uiso 1 1 calc R. .

C3 C 0.15133(17) 0.96644(4) 0.20073(18) 0.0349(3) Uani 1 1 d .
H3A H 0.1028 0.9767 0.0897 0.042 Uiso 1 1 calc R. .

C4 C 0.23830(18) 0.99036(4) 0.32325(19) 0.0354(3) Uani 1 1 d
HAA H 0.2487 1.0171 0.2961 0.042 Uiso 1 1 calc R. .

C5 C 0.30995(15) 0.97557(4) 0.48463(17) 0.0279(3) Uani 1 1 d .
HSA H 0.3688 0.9922 0.5680 0.033 Uiso 1 1 calc R. .

C6 C 0.29618(13) 0.93628(3) 0.52572(15) 0.0206(2) Uani 1 1 d .
C7 C 0.37809(13) 0.91998(3) 0.69416(15) 0.0194(2) Uani 1 1 d
N8 N 0.44388(12) 0.94288(3) 0.81581(13) 0.0225(2) Uani 1 1 d
NO N 0.53343(12) 0.92532(3) 0.96047(13) 0.0233(2) Uani 1 1 d
C9 C 0.60946(17) 0.95223(4) 1.09265(18) 0.0332(3) Uani 1 1 d .
HOA H 0.7041 0.9402 1.1530 0.050 Uiso 1 1 calc R. .

HOB H 0.5374 0.9587 1.1842 0.050 Uiso 1 1 calc R

HOC H 0.6381 0.9758 1.0298 0.050 Uiso 1 1 calc R. .

010 O 0.53190(10) 0.87789(2) 1.17694(11) 0.0261(2) Uani 1 1 d
C10 C 0.49426(13) 0.88917(3) 1.02173(15) 0.0208(2) Uani 1 1 d .
N11 N 0.40429(11) 0.86786(3) 0.89679(13) 0.0208(2) Uani 1 1 d .
Cl1 C 0.31526(14) 0.83509(3) 0.95587(17) 0.0256(3) Uani 1 1 d .
HI1A H 0.2663 0.8421 1.0666 0.038 Uiso 1 1 calc R. .

H11B H 0.3857 0.8130 0.9817 0.038 Uiso 1 1 calc R

H11C H 0.2338 0.8281 0.8591 0.038 Uiso 1 1 calc R. .

N12 N 0.38238(11) 0.87902(3) 0.71069(12) 0.0184(2) Uani 1 1 d .
C13 C 0.49313(13) 0.86028(3) 0.59076(15) 0.0190(2) Uani 1 1 d .
HI3A H 0.4740 0.8728 0.4682 0.023 Uiso 1 1 calc R. .

Cl4 C 0.45487(13) 0.81764(3) 0.56277(16) 0.0225(2) Uani 1 1 d .
H14A H 0.5236 0.8060 0.4764 0.027 Uiso 1 1 calc R .

H14B H 0.4707 0.8036 0.6803 0.027 Uiso 1 1 calc R.

OL5 O 0.29245(9) 0.81533(2) 0.48969(11) 0.02303(19) Uani 1 1 d .
C16 C 0.25007(14) 0.78391(3) 0.38855(15) 0.0217(2) Uani 1 1 d .
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016 O 0.33970(10) 0.75859(2) 0.35563(13) 0.0319(2) Uani 1 1 d
Cl7 C 0.08010(13) 0.78467(3) 0.32266(15) 0.0210(2) Uani 1 1 d .
C18 C -0.01645(14) 0.81647(3) 0.34829(16) 0.0225(2) Uani 1 1 d .
HI8A H 0.0258 0.8387 0.4107 0.027 Uiso 1 1 calc R. .
C19 C -0.17324(14) 0.81567(3) 0.28324(16) 0.0249(3) Uani 1 1 d .
HI9A H -0.2379 0.8375 0.2986 0.030 Uiso 1 1 calc R . .
C20 C -0.23614(14) 0.78276(4) 0.19521(15) 0.0252(3) Uani 1 1 d
H20A H -0.3440 0.7821 0.1516 0.030 Uiso 1 1 calc R

0

1

C21 C -0.14129(15) 0.75098(4) 0.17126(16) 0.0266(3) Uani 1 1 d
H21A H -0.1845 0.7285 0.1119 0.032 Uiso 1 1 calc R .

C22 C 0.01613(14) 0.75197(3) 0.23368(16) 0.0241(2) Uani 1 1 d .
H22A H 0.0809 0.7302 0.2157 0.029 Uiso 1 1 calc R. .

C23 C 0.66291(13) 0.86785(3) 0.65557(15) 0.0200(2) Uani 1 1 d .
C24 C 0.73754(14) 0.89927(3) 0.58146(16) 0.0227(2) Uani 1 1 d .
H24A H 0.6830 0.9143 0.4878 0.027 Uiso 1 1 calc R. .

C25 C 0.89039(14) 0.90875(4) 0.64324(17) 0.0265(3) Uani 1 1 d .
H25A H 0.9399 0.9303 0.5929 0.032 Uiso 1 1 calc R. .

C26 C 0.97116(14) 0.88672(4) 0.77868(17) 0.0284(3) Uani 1 1 d .
H26A H 1.0761 0.8931 0.8208 0.034 Uiso 1 1 calc R. .

C27 C 0.89836(14) 0.85532(4) 0.85244(17) 0.0283(3) Uani 1 1 d .
H27A H 0.9538 0.8402 0.9449 0.034 Uiso 1 1 calc R. .

C28 C 0.74498(14) 0.84595(3) 0.79175(16) 0.0236(2) Uani 1 1 d .
H28A H 0.6956 0.8245 0.8433 0.028 Uiso 1 1 calc R

| oop_

_atom site_aniso_| abel
_atomsite aniso U 11
_atomsite_aniso U 22
_atomsite_aniso_U 33
_atomsite_aniso_U 23
_atomsite_aniso_U 13

atomsite aniso U 12

CL 0.0239(6) 0.0237(5) 0.0226(6) 0.0008(4) -0.0007(5) 0.0000(4)
C2 0.0301(6) 0.0336(6) 0.0245(6) -0.0014(5) -0.0055(5) 0.0023(5)
C3 0.0415(8) 0.0366(7) 0.0249(6) 0.0070(5) -0.0063(5) 0.0097(6)
C4 0.0488(8) 0.0230(6) 0.0335(7) 0.0062(5) -0.0005(6) 0.0058(5)
C5 0.0346(7) 0.0228(6) 0.0259(6) -0.0010(5) 0.0006(5) 0.0006(5)
C6 0.0202(5) 0.0225(5) 0.0193(6) 0.0001(4) 0.0023(4) 0.0022(4)

C7 0.0195(5) 0.0202(5) 0.0188(5) -0.0011(4) 0.0033(4) -0.0004(4)
N8 0.0260(5) 0.0230(5) 0.0178(5) -0.0007(4) -0.0012(4) 0.0005(4)
N9 0.0271(5) 0.0250(5) 0.0168(5) -0.0021(4) -0.0030(4) -0.0006(4)
C9 0.0421(8) 0.0325(6) 0.0231(6) -0.0053(5) -0.0065(5) -0.0064(5)
OL0 0.0280(4) 0.0341(5) 0.0160(4) 0.0017(3) 0.0005(3) 0.0035(3)
C10 0.0193(5) 0.0266(5) 0.0169(5) -0.0011(4) 0.0037(4) 0.0036(4)
N11 0.0235(5) 0.0243(5) 0.0146(5) 0.0023(4) 0.0012(4) -0.0013(4)
C11 0.0270(6) 0.0260(6) 0.0240(6) 0.0059(4) 0.0032(5) -0.0017(5)
N12 0.0210(5) 0.0198(4) 0.0145(4) 0.0014(3) 0.0013(4) 0.0012(3)
C13 0.0203(5) 0.0211(5) 0.0154(5) -0.0006(4) 0.0014(4) 0.0009(4)
Cl4 0.0194(5) 0.0227(5) 0.0250(6) -0.0031(4) 0.0002(4) 0.0008(4)
OL5 0.0209(4) 0.0216(4) 0.0261(4) -0.0059(3) 0.0000(3) -0.0007(3)
C16 0.0272(6) 0.0193(5) 0.0189(5) -0.0010(4) 0.0033(4) -0.0019(4)
OL6 0.0276(5) 0.0246(4) 0.0431(5) -0.0109(4) 0.0003(4) 0.0030(3)
C17 0.0252(6) 0.0216(5) 0.0163(5) 0.0009(4) 0.0029(4) -0.0017(4)
C18 0.0268(6) 0.0201(5) 0.0207(5) -0.0005(4) 0.0035(4) -0.0024(4)
C19 0.0278(6) 0.0250(6) 0.0224(6) 0.0032(4) 0.0046(5) 0.0023(4)
C20 0.0235(6) 0.0338(6) 0.0180(5) 0.0025(5) -0.0004(4) -0.0021(5)
C21 0.0308(6) 0.0286(6) 0.0201(5) -0.0042(4) 0.0005(5) -0.0057(5)
C22 0.0299(6) 0.0229(5) 0.0196(5) -0.0029(4) 0.0025(5) -0.0001(5)
C23 0.0215(6) 0.0226(5) 0.0164(5) -0.0030(4) 0.0036(4) 0.0012(4)
C24 0.0241(6) 0.0236(5) 0.0206(6) -0.0005(4) 0.0028(4) 0.0018(4)
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C25 0.0248(6) 0.0273(6) 0.0280(6) -0.0016(5) 0.0066(5) -0.0025(5)
C26 0.0189(6) 0.0394(7) 0.0267(6) -0.0044(5) 0.0017(5) -0.0011(5)
C27 0.0222(6) 0.0397(7) 0.0227(6) 0.0034(5) 0.0007(5) 0.0040(5)
C28 0.0229(6) 0.0279(6) 0.0204(6) 0.0018(4) 0.0041(4) 0.0013(4)

_geom speci al _details

Al'l esds (except the esd in the dihedral angle between two |.s.
pl anes) are estimated using the full covariance matrix. The cel
esds are taken into account individually in the estimation of esds
in distances, angles and torsion angles; correlations between esds
in cell paranmeters are only used when they are defined by crysta
symretry. An approximate (isotropic)treatment of cell esds is used
for estimating esds involving |.s. planes.

| oop_
_geom bond_atom site_ | abel _1
_geom bond_atom site | abel 2
_geom bond_di st ance

_geom bond_site _symretry 2
_geom bond_publ _fl ag

Cl C2 1.3874(18) . ?

Cl C6 1.3929(16) . ?

H1A 0.9500 . ?

C3 1.3821(19) . ?

H2A 0.9500 . ?

C4 1.388(2) . 7

H3A 0.9500 . ?

Cs5 1.3827(19) . ?

HAA 0.9500 . ?

C6 1.3983(17) . ?

