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Abstract

Abstract

This thesis has investigated the use of copper (I) mediated living radical polymerisation
to form well-defined star-shaped polymers with a /3-cyclodextrin core using the core-

first approach.

Multifunctional initiators based on /3-cyclodextrin were synthesised using appropriate
protection and deprotection chemistry to precisely pre-determine the functionality. By
the careful chemical modification of /3-cyclodextrin, multifunctional initiators with

precisely 21,14 and seven initiating sites could be synthesised.

Suitable reaction conditions to provide well-defined star-shaped methyl methacrylate
and styrene using copper (1) mediated living radical polymerisation were determined for
the multifunctional initiators. The extent of termination reactions by star-star coupling
was minimised by using a low concentration of initiating species and employing
relatively low reaction temperatures. The molecular weights of the star-shaped polymers
were assessed using size exclusion chromatography and light scattering techniques. The
linear polymeric arms could be independently assessed by cleaving them from the /3-

cyclodextrin core and analysing them using size exclusion chromatography.

Highly-ordered porous membrane structures are formed from star-shaped poly(styrene)
polymers under certain humid conditions. The optimum conditions for the formation of
these honeycomb structures have been investigated and the factors that affect the pore-

size have been determined. Functionalisation of the pores were also investigated.
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Chapter 1 Introduction and literature review

Chapter 1

Introduction and Literature Review

1.0 Introduction to polymer chemistry

The role that polymeric materials play in our everyday lives cannot be underestimated.
Indeed, the very existence of life itselfis based around natural polymers that include
proteins (composed of poly(amino acids)), starch and cellulose. These materials are all
formed by the chemical linking of individual units known as monomers and the word
polymer is derived from the two Greek words poly and meros, meaning “many parts”.
The advent of synthetic materials has made possible the development of so many
devices in everyday use including important advances in information technology. To
keep pace with these advances in technology, the polymer chemist plays a key role in
helping to meet the growing demands of offering more superior properties to these
materials whilst keeping production costs and environmental concerns at a minimum.
The exploitation of natural polymeric materials has been known for many centuries
where these materials were put to use for clothing and to provide shelter. At this time,
little was known about the chemical and molecular structures of these materials and the
materials were chosen merely on their physical properties. Scientists first became
interested in studying the properties of polymeric materials early in the nineteenth
century once natural rubbers had become incorporated into clothing. In 1839, the
Goodyear company discovered the vulcanisation process that involved cross-linking
polymer chains with disulfide bridges | that had the effect of increasing the mechanical
strength of the natural rubbers. This process allowed the natural rubbers to have a

broader range of applications. In the same year, Simon demonstrated the polymerisation
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of styrene™ which allowed for the production of synthetic rubbers from styrene / diene

mixtures. Also around this time the first commercial thermosetting resin, known as

Bakelite, was produced by Baekeland5. Bakelite, used as an electrically insulating
material, was formed by a method of polymerisation that involved the condensation of
phenols with formaldehyde.

In 1920, Staudinger proposed the idea of chain polymerisation initiated by a radical

species. He initially thought that the structures of polymers were large macrocycles

where monomers were linked head to tail4. The unique properties of these materials
were thought to be a direct result of their high molecular weights and an augmentation
ofthe Van der Waals forces that were acting along the length of the polymeric chains5.
Staudinger was awarded a Nobel Prize in 1953 for his discoveries in the field of

macromolecular chemistry. In 1928 Carothers was working on the application of

polyesters for their use as fibres at the Du Pont company” before realising that
polyamides have a higher melting temperature than polyesters. As a result, the first
synthetic polyamide fibres were produced and these novel materials soon replaced the
natural materials. Of particular note was the production of the polyamide Nylon 6/6 that
was used for such applications as parachutes and ropes in the Second World War.
Ziegler discovered, in 1955, that the addition of a transition metal compound to the
polymerisation of ethene resulted in the formation of high molecular weight, high
density polyethylene at a relatively low temperature and pressure™* 8. As a development
of this initiating system, Natta demonstrated the polymerisation of propylene and
1-butene and discovered that the high density and crystalline structures of these
poly(olefins) was a result of the stereoregularity conferred by the polymerisation

mechanism”, 10, Ziegler and Natta were jointly presented with the Nobel Prize in 1963
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in recognition of the significance of their catalytic process for the synthesis of high
density linear poly(ethylene) and isotactic poly(propylene).

Nowadays, the development of materials with properties that are not available from
natural products is becoming more commonplace and provides continuing challenges to
the modem polymer chemist. There are many exciting developments in providing new
polymeric materials for applications such as optical display technologies, contact lenses,
ink additives for printers, circuit boards and electrically conductive polymers for a host
of applications.

This chapter highlights some of the many different methods that are available for the
synthesis of polymers and each method has its advantages and disadvantages. The final
selection of method chosen for the synthesis of a particular product will be governed by

its efficiency and cost.

11 Chain growth polymerisation
A special case of chain growth polymerisation occurs when unsaturated vinyl

monomers react. In an addition polymerisation there is no elimination of any molecules,

unlike in a condensation polymerisation where water is eliminated 11» ~ . In radical and
anionic polymerisation systems, the nucleophilic (initiator) species reacts at the least
hindered end of a substituted unsaturated vinyl species to produce a new carbon-carbon
bond (Figure 1.1.1). The reactive centre is transferred to the substituted carbon atom at
the other end of the double bond and this centre is then able to react with the

unsubstituted end of another monomer unit to realise chain propagation.
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Methyl methacrylate

Initiator

Figure 1.1.1 Chain propagation polymerisation of methyl methacrylate initiated by an

anion.

The propagation step of polymerisations initiated by an anion involve the transfer of an
electron pair to form a new anion. The propagation step of polymerisations initiated by
a radical involves the transfer of a single electron from the initiator. A carbon-carbon
bond is then formed by the donation of a single electron from the double bond of the

vinyl species leaving a radical on the adjacent carbon atom of the vinyl species.

1.2 Free radical polymerisation
Free radical initiated polymerisations are a common synthetic route to the production of
speciality polymers with high molecular weight”. The mechanism of free radical

polymerisation is well understood and has remained unmodified since it was first

reported over sixty years ago 14.

1.3 Free radical initiation and propagation

The homolytic cleavage by photolysis or pyrolysis of an unstable bond forms free
radicals. Azo containing compounds such as azoisobutyronitrile (AIBN) (Figure 1.3.1)
and 4,4’-azobis-4-cyanovaleric acid (CVA), or peroxides such as dibenzoyl peroxide

(BPO) and tert-butyl hydroperoxide (TBHPO) are common radical initiators.
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CN
Heat / UV

CN
CN
AIBN

Figure 1.3.1 Decomposition of the free radical initiator AIBN induced by heat / UV.

Free radical species of this type are highly reactive and extremely unstable and hence
the lifetime of a free radical is very short. The free radical will readily attack a
substituted vinyl monomer resulting in the formation of another radical species. The
high reactivity of these radical species mean that chain propagation occurs very rapidly
and so polymers with a high molecular weight are produced very quickly. The rate of
propagation is proportional to the concentration of the radical and to the concentration

of the monomer.

Since the decomposition of the free radical initiators are not instantaneous, the
molecules decompose slowly with an associated half life and so polymer chains will
propagate at different times. A free radical polymerisation system will contain, at any
one time, unreacted monomer, intact initiator, high molecular weight polymer that has
ceased propagating, and propagating polymer chains that approach high molecular
weights over a very short time. A linear increase ofthe number average molecular
weight (Mn) with conversion is not observed since high molecular weight polymers are
formed even at low conversions. The molecular weight is dependant on the

concentration and nature of the initiator species (Equation 1.3.1).
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2(FaA[I])™
Where:

v = average kinetic chain length

kp = rate constant of polymerisation

f = initiator efficiency (fraction of radicals from homolysis that initiate polymerisation)
Ap= rate constant of dissociation of initiator

kt = rate constant of termination

Equation 1.3.1 Calculation of average kinetic chain length in a free radical

polymerisation.

1.4 Chain transfer

Free radical species are very reactive and are able to extract hydrogen atoms from a
variety of species including hydrocarbons. If a hydrogen atom is abstracted from a
propagating polymer chain, the polymer chain will cease to propagate and the site of
abstraction becomes the new site of propagation. This process is known as chain
transfer to polymer. Chain transfer can also occur with small molecules in the
polymerisation medium and even to monomer in some cases. Chain transfer reduces the
average length of each polymer chain but it does not reduce the number of propagating
species in the solution. The chain transfer mechanism is important in the production of

low molecular weight polymers where chemical additives that promote chain transfer
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are used. These chain transfer agents possess a relatively labile [X]-H bond so that chain
transfer can readily occur. Chain transfer agents such as thiols” (Figure 1.4.1) are

being replaced by catalytic additives based on cobalt (I1I) macrocycles 16 and are used at

ppm levels and so do not impart any colour, toxicity or odour to the final polymer.

(0]

Figure 1.4.1 Chain transfer in the radical polymerisation of MMA mediated by a thiol.

1.5 Free radical termination

When two radical species (polymer or initiator fragment) are close enough to react, a
stable covalent bond is formed that cannot be broken under the reaction conditions.
Propagation can no longer occur and the polymer chain is deemed a “dead” chain. There
are two possible outcomes when two radicals approach each other. In the first scenario,
the two radicals can combine to form a single long polymer chain that is formed from
the two propagating chains. This is known as termination by combination. In the second
scenario, a hydrogen atom can be transferred from one polymer chain to the other
polymer chain. This is known as termination by disproportionation (Figure 1.5.1).
Termination by disproportionation yields a polymer chain that is terminated by a
hydrogen atom and the other polymer chain is terminated with an w-functionalised

double bond. In the free radical polymerisation of MMA, termination by
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disproportionation is the prevailing form whereas the polymerisation of styrene, which
lacks a labile a-hydrogen atom, has termination by combination as the dominating

termination mechanism.

Figure 1.5.1 Termination by combination and disproportionation in the free radical

polymerisation of MMA between polymer chain A (blue) and polymer chain B (red).

Both termination by combination and disproportionation occur in a free radical
polymerisation and the random process is governed by the concentration of radicals. As

a result of these termination processes, a broad molecular weight distribution is

observed.

1.6 Characteristics of a free radical polymerisation

Free radical polymerisations are extremely robust and can tolerate a wide variety of
functional groups. Almost any molecule possessing a double bond can be polymerised.
Polymers functionalised with hydroxyl groups, acid groups or alkyl amines can be
obtained by use of appropriate monomers. It is not necessary to have highly pure
monomers that need drying and the radical inhibitors that are added to prevent
polymerisation during storage do not need to be removed prior to their use. Free radical
polymerisations can be carried out in aqueous media since free radicals are tolerant to
water. In suspension polymerisations, the monomer and the initiator (that is soluble in

the monomer) are suspended as droplets and stabilised by surfactants in the aqueous
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media. The behaviour of each droplet can be compared to that of a bulk polymerisation
and if the conditions are right, the product is obtained as a solid bead that is isolated by
filtration. In the 1920’s, the Goodyear Tire and Rubber Company first carried out
emulsion polymerisation' 1. This process requires a water-soluble initiator to initiate the
polymerisation in the aqueous phase. The polymer is obtained as a dispersion of
polymeric spheres with a typical diameter of a few hundred nanometers. This is known
as a latex and is important in the production of waterborne paints and adhesives. Both
suspension and emulsion polymerisation processes are less damaging to the
environment compared to solution polymerisation processes and the excellent heat
transfer afforded by the aqueous media makes these systems more attractive from a

safety standpoint.

1.7 lonic polymerisation systems

Free radical polymerisations offer a poor degree of control of molecular weight and
molecular weight distribution. This is primarily due to the large number of chain
termination events that occur between propagating chains in such a process. If the
polymerisation is initiated by an ion, termination between two propagating chains will
not be able to occur due to charge repulsion and there is no mechanism for combination.
A cationic polymerisation system employs an electrophile to initiate the polymerisation

of monomers that possess a nucleophilic group. Initiators that have been used in
cationic polymerisations include protonic acids'8, Lewis acids (including Friedel-Crafts

catalysts)'9, 20 an(j iodine”™'. The mechanism of a cationic polymerisation using a

Friedel-Crafts catalyst is shown in Figure 1.7.1.
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Figure 1.7.1 Cationic polymerisation of styrene promoted by a Friedel-Crafts catalyst.

An anionic polymerisation* was first reported in the 1940’s and a variety of initiators

have since been investigated”™ for the polymerisation of monomers bearing an
electrophilic substituent. Initiators that have been used in anionic polymerisations
include alkali-metal alkyls, Grignard reagents and potassium and lithium in liquid
ammonia. Termination of propagating chains is prevented by the repulsion of like
charges but chain transfer reactions are dominant due to the transfer of protons from
solvent, protic monomers, polymer backbone and impurity. These chain transfer events
lead to irreversible termination of the propagating chains. Further side reactions may
occur ifthe monomer possesses multiple sites for nucleophilic attack. The rate of such
side reactions and chain transfer events can be reduced relative to the rate of

polymerisation if the reaction temperature is reduced.

1.8 Living polymerisation systems

Ifa polymerisation process proceeds in the absence of any irreversible chain transfer
and chain termination reactions then polymer chains will continue to propagate until the
supply of all monomer is exhausted. This type of polymerisation process is known as a

living polymerisation. In 1956 Szwarc et al. reported the first observation ofa

polymerisation that had living characteristics®. He demonstrated that the rate of
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termination for the polymerisation of styrene using sodium naphthalenide as an anionic
initiator system was zero. Furthermore, chain transfer activity was suppressed by the

use of highly purified, dry aprotic reagents and so 100 % conversion of styrene to
polystyrene was achieved. It was concluded that the lack of chain termination and chain
transfer events was due to the charge repulsion between chain ends. A second feed of
monomer into this system produced polymers that increased in molecular weight that
further demonstrated that the chain ends were not terminated. Elaboration of this type of
living polymerisation would create the possibility of complex polymeric architectures
including block copolymers. Control over the molecular weight and narrow molecular
weight distributions were not always achieved. To overcome this, it was necessary for
initiation to be fast relative to the rate of propagation so that all polymer chains begin to
grow at the same time (unlike in a free radical polymerisation). If all the chains
propagate at the same time and at the same rate then the molecular weight will increase
linearly with conversion and narrow molecular weight distributions will be observed.
All initiator molecules added to the system will initiate the propagation of one polymer
chain and since there are no chain transfer reactions, the average degree of
polymerisation (DP) will be equal to the ratio [Monomer]:[Initiator]. In a living
polymerisation system, there is no loss of reactive species during the polymerisation and

so first order reaction Kinetics are observed as described in Equation 1.8.1.



Chapter 1 Introduction and literature review

Rate of polymerisation: -d[M]/dt = kp[Pol*][M]

Where kp= rate constant of propagation and [Pol*] is the concentration of active species
Integration gives: -In[M] = kp[Pol*]t + C

When t =0, [M] = [MQ]

Rearrangement gives: In([MQ)/[M,]) = kp[Pol*]t

Equation 1.8.1 Derivation of first order kinetics of a living polymerisation.

If the rate of initiation k, is much greater than the rate of propagation kpthen it will be
possible to synthesise polymers with predetermined molecular weights and narrow
molecular weight distributions.

The commercial exploitation of living anionic polymerisation systems has so far been
limited to the production of styrene and butadiene copolymers used for synthetic
rubbers. The need for high purity reagents and low reaction temperatures for the
controlled polymerisation of acrylates and methacrylates has prevented living anionic
polymerisation having a larger commercial impact.

To overcome the difficulties in the anionic living polymerisation of methacrylates, the
Du Pont company25, 26 developed group transfer polymerisation. Group transfer
polymerisation uses a silyl ketene acetal initiator and the polymerisation is catalysed by
either a nucleophile or a Lewis acid. Propagation has been shown to proceed via a
concerted mechanism whereby the silane group of the initiator is transferred to the chain
end as the new C-C bond is formed (Figure 1.8.1). A wide range of solvents, including
DMF, can be used in group transfer polymerisations. Side reactions such as
backbiting?? may still occur although the rate of such reactions are decreased due to the

concerted nature of the mechanism.
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Figure 1.8.1 Group transfer polymerisation of methyl methacrylate.

The exact mechanism of group transfer polymerisation is still in discussion and it is
thought that the propagating species is a low concentration of the free anion28.
Due to the intolerance of protic functionality in group transfer polymerisation, this

process has yet to have a commercial impact.

1.9 Living radical polymerisation

The limited commercial application of living polymerisation systems stem from the
need for high purity solvents and reagents, low reaction temperatures, solvents that do
not chain transfer and can only exploit a limited variety of monomers. Furthermore, the
cost of the initiator and the cost of metal removal in polymers synthesised by group
transfer make this process commercially unattractive. Free radical polymerisations on
the other hand are very robust, can tolerate a wide range of monomers with different
functionalities and can proceed over a wide range of operating conditions but are highly
non-selective.

A living radical polymerisation process combines the benefits of a living system with
the versatility of a radical process and the reactivity of the radical is reduced. The
strategy for controlling the radical polymerisation is to lower the instantaneous
concentration of a growing radical species. This is achieved by introducing a covalent

dormant species that exists predominantly over, and in fast equilibrium with, the active
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radical species. This dynamic and rapid equilibrium minimises the probability of radical
bimolecular termination reactions and also gives an equal opportunity of propagation to
all polymer chains via the frequent interconversion between the active and dormant
chains. In this way, polymers with uniform molecular weight and narrow molecular
weight distribution can be produced. The covalent bonds of the dormant species must be
activated reversibly and homolytically into the growing radical species by either

physical or chemical stimuli.

1.10 [Iniferter systems

The first use of the term living radical polymerisation was used by Otsu and Yoshida™*

in 1982 to describe iniferter systems that are an extension of the inifer system used by

Kennedy et al.30 jn the preparation of telechelic polymers via cationic polymerisation.
The term iniferters derives from the ability of a compound to initiate polymerisation, act
as a chain transfer agent and terminate chains. The initiator incorporates a weak bond
that is homolytically activated by either heat or UV light to produce a primary and a
secondary radical. The primary radical is stable and is slow to initiate the
polymerisation (this is known as the persistent radical) whilst the secondary radical is
able to initiate polymerisation and allows chain propagation to occur. Termination
reactions between two polymer radicals by combination or disproportionation is
reduced when the concentration of iniferter is kept high. Thus, chain transfer and
termination by the persistent radical to iniferter is more favourable. Termination of the
polymer chains by chain transfer or primary radical, results in a polymer that is a>
functionalised with the persistent radical group. Since this new bond is unstable, it is
able to homolytically cleave by either heat or UV light and so propagation can proceed.

The absence of irreversible termination reactions renders this process living and the

14
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addition of a second monomer feed allows for further propagation until 100 % monomer
conversion to polymer is achieved. However, poor control over molecular weight and
molecular weight distribution is observed with these systems because initiation of each
polymer chain is slow and does not occur simultaneously.

Efficient iniferter systems have been developed based on the stable organosulfur radical

such as the symmetrical dithiuram sulfide™ 1 (Figure 1.10.1).

Figure 1.10.1 Iniferter mediated polymerisation of methyl methacrylate.

1.11 Nitroxide mediated polymerisation

As an extension to the stable free radical effect of the iniferter system, Solomon and
Rizzardo32 patented the use of nitroxide mediated polymerisations (Figure 1.11.1) to
control a radical polymerisation process. Propagating radicals in a nitroxide mediated
polymerisation are capped by a stable free radical based on nitroxide such as 2,2,6,6-
tetramethylpiperidinyl-lI-oxyl (TEMPO) (Figure 1.11.2) that is unable to initiate

polymerisation itself.
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Polystyrene Dormant species

Figure 1.11.1 Benzoyl peroxide initiated polymerisation of styrene mediated by

TEMPO.

The C-O bond of the capped species can be homolytically cleaved by heat to allow
further free radical propagation and this capped, dormant species can be isolated”

or used in sitie’4. Fukuda et al.35 and Bon et al.36 have investigated the Kinetics

ofthe C-O bond homolysis.

Figure 1.11.2 Structure of unimolecular initiator species in the TEMPO mediated

polymerisation of styrene.

16
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Nitroxide mediated polymerisations have been used to prepare polystyrene with a
narrow molecular weight distribution (PDi < 1.5)37. By modification of the alkyl
groups on the nitroxide moity it has been possible to polymerise acrylates*S, dienes39
and vinyl acetate.

Georges et al. achieved well-controlled living polymerisation (PDi < 1.3) of styrene
using BPO as the radical source together with TEMPO although high temperatures
(125 °C) were necessary and only a slow rate of polymerisation was observed”. The

thermal autoinitiation of styrene by the Mayo”l process and the disproportionation of
the dormant species to an u -unsaturated species and hydroxyamine complicates the
nitroxide mediated polymerisation.

The controlled nitroxide mediated polymerisation of styrenes and 4-vinylpyridine~2 has
not been observed for other monomers such as MMA. Modification of the TEMPO
structure at positions other than at the a- position has little effect on the reactivity of the
group due to the absence of a delocalised electron system.

However, nitroxide mediated polymerisation is of continued interest due to its ease of
use and its absence of any metal species involved. iY-rer/-butyl-/V-[ 1-diethylphosphono-
(2,2-dimethylpropyl)] nitroxide (DEPN) has recently been used in the preparation of

PST and PBA with a narrow molecular weight distribution”. The nitroxide-mediated

polymerisation of acrylic acid has also been recently reported”.

1.12 Radical addition fragmentation chain transfer polymerisation (RAFT)

This process is the most recent method to control radical polymerisations and patents

were first applied for in 199875, 46 Dithiocarbamates are used as the mediating species

and the process is initiated by a standard free radical initiator such as AIBN that reacts

17
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with the dithiocarbamate. A metastable adduct radical is formed that can be detected by

electron spin resonance (ESR) techniques4”» 48. This metastable adduct can fragment in
two ways to produce a radical and another dithiocarbamate compound. The radical
produced is able to initiate polymerisation and propagation occurs similarly to a
standard free radical polymerisation. The radical undergoes a chain transfer reaction
when it encounters another dithiocarbamate compound (Figure 1.12.1). The growing
polymer chain is reversibly capped with the mediator fragment and the dormant and
active species are in rapid equilibrium that results in living radical behaviour.

The leaving group R on the sulfur atom has to be a better homolytic leaving group than
the polymer chain if good control is to be achieved. The rate of addition / fragmentation
should also be fast relative to the rate of polymerisation to ensure that the equilibrium
between dormant and active polymer chains is quickly established. Selection of an
appropriate X group on the dithiocarbamate is necessary to activate the C=S bond. Ifthe
X group contains an alkyl amine functionality, poor control over the polymerisation of
styrene, MMA and MA is observed with molecular weight distributions greater than

1.6. However, if the X group contains an aryl amine functionality, better control is

observed due to the ability of the nitrogen atom to donate electron density into the

sulfide radical system thereby stabilising it and reducing the rate of fragmentation49. If
the X group is another sulfur atom that contains a good leaving group (R) then the

dithiocarbamate mediating group is found at the centre of the two polymer chains and
thus serves as a precursor for the synthesis of ABA triblock copolymers™O. The kinetics

and mechanism ofthe RAFT process is the topic of current research 1 56
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Initiation

RAFT process
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Figure 1.12.1 Proposed mechanism for RAFT polymerisation.

1.13 Transition metal mediated living radical polymerisation

Transition metal mediated living radical polymerisation was first reported almost
simultaneously in 1995 by the research groups of Sawamoto”? and Matyjas/ewski”S.

The process is based on the Kharasch reaction”™ where a transition metal that is
stabilised by complexing ligands can be oxidised by the transfer of an atom (typically a
halogen) from a dormant molecule transforming the latter to an active chain that can
undergo polymerisation. In an example of the Kharasch reaction, a weak carbon halogen
bond undergoes homolysis in the presence of the transition metal complex and the
halogen is transferred to the metal complex. The resulting radical that forms will then

undergo addition to the least hindered end of an unsaturated molecule followed by
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transfer of the halogen from the metal complex to the other end. This process is known

as atom transfer radical addition (ATRA) (Figure 1.13.1).

Figure 1.13.1 Mechanism of the Kharasch reaction.

A similar process occurs for intramolecular addition in the formation of ring
structures” and this is known as atom transfer radical cyclisation (ATRC).

If the product of addition of R-X also contains a carbon halogen bond that is weakened
by the presence of a-electron withdrawing groups, further Kharasch type reactions can
occur and this is the principle of the transition metal mediated radical polymerisation of
styrenes and (meth)acrylates. This process is referred to as atom transfer radical
polymerisation (ATRP). Like other methods of controlled radical polymerisations, the
fundamental principle of transition metal mediated living radical polymerisation is to
keep the concentration of propagating species low and constant thus minimising bi-
radical terminations. In this process, this is achieved by the reversible capping of the
propagating species by a halogen atom and establishing a fast equilibrium between the
dormant and active species. Ifthe rate of initiation is fast relative to the rate of
propagation then all chains will grow at the same time. This can lead to polymers with a
narrow molecular weight distribution (typically PDi < 1.3) with Mn determined by the

ratio [M]:[1].
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The initiator used in these systems has a structure that is analogous to that of the
monomer that is being polymerised and incorporates a carbon halogen bond that is
activated by the transition metal complex. The exact nature of the active catalyst is not

well understood and is a topic of current research. Living radical polymerisation has

recently been reviewed by Matyjaszewski”l and Sawamoto62.

1.14 Rhodium mediated living radical polymerisation

The reduction of olefins by the Wilkinson’s catalyst RhCI(PPh3)3is well known in
organic chemistry and proceeds via a mechanism involving complexation of the
substrate to the metal centre. Percec et al. reported that this catalyst was successfully
applied to the bulk ATRP of styrene at 130 °C with a/)-methoxybenzenesulfonyl
chloride (MSC) as the initiator®. However, poor control and polymers with high
molecular weight distributions (PDi = 1.8 - 3.2) were observed. The molecular weight
distributions were found to be lower when the concentration of catalyst was increased
but these were still higher than other controlled living radical polymerisations.

