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Synthesis and Characterization of Novel Copolymers using
Monomer Sequence Controlled Living Anionic Polymerization

Paul P. Brooks

ABSTRACT: 1,1-Diphenylethylene (DPE) and functional derivatives of DPE have been
used to prepare a variety of novel copolymers by living anionic polymerization. This
research focuses on exploiting reactivity ratios to prepare copolymers with a variety of
structures including alternating, tapered, statistical and telechelic copolymers. The
copolymers were analysed by a variety of techniques including 1D and 2D NMR
spectroscopy, MALDI-ToF mass spectrometry, differential scanning calorimetry and

transmission electron microscopy.
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CHAPTER 1

Introduction



1. Introduction

Although it was not until 1920 that Staudinger discovered that polymers were long
chains held together by covalent bonds, as all life is formed from polymers, natural
polymers have been around for billions of years. In 1839 Charles Goodyear discovered
the process of cross-linking natural rubber to create a strong and durable material, and
the first entirely manmade synthesized plastic was created in 1907 by Leo Bakeland.
This material, called Bakelite, was a thermoset with a high heat resistivity and was
used as an electrical insulator. Since then due to the wide range and versatile
properties of polymers, they have become used for numerous applications. Polymers
are more widely used than any other material; notable applications include tyres,
packaging (which is of particular importance to the food industry), as additives in
paints, ink and fuel, as a building material and more recently have been used for
medical applications and as smart materials that respond to an external stimulus. One
of the main advantages of polymers over other types of material is the ability to tailor
the properties which can be done in a variety of different ways. The properties can be
tuned by modifying the chemical structure (i.e. the monomer or monomers), the
skeletal architecture of the polymer, the molecular weight, the dispersity of the
molecular weight (previously called polydispersity) or even by blending different
polymers together. Polymers are still finding new and exciting areas of applications
and as there are countless ways to modify these materials they are likely to continue
being used for more and more applications. In recent years extensive research has
been performed on how the properties can be controlled by the polymer architecture.
In nature, the polymer sequence, for example the sequence of amino acids in a protein
or nucleotides in DNA is often responsible for the structure which allows natural
polymers such as enzymes to perform complex tasks. For this reason ways of
controlling/influencing the monomer sequences in synthetic polymerizations will be

investigated herein.

1.1. Polymer Classification

As there are countless possible structures and properties of polymers, it is possible and
desirable to classify polymers in a number of ways. One example is according to the

polymer architecture as this strongly impacts the polymer behaviour. Alternatively the



polymer can be classified according to the polymer composition, i.e. the monomer/co-
monomer sequence. The other commonly used method of classification is according to

the properties of the polymer.

1.1.1. Classification according to Polymer Architecture

Polymer properties are strongly dependent on their architecture. The simplest type of
polymer architecture is a linear chain; however, the introduction of branch points
leads to a wide variety of potential architectures. Broadly speaking there are three
main categories of polymer architecture: linear; branched and network. Branched
polymers can be subdivided into many different types, including stars, comb, randomly
branched, etc. and networks can have either a low or high density of cross-links. These

general classifications are discussed in introductory textbooks.

1.1.2. Classification according to Polymer Composition

If the polymer contains only a single monomer, then it is termed a homopolymer;
however, often polymers contain two or more monomers and such polymers are
termed copolymers. Copolymers can have a wide variety of compositions which will
also affect the overall properties. Given the wide range of available monomers,
copolymerization can result in an almost infinite variety of possible structures; the

main types of copolymer are as follows (Figure 1.1):

e Block copolymers which can be di-block, tri-block or multi-block and contain
long sequences of a particular monomer — called a block — followed by one or
more blocks of other monomers

e Statistical copolymers are copolymers where the monomers are copolymerized
together, the resulting sequence depends on the relative reactivity preferences
of the co-monomers — alternating, random and tapered copolymers are all
specific examples of statistical copolymers

e Alternating copolymers contain alternating sequences of the different
monomers and are formed when both monomers exclusively react with the
other co-monomer

e Random copolymers are formed when the monomers react without preference

to monomer type



e Tapered copolymers are block copolymers with a statistical region between
each block

e Telechelic copolymers have a block comprised of a single monomer, but the
beginning and end of the chain contains one different monomer unit

e Graft copolymers are branched block copolymers, they have a comb like

architecture but the arms consist of a different repeating monomer

Homopolymer Block copolymer (multi-block) Statistical copolymer (random)
Block copolymer (di-block) Statistical copolymer Statistical copolymer (tapered)
Statistical copolymer (alternating) Telechelic copolymer
Block copolymer (graft)

Figure 1.1: Types of (co)polymer compositions

1.1.3. Classification by Properties

The most common way of classifying polymers is according to their properties, in
which they are separated into three main groups: thermoplastics; elastomers and
thermosets. Thermoplastics can be subdivided into semi-crystalline and amorphous
polymers. An additional group is thermoplastic elastomers which combine the

properties of thermoplastics and elastomers.

Thermoplastics (often termed plastics) are linear or branched polymers which are
usually solid at room temperature. Amorphous polymers are made up of disordered,
entangled chains whereas semi-crystalline polymers contain both regions of highly
ordered crystalline domains and disordered amorphous domains. Below the glass
transition temperature, T,, the amorphous domains become frozen and the resulting
glassy polymer is hard and brittle although the frozen amorphous domains contain the

molecular disorder of a liquid. Above the T, the chains in purely amorphous polymers



are able to flow past each other and the polymer becomes rubbery, however, semi-
crystalline polymers remain solid above the T, of the amorphous domains, held
together by crystalline domains. If the polymer is heated above the melting point, Ty,
then both the amorphous and crystalline domains are now able to flow and the
polymer becomes a viscous liquid. Upon cooling thermoplastic polymers resolidify and
amorphous or crystalline regions reform. Thermoplastics may be reheated and

reprocessed making them ready candidates for recycling.

Elastomers are rubbery networks with low cross-link densities. Since they are above
their T; at room temperature they are able to be stretched to high extensions (up to
10x their original dimensions). However, once they are cross-linked they cannot be

reprocessed.

Thermosets consist of rigid networks which contain a high cross-link density. Due to
the restriction on the movement of chains caused by the cross-links they are unable to
be stretched, and like elastomers they cannot be reprocessed once the cross-links have
been formed. Thermosets will eventually degrade instead of melting upon the

application of heat.

Thermoplastic elastomers contain non-permanent and reversible cross-links which
allow the polymer to stretch and recover but can still be reprocessed upon heating

above the T,.
1.2. Polymer Synthesis

Since Bakelite, the first synthetic polymer, was created in 1907 there has been
extensive research on new methods of polymerization. Polymer synthesis can be
classified as either step-growth or chain-growth polymerizations. Step-growth
polymerizations involve successive reactions between functional groups present on
the monomer whereas chain-growth polymerizations proceed by the reaction of

activated chains with the monomer.



1.2.1. Step Growth Polymerization

Step growth polymerizations occur by the reaction of bi-functional or multifunctional
monomers. Initially the monomers react to form dimers, but as the concentration of
the monomer decreases, reactions involving dimers and oligomers dominate and
eventually long chains are formed. Such polymerizations proceed via intermolecular
stepwise addition (polyaddition) reactions or condensation (polycondensation)
reactions. Polyaddition reactions involve two monomers reacting without the
elimination of other molecules, such as the reaction of diisocyanate with diols to form
polyurethanes. Conversely, in polycondensation reactions small molecules are
eliminated, such as water in the case of dicarboxylic acids reacting with diols to form

polyesters.

In the simplest case where the monomers are bi-functional, the molar mass is

predicted by Carothers theory. This states that the number-average degree of

polymerization, Xn , is calculated from the equation:

— NO
Xn =—= [1.1]
"N

where Ny is the initial number of molecules and N is the number of molecules

remaining after time t of the polymerization. This can then be related to the extent of

the reaction, p, at time t by the equation:

Xn =ﬁ [1.2]
This equation (1.2) demonstrates the importance of high conversion, as very high
extents of reaction are required in order to obtain polymers with useful physical
properties, i.e. for a degree of polymerization in the order of 100 or above, a value of p
> 0.99 is required. An additional consequence of Carothers theory is that the

dispersity, D, tends to 2 as the reaction goes to completion. Hence it is not possible to

obtain polymers with a narrow dispersity using step growth polymerizations.