H5A 0.9500 . ?
Cr 1.4777(16)
N8 1.2849(15) .
N12 1.4208(14) . ?
N9 1.3921(14) . ?
Cl10 1.3797(15) . ?
C9 1.4551(15)
HOA 0.9800 . ?
HOB 0.9800 . ?
HOC 0.9800 . ?
010 C10 1.2208(14)
C10 N11 1.3601(15)
N11 N12 1.4173(13)
N11 Cl1 1.4538(15)
Cl1 H11A 0.9800 . ?
Cl1 H11B 0.9800 . 7
Cl1 H11C 0.9800 . 7
N12 Cl13 1.5002(14)
Cl13 C23 1.5111(16)
Cl13 Cl14 1.5193(15) .
C13 H13A 1.0000 . ?
Cl4 015 1.4469(14) . ?
Cl4 H14A 0.9900 . 7
Cl4 H14B 0.9900 . 7
015 C16 1.3470(13)
Cl6 016 1.2033(15)
Cl6 C17 1.4919(16)
Cl7 C22 1.3927(16)

Q

N )

BBB8Ee&5A2A3KBRRBBAA

N N N )

N ) N

N N ) )

Georgina Rayner 192



Verdazyl Radicals as Mediatorsin Living Radical Polymerisation

Cl7 C18 1.3985(16)
C18 C19 1.3841(17)
C18 H18A 0.9500 . ?
C19 C20 1.3921(17) . ?
C19 H19A 0.9500 . ?
C20 C21 1.3869(18) . ?
C20 H20A 0.9500 . ?
C21 C22 1.3844(18) . ?
C21 H21A 0.9500 . ?
C22 H22A 0.9500 . ?
C23 C28 1.3929(16)
C23 C24 1.3960( 16)
C24 C25 1.3852(17)
C24 H24A 0.9500 . ?
C25 C26 1.3869(19)
C25 H25A 0.9500 . ?
C26 C27 1.3863(19) . ?
C26 H26A 0.9500 . ?
C27 C28 1.3867(18) . ?
C27 H27A 0.9500 . ?
C28 H28A 0.9500 . ?

N )

B RO REN]

-~

| oop_

_geom angle _atomsite | abel 1
_geom angl e _atomsite | abel 2
_geom angle _atomsite | abel 3
_geom angl e

_geom angle_site_symretry_1
_geom angle site symetry_ 3
_geom angl e_publ _fl ag

Cl C6 120.63(11) . . ?

Cl H1A 119.7 .
Cl H1A 119.7 . .
Cl 120.14(12) . . ?
H2A 119.9 .
H2A 119.9 . .
4 119.72(12) . . ?
H3A 120.1 .
H3A 120.1 . .
C3 120.42(12) . . 7
HAA 119.8 .
H4A 119.8 . .
C6 120.31(12) . . ?
H5A 119.8 .
H5A 119.8 . .
C5 118.77(11)
C7 120.65(10)
C7 120.54(10) . .
N12 123.21(10) . . ?
C6 119.52(10) . . ?
N12 C7 C6 117.25(9) . . ?
C7 N8 N9 116.04(9) . . ?
C10 N9 N8 120.71(9) . . ?
Cl10 N9 C9 117.90(10) . . ?
N8 N9 C9 114.40(9) . . ?
N9 CO H9A 109.5 . . ?

N9 CO HOB 109.5 . . ?

HO9A C9 HOB 109.5 . . ?

N9 CO H9C 109.5 . . ?

HO9A C9 HOC 109.5 . . ?

N )

N )

N )

N )

N )
N )

55RR2ZRARVRIARACRIBZAR

QASFSRFRIRRRBYLBQLCL
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HOB C9 HOC 109.5 . . ?
OL0 Cl0 N11 122.90(11) . . ?
OL0 Cl0 N9 122.88(11)

N11 C10 N9 114.16(10)

C10 N11 N12 121.42(9)

C10 N11 Cl1 120.01(9)

N12 N11 Cl1 118.28(9) . .
N11 C11 H11A 109.5 . . ?
N11 C11 H11B 109.5 . . ?
HI1A C11 H11B 109.5 . . ?
N11 C11 H11C 109.5 . . ?
HI1A Cl11 H11C 109.5 . . ?
H11B C11 H11C 109.5 . . ?
N11 N12 C7 110.71(9) . . ?
N11 N12 C13 114.53(8) . . ?
C7 N12 C13 113.11(8) . . ?
N12 C13 C23 112.47(9) . . ?
N12 C13 Cl4 110.98(9) . . ?
C23 C13 Cl4 113.57(9) . . ?
N12 C13 H13A 106.4 . . ?
C23 C13 H13A 106.4 .
Cl4 C13 H13A 106.4 . .
Ol5 Cl4 C13 106.98(9) . . ?
OL5 Cl4 H14A 110.3 .
C13 Cl4 H14A 110.3 .
OL5 Cl4 H14B 110.3 .
C13 Cl4 H14B 110.3 .
H14A Cl4 H14B 108.6 . . ?
Cl6 Ol5 Cl4 116.79(9) . . ?
Ol6 C16 OL5 123.55(11) .
Ol6 Cl6 Cl7 124.71(10) . .
Ol5 C16 Cl7 111.74(9) . . ?
C22 C17 Cl18 119.27(11)

C22 C17 Cl6 117.92(10)

C18 Cl17 Cl6 122.81(10)

C19 C18 Cl7 120.32(11) .
C19 C18 HIS8A 119.8 . . ?
Cl7 C18 HIS8A 119.8 . . ?
C18 C19 C20 119.93(11) . . ?
C18 C19 HI9A 120.0 . . ?

C20 C19 HI9A 120.0 . . ?

C21 C20 C19 119.97(11) . . ?
C21 C20 H20A 120.0 . . ?

C19 C20 H20A 120.0 . . ?

C22 C21 C20 120.17(11) . . ?
22 C21 H21A 119.9 . . ?

C20 C21 H21A 119.9 . . ?

C21 C22 C17 120.33(11) . . ?
C21 C22 H22A 119.8 . . ?
Cl7 C22 H22A 119.8 . . ?
C28 C23 C24 118.96(11)

C28 C23 C13 122.70(10)

C24 C23 C13 118. 26(10)

C25 C24 C23 120.60(11) .
C25 C24 H24A 119.7 . . ?
C23 C24 H24A 119.7 . . ?
24 C25 C26 119.98(11) . . ?
C24 C25 H25A 120.0 . . ?

C26 C25 H25A 120.0 . . ?

C27 C26 C25 119.86(11) . . ?

OIS IS IR IS )

N )

N N N N

N )

N N N )

NN ) )
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c27
C25
C26
C26
c28
c27
c27
C23

_diffrn_

C26
C26
c27
c27
c27
c28
Cc28
Cc28

H26A 120.1 . . ?
H26A 120.1 . .
C28 120.26(12) . . ?
H27A 119.9 .
H27A 119.9 . .
C23 120.34(11) . . ?
H28A 119.8 . . ?

H28A 119.8 . . ?

)

N )

measured _fraction_theta_nax 0.972

_diffrn_reflns_theta full 68. 50
_diffrn_nmeasured fraction_theta full 0.983
_refine_diff_density_nmax 0. 224
_refine diff_density nmin -0.213
_refine diff_density rns 0. 044
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2. Dopamine End-Functionalised Polymersfor

Application as Friction Modifiers

2.1. Introduction

2.1.1. Dopamine and polymer adhesion

2.1.1.1. Taking inspiration from nature

Common marine mussels display a unique ability of being able to anchor themselves
permanently to uneven, dirty, slippery and wet surfaces with bonds strong enough to
survive often turbulent conditions (Figure 2.1-1). This method of adhesion has been

of particular interest in the scientific community.

Figure2.1-1. Musselsin their natural environment!
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The mussels attach themselves to a surface by a byssus or ‘beard’” which consists of
50-100 threads with adhesive plagues on the end (Figure 2.1-2).> The mussel has an
organ called a foot which serves to produce the threads for the byssus. The foot is
best modelled as a rubber plunger equipped with injectors (Figure 2.1-3). In the
first step the foot extends and explores the surface before making contact. The foot
mediates scrubbing of the surface and by depression of the ‘plunger’ extrudes water.
Muscles in the foot then contract reforming the dome of the plunger and creating a
cavity under vacuum, known as the distal depression. The adhesive protein
precursor is injected into the cavity forming a foam. Once the foam has hardened,

the foot retreats |eaving the thread attached to the surface.

Adhesive plaque

Figure 2.1-2. Mussel with the byssus used to adhereto a rock”
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Figure 2.1-3. Time lapse photography showing the mussel foot (left) and the rubber plunger

model (right) for the five steps of thread for mation®

The byssus contains approximately 25-30 different proteins, five of which are found
only in the adhesive plague.* The core of the thread is mainly composed of silk and
collagen-like proteins.> ® The adhesive proteins located in the adhesive plague, best
characterised for the common blue mussel, Mytilus edulis, are the so called mussel
foot proteins (mfp) -2, -3, -4, -5 and -6. Mfp-1 is found in the cuticle of the byssal
thread.” Each of these proteins contain 3,4-dihydroxyphenyl-L-alanine (DOPA), a

catechol containing compound with a primary amine functional group, formed from
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the post translational modification of tyrosine, in varying amounts as shown in

Figure 2.1-4.*

l ) Protein DOPA
HO /‘J/ <~ Ol content
L 'Ho = X
HO™ NF NH, mip-1 15%
L-DOPA mfp-2 5%
mfp-3 20%
& mip-l mfp-4 2%

mip-3 28%
O O mfp-6 3%

Figure 2.1-4. Schematic of the mussel adhesive plaque and the approximate location of the

mussel foot proteinsand their DOPA content

2.1.1.2. Therole of DOPA in adhesion

Mfp-3 and mfp-5 contain the highest DOPA content and are accepted as being the
proteins responsible for surface adhesion.* * The mechanism of adhesion by DOPA

is not fully understood and is the subject of ongoing investigations.
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It is generaly accepted that DOPA is mainly responsible for adhesion, whereas
dopaguinone, the oxidised form of DOPA, is mainly responsible for cross-linking
reactions, particularly in thread formation.*** This was illustrated by Yu et al.® *2
who investigated the adhesion of both DOPA and its oxidised form dopaguinone
(Scheme 2.1-1). DOPA copolymers with L-lysine or L-glutamic acid either in the
presence or absence of oxidising agent on aluminium exhibited a strong moisture
resistant bond. Oxidation of DOPA to dopaguinone resulted in aweaker bond to the

surface and the formation of a cross-linked network on the aluminium substrate.

Scheme 2.1-1. Oxidation of DOPA to dopaquinone

The strength of adhesion of DOPA to organic substrates has been investigated using
single molecule atomic force microscopy (AFM) by Lee et al.'®* A DOPA
functionalised AFM tip was produced by tethering a DOPA molecule with a PEG
chain and the force required to break the DOPA-substrate bond was measured. The
amine group was protected to ensure no interaction was observed with the substrate.
Strong, reversible coordination bonds were observed for DOPA with titanium oxide
(Figure 2.1-5). It was suggested by the authors that although a reversible interaction
was seen in the single molecule experiments, the same may not be seen in mfps as
multiple DOPA interactions with a metal oxide surface should produce a much

stronger overall bond. Oxidation of DOPA to dopaquinone substantially reduced
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adhesion to the titanium oxide surface; however, with organic surfaces the
dopaquinone formed strong cova ent bonds possibly by a route similar to a Michael

addition reaction (Figure 2.1-5).