In contrast, Teyssie demonstrated the successful ATRP of MMA using 2,2’-
dichloroacetophenone64 as the initiator in the presence of RhCI(PPh3)3. The PMMA
was synthesised with a relatively narrow molecular weight distribution (PDi ~ 1.5) and
the polymerisation followed first order kinetics in THF solution. Interestingly, the rate
of polymerisation was found to accelerate significantly with a THF / 40 % water solvent
system.

Kotani et al. demonstrated the polymerisation of styrene using [Re021(PPh32] /
AI(0'Pr)3in conjunction with alkyl iodide initiators”~. The initiating system was almost
100 % efficient and molecular weight distributions of less than 1.5 were observed. Tlr

polymerisation was faster than reaction using RhCI(PPh3)3. The system was extended to
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the polymerisation of substituted styrenes and similar reaction kinetics were observed

for/7-chlorostyrene and /7-methylstyrene in toluene at 60 °C. Narrow molecular weight

distributions were observed (PDi ~ 1.3)66.

1.15 Palladium mediated living radical polymerisation

The first reported use of palladium (0) in polymerisations was by Otsu. He used
palladium adsorbed onto carbon black to promote the free radical polymerisation of
MMA initiated by chloroform (CHCI3)67. Tsuji reported in 1981 that Pd(OACc)2 in

conjunction with PPI13 was an efficient promoter of the Kharasch addition of CHCI3 to

olefins with high yields at room temperature68. This system was investigated for
potential use in the industrial application of living radical polymerisation owing to the
stability of the catalyst substituents in water69. MMA was polymerised in toluene at
70 °C but the distribution of molecular weights was broad (PDi =1.6 - 2.3) and the
efficiency of the initiator was as low as 30 %. The distribution of molecular weights
was improved when the level of PPh3 was increased but this had the effect of lowering

the initiator efficiency to 20 %.

1.16 Ruthenium mediated living radical polymerisation

Living radical polymerisations based on ruthenium complexes are based on the organic
reaction of carbon tetrachloride addition across a double bond of an alkene catalysed by
[RuCI2(PPh3)3]70. The reaction is highly regioselective with the bulky CCI3 group
binding to the least hindered end of the double bond. This degree of control is thought
to be afforded by the formation of a radical intermediate that does not escape the
co-ordination sphere of the ruthenium”!» 72 Living radical polymerisation of MMA is

observed when an activating species of methylaluminium bis-(2,6-di-/ert-
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butylphenoxide) is employed and 90 % conversion of MMA is achieved after four hours
at 60 °C. First order reaction kinetics were observed and polymers had molecular
weights similar to those predicted and low molecular weight distributions (PDi = 1.3 —
1.4) were observed73-76 Styrene was also polymerised by this technique whilst the
polymerisation of N,A-dimethylacrylamide proceeded at a faster rate at the expense of
molecular weight control (PDi ~ 1.6)77, jhe effect of additives on the polymerisations
showed that hindered Lewis acids such as Al(0'Pr)3, Ti(0'Pr)4 and Sn(0'Pr)4
accelerated the controlled polymerisation whereas metal chlorides such as TiCL and
SnCU were ineffective. It has recently been shown that the addition of amino alcohols
can enhance the rate of LRP of MMA with RuCI2(PPh3)3. For example, using 2-
(diethylamino)ethanol as an additive significantly accelerates the polymerisation (23 h,
91 %, 60 °C) compared to the system without the additive (550 h, 95 %, 80 °C)78.

The RuCI2(PPh33/ PhCOCHCH initiating system has been shown to be effective for the
living radical polymerisation of MMA in a toluene / water mixture under an inert
atmosphere. The addition of AI(0'Pr)3 increased the rate of reaction but the reaction was
significantly quicker in the water / toluene mixture than in toluene alone suggesting that
complexation of water to the ruthenium catalyst was occurring79.

Polymerisations mediated by RuFI2(PPh3)4 proceed at a faster rate when compared with
RuCI2(PPh33 and the addition of a co-catalyst has little effect since the molecular
weight distributions are narrow (PDi < 1.2)*0. Good molecular weight control is
established by having a fast initiation. When brominated rather than chlorinated a-
haloesters are used and the dimeric initiator (C02Me)CH2C(CH3)(C02Me)Br is

employed, polymers of narrow distribution are observed.
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Figure 1.16.1 Active ruthenium based catalysts for the living radical polymerisation of

MMA.

The living radical polymerisation of MMA and styrene promoted by ruthenium “half
sandwich” type cyclopentadienyl complexes (Figure 1.16.1) has also been reported
using CHChCOPh as the initiator with an AI(0'Pr)j activator. Ruthenium indenyl
complexes were even more active and did not require a co-catalyst to mediate smooth

polymerisation. Polymers produced by this initiating system had very low molecular

weight distributions (PDi < 1.15)81 >82

Heterogeneous ruthenium mediated polymerisation of MMA has also been performed
using a solid support system without the use of a co-catalyst. 2-Aminopropyl silica was
used in conjunction with RuCI2(PPI)3)3 and reaction rates were relatively fast (91 %
conversion after four hours) although the molecular weight distributions of the final
polymers (—1.5) were larger than the corresponding homogeneous reaction with
AI(0'Pr)3. The isolated polymer was successfully used to reinitiate polymerisation to
confirm that living polymerisation had occurred. Basic aluminium oxide and silica gel

were investigated as cheaper solid supports but it was concluded that the amino

functionality was necessary to form the active catalyst”.
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1.17 Nickel mediated living radical polymerisation

The living radical polymerisation of MMA and "BMA promoted by
[Ni{(CH2NCH3)2CaH3}Br] was first reported by Teyssie84 as an extension to its

efficient activity for promoting the Kharasch addition of perhaloalkanes to MMA8"

(Figure 1.17.1).

Figure 1.17.1 Kharasch addition / polymerisation ofCCU to MMA mediated by

[Ni {(CHNCH3)ZC6H3}Br].

The polymerisation of MMA initiated by CCI4 in toluene at 80 °C produced polymers
with a narrow molecular weight distribution (PDi < 1.2) and 80 % monomer conversion
was achieved after 22 hours. Molecular weight increased with conversion but
experimental values deviated from theoretical values with increasing conversion. When
stabilised organic bromides such as ethyl-2-bromoisobutyrate (2EIBr) were used in
place of the CCl4 initiators, molecular weight values were significantly higher than the
theoretical values and initiator efficiencies were 60 % and 40 % for 2EIBr and
bromoisobutyrophenone respectively in toluene at 80 °C. Size exclusion
chromatography (SEC) experiments using a differential refractive index (DRI) and ultra
violet (UV) detector showed that the UV active bromoisobutyrophenone was fully

incorporated in the polymer chain.
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Since the nickel complex is stable in water, the suspension polymerisation of MMA
initiated by 2EIBr was investigated. High conversions were obtained with a unimodal
molecular weight distribution (Mn= 60 000 g mol"1, PDi = 1.7) and an initiator
efficiency of 40 %. In contrast, a similar reaction in the absence of the nickel catalyst
resulted in poor control (PDi = 6.5).

Sawamoto et al. investigated the polymerisation of MMA mediated by the Ni (1)

analogue of their Ru (I) based system. The initiator used was CC”Br in conjunction
with NiBr2(PPh3)3 and Al(0'Pr)3 as an activator and good control was observed (PDi =
1.4 at 90 % conversion). Slower rates of polymerisation were observed when the CCU
initiator was used and polymers with a bimodal molecular weight distribution were
produced. Similar results were obtained when mixed halide systems were used. The
failure of the chloride containing systems is due to the greater strength of the Ni-Cl
bond thereby differing from the previously described Ru (I1) systems that promote
living radical polymerisation independently of the halogen atoms employed.

The same group also showed that the NiBr2(PBu3)3 / Al(0'Pr)3 system is efficient in the
living radical polymerisation of MMA, methyl acrylate (MA) and n-butyl acrylate (BA)
at higher temperatures (up to 120 °C) and at faster rates (90 % conversion in 2.5 hours)

than the less thermally stable NiBr2(PPh3)3. Polymers with a narrow molecular weight

distribution (PDi ~ 1.2) were observed”. The addition of a second feed of monomer to
the system as conversion approached 100 % resulted in continued polymerisation unlike
NiBr2(PPh33 that experienced considerable slowing. Polymers with the lowest
molecular weight distribution (PDi ~ 1.1) were obtained when the higher molecular

weight bromoester functionalised MMA dimer was used as the initiator.
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1.18 Iron mediated living radical polymerisation

The use of iron complexes for their use in living radical polymerisation was reported
almost simultaneously by the groups of Matyjaszewski™ and Sawamoto™" in 1997.
Sawamoto demonstrated that FeCI2(PPh32 could successfully mediate the
polymerisation of MMA initiated by CC14 (PDi ~ 1.4). The activator AI(0'Pr)3
accelerated the rate of reaction although it was not necessary as in the case for the
equivalent Ru (I1) system.

Matyjaszewski used a FeX2 system (where X = Cl or Br) complexed with various
ligands including substituted bipyridines, trialkylamines, trialkyl phosphines and
trialkyl phosphates for the polymerisation of styrene and MMA with good control

(PDi ~ 1.2). High rates of polymerisation for styrene were observed when a
FeBr2P(nBu)3 catalyst system was used. Polymers with narrow molecular weight
distributions were observed when fast initiating molecules such as p-toluenesulfonyl
and 2EIBr were employed.

In 1998 Teyssie demonstrated the controlled polymerisation of MMA with an
FeCh/PPhs system initiated by the free radical initiator 2,2’-azobis-iso-butylnitrile
(AIBN)90. The use of AIBN as an initiator avoided the need for halogenated initiators
that are potentially toxic and can be expensive. Molecular weight was found to increase
with monomer conversion and the concentration of active species remained constant
once the correct equilibrium between Fe (1) and Fe (111) had been attained. Low
molecular weight distributions (PDi < 1.4) were observed and the incorporation of the
CN fragment in the polymer from AIBN was confirmed by 13C NMR. By changing the
initiator to 4,4’-azobis-4-cyanovaleric acid, using similar reaction conditions, yielded
polymers with a carboxylic acid cj-functionalisation”l. Grubbs et al. have reported the

use of a ferrous halide complexed by 1,3-diisopropyl-4,5-dimethylimidazol-2-
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ylidene92. This iron catalyst was found to be highly reactive and efficient in the LRP of
MMA and styrene. The high activity and efficiency of the catalyst was attributed to the

high electron donacity of the ligand.

' Fe...CO
Cco

Figure 1.18.1 FeCp(CO)2l used to mediate living radical polymerisation of styrene.

The use of a novel half metallocene Fe (11) complex (Figure 1.18.1) for the living

polymerisation of styrene initiated by the iodo analogue of 2EIBr was presented by

Sawamoto et al.93. When AI(0'Pr)3or Ti(0'Pr)3were used as activators, well-
controlled but very slow polymerisations were observed (90 % conversion after 12 days
for example) using toluene at 60 °C. Increasing the reaction temperature to 80 °C had
the effect of increasing the rate of polymerisation without affecting the degree of
control. Faster rates of polymerisation were observed without an activator (this is not
observed with other metal complexes) but results in the synthesis of oligomers.

Other Fe (I1) complexes of the type FeLX(CO)2 were investigated [X =1, Br; L = /5
C5H5, r*-CsMes] but these were found not to have any improvement over the original
complex*~. Fast reaction rates for the living radical polymerisation of styrene were
observed using bi-metallic complexes of the type Fe2Cp2(C0O)4 (100 % conversion after
33 hours in dioxane solution at 80 °C) and an activating co-catalyst was not required.
Recently, the living radical polymerisation of MMA has been reported where neither an
organic halide nor a radical initiator is required”. In this system, FeCl3undergoes a

redox reaction with tetraethyl thiuram disulfide to form the active FeCh catalyst and the
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halogenated initiator species EtjNCSjCl in situ. The polymerisation of MMA proceeded
at a very fast rate (40 % conversion after eight minutes in anisole at 100 °C) and the
molecular weight increased linearly with conversion where theoretical and actual values
were almost identical. Molecular weight distributions were below 1.5. The same living

polymerisation characteristics were observed using Fe (1) tri(diethyldithiocarbamate)

in the polymerisation of MMA6.

1.19 Copper mediated living radical polymerisations

Copper based systems for living radical polymerisations were amongst the first
transition metal systems to be reported and became known as atom transfer radical
polymerisations. This process was an extension of the atom transfer radical addition
system already described. In 1995, Wang and Matyjaszewski demonstrated the bulk
polymerisation of styrene using the initiator 1-phenethyl chloride and Cu(l)Br/ 2,2’-
bipyridine (bipy) as the mediating species”. Using this system, it was possible to
obtain polymers with a narrow molecular weight distribution (PDi ~ 1.5) and molecular
weights that increased linearly with conversion. As an extension to this work, the
copper based system was used for the bulk and solution polymerisation of other
monomers including methyl acrylate, butyl acrylate and methyl methacrylate and the

effect of several organic halides (X = Br, Cl) and Cu(l)CI / Cu(l)Br systems were

investigated™?. Analysis of the stereochemical information obtained from I3C NMR
spectra of PMMA led the authors to propose that the initiating species was a free radical
since the PMMA showed similar stereochemistry to that synthesised by a free radical

process. Polymerisations using bipy were heterogeneous since these complexes were

not fully soluble. Homogeneous polymerisation ofM M A" and styrene”3 occurred
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using 4,4’-alkyl substituted bipyridines (Figure 1.19.1) and these systems led to

polymers with a lower molecular weight distribution than the unsubstituted bipy.

Figure 1.19.1 4,4’-di(5-nonyl)-2,2’-bipyridine.

The synthesis of substituted bipyridines is not trivial and so the use of alternative
solubilising ligands for Cu (I) have been investigated. Haddleton et al. investigated the
use of /V-alkyl-2-pyridylmcthanimine complexes for the homogeneous polymerisation
of methacrylates99-101 Ligands of this type are readily synthesised by the
condensation reaction of 2-pyridine carboxaldehyde with an amine. The wide variety of
amines available means that the length of the alkyl chain on the ligand can be varied and
so the solubility of the ligand can be varied. Additionally, functionality can be
incorporated on the hydrocarbon tail 102

Several alkyl substituted pyridylmethanimines were successful in promoting the living
radical polymerisation of MMA. Straight chain alkyls showed faster reaction rates while
the use of branched alkyl ligands showed broader molecular weight distributions. These
ligands have also provided an improvement on atom transfer radical cyclisation
reactions such as that of a,a,a-trichloroallylacetate. A-pentyl-2-pyridylmethanimine

showed a rate enhancement over the established CuCl / bipy and tetramethyl

ethylenediamine (TMEDA) systems”

30



Chapter 1 Introduction and literature review

The crystal structure (Figure 1.19.2) of the isolated CUL2BF4 shows a tetrahedral copper
centre and this is the first time that a structurally characterised Cu (I) complex was used
in the polymerisation of MMA, rather than the formation of a complex in situ. To date

there is no evidence to suggest that the isolated structure resembles the structure of the

active catalyst that mediates the polymerisation'04.

Figure 1.19.2 (A-ethyl-2-pyridylmethanimine) Cu(l) BF4.

Commercially available multidentate amines (Figure 1.19.3) that are less expensive than
bipy have been investigated to assess their complexation with copper and their
suitability to promote living radical polymerisation. The absence of a delocalised
electron system in these ligands means that a less obvious coloration of the final

polymer is observed.
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tmeda pmdeta hmteta hmtren

Figure 1.19.3 Multidentate amines for the Cu(l) based living polymerisation of styrene,

MMA and MA.

Homogeneous solutions of CuBr are produced by these amine ligands for the bulk

polymerisation of styrene 105 an(j methyl acrylate and in anisole solution for MMA.
These ligands yield products with narrow molecular weight distributions (PDi = 1.3 for
styrene, 1.2 for MMA and 11 for MA) and Mnincreases linearly with conversion in
accordance with the values calculated by the ratio [M]:[l], The use of HMTREN in a
heterogeneous system has been optimised for the polymerisation of butyl acrylate,
styrene and MMA 106 but the polymerisation of MMA was not as well-controlled using
HMTREN and maximum conversions of only ~10 % were observed.

More recently, Johnson et al. investigated the use of nine quadridentate nitrogen donor
ligands for the polymerisation of MMA initiated by 2EIBr. The best molecular weight
control was observed using the catalyst [Cu{en(Bn)py}CI]BPIt4 (Figure 1.19.4). Using
this catalyst, PMMA with a molecular weight distribution of <1.1 and a conversion of
~90 % after 90 minutes in anisole solution at 80 °C was produced”~7 The rate Of
polymerisation was decreased when bulk was added to the pyridine ring and less control
over the molecular weight observed. Slower rates of polymerisation were also observed
when fluorinated benzene rings were investigated although the degree of control was

unaffected.
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Haddleton et al. also reported the use of fluorinated ligands in an attempt to recycle the
catalytic complex. An equivolume mixture of perfluoromethyl cyclohexane and toluene
was used as the polymerisation solvent that is only miscible at the reaction temperature
0f 90 °C. Since the catalytic complex is only soluble in the fluorous phase, homogenous
catalysis can be achieved during the reaction and the catalyst can then be separated from
the product at room temperature. Good control over polymerisations were observed

after three consecutive recycles of the catalyst and a low amount of residual catalyst was

observed in the final product'08.

Efficient living radical polymerisation mediated by the oxidised form of the transition
metal was first reported by Matyjaszewski. This process was described as “Reverse
Atom Transfer Radical Polymerisation” and when a system initiated by AIBN was used
with Cu(I1)/dNbipy as a catalyst, high initiator efficiencies were observed for the

polymerisation of styrene and methyl acrylate. The polymerisation of MMA with this

system produced products with broader molecular weight distributions (PDi ~ 1.4)'09
The function of the initiator in copper mediated living radical polymerisation is of
primary importance as fast initiation and minimal side reactions are required to give
good control over molecular weight. Since living radical polymerisation is tolerant to a

wide variety of functional groups, initiator molecules that bear functional groups have
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been used to synthesise polymers with a-functionality. This allows the synthesis ofa
variety of polymeric architectures. Efficient initiators for copper mediated living radical
polymerisation are generally alkyl halides (R-X) with either inductive or resonance
stabilised substituents. The structure of the initiator is often analogous to that of the

monomer (Figure 1.19.5).

X =Cl, Br
R'=H, CH3

Figure 1.19.5 Generic structures of typical initiators.

The facile reaction of almost any alcohol with either 2-bromoisobutyroyl bromide or
2-chloroisobutyroyl chloride yields a functionalised molecule that is able to initiate a
copper mediated living radical polymerisation 110, 111. Sugar compounds' ‘2,
cholesterol and dye moieties are just some of the compounds that have been
functionalised to initiate polymerisation. Molecules that possess more than one
hydroxyl group can also be functionalised and used to initiate polymerisation and
interesting polymeric architectures including star polymers and hyper-branched
macromolecules can be synthesised' '2.

Sulfonyl halides have also been shown to be efficient initiators due to their low
tendency to dimerise and were described as “universal initiators” ' '4. The S-Cl bond in

the sulfonyl halide is relatively weak (weaker than the C-Cl bond) and consequently

initiation is faster than propagation that is necessary for well-controlled
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polymerisations. Sulfonyl halide initiators have been successfully employed with
various monomers including styrene, methacrylates and acrylates' '5.

Functional monomers such as 2-hydroxyethyl acrylate' '6, glycidyl acrylate"7, (meth)

e

acrylamide"*, substituted styrenes”6 and acrylonitrile”9 have all been polymerised in
a controlled manner. The homopolymérisation of vinyl acetate, isobutene and N-

(cyclohexyl)maleimide is difficult but is possible by copolymerisation with monomers

such as methyl acrylate, acrylonitrile and styrene'20. The well-controlled formation of
bio-polymers based on nucleoside derivatised monomers has also been reported where a

system containing secondary hydroxyl, primary, secondary and tertiary amido, silyl

ether and ester linkages was used'7'. These developments at the polymer-biology
interface are very important in the synthesis of possible deoxyribo nucleic acid (DNA)

interacting therapies and there is the possibility of using templated synthesis to create

artificial DNA analogues'77. Templated polymerisation has already been realised in a
free radical polymerisation where poly(5’-acryloyluridine) selectively homopolymerised
the complementary monomer 5’-acryloyladenosine in the presence of5’-
acryloyluridine. These monomers can also be polymerised on a solid silica support
thereby facilitating the separation of the products from the reagents. Moreover, the
product can be used for subsequent templated polymerisation and again be separated
from the new product.

The tolerance of functional groups to copper mediated living radical polymerisation
may also have a beneficial effect on the polymerisation. As an example, the addition of

low levels of phenol, traditionally added as an inhibitor, have the effect of increasing the

rate of polymerisation of MMA without decreasing the control ofthe reaction'77. It is
thought that the complexation of the phenol to the copper centre modifies the structure

of the copper catalyst and makes it more active.
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1.20 Star Polymers
The control over molecular weight and functionality that is obtained by living radical
polymerisation methods allows for the synthesis of a range of materials with interesting

topologies. Polymeric materials containing separate polymeric ‘arms’ can be
synthesised that include graft, brush and star polymers* 13, 124 Well-defined

dendrimers also exhibit a high degree of branching* 25 Differences in architecture
between these various topologies can provide a wide variation in the final properties of
these materials.

Star polymers can be synthesised by the ‘core first” approach whereby a multifunctional
molecule is used to initiate polymerisation. This method allows star polymers to be
formed with a predetermined number arms that corresponds to the number of initiating
groups on the initiator. The first example of a star polymer synthesised by living radical

polymerisation employed hexakis(bromomethyl)benzene to yield a star polymer

incorporating six polystyrene arms radiating from a central core*26 Many other
multifunctional initiators have since been employed to synthesise star polymers with
varying numbers of arms. Inorganic heterocyclic cores such as cyclotetrasiloxanes

(Figure 1.20.1) and cyclotriphosphazenes have been modified to be used as tetra- and

hexa-functional initiators respectively*27
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e}

\ K Hydrosilation a
S

da

Figure 1.20.1 Synthesis of a four-arm star polymer from an inorganic core.

The formation of star polymers incorporating four, six and eight arms has been reported
where the central core is a modified calixarene. In these experiments, MMA and "butyl
acrylate were polymerised by living radical polymerisation and well-defined star
polymers were formed. Good control over the polymerisation was confirmed by good
agreement between the theoretical and measured molecular weights of the arms once the
arms had been cleaved from the central core!28 Haddleton et al. have reported the

esterification of/3-D-glucose to form a pentafunctional initiator (Figure 1.20.2) to

produce star PMMA and PST with five arms! 12
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Figure 1.20.2 Synthesis of a pentafunctional initiator with a /3-D-glucose core.

1.21 Cyclodextrins

The initial report of the family of compounds that became known as the cyclodextrins

was made by Villiers in 1891129 These compounds are formed by the degradation of
the amylose fraction of starch by glucosyltransferases and results in one or several turns
of the amylose helix being hydrolysed and their ends joining together. This produces
cyclic oligosaccharides that are known as the cyclodextrins. The glucosyltransferases

are not very specific and so a family of these macrocyclic cyclodextrins are produced

that incorporate a differing number of glucopyranose units 130 The most common of
these cyclodextrins are a-, 0- and 7-cyclodextrin that contain six, seven and eight
glucospyranose units respectively. These compounds are all crystalline, homogenous
and nonhygroscopic. The glucose units of the cyclodextrins are linked by a-(1-4)
linkages as in glucose and adopt a 4C| chair conformation. As a consequence of the 4Ci
conformation of the glucopyranose units, all the secondary hydroxy! groups are found
on one of the two edges of the ring and all the primary hydroxyl groups are located on
the other edge. In reality, the ring is bucket-shaped (Figure 1.21.1) and the cavity of the

molecule is lined by the hydrogen atoms and the glycosidic oxygen bridges.
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153rm

(178im

Figure 1.21.1 Chemical structure and approximate geometric dimension of 0-

cyclodextrin.

The distribution of hydrophilic and hydrophobic groups of the molecule is very
important. The hydrophilic hydroxyl groups are found at the rims of the structure thus
rendering the molecule soluble in aqueous media whereas the hydrophobic portion is
found inside the cavity. The term ‘microheterogeneous environment’l | was coined to
describe the ability of a cyclodextrin to provide a hydrophobic matrix in an aqueous

solution.

1.22 Cyclodextrin Inclusion Complexes

In an aqueous environment the slightly apolar cavity of a cyclodextrin molecule is
occupied by water molecules and this is energetically unfavourable due to polar-apolar
interactions. Consequently, these water molecules are readily substituted by appropriate
‘guest” molecules that are less polar than water. The unique structural properties of the
cyclodextrin cavity mean that inclusion complexes can be formed with a variety of

guest molecules including noble gases, paraffins, alcohols, carboxylic acids, aromatic
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dyes and benzene derivatives”*0-1 35 The cyclodextrin in an aqueous solution is
described as the ‘host” molecule and the substitution of the high-enthalpy water
molecules provide the driving force for complex formation by the ‘guest’ molecule.
Typically, the host:guest ratio is 1:1. In solution, a thermodynamic equilibrium between
dissociated and associated species is established and is expressed by the complex

stability constant Kd(Figure 1.22.1).

CD+G w CD*G

[CDI[G]
Figure 1.22.1 The thermodynamic equilibrium between cyclodextrin (CD) and guest

(G) in aqueous solution.

1.23 Cyclodextrin derivatives

The number of possible chemical modifications to the cyclodextrins is unlimited due to
the number of substitutable hydroxyl groups (18, 21 and 24 hydroxyl groups for a-, i3
and y-cyclodextrin respectively). Over 1500 derivatives have been described that can be

classified into carriers for biologically active substances *36, enzyme models' "7,

separating agents' 38, catalysts' 39 and additives'*. Many of these derivatives involve
complicated synthesis resulting in expensive products. Ifa cyclodextrin derivative is to
be industrially produced, its synthesis should ideally be a one-pot and simple process
and the final derivative should be non-toxic and its complex-forming capacity should be

retained. Among the industrially produced derivatives of cyclodextrin are methylated,

hydroxyalkylated and acetylated cyclodextrins'41, 142
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1.24 Industrial uses of cyclodextrins

The cyclodextrins are used to obtain certain benefits that result from complexation with
other molecules. These benefits include the control of solubility of a guest molecule,
stabilisation against the effects of heat, light and oxidation, masking of unwanted
physiological effects and reduction of volatility.