Step growth polymerizations can involve either the homopolymerization of one

monomer containing two different functional groups:
nAB—- A-(B-A),,—B [1.3]

or, conversely, the copolymerization of more than one monomer, which contain only

one distinct type of functional group:
n(A-A)+n(B-B) > AA—-(BB—-AA),,—BB [1.4]

In the latter case involving two monomers, stoichiometry is extremely important as an
excess of one monomer will result in incomplete reactions and lower molecular weight
polymers. It is similarly important that these reactions are performed in the absence of

impurities as these can also prohibit the reaction from reaching high conversion.

If a multifunctional monomer is included in the polymerization, initially a branched

polymer would form but ultimately this could lead to the formation of a network.
1.2.2. Chain Growth Polymerization

Chain growth polymerization proceeds via the propagation of monomers (usually
substituted alkenes) with an activated chain, which can involve reactions with radicals,

cations, anions or transition metal complexes.
1.2.2.1. Free-Radical Polymerization

Free-radical polymerizations comprise of three main steps: initiation, propagation and
termination. The initiation step begins with the formation of one or two radicals

created from the initiator species which subsequently react with the monomer:
| ->2R* [1.5]
R*+M— R-M* [1.6]

where | represents an initiator, R® a radical and M a monomer unit. Once all the
initiator has reacted with the monomer, conversely to step-growth polymerizations,
reactions can only occur between an activated chain and a monomer (termed

propagation):



R-M" +nM — R-(M), —M" [1.7]

Propagation then continues until all the monomer has been consumed or until all the
activated chains are terminated. Termination competes with propagation and involves
the deactivation of activated chains. Termination can occur by two methods:
recombination (Figure 1.2a) or disproportionation (Figure 1.2b). Another competing
process is chain transfer which involves the termination of one chain whilst
simultaneously activating another chain (Figure 1.2c). As the chain can be reactivated
at any point in the chain, this process leads to chain branching.

SN H H

v C—CH HC—Cwvwvv —» A —(C—C—Cw»
SR R
X X X X

M
b) |

s C—CH HCE—{H:W — v C—CH,; HC :Em

a)

Ho | | Hy | ]
X X X X
c) /—\\T
s C—CH XHC C —» v C—CH, XHC C
Hy | ¢ DN ann Ha ’ e NN
x Hz H x H2 H

Figure 1.2: Mechanism for termination by (a) recombination (b) disproportionation and (c) chain transfer for a
polymerization of a generic vinyl monomer, CH,=CHX.

1.2.2.2. lonic Polymerization

lonic polymerizations occur in a similar manner to free-radical polymerizations except
that the propagating species is an ion rather than a radical. The chain end may carry
either a positively charged (cationic polymerization) or negatively charged (anionic
polymerization) active centre. lonic polymerizations are more sensitive to the type of
monomer, and typically require an alkene with an electron donating group (for cationic
polymerization) or an electron withdrawing group (for anionic polymerization). As in
free-radical polymerizations these polymerizations proceed via initiation, propagation
and termination steps. In cationic polymerizations, the initiator can be either a strong

protic acid, or more commonly a lewis acid, such as AlCl; or BFs. Typically a co-catalyst



a) BF;+ H,0 = H*[BF,0H]"

b) [BF3OH]'H(\/ — \( [BF;OH]

) [BF;;OH]'\( n — WF_«,OH]'
H
o SO — >Ny

Figure 1.3: Schematic showing (a) the formation of the initiator species (b) initiation of the monomer (c)
propagation and (d) termination via a unimolecular rearrangement for the cationic polymerization of isobutene
using the initiator [BF;0H] H".

is used as a proton donor to increase the rate of initiation. The formation of the

initiator; initiation step and propagation step are shown in Figure 1.3(a-c).

Termination is still an on-going process, but unlike free-radical polymerizations it is a
unimolecular process as two propagating chains have the same charge and therefore
do not annihilate each other.®> Termination now occurs via a unimolecular
rearrangement with the counterion (Figure 1.3d). Chain transfer reactions can also
occur either by a hydrogen abstraction from the active chain-end by the counter ion,
or by a hydrogen abstraction from the active end to a monomer. The former
terminates the growing chain end but regenerates the initiator-co-catalyst complex

which can then initiate more chains (Figure 1.4).

These termination and chain transfer processes dominate at ambient temperatures
and consequently cationic polymerizations have to be carried out at low temperatures
(£ -78 °C) to supress these side reactions. As a result the only polymer prepared
commercially by cationic polymerization is polyisobutylene (or butyl rubber) which

cannot be polymerized by any other technique.
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Figure 1.4: Chain transfer reactions by a hydrogen abstraction from the active chain-end by (a) the counter ion or
(b) the monomer.

lonic polymerizations are electrically neutral, and negative anions or positive cations
will neutralize the charges of cationically growing chains or anionically growing chains,
respectively. These counter-ions can co-exist as a variety of different species ranging
from covalent species to free ions. They are known to form different complexes
depending on the solvent, solvating agents present, temperature, etc. which will affect
the kinetics of the polymerization. Hence, the rate of propagation can be increased in
all cases by increasing the charge separation, i.e. more polar solvents or larger counter

ions.

In anionic polymerizations, the initiation step can be achieved either by electron

transfer (Figure 1.5) or by the use of strong anions (Figure 1.6).

“arﬁN
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Figure 1.5: Schematic showing the anionic polymerization of styrene using sodium naphthalene as the initiator in
THF.
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Figure 1.6: Schematic showing the anionic polymerization of styrene using sec-butyllithium as the initiator.

Whilst in some cases termination and chain transfer reactions can occur during anionic
polymerization, either involving the monomer or the solvent, in 1956 Szwarc
demonstrated it was possible to perform anionic polymerizations in the absence of
termination or chain transfer.* These polymerizations were termed ‘living’
polymerizations. Furthermore, as the chains remain active even upon consumption of
the monomer, a second monomer can be subsequently added which allows the
synthesis of block copolymers making this technique of critical importance for
sequence control. The defining criteria and consequences of living polymerizations will

be discussed in the next section.

1.2.2.3. Living Polymerization

Living polymerizations are chain growth polymerizations that occur in the absence of
any termination or chain transfer and usually describe polymerizations where the
system remains active after the polymerization is complete. This allows a new batch of
monomer to be added and therefore continue the propagation of the living chains.
These polymerizations allow well-defined polymers to be synthesized with a high
degree of control over composition and structure, including molecular weight,
molecular weight distribution, microstructure, etc. and subsequently low degrees of
compositional heterogeneity. Since the discovery of living polymerizations, various
systems have been investigated, some of which can be described as pseudo-living (also
termed controlled) and will be discussed later. In order that a polymerization
mechanism be defined as living, a number of experimental criteria need to be met as

described below”™®:

1) The polymerization proceeds until all of the monomer has been consumed.

Further addition of monomer results in continued polymerization.

10



2) The number average molecular weight, M, (or N, the number average degree

of polymerization), is a linear function of conversion.

3) The number of polymer chains (and active centres) remains constant, and is

independent of conversion.

4) The molecular weight can be controlled by the stoichiometry of the reaction.

5) Block copolymers can be prepared by sequential monomer addition.

6) Chain-end functionalized polymers can be prepared in quantitative yield.

7) A plot of rate of propagation as a function of time as shown by the following

equation must be linear:

t [1.8]

8) A plot of In(1 — [I,]DF,/[M,]) as a function of time as shown by the following

equation must be linear:

[ =5
In|1- DPn |=—k_|1] t [1.9]
[ [M ]0 J p [ ]O
Criterion 1 is the basis of the description of living polymerizations and the ability to
continue polymerizing upon addition of additional monomer is an important
characteristic of living polymerization. However this criterion alone is not sufficient to

define a living polymerization.

Criterion 2 is often used to determine whether a polymerization is living, and whilst it
is indeed the case that the number average molecular weight will be a linear function
of conversion for a living polymerization, this still applies even if termination is
occurring. This is due to the fact that the number of chains will remain constant
throughout even if some chains are terminated. This is no longer the case if chain
transfer is an on-going process, hence a plot of M, versus % conversion will allow

determination of whether chain transfer is occurring, but not chain termination, and

11



thus this criterion is not an unequivocal test for a living polymerization. This criterion

should be considered necessary but not sufficient criteria for a living polymerization.

Similarly with criterion 3 the number of polymer chains will remain constant regardless
of chain termination; however, the number of active sites will only remain constant in

the absence of chain termination.

As stated by criterion 4, for a living polymerization, the number average molecular
weight should be a simple function of the degree of conversion of the monomer and

the stoichiometry given by the equation:

_mass of monomer consumed (g)
moles of initiator (mol)

M [1.10]

n

This criterion depends on the quantitative activation by the initiator before all the
monomer has been consumed. This is therefore sensitive to impurities which would
decrease the effective moles of initiation and consequently the number of active chain
ends and overall molecular weight. In general, termination reactions will increase the

molecular weight, whilst chain transfer reactions will decrease the molecular weight.