A — 1norganic substrate

4
£ 2}
HE o ch
" o 8 %1\ ~
5 \ N
o o g2l \ .-
S — - Jf
C, -4 1
<
o 6 4 x .
0.0 000 -005 -0.10 -0.15 -0.20
Piezo movement (jum)
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e
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S g, -2
o
+] [+] oH 4
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Figure 2.1-5. A) Schematic of the DOPA functionalised AFM tip and the for ce-distance curves
for the single molecule interaction of DOPA with a titanium surface; B) Schematic of the
oxidised DOPA functionalised AFM tip and for ce-distance curvesfor the single molecule

interaction of dopaquinone with an organic surface™

At marine pH (~ 8.2) DOPA is easily oxidised to dopaquinone, raising many
questions as to why a mussel relies on DOPA for adhesion. Yu and co-workers

addressed this in a recent report which demonstrated that oxidation of DOPA to
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dopaquinone is reversed in situ by the oxidation of thiols (Scheme 2.1-2).1* Mfp-3
and mfp-5 are housed by the adhesive plague in a reducing environment (around pH
5-6) maintained by mfp-6, athiol rich protein, found near the interface between the

adhesive plague and the substrate.

HO

- ’ M3 o _on

“OH
/S
] S 1S Mfp-6 (1)
HS— § < ) (red)
OX
S
g.
HO OH o 0 HO_ OH 0. 0 HO  OH

(iv) ‘ (iii) (i) \ (i) > ) )
/ 150, 120,
7\ 7 A

\
AN \ / \
Y= V=( Y==(

—/ = N,

HO OH HO OH HO OH HO  OH HO  OH o oH HO  Om

Scheme 2.1-2. Oxidation and reduction of DOPA in mfp-3 by thiols present in mfp-6"

In Scheme 2.1-2, mfp-3 is bound to a mica surface through a series of DOPA
mediated hydrogen bonds (i). Any DOPA residues not initially bound to the
substrate are liable to undergo oxidation to form dopaquinone (ii). Mfp-6 serves to
reduce the dopaguinone back to DOPA making the full adsorption possible (iii, iv).
The supply of thiols available for reduction in mfp-6 is limited and eventualy S-
cysteinyldopa adducts form from the cross-linking of dopaquinone and the oxidised

thiol (v).*

Georgina Rayner 211



Dopamine End-Functionalised Polymers for Application as Friction Modifiers

The presence of inorganic ions, in particular Fe**, has been established in the cuticle
of the thread and it has been proposed that an iron-DOPA coordination complex
cross-links mfp-1 causing hardening of the cuticle, making it resistant to wear.™ °
Recently it has been proposed that the same iron-DOPA coordination complex may

also be involved in the adhesion mechanism (Scheme 2.1-3).

HO OH

HO  OH (N

e 0 = Y0
n © n 9 ﬁ"ﬁ, E—— 0, 0 ~
N L 4 - T 7 N / _ v |y
"LLL " [\' T NN /h" ‘ [
o \()”‘\._" e 0O | NoF
\t\\yru
®
[VavaVaV,) N“\/\I‘
N N RS
| @
) (‘) ()('_)]. T
0~ § o, | o.. g
Fe 1 /} P
v | No A v | N
A0 A0
| [

Scheme 2.1-3. Proposed mechanism of mussel adhesion and crossinking based on by the

for mation of an Fe(DOPA); complex*’
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In the mechanism, DOPA containing protein chains form a Fe(DOPA); complex.
Reduction of Fe** to Fe?* and oxidation of DOPA forms a semiquinone radical. The
semiquinone radical reacts with oxygen to form a different radical species. This
radical can undergo a crosslinking reaction or react with a surface creating a

covalent bond and adhesion to a surface.'’

Studies thus far have shown that DOPA or dopaguinone adhere to a multitude of
substrates, both organic and inorganic, including Teflon (PTFE), glass, sted,

aluminium, quartz, micaand copper.*®

2.1.1.3. Mussdl inspired adhesive polymers

The catechol end-group of DOPA is finding increased applications, particularly in
the development and synthesis of functional polymers for multifunctional coatings
such as anti-biofouling surfaces.® %' The catechol is generally incorporated
through the use of dopamine, the precursor of which is DOPA. Other applications
include, but are not limited to, using dopamine to attach functionality to

nanoparticles®®* and as medical adhesives®™ %,

Synthetic approaches to DOPA functional polymers generally proceed via the

21, 27-30

polymerisation of a dopamine monomer or by the incorporation of dopamine

as the end-group on the polymer chain® 2332 Other approaches have included the
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incorporation of dopamine into polymer chains via conjugation® or through the use

of adopamine functionalised RAFT agent™.

Polymer films can be attached to a substrate by growth of a film in situ by

autopolymerisation of dopamine onto a substrate immersed in an agueous solution

of the catechol.’® Alternately functionalisation of a substrate prior to surface initiated

polymerisation can be performed™ * or preformed polymers can also be adsorbed

onto the surface® - %

SN
=8 @%2

19990999

Surface mutiated Poly‘llle;‘
polymerisation adsorption

9

@ catechol group @ initiating group \/\/\ polymer

in either ‘graft from’ or ‘graft to’ approaches (Figure 2.1-6).°

Figure 2.1-6. M odification of surfaces by DOPA by ‘grafting from’ or ‘graftingto’ approaches
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2.1.2. Living radical polymerisation

The history behind the development of living radical polymerisation was discussed
in Section 1.1.1. In this chapter, work was focussed on the use of transition metal
mediated living radical polymerisation and will be discussed in the following

sections.

2.1.2.1. Atom transfer radical polymerisation

Atom transfer radical polymerisation (ATRP) was previously introduced in Section

1.1.2.1 and a proposed mechanism is reproduced in Scheme 2.1-4.

Termination

T

P—X + ML <~==— P

)

M

- X—MtEL

Scheme 2.1-4. A proposed mechanism for ATRP

The transition metal/ligand complex acts as the mediating agent through the
reversible transfer of a halogen atom to and from the propagating polymer chain,
thus deactivating or activating the chain. Copper is the most widely used metal in

ATRP and exists as Cu(l)X when the polymer chain is dormant and Cu(l1)X, when
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propagation is occurring. ATRP reactions typically use nitrogen based ligands with
an akyl halide initiator.>” ATRP is believed to proceed via an inner sphere electron
transfer mechanism in which the propagating radical and Cu(ll)X, are formed
through homolytic bond cleavage between P,-X and transfer of the halogen to

Cu()x.*®

2.1.2.2. Single dectron transfer living radical polymerisation

In 2006 Percec et al. reported the living radical polymerisation of vinyl chloride and
acrylates using nitrogen based ligands and an alkyl halide initiator at 25 °C in polar
solvents mediated by Cu(0).* The authors called the system single electron transfer
living radical polymerisation (SET-LRP) and the proposed mechanism is shown in

Scheme 2.1-5.

Cu(I)X/L

1L kdi\pmportinnutinn

P-X Cu(0) +  Cu(IDXy,L P M

[

Cu()X/L

k

deact

Termination

Scheme 2.1-5. Proposed mechanism for SET-L RP
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Like ATRP, SET-LRP proceeds via an equilibrium between the dormant polymer
chain and the propagating polymer chain and copper is used as the mediating metal.
Rather than using Cu(l)X, Cu(0) is used and is referred to as the active catalyst. The
deactivating group is still Cu(ll)X2. In this mechanism, the Cu(l)X species
disproportionates to form Cu(0) and Cu(l1)X, alowing the polymerisation to

continue.*®

It is suggested by the authors that SET-LRP proceeds via an outer sphere electron
transfer mechanism in which Cu(1)X forms from heterolytic bond cleavage by the
abstraction of a halogen atom from P,-X by Cu(0) to give a radica anion

intermediate shown in Scheme 2.1-6.%°

Cu(0) + p

Scheme 2.1-6. Proposed route to the propagating radical by the outer sphere electron transfer

Computational studies of both ATRP and SET-LRP systems have shown the R-X
(or Pn-X) bond dissociation energy is much lower in the outer sphere mechanism
proposed for SET-LRP than for the inner sphere mechanism proposed for ATRP.%
As aresult, fast polymerisations can be run at ambient temperature in SET-LRP as

there is only asmall dependence on the nature of the halide group in P-X.**
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The presence of Cu(l1)Br; in the polymerisation was confirmed by UV-vis (Figure

2.1-7).* The absorbance of deoxygenated solutions of Cu(l)Br and Cu(l1)Br, in

DMSO with

N,N,N’",N",N'",N"’ -hexamethyl -tri g 2-(dimethylamino)ethyl]amine

(MesTren) were studied. Interestingly, an absorbance for Cu(l1)Br, was seen in the

Cu(l)Br solution. Different solvents and ligands were studied. Disproportionation

occurs in water, protic solvents such as methanol, ethanol and triethylene glycol and

dipolar aprotic solvents including DMSO and DMF. The nitrogen containing ligand

should destabilise the Cu(l)Br complex to encourage disproportionation. Ligands

suitable include 2,2'-bipyridine, PMDETA and MegTren. It was discovered that

Cu(1)Br did not dissociate in the presence of N-R-2-pyridyl-methanimine.*

3
@ DMSO
2.4+
8 1.8+
g Cubr /no ligand
@
S 1.2 v
CuBrino ligand
0.6 U
D T T T T T T T
380 535 690 845 1000
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Figure 2.1-7. UV-vis spectra of Cu(l1)Br, (red) and Cu(l)Br (green) in (a) DM SO and (b)

DM SO and MegTren*

Georgina Rayner

218



Dopamine End-Functionalised Polymers for Application as Friction Modifiers

This result has led to controversy as it suggests that any mechanism mediated by
copper in the presence of polar solvents with ligands other than a pyridyl-
methanimine should proceed via the disproportionation pathway and the SET-LRP
mechanism. Publications have been published both trying to prove and disprove the
mechanism.*” *® Investigations are still ongoing, however, further review is beyond

the scope of thisthesis.

2.1.3. Reduction of friction and wear by lubrication

2.1.3.1. Friction and wear

Friction and wear occur as the result of contact between two surfaces in motion.
Friction is defined as resistance to motion and occurs due to asperities which are
peaks raised from the surfaces.® These asperities are even present in carefully
prepared materials. Wear is defined as the physical loss of material, which often

results from high friction.*

2.1.3.2. Theroleof lubricants

The primary role of alubricant is to reduce friction and wear in a system. Lubricants
are typicaly fluids that form films at the surfaces in contact with one another
effectively forming a physical barrier.* As such, one of the most important

properties of a lubricant is its viscosity. A liquid with a high viscosity will flow
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slowly and create a thicker film whereas thin films are formed with low viscosity
liquids.* However, viscosity is often temperature and pressure dependant. This is
seen with motor oils, which are used to lubricate automotive systems, and has led to
the development of additives to improve viscosity at elevated temperature and

pressure.*

2.1.3.3. The Sribeck curve

The Stribeck curve illustrates how friction is influenced by a fluids viscosity, the
speed of the two surfaces and the load on the interface (Figure 2.1-8).*’ Changes in
the curve are caused by four main lubrication regimes; i) hydrodynamic lubrication;
i) elastohydrodynamic lubrication; iii) mixed lubrication and iv) boundary
lubrication. The lubrication regime is determined by the thickness of the film formed

between two surfaces, illustrated in Figure 2.1-9.*
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Effects of chemical o
modification Effects of viscosity