An example of where cyclodextrins can control the solubility of a compound is in the
additives of canned orange slices. The compound hespiridin is found in the juice of
some oranges and this imparts an undesirable cloudiness to the juice of the canned

orange slices. Addition of /3-cyclodextrin to the orange juice causes solubilisation of the

hespiridin resulting in a more desirable clearjuice” Additionally, solubilisation of
the hespiridin masks the bitter flavour of this compound.

The stabilisation effects of cyclodextrin can be exemplified by the compound
nicardipine that is sensitive to light and decomposes when exposed to light.

Complexation of nicardipine with methylated /3-cyclodextrin results in a 10-fold

decrease of photodegradation 144.

The off taste that results from coatings on tins and cans can be reduced or eliminated
using cyclodextrins in the coating. The off tastes are caused by aldehydes and ketones
containing 6-18 carbons. Analysis of the cyclodextrin-containing coatings show that

these aldehydes and ketones are withheld in the coating and so do not impart the

undesirable flavours to the contents of the tin or can 145

Cyclodextrins can be used to complex compounds to reduce their volatility. An example
is in the production of silane resins that are made using a 1,5-cyclooctadieneplatinum
catalyst. The catalyst causes the reaction to proceed immediately but if the catalyst is
complexed to cyclodextrin, this extends the shelf life of the silicone to over seven

months since complexation prevents the catalysis and reaction. The catalyst can be
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released by heating the complex to 150 °C and the subsequent curing process can be

achieved in 30 minutes 146

1.25 Summary

In this chapter the author has outlined some of the different systems that are employed
in controlled / living polymerisations. Well-defined homo- and co- polymers can be
realised using living radical techniques and this route is more industrially viable than
the original anionic systems due to the tolerance of trace impurities, water and monomer
functionality. Good control for the polymerisation of substituted styrenes, 4-
vinylpyridine and acrylates can be achieved using nitroxide-mediated polymerisations
although reaction rates are slow. Methacrylates readily undergo termination by
disproportionation with the nitroxide radical due to the presence of the a-hydrogen atom
on the methacrylate.

The development of the RAFT process has been shown to give good control in the
polymerisation of MMA, styrene, butyl acrylate and methacrylic acid. However, the
synthesis of the RAFT agents is not trivial and problems associated with odour and
toxicity may limit their commercial use.

This thesis is mainly concerned with copper mediated living radical polymerisation as it
has been shown to be a good promoter of well-controlled polymerisations for a variety
of monomers. Furthermore, the metal catalyst is inexpensive, a wide variety of ligands
can be synthesised in trivial reactions and a co-catalyst is not required. This thesis
demonstrates the effectiveness of copper catalysts to produce well-defined complex

polymeric architectures that would be impossible using conventional methods.
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Chapter 2
Synthesis and Characterisation of Star Polymers with

21-arms by Copper (1) Mediated Living Radical Polymerisation

2.0 Introduction

The synthesis of star polymers by transition metal mediated living radical

polymerisation has been investigated by a number of research groups'* 1& There are

two general synthetic approaches to the formation of star polymers. The first is known

as the arms-first method' '"'4 whereby linear polymeric arms are formed by living
polymerisation. Star formation then occurs in one of two ways: a difunctional
comonomer can be used to provide cross-linking through propagation or the reaction

can be quenched by the addition of a multifunctional coupling agent that connects a

precise number of arms to a central core. The second approach to star polymer

formation is known as the core-first method' 5-' 8 and this method involves the use of a
multifunctional initiator that reacts with the monomer units. The core-first method
results in star polymers with well-defined structures in terms of both number of arms
and length of arms. Furthermore, the polymerisation consists solely of stars in the
absence of linear polymers. The synthesis of star polymers is of interest because of the
materials’ properties that include a lower viscosity, a high degree of chain end
functionality and different hydrodynamic properties compared to their linear analogues.
These properties give rise to interesting applications and provide an opportunity to

assess structure-property relationships.
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Recently, free radical polymerisation has been applied to the synthesis of star polymers
with pendant saccharide units'9 and living radical polymerisation used in the grafting

of glycopolymers to a solid surface”. Hence, the multiple functionalities observed in

saccharide molecules provide a route to the synthesis of a host of star polymers. The
living radical polymerisation of simple saccharide molecules including glucose”l and

sucrose22 has previously been reported and this has provided the impetus to investigate
star polymer formation based on more complex saccharide molecules that have a higher
number of potentially polymerisable arms. The wide range of available saccharide
molecules means that star polymers with any number of discrete arms can be realised.
The synthesis of such star polymers using living radical polymerisation methods offers
advantages over other methods such as ionic living processes. In an ionic living process,
the number of arms that each star possesses may be limited due to the increasing
number of ion pairs that are required for an increasing number of initiating sites. This
will lead to problems associated with stability and solubility and so star polymers with
more than four arms, prepared by anionic living polymerisation, are difficult to obtain.
Similar restrictions apply to the synthesis of star polymers by cationic polymerisation.
The synthesis of star polymers by conventional free radical polymerisation leads to
crosslinked materials due to radical recombination reactions.

Conversely, living radical polymerisation techniques provide a gateway to the synthesis
of complex macromolecular architectures due to the simplicity of the experimental
procedures involved and the versatility of applicable monomers. Well-defined structures
can be synthesised in a variety of media using this polymerisation technique.
Cyclodextrin was selected as a suitable substrate for the formation of star polymers due
to its interesting cyclic structure, hydrophobic cavity and its many primary and

secondary hydroxyl groups. With appropriate chemical modification of /3-cyclodextrin
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(/3CD) it is possible to synthesise a multifunctional initiator with predetermined
functionality that is suitable for living radical polymerisation. Furthermore, /3CD is

readily available and inexpensive.

2.1 Chemical Modification of /5CD

The modification of CD’s provides a challenge to the synthetic chemist due to the
presence of the hydrophobic cavity and the large number of hydroxyl groups. There are
a total of 21 hydroxyl groups in /3CD, 14 of which are the secondary hydroxyl groups
located at the 2- and 3-positions of the glucopyranose unit and seven are primary
hydroxyl groups located at the 6-position. For the /3CD to be employed as a
multifunctional initiator for the formation of star polymers, it is necessary to modify
these hydroxyl groups with an appropriate functionality. Since hydroxyl groups are
nucleophilic in nature, any initial reaction involves electrophilic attack at these
positions. A weak base or a basic solvent is required to neutralise the acid that is formed

when the electrophile reacts with the /3CD. Cyclodextrins are stable under basic

conditions whereas they decompose in the presence of a strong acid”.
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2.1.1 Synthesis of Heptakis(2,3,6-tri-0-(2-bromo-2-methylpropionyl)-/S-
cyclodextrin (21-Br-CD) Multifunctional Initiator for Copper (I) Mediated Living
Radical Polymerisation

The synthesis of initiators for living radical polymerisations employing a copper (1) /
pyridylmethanimine catalytic system usually proceeds by the condensation of
2-bromoisobutyrylbromide with an appropriate alcohol. However, the direct
esterification of /3CD with 2-bromoisobutyrylbromide was unsuccessful and led to a
crude black mixture. It was thought that this reagent was too reactive towards /3CD
which has a larger number of hydroxyl groups. The milder reagent 2-bromoisobutyric
anhydride was subsequently synthesised (Figure 2.1.1) and the esterification of the
21-hydroxyl groups of /3CD was accomplished by reaction with this less reactive

reagent over three days (Figure 2.1.2).

Figure 2.1.1 Synthesis of 2-bromoisobutyric anhydride.

Figure 2.1.2 Formation of /3CD functionalised with 21 2-bromoisobutyryl groups.
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Since /3CD is hydrophilic it was necessary to dry the starting materials, including the
/3CD, prior to esterification to avoid any side reactions between water and the
anhydride. The /3CD was dried in vacuo at 80 °C over phosphorous pentoxide. The 21-
armed multifunctional /3CD initiator, 21-Br-CD, was purified by flash chromatography

and characterised by infra red and nuclear magnetic resonance spectroscopy.

2.1.1.1 Infra red spectroscopy characterisation of21-Br-CD

Infrared (IR) spectroscopy was used to confirm that esterification of the j3CD had
occurred. Figure 2.1.3 shows the IR spectrum of the /3CD starting material (blue trace)
with the characteristic OH stretch of the hydroxyl groups at 3300 cm"1 The IR spectra
of the final product is shown in the same figure (red trace) where the appearance of the
carbonyl stretch of the ester is visible at 1700 cm"1and the OH stretch of the starting
material has disappeared. This indicates that all of the 21 hydroxyl groups of /3CD have

reacted with the 2-bromoisobutyric anhydride.

Figure 2.1.3 Infra red spectra of /3CD starting material (blue) and 21-Br-CD (red).
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2.1.1.2 H NMR spectroscopy characterisation 0f21-Br-CD

The 'H NMR spectra of 21-Br-CD in deuterated chloroform shows two sets of signals.
The signals between 3.5-5.0 ppm correspond to the 49 hydrogen atoms associated with
the backbone of /3CD and the singlet observed at 1.81 ppm corresponds to the 126

hydrogen atoms associated with the methyl groups of the 2-bromoisobutyric anhydride.

2.2 Copper (I) Mediated Living Radical Polymerisation Initiated by 21-Br-CD
The living radical polymerisation (LRP) of methyl methacrylate (MMA) and styrene
(ST) using 21-Br-CD to form a star polymer with 21 discrete arms (Figure 2.2.1) was
investigated. Copper (l) bromide was used as a catalyst and M+ipentyl-2-
pyridylmethanimine was employed as a ligand in a ratio of 1to 2 to ensure solubility of
the copper catalyst and to maintain the copper (1) / copper (I1) equilibrium in the

reaction solvent.

58



Chapter 2 Synthesis and Characterisation ofStar Polymers with
21-arms by Copper (I) Mediated Living Radical Polymerisation

Figure 2.2.1 Copper (I) mediated living radical polymerisation of MMA with 21-Br-CD

initiator.
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2.2.1 Suitable Reaction Conditions for the LRP of MMA Initiated by 21-Br-CD
Initially, a polymerisation system had to be developed that provided linear first order
kinetic plots that are evidence of a living polymerisation process. Suitable reaction
conditions for living polymerisation using 21-Br-CD as a multifunctional initiator were
investigated. Due to the high number of initiation sites in close proximity on the 21-Br-
CD molecule, it was necessary to work at high dilutions to minimise the possibility of
any irreversible coupling reactions between adjacent polymer chains and between
adjacent star polymers. The living radical polymerisation of linear PMMA initiated by
ethyl-2-bromoisobutyrate (2EIBr) typically proceeds at 90 °C and the ratio of
[MMA]:[2EIBr]:[ligand]:[Cu(l)Br] is typically 100:1:2:124 These same ratios were
employed when investigating the use of 21-Br-CD as the initiator. Star polymers with a
narrow molecular weight distribution were synthesised and the monomer conversion,
determined by gravimetric analysis, was found to be 30 % after 30 minutes. At higher
conversions (81 % after two hours) however, the size exclusion chromatogram (SEC)
showed the presence of a shoulder on the main peak in the higher molecular mass
region. This shoulder peak was tentatively attributed to the irreversible coupling

between two star polymers.
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For living radical polymerisation to be achieved, it was necessary to suppress these
coupling reactions at higher conversions so that chain end functionality could be
maintained at the completion of a reaction. This would provide opportunity for the
isolated star polymer to be used as a macroinitiator in the synthesis of AB type block
copolymers. To suppress the coupling reactions, the concentration of the 21-Br-CD
initiator was lowered and the effect of the polymerisation where the ratio
[MMA]:[21-Br-CD] was lowered to 500:1 was investigated. Polymerisations with this
ratio proceeded much slower and conversions of only 34 % were observed after a
reaction time of two hours compared with 81 % conversion when the ratio
[MMA]:[21-Br-CD] was 100:1. Although star polymers with a narrow molecular
weight distribution were observed by SEC, the shoulder at the high molecular mass end
of the SEC trace was still observed.

To further suppress the effects of irreversible star-star coupling, which renders the
polymer chains ‘dead’, the reaction temperature was lowered from 90 °C to 60 °C. It
has previously been reported that MMA can be polymerised at temperatures as low as
15 °C25 and Qin et al. have shown that MMA can polymerised in a living manner at
60 °C26. in other studies, Percec et al. have stated that the polymerisation of MMA
does not occur at temperatures as low as 33 °C using a copper (I)/substituted bipyridine
catalyst and an arene sulfonyl initiator*?. Typically, living radical polymerisations are
carried out at temperatures above 80 °C so as to achieve acceptable rates of
polymerisation.

Table 2.2.1 shows the evolution of molecular weight with conversion when the

polymerisation temperature was lowered to 60 °C.
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Time (minutes) Conversion* (%) Mn(SEC) M,, (theo) PDi

60 6.5 27600 72040 113
120 9.4 44800 102770 111
180 12.6 65200 136980 1.07
240 14.9 79100 160750 1.07
300 17.2 90800 184700 1.07
360 19.5 112000 209370 1.06

Table 2.2.1 Evolution of conversion and molecular weight in the LRP of MMA in
toluene (50 % v/v) at 60 °C initiated by 21-Br-CD and mediated by Cu(l)Br / A-pentyl-
2-pyridylmethanimine ([M]:[I]:[Cu]:[L] = 500:1:4:8). *Conversion determined by

gravimetry.

Polymerisations carried out at 60 °C in toluene with a ratio of [MMA]:[21-Br-
CD]:[ligand]:[Cu(I)Br] at 500:1:2:1 showed smooth reaction kinetics and a first order
kinetic plot showed a linear increase of molecular weight over time (Figure 2.2.2). This
indicated that the concentration of active species remained approximately constant over
the course of the polymerisation. Good control over the molecular weight could be
attained since the molecular weight increased linearly with increasing conversion
(Figure 2.2.3). Furthermore, the molecular weight distribution remained low throughout
the reaction. The SEC traces showed that coupling reactions between star polymers

were suppressed to less than a few percent.

62



Chapter 2 Synthesis and Characterisation ofStar Polymers with
21-arms by Copper (I) Mediated Living Radical Polymerisation

Time (hours)

Figure 2.2.2 First order kinetic plot for the LRP of MMA in toluene (50 % v/v) at 60 °C

initiated by 21-Br-CD and mediated by Cu(l)Br / iV-pentyl-2-pyridylmethanimine.

It is noticeable from Figure 2.2.3 that the observed molecular weight obtained by SEC
shows a large deviation from the theoretical molecular weight calculated from the
conversion and the ratio of the initial concentrations of monomer and initiator. The
theoretical molecular weight is much higher than those obtained experimentally. It is
thought that this difference is a consequence of the unique architectural differences
between linear and star-shaped polymers that alter the hydrodynamic volume of these

structures.
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0 2 4 6 8 0 2 14 1 B X
% Conversion (Gravimetry)

Figure 2.2.3 Evolution of molecular weight distribution with conversion for the LRP of
MM A in toluene (50 % v/v) at 60 °C initiated by 21-Br-CD and mediated by Cu(l)Br/
A-pentyl-2-pyridylmethanimine ([M]:[I]:[Cu]:[L] = 500:1:2:4). Dashed line is Mn

(theo).

2.2.2 Suitable Reaction Conditions for the LRP of ST Initiated by 21-Br-CD
Reaction temperatures higher than that for MMA are usually required for the LRP of
styrene if similar rates of polymerisation are to be achieved. The higher temperatures
are required as the carbon-halogen bond activation energy in the styrene systems is
greater than the carbon-halogen bond activation energy in the MMA systems. The

optimum temperature for the LRP of styrene with a copper (I) bromide / alkyl

pyridylmethanimine catalyst has been reported by Haddleton et al. as being 110

Matyjaszewski et al. have shown that copper (I) chloride / alkyl bipyridine systems can
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polymerise styrene at 130 °C if similar reaction rates to the analogous copper (1)
bromide systems are to be observed29. The reaction temperature can be lowered to 80-
90 °C if a more efficient catalyst is used”O, 31 The controlled living radical
polymerisation of PMMA using the 21-armed multifunctional initiator occurred
smoothly when a low concentration of initiator was employed ([M]:[I] = 500:1) and so
this same ratio was employed when investigating the LRP of styrene using 21-Br-CD.
The polymerisation temperature was set at 110 °C and the evolution of molecular

weight with conversion is summarised in Table 2.2.2.

Time (minutes) Conversion* (%) Mn (SEC) Mn (theo) PDi

60 34 3970 41300 101
120 3.6 6480 43500 1.04
180 5.2 12600 60870 1.06
240 6.2 19700 72230 1.07
300 72 26900 82960 1.08
360 8.6 36400 98320 1.09
420 9.9 44900 112680 1.09

Table 2.2.2 Evolution of conversion and molecular weight in the LRP of styrene in
xylene (50 % v/v) at 110 °C initiated by 21-Br-CD and mediated by Cu(l)Br / A'-pentyl-
2-pyridylmethanimine ([M]:[I]:[Cu]:[L] = 500:1:4:8). *Conversion determined by

gravimetry.

Good control over the molecular weight was observed after two hours (Figure 2.2.4)

and this observation was backed up by the low molecular weight distributions that were
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observed during the polymerisation. Initially, the rate of reaction was slow (Figure
2.2.5) but once the system has reached equilibrium first order kinetics were observed
and no irreversible termination was apparent. Although these reaction conditions gave

good control over the polymerisation of styrene, this was accompanied by a low

polymer conversion.

Figure 2.2.4 Evolution of molecular weight distribution with conversion for the LRP of

styrene in xylene (50 % v/v) at 110 °C initiated by 21-Br-CD and mediated by Cu(l)Br/
A-pentyl-2-pyridylmethanimine ([M]:[1]:[Cu]:[L] = 500:1:2:4). Dashed line is

Mn (theo).
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Figure 2.2.5 First order kinetic plot for the LRP of styrene in xylene (50 % v/v) at
110 °C initiated by 21-Br-CD and mediated by Cu(l)Br / AFpentyl-2-

pyridylmethanimine.

These results demonstrate that star-shaped polystyrene polymers with 21-arms can be
prepared in a controlled fashion using copper (I) mediated living radical polymerisation,

albeit with low conversions. Low concentrations of the initiator are thought necessary to

suppress the effects of irreversible termination reactions.
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2.3 Molecular Weight Analysis
The number average molecular weights of the star polymers were determined by size
exclusion chromatography (SEC) and found to be much lower than the theoretical

molecular weight Mn(theo). Equation 2.3.1 shows how Mn (theo) was calculated.

Mn(theo) = ([MOJ/[lo] x / x FW(monomer) x conversion) + FW(initiator)

Equation 2.3.1 Calculation of M,, (theo) where [Mo] and [I(] are the initial
concentrations of monomer and initiator respectively, FW(monomer) and FW(initiator)
are the formula weight of monomer and initiator respectively, and/is the initiator

functionality.

The difference between the molecular weight of the star polymers observed by SEC and
the theoretical value was not thought to be due to the incompleteness of the initiation
reaction. The difference was attributed to the differences in hydrodynamic volume
between star-shaped and linear polymers. The SEC was calibrated with linear PMMA
standards. The analysis of samples of star polymers against linear standards does not
give a true value for the molecular weight of the stars. During an SEC measurement
polymers are fractionated according to their hydrodynamic volume. The sizes of star
polymer molecules are generally smaller than that of linear polymers with equivalent
molecular weight”?/ This is due to the ability of a star polymer to coil when in solution
and so its hydrodynamic volume is reduced. A linear polymer with the same molecular
weight will not coil to the same extent as a star polymer and so its hydrodynamic
volume will be greater. As a consequence, the star polymers, with their lower

hydrodynamic volume, will remain in the pores ofthe SEC column for longer. Hence,
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the true molecular weight of the star polymers cannot be obtained where a set of linear
polymer standards is used to establish the relationship between the elution volume and
the molecular weight. As a result of the differences in hydrodynamic volume between
star and linear polymers, the SEC underestimates the actual molecular weight of the
stars. Hence the direct interpretation of SEC results is only applicable to linear
homopolymers where the calibrating materials and the test samples are of a similar

chemical type. Others have also observed differences between experimental values

determined by SEC and theoretical values-", 34 14 NMR spectroscopy can be used to
estimate the molecular weight of polymers. This can be achieved by comparing the
signals arising from the vinyl proton of the MMA monomer with the methyl groups of
the 21-Br-CD initiator. However, due to the low concentration of initiator used in these
reactions ((MMA]:[21-Br-CD] = 500:1) the use of 'H NMR to determine molecular

weight was not appropriate.

2.3.1 Molecular Weight Determination by Low Angle Laser Light Scattering

An alternative method of determining the weight-average molecular weight Mwof a star
polymer directly without the need for column calibration is by light scattering methods.
In a low-angle laser light-scattering (LALLS) experiment, the light scattered from a
polymer solution at a single low angle is measured. The combination of LALLS and
SEC will give information on the molecular weight of the star polymer as calculated
from the excess Rayleigh factor R$ and the polymer concentration c. The Rayleigh
factor Re is the fraction of light scattered relative to the incident beam at a defined angle
d. When dealing with a solution, only the scattering from the solute, dRe, is of interest

and so the scattering due to the solvent must be subtracted (Equation 2.3.2).
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dRe = Re (solution) - Re (solvent)

Equation 2.3.2 Calculation of the Rayleigh factor due to a polymer solute.

In a LALLS experiment, the molecular weight Mwis given by Equation 2.3.3.

Kc 1
drRO M,
Where K is the optical constant:
K 2n2hdn/dc)2
AN 4

n = refractive index of pure solvent

dn/dc =change in refractive index of the solution with polymer concentration
X= wavelength of the incident light

Na= Avogadro’s constant

Equation 2.3.3 Determination of weight-average molecular weight by LALLS.

The molecular weight can therefore be determined by measuring the concentration of
the eluting species. In practice this is achieved by connecting a concentration detector in
series with the LALLS photometer. At each elution volume the concentration ¢ and
Rayleigh factor dRe of the eluting species can be measured and so the molecular weight
Mwcan be determined.

The accuracy of a GPC-LALLS experiment increases as the molecular weight and
concentration of the polymer increases. This is because the amount of light scattered is

directly proportional to the product of the molecular weight and solute concentration.
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The weight-average molecular weights of a selection of 21 -armed star polymers are

shown in Table 2.3.1.

Polymer Mw(SEC) MwMn(SEC) Mw(GPC-LALLS) Mw(theo)'

PMMA 62700 1.06 104000 106000
PMMA 27400 1.10 35800 39800
PST 55700 145 202000 135000
PST 33500 1.16 68000 55400

Table 2.3.1 Comparison of Mwvalues determined from SEC and GPC-LALLS
experiments of 21-armed star polymers prepared by Cu(l) mediated LRP. *Determined

by [Mn (theo)] x [MwWMn (SEC)].

The measurement of weight-average molecular weights using the LALLS method
shows good agreement with the theoretical weight-average molecular weights
calculated from the product of the molecular weight distribution obtained by SEC and
the theoretical number-average molecular weight. The molecular weights determined by
LALLS are much higher than those obtained by SEC. The agreement between the
theoretical weight-average molecular weight and the weight-average molecular weight
determined by LALLS is more pronounced with the 21-armed PMMA stars. The higher
molecular weight distributions of the 21-armed polystyrene stars may have lead to
complications in measuring the weight-average molecular weight by LALLS. The
measurement of the absolute molecular weight of the star polymers by the LALLS
method appears to give a much better agreement with the theoretical values when

compared to the data obtained using the SEC method independently.
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In order to obtain accurate light scattering data using the LALLS method, it was
necessary to isolate and purify the star polymers prior to undertaking a LALLS
experiment. This enabled the exact concentration of the star polymer in the solvent to be
determined which is vital to obtain accurate LALLS data. As a result, kinetic
experiments could not be performed using the molecular weight data obtained from
LALLS since the precise concentration of polymer at a given time could not be
calculated.

Samples of polystyrene stars scatter the incident light to a greater extent than samples of
PMMA stars. This is because the refractive index increment dn/dc of polystyrene is
greater than that of PMMA (Table 2.3.2) and so, according to Equation 2.3.3, can be

expected to scatter the light to a greater extent.

Polymer dn/dc \(nm) Solvent
PMMA 0.086 633 THF
PST 0.192 633 THF

Table 2.3.2 Refractive indices of PMMA and PST used for LALLS experiments.

The use of the LALLS method to measure the absolute molecular weight of the isolated
star polymers has been shown to be a good method for this purpose. The results of the
LALLS experiments are consistent with the star polymers having a more compact and
coiled structure in the THF solution compared to linear analogues that would be

expected to assume a more random coil structure in the THF solution.
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2.3.2 Molecular Weight Determination by Static Light Scattering

An alternative method of determining the absolute molecular weight of star polymers is
to use size intensity measurements by means of static light scattering (SLS) techniques.
In this method, the intensity of scattered light from a polymer solution as a function of
scattering angle and solute concentration can be used to determine the molecular
weight. In 1948, Zimm-~ derived the relationship between the concentration and

intensity of scattered light (Equation 2.3.4).

Kc 1
R MPa

+ 2A2c

Where K is the optical constant previously described

R is the Rayleigh ratio and dependent on the intensity of scattered light

Pg is the particle scattering function that depends on particle shape

A2is the second virial coefficient

Equation 2.3.4 Zimm relationship between molecular weight M, concentration ¢ and

Rayleigh ratio R.