Criteria 5 and 6 are a consequence of criterion 1; as the chains remain active and can
continue to propagate upon the addition of more monomer, if a second type of
monomer is added a block copolymer should form. Thus this can be used to determine
whether a reaction is indeed living. In the case of criterion 6, if a functionalized
terminating agent is used it can quantitatively react with the active chains in a
controlled termination. However, most functionalization reactions do not proceed
qguantitatively and this is therefore not an ideal method for testing whether a

polymerization is indeed living.

The kinetics of propagation for a living polymerization should be pseudo-first-order as

given by the equation:

n _—dIM]

p dt :kp[P*][M]zkobS[M] [111]
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Provided there is no chain termination the concentration of the propagating species

will remain constant and integration of equation [1.11] yields equation [1.8]:

M
oLy 18
However, as chain transfer will not affect the number of propagating species, P*, it will
not affect the kinetics and this criterion is only a method of determining whether chain
termination is present. It is therefore possible to use this criterion with criterion 2 to
show that there is no chain termination or chain transfer and hence reveal whether

the polymerization is living.

It is also possible to combine criteria 2 and 7 to form a single equation, which if linear
indicates that neither chain termination nor chain transfer is present. From criterion 2
the number average degree of polymerization is a linear function of conversion, hence

the following equation applies:

N:M [1.12]
[
From criterion 7,
[M],
In| £20 | = —k [I],t 1.13
oLk s

Rearranging Eq. 1.12 and substituting into Eq. 1.13 provides the following equation:

|n(1—%ﬁn}—kp[|]ot [1.9]
[M],
and therefore if a plot of the left side of Eq. 1.9 versus time, t, is linear then both chain

transfer and termination are absent.

An additional criterion that is frequently used is that narrow-molecular-weight
distribution polymers should be obtained. However, living polymerizations can
produce polymers with broad molecular weight distributions in certain cases and

furthermore, some non-living systems can be used to produce polymers with relatively

13



narrow molecular weight distribution (M,,/M, < 1.1). Hence it is more accurate to state
that a consequence of living polymerizations is that narrow-molecular-weight
distribution polymers can be prepared provided certain requirements are met. These

following requirements were proposed by Flory,” and Henderson and Szwarc™ ®:

1) The growth of each polymer chain must proceed exclusively by consecutive

addition of monomers to an active terminal group.

2) All of the active termini must be equally susceptible to reaction with monomer

throughout the polymerization.
3) All active centres must be introduced at the outset of polymerization.
4) There must be no chain transfer or termination.
5) Propagation must be irreversible.

Requirement 2 is essential to ensure all the propagating chains grow at the same rate.
If there is more than one type of active centre, each with a different propagation rate
constant then each of these species must be in rapid equilibrium in order for all the
chains to grow uniformly and for a low dispersity polymer to be obtained. This is of

particular importance when polymerizing methacrylate monomers.

It follows from requirement 3 that the rate of initiation is at least competitive with the
rate of propagation. This requirement ensures that all the chains grow for the same

period of time, and thus prevent broadening of the molecular weight distribution.

Requirement 4 is the only requirement that relates to the living nature of the
polymerization; hence even in living polymerizations if any of the other criteria are not

met a narrow molecular weight distribution polymer will not be obtained.

In some living polymerizations, such as the polymerization of a-methylstyrene, there is
an accessible ceiling temperature, above which depropagation becomes a competing
process which broadens the molecular weight distribution. Hence propagation must be

irreversible or the rate of depropagation must be insignificant in comparison with the
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rate of propagation in order to obtain polymers with a narrow molecular weight

distribution.
1.2.2.3.1. Living Anionic Polymerization

First reported in 1956, living anionic polymerization reactions occur without any chain
transfer or termination. However, whilst it is free from inherent termination, due to
the reactivity of the carbanions towards oxygen, moisture, carbon dioxide and even
slightly acidic protons, these reactions are very sensitive to traces of impurities. Hence
these reactions must therefore be carried out under an inert atmosphere or a high
vacuum, with aprotic solvents and rigorously purified reagents. Furthermore only
specific monomers can be polymerized by living anionic polymerization techniques.
These monomers are typically vinyl compounds with an electron withdrawing group.
However, they cannot contain even slightly acidic functional groups such as alcohols,
carboxylic acids or amines, etc. Preparation of polymers with these functional groups is
possible by living anionic polymerization by the use of protected functional groups and

functional group conversions post-polymerization.

Alkali metals, such as sodium, were the first initiators used for anionic polymerization.
However, for these species initiation is a heterogeneous process which occurs on the
surface of the metal. Initiation is therefore a slow process and continues to generate
new active chains throughout the subsequent propagation reactions, and hence there

is little control of molecular weight (M/M,, = 3 — 10).

Alkali metals can also be used with aromatic hydrocarbons in polar aprotic solvents to
form stable radical anions to initiate anionic polymerizations. Indeed the discovery of
living anionic polymerization by Szwarc involved a naphthalene radical anion initiator.
These radical anions are only formed efficiently in polar solvents, such as
tetrahydrofuran (THF), and as a result there are a number of disadvantages to these
initiators. Firstly, in polar solvents polydiene microstructure is high in 1,2- and 3,4-
whereas high 1,4- microstructure is inaccessible. Secondly, polar solvents accelerate
the rate of propagation which can broaden the molecular weight distribution due to a
fast rate of propagation relative to initiation. Furthermore, in polar solvents, an

equilibrium exists between the active species (contact ion pairs, solvent-separated ion
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pairs, free ions, etc.) Each of these species propagates with a different rate constant,

which again broadens the molecular weight distribution.

The adoption of alkyllithium initiators for anionic polymerization was of particular
importance both industrially and academically. These initiators are soluble in
hydrocarbon solvents and have rapid rates of initiation (with respect to propagation)
which allows the synthesis of polymers with narrow molecular weight distributions. Of
industrial significance was the ability to polymerize dienes such as butadiene and
isoprene in non-polar hydrocarbons, this allowed the synthesis of high 1,4-
polyisoprene as a synthetic alternative to natural rubber (cis-1,4-polyisoprene).
Probably the most important difference between various alkyllithium initiators is their
degree of aggregation in solution. Organolithium compounds associate into dimers,
tetramers and hexamers in hydrocarbon solvents which is the underlying reason for
their solubility in these solvents. The degree of association of organolithium
compounds depends on the structure of the organic moiety, the solvent, the
concentration and the temperature. Typically, small, unhindered, straight-chain
alkyllithium compounds such as n-butyllithium are associated into hexamers in
hydrocarbon solvents. The average degree of association can be decreased by
increasing the steric hindrance of the alkyl group, hence alkyllithium compounds with
branching at either the a- or B- carbon, such as sec-butyllitium, tend to associate into
tetramers. Also, decreasing the concentration, increasing the temperature, the
presence of a lewis base or substituting an aromatic solvent for an aliphatic solvent
tends to decrease the average degree of association. The relative reactivity of
alkyllithium compounds, and therefore the rate of initiation, is generally inversely
related to the degree of aggregation. For dienes with butyllithium initiators in
hydrocarbon solvent the order is sec-butyllithium > tert-butyllithium > iso-butyllithium
> n-butyllithium. For styrene the order is sec-butyllithium > jso-butyllithium > n-
butyllithium > tert-butyllithium. It should also be noted that it is possible to achieve
living cationic polymerization, but as mentioned earlier these reactions must be carried

out at low temperatures to supress side reactions which lead to termination.
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1.2.2.3.2. Coordination Polymerization

Coordination polymerizations are chain growth mechanisms where propagation occurs
through an organometallic active centre. The three main techniques are Ziegler-Natta,
metallocene and ring opening metathesis (ROMP), and ROMP can be used to obtain

living ponmerizations.9

Ziegler-Natta polymerizations involve the formation of an active centre on the surface
of the TiCls crystals via an exchange with triethylaluminium. The monomer coordinates
to the vacant site which is inserted into the titanium-ethyl bond regenerating the
active site. The orientation of the monomer is determined by steric and electronic
interactions at the active site which gives rise to stereoregularity. Stereoregular
(isotactic or syndiotactic) polymers stack in a regular fashion and are semi-crystalline

thermoplastics with excellent mechanical properties and high melting points.