Figure 2.1-8. The Stribeck curve

Figure 2.1-9. Schematic of hydrodynamic, mixed and boundary lubrication regimes

In hydrodynamic lubrication, the film is produced by an increase in fluid pressure
created by the motion between two surfaces* No surface contact is observed
resulting in low friction and no wear. This is illustrated in the Stribeck curve by a
minimum in the friction coefficient. An increase in friction in the hydrodynamic

region is sometimes observed and is due to fluid drag caused by a thick film at high
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viscosity. In the hydrodynamic region lubrication is the result of purely viscosity
effects. In the elastohydrodynamic lubrication region pressure is affecting viscosity.
An increase in pressure increases the viscosity of the film so that it becomes solid
like. This process forms a very thin, highly viscous film.* The mixed lubrication
regime is the result of a combination of boundary and hydrodynamic lubrication.
The film thickness is an intermediate between that observed between boundary and
hydrodynamic and there is increased contact between asperities. Thisisillustrated in
the Stribeck curve by a sharp drop in the friction coefficient.*® The higher the
measured friction coefficient more effects from boundary lubrication is observed
and vice versa. Boundary lubrication displays the highest friction coefficients. Thin
films are formed between the two surfaces and result in increased contact between
asperities.*® In this lubrication regime wear is observed increasingly. The design of
lubricants to decrease friction and wear in boundary lubrication regimes generally

utilises modification of the two surfaces to form a protective layer.**

Different mechanisms of film formation are possible* Of particular interest is the
chemical modification of surfaces, such as the adsorption of polar molecules with
long non-polar tails onto the surfaces by van der Waals forces (Figure 2.1-10).
These layers display shear strength and movement between the two surfaces is

possible without high friction and wear.**
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Figure 2.1-10. Schematic of the use of chemical modification to reduce friction by the

adsor ption of molecules onto a surface

2.1.4. Mechanical measurement of friction

The friction coefficient for an automotive system at predetermined loads and speed
IS measured by tribological testing which utilises mechanical tests to measure the
interaction between surfaces in motion. In this work mechanical tests have been run
using a high frequency reciprocating rig (HFRR) and a mini traction machine
(MTM) as shown in Figures 2.1-11 and 2.1-12.* % Both techniques alow for
variable temperature measurements so changes in viscosity as a result of temperature

can be related to friction.
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Figure 2.1-12. Mini traction machine

The HFRR is used to study the behaviour of lubricants and coatings purely in the

boundary lubrication regime.™ It studies the effects of the lubricant on friction and
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wear. This process uses a purely sliding contact system where the steel ball is did

back and forth on a static steel surface to maximise friction (Figure 2.1-13).

Load

I

Lubricant

<«—Lubricant film

Figure 2.1-13. Schematic of the HFRR system

The MTM also measures how a lubricant affects friction and wear. It studies the
behaviour of coatings and thin films in the elastohydrodynamic, mixed and
boundary Iubrication regimes® In the process a steel ball and disk are spun
independently to create a mixed dliding rolling contact as illustrated in (Figure 2.1-

14).
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Figure 2.1-14.Schematic of the MTM system

2.1.5. Theaim of thiswork

The ability of the catecholic end-group of DOPA to adhere to a variety of surfacesis
finding applications in the formation of films to obtain functionalised surfaces. The
same functional chemistry may be applicable to automotive systems that experience
friction and wear through the use of chemically modified surfaces. This work aims
to synthesise oil soluble dopamine end-functionalised polymers for preliminary
mechanical testing. This should establish the viability of the system to reduce
friction, therefore preventing wear, through film formation by interaction of the

catechol with the metal surface.
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2.2. Initiator synthesis and characterisation

2.2.1. Initiator synthesis

The procedure for the synthesis of 2-bromo-N-[2-(3,4-dihydroxyphenyl)ethyl]
propionamide, referred to throughout this body of work as the unprotected dopamine
initiator, followed a dightly modified procedure to that described by Messersmith et

al.’® and is shown in Scheme 2.2-1.

Na,B,05.10H,0

HO -~ Na,CO4
‘ L H,0. rt, 24 h HO.__~ o
HO™ i, o - HO~ NPy /,J\ B

Br~

Scheme 2.2-1. Synthesis of 2-br omo-N-[2-(3,4-dihydr oxyphenyl)ethyl] propionamide

Borax was dissolved in ultrapure 18 Mega Ohm water and bubbled with nitrogen for
approximately 3 hours. Dopamine hydrobromide was added and once dissolved the
pH of the solution was adjusted to 10 using sodium carbonate. At pH 10 the borax
forms a complex with the catechol protecting it from oxidation during the reaction.>
Then 2-bromopropionyl bromide was added dropwise to the solution after it has
been cooled to below 0 °C. The reaction was left stirring at ambient temperature for
approximately 24 hours before acidifying to pH 2 with 6 M HCI, followed by
extraction into ethyl acetate. The volatiles were removed in vacuo before

purification by silica gel column chromatography using 25:23:2 petroleum ether
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46:60/ethyl acetate/methanol. The compound was crystallised from methanol/water.
This reaction was repeated on numerous occasions due to low yields (~ 40%) being
continuously encountered, a problem also seen in the literature where the reported

yieldis 33 %.%°

The catechol end-group on dopamine is highly reactive and prone to oxidation. It
was therefore anticipated that reactions may need to be performed using a protected
dopamine initiator. Initially the reaction was attempted using a similar procedure to

that described by Soloshonok and Ueki (Scheme 2.2-2).>

HO o~ acetone, [PA 0 .
) pTsOH.H,0 /F 0

i 80°C.17h N

Scheme 2.2-2. Soloshonok and Ueki method for the acetonide protection of 2-bromo-N-[2-(3,4-

dihydroxyphenyl)ethyl] propionamide

A mixture of unprotected dopamine initiator, p-toluenesulfonic acid monohydrate,
acetone and isopropyl alcohol was heated at 80 "C. A Dean Stark trap was attached
to the reaction to collect water removed azeotropically by the isopropyl acohal.
After the suggested 17 hour reaction time thin layer chromatography (TLC) analysis
showed that starting material was still present and after a further 48 hours no desired

product was observed.
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The acetonide protection of the dopamine initiator was successfully performed by
refluxing the initiator with 2,2-dimethoxypropane and p-toluenesulfonic acid
monohydrate in benzene, as described by Messersmith et al. (Scheme 2.2-3).%% The
progress of the reaction was determined using a ferric chloride test for phenols that
produces a black spot when they are present. When no spot was seen, after
approximately 2 hours, the reaction was stopped and the protected dopamine

initiator was purified.

benzene (anhy)
pTsOH.H,O
(0] reflux, 2 h

H,CO™ OCH,

Scheme 2.2-3. M esser smith method for the acetonide protection of 2-bromo-N-[2-(3,4-

dihydroxyphenyl)ethyl] propionamide

The deprotection reaction, also described by Messersmith et al.*®, was attempted to
confirm that it worked (Scheme 2.2-4). The protected initiator was stirred with 25%
trifluoroacetic acid (TFA) in chloroform/water at ambient temperature for 3 hours
and the volatiles removed in vacuo. The ferric chloride test confirmed the presence

of the phenol groups on the deprotected dopamine initiator by a black spot.
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25% TFA in
O CHCI4/H,0
_Br

/
\

Scheme 2.2-4. Deprotection of 2-bromo-N-[2-(3,4-dihydr oxyphenyl)ethyl] propionamide

acetonide

2.2.2. Initiator characterisation

NMR was also used to confirm that protection and deprotection had taken place,
Figure 2.2-1. In the aromatic region of the 'H NMR, between 6 and 7 ppm, both the
unprotected and deprotected initiator display two distinct peaks that generally appear
as a broad triplet and a broad doublet for the three hydrogen atoms on the aromatic
ring. The doublet in particular sometimes appears as a doublet of doublets in the
spectra but in general is too broad to determine the J couplings. In comparison the
protected dopamine initiator displays a single peak. It should be noted that the peaks
seen in the aromatic region vary depending on the choice of solvent used to run the
NMR. In chloroform, both the unprotected (and deprotected) and the protected
dopamine initiator generally display a doublet, singlet, doublet pattern in the
aromatic region although sometimes this signal is broadened and appears as a triplet
and a doublet. An additional peak is visible in the spectrum of the protected
dopamine initiator at 1.61 ppm from the hydrogen atoms on the acetonide protecting

group, in chloroform this signal appears at 1.66 ppm.
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Figure 2.2-1. . *H NMR spectra of unprotected dopamine initiator (top), protected dopamine

initiator (middle) and deprotected dopamineinitiator (bottom) in deuterated methanol
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2.3. Initial polymerisation studies

2.3.1. Cu(l) mediated polymerisation of MMA

Both the unprotected and protected dopamine initiators were used in the Cu(l)
mediated polymerisation of MMA. Following a standard procedure outlined by
Haddleton et al.>, Cu(l)Br, N-propyl-2-pyridylmethanimine and the dopamine
initiators (1:2:1 equivalents respectively) were used at 90 °C. The solvent system
was altered from 100% toluene to 50:50 toluene/isopropyl alcohol in order to

solubilise the unprotected dopamine initiator.

Polymerisation from the unprotected dopamine initiator gave a linear kinetic plot
indicating that the concentration of active species remained constant over the
duration of the polymerisation (Figure 2.3-1). A slower rate was observed for the
protected dopamine initiator and the plot plateaued after approximately 5 hours
suggesting the polymerisation had stopped. An increase in molecular weight with
conversion was not seen for the unprotected initiator (Figure 2.3-2). After the first
hour the molecular weight had jumped to 30,000 g/mol and the molecular weight
remained relatively constant over the duration of the reaction. An increase in
molecular weight with conversion was seen up until 25% conversion had been
reached and the polymerisation stalled with no further increase in conversion or

molecular weight.
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Figure 2.3-1. First order kinetic plot for the Cu(l) mediated polymerisation of MM A using the

unprotected dopamineinitiator (m) and protected dopamine initiator (m)
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Figure 2.3-2. Evolution of molecular weight (M) and PDi versus conversion for the Cu(l)
mediated polymerisation of MM A using the unprotected dopamine initiator (m) and protected

dopamineinitiator (m), DP = 100, target M, = 10,000 g/mol (- - -)
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In both cases the observed molecular weights were higher than the calculated
theoretical molecular weight. Lower polydispersities were seen for the protected
initiator than for the unprotected dopamine initiator, although they were generally >
1.3. It was deemed that under these conditions, both dopamine initiators failed to
polymerise MMA in aliving fashion. The copper containing residues were removed
from the polymerisation mixture by diluting the mixture in toluene before passing
through a short basic alumina column. The solvent was then removed in vacuo
before the polymer was redissolved in dichloromethane and precipitated into

methanol.

2.3.1.1. Polymer end-group analysis

The presence of dopamine end-groups on both polymers synthesised using the
unprotected and protected dopamine initiators was investigated using ‘*H NMR
(Figure 2.3-3). The characteristic peaks in the aromatic region were not visible in the
polymer prepared with the unprotected dopamine initiator but were visible for the
protected dopamine initiator. The peak corresponding to the hydrogen atoms on the

acetonide protecting group was also visible at 1.66 ppm.

To further confirm the presence of the dopamine end group on the polymer
synthesised using the protected dopamine initiator both the initiator and polymer
were investigated using UV-vis GPC (Figure 2.3-4). Both showed an absorbance at

292 nm with areduced retention time for the polymer in comparison to the initiator
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(18.36 mins for the initiator and 12.89 mins for the polymer). This result confirms

the dopamine moiety as the end group of the polymer.