Zimm proposed a special graphing technique, now called a Zimm plot, to deduce the
molecular weight of the polymer sample. A Zimm plot shows concentration over
Rayleigh ratio as a series of measurements made at different angles and different
concentrations to form a grid. A double extrapolation to zero concentration and zero
angle can be calculated and the intercept on the vertical axis is proportional to the
reciprocal of the weight-average molecular weight.

Static light scattering techniques are very sensitive to dirt and dust in the sample and so
great care was taken in preparing the samples. Four concentrations (0.25 - 2.00 g L") of

star-shaped poly(methyl methacrylate) in THF were accurately prepared in a laminar
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air-flow cabinet to reduce the contamination of dust. The four concentrations of
polymer solution along with all solvents were also filtered twice through 0.02 pm
membrane filters to ensure that all dust was excluded and solutions left to stand
overnight to ensure complete solvation. The SLS experiments were performed over
twelve angles between 30° and 140° with 60 separate one-second intensity
measurements being made at each angle before averaging for each angle. Once each of
the twelve angles for each of the four polymer concentrations had been measured, a
Zimm plot was constructed. An example ofone ofthese Zimm plots is shown in Figure

2.3.1.

165.

0.4c + sin20/2)

Figure 2.3.1 Zimm plot ofa 21-armed PMMA star polymer used to obtain absolute

molecular weight.
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The more concentrated polymer samples scatter light to a greater extent and so the
intensity of the scattered light is greater at higher concentrations whereas the intensity
of scattered light is lower for lower concentrations of polymer samples. The
extrapolation of the Zimm plot to zero concentration and zero angle gives the reciprocal
ofthe weight-average molecular weight and a good agreement between molecular

weights obtained by SLS and LALLS was observed (Table 2.3.3).

Polymer Mw(SLS) Mw(GPC-LALLS)
PMMA 109000 104000

PMMA 38300 35800

PST 225000 202000

PST 80000 68000

Table 2.3.3 Comparison of molecular weight data obtained by SLS and GPC-LALLS.

The determination of the absolute molecular weight of star-shaped polymers by light
scattering methods therefore provides evidence that star-shaped polymers have been
formed. In the SEC experiments, the lower hydrodynamic volumes of the star-shaped
polymers mean that they remain in the pores of the SEC columns for longer and this is
why SEC appears to underestimate the true size of the polymers. In light scattering
experiments such as SLS however, the star-shaped polymers are not separated according

to their size and their molecular weight can be obtained more directly.
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2.4 Conclusions

The synthesis ofwell-defined star polymers containing 21 arms by the core first
approach has been realised. This is the first time that such star polymers, incorporating a
/3CD core, have been prepared by copper mediated LRP. The precise organic synthesis
of the /3CD derivative to form the novel multifunctional initiator was essential if the
number of arms were to be predetermined. Despite the high molecular weight of this
initiator, it was still possible to purify the initiator by column chromatography and it
could be fully characterised. Suitable reaction conditions required for living radical
polymerisation of MMA and styrene were investigated. Due to the high concentration of
initiating species on the /3CD molecule it was necessary to use a low concentration of
the initiator to prevent any irreversible coupling reactions between star polymers.
Smooth reaction kinetics were observed when the ratio of the monomer to initiating
group was found to be 500:1. Lower reaction temperatures also contributed to a
suppression of star-star coupling thus producing well-defined polymers with a low
molecular weight distribution. The molecular weights of the star polymers as
determined by SEC were found to be much lower than the theoretical molecular weights
calculated from the monomer conversion and initial concentration of the initiator. This
was attributed to the differences in hydrodynamic volumes between linear polymers
(which are used to calibrate the SEC systems) and the sample of star polymer. More
accurate weight-average molecular weight data was obtained using light scattering
methods such as low angle laser light scattering (LALLS) and static light scattering
experiments (SLS). Using these light scattering methods gave molecular weight values

that were closer to those predicted by theory.
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Chapter 3
Modification of /3CD in the
Synthesis and Characterisation of

Star Polymers with 14- and 7-arms by Copper (I) Mediated LRP

3.0 Introduction

The work described in the previous chapter showed that under appropriate reaction
conditions, all 21 hydroxyl groups of a /3CD molecule could be chemically modified to
yield 21-Br-CD. This modified /3CD can subsequently be used as a multifunctional
initiator in copper (1) mediated LRP for the synthesis of well-defined star polymers
possessing 21 discrete arms. As an extension to the transformation of all the hydroxyl
groups, it is possible to exploit the differing chemical reactivities of the primary and
secondary hydroxyl groups of |3CD to obtain derivatives where the number and exact
positions of modifications are ascertained and pure compounds with unambiguous

structures are obtained. To this end, there have been a large number of CD derivatives

synthesised and these have been reviewed'. The selective modification of CDs can be
divided into three categories: (1) the ‘clever’ method, where the chemistry of CD is
exploited to get the desired product; (2) the ‘long’ method, where a number of
protection and deprotection steps are necessary to selectively reach the positions that
would otherwise not be selectively accessible; (3) the ‘sledgehammer’ method, where
CD is indiscriminately reacted to give a mixture of products and the desired product is
painstakingly separated by chromatography. The primary hydroxyl groups located at the

6-position of the CDs are the most basic whereas the secondary hydroxyl groups at the

2- and 3-positions are the most acidic”®. 3. Thus, under normal circumstances, a mild
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electrophilic reagent will attack at the 6-position in preference to the 2- and 3-positions.
More reactive reagents will attack the hydroxyl groups less selectively. By exploiting
the differing reactivities of these hydroxyl groups it is possible to selectively modify the
primary and secondary faces of /3CD to synthesise derivatives that may be used as

multifunctional initiators for LRP.

3.1 Primary Face Modification of jSCD

A strategy to synthesise a /3CD derivative that can be employed as a multifunctional
initiator for the formation of star polymers with 14 discrete arms will involve exploiting
the reactivity of the primary hydroxyl groups. Once these seven primary hydroxyl
groups are protected, the remaining 14 secondary hydroxyl groups are available to be
transformed into initiating units. Permodification (modification of all the hydroxyl
groups at one site) at the primary face is relatively easier than mono-, di-, or
trisubstitution because symmetrical substitution is achieved when the reaction is

allowed to run for a longer time.

3.2 Secondary Face Modification of /3CD

The secondary face of the CDs are more crowded than the primary face since there are
twice the number of hydroxyl groups. Hydrogen bonding can occur between the
hydroxyl groups at the 2- and 3-positions which makes them more rigid and less
flexible compared to those at the 6-position. These factors make the secondary face less
reactive and harder to functionalise than the primary face. During the course ofa
reaction, as the degree of substitution increases, the secondary side becomes even more

crowded and so any attacking groups are directed towards the primary face thus
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decreasing the selectivity. This further provides the necessity for the protection of the

primary side so that initiator formation is directed selectively at the secondary face.

3.3 Protection at the Primary Face for the Synthesis of Heptakis(6-0-terf-
butyldimethylsilyl)-/5-cyclodextrin

The most popular reagent used to produce modifications at the primary face is tert-
butyldimethylsilyl chloride (TBDMSC1). This reagent is more selective than
trimethylsilyl chloride (TMSC1) since TMSCL also attacks at the secondary face. The
protection of the primary face with TBDMSCL in pyridine at room temperature yields

the 6-substituted derivative (Figure 3.3.1) as the major product. The silyl ethers of CD

are good protecting groups due to their ease of removal”-h.

Figure 3.3.1 Modification ofthe primary face of/3CD with TBDMSCL1 in the synthesis

of heptakis(6-0-iert-butyldimethylsilyl)-/3-cyclodextrin.
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The silylation reaction was carried out at room temperature to avoid previously reported
incidences of reactivity at the secondary side when higher reaction temperatures were
used?. The selection of pyridine as both a solvent and a base also conferred greater
regioselectivity towards the primary side in contrast to when imidazole in
ALV-dimethylsilyl chloride was used. The treatment of /3CD with an excess of
TBDMSC1 gave 85 % yield of heptakis(6-0-rert-butyldimethylsilyl)-/3-cyclodextrin
after flash chromatography. The product was characterised by 'H and 13 NMR
spectroscopy to verify that silylation had occurred at all seven hydroxyl groups at the
primary face. The seven-fold symmetry of heptakis(6-0-iert-butyldimethylsilyl)-|3-
cyclodextrin was proved by the 13C NMR spectra which showed the presence of only

six skeleton carbon signals. This indicated a symmetric pattern of substitution.

3.4 Synthesis of Heptakis(2,3-di-0-(2-bromo-2-methylpropionyl)-6-0-(ferf-
butyldimethylsilyl))-/S-cyclodextrin

Following the successful protection of the seven primary hydroxyl groups with
TBDMS, the 14 secondary hydroxyl groups are available for chemical modification. To
synthesise appropriate initiators for their use in copper (I) mediated LRP, it is necessary
to transform these hydroxyl groups to a 2-bromo-2-methylpropionyl functionality. From
the previous chapter, direct esterification of CDs with 2-bromoisobutyrylbromide was
unsuccessful since this reagent was too reactive. The milder reagent 2-bromoisobutyryl
anhydride was employed in the esterification of heptakis(6-0-/eri-butyldimethylsilyl)-(3-

cyclodextrin (Figure 3.4.1).
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Figure 3.4.1 Synthesis of heptakis(2,3-di-0-(2-bromo-2-methylpropionyl)-6-0-(tert-

butyldimethylsilyl))-/3-cyclodextrin by esterification with 2-bromoisobutyryl anhydride.

A long reaction time was required to ensure that the esterification reaction was
complete. Following an aqueous work-up to remove any inorganic species, flash
chromatography was used to purify the final compound. Analysis of the IR spectra
showed that the OH stretches associated with the secondary hydroxyl groups at

3000 cm"1lhad completely disappeared and a new absorption at 1720 cm"1was observed
that corresponded to the carbonyl stretch of the initiating group. The 'H NMR spectra
(Figure 3.4.2) showed the appearance of a signal at 1.91 ppm that was twice the integral
at 0.03 ppm associated with methyl groups on the silyl protecting group. The signal at
1.91 ppm arises from the incorporation of 14 initiating units on the core of the protected
/3CD. Furthermore, the signal at 1.89 ppm arising from free 2-bromoisobutyryl

anhydride had disappeared.
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Figure 3.4.2 '"H NMR spectra of heptakis(2,3-di-0-(2-bromo-2-methylpropionyl)-6-(9-

(ier?-butyldimethylsilyl))-/3-cyclodextrin.

The small discrepancy between the calculated and observed values in the elemental
analysis ofthis compound was attributed to the difficulty in obtaining accurate values
for such high molecular weight molecules (FW > 4000 g mol').

This compound, possessing 14 discrete initiating sites, was subsequently used as a
multifunctional initiator in copper (1) mediated LRP for the formation of star polymers

possessing 14 arms.
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3.5 Protection of Both Faces of /SCD for the Synthesis of Heptakis(2,3-di-0-acetyl-
6-0-feri-butyldimethylsilyl)-/3-cyclodextrin
The strategy required to form a multifunctional initiator that is capable of yielding star
polymers with seven discrete arms radiating from a /3CD core involves an additional
protection and deprotection step at the secondary and primary face respectively. It was
thought that the direct esterification of /3CD with 2-bromoisobutyryl anhydride would
not be regioselective towards the primary face and partial esterification at the 2- and
3-positions would occur that would be too laborious to separate by chromatographic
methods. Hence, the strategy that was followed to accomplish a seven-armed
multifunctional initiator involved protecting all 21 hydroxyl groups of |[3CD followed by
deprotection at the primary face to yield a molecule with seven free hydroxyl groups
that could be transformed into initiator groups. It was necessary for the protecting
groups at the primary face to be easily and selectively deprotected to form the species
with seven free hydroxyl groups. Since TBDMS is the most popular protecting group at
the primary side due to its ease of attachment and ease of removal, this protecting group

was employed.

There are a number of protecting groups available for the protection at the secondary
side of CD. These include the tosylation of 6-silylated CD in pyridine with tosyl
chloride at elevated temperatures™» 9. However, tosylation gives low yields because of
the tendency to form 2,3-epoxy derivatives in the basic medium. Sulfonates can be used
to protect the secondary side of 6-silyated CDs but these reactions are very sensitive to
moisture®0 Alkylation and benzylation of 6-silylated CDs can be achieved by reacting

the hydroxyl groups with appropriate alkyl and benzyl halides respectively in basic

86



Chapter 3 Modification o ff3CD in the Synthesis and Characterisation
ofStar Polymers with 14- and 7-arms by Copper (I) Mediated LRP

conditions* *>*2 Acetylation of 6-silylated CDs with acetic anhydride also provides a

route to the protection of the hydroxyl groups at the secondary face of /3CD.

Figure 3.5.1 shows the reaction scheme that was used to prepare /3CD protected at the

primary face with TBDMS and at the secondary face with acetyl groups.

Figure 3.5.1 Reaction scheme for the protection of £2CD at the 6-position with TBDMS

and at the 2- and 3-positions with acetyl groups.

The synthesis of the 6-silylated (3CD was carried out as described in Section 3.3 above.
The acetylation of this compound was achieved by reaction with acetic anhydride in
pyridine at room temperature over three days. Although this reaction has previously
been reported at 100 °C over four hours”, the reaction was carried out at room

temperature to avoid the possibility ofthe TBDMS protecting group from cleaving.
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A catalytic amount of 4-(dimethylamino)pyridine was added to the reaction and the

product was purified by column chromatography.

The 'H NMR spectra of heptakis(2,3-di-0-acetyl-6-0-iert-butyldimethylsilyl)-/3-
cyclodextrin showed the appearance of two signals at 2.20 and 2.21 ppm corresponding
to the protons on the methyl group of the acetyl unit at the 2- and 3-position of the
secondary face. Analysis of the I3C NMR spectra also showed the appearance of two
signals at 171.0 and 169.2 ppm that correspond to the carbonyl carbons of the acetyl

unit.

3.6 Desilylation at the Primary Face
For the seven hydroxyl groups at the primary face to be regenerated, the TBDMS

groups are required to be deprotected. This can be achieved by several routes. Attempts
at desilylation with tetrabutylammonium fluoride” jn oxolane at room temperature
resulted in the formation of a mixture of deacetylated products”. Desilylation in a

mixture of water, acetic acid and oxolane has also been reported as unsuccessful® since
most of the starting material was recovered unchanged after reaction at room

temperature for 20 hours. More recently, cleavage of the TBDMS group by chloride

ions has been reported” for more base-sensitive substrates since the fluoride anion is

strongly basic. Deprotection using ultrasonic cleavage in methanol/carbon tetrachloride
has also been reported”. The use of boron trifluoride etherate in dichlromethane for

successful desilylation has previously been reported” and this procedure was

subsequently adopted (Figure 3.6.1).
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Figure 3.6.1 Desilylation at the 6-position of substituted /3CD with boron trifluoride

etherate.

The high affinity of silicon towards fluoride ions provides the driving force for the
reaction between TBDMS ethers and fluoride ions. The mechanism is thought to
proceed via the corresponding alkoxide and TBDMS-F followed by the addition of

water to give the alcohol (Figure 3.6.2) but this mechanism is not very well understood.

R—O +

h 2

Figure 3.6.2 Proposed mechanism for the deprotection of TBDMS ethers with fluoride

anion.
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Desilylation of heptakis(2,3-di-0-acetyl-6-<9-ie/t-butyldimethylsilyl)-|8-cyclodextrin
was achieved at room temperature over 24 hours with boron trifluoride etherate in
dichloromethane. After the addition of water and purification by column
chromatography, the product was analysed by 13C and 'H NMR spectroscopy to
determine whether complete desilylation had occurred to regenerate the seven hydroxyl
groups at the primary face. Inspection of the 'H NMR spectra showed the complete
disappearance of the signals at 0.86 and 0.02 ppm that correspond to the tert-butyl and
dimethyl silyl groups respectively of the TBDMS protecting group. Furthermore,
analysis of the I3C NMR spectra showed the expected seven-fold symmetry that
confirmed the removal of the TBDMS groups. The IR spectra showed the appearance of
the OH stretch at 3250 cm’1that qualitatively indicated the presence of the hydroxyl
groups. The small discrepancy in the elemental analysis was attributed to difficulties in

obtaining accurate molecular weight values for these high molecular weight species.

3.7 Synthesis of Heptakis(2,3-di-0-acetyl-6-£>-(2-bromo-2-methylpropionyl))-/3-
cyclodextrin

Following the successful synthesis and characterisation of heptakis(2,3-di-0-acetyl)-/3-
cyclodextrin, the final step of the 4-stage reaction was to esterify the seven hydroxyl
groups with an appropriate initiating group to generate a multifunctional initiator with
seven initiation sites. Like before, a 2-bromo-2-methylpropionyl functionality was
required to be attached to the primary face since this group is able to promote initiation
of copper (I) mediated LRP. 2-Bromoisobutyryl anhydride was again used as the
reagent to realise the esterification of heptakis(2,3-di-0-acetyl)-/3-cyclodextrin

(Figure 3.7.1).
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Figure 3.7.1 Synthesis of the seven-armed multifunctional initiator heptakis(2,3-di-0-

acetyl-6-0-(2-bromo-2-methylpropionyl))-/3-cyclodextrin.

The reaction proceeds via a nucleophilic attack of the anhydride and a long reaction
time (three days) was required to ensure complete esterification had occurred and also
because the anhydride reagent is only a mild reagent. High dilution ensured that any
inter-molecular hydrogen bonding was minimised. After careful aqueous work-up,
heptakis(2,3-di-0-acetyl-6-O-(2-bromo-2-methylpropionyl))-/3-cyclodextrin was
purified by column chromatography on a large column of silica gel to effectively
separate any by-products. The disappointing yield of 8 % was thought to be due to the
difficulty in passing such high molecular weight species (FW = 2764 g mol1) through
such a large column of silica gel.

Analysis of the 'H NMR spectra of the product showed the appearance of a new signal
at 1.92 ppm that corresponded to the methyl groups of the initiating unit. This signal
could be distinguished from the signal at 2.02 ppm corresponding to the protons of the
acetyl protecting groups at the secondary face. Integration of the new signal at 1.92 ppm
was identical to the integration of the signal at 2.02 ppm and this confirmed that
complete substitution of the hydroxyl groups with an initiating functionality had
occurred. The absence of any absorption in the IR spectra at 3250 cm"1further indicated

that hydroxyl groups were not present in the final product. The discrepancy in the
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elemental analysis was attributed to the difficulties in obtaining accurate molecular
weight values for these high molecular weight species. The four-step strategy for the
synthesis of a multifunctional initiator with seven initiating sites at the primary face of
JSCD had now been realised. The complete reaction scheme for the synthesis is
summarised in Figure 3.7.2. Full characterisation of the intermediates in this synthetic
pathway ensured that only pure products were used for subsequent stages in the
strategy. The extensive use of column chromatography ensured the purification of the
intermediates and isolation of any isomers. It was also noted that the high molecular
weight of some of these /3CD derivatives may have prevented their passing through the

chromatography columns and caused lower yields to be observed.

92



Chapter 3 Modification o f/3CD in the Synthesis and Characterisation
ofStar Polymers with 14- and 7-arms by Copper (I) Mediated LRP

Figure 3.7.2 Synthetic strategy for the formation of heptakis(2,3-di-0-acetyl-6-0-(2-

bromo-2-methylpropionyl))-/3-cyclodextrin, a seven-armed multifunctional initiator.
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3.8 Copper (1) Mediated LRP initiated by 14-Br-CD

The directed synthesis of the multifunctional initiator with 14 discrete initiating sites

and a /3CD core allows its use in copper mediated living radical polymerisation to be

investigated. Living radical polymerisation has been shown to be an easy synthetic route

to produce well-defined polymers' ~-32 ancj star-shaped polymers can be prepared using

this method33-36 Suitable reaction conditions for the formation of well-defined star

polymers using the 14-armed multifunctional initiator needed to be investigated.

3.8.1 Suitable Reaction Conditionsfor the LRP of MMA initiated by 14-Br-CD

The previous chapter has shown that smooth initiation of the 21-Br-CD multifunctional
requires a low concentration of initiator to suppress any star-star coupling reactions.
This is thought to be due to the high number of initiating sites that are in close
proximity to each other thereby increasing the likelihood of irreversible termination
reactions when two radicals combine. Consequently, a ratio of [MMA]:[Cu]:[L]:[I] =
500:4:8:1 was employed for the living radical polymerisation of MMA. This ratio found
to produce well-defined star polymers using the 21-Br-CD multifunctional initiator. The
polymerisation was carried out in toluene and a reaction temperature of 60 °C was used
to further suppress the likelihood of any star-star coupling reactions.

Table 3.8.1 summarises the data obtained for the formation of star PMMA polymers by
LRP. Under these conditions, an increase in molecular weight with increasing
conversion (Figure 3.8.1) demonstrated that 14-Br-CD was initiating the polymerisation
of MMA. Conversion of monomer to polymer was determined by gravimetry in
preference to the use of 'H NMR which was not appropriate due to the low

concentration of initiator relative to the monomer.
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Time (mins)  Conversion* (%) Mn(SEC)  Mn(theo) PDi

60 14 10200 13740 1.09
120 4.9 24300 34710 1.06
180 75 36100 56630 1.06
240 10.8 50000 79400 1.06
300 131 59800 95550 1.06
360 14.4 69300 104980 1.06
430 15.0 83200 115560 1.05

Table 3.8.1 Evolution of conversion and molecular weight in the LRP of MMA in
toluene (50 % v/v) at 60 °C initiated by 14-Br-CD and mediated by Cu(l)Br / JV-pentyl-
2-pyridylmethanimine ([M]:[1]:[Cu]:[L] = 500:1:4:8). ~"Conversion determined by

gravimetry.

The distribution of molecular weights (PDi) during the polymerisation remained
remarkably low throughout (PDi < 1.09) and decreased slightly over time. It is thought
that hydrodynamic volume of these star polymers compared to their linear counterparts

is partly responsible for the narrow molecular weight distributions observed.
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Figure 3.8.1 Evolution of molecular weight distribution with conversion for the LRP of
MMA in toluene (50 % v/v) at 60 °C initiated by 14-Br-CD and mediated by Cu(l)Br /
Arpentyl-2-pyridylmethanimine ([M]:[I1]:[Cu]:[L] = 500:1:4:8). Dashed line is

M,, (theo).

The first order kinetic rate plot for this polymerisation showed a straight line (Figure
3.8.2) which indicated that the concentration of radical species remained constant
throughout the polymerisation. Low conversions were observed after four hours of
polymerisation and this was attributed to the low polymerisation temperature chosen

and also the low concentration of initiator that was used.
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Figure 3.8.2 First order rate plot for the LRP of MMA at 60 °C initiated by 14-Br-CD
and mediated by Cu(l)Br / JV-pentyl-2-pyridylmethanimine ([M]:[Cu]:[L]:[I] =

500:4:8:1) in toluene (50 % v/w).
When the polymerisation temperature was increased from 60 °C to 90 °C, higher

monomer conversions were observed and the molecular weight distribution remained

narrow (Table 3.8.2).

97



Chapter 3 Modification of(jCD in the Synthesis and Characterisation
ofStar Polymers with 14- and 7-arms by Copper (I) Mediated LRP

Time (mins) Conversion* (%)  Mn(SEC) Mn(theo)  PDi

60 17.3 53800 124780 1.07
120 21.0 89300 151340 1.06
180 325 120000 231280 1.06
240 35.9 141000 255790 1.07
300 415 163000 294490 1.09

Table 3.8.2 Evolution of conversion and molecular weight in the LRP of MMA in
toluene (50 % v/v) at 90 °C initiated by 14-Br-CD and mediated by Cu(l)Br/ A-pentyl-
2-pyridylmethanimine ([M]:[1]:[Cu]:[L] = 500:1:4:8). "'Conversion determined by

gravimetry.

The first order rate plot for the polymerisation of MMA at 90 °C (Figure 3.8.3) shows a
non-linear relationship at longer reaction times. This is indicative of a gradual loss of
reactive species resulting from irreversible termination. This may account for the

gradual increase in molecular weight distribution.
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Figure 3.8.3 First order rate plot for the LRP of MMA at 90 °C initiated by 14-Br-CD
and mediated by Cu(l)Br/ A-pentyl-2-pyridylmethanimine ([M]:[Cu]:[L]:[I] =

500:4:8:1) in toluene (50 % viw).

The evolution of molecular weight with monomer conversion (Figure 3.8.4) also shows
deviation from linearity.

In general, higher polymerisation temperatures appear to affect the control over the
reactions where higher temperatures lead to a loss of control. Control of the
polymerisation is important if well-defined polymers are to be obtained. Loss of control
is usually a result of irreversible radical-radical termination events that produces ‘dead’
polymer chains. The ‘dead’ chains cannot be further activated by the copper catalytic

complex and so addition of more monomer units is prevented. Chain-end functionality
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is also lost by the combining of two radical species and further modifications to the

chain-end are not possible.

Figure 3.8.4 Evolution of molecular weight distribution with conversion for the LRP of
MMA in toluene (50 % v/v) at 90 °C initiated by 14-Br-CD and mediated by Cu(l)Br/
7V-pentyl-2-pyridylmethanimine ([M]:[1]:[Cu]:[L] = 500:1:4:8). Dashed line is

Mn (theo).

The number average molecular weight (Mn) of the star polymers obtained by SEC is
much lower than the theoretical molecular weights as calculated by the initial ratio of
MMA to initiating site and monomer conversion. The deviation becomes more
significant with increasing reaction time. The differences in the theoretical molecular
weights and the actual molecular weights determined by SEC may be due to the

differences in hydrodynamic volume of the star polymers when compared to the linear
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polymers that were used to calibrate the SEC equipment. Further studies, such as those
using light scattering techniques, would determine the actual molecular weight of the
star polymers.
In summary, suitable reaction conditions for the copper (I) mediated LRP of MMA
initiated by 14-Br-CD have been determined. A low concentration of the
multifunctional initiator prevents termination reactions and a low reaction temperature

also facilitates the formation of well-defined star polymers.