In metallocene polymerizations the catalyst (two cyclopentadienyl anions bound to a
metal centre) is in solution and therefore the reaction is homogeneous. Methyl
aluminoxane is used as a co-catalyst and is used to bind a methyl group to the metal
centre. The monomer is always inserted between the metal centre and the methyl
group, and the catalyst can be used to control the stereochemistry and therefore

tacticity of the polymer.

ROMP involves a metal complex (e.g. ruthenium) and often uses a co-catalyst. The
monomers used in ROMP are cyclic alkenes such as cyclobutene, cyclooctadiene or
norbornine. When ROMP was first discovered in the 1960’s the resulting polymers
were not well controlled with broad molecular weight distributions. In the 1990’s
Schrock found that molybdenum based catalysts provide better control over molecular
weight, dispersity and stereoregularity but these polymerizations were sensitive to
impurities. A ruthenium-carbene catalyst was developed by Grubbs in 1992 which was
more stable to impurities and had a greater tolerance to functional groups but still

allowed control over molecular weight, dispersity and stereoregularity.
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1.2.2.3.3. Quasi-Living Polymerization

Since the discovery of living anionic polymerization by Szwarc, a variety of other
mechanistic types of polymerization have been investigated to produce a living system
and hence highly controlled polymers. A number of polymerizations were developed
where the propagating species is in equilibrium with a dormant, non-propagating
species which simulated living-like behaviour. The terminology of these systems has
caused a lot of confusion throughout the literature. Whilst these polymerizations are
sometimes termed ‘living’, herein the term ‘living polymerization’ will refer to an ideal
living polymerization where chain termination and chain transfer are absent, whereas
‘quasi-living  polymerizations’” or ‘controlled polymerizations’” will refer to
polymerizations where chain termination and/or chain transfer occur but are
reversible processes and hence the propagating species is in equilibrium with a
dormant species. Quasi-living polymerizations have been found for a variety of

systems, including free-radical and group transfer polymerizations.
1.2.2.3.3.1. Controlled Free-Radical Polymerization

Free-radical polymerization offers a lot of advantages over other types of
polymerizations. It can be used to polymerize a wide range of vinyl monomers, only
mild reaction conditions are required, it can be performed over a range of different
temperatures and most importantly free radical polymerization is tolerant to water,
although oxygen has to be excluded. However, due to inherent chain termination and
chain transfer free radical polymerization does not produce well-defined polymers.
The living polymerizations described in section 1.3.2.3, allow polymers to be prepared
with controllable molecular weights and a narrow molecular weight distribution. Living
polymerization mechanisms also allow control of chain architecture, monomer
sequences and chain-end functionality. For this reason controlled free-radical
polymerizations were developed in order to combine the versatility of free-radical
polymerizations with the control of living polymerizations. Essentially, achieving
narrow molecular weight distributions depends on the reaction kinetics: the rate of
initiation must be greater than the rate of propagation, the chains must propagate at

the same rate (i.e. only one propagation rate constant) and whilst ideally there must
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be no chain termination, provided the rate of propagation is much greater than the
rate of termination, such that termination does not occur during the polymerization,
then polymers with a narrow molecular weight distribution can still be obtained. It
should be noted that even if termination is not significant during the timescale of the
polymerization, this can still inhibit the synthesis of block copolymers. In the case of
free-radical polymerizations the rate of termination, either by combination or
disproportionation, is greater than the rate of propagation. However, whilst
propagation is first order with respect to the concentration of the propagating chains,
[P®], termination requires two active chains to either combine or disproportionate, and
hence is second order with respect to the concentration of propagating chains, [P°]. It

follows that the rate of propagation and the rate of termination are:
R, =k,[M][P°] [1.14]
and
R =k[PT [1.15)

respectively, where R, and R; are the rates for propagation and termination, [M] is the
concentration of monomer and [P°] is the concentration of propagating species. Hence
termination can be selectively supressed by decreasing the concentration of
propagating species. This is the principle underpinning controlled free-radical
polymerizations which is achieved by establishing an equilibrium between active and
dormant chains, i.e. reversible chain termination and ensuring that the concentration
of dormant chains is much higher than that of the propagating species, i.e. [P] >> [P].
In recent years there has been extensive research into controlled free-radical
polymerizations and there are now a number of different methods of reversible chain
termination, including atom transfer radical polymerization (ATRP), reversible
addition-fragmentation chain transfer (RAFT), nitroxide mediated radical

polymerization (NMP) and single electron transfer (SET).
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1.3. Block Copolymers

The most common block copolymer structures are AB di-block (A and B represent long
sequences of monomer A and monomer B), ABA or BAB tri-block and [AB], multi-block.
The constituent blocks are usually thermodynamically incompatible and the degree of

incompatibility dictates the morphology and properties of the resulting copolymers.
1.3.1. Morphology

Whilst mixtures of different homopolymers (e.g. polystyrene and polybutadiene) are
usually incompatible and blends will therefore tend to phase separate, when
homopolymers are covalently bonded together, i.e. in a di-block copolymer, the
individual polymers are now unable to undergo macrophase separation. The
thermodynamics of block copolymer melts is governed by two opposing effects: the
enthalpic contribution usually favours demixing, but as this restricts the configuration
of chains, the entropic contribution favours mixing. Hence at lower temperatures, the
enthalpic contribution dominates, and the blocks tend to segregate by a process
known as microphase separation. For a di-block copolymer consisting of monomer A
and monomer B, the resulting morphology of these microphases depends on several
factors: the volume fraction of monomer A, f,; the total degree of polymerization, N,
and the interaction parameter, y, which is a phenomenological temperature
dependent parameter and provides a measure of the polymer-polymer interaction.
Lower values of y and N favour disordered polymer structures, whereas higher values
favour ordered structures. As y is temperature dependent, a disordered polymer can
form an ordered microphase upon cooling, and vice versa upon heating. This is known
as the order-disorder-transition, ODT. The product YN expresses the enthalpic —
entropic balance and the value of yN at the order-disorder-transition is known as the
critical YN. The microphase structures that form are predominantly controlled by fa, as
different domain sizes determine which morphology provides the most efficient
packing. For a symmetric di-block copolymer, where fa = 0.5, above the critical yN
value (predicted as 10.5) the microphase separates into a lamellar morphology. As fa

increases the morphology becomes either gyroid or cylindrical depending on xN,
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Figure 1.7: (a) Theoretical and (b) Experimental Phase diagram for a Polyisoprene-block-Polystyrene copolymer, and
(c) microstructure schematics of (S) spherical (C) cylindrical (G) gyroid (L) lamellar and (PL) perforated layers. f, is
the volume fraction of polyisoprene, x is the interaction parameter, N is the degree of polymerization and CPS are
close packed spheres. Reprinted with permission from Bates, F. S., Fredrickson, G. H., Physics Today, Vol. 52/2, Page
32-38, 1999. Copyright 1999, American Institute of Physics.10

although a metastable perforated layer structure is sometimes observed. The gyroid
phase is a bicontinuous morphology where each region is fully interconnected but if YN
is too large then this morphology cannot form and perforated layers or cylinders form
instead. Upon increasing fa further, the gyroid or perforated layer microstructure will
give way to a cylindrical morphology, and finally if fa is increased beyond the cylindrical
limits, a spherical morphology will result. Similarly, if f5 is decreased from the lamellar
phase then the same morphologies will form but domains of A and B will be reversed.
The morphologies as well as the theoretical and experimental phase diagrams for a
polyisoprene-block-polystyrene (Pl-b-PS) di-block copolymer are shown in Figure

1.7 10-11
1.3.2. Mechanical Properties

Block copolymers can be classified as either rigid or elastomeric. Rigid materials can
either be composed of two hard segments or one hard segment with a minor fraction
of a soft segment. A hard segment is a block with a T, and/or Ty above room

temperature, and a soft segment has a T; (and possibly a Ty) below room
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temperature. Elastomeric block copolymers contain a soft segment and a minor
fraction of a hard segment and will therefore typically have spherical or cylindrical
morphology as described in the previous section. The spheres or cylinders will be
formed from the hard segments, whilst the matrix will be formed by the soft segment.
The flexibility of this entangled rubbery matrix gives rise to the elastomeric properties
of these copolymers. It is also possible to obtain a block copolymer composed of two
soft segments; however, these copolymers do not have significantly improved

mechanical properties compared to other soft homopolymers.12

An interesting situation arises for tri-block (ABA) or multi-block —(AB),— copolymers
where A is a minor fraction of a hard segment and B is a major fraction of a soft
segment. The soft rubbery matrix becomes effectively cross-linked, as a single polymer
chain can span into two different hard domains (Figure 1.8). Whilst the flexible rubbery
matrix is able to stretch, it is still constrained by these hard domains (comprised of
spheres or cylinders) which act as physical cross-links. This creates a material with the
elastomeric mechanical properties of a cross-linked rubber with the processability of a
linear thermoplastic polymer. These copolymers have therefore been termed
thermoplastic elastomers. Conversely tri-block copolymers (BAB) where a single hard
block is connected to two soft blocks are not thermoplastic elastomers as they cannot

form the physical cross-links required.