! : : : )
70 68 6.6 64 62 6.0 b
ppm
)

Ppm

Figure 2.3-3. '"H NMR of precipitated polymersfrom the Cu(l) mediated polymerisation of
MMA by the unprotected dopamineinitiator (top) and protected dopamine initiator (bottom)

in deuterated chloroform
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Figure 2.3-4. UV-vis GPC traces for the protected dopamine initiator at aretention time of

18.36 mins (—) and for PMM A synthesised using the protected dopamine initiator at 12.89 mins

(=)

2.3.2. Cu(0) mediated polymerisation of t-butyl acrylate

The poor initiator efficiencies seen for the both the dopamine initiators in
polymerisations mediated by Cu(l) can be related back to the amide group as similar
effects have been observed before for other amide initiators.>*>" In the Cu(0)
mediated LRP, the R-X bond dissociation energy is lower than in ATRP and as a

result awider range of initiators are possible, including amide based initiators.
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The Cu(0) mediated polymerisation of t-butyl acrylate was attempted for both the
unprotected and protected dopamine initiator using a method developed within the
Haddleton group. The polymerisation set up consisted of Cu(0), Cu(l1)Br,, MegTren
and the unprotected/protected dopamine initiator (2:0.3:2.3:1 equivaents

respectively) in toluene/methanol (14:1) and was attempted at 25 °C.

Firstly a polymerisation aiming for a molecular weight of approximately 25,000
g/mol was undertaken for both initiators. The degree of polymerisation (DP) was
dightly different for both initiators as the same equivalents rather than moles of
initiator were kept constant. Figure 2.3-5 displays the kinetic data for the two
polymerisations. The unprotected dopamine initiator displayed a 5 hour inhibition
period and by 22 hours the reaction had stopped. Reasonably linear kinetic data was
observed for the polymerisation using the protected initiator. The observed
molecular weight was much higher than the theoretical for the unprotected dopamine
polymerisation and the polydispersity was high (Figure 2.3-6). For the protected
initiator a linear increase in molecular weight with conversion was observed,
although the molecular weight was still higher than the theoretical, polydispersities
were generally < 1.3. Using the Cu(0) system, the polymerisation using the
protected initiator proceeded in a reasonably living fashion, a marked improvement

on the Cu(l) mediated technique.
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Figure 2.3-5. First order kinetic plot for the Cu(0) mediated polymerisation of t-butyl acrylate

using the unprotected dopamineinitiator (m, DP = 200) and protected dopamineinitiator (m,

DP = 160)
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Figure 2.3-6. Evolution of molecular weight (M) and PDi versus conversion for the Cu(0)
mediated polymerisation of t-butyl acrylate using the unprotected dopamineinitiator (m) and
protected dopamine initiator (m), DP = 200, target M, = 25,600 g/moal (- - -), DP = 160, target M,

= 20,500 g/mol (- - -)
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The difference between the unprotected and protected dopamine Cu(0) mediated
polymerisations is further illustrated by their colour (Figure 2.3-7). The unprotected
dopamine initiator polymerisation is dark brown and the protected dopamine
initiator polymerisation is green. This suggests that something occurs in the
unprotected dopamine polymerisation that causes a colour change and may impede

the polymerisation.

Figure 2.3-7. Cu(0) mediated polymerisation of t-butyl acrylate by the unprotected dopamine

initiator (left) and protected dopamine initiator (right)

A short investigation was completed to investigate the origin of the colour, Table
2.3-1. Cu(0), Cu(l)Br, Cu(1l)Br, and MesTren were added to toluene/methanol
solution (14:1, 1.2 mL) using the ratios of 2:1:0.3:2.3 respectively with regards to
initiator. Solutions were degassed before adding the unprotected dopamine initiator,
protected dopamine initiator, MegTren or a combination of initiator and ligand and
were stirred for 24 hours. The colour associated with the protected dopamine
polymerisation was observed in the via with Cu(l) with added MesTren and

initiator. For the unprotected dopamine initiator the colour associated with the
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polymerisation was seen when either Cu(0) or Cu(ll) were mixed with the initiator
and MegTren. These results indicate different copper complexes are potentially
formed in solution depending on which initiating system is used. Further

investigations are required to determine the nature of the species.

Table 2.3-1. Effect of initiator on the species formed in solution with Cu(0), Cu(l)Br and

Cu(l)Br,
Solvent Solvent + Solvent + Solvent + Solvent +
Cu(0) Cu(D) Cu(Il) MegTren
Unprotected
I
Protected
I
i J.] - —
MegTren ‘
Unprotected
I + MegTren
Protected I
+ MegTren
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Using the same technique, polymerisations aiming for a molecular weight of 5,000

g/mol were also investigated for both initiators (Figures 2.3-8 and 2.3-9). The

unprotected initiator displayed a slow rate at the start and towards the end of the

polymerisation. An amost linear increase in molecular weight was observed

although molecular weight was again higher than the theoretical value and the

polydispersity increased continuously over the duration of the reaction. In

comparison, the protected initiator displayed linear first order kinetics with respect

to monomer, alinear increase in molecular weight with conversion closely matching

the theoretical and with polydispersity values < 1.2, characteristic of a living

polymerisation. The residues were removed from all four polymerisations before

precipitation as previously described in Section 2.3.1.
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Figure 2.3-8. First order kinetic plot for the Cu(0) mediated polymerisation of t-butyl acrylate

using the unprotected dopamineinitiator (m) and protected dopamine initiator (m)
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Figure 2.3-9. Evolution of molecular weight (M) and PDi versus conversion for the Cu(0)
mediated polymerisation of t-butyl acrylate using the unprotected dopamineinitiator (m) and

protected dopamine initiator (m), DP = 39, target M,, = 5,000 g/moal (- - -)

2.3.2.1. Low molecular weight polymer end-group analysis

The end-groups of the two low molecular weight polymers were investigated
(Figure 2.3-10). As seen in the Cu(l) mediated polymerisations, the characteristic
doublet singlet doublet pattern in the aromatic region of the *H NMR was missing
for the unprotected dopamine polymerisation. The peaks for the protected initiator
were clearly visible in the aromatic region and at 1.66 ppm. The same result was
aso seen for the higher molecular weight polymer. From these initial
polymerisations it was deemed necessary to use the protected initiator for further

polymerisations.
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The presence of the dopamine end group on the polymer synthesised using the
protected dopamine initiator was again confirmed by UV-vis GPC (Figure 2.3-11).
Both showed an absorbance at 292 nm with a reduced retention time for the polymer
in comparison to the initiator (18.36 mins for the initiator and 14.77 mins for the

polymer).

7 6 5 4

L) -
(W]
f—

pPpm

Figure 2.3-10. *H NMR of precipitated polymersfrom the Cu(0) mediated polymerisation of t-
butyl acrylate using the unprotected dopamine initiator (top) and protected dopamine initiator

(bottom) in deuterated methanol
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Figure 2.3-11. UV-vis GPC traces for the protected dopamineinitiator at a retention time of

18.36 mins (—) and for PBUA synthesised using the protected dopamine initiator at 14.77 mins

(=)

2.3.2.2. Deprotection of low molecular weight polymer

The method used to deprotect the dopamine initiator was applied to the low
molecular weight t-butyl acrylate polymer. The polymer was stirred with 25% TFA
in chloroform/water at ambient temperature for 2 hours after which precipitation of
the polymer was observed. The *H NMR in deuterated methanol for both the

protected dopamine and deprotected dopamine polymers are shown in Figure 2.3-12.
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Figure 2.3-12. *H NMR of the precipitated polymer from the Cu(0) mediated polymerisation of
t-butyl acrylate using the protected dopamineinitiator (top) and after deprotection (bottom) in

deuterated methanol

The characteristic peaks in the aromatic region changed from a singlet for the
protected dopamine to atriplet and doublet for the deprotected dopamine consistent
with the '"H NMRs observed for the initiator as described in Section 2.2.2. The peak
corresponding to the protecting group at 1.61 ppm was absent from the deprotected
polymer. The changes observed in the polymer peaks are due to the elimination of
the t-butyl groups by hydrolysis using TFA to give poly acrylic acid. As a result a

water soluble dopamine functionalised poly acrylic acid was obtained.
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2.4. Polymerisation of lauryl methacrylate

The required composition of the polymers for mechanical testing was required to be
80% lauryl methacrylate and 20% MMA. Lauryl methacrylate is a non-polar long
chain molecule and is utilised as the resulting polymers are oil soluble. Ten grams of

20,000 g/mol molecular weight polymer was required.

2.4.1. Initial investigations

Small scale polymerisations (approximately 2 mL) were initially attempted to find
an appropriate polymerisation technique to produce the desired polymer. Initialy,
the Cu(l) and Cu(0) mediated polymerisations described earlier were attempted,
however, these were unsuccessful. When Cu(l) was used no polymerisation was
observed after 24 hours and with Cu(0) the polymerisation reached 85% conversion
with a molecular weight of 40,000 g/mol and a polydispersity of 1.70 with a 6 hour
induction period. Further investigations in the Cu(l) mediated polymerisation
included using 100% toluene as the solvent and changing the ligand to N-2-octyl-
pyridylmethanimine. In particular, changing to a longer akyl chain ligand was
expected to help solubilise the catalyst in the increased non-polar medium; however,
this reaction was unsuccessful. The Cu(0) mediated polymerisation was
reinvestigated using PMDETA as the ligand instead of MegTren as PMDETA is
generally used for methacrylate polymerisation when using SET-LRP.%® The use of
20 equivalents of phenol in toluene, similar to a system used previously to

polymerise lauryl acrylate was also investigated.>
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2.4.2. Polymerisation of lauryl methacrylate using a Cu(l)CI

system

As the previous polymerisation systems were unsuccessful, an aternative procedure
designed specifically for the polymerisation of lauryl methacrylate was found in the
literature. Xu et al. reported the living polymerisation of lauryl methacrylate using
Cu(1)Cl with ethyl 2-bromoisobutyrate (EBiB) in a variety of solvents at 110 °C.%°
Initially a polymerisation as described in the literature was attempted using anisole
as the solvent and EBIB as the initiator. The polymerisation was carried out for 240
minutes before being terminated due to the increased viscosity of the polymerisation
reaction. First order kinetics with respect to monomer was linear for the
polymerisation (Figure 2.4-1). A reasonably linear increase in molecular weight
observed athough conversion had only reached 16% and the molecular weight was
higher than the theoretical value towards the end of the polymerisation (Figure 2.4-
2). The observed polydispersity values started low but began to increase as the
polymerisation viscosity increased. The copper was removed from the
polymerisation mixtures as previously described in Section 2.3.1. The polymer was
precipitated into methanol cooled by dry ice/acetone bath. Under these conditions
the polymer precipitates as a fine powder. If the temperature is raised dightly the
polymer begins to coagulate, forming lumps that can be easily collected with a
gpatula and placed in avia. The polymer was then dried in a vacuum oven to give
the pure, highly viscous polymer. All lauryl methacrylate-containing polymers were

precipitated in this way.
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Figure 2.4-1. First order kinetic plot for the polymerisation of lauryl methacrylate by EBiB

using Cu()ClI
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2.4.2.1. Copolymerisation of lauryl methacrylateand MMA