3.8.2 Formation ofblock copolymers

Block copolymerisation is one of the most important applications of living radical
polymerisation. Block copolymers are usually obtained by the sequential living
polymerisation of one monomer followed by another. In metal-catalysed living radical
polymerisation, the isolated halogen-capped polymer can be used as a macroinitiator,
taking advantage of the stability of the dormant carbon-halogen bond. From the
previous section, if well-defined star polymers were formed, it should be expected that
each chain-end would have a terminal bromine atom that would be capable of initiating
the polymerisation of another monomer. The isolated homopolymer was used as a
macroinitiator for the block copolymerisation of «-butyl methacrylate («<BMA) that

belongs to the same family as MMA (Figure 3.8.5).
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Figure 3.8.5 PMMA-A-PnBMA diblock copolymer.

Following the isolation of the 14-armed PMMA macroinitiator, nBMA was polymerised
in the ratio [wWBMA]:[Cu]:[L]:[1] = 500:4:8:1 where [I] was the concentration of the
PMMA macroinitiator. The polymerisation temperature was maintained at 60 °C and

the kinetic data obtained is shown in Table 3.8.3.
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Time (mins) Conversion (%) Mn (SEC) Mn (theo) PDi

60 0.7 44600 36700 1.07
120 2.0 57500 49850 1.07
180 2.6 69000 56180 1.06
240 3.9 79600 68880 1.06
300 5.0 89200 79630 1.05
360 6.0 98200 90270 1.05
420 7.0 107000 99630 1.05

Table 3.8.3 Kinetic data for the synthesis of a diblock copolymer of PMMA-6-PnBMA

using 14-armed PMMA as a macroinitiator.

Upon formation of the diblock copolymer, the molecular weight increased linearly with
conversion (Figure 3.8.6) indicating that good control of the molecular weight could be
attained. Very narrow molecular weight distributions (PDi < 1.07) were also observed

during the polymerisation.
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Figure 3.8.6 Evolution of molecular weight Mnwith conversion for the LRP of PMMA.-
6-nBMA initiated by 14-Br-CD PMMA macroinitiator (Mn~ 30000 g mof') and
mediated by Cu(l)Br / A-pentyl-2-pyridylmethanimine ([M]:[Cu]:[L]:[I] = 500:4:8:1) in

toluene at 60 °C. Dashed line shows Mn (theo).

There is good agreement between the molecular weight obtained by SEC and the
theoretical molecular weight calculated from the ratio [NnBMA]: [macroinitiator] and the
monomer conversion. Furthermore, the first order rate plot (Figure 3.8.7) shows that
there is a constant concentration of radical species during the polymerisation suggesting

that no termination events occur.
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Figure 3.8.7 First order kinetic plot for the LRP of PMMA-6-PnBMA initiated by
14-Br-CD PMMA macroinitiator (Mn~ 30000 g mol']) in toluene at 60 °C and

mediated by Cu(1)Br/ A-pentyl-2-pyridylmethanimine.

The SEC traces for the formation of the PMMA-é-PnBMA diblock copolymer are
shown in Figure 3.8.8. The narrow peaks are symmetrical and no shoulder peaks are
observed at high molecular weight which is evidence that no termination events such as

star-star coupling are occurring.
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Figure 3.8.8 SEC traces for the formation of PMMA-/>-P«BMA diblock copolymers

formed from a 14-Br-CD PMMA macroinitiator.

In conclusion, it appears that the 14-armed initiator is capable of initiating the
polymerisation of MMA and the halogen chain-ends are preserved so that they can
participate in a further living radical polymerisation to produce diblock 14-arm star
copolymers. The narrow molecular weight distributions that were observed, together
with the linear increase in molecular weight with increasing conversion, confirm that
well-defined star polymers can be synthesised that incorporate a /3CD core. The precise
synthesis of the multifunctional initiator is seen as the key step in determining the

number of polymeric arms that are attached to the core.
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3.8.3 Suitable Reaction Conditionsfor the LRP ofStyrene initiated by 14-Br-CD
Suitable reaction conditions for the living radical polymerisation of styrene initiated by
21-Br-CD have been determined in the previous chapter. It was found that well-defined
star polymers with 21 arms could be obtained when the concentration of initiator with
respect to monomer was low ([M]:[I] = 500:1) and a polymerisation temperature of 100
°C was used. It was thought that similar reaction conditions would be necessary for the
polymerisation of styrene using the 14-Br-CD initiator since this initiator also had a
large number of initiating sites in close proximity.
Table 3.8.4 shows the kinetic data obtained from the LRP of styrene using the 14-Br-

CD multifunctional initiator.

Time (mins) Conversion (%)  Mn(SEC) Mn (theo) PDi

60 0.3 4360 11600 1.07
120 12 8710 22000 1.16
180 25 14700 32000 114
240 45 20700 46100 114
300 55 26200 53000 1.16
360 7.0 30700 64100 1.20
420 8.4 32100 74300 1.53
480 10.0 33900 86000 138

Table 3.8.4 Kinetic data for the LRP of styrene initiated by 14-Br-CD in xylene at
100 °C and mediated by Cu(l)Br/ A?pentyl-2-pyridylmethanimine ([M]:[1]:[Cu]:[L] =

500:1:4:8).
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The high molecular weight distribution for these reactions indicate poor control over the
molecular weight. Although the molecular weight increases with increasing conversion,
there is no evidence of a linear relationship (Figure 3.8.9) and the polymerisation
appears to slow at about 7 % conversion. Styrene undergoes termination by combination
more readily than MMA and this may be a factor that affects the control over these
polymerisations. This may also explain the high molecular weight distributions (PDi >

1.53) that were observed.

Figure 3.8.9 Evolution of molecular weight with conversion for the LRP of styrene
initiated by 14-Br-CD in xylene at 100 °C and mediated by Cu(l)Br / A-pentyl-2-

pyridylmethanimine ([M]:[1]:[Cu]:[L] = 500:1:4:8). Dashed line shows Mn (theo).

Although the first order kinetic plot shows linear kinetics (Figure 3.8.10), the non-linear

evolution of the molecular weight with conversion means that poor control is afforded
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for the LRP of styrene and this does not lead to as well-defined star polymers as with

methacrylates.

Figure 3.8.10 First order kinetic plot for the LRP of styrene initiated by 14-Br-CD in

xylene at 100 °C and mediated by Cu(l)Br / A-pentyl-2-pyridylmethanimine.

3.8.4 LRP ofnBMA initiated by 14-Br-CD

The formation o f block copolymers that incorporates «-butyl methacrylate (nBMA) as
the second block has already been demonstrated as described above and so the
polymerisation of «cBMA initiated by 14-Br-CD was considered of interest. The
polymerisation rate was expected to be similar to that observed for MMA and well-
defined star polymers containing precisely 14 arms should be formed. The ratio of
[wWBMA]:[I]:[Cu]:[L] was kept the same as for the conditions determined for MMA and

the kinetic data is shown in Table 3.8.5.
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Time (mins) Conversion (%) Mn(SEC) Mn (theo) PDi

60 0.1 9710 4180 1.09
120 11 19400 15180 1.07
180 2.9 28000 32700 1.07
240 4.0 35900 43090 1.07
300 5.0 43600 53060 1.07
355 7.0 49900 72960 1.06

Table 3.8.5 Kinetic data for the LRP of nBMA initiated by 14-Br-CD in toluene at
60 °C and mediated by Cu(l)Br/ A-pyridyl-2-methaninhne ([M]:[1]:[Cu]:[L] =

500:1:4:8).

The molecular weight distribution remains remarkably low (PDi < 1.07) throughout the
polymerisation which is also observed in the LRP of MMA. Analysis of the evolution of
molecular weight with conversion (Figure 3.8.11) shows that the molecular weight
increases linearly with increasing conversion and so it appears that good control over
the molecular weight can be afforded in the LRP of nBMA. The theoretical values were
slightly higher than the experimental values at higher conversions and this was again
attributed to the differences in hydrodynamic volume of the star polymers when

compared to their linear counterparts that were used to calibrate the SEC equipment.
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Figure 3.8.11 Evolution of molecular weight with conversion for the LRP of <BMA
initiated by 14-Br-CD in toluene at 60 °C and mediated by Cu(l)Br / 7V-pentyl-2-

pyridylmethanimine ([M]:[1]:[Cu]:[L] = 500:1:4:8). Dashed line represents Mn (theo).

There was no evidence of loss of reactive species during the polymerisation as shown in
the first order rate plot (Figure 3.8.12). When compared with the similar polymerisation
using MMA, the reaction rates were lower with only 7 % conversion being observed
after a reaction time of six hours for kBMA compared to 14 % conversion after the
same time for MMA. It is possible that the longer alkyl chain of nBMA hinders the

efficiency of the polymerisation leading to lower conversions.
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Figure 3.8.12 First order kinetic plot for the LRP of kcBMA in toluene at 60 °C initiated
by 14-Br-CD and mediated by Cu(l)Br/ A-pentyl-2-pyridylmethanimine

(IM]:[1]:[Cu]:[L] = 500:1:4:8).

3.9 Copper (1) Mediated LRP initiated by 7-Br-CD

The four-step synthesis of the multifunctional initiator incorporating seven discrete
initiating sites with a (3C.D core allows for the investigation of its suitability in copper (1)
mediated LRP. The previous section has demonstrated that well-defined star-shaped
polymers with 14 arms can be synthesised in a controlled fashion using a copper
catalyst and optimised polymerisation conditions. It was anticipated that star-shaped

polymers with seven polymeric arms could be synthesised in a similar fashion.
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3.9.1 LRP of MMA initiated by 7-Br-CD

To suppress the effects of star-star coupling and irreversible termination reactions, a low

concentration of the multifunctional initiator was used. This was found to be necessary

in the polymerisations involving the 21- and 14-armed multifunctional initiators to

avoid the appearance of shoulder peaks at high molecular weight in the SEC spectra.

The concentration ratio [M]:[1] was investigated at 500:1 and Table 3.9.1 summarises

the results.

Time Conversion* Mn(SEC) Mn (theo) PDi
(mins) (%)

60 12 8150 6820 112
120 44 11100 18120 131
180 8.8 17000 33540 1.08
240 141 49100 52150 1.07
300 16.3 60400 59840 1.07
360 20.6 70100 74950 1.08
420 23.7 75100 85880 1.08

Table 3.9.1 Evolution of molecular weight for the LRP of MMA initiated by 7-Br-CD
and mediated by copper (1) / A-pentyl-2-pyridylmethanimine in toluene at 60 °C

(IM]:[1]:[Cu]:[L] = 500:1:4:8). »Conversion determined by gravimetry.
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Figure 3.9.1 Evolution of molecular weight with conversion for the LRP of MMA
initiated by 7-Br-CD in toluene at 60 °C and mediated by Cu(l)Br / /V-pentyl-2-

pyridylmethanimine ([M]:[I1]:[Cu]:[L] = 500:1:4:8). Dashed line represents Mn (theo).

Figure 3.9.1 shows that there is an increase in molecular weight with increasing
conversion that indicates that initiation has occurred and star polymers are being
formed. The theoretical molecular weight values are generally higher than those
observed by SEC and the distribution of molecular weights remained low (PDi < 1.31)
at all stages of the polymerisation. The low molecular weight distributions over the
observed conversion range provide strong evidence for the absence of significant
termination events. There is some deviation from linearity but analysis of the first order
rate plot for this reaction (Figure 3.9.2) does show a linear relationship indicating that

the concentration of reactive species in the system remains constant.
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Figure 3.9.2 First order kinetic plot for the LRP of MMA in toluene at 60 °C initiated
by 7-Br-CD and mediated by Cu(l)Br/ A-pentyl-2-pyridylmethanimine

(IM]:[1:[Cu]:[L] = 500:1:4:8).

It is clear from Figure 3.9.1 that in the early stages of the polymerisation slower rates
were observed. The reason for this is unknown and it may be a genuine feature of the
reaction or caused by some impurity in the system. This effect was not observed in the
polymerisations of star polymers with 21- or 14-arms. At higher conversions however,

more acceptable rates of polymerisation were observed.
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3.9.2 LRP ofPEGMA initiated by 7-Br-CD
The living radical polymerisation of the hydrophilic monomer poly(ethylene glycol)
methacrylate (PEGMA, Mw~ 475 g mol')) initiated by 7-Br-CD was investigated. Due
to the low volatility and high viscosity of PEGMA, kinetic samples obtained during the
polymerisation were analysed by 'H NMR to determine the polymer conversion. This
was achieved by comparing the vinylic protons of PEGMA at 6.2 ppm with the protons
arising from the methoxy protons of the polymer at 3.4 ppm. Table 3.9.2 summarises
the kinetic data obtained for the polymerisation.

Time(mins) Conversion* (%) M, (SEC) Mn(theo) PDi

60 125 18400 23550 1.07
120 231 19500 41170 1.06
180 30.9 24000 54140 1.06
240 45.3 27500 78080 1.07
300 51.6 30000 88550 1.06
360 59.9 34900 102350 1.06
420 67.3 36500 114650 107

Table 3.9.2 Kinetic data for the LRP of PEGMA initiated by 7-Br-CD in toluene at
60 °C and mediated by copper (1) / jV-pentyl-2-pyridylmethanimine ([M]:[1]:[Cu]:[L] =

50:1:4:8). ""Conversion determined by 'H NMR.

It can be seen that the molecular weight distributions remained low throughout the
polymerisation and this indicated that no termination events were occurring by star-star
coupling. The absence of any shoulder peaks at high molecular weight also indicated the

absence of termination events by star-star coupling. The polymerisation of PEGMA
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initiated by 7-Br-CD was encouraging since an increase in molecular weight with
increasing conversion was observed despite the lengthy synthetic procedure required to
form the multifunctional initiator. Furthermore, a linear relationship between conversion
and molecular weight was observed (Figure 3.9.3) that indicated good control over

molecular weight was possible.

Figure 3.9.3 Evolution of molecular weight with conversion for the LRP of PEGMA
initiated by 7-Br-CD in toluene at 60 °C and mediated by Cu(l)Br / A-pentyl-2-

pyridylmethanimine ([M]:[I]:[Cu]:[L] = 50:1:4:8). Dashed line represents Mn (theo).
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Figure 3.9.4 First order kinetic plot for the LRP of PEGMA in toluene at 60 °C initiated
by 7-Br-CD and mediated by Cu(l)Br/ A-pentyl-2-pyridylmethanimine

(IMY:[1]:[Cu]:[L] = 50:1:4:8).

The first order kinetic plot (Figure 3.9.4) showed a linear relationship that again
indicated that the concentration of radical species in the polymerisation remained
constant. There was a large deviation of the molecular weights observed by SEC
compared with the theoretical weight as calculated by the ratio [M]:[I] and monomer
conversion. This deviation became more marked at higher conversions. Whilst the
differences in hydrodynamic volume between the star polymers and linear polymers
(used to calibrate the SEC equipment) could partly account for the observed differences,

other factors may be involved. One factor could be the flexibility of the poly(ethylene
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glycol) chains that are more flexible than the PMMA homopolymer chains. This would
also affect the differences observed between experimental and theoretical molecular
weights.
The conversions for the living radical polymerisation of PEGMA were much higher
than other monomers investigated. It was thought that the determination of PEGMA
conversion by '"H NMR may have incurred a large error due to the low concentration of
initiating species with respect to monomer species. This may have caused an inherent
inaccuracy in calculating the conversions. Gravimetry was deemed inappropriate to
determine monomer conversion since PEGMA has a low volatility and incomplete
evaporation ofthe monomer after drying will have affected any subsequent conversion

calculations.

3.10 Analysis of Polymeric Arms by Hydrolysis of Star Polymers

Although the multifunctional initiators used above have been shown to initiate
polymerisations mediated by a copper (I) catalyst, it has so far been unclear as to
whether all the initiating sites on the modified /3CD have participated in the
polymerisation. There have been indications of high initiator efficiency such as the
narrow molecular weight distributions that have been observed in every polymerisation.
This would indicate that the molecular weight of each arm on each /3CD initiator is
similar but does not confer initiation at each initiation site. The absence in the SEC
spectra of the peak at low molecular weight corresponding to the initiator during the
polymerisations would also indicate good initiator efficiency. The close proximity of
initiating sites on each /3CD molecule could hinder the ability of each initiation site to
cause an initiation event. Consequently, it was necessary to further investigate the

structure of the star polymers by examining the polymeric arms that were attached to the
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/3CD core. This would enable the precise number of arms attached to the core to be
determined. In order to characterise the individual arms of the star polymers, the arms
would have to be disconnected from the /3CD core so that they could be investigated
independently of the core. Since the polymeric arms are connected to the core via ester
linkages, they can be cleaved by hydrolysis under basic conditions (Figure 3.10.1). SEC
analysis of the recovered linear arms would provide a more accurate determination of
molecular weight since they can be compared against the linear calibration standards.
The molecular weights of the linear arms would therefore be expected to be the absolute

molecular weight of the star polymer divided by its functionality.

Figure 3.10.1 Disconnection of polymeric arms from /3CD core by hydrolysis of ester

linkages in basic conditions.
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A star-shaped PMMA polymer was prepared using the 14-armed multifunctional
initiator. The polymerisation was stopped at 18 % conversion and the resulting polymer
was purified by passing it through a column of basic alumina to remove the copper
complexes. Precipitation of the PMMA star polymer in petroleum ether and subsequent
molecular weight analysis using light scattering techniques showed the absolute
molecular weight Mwo f the star to be 129000 g mol'lwhich was in close agreement
with the theoretical molecular weight of 130000 g mol1 The molecular weight
distribution of this star polymer was low (PDi = 1.11). If initiation at all 14 initiating
sites had occurred, and all 14 arms propagated at the same rate, then it was anticipated
that hydrolysis of the arms would yield linear PMMA polymers with a molecular weight
Mnof one-fourteenth the absolute molecular weight of the star i.e. Mn= 9210 g mol'l
The star polymer was refluxed with potassium hydroxide in methanol and
tetrahydrofuran and the resulting linear polymer arms were precipitated in petroleum
ether and analysed by SEC. The SEC traces of the star polymer and the product
obtained after hydrolysis are shown in Figure 3.10.2. It can be seen that there is a shift
in the SEC traces to lower molecular weight following the hydrolysis which indicates
that the polymeric arms have been cleaved from the /3CD core and hydrolysis has
occurred. Furthermore, the molecular weight M,, of the cleaved arms was found to be
10800 g mol’land a low molecular weight distribution was observed (PDi = 1.16). The
observed molecular weight of the linear PMMA was in good agreement with the
theoretical molecular weight of 9210 g moflbased on the ratio of the absolute
molecular weight of the star divided by its functionality. This result was encouraging as
it confirmed that all 14 of the initiating sites on 14-Br-CD were causing initiation and
the linear PMMA arms were of similar molecular weight as observed by the narrow

molecular weight distributions of the cleaved arms.
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Figure 3.10.2 SEC traces of star-shaped PMMA (Mw 129000 g mol')) before hydrolysis

(left trace) and linear PMMA (Mn 10800 g mol'l) after hydrolysis (right trace)

The cleavage of the polymeric arms from the /3CD core has enabled their independent
analysis and confirms that well-defined star polymers with a discrete number of arms

can be synthesised by copper (I) mediated LRP.
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3.11 Conclusions
By careful modification of the primary and secondary faces of cyclodextrin, it is
possible to synthesise suitable derivatives that can be employed as multifunctional
initiators for the LRP of various methacrylate and styrene monomers. The /3CD derived
initiators with 14 and seven discrete initiating sites represent novel compounds. The
precise synthesis of the initiator is the key step in predetermining the functionality of
the star polymers and this was achieved using multiple protection and deprotection steps
as well as extensive chromatography procedures. The reaction conditions for the
formation of well-defined star polymers were determined and it was found necessary to
use a low concentration of initiator to suppress any termination reactions caused by star-
star coupling. This is the first time that well defined star polymers with 14 and seven
arms have been prepared by copper mediated LRP. Reaction temperatures lower than
that normally used for the living radical polymerisation of linear MMA and styrene
were also found necessary to control the polymerisations of the star polymers. The
molecular weights of the star-shaped polymers as determined by SEC were generally
lower than the theoretical molecular weights and this was attributed to the differences in

hydrodynamic volumes between star and linear polymers.
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Chapter 4
Preparation of Porous Membranes by Self Organisation

Of Star Shaped Polymers formed by LRP

4.0 Introduction

The preparation of microporous architectures by the self-assembly and self-organisation
of polymeric materials has been reported by several groups L7 The microporous
architectures are typically formed from block copolymers and star polymers and consist
of layers of spherical micron-sized pores that self organise as a honeycomb pattern.
Such structures may have important technological applications in photonics-10 and

opto-electronic devices' 1, catalysis, thermal insulation materials' biointerfaces'L 14

and membranes'

Various polymers have been applied for the fabrication of these microporous polymeric
membranes. Francois et al.2 used a block copolymer of polystyrene-polyparaphenylene
(Figure 4.0.1) and star-shaped polystyrene to prepare films with monodisperse pore size
that self-organised into a hexagonal array. The thin film was fabricated by casting a
dilute solution of the polymer in carbon disulfide onto a solid substrate under humid

conditions and a humid airflow.

Figure 4.0.1 Polystyrene-polyparaphenylene block copolymer for the preparation of

microporous polymer membranes.
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The authors noted that linear polystyrene homopolymers did not lead to the formation of
membranes with a regular hexagonal array of pores. Furthermore, the regular
morphology of the pores was only observed when carbon disulfide was used to dissolve
the polymer and not when other organic solvents were used. Honeycomb structures
were observed when the length of the polystyrene block of the polystyrene-
polyparaphenylene block copolymer was varied between 1500 and 50000 g mol'lwith
the size of the pores increasing with an increase in the molecular mass. When star-
shaped polystyrene was used to form the structures, increasing the number of arms on

the core was found to increase the regularity of the pores.

Patel et al.16 have also demonstrated the formation of a regular array of pores in a
similar way using monochelic polystyrene (weight average molecular weight

50 000 g mol')) terminated with a carboxylic acid group. The regular morphology of the
pores was not disrupted when the concentration of the polystyrene in carbon disulfide
was varied between 0.1 and 5 %. Among other polymeric materials that have been used
to generate honeycomb patterns are polystyrene-polyisoprene block copolymers,
amphiphilic polyion complexes derivatised from polystyrene sulfonate”, amphiphilic

copolymers incorporating lactose units or carboxyl groups in the side-chains, and

polyion complexes composed of anionic polysaccharides”.

The presence of moisture in the surrounding atmosphere for membrane formation to
occur appears to be essential. Carbon disulfide also appears to be the only solvent that is
capable of promoting the regular hexagonal arrays. During the casting of the film, a
humid airflow is directed over the dissolved polymer. This causes rapid evaporation of
the carbon disulfide and so the solution is cooled. Due to the humid atmosphere, water

droplets will condense at the air-polymer interface. Light scattering experiments have
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demonstrated that water vapour condenses at the air-polymer interface in the shape of
micron-sized droplets. These monodisperse spherical water droplets arrange in a
hexagonal arrangement and act as a template around which the polymer can assemble.
The hexagonal arrangement of the water droplets may be caused by convection.
Precipitation of the polymer at the solution-water interface prevents any coagulation of
the water droplets and this precipitation is essential for the hexagonal array to be
maintained. The polymer layer is thought to encapsulate each water droplet and surface
currents induced by the rapid evaporation of the carbon disulfide are also thought to be
involved in the mechanism of pore formation. Prevention of coalescence of water
droplets is essential if hexagonal structures are to be formed and this can be achieved by
either thermodynamic control or by kinetic control. The thermodynamic control
involves the stabilisation of the water droplets by surface-active compounds. Dynamic
control is achieved by using a highly volatile solvent such as carbon disulfide so that
evaporation is so rapid that water droplets have no time to coalesce before complete
evaporation of the water and solvent. Once all the solvent and water has evaporated, a

regular hexagonal array of pores remains.
Patel et al. have proposed two different hypotheses for the formation of a regular

array of pores. In the first, thermocapillary convection 18, 19 js thought to be

responsible for the formation of the hexagonal packing. Convective motion coupled
with the presence of a lubricating film of air between the drops will suppress the
coalescence of two water droplets as long as there is a finite temperature gradient. The
surface of the solution is colder due to evaporative cooling whereas the water droplets
are hotter due to the latent heat of combustion. This temperature difference will lead to a

thermocapillary convection and stabilise the condensing water droplets at the polymer
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solution surface. In the second hypothesis, the condensing water droplets are kept apart
and made to interact elastically by the vapour of the evaporating solvent as it escapes
from the surface. This provides a separating layer between the two droplets and so
coalescence is prevented.
The exploitation of the phenomena that creates these interesting hexagonal membranes
has been severely restricted due to the synthetic routes that have been used to prepare
the polymers which has generally been by anionic polymerisation. We have seen in
Chapter 1that anionic polymerisation is relatively difficult and is limited to a small
number of monomers under commercially exploitable reaction conditions.
The advent of LRP techniques provides an opportunity to study the formation of these
hexagonally shaped membranes with a broader variety of well-defined polymeric
architectures and functionalities. This chapter will examine the formation of honeycomb
structures using star-shaped /3CD polymers and determine how the stmcture of the
polymer influences the appearance and regularity of the pores. The influence of the film
preparation conditions including airflow, humidity, temperature, polymer concentration,

solvent and molecular weight will also be investigated.

4.1 Experimental set-up

The casting process for film formation was carried out in an incubator (Figure 4.1.1)
where the temperature and humidity could be controlled and monitored. The box was
equipped with a nozzle through which humid air could flow and the airflow was
controlled by a flow meter. Saturation of the airflow was achieved by bubbling the air
through a water reservoir before it reached the box. An additional water reservoir was

placed inside the box to maintain the saturation of the atmosphere.
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Saturate air flow Polymer Solution

Figure 4.1.1 Schematic set-up used in the preparation of microporous membranes.

A solution of a star-shaped polymer in a volatile solvent was cast onto the glass slide
and a controlled airflow was allowed to flow over the solution for a predetermined time,
Once the film had been cast, the surface of the slide was analysed by scanning electron
microscopy to investigate the surface morphology and, in particular, the appearance of

any honeycomb-like structures.