Figure 1.8: Schematic of a tri-block copolymer with spherical morphology showing physical networks formed by
hard domains (red) with a soft rubbery matrix (blue).
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1.3.3. Amphiphilic Copolymers

Block copolymers can self-assemble to form aggregates upon the addition of a
selective solvent (i.e. a solvent that is a good solvent for only one block). Amphiphilic
copolymers are block or graft copolymers which consist of a hydrophobic and a
hydrophilic block. These copolymers can self-assemble in water to form various
morphologies. When the hydrophobic block is much longer than the hydrophilic block
there are a large variety of possible morphologies (termed ‘crew-cut’ aggregates) that
can form depending upon the conditions. These morphologies include spherical

13-15

micelles, rods, bicontinuous structures, lamellae and vesicles, etc. as shown in

Figure 1.9." Some of the morphologies are thermodynamically stable, such as
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Figure 1.9: Schematic diagrams and transmission electron microscopy (TEM) images of various morphologies
formed from amphiphilic block copolymers. Reprinted with permission from Cameron, N. S., Corbierre, M. K.,
Eisenberg, A., Can. J. Chem. —Rev. Can. Chim., Vol. 77/8, Page 1311-1326, 1999. Copyright 1999, Canadian Science
Publishing.16
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spheres, rods, bilayers, etc., whilst other morphologies such as large compound
vesicles, tubules, etc. are kinetically trapped. When the hydrophilic block is longer than
the hydrophobic block spherical micelles (termed ‘star-like’ aggregates) typically form.
The formation of these structures is primarily a result of the hydrophobic effect.'” The
introduction of the solvent to the block copolymer means there are now three
interaction parameters, xas, Xas, Xss, Where A and B represent the two blocks and S
represents the solvent. As the water-hydrophilic block interaction is favourable and
the water-hydrophobic block interaction is unfavourable, morphologies form to
minimise the contact between the hydrophobic block and the water molecules. The
main parameter that determines which morphology forms is the packing parameter, p
= v/aol, where v is the volume of the hydrophobic block, ag is the area occupied by the
hydrophilic block and / is the length of the hydrophobic block. A value of p < 1/2
favours the formation of aggregates with a high degree of curvature such as micelles
and cylinders; when 1/2 < p < 1 the formation of less curved bilayer structures is
favoured such as vesicles and lamellae; p = 1 favours planar lamellae and p > 1 inverted
structures.’® Typically, decreasing the length of the hydrophilic block will decrease the
curvature of the aggregates; hence a smaller hydrophilic block will promote the

formation of vesicles and lamellae.

Spherical micelles are usually the first aggregates to form, from which other
morphologies develop. The micelles contain a spherical hydrophobic core surrounded
by hydrophilic chains which comprise the corona (Figure 1.9a). The hydrophobic core
allows the encapsulation of drugs, or fluorescent probes and hence micelles can be
used for drug delivery and biological imaging. The radius of the micelle core is
determined by the aggregation number (i.e., the average number of polymer chains
per aggregate), N, and the length of the hydrophobic chains. Increasing the
aggregation number is energetically favourable as it reduces the overall number of
aggregates, and hence the total interfacial area. However, increasing N,g results in an
entropic penalty due to stretching of the hydrophobic blocks and is also hindered by
repulsion between the hydrophilic blocks. For larger hydrophilic blocks, the interchain
repulsion will more strongly limit the core size. As the length of the hydrophilic block is

reduced, the repulsion among the coronal chains decreases allowing larger core sizes
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with a larger value of N,g. However, this increases the stretching in the hydrophobic
blocks which then becomes the limiting factor on core growth. Eventually when the
entropic penalty for stretching the hydrophobic blocks becomes too high, the micelles
begin to adopt other morphologies such as cylinders and lamellae in order to minimize
the total free energy further. Cylinders (also termed rods or wormlike micelles) contain
a hydrophobic cylindrical core surrounded by a corona of hydrophilic chains (Figure
1.9b) and have possible applications in providing a template for aligning metal,
semiconducting or magnetic nanoparticles. The cylinder diameter is similar to that of
micelles (ca. 30 nm), whilst the length can greatly vary in size and can be over 10 um
long. Lamellae are flat or slightly curved bilayers (Figure 1.9d and Figure 1.9e) and
vesicles are closed bilayers which contain a hollow core with a hydrophobic layer
sandwiched between two hydrophilic coronas (Figure 1.9f). Other possible
morphologies include bicontinuous rods (Figure 1.9c), hexagonally packed hollow hoop

structures and large compound micelles.
1.4. Monomer Sequence Control in Polymer Synthesis

When a polymer consists of two or more monomers it is possible to obtain a wide
variety of different compositions as discussed in Section 1.1.2. Whilst the synthesis and
properties of different polymer architectures has been extensively studied, sequence
controlled polymers have largely been neglected. The co-monomer sequence of a
polymer has a significant effect on the polymer properties. For example, an alternating
copolymer will possess a T, which is between that of the two monomers which
comprise the polymer; whereas a block copolymer will have two T, values; each
corresponding to one block. Furthermore natural polymers, such as proteins, rely on
the polymer sequence rather than the architecture to control the polymer properties.
The primary structure (i.e. order of monomers) dictates the overall 3D structure and
therefore the form and function of the protein. The monomer (amino acid) sequence
allows the proteins to perform advanced and complicated tasks including controlling
other chemical reactions. In nature the sequence control is perfect and all protein
molecules are self-similar in both sequence order and chain length. This absolute
control is unlikely to be possible for man-made polymers. However, it may not be

necessary to precisely control the sequence in order to synthesize functional materials.
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In recent years there has been growing interest in synthesis of sequence controlled
polymers and there are a number of groups utilizing different strategies to influence

the co-monomer sequence.
1.4.1. Sequence Control in Step Growth Polymerization

Step growth polymerization can involve co-monomers containing two different
functional groups (i.e. XaY + XbY, where X and Y are the reactive functional groups and
a and b are the co-monomers), or co-monomers containing one distinct type of
functional group (i.e. XaX + YbY). The former case will typically produce copolymers
with a random or statistical structure, whereas in the latter case a perfectly alternating
sequence will be obtained. The introduction of a third monomer usually yields a
statistical copolymer. Whilst it is possible to control the sequence by single monomer
addition, this methodology is time consuming as it requires a number of additional
steps. In some specific cases, such as the copolymerization of nitroisophthalic acid,
bis(2,4,6-trichlorophenyl) isophthalate and 4-aminobenzyhydrazide, it is possible to
obtain a polymer with an ABC ordered sequence due to the specific monomer
reactivities.”” More generally, a combination of protection/deprotection group
chemistry with step-growth polymerizations can be used to prepare perfect monomer
sequences. This is the current methodology for the synthesis of biopolymers such as
peptides and oligonucleotides which can be prepared either in solution or on solid-

20

phase support.”” However each monomer addition requires a number of time-

consuming steps and as a result this is a very expensive approach.
1.4.2. Sequence Control in Chain Growth Polymerization

Whilst it is much more challenging to control the monomer sequence in chain growth
polymerizations, these polymerizations are much more versatile and can be used to
prepare polymers with a narrow dispersity and controllable high molecular weights,
and therefore have many advantages over step growth polymerizations. Recently
there have been a number of methods investigated for controlling monomer sequence
distribution in chain growth copolymerizations which include post polymerization

sequence modification, controlled monomer insertion, templating and kinetic control.
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1.4.2.1. Post Polymerization Sequence Modification

Typically the copolymer sequence is determined during the polymerization; however,
Nishikubo et al. demonstrated a method of sequence modification post
polymerization.21 This involves the insertion of thiirane motifs into poly(s-aryl
thioester) chains to provide a copolymer with a repeating ACBC sequence as shown in

Figure 1.10.
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Figure 1.10: Synthetic scheme showing the synthesis of a sequence controlled copolymer by the monomer insertion
of an ethylene sulfide derivative.”!