The copolymerisation of lauryl methacrylate and MMA (80:20) was then
investigated, however, this time aiming for a molecular weight of 20,000 g/moal
(Figures 2.4-3 and 2.4-4). The polymerisation proceeded quickly reaching nearly
90% conversion in 90 minutes. The observed molecular weight increased linearly
although was higher than the calculated theoretical and the polydispersity remained
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Figure 2.4-3. First order kinetic plot for the copolymerisation of lauryl methacrylateand MM A

by EBIiB using Cu(l)CI
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Figure 2.4-4. Evolution of molecular weight (M) and PDi versus conversion for the
copolymerisation of lauryl methacrylateand MM A by EBIiB using Cu(l)CI, target M, = 20,000

g/mol (- --)

The copolymerisation of lauryl methacrylate and MMA was then attempted under
the same conditions using the protected dopamine initiator (Figures 2.4-5 and 2.4-6,
m). The polymerisation proceeded quickly, reaching 85% conversion in 90 minutes.
The rate of polymerisation slowed towards the end of the reaction and the observed
molecular weight was found to be double the theoretical. The polydispersity values
were reasonable but still alittle higher than would be expected for a living system.
The polymerisation was repeated, this time aming for a molecular weight of 10,000
g/mol (e). The reaction was fast reaching nearly full conversion at 90 minutes. The
molecular weight was again observed to be double the theoretical, so a polymer with

the desired molecular weight of 20,000 g/mol had been obtained. A polymerisation
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aming for 15,000 g/mol was also completed to ensure that the reaction would
follow the same observed trends to obtain double the targeted molecular weight, and
this was observed (A) although the reaction only took 40 minutes to reach 85%
conversion. These results illustrate that under the described polymerisation
conditions the initiator has an efficiency of 0.5. As a result only half the initiators
initiate chains leading to double the expected molecular weight. Therefore, to obtain
the desired molecular weight of 20,000 g/mol, a polymerisation aiming for 10,000
g/mol would need to be undertaken. In general the polydispersity values were quite

high ranging from 1.3 — 1.5.

Finally a polymerisation aiming for 10,000 g/mol was carried out at 50% solids
instead of 75% (*). The increased volume of solvent was speculated to slow down
the polymerisation and improve control with the effect of reducing the
polydispersity by reducing the viscosity thus reducing termination reactions. The
reaction proceeded slower than the analogous 10,000 g/mol polymerisation (e),
however, the reaction was still fast reaching 90% conversion in 90 minutes. As
expected a polymer with a molecular weight of approximately 20,000 g/mol was
obtained but on this occasion lower polydispersities were observed with values
generally less than 1.3. If the polymerisation was terminated at around 70%
conversion, where the rate starts to noticeably slow, the polydispersity would be
around 1.2 and a molecular weight close to the desired 20,000 g/mol would be
obtained (Figure 2.4-6, *). It was therefore vital in the large scale polymerisations
to carefully monitor the conversion of the polymerisation to enable well defined

polymers to be obtained.
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Figure 2.4-6. Evolution of molecular weight (M) and PDi versus conversion for the
copolymerisation of lauryl methacrylate and MM A using the protected dopamineinitiator with
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Before performing the scale up reactions, the deprotection of the polymerisation run
at 50% solids was attempted. As expected, the peak at 1.66 ppm associated with the

acetonide group disappeared after deprotection.

2.4.2.2. Initiator scale up

In order to complete the large scale polymerisations a large scale initiator synthesis
had to be undertaken. Two 5 g scale reactions were completed to give approximately
4 g of the unprotected initiator which was subsequently protected, yielding 3.2 g of

protected dopamine initiator after recrystallisation and drying.

2.4.2.3. Scale up polymerisations

The large scale polymerisations, all at 50% solids, were then attempted. The baseline
polymer, initiated using EBIB , was run for 90 minutes reaching approximately 90%
conversion and reaching the desired molecular weight of 20,000 g/mol with a
polydispersity less than 1.2. Two protected dopamine initiated polymerisations were
also completed, both aiming for 10,000 g/mol. Both polymerisations reached
approximately 90% conversion in 60 minutes with molecular weights close to
20,000 g/mol and polydispersities < 1.25. One of the polymers was deprotected as

previously described and the deprotection confirmed by *H NMR, Table 2.4-1.
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Table 2.4-1. Final polymerisation data for the scale up polymerisationsfor mechanical testing

Polymer Mn (g/mol)* PDi*
Baseline 20,800 121
Protected dopamine 19,900 131
Protected dopamine® 18,700 131
Deprotected 18,000 1.34

* preci pitated polymer; ®deprotected polymer
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2.5. Tribological testing

The three scaled-up polymers were tested by MTM and HFRR to ascertain whether
they had any tribological benefits. The am was to determine whether the
deprotected dopamine polymer showed any reduction in wear. The testing was

carried out by John Durham and Zahra Hussain at the Lubrizol site in Derby, UK.

Each polymer was dissolved in Yubase 4 ail, a high grade colourless ail, to obtain
kinematic viscosity (KV) of 6 centistokes (cSt) at 100 “C. Kinematic viscosity is a
measure of viscosity without any applied force. Table 2.5-1 displays the
experimental datafor the three prepared blends. The baseline polymer is the polymer
prepared using EBiB. The amount of each polymer dissolved in the oil had to be

varied for each polymer to obtain approximately the same KV.

The HFRR tests were conducted on the three polymer blends at aload of 200 g. The
samples were heated at 40 °C for 15 minutes before ramping the temperature to 160
°C at arate of 2 °C/min. The MTM tests were conducted on the three polymer
blends at aload of 37 N. The speed was varied from 3,000 to 10 mm/s using a dlide

to roll ratio of 50% with measurements recorded at 40, 60, 80, 100, 120 and 140 °C.
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Table 2.5-1. Polymer blend for mulation

Sample Baseline Protected dopamine Deprotected
polymer polymer dopamine polymer
Warwick M,,* 21,400 g/mol 25,900 g/mol 24,200 g/mol
Lubrizol My, * 25,800 g/mol 31,700 g/mol 33,000 g/mol
% Additives 100 100 100
Treat/%wt 6 6 6
KV 100/cst 5.97 6.18 5.73
Treat/%wt 6.08 5.57 6.82
KV100/cSt 5.96 5.98 6.14

*Molecular weights were recorded in CHCI; at Warwick and in THF at Lubrizol. KV100 is the

kinematic viscosity measured according to the D445 100 method.

The data from the HFRR testing is plotted in Figures 2.5-1, 2.5-2 and 2.5-3 for the
baseline, protected dopamine and deprotected dopamine polymers respectively. In
each plot the red trace is a measure of the lubrication film (as a percentage), the
green trace is the temperature and the blue trace is the measured friction coefficient.
From the plots it can be seen that as the temperature increases the lubrication film
started to collapse for both the baseline and protected dopamine polymers. The
lubrication film collapsed at a noticeably lower temperature for the deprotected
dopamine initiator. The measured friction coefficient was lower for the deprotected
dopamine polymer between 40 and 100 °C compared to the baseline and protected
polymer. The average friction coefficient by temperature range for the three polymer
blends is shown in Table 2.5-2. The wear scars for each sample are shown in Figure

2.5-4.
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Figure 2.5-1. Plot of test run on HFRR for the baseline polymer
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Figure 2.5-2. Plot of test run on HFRR for the protected dopamine polymer
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Figure 2.5-3. Plot of test run on HFRR for the deprotected dopamine polymer

Figure 2.5-4. Wear scarsfor the base line (left), protected dopamine (middle) and deprotected

dopamine (right) polymersfrom HFRR
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Table 2.5-2. Average friction coefficients for the baseline, protected dopamine and depr otected

dopamine polymersrecorded using HFRR
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Visual inspection of the test pieces has determined that both the protected and
deprotected dopamine polymers showed a small reduction in the wear of the surface
compared to the baseline polymer. Corrosion of the test pieces was observed for the
deprotected dopamine polymer. This is best illustrated in Figures 2.5-5 and 2.5-6
which shows the test pieces from the HFRR and MTM. The test pieces for the
deprotected dopamine polymer shown on the right have become dull in comparison
to the baseline (left) and the protected dopamine polymer (middle) which both retain

their shiny surface.

Figure 2.5-5. Test piecesfrom the HFRR testsfor the baseline (left), protected dopamine

(middle) and deprotected dopamine (right) polymers
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Figure 2.5-6. Test piecesfrom the MTM testsfor the baseline (left), protected dopamine

(middle) and deprotected dopamine (right) polymers

The overlaid Stribeck curves obtained from the recorded MTM data for each

polymer blend at different temperatures are shown in Figures 2.5-7, 2.5-8 and 2.5-9.
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Figure 2.5-7. Overlaid Stribeck curvesfromthe MTM testsfor the baseline polymer
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From the graphs it can be seen that the baseline and protected dopamine polymer
show very similar curves up until the higher temperatures. The deprotected polymer
showed some unusual curves. These curves are potentially very interesting as a
reduction in friction was observed for the deprotected polymer. However, because
corrosion of the test piece was observed these unusua curves may be due to the

change in surface structure.

It was concluded that these initial tests were successful. The observed reduction in
friction for the deprotected dopamine polymer suggests that the polymer may be
interacting with the surface and as a result reduce friction. The observed reduction in
wear for both dopamine polymers was aso considered a positive result. However,
due to the observed corrosion the results for the deprotected dopamine polymer may
not be accurate. It was speculated that the corrosion may have been caused by

increased acidity of the deprotected polymer dueto its method of preparation.
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2.6. Conclusions and futurework

In conclusion, a dopamine based initiator was synthesised and used in the Cu(l)
mediated polymerisation of MMA and the Cu(0) mediated polymerisation of t-butyl
acrylate with little success. The synthesis of an acetonide protected version of the
dopamine initiator was used in the same polymerisations and proceeded under living
conditions in the Cu(0) mediated polymerisation. The protected dopamine catecholic
end-group was identified as the polymer end-group and was completely deprotected
post polymerisation. The polymerisation of lauryl methacrylate was achieved using
a technique designed for the long chain, non-polar molecule which utilised Cu(1)Cl
and anisole. A baseline, protected dopamine polymer and deprotected dopamine
polymer were synthesised on a 10 g scae and submitted for MTM and HFRR
testing. A reduction in friction and wear was observed for the deprotected polymer,

however, corrosion of the test pieces was also observed.

Following on from the results discussed in this thesis, more work can be done to
investigate the dopamine end-functionalised polymers as friction modifiers once the
corrosion problem, assumed to be due to the acidity of the polymer after
deprotection, has been addressed. Tests should be done to investigate how long the
polymer should be left in contact with the test piece to allow the dopamine to fully
adsorb onto the surface and to investigate whether the oil soluble polymer can be
lost in the oil environment overtime. The percentage of dopamine in the polymer
may also need to be increased to match the percentages observed in the mfps

involved in adhesion either by using a lower molecular weight polymer or by
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incorporating dopamine in the back bone of the polymer. The viscosity of the
polymer blend at various temperatures aso needs to be measured to see how the
polymers viscosity changes with temperature as it have been assumed in this work

that it remains relatively constant.
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2.7. Experimental

2.7.1. Materials

All chemicals were purchased from Sigma Aldrich and used as received unless
otherwise stated. Lauryl methacrylate was supplied by The Lubrizol Corporation.
High quality (nanoporous) copper used for Cu(0) polymerisations was supplied by
Exeter Analyical. Inhibitors were removed from all monomers by passing through a

short basic alumina column.