4.2 Star-shaped polymers used in the preparation of porous membranes

The self-organisation of various star-shaped polymers with varying molecular weight
and a varying number of polymeric arms was investigated for their ability to form
porous membranes. The star-shaped polymers formed by LRP with a /3CD core, as
detailed in chapters 2 and 3, were investigated. In addition, star-shaped polymers with a
D-glucose and a D-galactose core, each possessing 5 arms, were also investigated. The

star-shaped polymers based on D-glucose and D-galactose were formed by copper (1)
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mediated LRP and supplied with thanks by Ryan Edmonds™O. Both D-glucose (Figure
4.2.1) and D-galactose were derivatised to form pentafunctional initiators that could be

used to initiate LRP in the formation of 5-armed star polymers.

Figure 4.2.1 Synthesis of 1,2,3,4,6-penta-0-(2-bromo-2-methylpropionyl)-D-glucose

for the formation of 5-armed star polymers by LRP.

Amphiphilic block copolymers that incorporated poly(ethylene glycol) methyl ether
(MeOPEG) and polystyrene were also prepared. These linear block copolymers were
blended with some of the star polymers to investigate the effect of star and linear
polymer blends. This amphiphilic block copolymer was prepared by a two-step reaction.
In the first step, MeOPEG was esterified with 2-bromoisobutyryl bromide in THF to
form a macroinitiator (Figure 4.2.2). Due to the hydrophilic nature of MeOPEG it was
necessary to dry the starting materials prior to the esterification to eliminate any side
reactions between the acid bromide and water. The flexibility of the long poly(ethylene
glycol) chains means that the chains are intertwined in solution at high concentration.
Intermolecular hydrogen bonding therefore hinders the reaction of the terminal hydroxyl
groups with the acid bromide. Consequently, it was necessary to work at high dilution

to separate these polymer chains.
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THF Br

OH Br '
(CH,CH )N H.C 15 1

Figure 4.2.2 Esterification of MeOPEG with 2-bromoisobutyryl bromide in THF.

In the second step, the esterified MeOPEG was used as a macroinitiator for the copper

(1) mediated LRP of styrene to form an amphiphilic block copolymer (Figure 4.2.3).

0]

N CjHn

Br
H3C'

Figure 4.2.3 Copper (I) mediated LRP of styrene using MeOPEG macroinitiator in

xylene.
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The incorporation of linear amphiphilic block copolymers with the star-shaped
polymers was thought to achieve functionality at the membrane pores. The hydrophilic
portion i.e. the MeOPEG block, should preferentially migrate to the water phase and
remain at the interface whilst the hydrophobic portion i.e. the polystyrene block, should
remain in the bulk ofthe membrane. The blending process can be extended to mixtures

of different polymers as a method of introducing further functionality to the membranes.

4.3 Porous membrane formation with /SCD star-shaped polymers

The ability of star-shaped polystyrene with 21-arms to form honeycomb structures was
investigated using star polymers with varying molecular weights. The optimum
conditions required to form a regular hexagonal array of pores was determined and the
factors that were considered included the airflow, humidity, temperature, solvent and

evaporation time.

4.3.1 Effect ofsolvent on membraneformation

The effect of the solvent on the ability to generate honeycomb structures was
investigated using three organic solvents; dichloromethane, toluene and carbon
disulfide. A 21-armed star-shaped polystyrene with molecular weight 43000 g mol'land
narrow molecular weight distribution (PDi = 1.08) was prepared by LRP and dissolved
in the three organic solvents at a concentration of 10 g L'L The relative humidity,
temperature, airflow rate and evaporation time was kept constant and films were cast on
a glass slide using the three polymer solutions. Table 4.3.1 summarises the reaction

conditions for these experiments.
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Solvent Relative Temperature  Airflow rate Evaporation time
humidity (%)  (°C) (mL min']) (mins)

Toluene 71 19 1000 3

DCM 70 20 1000 3

CS2 72 19 1000 3

Table 4.3.1 Reaction conditions used to investigate solvent effects in the formation of

membranes using a 21-armed star polystyrene (Mw= 43000 g mol'], PDi = 1.08).

The resulting films that were cast from these three solvents were analysed by SEM to
assess the surface morphology and the appearance of any porous structures. The SEM
image obtained from the film cast in toluene (Figure 4.3.1) shows the appearance ofa

non-uniformed porous structure.

Figure 4.3.1 Surface morphology of a film of star-shaped polystyrene with 21 arms cast

from a 10 g L '1toluene solution.
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Although pore formation is said to have occurred, the heterogeneous pore sizes and the
non-hexagonal distribution of the pores means that toluene is not a good promoter of a
regular honeycomb membrane. The coalescence of water droplets on the glass slide may
cause the disruption of the hexagonal array. The volatility of the toluene solvent may
also be a factor that affects any regular pore formation. If the toluene is slow to
evaporate, then the water droplets will have more time to coalesce before all of the
water and toluene are evaporated. This results in a disruption of pore formation as
shown in Figure 4.3.1.
The polymer film that was cast using dichloromethane as the solvent to dissolve the
21-armed star-shaped polystyrene was analysed for pore formation by SEM and the

SEM image is shown in Figure 4.3.2.

Figure 4.3.2 Surface morphology of a film of star-shaped polystyrene with 21 arms cast

from a 10 g L'1dichloromethane solution.
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The SEM image of the surface morphology of the film cast in dichloromethane shows
that pore formation occurs. The pores are generally spherically shaped and the size
distribution ofthe pores is heterogeneous. A non-hexagonal array of the pores is also
observed. When compared to the films cast in toluene, a more regular array of pores is
observed and so dichloromethane seems to be a better solvent at promoting porous
structures with a regular pore size. The disruption of the regularity of the pores was
again attributed to the coalescence of water droplets that dismpts the hexagonal
packing. The evaporation of the dichloromethane may be slower than the time taken for
the water droplets to coalesce and the subsequent evaporation o f the water and solvent
leaves pores that have a non-hexagonal distribution.
When the solvent used to dissolve the star-shaped polystyrene was changed to carbon
disulfide, the resulting film had a turbid appearance. This was in contrast to the
transparent films that were obtained for the films cast from toluene and
dichloromethane. The SEM image of this turbid film (Figure 4.3.3) clearly shows the
formation of spherical pores with a high degree of homogeneity and a narrow size
distribution. Furthermore, the pores are arranged with a hexagonal distribution and have

the appearance of a honeycomb structure.
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Figure 4.3.3 Surface morphology of a film of star-shaped polystyrene with 21 arms cast

from a 10 g L'1carbon disulfide solution. Pore diameter is ~2 pm.

This result was encouraging as it demonstrated that the formation of highly ordered
porous membranes was possible using star-shaped polystyrenes prepared by LRP. The
diameter of the pores was determined from the scale bar at the top of the SEM image
and found to be ~2 pm.

Thus, the influence of the solvent on promoting a regular pattern of homogeneous pores
appears to be very important. Toluene and dichloromethane are not good solvents for
the promotion of highly ordered pores under the conditions used whereas carbon

disulfide appears to be a very effective solvent at promoting the honeycomb structures.
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4.3.2 Effect ofthe rate ofairflow on membraneformation
The experimental set-up that was used to form the membranes allows the rate of
saturated air entering the humidity chamber to be carefully controlled and monitored.
The effect that the rate of airflow had on the formation of membranes was investigated
using star-shaped polymers of molecular weight 43000 g mol'lpossessing 21-arms of
polystyrene. It was anticipated that when air flowed across the polymer surface at a
higher rate, the solvent would evaporate more rapidly leaving less time for any
coalescence of the water droplets to occur. This would result in a decrease in the pore
size with an increasing rate of airflow. Table 4.3.2 summarises the conditions that were

employed to investigate the effect on pore formation by varying the rate of airflow.

Rate ofairflow  Relative humidity Temperature ~ Solvent  Evaporation time

(mL min') (%) (°C) (mins)
500 72 19 Cs2 3
1000 73 19 CS2 3
1500 77 20 CS2 3

Table 4.3.2 Reaction conditions used to investigate the effect of varying the rate of
airflow in the formation of membranes using a 21-armed star polystyrene

(Mw= 43000 g mol", PDi = 1.08).
The relative humidity and temperature inside the humidity chamber for this set of

reactions was kept constant as far as was possible and carbon disulfide was selected as

the solvent to dissolve the star polymers at a concentration of 10 g L'1 When the rate of
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airflow was set at 1500 mL min'], the resulting film that was cast showed the formation

of pores (Figure 4.3.4).

Figure 4.3.4 Surface morphology of a film of star-shaped polystyrene with 21 arms

using an airflow rate of 1500 mL min'l

It is clear that, although a porous structure is observed, the distribution of the pores is
not uniform and there is no evidence of a hexagonal array of pores.

When the rate of airflow was decreased to 1000 mL min'l, a turbid film was formed
after three minutes of the solution being subjected to the airflow. The SEM image
(Figure 4.3.5) shows a highly ordered arrangement of pores that have a hexagonal
distribution. The pores were homogeneous in size and the diameter of the pores was

found to be ~2 pm.
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Figure 4.3.5 Surface morphology of a film of star-shaped polystyrene with 21 arms

using an airflow rate of 1000 mL min '.

The pore size of the film shown in Figure 4.3.5 is the same as that shown in Figure
4.3.3. It is noted that the membrane shown in Figure 4.3.5 has a slightly higher density
of pores than the membrane shown in Figure 4.3.3. The reason for this variation is
unclear although it may be attributed to small differences in the precise concentration of
the star polymer solution.

Finally, the rate of airflow was decreased to 500 mL min’land the resulting turbid film
that was generated showed the presence ofa highly ordered hexagonal array of pores
(Figure 4.3.6). The pore diameter was found to be ~3 pm which is larger than the pores

observed when the airflow rate was higher.
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Figure 4.3.6 Surface morphology of a film of star-shaped polystyrene with 21 arms

using an airflow rate of 500 mL min'l

It appears that the rate of airflow does have an effect on the formation of pores. At high
rates of airflow, it appears that pore formation is disrupted whereas lower rates of air
flow, typically 500 and 1000 mL min'l can promote the arrangement of highly ordered
pores that are homogeneous in size. Furthermore, pore sizes with a smaller diameter are
observed when the rate of airflow is increased. This may be explained by considering
the rate at which the solvent evaporates from the solution surface. When the rate of
airflow is increased, there will be an increased evaporation of solvent which, in this
case, is carbon disulfide. The increased rate of solvent evaporation will lead to a more
rapid condensation of the water droplets onto the solution surface due to a more rapid
temperature drop. The subsequent rapid evaporation of all the solvent and water
molecules will lead to a decreased pore size since coalescence of the water droplets is

minimised.
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4.3.3 Effect oftemperature and relative humidity on membraneformation
Since the temperature and relative humidity inside the humidity chamber vary
simultaneously, it was difficult to assess these parameters independently. Star-shaped
polystyrene polymers with 14-arms (M,, = 18000 g molZ, PDi = 1.09) and 21-arms
(Mn= 43000 g mol'l, PDi = 1.08) were prepared by LRP and the effect that the relative
humidity and temperature had on the formation of pores was investigated according to
Table 4.3.3. The rate of airflow was kept constant at 1000 mL min"1for each film that

was cast.

Number of arms Relative humidity (%)  Temperature (°C)

14 69 20
14 75 20
14 82 19
21 43 18
21 53 19
21 81 19

Table 4.3.3 Reaction conditions used to assess the effect of relative humidity and
temperature on pore formation. 10 g L'1of 14-armed polystyrene (Mn 14000 g mol')
and 21-armed polystyrene (Mn= 43000 g mol']) in CS2with an airflow rate of

1000 mL min'lwas used.
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The effect of increasing the relative humidity on the 14-armed stars shows that more

ordered pores are formed when the relative humidity is increased (Figure 4.3.7)

|« oo

Figure 4.3.7 Pore formation with a 14-armed star polystyrene at relative humidity 69 %

(top image), 75 % (middle image) and 82 % (bottom image).
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When the relative humidity was low (69 %) pore formation could still occur but the
pores were heterogeneous in size and a hexagonal distribution was not observed. As the
relative humidity increased, the pores became more ordered and at a relative humidity
of 82 %, highly ordered pores were formed where the pores were perfectly spherical,
monodisperse and formed a hexagonal array. A similar effect was observed for the
21-armed star-shaped polystyrenes (Figure 4.3.8) when the relative humidity was

increased.
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(top image), 53 % (middle image) and 81 % (bottom image).
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The relative humidity does have a profound effect on influencing the formation of
highly ordered membranes with honeycomb structures. A relative humidity of at least
70 % is required for the formation of such structures. Whilst it was difficult to
independently vary the temperature of the humidity chamber, it was observed that
temperatures in the range 17 - 20 °C are also required if highly ordered pores are to be

formed.

4.3.4 Optimum conditionsfor theformation ofporous membranes

From the above experiments the optimum conditions for the formation of homogeneous
spherical pores that arrange in a regular hexagonal array have been determined. A
humid atmosphere is required and the relative humidity must be at least 70 % for the
ordered pores to be observed. Below this relative humidity a heterogeneous size
distribution of pores is observed. It is thought that a high relative humidity is required

so that water droplets can condense onto the cold surface at a rapid rate and the droplets

allowed to selforganise into the hexagonal array. It has been reported by Boer et al.21
that the temperature at the solution surface is -6 °C brought about by the evaporation of
the solvent. This associated decrease in the solution temperature causes water from the
moist air to condense on the cold solution surface. The optimum flow rate of air over
the solution surface has been found to be 500 mL min'land 1000 mL min'lifa highly
ordered hexagonal array of pores is to be observed. Higher airflow rates do not give a
homogenous distribution of pores. The rate of airflow over the solution surface is
important as this dictates the rate of evaporation of the volatile solvent. Ifthe airflow
rate is too low, solvent cannot evaporate fast enough for the water droplets to condense

onto the surface. Conversely, if the airflow rate is increased there will be faster
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evaporation of the solvent and water droplets can condense more rapidly onto the
solution surface due to a more rapid temperature drop.
Formation of a homogeneous size distribution of pores has been found to be dependent
on the solvent that the polymer is dissolved in. The ideal solvent has been found to be
carbon disulfide which is highly volatile. Carbon disulfide is able to dissolve the
polystyrene star polymers used but since it is insoluble in water, the water droplets
appear on the solution surface and the coalescence of the water droplets is prevented.
Since the polystyrene is also insoluble in water, the polystyrene precipitates and
coalescence of the water droplets is further prevented. It is possible that the polystyrene
precipitates at the interface between the solution and the water droplet to form an
envelope around the water droplets thus stabilising these isolated water droplets. This
envelope of droplets may also prevent droplet-to-droplet coalescence and preserve any
regularity of these droplets.
The subsequent evaporation of the carbon disulfide solvent from the polymer-enveloped
water droplets will reduce the solution volume and the temperature of the remaining
material then rises to ambient temperature. It is possible that the pressure inside the

droplets then rises and the water droplets then burst through the film to form the pores.

4.4 Formation of pores with polymer blends

The previous section has shown that the formation of a regular array of pores is possible
using star-shaped polystyrene polymers dissolved in an appropriate solvent and
subjected to a high relative humidity. The use of star-shaped polymers appears to be
essential for the formation of these pores and such structures are not observed when
their linear counterparts are used. The differences in the physical properties of star

polymers and linear polymers is thought to be the reason for this as star-shaped
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polymers seem to precipitate instantaneously at the solution/water interface. Linear

polystyrene is unable to precipitate at the interface as reported by Francois et alA

To obtain some functionality of the pores, the effect on the addition of amphiphilic
linear polymers was investigated. It was anticipated that the addition of low amounts of
linear amphiphilic copolymers to the star polymer solution would not disrupt the
hexagonal pattern. Furthermore, the hydrophilic portion of the diblock copolymer
would migrate preferentially to the solution/water interface and the hydrophobic portion

would remain in the bulk of the film.

4.4.1 Effectofporeformation with ablend ofstar and linear polystyrene

The amphiphilic block copolymer incorporating poly(ethylene glycol) as the
hydrophilic block and polystyrene as the hydrophobic block was synthesised as outlined
in section 4.2. A film using this linear block copolymer dissolved in carbon disulfide
was cast onto a glass slide and pore formation analysed in the absence of any star
polymer. It is clear from Figure 4.4.1 that pore formation is promoted when the linear
block copolymer is used but there is no evidence of a highly ordered array of pores as
observed for the star-shaped homopolymer counterparts. The pores are not spherically

shaped and there is a random distribution of pores sizes.
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Figure 4.4.1 Surface morphology of a linear PEG-6-PST block copolymer after film

casting from CS2, relative humidity 71 %, 19 °C and airflow rate 500 mL min'L

Differing proportions of the amphiphilic diblock copolymer were then added to a
solution of star polymer to determine what effect this had on the formation of the pores.

Table 4.4.1 illustrates the conditions used in this set of experiments.

Proportion of Relative Humidity Temperature Airflow rate
PEG-A-PSThy (%) (°C) (mL min'D)

weight (%)

1 72 19 500
4 76 18 500
10 74 18 500

Table 4.4.1 Experimental conditions used to investigate the effect of the addition ofa

linear block copolymer to a 21-armed star polystyrene polymer in CS2.
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The SEM images that were obtained when an increasing proportion of the PEG-h-PST

linear block copolymer was added to a solution of 21-armed star shaped polystyrene

show that the linear copolymer has an effect on pore formation (Figure 4.4.2).

Figure 4.4.2 Surface morphology of blends of a 21-armed star-shaped polystyrene
polymer with 10 % by weight PEG-6-PST (top), 4 % by weight PEG-A-PST (middle)

and 1% by weight PEG-6-PST (bottom).

151



Chapter 4 Preparation ofPorous Membranes by SelfOrganisation
OfStar Shaped Polymersformed by LRP
It is clear from Figure 4.4.2 that the addition of an amphiphilic block copolymer can
affect the formation of pores. By blending the star polymer with a low proportion of the
linear polymer (1 % by weight linear polymer, bottom image of Figure 4.4.2) the
formation of a regular array of pores is observed and a hexagonal distribution of pores is
observed. The diameter of these pores was measured and found to be ~1 pm.
No defects in the porous structure were observed. Upon increasing the proportion of the
linear block copolymer to 4 % by weight (middle image of Figure 4.4.2) pore formation
is still promoted and a hexagonal distribution of pores can be observed. The pores are
largely spherically shaped and a narrow size distribution of pores is obtained. Closer
inspection of this image reveals that some of the pores are not perfectly spherical in
shape and there are some imperfections in the film where the hexagonal distribution is
interrupted and some o f the pores are cracked.
When the proportion o f the linear block copolymer is increased to 10 % by weight (top
image of Figure 4.4.2) pore formation is observed but the hexagonal distribution is
completely disrupted. Although the pores are largely spherically shaped, there is a
heterogeneous size distribution of these pores.
In conclusion, blends o f star and linear polymers can still promote the formation of
highly ordered honeycomb structures as long as the proportion of linear polymer
remains low. Increasing the proportion of linear polymer tends to disrupt the hexagonal
structure and ultimately leads to the complete disappearance of this structure. By
introducing linear polymers into the structure is beneficial if the pores are to be
functionalised. The wide range of linear block copolymers that can be prepared by LRP
will enable the relationship between the star and linear polymers and their influence on
pore formation to be determined. The block copolymers would be expected to lie at the

interface with the hydrophilic portion interacting with the water droplets. Thus the
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internal surface of the pore will be functionalised. The effect of varying the chemical
composition of each block on the amphiphilic copolymer can be investigated and this is
a good way to introduce functionality into the films. For example, an amphiphilic block
copolymer incorporating dimethylaminoethyl methacrylate (DMAEMA) (Figure 4.4.3)

can introduce amino functionality to the pores.

Figure 4.4.3 Chemical structure of dimethylaminoethyl methacrylate (DMAEMA).

When a star polymer was blended with 2 % by weight of linear PDMAEMA, pores
were formed but there was a heterogeneous size distribution of pores (Figure 4.4.4) and

so there was disruption to the hexagonal pattern.

Figure 4.4.4 Pore formation with a 21-armed star polystyrene polymer blended with 2
% by weight PDMAEMA in CS2 at 72 % relative humidity, 20 °C and airflow rate

500 mL min'l
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It appears that the incorporation of polystyrene in the block copolymer is necessary to
observe the hexagonal structures. Linear PDMAEMA homopolymers blended with the
star polymer does not give a good porous structure, despite the optimum pore-forming
conditions being employed. The synthesis of block copolymers by LRP that
incorporates polystyrene and PDMAEMA is possible but this synthesis was not carried

out for this work.

4.5 Effect of molecular weight on the formation of pores

The ability to control the pore size of these highly ordered porous structures would be
highly beneficial and would enable the membranes to be used for different applications.
For example, a micron-sized porous film would be appropriate for cell growth studies
while nanometre-sized pores in the dimensions of visible light may be applicable for
photonic band gap materials. The molecular weight of the star polymer is likely to
influence the pore size. The optimum conditions for the formation of the ordered
structures has already been investigated and so the effect that the molecular weight of
the star polymers has on this formation can now be assessed. Star polymers with 14 and

21 arms were investigated as detailed in Table 4.5.1.
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Number  Molecular PDi Relative humidity Temperature  Rate of
ofarms  weight Mn (%) (°C) airflow
(g mol') (mL min')
14 18000 1.09 78 19 1000
14 43000 174 71 19 1000
14 54000 118 68 18 1000
21 19000 1.08 74 19 1000
21 43000 1.08 75 19 1000
21 79000 117 83 19 1000

Table 4.5.1 Experimental conditions to investigate the effect of molecular weight on
pore formation. A 10 g L 1solution in CS2 was used in all experiments. *Shoulder peak

at high molecular weight observed in SEC trace.

The SEM images obtained from the 21-armed star polystyrenes are shown in Figure
4.5.1. In all images, spherical pores are formed that have a narrow size distribution and
the regular honeycomb structure is observed. Measurement of the pore diameter (Table
4.5.2) shows that there is a small increase in pore size as the molecular weight of the

star increases.
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Figure 4.5.1 SEM images showing the surface morphology of 21-armed star
polystyrene with increasing molecular weight; 18600 g mol'1(top), 43000 g mol'l

(middle) and 79000 g mol'1(bottom).
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Molecular weight M,,  Average pore diameter

(g mol') (/xm)
18600 15
43000 1.8
79000 25

Table 4.5.2 Measurement of average pore diameter o f 21-armed polystyrene with

differing molecular weights.

Similarly, the SEM images obtained for the differing molecular weights of the 14-armed

star polystyrenes are shown in Figure 4.5.2 and the measurement of the average pore

diameter is shown in Table 4.5.3.
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Figure 4.5.2 SEM images showing the surface morphology of 14-armed star
polystyrene with increasing molecular weight; 18000 g mol'1(top), 43000 g mol'l

(middle) and 79000 g mol"1(bottom).
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Number of arms Molecular weight Mn  Average pore diameter

(g mol') (pm)
14 18000 13
14 43000 15
14 54000 15%

Table 4.5.3 Measurement of average pore diameter of 21-armed polystyrene with

differing molecular weights. *Heterogeneous pore sizes.

The effect that the molecular weight has over the control of pore size is more marked
when considering the results of the 21-armed star polystyrenes. The optimum conditions
for film casting were used in all experiments and the formation of highly ordered pores
was observed in all cases. As the molecular weight of the star increased, the diameter of
the pore also increased. It appears that pore size can be directly controlled over the
molecular weight of the polymer and can be altered in the range 1.5-2.5 pm. This result
is quite interesting as it indicates that small changes at the molecular level can influence
the structure on the micron scale.

When considering the 14-armed star polystyrenes, pore formation was observed for the
three molecular weights investigated and honeycomb structures were observed.
Problems were encountered when attempting to cast films from the high molecular
weight structure since the hexagonal array appeared slightly disrupted and a
heterogeneous size distribution of pores meant that it was not appropriate to include
these results in this discussion. When the molecular weight ofthe 14-armed star
polystyrene is increased from 18000 g mol’1to 43000 g mol"] the average pores size

increases slightly from 1.3 /tm to 1.5 pm.
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It seems that increases in molecular weight have the effect of increasing the pore size
provided the optimum casting conditions are used to form pores with a homogeneous
size distribution. Furthermore, an increase in the number of arms on the star polymer
also has the effect of increasing the pore size. A five-armed star polystyrene with a
galactose core and molecular weight 12000 g mol'lhas been found to have an average
pore diameter 0f0.83 and this further confirms that a lower number of arms
confers a smaller pore size.
In summary, the pore size increases with increases in molecular weight although the
pore size appears to be dependent on the polymer architecture. While it seems possible
to create pores of a uniform size distribution, the prediction of the pore size seems
difficult as this is dependent on the structure of the star polymer. A correlation between
the polymer architecture, the number of polymeric arms attached to a core, the
molecular weight and pore diameter would enable the precision synthesis of highly
ordered pores whose size can be predetermined. The ability to predict the pore sizes
would be highly advantageous for many industrial applications such as synthetic

membranes and medical devices.
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4.6 Conclusions

The formation of highly ordered porous structures from star polymers synthesised by
copper-mediated LRP has been demonstrated. Star-shaped polymers with a /3CD core
possessing 21- and 14-arms can promote the formation of honeycomb structures under
appropriate film casting conditions. The optimum film casting conditions have been
determined and there are a number of variables that can be controlled to optimise the
formation of pores. There is a necessity for a high relative humidity (>70 %) to promote
a homogeneous size distribution of pores and temperatures above 17 °C are also
required. The rate of airflow over the solution surface also affects pore formation and it
was found that a rate of 500 mL min"lor 1000 mL min“lachieves the best results.
Carbon disulfide seems to be the only solvent that is capable of promoting the highly
ordered structures. Furthermore, the pore size can be controlled to a certain extent by
varying the molecular weight of the star polymer and also by varying the number of
arms on the core. Increases in molecular weight confer an increase in pore diameter.
Linear polymers do not appear to promote ordered structures and it is thought that the
unique properties of spherical-shaped materials such as star polymers are essential to
obtain the highly ordered porous films. One of the characteristics of spherical materials
is the ability for them to instantaneously precipitate at the solution/water interface.
Linear homopolymers do not have this ability and precipitation does not occur. It is
probable that this property of star polymers assists in forming a polymer envelope
around the water droplets and stabilising their arrangement before the droplets
evaporate leaving behind the honeycomb structure.