1.4.2.2. Template Controlled Sequence Distribution

One technique for controlling monomer sequences is by the use of a template to
control monomer addition. In essence this is how nature controls sequences in natural
polymers, where the template (enzymes, RNA, etc.) ensures that only the desired
monomer is available at the active site. However, these templates are often very
complex molecules whereas simple templates are more desirable from a synthetic
viewpoint. Hillmyer et al. reported a novel approach to prepare regioselective
terpolymers or quaterpolymers by ring opening metathesis polymerization (ROMP) of
multi-substituted cyclooctenes.?” This template monomer unfolds to create a perfectly
ordered copolymer structure with high regio- and stero-control; however, it does
require the complex synthesis of a multi-functional cyclooctene monomer. Another
strategy involving the use of template monomers was reported by Sawamoto et al. in
which one unit of methyl methacrylate and one unit of methyl acrylate were each
attached to the peri-position of a naphthalene template. The monomers were then
polymerized by ATRP to prepare an alternating copolymer (Figure 1.11).2 In a similar
fashion Sawamoto et al. also used a palladium template attached to three monomers

(two units of 4-aminomethylstyrene and one unit of 4-vinylpyridine) to prepare a
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Figure 1.12: Synthetic scheme showing a sequence controlled living radical polymerization using a three-monomer
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template.

copolymer with repeating ABA monomer sequences (Figure 1.12).% By using different
monomers, this approach can be used to prepare ABC and other triple-unit alternating

sequences.

An alternative template strategy is to use the initiator as a template to control the
addition of monomers. To demonstrate a proof of concept, Sawamoto et al. designed a
template initiator that allows preferential consumption of methacrylic acid over
methyl methacrylate. The template contains an initiating site for metal mediated living
radical polymerization. Pendent amino groups enable template controlled monomer
insertion in which methacrylic acid was ‘recognized’ and reacted in preference to

methyl methacrylate (Figure 1.13).%2%

Following on from this work Sawamoto et al. investigated using crown ether groups to

provide a different type of recognition site into the template, which subsequently
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Figure 1.13: Synthesis of the template macroinitiator and ruthenium-catalyzed radical copolymerization. Reprinted
with permission from Ida, S. Ouchi, M. Sawamoto, M., Vol. 32/2, Page 209-214, 2011. Copyright 2011, Wiley-VCH
Verlag GmbH & co.”

recognizes and specifically reacts with sodium methacrylate in preference to
methacryloxyloxyethyltrimethylammonium chloride which proved to be more reactive
when using a template-free initiator.?’” It is also possible to use natural products as the
template which was shown by O’Reilly et al. who used DNA to control the sequences
of oligomers.28 O’Reilly et al. have also polymerized a nucleobase-containing vinyl
monomer in the presence of a complementary self-assembled block copolymer to yield
a polymer with high molecular weight and low dispersity.29 Although this preliminary
polymerization has only been used for a homopolymerization and therefore does not
currently provide sequence control, it is a promising approach for future attempts to

synthesize sequence controlled copolymers with high molecular weight.
1.4.2.3. Kinetically Controlled Sequence Distribution

Whilst template controlled polymerization is a very exciting and promising approach to
obtain sequence controlled polymers, the simple technique of exploiting kinetic
control over co-monomer sequences during the polymerization has the advantage of
being experimentally easier and more economical and hence much more applicable
from an industrial perspective. Living polymerizations are of particular importance to
kinetic control as the absence of chain termination allows the formation of uniform
chains with near-identical sequences, i.e. it is possible to prepare a tapered block
copolymer in living polymerization conditions, whereas if chain termination was an
ongoing process, only small sequences of homopolymers would be obtained. If two
monomers are copolymerized, there are four potential propagation reactions and

therefore four propagation rate constants that will affect the copolymer sequence
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Figure 1.14: Four propagating rate constants for the copolymerization of two monomers assuming the reactivity of
the chain end only depends on the last unit.

(Figure 1.14). The resulting copolymer sequence is governed by the ratios of the self-
propagating rate constants relative to the cross-propagating rate constants. If ky; > ki,
then the reactivity ratio, ry, is greater than 1 (r; = k11/ki; > 1) and monomer 1, My, will
prefer to homopolymerize. Similarly if k»; > k21 (r2 = kaa/kp1 > 1), then monomer 2, M,
also prefers to homopolymerize and in the absence of chain termination or chain
transfer a ‘blocky’ copolymer will be obtained (i.e. a copolymer with long sequences of
each monomer). Other possible sequences include: alternating copolymers (r; = r, = 0);
random copolymers (r; = r, = 1); statistical copolymers (0 < ry,r, < 1) and tapered
copolymers (r; << r). One of the simplest examples of sequence control is alternating
copolymers. If the right co-monomer pair can be found it is possible to obtain perfectly
controlled alternating sequences. One of the first reported examples was the free
radical copolymerization of maleic anhydride with styrene to form an alternating
copolymer.®® This monomer combination was exploited by Hawker et al. who used an
excess of styrene with maleic anhydride to prepare a block copolymer of poly(styrene-
alt-maleic anhydride)-block-polystyrene by controlled free radical polymerization.*
Lutz et al. expanded on this idea of exploiting the reactivity ratios, but combined it
with sequential addition of monomers to prepare a multi-block copolymer.32 In this
innovative method an excess of styrene is copolymerized with a variety of maleimide
monomers. The controlled radical polymerization by ATRP of styrene is interrupted by
the addition of an aliquot of maleimide co-monomer to the reaction. Given the

reactivity ratios, a short sequence of alternating styrene-maleimide units is introduced
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until the maleimide derivative has been consumed at which point the
homopolymerization of styrene can resume. A second maleimide derivative can be
subsequently added and a second short alternating sequence is introduced. This
procedure was repeated for two more maleimide derivatives to prepare a polystyrene
polymer containing four short alternating styrene-maleimide sequences. This elegant
approach relies on manual intervention or ‘intelligent-design’ rather than any intrinsic

sequence control.
1.4.2.3.1. Kinetically Controlled Sequence Distribution using 1,1-Diphenylethylene

There are a number of examples of alternating copolymers prepared by controlled free

radical,**>® ROMP,*” cationic*® and living anionic copolymerization.****

Of particular
interest to living anionic copolymerizations is the monomer 1,1-diphenylethylene
(DPE). Due to steric constraints, DPE is unable to homopolymerize and has therefore
been used with alkyllithium initiators to initiate and end-cap anionic polymerizations
(i.e. as either the first or last monomer unit in the chain).45'49 It is particularly useful for
controlling the initiation of acrylate and methacrylate monomers as the ester carbonyl
group on these monomers can undergo side reactions with the initiator. The steric
bulk of 1,1-diphenylhexyllithium (generated from reacting DPE with butyllithium)
inhibits the attack on the carbonyl group. DPE can also be used to end-cap another
propagating species such as styryl lithium before the addition of methyl methacrylate
to prepare a polystyrene-block-poly(methyl methacrylate) copolymer.“"46 Whilst DPE
is unable to homopolymerize, it can copolymerize with other monomers, and provided
a suitable co-monomer is found it can be used to prepare alternating copolymers
analogous to the copolymerizations of maleic anhydride with styrene in free-radical
copolymerizations. It should also be noted that reaction conditions (particularly the
solvent) can have a large impact on the reactivity ratios (see Section 1.4.2.3.4.). In the
1960’s Yuki et al. explored the copolymerization of DPE with styrene;43 butadiene;*

4. 4% and methoxystyrene.*® 'H NMR analysis

isoprene;**  2,3-dimethylbutadiene
suggested the formation of alternating or nearly alternating copolymers in all cases

when THF was used as the reaction solvent, however only styrene, 2,3-
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Table 1.1: Monomer Reactivity Ratio, ry, for anionic copolymerization of 1,1-Diphenylethylene (M,) with various co-
monomers (M,) in polar and apolar solvents.

M, riin THF | Temp/°C | r;in Benzene | Temp/°C | Ref.

Styrene 0.13 30 0.7 30 43
p-MeOSt ~0 0 <0.3 40 39
0-MeOSt ~0 0 20 40 39
Butadiene 0.13 0 54 40 41
Isoprene 0.11 0 37 40 42

2,3-Dimethyl- 0 22 0.23 40 40, 44

butadiene
p-Divinylbenzene 2.5 -20 16* -20 50-51
m-Divinylbenzene 1.2 -20 2.5% -20 50-51
*In toluene

dimethylbutadiene and p-methoxystyrene formed nearly alternating copolymers in
benzene. Butadiene, isoprene and o-methoxystyrene showed a very strong tendency
to homopolymerize in the presence of DPE when using non-polar solvents. The
reactivity ratios obtained by Yuki are shown in Table 1.1. Hatada et al. investigated the
copolymerization of DPE with m- and p- divinylbenzene (DVB).>>>* They found p-DVB
had a reactivity ratio, r; = 16 in toluene and 2.5 in THF, and hence p-DVB has a
tendency for self-propagation when copolymerized with DPE. m-DVB had a reactivity
ratio, r; = 2.5 in toluene and 1.2 in THF and hence m-DVB has a slight tendency for self-
propagation rather than cross-propagation. In comparison, styrene has a reactivity
ratio, r; = 0.4 in toluene and 0.13 in THF. Whilst the incorporation of DPE can be
increased by using a large excess of DPE, m- and p-DVB are not ideal co-monomers for

preparing alternating copolymers.