2.7.2. Characterisation techniques

Melting points were recorded using a Stuart Scientific SMP3 melting point
apparatus at a rate of 3 “C/minute. Infra-red spectra were recorded using a Bruker
Vector 22 FTIR spectrometer fitted with a Golden Gate attenuated total reflection
cell. IR transmissions are reported as wavenumbers (cm). The following
abbreviations have been used; br = broad, w = weak, m = medium, s = strong, Ar =
aromatic, adj = adjacent, def = deformation, sym = symmetrical and asym =
asymmetrical. NMR spectra were recorded using Bruker DPX-300, DPX-400, DRX-
500 and AV 111-600 instruments as solutions in deuterated NMR solvents. Chemical
shifts are reported in parts per million (ppm) relative to tetramethylsilane (TMS).
The following abbreviations are used to abbreviate multiplicities; s = singlet, d =
doublet, t = triplet, q = quartet and m= multiplet. Conversion was determined by

measuring the disappearance of the monomer vinyl peaks with the appearance of
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polymer in NMR spectra. Microanayses were performed in duplicate where
possible by Warwick Analytical Service. High resolution mass spectrometry were
performed by the Mass Spectroscopy Facility at Warwick. Gel permeation
chromatography samples were run on an Agilent 390-LC system equipped with a
PL-AS RT autosampler, a 100uL injection loop, a Sum PLgel guard column (50 mm
X 7.5 mm), 2 5um PLgel Mixed D columns (50 mm x 300) and a differential
refractive index (DRI) detector. The system was eluted with chloroform at arate of 1
mL/minute and the detector was calibrated with PL narrow polystyrene (162—
371,100 g/mol) and poly methyl methacrylate (200-467,400 g/mol) standard easy
vias. UV-vis gd permeation chromatography samples were run an Agilent 390MDS
system equipped with a PL-AS RT autosampler, a 100uL injection loop, a Sum
PLgel guard column (50 mm x 7.5 mm), 2 5um PLgel Mixed D columns (50 mm x
300) a differentia refractive index (DRI) detector and a Shimadzu SPD-M20A
photodiode array UV-vis detector. The system was eluted with TFA with 100 ppm
Topanol and 2% v/v TEA a a rate of 1 mL/minute and the Rl detector was
calibrated with PL narrow polystyrene (162-371,100 g/mol) and poly methyl

methacrylate (200-467,400 g/mol) standard easy vials.
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2.7.3. Synthesis of compounds for Chapter 2

2.7.3.1. Synthesis of 2-bromo-N-[2-(3,4-dihydroxyphenyl)ethyl]

propionamide (unprotected dopamine initiator)

Na,B,0-.10H,0
Na,CO, 9

HO .
H,O,rt, 24 h HOQ 8 0
.HBr - _ 5
‘ » ] > _Br
HO NH, O HO 11 N3
Br 2 6 H
Br 4 1

The unprotected dopamine initiator was synthesised using a dlightly modified

procedure to that described in the literature® To a three-necked 250 mL round
bottomed flask which contained stirring ultrapure water (100 mL) was slowly added
borax (3.83 g, 10 mmol). The resulting solution was stirred and bubbled with
nitrogen for approximately 2 hours before adding dopamine hydrobromide (2.34 g,
10 mmol). The solution was stirred for 15 minutes before adding sodium carbonate
(3.39 g, 32 mmol) and cooled in an ice bath before adding 2-bromopropionyl
bromide (1.05 mL, 10 mmol) dropwise. The reaction mixture was stirred at ambient
temperature for 20 hours under nitrogen. The pH was monitored during the reaction
adding more sodium carbonate as necessary to keep the pH = 10. The reaction
mixture was acidified to pH = 2 using 6 M aqueous HCIl solution and extracted three
times with ethyl acetate (100 mL). The organic fractions were combined and dried
with magnesium sul phate before removing the solvent in vacuo to give an off white
oil. The compound was purified by silica gel column chromatography using 25:23:2
petroleum ether 46:60/ethyl acetate/methanol to give the unprotected dopamine

initiator (0.77 g, 26.8%) as a colourless oil. The compound was crystallised from
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methanol/water and recrystallised using chloroform to give colourless crystals.
Melting point: 71-73 °C. IR (neat): v = 3269 (s, OH), 2970, 2921, 2973 (w, CH
stretch), 1650 (s, C=0), 1563, 1469 (m, Ar), 1441 (m, CH def), 1349 (s, CH3 sym
def), 1261 (s, OH), 1150 (s, C-OH), 863 (m, C-O-CH3), 698 (s, C-Br) cm™. *H NMR
(400.03 MHz, MeOD, 298 K) & = 1.72 (d, J = 7.0 Hz, 3H, H1); 2.65, 3.35 (AA’XX’,
Jan = 10.55, Jax = 12.42, Jax = -10.66, Jxx = 4.64, 4H, H5,6); 4.40 (g, J = 7.0, 14.0
Hz, 1H, H2); 6.55 (br dd, J = 2.0, 8.0 Hz, 1H, H8); 6.64 (s, 1H, H9); 6.67 (t, J = 8.0
Hz, H12). *C NMR (100.60 MHz, MeOD, 298 K) § = 22.47 (C1); 35.58 (C5);
42.64 (C6); 44.05 (C2); 116.37 (C8); 116.93 (C9); 121.13 (C12); 131.79 (C7);
144.84, 146.28 (C10,11); 172.36 (C3). Anal. Calcd. for C3H14NOsBr: C, 45.85; H,
4.90; N, 4.86. Found: C, 42.53; H, 4.67; N, 4.58. Mass Spectrometry (+ESI-MYS)

m/z: 310.00 [M+Na]*.

2.7.3.2. Synthesis of 2-bromo-N-[2-(3,4-dihydroxyphenyl)ethyl]

propionamide acetonide (protected dopamine initiator)

HO H 10
0 DMP, ,TsOH O
) ) Br > _Br
HO N () 11 3 Y
H b

benzene (anhy), 12 6
reflux, 2 h

The procedure used for the synthesis of the protected dopamine initiator was taken
from the literature.®® To a two-necked 100 mL round bottomed flask was added
unprotected dopamine initiator (0.53 g, 1.84 mmol), 2,2-dimethoxypropane (0.85
mL, 6.94 mmol) and anhydrous benzene (40 mL). One neck of the flask was fitted

with a Soxhlet extractor and the thimble was filled with anhydrous granular calcium
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chloride (4 g). The other neck was sealed with a septum. The flask was flushed with
nitrogen and then heated to reflux for 5 minutes before adding p-toluenesulfonic
acid monohydrate (13.5 mg, 0.071 mmol) dissolved in a minima amount of
anhydrous benzene. The reaction was monitored using the ferric chloride test. Once
a negative test had been observed, approximately after 2 hours, the reflux was
stopped. Once cooled the solution was passed through a short silica gel column and
washed through using dichloromethane. The solvent was removed in vacuo to give a
yellow solid which was recrystallised from dichloromethane/petroleum ether 40:60
to give the protected dopamine initiator (0.41 g, 68.1%) as a white crystalline solid.
Melting point: 106-107 °C. IR (neat): v = 3243 (m, -CONH-), 2971, 2926, 2859 (w,
CH dtretch), 1652 (s, C=0), 1575 (m), 1496 (s, Ar), 1445 (m, CH def), 1380 (m,
CHs sym def), 863 (s, C-O-CHs), 723 (m, C-Br) cm™. *H NMR (400.03 MHz,
CDClg, 298 K) & = 1.67 (s, 6H, H14,15); 1.85 (d, J = 7.0 Hz, 3H, H1); 274 (t, J =
7.0 Hz, 2H, H6); 3.49 (m, 2H, H5); 4.37 (g, J = 7.0, 14.0 Hz, 1H, H2); 6.39 (br s,
1H, H4); 6.59 (br dd, J = 2.0, 6.0 Hz, 2H, H8,12); 6.66 (g, J = 3.0, 6.0 Hz, 1H, HO).
3C NMR (100.60 MHz, CDCl3, 298 K) & = 23.39 (C1); 25.96 (C14,15); 35.27 (C6);
41.60 (C5); 45.59 (C2); 108.31, 109.00 (C8,9); 117.97 (C13), 121.23 (C12), 131.57
(C7), 146.32, 147.86 (C10,11), 169.23 (C3). Anal. Calcd. for Ci4H1sNOsBr: C,
51.23; H, 5.53; N, 4.27. Found: C, 50.68; H, 5.35; N, 4.25. Mass Spectrometry

(+ESI-MS) m/z: 350.04 [M+Na]".
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2.7.3.3. Deprotection 2-bromo-N-[2-(3,4-dihydroxyphenyl)ethyl]
propionamide acetonide (deprotected dopamine

initiator)

o 25% TFA in
0 ( HCly/H,0 HO
>< Br
0 N rt, "‘ HO

The deprotection was completed using a dlightly modified procedure to that
described in the literature®™ To a 25 mL round bottomed flask was added the
protected dopamine initiator (0.13 g, 0.4 mmol). The flask was sealed with a septum
and flushed in nitrogen. To an oven dried Schlenk tube was added trifluoroacetic
acid (1.25 mL, 16.3 mmoal), chloroform (3.7 mL) and water (0.05 mL). The solution
was degassed using three freeze-pump-thaw cycles before being cannulated into the
round bottom flask. The reaction mixture was stirred at ambient temperature for 3
hours. The volatiles were removed in vacuo to give the deprotected dopamine
initiator (0.1 g, 87.5%) as a colourless oil which was crystallised from

methanol/water.
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2.7.4. Polymerisation proceduresfor Chapter 2

2.7.4.1. Cu(l) mediated polymerisation of MMA using the

unprotected/protected dopamineinitiators

Cu()Br O

O
R Br + toluene/TPA R
X \/\\ ! > ¥ \/\\ ~Br
H (l) O 90 °C H X

The polymerisation of MMA was carried out using a slightly modified procedure to
that described in the literature.> To an oven dried Schlenk tube was added either the
unprotected or protected dopamine initiator (0.21 mmol) and 50:50
toluene/isopropyl alcohol (1 mL). To another Schlenk tube was added Cu(l)Br (28
mg, 0.21 mmol), N-ethyl-2-pyridylmethanimine (28 pL, 0.10 mmol), 50:50
toluene/isopropyl acohol (1.2 mL) and MMA (1.12 mL, 10.4 mmol) in that order.
Both solutions were degassed using three freeze-pump-thaw cycles. The reaction
mixture was heated at 90 °C under nitrogen for 5 minutes prior to adding the
initiator solution via a degassed syringe. The polymerisation was terminated by
bubbling with air for 10 minutes followed by the addition of dichloromethane (5
mL). The crude polymer was precipitated once into methanol using dichloromethane

to dissolve the polymer.
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Table 2.7-1. Final polymerisation data for the Cu(l) mediated polymerisation of MMA using

the unprotected/protected dopamineinitiators

Initiator ~ Time(h) Conversion (%) My(g/mol)* PDi*
Unprotected 116 64.9 54,700 1.46

Protected 23 87.1 18,073 1.39
*precipitated polymer

2.7.4.2. Cu(0) mediated polymerisation of t-butyl acrylate using

the unprotected/protected dopamine initiators

Cu, Cu(ID)Bry )

R Br toluene/MeOH R
~ \ - ~"N S Br
25 °C H *
O

i | (@]
HoN o~ A~ NH /*\

NH,
=YY w >< ]@
HO

To an oven dried Schlenk tube was added either the unprotected or protected

dopamine initiator (0.4 g) and 14:1 toluene/methanol (0.8 mL). To another Schlenk
tube was added was added Cu, Cu(ll)Br,, MegTren, the remaining 14:1
toluene/methanol, and t-butyl acrylate in that order. Both solutions were degassed
using three freeze-pump-thaw cycles. The reaction mixture was heated at 25 °C
under nitrogen for 5 minutes prior to adding the initiator solution via a degassed
syringe. The polymerisation was terminated by bubbling with air for 10 minutes

followed by the addition of dichloromethane (approximately 5 mL). The crude
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polymer was precipitated once into methanol using dichloromethane to dissolve the

polymer.