Blending small proportions of linear polymers with the star polymers does not disrupt
the porous structure and this can provide a route to introduce functionality to the pores.

Experiments using fluorescent monomers (Figure 4.6.1) incorporated into the
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hydrophilic portion of an amphiphilic block copolymer and subsequent analysis of the

pores with a confocal microscope may assist in confirming the hydrophilic nature of the

pores.

Figure 4.6.1 Synthesis of a fluorescent monomer based on pyrene.

The mechanism for the pore formation is not well understood. It is understood that the
process involves the condensation of water droplets onto the solution surface since in
the absence of a humid atmosphere, a regular array of pores is not observed.
Furthermore, the polymer is required to be dissolved in a volatile solvent that is
immiscible with water so that the polymer can precipitate at the water/solution interface
to form an envelope around the condensed water droplet. This prevents the coalescence
of the water droplets and the hexagonal array formed by convection currents and
capillary interactions is stabilised. Once all the solvent and water has evaporated from

the surface, this leaves behind the hexagonal array of pores.
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Chapter 5
Further Modifications of Star-shaped /3CD Polymers

for the Synthesis of Diblock Copolymers

5.0 Introduction

The previous chapters have shown that cyclodextrin can be modified in a number of
ways to enable it to be employed as a multifunctional initiator used to form well-defined
star polymers containing 7-, 14- and 21-arms by copper (I) mediated living radical
polymerisation. As an extension to those polymerisations, it may be possible to form
more complex architectures whereby the polymer at one face of the cyclodextrin will
differ from the polymer at the other face. This provides an interesting synthetic
challenge since polymerisations will have to be directed at either of the two faces
without affecting the other face. Polymers prepared by LRP use an organometallic
complex to establish an equilibrium between active and dormant chain ends and all
chains will be terminated by halogens (dormant species). Since these chain ends can be
re-activated it will be necessary to deactivate these chain ends to prevent further
polymerisation occurring at this face when polymerisation at the other face is required.
By modifying each face of the cyclodextrin with a different polymer, the formation of
diblock copolymers may be possible. For example, the formation of a cyclodextrin
amphiphilic diblock copolymer that possesses a hydrophobic polymer at one face and a
hydrophilic polymer at the other face may exhibit surfactant behaviour. These types of
compounds are used extensively in household products such as shampoo and

conditioners™5, laundry detergents™- ?, general cleaning products and in food

preparations”™-"}. Furthermore, the cavity of the cyclodextrin may be exploited so that
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host-guest interactions can be investigated and release of the guest from the inclusion
complex may be mediated by the structure of the polymer at either of the faces. In this
chapter, the modification of star-shaped polymers with a cyclodextrin core for the

synthesis of diblock copolymers is investigated.

5.1 Modification of the u-Bromo end groups

The star-shaped polymers prepared by living radical polymerisation all possess
relatively stable carbon-bromine terminal linkages that originate from the
multifunctional initiator. The equilibrium between the dormant carbon-halogen species
and the active radical species lies towards the dormant species and so the majority of
polymer terminals exist as the stable carbon-bromine bond. Due to the stable nature of
this covalent bond, the isolated polymers possess the carbon-bromine bond that is intact
at the @ end. Although this bond is stable, it is potentially active and may affect the
stability of further products. In this section, the ability to effectively quench the terminal
carbon-halogen bonds to form more stable carbon-carbon bonds will be investigated. By
deactivating the w-terminals of polymer chains at one face of the /3CD star polymers
may allow further and directed chemical modification at the other face of the /?CD. A
number of research groups have investigated quenching reactions of metal-catalysed
living radical polymerisations. Among these, Sawamoto et al. investigated the use of
silyl enol ethers such as a-(trimethylsiloxy)styrene and /i-methoxy-a-

(trimethylsiloxy)styrene (Figure 5.1.1) and found them to be efficient end-capping

agents for polymers prepared by Ru(ll)-mediated polymerisation 11> 12.
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O—SiMe,

Figure 5.1.1 Chemical structures of a-(trimethylsiloxy)styrene and/7-methoxy-a-

(trimethylsiloxy)styrene for the quenching of metal-catalysed LRP.

Matyjaszewski et al. have reported «-dehalogenation using tributyltin hydride13. The
trialkyltin hydrides are common dehalogenation reagents and can react with organic
halides via a free radical chain mechanism. The trialkyl tin radical can be generated by
the copper (1) bromide / ligand complex and this radical can abstract the halogen atom
from the «-terminus of the polymer to generate a polymer radical. This radical then
subsequently reacts with a trialkyl tin hydride to form the reduced product and a new
trialkyltin radical (Figure 5.1.2).

R'Br
R3SnH R,Sn1 R" R,Sn-Br

Figure 5.1.2 Dehalogenation of an alkyl halide R’X with trialkyl tin hydride.
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Before investigating any dehalogenation reactions using the star-shaped /3CD polymers,
the end-capping was performed on linear homopolymers and the effectiveness of the
silyl enol ethers as quenching agents was investigated. Low molecular weight linear
PMMA was synthesised using ethyl-2-bromoisobutyrate as an initiator and the process
mediated by a copper () / A-pentyl-2-pyridylmethanimine complex in toluene at 90 °C.
The polymerisation was stopped at 25 % conversion and the resulting polymer was
purified and found to have a molecular weight of 2500 g mol*“land relatively narrow
molecular weight distribution (PDi - 1.25). This polymer, with its characteristic carbon-
bromine w-terminus, was used as a macroinitiator to initiate the quenching reaction
using a-(trimethylsiloxy)styrene. A 10-fold excess of the silyl enol ether was used to
ensure complete dehalogenation at the PMMA co-terminal and the reaction was
mediated by a copper (I) bromide / A-pentyl-2-pyridylmethanimine complex in toluene
at 90 °C. After four hours of reaction the copper complexes were removed by filtration
through basic alumina and the resulting polymer isolated by precipitation in cold
petroleum ether. SEC analysis of the isolated polymer showed the molecular weight of
the polymer to be 2500 g mol"1las expected. Inspection of the 'H NMR spectra was used
to investigate the end-group structure. The 'H NMR spectra of linear PMMA prepared
by LRP with a carbon-bromine terminus shows characteristic signals at 2.5 ppm and
3.8 ppm that correspond to the methylene protons and methoxy protons respectively of
the terminal MMA unit. Analysis of the 'H NMR spectra of the quenched polymer
shows the disappearance of these signals that correspond to the bromine terminal. New
signals were observed downfield at 7.5 ppm that presumably correspond to the protons
on the aromatic ring of the silyl enol ether. To further verify that the chain ends were
dehalogenated, a chain extension polymerisation with MMA was performed. If the

terminal carbon-bromine bond was still present, the polymer would function as a
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macroinitiator and MMA would propagate to yield higher molecular weight species.
However, this was not the case and after four hours of polymerisation, no increase in
molecular weight was observed. This lead to the conclusion that the silyl enol ether had
dehalogenated the polymer chain ends thus causing them to be deactivated. The
mechanism for this deactivation is thought to proceed via a radical pathway where the
radical species is generated by the activation of the carbon-halogen bond by the copper

() catalytic complex (Figure 5.1.3).

Figure 5.1.3 Possible mechanism of reaction of silyl enol ethers with PMMA for the

deactivation of chain ends.

The successful dehalogenation of the linear PMMA was not observed when applied to
the deactivation of chain ends of the star-shaped polymers. Deactivation of the carbon-
halogen chain ends of 14-armed PMMA stars could not be verified since the signals in
the '"H NMR spectra corresponding to the silyl enol ether group were not observed. This
made the analysis of the end-group structure non-trivial. The difficulty in synthesising
well-defined star polymers of low molecular weight was also a factor in assessing the
incorporation of the silyl enol ether.

Subsequently, the use of trialkyl tin hydride was investigated to replace the terminal

halogen of the polymer chains with a hydrogen atom. Linear PMMA initiated by ethyl-
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2-bromoisobutyrate was again investigated and the simultaneous polymerisations with
and without the addition of tri «butyl tin hydride were performed. The addition of tri
«butyl tin hydride seemed to quench the rate of polymerisation compared with the

control experiment (Figure 5.1.4).

A Control experiment
m  Addition of Bu3SnH

1 i 1 i 1
3 4

Time (hours)

(6 B

Figure 5.1.4 Effect of the addition of tri «butyl tin hydride on the LRP of MMA

initiated by ethyl-2-bromoisobutyrate.

The linear PMMA polymer with dehalogenated chain ends was isolated and a chain
extension reaction was performed to confirm that the carbon-bromine chain ends had
been replaced with a carbon-hydrogen bond. Since there was little increase in molecular
weight with increasing time it was assumed that the dehalogenation was successful. The

linear PMMA that was not subjected to any quenching showed an increase in molecular
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weight during the chain extension reaction (Figure 5.1.5) as expected since the terminal

carbon-bromine groups were able to reinitiate the polymerisation of MMA.

30000,
A
25000-
20000-
15000-
A
A Control experiment
10000- m  Chain extension of end-capped polymer
5000-
2 3 4 5 6

Time (hours)

Figure 5.1.5 Chain extension reaction with MMA of PMMA quenched with BuaSnH.

Following the successful end-capping of linear PMMA with a hydrogen atom by
quenching with trialkyl tin hydride, the dehalogenation was extended to a star polymer
with 14 arms. To achieve this, a 14-armed star PMMA was synthesised with molecular
weight Mn= 27000 g mol'L A further reaction was then performed using a six-fold
excess (with respect to each carbon-halogen terminus) of tri «butyl tin hydride and the
copper (1) / A-pentyl-2-pyridylmethanimine complex was employed to generate the
radical species. After allowing the quenching reaction to continue overnight, the
resulting polymer was isolated and found to have a molecular weight Mn= 29000 g mol

1which is similar to the original molecular weight as expected. The H NMR spectra
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(Figure 5.1.6) shows the absence of the signals at 2.5 ppm and 3.8 ppm that correspond

to the protons of the methylene and methoxy respectively of the terminal MMA unit a

to the bromine atom.

Figure 5.1.6 'H NMR spectra of star-shaped PMMA with carbon-hydrogen bonds at the

w-terminal.

To ensure that the carbon-bromine chain-ends were deactivated a chain extension
reaction was performed with a fresh feed of MMA monomer and after 20 hours reaction
time, no significant increase in molecular weight was observed (Mn= 31000 g mol']). It
was concluded that all 14 carbon-bromine bonds at the «-terminal ofthe 14-armed
PMMA star polymer had been deactivated and replaced with a stable carbon-hydrogen

bond (Figure 5.1.7).
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Br Br H H

Figure 5.1.7 Dehalogenation ofa 14-armed PMMA star polymer with BU; Si. H.

5.2 Deprotection of /erf-butyl dimethvlsilyl groups

To regenerate the seven hydroxyl groups at the primary face of/3CD required the
deprotection of the TBDMS groups. This has previously been described in the synthesis
of 7-Br-CD where the deprotection was realised using boron trifluoride etherate. It was
anticipated that this same approach could be applied to the deprotection of TBDMS

groups from a star polymer (Figure 5.2.1).

H H h H

Figure 5.2.1 Deprotection of TBDMS groups from a 14-armed PMMA star polymer.

The reaction was stirred for 24 hours at room temperature and after this time, inspection
of the 'H NMR spectra (Figure 5.2.2) showed the disappearance of the signals at
0.02 ppm and 0.86 ppm that correspond to the dimethyl silyl protons and tert-butyl

protons respectively ofthe TBDMS group. Since a very small amount of product was
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obtained, this was not purified and was subsequently used in crude form to esterify the

hydroxyl groups with an initiating functionality (see next section below).

Figure 5.2.2 "H NMR spectra of a 14-armed star PMMA polymer with TBDMS groups

deprotected at the primary face.

5.3 Modification at the primary face of a 14-armed PMMA star polymer with
deactivated chain ends

The crude star-shaped /3CD PMMA polymer with deactivated chain ends and hydroxyl
groups regenerated at its primary face was used in the attempted synthesis of a
14-armed star-shaped /3CD PMMA polymer with seven initiating sites at the primary
face. This modification represents the seventh reaction step that the /3CD has undergone.
Esterification of this crude product with 2-bromoisobutyryl bromide was expected to

proceed via the reaction shown in Figure 5.3.1.
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PMMA PIMMA PMMA PIMMA

H H H H
Figure 5.3.1 Esterification of a 14-armed PMMA star polymer at the primary face with

2-bromoisobutyryl bromide.

Due to the very small amount of product that this reaction produced, it was not
considered appropriate to thoroughly wash the product in a rigorous aqueous work-up
as was the case for the synthesis of previous initiators. Instead, the product was
precipitated in water and dried in a desicator at room temperature. The 'H NMR spectra
(Figure 5.3.2), although quite noisy, showed the presence of a signal at 1.9 ppm and this
was attributed to the incorporation of the tertiary bromide moiety at the primary face of

the 14-armed star-shaped (jCD.
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ppm
Figure 5.3.2 'H NMR spectra of a 14-armed PMMA star polymer with alkyl bromide

initiating sites at the primary face of /3CD.

It was tentatively thought that this compound would be able to initiate the living radical
polymerisation of a monomer to form a diblock star polymer where each face would be

polymerised independently.

5.4 Living radical polymerisation of a 14-armed PMMA star /3CD polymer
functionalised at the primary face with alkyl bromide moieties

The appearance in the 'H NMR spectra of the initiator signal at 1.9 ppm was
encouraging since it indicated the possibility of forming diblock star polymers where
one monomer could be polymerised at one face of the /3CD and a second monomer
could then be polymerised at the other face of /3CD. MMA was used to investigate

whether polymerisation could occur at the primary face of /3CD. Since the polymer
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chain-ends ofthe PMMA at the secondary face had been previously deactivated by
reaction with the tri «butyl tin hydride to form carbon-hydrogen chain-ends, the
propagation of the second feed of MMA would not occur at these chain-ends. Instead,
propagation would be directed towards the primary face.
Using this polymer as a macroinitiator (Mn= 16000 g mol'1, PDi = 1.19), the LRP of
MMA in toluene at 60 °C was investigated. It was found that the molecular weight
increased very slowly over time (Table 5.4.1) indicating that either the initiator
efficiency was low or the esterification of the hydroxyl groups with the alkyl bromide
was incomplete. Conversions were not calculated due to the low volume of the
polymerisation mixture and the uncertainty of the number of initiating sites that were
present. The SEC curves (Figure 5.4.1) for the polymerisation show unimodal peaks

although the molecular weight distributions broaden with increasing molecular weight.
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Time (hours) Mn (SEC) PDi

4 18000 134
22 26500 145
30 29000 161
50 33000 171

Table 5.4.1 Evolution of molecular weight for the formation of diblock star polymers.

—o— = = = > = — - > —— k&« k| « — «
32 34 36 38 40 42 44 46 48 50 52 54 56 58 60
log Mol wt

Figure 5.4.1 SEC curves for the formation of a diblock star polymer with 14 PMMA

arms at the secondary face and PMMA arms at the primary face.
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5.5 Conclusions

In summary, it does appear feasible that block copolymers can be synthesised where one
monomer can propagate at one side of /3CD and a second monomer can subsequently be
synthesised at the other side of /3CD. Although the synthetic pathway to accomplish this
is labour intensive and involves multiple purification, protection and deprotection
stages, it nonetheless shows that these types of polymeric structures are possible. There
are many ways in which these initial studies can be further developed to achieve more
efficient reactions where the intermediate products can be more fully characterised.
Alternative end-capping reagents can be investigated to avoid the need for highly toxic
tin compounds. Perhaps the reaction conditions for the silyl enol ethers as quenching
agents could be optimised for their application in quenching star polymers. These
reactions do, however, provide an insight into the possibilities of more complex
polymeric architectures involving /3CD and allows for any structure-relationship

properties to be further investigated.
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Chapter 6

Experimental

6.0 General Characterisation

'H and I3C NMR spectra were recorded on Bruker DPX 300 or DPX 400 spectrometers
using deuterated solvents obtained from Aldrich or CEA. Elemental analyses were
performed on a Leeman Labs CE 440 elemental analyser. Infrared absorption spectra
were performed on a Bruker Vector 22 FTIR spectrometer fitted with a Golden Gate
diamond attenuated total reflection (ATR) sample platform. Scanning electron
microscopy (SEM) images were recorded using a JEOL JSM-6100 field emission
microscope working at 10 kV. Prior to imaging by SEM, the samples were coated with
athin (~3 nm) layer of gold using a JEOL JFC 1100E gold sputterer. Static light
scattering (SLS) measurements of star-shaped polymers were performed on a Malvern
Autosizer 4800 instrument fitted with a 150 mW Nd/YAG green laser operating at a
wavelength of 532 nm and an avalanche photodiode (ADP). SLS measurements were
performed at 30 °C in THF at 12 independent angles between 30 and 140° with 60
separate 1s measurements made over 60 s before averaging for each angle. Mass
spectra were recorded on a Kratos MS80 or Micromass Autospec spectrometer using
chemical ionization (CI) or electrospray ionization (El) techniques.

SEC analysis was measured at ambient temperature using a Polymer Laboratories (PL)
system equipped with a PL-gel 5 pm (50 x 7.5 mm) guard column and two PL-gel 5 pm
(300 x 7.5 mm) mixed D columns. Data was collected at 1 point s"lusing a differential
refractive index detector or UV detector eluted with THF at 1 mL min'l Absolute

weight-average number (Mw) measurements by SEC were measured with a PL modular
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SEC equipped with a low angle laser light scattering (LALLS; 5°, 2 mW HeNe laser)
detector and a concentration detector linked in series with a PL-gel guard column and
two PL-gel 5 ;tm (300 x 7.5 mm) mixed C columns with THF at 1 mL min"las an
eluent. The equipment was calibrated with narrow MWD PMMA or PST standards
obtained from PL. Values obtained for M,, were subject to an error of 2-3 % while Mw

values varied between 4-5 % between successive runs.

6.1 Reagents

Methyl methacrylate (Aldrich, 99 %) and styrene (Aldrich, 99 %) were passed through a
short column of activated basic alumina to remove inhibitors and acidic impurities,
degassed by bubbling with dry nitrogen for at least 30 minutes and stored at O °C prior
to use. Toluene (BDH, 98 %), xylene (Aldrich, 98 %) and THF (Romil “Hi-Dry”,

99.99 %) were degassed by bubbling with dry nitrogen for at least 30 minutes prior to
use. Triethylamine was stored over sodium hydroxide pellets prior to use. /3CD hydrate
(Avocado, 98 %) was dried under vacuum at 80 °C over phosphorus pentoxide
overnight prior to use. Pyridylmethanimine ligands were prepared as described
previously”. Silica gel with particle size 40-60 pm and pore diameter 60 A
(FluoroChem) was used for column chromatography. All other reagents not specifically

mentioned were purchased from Aldrich and used as received.

6.2 Purification of copper (I) bromide

Copper (I) bromide (Avocado, 98 %) was purified by adapting the method used by
Keller and Wycoff~ for the purification of copper (1) chloride. Typically, copper (1)
bromide (50 g, 0.35 mol) was ground to a fine powder in a mortar to which was added

dilute sulfuric acid (2 M, 5 mL) to form a paste. This was added to a stirred solution of
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sodium sulfite (2 M, 2 L) to give a fine white suspension in a blue solution of the copper
(1) species. The white suspension was collected by careful vacuum filtration under a
blanket of nitrogen whilst taking care not to expose the powder to air. The solid was
washed with glacial acetic acid (250 mL), absolute ethanol (250 mL) and anhydrous
diethyl ether (250 mL). Care was taken with each wash to ensure that the solid had
minimum exposure to oxygen. The cream coloured product was isolated by removal of
volatiles at 150 °C under vacuum for 12 hours and stored in a dark container prior to

use. Yield = 83.4 %.

6.3 Synthesis of fV-pentyl-2-pyridylmethanimine

The Schiffbase ligand was prepared via modification to the method used by Bahr and

Thamlitz”.

Pentylamine (25.0 mL, 0.22 mol) was slowly added dropwise to a stirred solution of
pyridine-2-carboxaldehyde (20.6 mL, 0.22 mol) in diethyl ether (40 mL) at 0 °C. Dry
magnesium sulfate (5 g) was added and the solution was stirred at room temperature for
five hours. The solution was filtered under gravity and the diethyl ether was removed by
rotary evaporation. The resulting orange oil was purified by distillation under reduced
pressure. The product was obtained as a clear orange oil (bp. 81-83 °C at 4.4 mbar).
Yield = 63.2 %.

'H NMR (CDC13, 298 K, 300 MHZz) 8 (ppm from TMS) = 8.6 (d, J = 4.0 Hz, 1H,
Pyr-H), 8.31 (s, 1H, N=CH), 7.92 (d, J= 7.7 Hz, 1H, Pyr-H), 7.65 (t, J= 7.7 Hz, 1H,
Pyr-H), 7.26 (t, J= 5.0 Hz, 1H, Pyr-H), 3.61 (t, J= 5.6 Hz, 2H, N-CH2), 1.69 (m, 2H,

CH2), 1.30 (t, 4H, CHXCH2), 0.87 (t, J = 7.3 Hz, 3H, CH3).
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13T NMR (CDC13, 298 K, 75 MHz) 8 (ppm from TMS) = 160.66 (HC=N), 150.44,
138.91, 128.12, 126.76, 122.55 (Pyr-C), 62.73, 31.49, 30.40, 22.98 (-CH2-CH2CH3),
16.05 (-CH2CH3).

IR absorption v (cm-1) = 3056, 3007 (Ar. C-H stretch), 2968-2853 (Aik. C-H stretch),
1650 (C=N stretch), 1588, 1567, 1467, 1438 (Ar. C-C stretch).

Mass spectrum: m/z = 177 (M + H).

Elemental analysis: 74.43 %C, 9.12 %H, 15.91 %N; (theoretical; 74.95 %C, 9.15 %H,

15.90 %N).

6.4 Synthesis of 2-bromoisobutyryl anhydride

2-Bromoisobutyric bromide (133.5 g, 581 mmol) was added dropwise at 0 °C to a
cooled solution of 2-bromoisobutyric acid (80.9 g, 484 mmol) in anhydrous THF

(800 mL) with triethylamine (80.7 mL, 581 mmol) and stirred at room temperature for
five hours. The resulting triethylammonium bromide was removed by suction filtration
and THF removed under reduced pressure to give a slightly dark solid. This residue was
dissolved in dichloromethane (500 mL) and washed with a saturated NaHCO03solution
(3 x 500 mL), dried over MgS04, filtered and the solvent removed under reduced
pressure to give a white solid that was recrystallised from cold «-hexane.

Yield = 85 %, mp = 63-65 °C.

'H NMR (CDC13 298 K, 300 MHz) 8 (ppm from TMS) 1.89 (s, 12H, 2-C-(CH3)2).

13 NMR (CDC13, 298 K, 75 MHz) 8 (ppm from TMS) 172.9 (C=0), 40.3 (C-Br), 24.3
(C-CH3.

IR absorption v (cm D = 2950 (Aik. C-H stretch), 1810 and 1740 (C=0 stretch), 1050
(C-O stretch).

Mass spectrum: m/z = 317 (M + H).

184



Chapter 6 Experimental

6.5 Synthesis of heptakis(6-0-tert-butyldimethylsilyl)-/S-cyclodextrm

jSCD modified at the primary face was prepared via modification of the method used by

Fiigedi®.

To a stirred solution of dry /3CD (19.2 g, 17 mmol) in anhydrous pyridine (150 mL) at
0 °C was added dropwise a solution of tert-butyldimethylchlorosilane (23.0 g,

152 mmol) in anhydrous pyridine (50 mL). The solution was stirred at room
temperature overnight before being precipitated in a stirred mixture of ice and water
(1500 mL) and collected by suction filtration as a white precipitate. The precipitate was
purified by flash chromatography on a column of silica gel using a 16:2:1 ethyl
acetate/ethanol/water mixture as eluent. The solvent was removed and the product dried
under vacuum at 60 °C to give a white solid.

Yield = 85.3 %, mp = 315-320° (dec.)

'H NMR (CDC13, 298 K, 300 MHZz) 6 (ppm from TMS) = 5.23-3.54 (63H, sugar
residues), 0.86 (s, 63H, 7C-(CH3)3), 0.03 (s, 42H, 7Si-(CH3)2).

13C NMR (CDC13, 298 K, 75 MHz) 5 (ppm from TMS) = 102.1 (C-I), 81.2 (C-4), 72.6-
73.5 (C-2, C-3, C-5), 61.2 (C-6), 25.9 (C-(CH33), 18.3 (C-(CH33),

-5.0 (Si-(CH3)2.

IR absorption v (cm 1) = 3300 (broad OH stretch), 2900 (Aik. C-H stretch),

1250 (Si-CH3stretch), 1000 (Si-O stretch).
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6.6 Synthesis of heptakis(2,3-di-O-(2-bromo-2-niethylpropionyl)-6-0-(terf-
butyldimethylsilyl))-/3-cyclodextrin

To a stirred solution of heptakis(6-0-ieri-butyldimethylsilyl)-j3-cyclodextrin (4.0 g,
2.1 mmol) in anhydrous pyridine (70 mL) and a catalytic amount of
4-(dimethylamino)pyridine was added 2-bromoisobutyric acid anhydride (27.7 g,

87 mmol). The solution was stirred at room temperature for three days. After this time,
the pyridine was removed in vacuo to give a dark orange oil that was dissolved in
dichloromethane (200 mL). The organic layer was washed successively with an HC1
solution (1 N, 2 x 300 mL), saturated NaHCO03solution (2 x 300 mL), saturated brine
(2 x 300 mL) and water (2 x 300 mL). The organic phase was dried over MgSC>4,
filtered and the dichloromethane removed under reduced pressure to afford a pale
yellow solid that was purified by flash chromatography on a column ofsilica gel using a
6:1 toluene/ethyl acetate mixture as eluent. The solvent was removed to give a white
powder that was recrystallised from ethanol.