Until recently all attempts to copolymerize DPE by cationic copolymerization were
unsuccessful, however, in 2012 Yasuoka et al. successfully managed to copolymerize a
high molecular weight copolymer of DPE with p-methylstyrene with a narrow

molecular weight distribution and a DPE content of 26 mol. %.>2
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1.4.2.3.2. Sequence Control with Functionalized derivatives of 1,1-Diphenylethylene

Functional derivatives of DPE have been used to introduce functionality at various
positions in the polymer chain. These functional derivatives often involve masked
functionality due to the sensitivity of living anionic polymerizations. There have also
been a number of studies involving derivatives of DPE (such as 1-phenyl-1-(1'-

>357 Amino-derivatives such as 1-(4-

pyrenyl)ethylene) as a fluorescent labelling group.
dimethylaminophenyl)-1-phenylethylene  and  1-(4-(N,N-Bis(trimethylsilyllamino)-
phenyl)-1-phenylethylene have been used to place amino groups at the beginning of

839 at the interface between two blocks®® or to

the chain,58 the chain terminus,
prepare telechelic copolymers by the use of sequential addition and stoichiometric
amounts of the functionalized DPE.*® Li et al. copolymerized 1,1-bis(4-
dimethylaminophenyl)ethylene with styrene® and also with butadiene® to prepare
statistical copolymers, Quirk et al. reported the copolymerization of 1-(4-
dimethylaminophenyl)-1-phenylethylene with styrene,62 and Hayashi attempted to use
the reactivity ratios to prepare a sequence controlled telechelic copolymer of
poly(styrene-co-butadiene) end-capped at both ends with 1,1-bis(4-
dimethylaminophenyl)ethylene.®® Summers et al. have reported the use of amino-
derivatives of DPE to prepare a variety of different telechelic copolymers by ATRP
involving stoichiometric amounts and sequential addition of the DPE-derivative.®*®’
Telechelic copolymers with carboxylic acid end groups were synthesized by Summers
et al. using either N,N-diisopropyl-4-(1-phenylethenyl)benzamide®® or 4,5-dihydro-4,4-
dimethyl-2-[4-(1-phenylethenyl)phenyl]oxalone® and deprotecting the carboxylic acid
groups post polymerization. Similarly DPE derivatives have been used to add phenol

70-71

groups at the chain terminus or at the interface between two styrene blocks.”?

Hutchings et al. used 1,1-bis(4-tert-butyldimethylsiloxyphenyl)ethylene to end-cap

polystyrene and prepare hyperbranched polymers (HyperMacs).”>”*

Hutchings et al. also investigated the copolymerization of styrene with the deactivated
DPE monomer, 1,1-bis(4-tert-butyldimethylsiloxyphenyl)ethylene (DPE-OSi) and also
with the activated DPE monomer, 4-cyanodiphenylethylene (DPE-CN).”>”® The
deactivated monomer DPE-OSi was found to be weakly incorporated into a

predominantly styrene containing polymer, whereas the activated monomer DPE-CN
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formed perfectly alternating oligomers but could not be used to prepare higher

molecular weight copolymers due to the slow cross-over from DPE-CN to styrene.”>”®

1.4.2.3.3. Kinetically Controlled Block Copolymers

Block copolymers can also be prepared by kinetic control. When ry >r, andif 0<r; <1
then monomer 1 will preferentially homopolymerize in the first instance, and if it does
cross to monomer 2, then monomer 2 will preferentially cross-propagate back to
monomer 1. Only upon high conversions of monomer 1 will monomer 2 begin to
homopolymerize. A well-known example of this is styrene and butadiene in non-polar
solvents.”’ Initially butadiene is consumed (r; = 10.8 and r, = 0.04 in benzene),5 then as
the concentration of butadiene decreases a middle block propagates which is initially
richer in butadiene but changes in composition until it becomes richer in styrene, this
is followed by a final block of styrene which occurs after complete consumption of

butadiene. This type of copolymer is termed a gradient or tapered copolymer.

When styrene is copolymerized with DPE it increases the T, from about 100 °C to

879 thereby extending the operational temperature of the

approximately 170 °C,
polymer. For this reason DPE is ideal for increasing the T, of a glassy block in a block
copolymer; however, there are only four examples in literature of block copolymers

7 -81
8 8081 and one of

containing DPE — three of poly(styrene-co-DPE)-block-polybutadiene
pon(styrene—co—DPE)—block—polyisoprene.82 In all of these cases the block copolymers
are prepared by sequential addition of monomers; first copolymerizing styrene with
DPE followed by the addition of either butadiene or isoprene. However, the reactivity
ratios indicate that a situation resembling that of the copolymerization of styrene and
butadiene in non-polar solvents should occur. Namely that a simultaneous
terpolymerization of styrene, butadiene and DPE should proceed by the initial
polymerization of butadiene followed by a styrene-co-DPE block and therefore

creating a sequence controlled tapered copolymer of polybutadiene-co-poly(styrene-

co-DPE). This hypothesis is investigated herein.
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1.4.2.3.4. Solvents, Additives and Temperature Effects on Reactivity Ratios

It is possible to influence the reactivity ratio by changing the solvent, temperature or
by the addition of additives. The solvent polarity can have the most significant effect
on the reactivity ratios; and generally the reactivity ratios will not differ greatly from
one non-polar solvent to another. Using the copolymerization of butadiene (M;) and
styrene (M,) (at 25 °C) as an example, the reactivity ratios, r; and r,, have been
reported as 10.8 and 0.04 in benzene; 15.5 and 0.04 in cyclohexane and 12.5 and 0.03
in hexane and hence will all form a tapered copolymer of polybutadiene-co-
polystyrene.5 However, in the case of the polar solvent THF, polystyryllithium becomes
preferentially stabilized relative to polybutdienyllithium, and the reactivity ratios, r;
and r,, are reported to be 0.3 and 4.0 at 25 °C, hence a tapered copolymer of

polystyrene-co-polybutadiene would now form.”

Temperature effects have also been reported to influence the reactivity ratios,
however the effects are not usually so pronounced as changing the polarity of the
solvent. Again using the copolymerization of butadiene (M;) and styrene (M,) as an
example, when hexane is used as the solvent the reactivity ratios, r; and r,, are

reported as 13.3 and 0.03 at 0 °C; 12.5 and 0.03 at 25 °C and 11.8 and 0.04 at 50 °C.”

It should be noted the solvent and temperature have other affects upon the
copolymerization, including upon the rate of polymerization and microstructure. Polar
solvents and higher temperatures will increase the rate of polymerization whereas
non-polar solvents and lower temperatures will tend to decrease it. More importantly
in the case of butadiene, polar solvents such as THF increase the 1,2-polybutadiene
content which can be disadvantageous as 1,4-polybutadiene is usually more

commercially desirable.

Polar additives were investigated as a method of forming a random copolymer of
butadiene and styrene, i.e. r; = r, = 1, ideally with a relatively high 1,4-polybutadiene
content. The addition of one equivalent of TMEDA ([TMEDA]/[Li] = 1) has been
reported to be used to prepare a near-random copolymer of butadiene (M) and
styrene (M,) in toluene, r; = 0.86 and r, = 0.91, however, the resulting copolymer had a

microstructure of 65 % 1,2-polybutadiene.®® Alkali metal alkoxides (other than lithium)
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have been used to promote the incorporation of styrene without significantly
increasing the amount of 1,2-polybutadiene microstructure. Potassium tert-butoxide in
particular has been used to promote the incorporation of styrene, and, by adjusting
the molar feed ratio relative to the butyllithium initiator, can be used to maintain a
constant incorporation of styrene throughout the reaction. Furthermore at low molar
feed ratios of potassium tert-butoxide (less than 0.1 mole equivalents relative to

butyllithium) the 1,2-polybutadiene microstructure is reported to be less than 20 %.%*
1.5. Aims and Objectives

The aims and objectives of this project are to investigate the copolymerization and
terpolymerization of styrene, butadiene, DPE and derivatives of DPE under various
reaction conditions. Of particular interest is the simultaneous copolymerization of two
or more monomers whereby the resulting monomer sequences are controlled by

reactivity ratios —termed a ‘fire and forget’ strategy.