Table 2.7-2. Reagent quantities for the Cu(0) mediated polymerisation of t-butyl acrylate using

the unprotected/protected dopamineinitiators

Initiator Cu Cu(I)Brz MegTren t-butyl Toluene/
acrylate MeOH

mmol mg mmol mg mmol puL mmol mL mmol (14:1)

Unprotected 0.14 178 028 95 004 8 032 4 273 61mL
Unprotected 0.14 173 027 100 004 85 032 08 546 15mL
Protected 012 159 024 85 004 75 028 37 253 54mL
Protected 012 183 028 95 004 85 032 07 478 13mL

Table 2.7-3. Final polymerisation data for the Cu(0) mediated polymerisation of t-butyl acrylate

using the unprotected/protected dopamineinitiators

Initiator ~ Time(h) Conversion (%) Mj(g/mol)* PDi*

Unprotected 28 50.4 33,600 1.70
Unprotected 6.5 93.8 7,300 2.55
Protected 28 72.9 23,200 1.27
Protected 4 82.0 4,700 1.14

*precipitated polymer
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2.7.4.3. Deprotection of poly t-butyl acrylate made using the

protected dopamine initiator

25% TFA in

) 0
><( :@\/\ 0 CHCIy/H,0 t :@\/\ 0
0 N Br i, 3h HO N Br
”W\ X -
O [8]

HO O

The procedure described for the deprotection of the protected dopamine initiator was
used to deprotect the two butyl acrylate polymers synthesised using the protected

dopamineinitiator (0.2 ).

2.7.4.4. Polymerisation of lauryl methacrylate using Cu(l)CI

O

0 Cu(1)CI, anisole B
r
Br - - . > ~o
/\() 9) (8] 110 °C | X
i

The procedure described by Xu et al.*° was followed. To an oven dried Schlenk tube
was added  Cu(l)Cl (85 mag, 0.086 mmal), N,N,N'" )N’ ,N"’ -
pentamethyldiethylenetriamine (PMDETA, 53 uL, 0.23 mmol), anisole (1.5 mL),
ethyl 2-bromoisobutyrate (12.5 uL, 0.086 mmol) and lauryl methacrylate (5 ml, 17.1
mmol) in that order. The reaction mixture was degassed using three freeze-pump-
thaw cycles and heated at 110 °C under nitrogen for 4 hours where conversion had
reached 16.3%. The polymerisation was terminated by bubbling with ar for 10

minutes followed by the addition of dichloromethane (10 mL). A small amount
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crude polymer was passed through a short basic aumina column before being
precipitated once into methanol. The polymer was dried in a vacuum oven for 3

hours and used for analysis. M, = 31,300 g/mol; PDi = 1.27.

2.7.4.5. Copolymerisation of lauryl methacrylateand MM A

using Cu(l)CI

Cu(l)Cl, amsole 0
/U\k [“ Col o X y
\\/\\’\/\ 00

O O
! Cians |

The method for the copolymerisation of lauryl methacrylate and MMA was adapted
from that described by Xu et al.%° for this polymerisation. To an oven dried Schlenk
tube was added Cu(l)Cl (8.5 mg, 0.086 mmol), PMDETA (53 uL, 0.26 mmol),
anisole (0.6 mL), ethyl 2-bromoisobutyrate (12.5 ulL, 0.085 mmol), lauryl
methacrylate (1.35 g, 4.89 mmol) and MMA (0.34 g, 3.43 mmol). The reaction
mixture was degassed using four freeze-pump-thaw cycles and heated at 110 °C
under nitrogen for 120 minutes where conversion had reached 96.8%. The
polymerisation was terminated by bubbling with air for 10 minutes followed by the
addition of dichloromethane (10 mL). A small amount crude polymer was passed
through a short basic alumina column before being precipitated once into methanol.
The polymer was dried in a vacuum oven for 3 hours and used for analysis. M, =

19,600 g/mol; PDi = 1.29.

Georgina Rayner 277



Dopamine End-Functionalised Polymers for Application as Friction Modifiers

2.7.4.6. Copolymerisation of lauryl methacrylateand MMA

using Cu(l)CI and the protected dopamineinitiator

PN - ~ Cu(1NClL anisole O
) ~ ~~ . ~ .
~ <R O
l e ¢ I | I \ \
N N - LT A > Ny [ LA LB
NN N o X 0 X0 110°¢ : . 0" NP N ,/l\/,‘, 1 ~7
H [ N~ ~UN H X ’

Cias NN ~ N AN A
| Q7 T00" o

The method for the copolymerisation of lauryl methacrylate and MMA was adapted
from that described in Section 2.7.4.5 for this polymerisation. To an oven dried
Schlenk tube was added Cu(l)Cl, PMDETA, anisole, the protected dopamine
initiator, lauryl methacrylate (1.35 g, 4.89 mmol) and MMA (0.34 g, 3.43 mmol).
The reaction mixture was degassed using four freeze-pump-thaw cycles and heated
at 110 °C under nitrogen for 90 minutes. The polymerisation was terminated by
bubbling with air for 10 minutes followed by the addition of dichloromethane (10
mL). The crude polymer was passed through a basic alumina column before being
precipitated once into methanol using a dry ice/acetone bath using dichloromethane
to dissolve the polymer. The polymer was dried in a vacuum oven a 40 °C

overnight.

Table 2.7-4. Reagent quantities for the Cu(l)Cl mediated copolymerisation of lauryl

methacrylate and MM A using the unprotected dopamineinitiator

Cu(hCl PMDETA Unprotected I Anisole
mg mmol pL mmol mg mmol (mL)
85 009 53 026 279 0.09 0.6
127 013 80 038 421 013 0.6
169 0.17 107 051 558 0.17 0.6
169 0.17 107 051 558 0.17 1.86
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Table 2.7-5. Final polymerisation data for the Cu(l)Cl mediated copolymerisation of lauryl

methacrylate and MM A using the unprotected dopamineinitiator

Time Converson M, (g/mol)* PDi*
(mins) (%)

90 86.4 39,800 1.29
40 84.1 38, 600 171
90 97.7 20,700 1.46
90 89.3 18,900 1.29

*precipitated polymer

2.7.4.7. Deprotection of lauryl methacrylate/MM A copolymer

(M, = 18,900 g/mol; PDi = 1.29)

O HO .

) T o 25% TFA in i 0

N N . N 2N “;,/\ | B CHCIyH-0 P PN U {
07 NS NATNTNTL HO™ NP NS S A

The method described for the deprotection of the protected dopamine initiator was
used to deprotect a lauryl methacrylate/MMA copolymer synthesised in Section
2.7.4.6 (M, = 18,900 g/mol; PDi = 1.29) with the amounts of reagents adjusted to

the weight of the polymer (0.44 g).
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2.7.4.8. Copolymerisation of lauryl methacrylateand MMA

using Cu(1)CI and ethyl 2-bromopropionate

) Cu(I)Cl, anisole
L Br /L S g

A . P ” N
0 ‘T 0 o 0770 110°C O
[ | N_~ N N

: “ A A
Cians : 0" 00” To
Cyas

The method for the copolymerisation of lauryl methacrylate and MMA was adapted
from that described in Section 2.7.4.6. To an oven dried Schlenk tube was added
Cu()ClI (8.6 mg, 0.09 mmol), PMDETA (53 uL, , 0.26 mmoal), anisole (1.8 mL),
ethyl 2-bromopropionate (11 puL, 0.09 mmoal), lauryl methacrylate (1.35 g, 4.89
mmol) and MMA (0.34 g, 3.43 mmol). The reaction mixture was degassed using
four freeze-pump-thaw cycles and heated at 110 °C under nitrogen for 90 minutes
where conversion had reached 85.6%. The polymerisation was terminated by
bubbling with air for 10 minutes followed by the addition of dichloromethane (10
mL). A small amount crude polymer was passed through a short basic aumina
column before being precipitated once into methanol. The polymer was dried in a

vacuum oven for 3 hours and used for analysis. M, = 13,358 g/mol; PDi = 1.25.
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2.7.5. Scale up polymerisationsfor industrial testing

2.7.5.1. Copolymerisation of lauryl methacrylateand MMA

using Cu(l)CI and ethyl 2-bromopropionate

The method described in Section 2.7.4.8 was repeated with the reagents scaled up as
follows: Cu(l)Cl (182 mg, 1.84 mmol), PMDETA (1.15 mL, 5.51 mmol), anisole
(38 mL), ethyl 2-bromopropionate (0.24 mL, 1.84 mmoal), lauryl methacrylate (29.03
g, 0.11 mol) and MMA (7.31 g, 73.0 mmol). The polymerisation was stopped after
90 minutes where conversion had reached 88.7%. The polymerisation was
terminated by bubbling with air for 10 minutes followed by the addition of
dichloromethane (50 mL). The crude polymer was passed through a basic alumina
column before being precipitated once into methanol using a dry ice/acetone bath
using dichloromethane to dissolve the polymer. The polymer was dried in a vacuum

oven at 40 °C for 3 days. M, = 20,800 g/mol; PDi = 1.21.

2.7.5.2. Copolymerisation of lauryl methacrylateand MM A

using Cu(l)CI and the protected dopamine initiator

The method described in Section 2.7.4.6 was repeated with the reagents scaled up as
follows: Cu(l)Cl (363 mg, 3.67 mmol), PMDETA (2.3 mL, 11.0 mmoal), anisole (40
mL), protected dopamine initiator (1.2 g, mmol), lauryl methacrylate (29.03 g, 0.11
mol) and MMA (7.31 g, 73.0 mmol). The polymerisation was stopped after 60

minutes where conversion had reached 87.7%. The polymerisation was terminated
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by bubbling with air for 10 minutes followed by the addition of dichloromethane (50
mL). The crude polymer was passed through a basic alumina column before being
precipitated once into methanol using a dry ice/acetone bath using dichloromethane
to dissolve the polymer. The polymer was dried in a vacuum oven at 40 °C for 3

days. M, = 19,900 g/moal; PDi = 1.31.

This reaction was repeated to obtain a second polymer. M, = 18,700 g/mol; PDi =

1.31.

2.7.5.3. Deprotection of lauryl methacrylate/M M A copolymer

The method described for the deprotection of the protected dopamine initiator was
used to deprotect one polymer from Section 2.7.5.2 (M, = 18,700 g/mol; PDi = 1.31)
with the amounts of reagents adjusted to the weight of the protected dopamine
initiator used in the polymerisation (1.2 g). The polymer was dried in a vacuum oven

at ambient temperature for 4 days.
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