Yield =27.0 %

'H NMR (CDClj, 298 K, 300 MHz) 8 (ppm from TMS) = 5.22-3.68 (49H, sugar
residues), 1.91 (m, 84H, 14C-(CH3)2), 0.86 (s, 63H, 7C-(CH33), 0.03 (s, 42H,
7Si-(CH3)2).

I13C NMR (CDC13, 298 K, 75 MHz) 8 (ppm from TMS) = 172.4 and 170.6 (C=0), 102.1
(C-1), 82.1 (C-4), 13.2-72.5 (C-2, C-3, C-5), 60.8 (C-6), 56.8 and 55.6 (C-Br), 31.6-
30.9 (C-CH3), 24.6 (C-(CH33), 17.8 (C-(CH33), -5.0 (Si-(CH32.

Elemental analysis: 44.38 %C, 6.62 %H; (theoretical; 41.82 %C, 5.97 %H)

IR absorption v (cm 1) = 2900 (Aik. C-H stretch), 1740 (C=0 stretch), 1250 (Si-CH3

stretch), 1000 (Si-O stretch).
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6.7 Synthesis of heptakis(2,3,6-tri-0-(2-bromo-2-methylpropionyl)-/S-cyclodextrin
To a solution of dry /3CD (2.3 g, 2 mmol) in anhydrous pyridine (20 mL) was added a
solution of 2-bromoisobutyryl anhydride (40 g, 128 mmol) in anhydrous pyridine

(20 mL) together with a catalytic amount of 4-(dimethylamino)pyridine. The mixture
was stirred at room temperature for four days and the resulting orange solution was
concentrated under reduced pressure and diluted with dichloromethane (150 mL). The
organic layer was washed successively with an HC1 solution (1 N, 2 x 150 mL),
saturated NaHCCh (2 x 150 mL), saturated brine (2 x 200 mL) and water (2 x 150 mL).
The organic phase was dried over MgSCL, filtered and the dichloromethane removed
under reduced pressure to give a dark orange oil that was purified by flash
chromatography on a column of silica gel using a 3:1 toluene/ethyl acetate mixture as
eluent. The resulting clear yellow oil was crystallised from cold n-hexane to give a
white solid.

Yield = 17 %, mp = 230-240 °C (dec.)

'H NMR (CDC13 298 K, 300 MHz) $(ppm from TMS) = 5.4-3.5 (m, 49H sugar
residues), 1.81 (s, 126H, CH3).

13 NMR (CDCIj, 298 K, 75 MHz) 5 (ppm from TMS) =171.4 (C=0), 97.7, 815,
73.8-70.4, 64.3 (sugar carbons), 56.4 (C-Br), 31.3-30.8 (C-CH3).

1R absorption v (cm 1) = 2970, 2930 (Aik. Stretch), 1740 (C=0 stretch).

Elemental analysis: 35.73 %C, 4.22 %H; (theoretical; 35.49 %C, 4.15 %H).
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6.8 Synthesis of heptakis(2,3-di-0-acetyl-6-0-/erf-butyldimethylsilyl)-/3-
cyclodextrin

This /3CD derivative was prepared via modification of the procedure used by Takeo et

al. for the aCD analogue”.

To asolution of heptakis(6-0-i‘er/-butyldimethylsilyl)-/3-cyclodextrin (21.0 g, 11 mmol)
in anhydrous pyridine (40 mL) was added acetic anhydride (43 mL, 0.46 mol) together
with a catalytic amount of 4-(dimethylamino)pyridine. The solution was stirred for three
days after which time the pyridine was removed under reduced pressure. The resulting
orange oil was diluted with dichloromethane (200 mL) and washed successively with an
HC1 solution (1 N, 2 x 300 mL), saturated NaHCC>3 (2 x 300 mL), saturated brine

(2 x 300 mL) and water (2 x 300 mL). The organic phase was dried over MgSCL,
filtered and the dichloromethane removed under reduced pressure to give a white solid
that was dried under vacuum at room temperature.

Yield =61 %

‘H NMR (CDC13 298 K, 300 MHz) 8 (ppm from TMS) = 5.30-3.66 (49H, sugar
residues), 2.20 and 2.21 (2s, each 21H, 14-OC(CH3)), 0.86 (s, 63H, 7-C(CH3)3),

0.02 (s, 42H, 7-Si(CH3)2.

I13C NMR (CDC13, 298 K, 75 MHz) 8 (ppm from TMS) = 171.0 and 169.2 (C=0), 96.5
(C-1), 75.3 (C-4), 71.9-71.3 (C-2, C-3, C-5), 61.9 (C-6), 25.9 (C-(CH33), 20.8
(COCH3), 18.3 (C-(CH3)3), -5.0 (Si-(CH32.

IR absorption v (cm 1) = 2850 (Aik. C-H stretch), 1720 (C=0), 1050 (C-O stretch).

Elemental analysis: 53.62 %C, 8.12 %H; (theoretical; 53.31 %C, 7.83 %H).
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6.9 Synthesis of heptakis(2,3-di-0-acetyl)-/3-cyclodextrin

To a solution of heptakis(2,3-di-0-acetyl-6-0-fert-butyldimethylsilyl)-/3-cyclodextrin
(15.0 g, 6 mmol) in anhydrous dichloromethane (180 mL) was added a 50 % solution of
BF3 in anhydrous diethyl ether (15 mL). The solution was stirred at room temperature
for 24 hours then diluted with dichloromethane (200 mL) and washed with water

(400 mL) before being dried over Na2SC>4, filtered and the dichloromethane removed
under reduced pressure. The resulting white solid was purified by flash chromatography
on a column of silica gel using a 16:2:1 ethyl acetate/ethanol/water as eluent and dried
under vacuum at room temperature.

Yield = 57 %, mp = 191-196 °C

'H NMR (CDCI3, 298 K, 300 MHz) 8 (ppm from TMS) = 5.38-3.72 (56H, sugar
residues), 2.06 (s, 42H, 14-CH3J).

I13C NMR (CDCI3, 298 K, 75 MHz) 8 (ppm from TMS) = 170.1 and 169.3 (C=0), 96.3
(C-I), 75.2 (C-4), 72.0 (C-2), 71.3 (C-3), 70.3 (C-5), 61.2 (C-6), 20.5 (COCH3).

IR absorption v (cm 1) = 3250 (broad O-H stretch), 1720 (C=0 stretch),

1050 (C-O stretch).

Elemental analysis: 49.86 %C, 5.31 %H; (theoretical; 48.78 %C, 5.73 %H).

6.10 Synthesis of heptakis(2,3-di-0-acetyl-6-<?-(2-bromo-2-methylpropionyl))-/S-
cyclodextrin

To a solution of heptakis(2,3-di-0-acetyl)-/3-cyclodextrin (5.0 g, 3 mmol) in anhydrous
pyridine (70 mL) was added 2-bromoisobutyric acid anhydride (19.0 g, 60 mmol)
together with a catalytic amount of 4-(dimethylamino)pyridine. The solution was stirred
at room temperature for three days. Removal of the pyridine under reduced pressure

gave an orange oil that was diluted with dichloromethane (200 mL) and washed
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successively with an HC1 solution (1 N, 200 mL), saturated NaHC03 (200 mL),
saturated brine (200 mL) and water (200 mL). The organic phase was dried over
MgSC>4, filtered and the dichloromethane removed under reduced pressure to give a
slightly yellow solid that was precipitated twice from petroleum ether (bp 40-60 °C) and
dried under vacuum at room temperature.

Yield = 8 %

'H NMR (CDC13 298 K, 300 MHz) 8 (ppm from TMS) = 5.32-3.81 (49H, sugar
residues), 2.02 (s, 42H, 14-CH3J), 1.92 (s, 42H, 7-(CH3)2).

13 NMR (CDC13 298 K, 75 MHz) 8 (ppm from TMS) = 171.5, 170.2 and 169.5
(C=0), 96.3 (C-I), 72.0 (C-2), 71.3 (C-3), 70.3 (C-5), 61.2 (C-6), 20.5 (COCH3).
IR absorption v (cm']) = 1730 (C=0 stretch), 1050 (C-O stretch).

Elemental analysis: 46.26 %C, 5.63 %H; (theoretical; 42.55 %C, 4.85 %H).

6.11 Polymerisation procedure

All polymerisations were carried out using Schlenk apparatus under dry nitrogen. Ina
typical polymerisation, the solid reagents and a dry magnetic follower were charged to a
pre-dried Schlenk tube. The tube was sealed with a rubber septum and the tube
evacuated and flushed with nitrogen three times. The degassed monomer and degassed
solvent were then added via oven-dried degassed syringes and the Schlenk tube was
subjected to three freeze pump thaw degassing cycles. The tube was brought to reaction
temperature in a stirred, thermostatted oil bath and held for five minutes for the reagents
to reach equilibrium before the complexing ligand was added under nitrogen. Samples
were removed periodically using degassed syringes under a blanket of nitrogen for
conversion analysis and molecular weight analysis. PMMA and PST samples were

diluted with THF and passed down a short column of basic alumina to remove copper
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complexes prior to molecular weight analysis. Conversion was determined using
gravimetry by accurately weighing a sample into a pre-weighed aluminium pan and
removing the volatile monomer and solvent in a vacuum oven thermostatted at 60 °C
until a constant sample weight was achieved. For samples involving non-volatile
monomers, conversion was determined using 'H NMR by integrating the appropriate

regions of the spectrum.

6.12 Isolation and purification of polymers

Polymers in kinetic experiments were prepared by LRP using copper (1) bromide and
jV-pentyl-2-pyridylmethanimine as a complexing ligand. The copper complex was fully
soluble in a mixture of either monomer/toluene or monomer/xylene at the reaction
temperature but relatively insoluble at room temperature. Once a polymerisation was
complete, the solution was allowed to cool to room temperature and passed down a
column of basic alumina to remove the copper complexes and precipitated in either
petroleum ether (bp. 40 - 60 °C) for PMMA or cold methanol for PST. The polymer
was collected by filtration under gravity and dried under vacuum at room temperature.

Polymers prepared in this way were usually white for PMMA and pale green for PST.

6.13 Copper mediated LRP of MMA initiated by heptakis(2,3,6-tri-0-(2-bromo-2-
methylpropionyl)-/S-cyclodextrin ([M]:[Cu]:[L]:[I] =500:2:4:1)

To apre-dried Schlenk tube was added copper (1) bromide (28 mg, 0.20 mmol),
heptakis(2,3,6-tri-0-(2-bromo-2-methylpropionyl)-/3-cyclodextrin

(20 mg, 4.7 x 10 3mmol) and a dry stirrer bar. The tube was sealed with a rubber
septum and evacuated and filled with nitrogen three times. Toluene (5.5 mL, 50 % w/v)

and MMA (5.3 mL, 49 mmol) were added under a blanket of nitrogen and the Schlenk
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tube was subjected to three freeze pump thaw degassing cycles and subsequently heated
to 60 °C in a thermostatted oil bath with magnetic stirring. Once this reaction
temperature had been maintained for five minutes, iV-pentyl-2-pyridylmethanimine

(58 mg, 0.392 mmol) was added under nitrogen (t = 0). Samples were removed

periodically using a degassed syringe for molecular weight and conversion analysis.

6.14 Copper mediated LRP of MMA initiated by heptakis(2,3-di-0-(2-bromo-2-
methylpropionyl)-6-£>-(fert-butyldimethylsilyl))-/5-cyclodextrin (|M]:(Cul:[L[:[l] =
500:4:8:1)

To a pre-dried Schlenk tube was added copper(l)bromide (30 mg, 0.21 mmol),
heptakis(2,3-di-0-(2-bromo-2-methylpropionyl)-6-0-(ter/-butyldimethylsilyl))-|3-
cyclodextrin (15 mg, 4.98 x 10 3mmol) and a dry stirrer bar. The tube was sealed with
ambber septum and evacuated and filled with nitrogen three times. Toluene (3.0 mL,
50 % w/v) and MMA (2.8 mL, 26 mmol) were added under a blanket of nitrogen and
the Schlenk tube was subjected to three freeze pump thaw degassing cycles and
subsequently heated to 60 °C in a thermostatted oil bath with magnetic stirring. Once
this reaction temperature had been maintained for five minutes, jV-pentyl-2-
pyridylmethanimine (0.08 mL, 0.42 mmol) was added under nitrogen (t = 0). Samples
were removed periodically using a degassed syringe for molecular weight and

conversion analysis.

6.15 Copper mediated LRP of MMA initiated by heptakis(2,3-di-0-acetyl-6-<?-(2-
bromo-2-methylpropionyl))-/S-cyclodextrin ([M]:[Cu]:[L]|:|I] = 500:4:8:1)
To a pre-dried Schlenk tube was added copper(l)bromide (30 mg, 0.21 mmol),

heptakis(2,3-di-0-acetyl-6-0-(2-bromo-2-methylpropionyl))-/3-cyclodextrin (21 mg,
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7.5 x 10 3mmol) and a stirrer bar. The tube was sealed with a rubber septum and
evacuated and filled with nitrogen three times. Toluene (3.1 mL, 48 % w/v) and MMA
(3.0 mL, 28 mmol) were added under a blanket of nitrogen and the Schlenk tube was
subjected to three freeze pump thaw degassing cycles and subsequently heated to 60 °C
in a thermostatted oil bath with magnetic stirring. Once this reaction temperature had
been maintained for five minutes, iV-pentyl-2-pyridylmethanimine (0.08 mL,

0.42 mmol) was added under nitrogen (t = 0). Samples were removed periodically using

a degassed syringe for molecular weight and conversion analysis.

6.16 Copper mediated LRP of PMMA-A-PBMA initiated by heptakis(2,3-di-0-(2-
bromo-2-methylpropionyl)-6-0-(terf-butyldimethylsilyl))-/S-cyclodextrin
([M]:[Cu]:[L]:[1] =500:4:8:1)

To apre-dried Schlenk tube was added copper(l)bromide (24.2 mg, 0.17 mmol) and a
dry stirrer bar. The tube was sealed with a rubber septum and evacuated and filled with
nitrogen three times. A solution of star-shaped PMMA initiated by heptakis(2,3-di-0-
(2-bromo-2-methylpropionyl)-6-0-(/ert-butyldimethylsilyl))-/3-cyclodextrin (90.4 mg,
3 x 10 3mmol, macroinitiator Mn= 27 000 g mol'), "BMA (3.2 mL, 21 mmol) and
toluene (3.2 mL, 50 % w/v) was added under a blanket of nitrogen and the tube was
subjected to three freeze pump thaw degassing cycles. The tube was heated to 60 °C in a
thermostatted oil bath and maintained at this temperature for five minutes. After this
time, A-pentyl-2-pyridylmethanimine (0.06 mL, 0.34 mmol) was added under nitrogen
(t =0). ). Samples were removed periodically using a degassed syringe for molecular

weight and conversion analysis.
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6.17 Copper mediated LRP of MMA initiated by ethyl-2-bromoisobutyrate
followed by dehalogenation of end groups ([M]:[Cu]:[L]:[l] = 100:1:2:1)

To a pre-dried Schlenk tube was added copper(l)bromide (72 mg, 0.51 mmol) and a
stirrer bar. The tube was sealed with a rubber septum and evacuated and filled with
nitrogen three times. A solution of MMA (5.4 mL, 50.4 mmol), ethyl-2-
bromoisobutyrate (0.08 mL, 0.52 mmol) and toluene (6.2 mL, 53 % w/v) was added
under a blanket of nitrogen and the tube was subjected to thr e freeze pump thaw
degassing cycles. The tube was heated to 90 °C in a thermostatted oil bath and
maintained at this temperature for five minutes. After this time, iV-pentyl-2-
pyridylmethanimine (0.2 mL, 11 mmol) was added under nitrogen (t = 0). After

30 minutes a sample was taken and 1-phenyl-I-(trimethylsilyloxy)ethylene (1.0 mL,
5.1 mmol) was added to the reaction to quench the polymerisation. Samples were taken
periodically over 20 hours for molecular weight analysis. After this time the

dehalogenated PMMA was isolated as described previously.

6.18 Synthesis of (poly(ethylene glycol) methyl ether)-2-bromoisobutyrate
(MeOPEG-Ls)

Poly(ethylene glycol) methyl ether (x = 45, 20 g, 10 mmol) was dissolved in anhydrous
THF (300 mL) and triethylamine (1.7 mL, 12 mmol). 2-Bromoisobutyryl bromide

(2.5 mL, 12 mmol) was added dropwise under an atmosphere ofdry nitrogen. The
reaction mixture was stirred for 48 hours at room temperature and the
triethylammonium bromide salt filtered. The organic phase was dissolved in
dichloromethane (200 mL) and washed successively with saturated NaHCC>3 solution (2

x 200 mL), dried over MgSCL, filtered and the solvent removed under vacuum. The
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product was precipitated in cold diethyl ether and collected by filtration under gravity to
give a white solid.

Yield = 82 %

'H NMR (CDC13>298 K, 300 MHZz) 6 (ppm from TMS) = 4.27 (t, J = 4.9 Hz, 2H, CHj-
0-CO-), 3.69 (t, J = 4.9 Hz, 2H, -CH2-CH2-0-CO-), 3.59 (m, 180H, (CHj-CHa-0"s),
341 (s, 3H, -O-CH3), 1.84 (s, 6H, C-(CH3)2.

I3C NMR (CDCI3, 298 K, 100.6 MHz) S (ppm from TMS) =171.2 (C=0), 77.1, 67.7,
64.1,53.9, 29.7.

IR absorption v (cm 1) = 2860 (Aik. C-H stretch), 1730 (C=0), 1465, 1275, 1090 (C-O
stretch).

Elemental analysis: 53.01 %C, 8.92 %H; (theoretical; 52.74 %C, 8.81 %H).

6.19 Copper mediated LRP of ST initiated by MeOPEG-Hs macroinitiator

To a pre-dried Schlenk tube was added copper (1) bromide (36 mg, 0.25 mmol) together
with a stirrer bar and the tube maintained under an atmosphere of nitrogen. A mixture of
deoxygenated ST (27.6 mL, 0.24 mol), deoxygenated xylene (12 mL, 33 % w/v) and
(poly(ethylene glycol) methyl ether)-2-bromisobutyrate (5 g, 2.3 mmol) was added to
the tube at room temperature and the mixture was deoxygenated by three freeze-pump-
thaw cycles. A-pentyl-2-pyridylmethanimine (0.09 mL, 0.5 mmol) was added using a
degassed syringe and the tube was immersed in an oil bath thermostatted at 110 °C.
Samples were removed periodically for molecular weight analysis and conversion
calculations. After a typical reaction time of 24 h, the solution was cooled to room
temperature, passed over a column of basic alumina, and the solvent removed under
vacuum. The product was precipitated in cold methanol and filtered on sintered

glassware to give a slightly green powdered product.
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6.20 Hydrolysis of star-shaped PMMA polymers

To a pre-dried round bottom flask fitted with a condenser, nitrogen inlet and a stirrer bar
was added the star-shaped PMMA (100 mg, Mw(LALLS) = 129 000 g mofJ). The
polymer was dissolved in THF (10 mL). Then, KOH (1 mL, 1 M solution in methanol)
was added. The solution was refluxed for 18 hours. After this time the solvent was
removed under vacuum and the resulting polymer was precipitated in water and dried
under vacuum at room temperature to yield a white solid.

Mn= 11 000 gmoTI,PDi = 1.12

6.21 Hydrolysis of star-shaped PST polymers

To a round bottom flask fitted with a condenser, nitrogen inlet and a stirrer bar was
added the star shaped PST (150 mg, Mw(LALLS) = 220 O00gmol']). The polymer was
dissolved in THF (10 mL). Then, KOH (3 mL, 1 M solution in ethanol) and water (0.33
mL) was added and the solution was refluxed for three days. After this time any
remaining solvent was removed under vacuum and the resulting polymer was dissolved
in THF, precipitated in methanol and dried under vacuum at room temperature to yield a
white solid.

M, (SEC) = 10 500 g mol1, PDi = 1.09
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6.22 Copper mediated LRP of MMA initiated by heptakis(2,3-di-0-(2-bromo-2-
methylpropionyl)-6-0-(terf-butyldimethylsilyl))-/S-cyclodextrin ([M]:[Cul:[L]:(I] =
500:4:8:1) followed by dehalogenation of end groups

To a pre-dried Schlenk tube was added copper(l)bromide (229 mg, 1.6 mmol),
heptakis(2,3-di-0-(2-bromo-2-methylpropionyl)-6-0-(/eri-butyldimethylsilyl))-/3-
cyclodextrin (115 mg, 0.03 mmol) and a stirrer bar. The tube was sealed with a rubber
septum and evacuated and filled with nitrogen three times. A solution of MMA (21 mL,
0.2 mol) and toluene (21 mL, 50 % w/v) was added under a blanket of nitrogen and the
tube was subjected to three freeze pump thaw cycles. The tube was placed in an oil bath
thermostatted at 60 °C and maintained at this temperature for five minutes prior to
A-pentyl-2-pyridylmethanimine (0.61 mL, 3.2 mmol) being added (t = 0). After one
hour a sample was taken, the reaction stopped, and the star-shaped polymer was isolated
and purified as described previously.

Mw= 35 000 g mol'] PDi = 1.11

The isolated star-shaped PMMA (0.2 g, 0.007 mmol) was charged to a Schlenk tube
together with copper(l)bromide (56 mg, 0.4 mmol) and a stirrer bar. The tube was
sealed with a rubber septum and evacuated and filled with nitrogen three times. 1-
phenyl-1-(trimethylsilyloxy)ethylene (0.383 mL, 1.88 mmol) and toluene (1.7 mL, 40 %
wi/v) was added under a blanket of nitrogen. The tube was placed in an oil bath
thermostatted at 60 °C and maintained at this temperature for five minutes prior to
AJ/-pentyl-2-pyridylmethanimine (0.15 mL, 0.8 mmol). Samples were taken periodically
for molecular weight analysis to ensure that the 1-phenyl-1 -(trimethylsilyloxy)ethylene

had quenched the reaction.
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6.23 Deprotection of TBDMS groups from star-shaped PMMA with deactivated
end groups

To a pre dried round bottom flask was added heptakis(2,3-di-0-(poly(methyl
methacrylate)-6-0-(/eri-butyldimethylsilyl))-/3-cyclodextrin with deactivated chain ends
as described previously (0.5 g, 0.02 mmol), dry DCM (8 mL), boron trifluoride diethyl
etherate (1.5 mL) and a stirrer bar. The solution was magnetically stirred overnight
before being diluted with dichloromethane (20 mL) and washed with water (2 x 20 mL).
The organic layer was dried over NajSO,), filtered, and the dichloromethane was
removed under reduced pressure. The resulting solid was precipitated in petroleum ether
(bp. 40 —60 "C) and freeze-dried from benzene to yield an off-white solid.

It was noted that the shifts at 0 ppm corresponding to the Si(CH3)2 in the ‘H NMR
spectra had disappeared.

IR absorption v (cm') = 3250 (broad OH stretch)

6.24 Attempted Synthesis of heptakis(2,3-di-0-(poly(methyl methacrylate)-6-0-(2-
bromo-2-niethylpropionyl))-/3-cyclodcxtrin

To apre dried round bottom flask was added heptakis(2,3-di-0-(poly(methyl
methacrylate)-/3-cyclodextrin with deactivated chain ends (0.56 g, 0.03 mmol),
anhydrous pyridine (8 mL) and a stirrer bar. 2-Bromoisobutyryl bromide (0.08 mL,

0.6 mmol) was added to the solution at 0 °C and the mixture was magnetically stirred at
room temperature for five hours. After this time the pyridine was removed under

vacuum and the resulting product dissolved in acetone and precipitated in water.
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6.25 Preparation of microporous polymeric membranes

A solution of either star-shaped PST in carbon disulfide (10 mg mL']) or star-shaped
PMMA in chloroform (10 mg m L 1) was prepared and a thin film of this solution was
cast onto a glass support inside a humidity chamber maintained between 60 - 80 %
relative humidity and between 17-20 °C. The solution was dried with a humid air flow
for three minutes via a nozzle positioned 1- 2 cm above the polymer solution. The rate
of air flow was measured with a flow meter and was typically 1000 mL min'L
Saturation of the air flow was achieved by bubbling the air through a water reservoir.
The resulting polymeric films had a turbid appearance. The glass supports containing
the polymeric films were then mounted onto carbon stubs and coated in a thin layer

(~ 3nm) of gold using a sputterer. The morphology of these membranes were then

examined using SEM.

6.26 Determination of absolute molecular weight of star-shaped polymers using
static light scattering (SLS)

A stock solution of star-shaped PST in THF (2 g L'1, THF filtered three times through
0.02 pm membrane filters in a laminar flow cabinet) was prepared and left to stand
overnight. Three further concentrations of 1.5g L'}, 1.0 g L'land 0.5 g L'1were
prepared from this stock solution and also left to stand overnight. Each of the four
concentrations of star-shaped PST were filtered twice through 0.02 pm membrane filters
in a laminar flow cabinet and again left to stand overnight. Prior to any measurements
being made the vat of the SLS spectrometer was purged with distilled water for one
hour and the laser allowed to stabilize for one hour. The spectrometer was calibrated
with toluene filtered three times through 0.02 pm membrane filters into a quartz

Burchard cell in a laminar flow cabinet. For each of the four concentrations of star-
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shaped PST, measurements were recorded at 12 angles between 30 and 140° with 60
separate 1s measurements made over 60 s before averaging for each angle. The Zimm
Plot subsequently obtained shows the variation in intensity with change in angle and
concentration. The intercept of a double extrapolation to zero concentration and zero
angle is proportional to the reciprocal of the absolute molecular weight and hence the

absolute molecular weight of the sample can be determined.
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