An initial aim is to explore the two component (binary) systems involving DPE,
particularly the copolymerization of styrene with DPE and that of butadiene with DPE.
The use of state-of-the-art techniques such as MALDI-ToF mass spectrometry (MS) will
enable an in-depth analysis and confirmation of the resulting copolymer sequences. A
full analysis of these binary systems will allow for a better understanding when

analysing more complicated systems, for example in a terpolymerization.

A key aim is to investigate the synthesis of terpolymers containing styrene, butadiene
and DPE using both butyllithium and a difunctional initiator and to ascertain the
resulting monomer sequences. Moreover, a comparison between these materials
(synthesized by a ‘fire and forget’ approach) and analogous copolymers made via the
more traditional sequential addition of monomers approach will be carried out. In
particular this will include an investigation of the impact of synthetic methodology and
the resulting monomer sequence on physical properties including the thermal
behaviour and the phase separated morphology. The reaction conditions, such as
choice of solvent and monomer molar feed ratios, will also be investigated to

determine the impact upon the resulting monomer sequence.
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Another key aim of this research is to investigate the use of DPE derivatives as a
method of both introducing functionality and manipulating the monomer reactivity.
This work will build upon research undertaken by Hutchings et al. and will involve
derivatives of DPE that contain either an electron withdrawing or an electron donating
group. Of particular interest is whether the reactivity ratios can be controlled to allow
various monomer sequences to be formed, ranging from alternating to telechelic.
Again, the use of various state-of-the-art analytical techniques, including MALDI-ToF

MS will be exploited to analyse the monomer sequence of these copolymers.
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CHAPTER 2

Sequence Controlled Copolymers
Containing 1,1-Diphenylethylene



2. Sequence Controlled Copolymers containing 1,1-Diphenylethylene

1,1-Diphenylethylene (DPE) is a very useful monomer for preparing sequence
controlled copolymers. The large sterically bulky phenyl rings prohibit this monomer
from homopolymerization.l'3 However, DPE can copolymerize by living anionic
polymerization with other monomers such as styrene and butadiene, with which it can
form perfectly alternating copolymers.”> *® Yuki et al. reported that the
copolymerization of DPE with either styrene or butadiene in tetrahydrofuran, THF,
resulted in an almost perfectly alternating copolymer.” ® When benzene was used as
the solvent the copolymerization of DPE with styrene resulted in near-alternating
copolymers whereas the copolymerization of DPE with butadiene resulted in DPE
being almost entirely excluded from the reaction.”® Herein the synthesis of a variety of
DPE containing copolymers is reported, including terpolymers with monomer
sequences controlled by kinetics (reactivity ratios). Simultaneous copolymerizations,
which are referred to herein as a ‘fire and forget’ approach, are more facile than the
more commonly used sequential addition of monomers and the resulting copolymers

are often comparable in terms of structure and properties.
2.1. Copolymerization of Styrene and 1,1-Diphenylethylene

The analysis of copolymer sequences becomes less trivial as the number of co-
monomers increase. Hence it was decided that prior to investigating
terpolymerizations with DPE as a co-monomer, the simple copolymerizations involving
DPE and one other monomer would first be explored. Yuki et al. first reported in 1964
the living anionic copolymerization of DPE with a variety of co-monomers.” **°
Furthermore, depending upon the feed ratio, the solvent and co-monomer, apparently
perfect alternating copolymers could be prepared if the rate constant for cross-
propagation to DPE (M,) is significantly higher than the rate constant for self-
propagation of the non DPE co-monomer (M), ki << ki;. One such co-monomer is
styrene which can form alternating copolymers with DPE, but the propensity for
alternation is highly dependent upon solvent polarity.2 Yuki et al. used 'H NMR

spectroscopy and mass balance (yield) calculations to estimate the amount of DPE in

the resulting copolymer and therefore postulate the co-monomer sequences.2
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However, nearly 50 years later, using a combination of high field (700 MHz) NMR
spectroscopy and MALDI-ToF mass spectrometry (MS) it is possible to distinguish the
exact composition of a series of poly(styrene-co-DPE) copolymers, (P(S-co-D)), and
therefore establish whether the monomer sequence in these copolymers is perfectly

alternating or not.

A series of P(S-co-D) copolymers were synthesized and the composition and molecular
weight data are shown in Table 2.1 and 2.2 respectively. The 'H NMR spectroscopy for
one such P(S-co-D) copolymer (PSD-4) synthesized in benzene with a 0.65 : 1.00 molar
feed ratio of styrene : DPE is shown in Figure 2.1. The copolymer composition was
determined from the 'H NMR spectrum by comparing the integrals of the aliphatic
protons (0.0 — 2.5 ppm) relative to the aromatic protons (5.0 — 7.3 ppm). The sharp
peak at 7.26 ppm is the trace of the CHCl; present in CDCls, and the sharp peak at 2.37
ppm is from toluene. The integrals of CHCl; and toluene have been subtracted from
the integrals of the polymer signals. As toluene contains 5 aromatic protons (present
“underneath” the polymer aromatic protons at 5.0 — 7.3 ppm) and 3 protons (Ar-CHs)
at 2.37 ppm, these have also been subtracted from the aromatic polymer signals. The
CDCl; was dried with molecular sieves and the sample prepared under dry nitrogen to
reduce the signal of water (expected at 1.56 ppm). Since styrene contains 5 aromatic
protons per monomer repeat unit and DPE contains 10 aromatic protons, the following

equation can be used:

5x+10y =2.81 [2.1]

where x : y is the ratio of styrene : DPE present in the copolymer and 2.81 is the
integral of the aromatic region in the spectrum. As styrene contains 3 aliphatic

hydrogen atoms, and DPE contains only 2, the following relationship also applies:
3x+2y=0.98 [2.2]

Solving these simultaneous equations gives the styrene : DPE ratio in the final
copolymer as 1.18 : 1.00 i.e. styrene is in slight molar excess. This method was used to
determine the composition for the other poly(styrene-co-DPE) copolymers, however,

this approach could not be used to determine the composition of low molecular
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Table 2.2: Monomer Reactivity Ratios, r;, for the anionic copolymerization of styrene and 1,1-diphenylethylene.

Sample Sty : DPE feed | Solvent Temp/ | Sty : DPE Composition ri
ratio °C in copolymer (from
'H NMR)
PSD-1 1.50:1.00 Benzene RT 2.02:1.00 -
PSD-2 0.97:1.00 Benzene 50 1.37:1.00 0.60
PSD-3a 0.65:1.00 Benzene 30 1.17:1.00 -
PSD-3b 0.65:1.00 Benzene 30 1.17 :1.00 -
PSD-3c 0.65:1.00 Benzene 30 1.22:1.00 0.57
PSD-4 0.65:1.00 Benzene RT 1.18:1.00 0.46
PSD-5 0.97:1.00 Benzene 50 - -
PSD-6 0.65:1.00 Benzene 50 - -
PSD-7 0.95:1.00 Toluene 25 1.24:1.00 0.37
PSD-8 0.63:1.00 Toluene 25 1.20:1.00 0.54
PSD-9 0.95:1.00 THF 0 1.11:1.00 0.15

Table 3.2: Molecular weight data (obtained using triple detection SEC with dn/dc = 0.196) for the anionic
copolymerization of styrene and 1,1-diphenylethylene.

Sample M.,/g mol™ My/g mol™ b
PSD-1 9,000 9,900 1.10
PSD-2 10,700 12,200 1.14

PSD-3a 7,800 9,000 1.16

PSD-3b 21,400 25,600 1.20
PSD-3c 91,800 105,500 1.15
PSD-4 40,100 43,800 1.09
PSD-5 1,900 2,100 1.10
PSD-6 1,900 2,100 1.11
PSD-7 57,200 62,300 1.09
PSD-8 71,600 84,900 1.19
PSD-9 60,000 66,000 1.10
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Figure 2.15: 'H NMR spectrum (in CDCl;) of Poly(styrene-co-DPE), PSD-4, synthesized in benzene with a molar feed
ratio of 0.65 : 1.00 styrene : DPE.

weight samples of poly(styrene-co-DPE) copolymers (PSD-5 and PSD-6) since the sec-

butyl end-group will significantly contribute to the aliphatic protons.

The reactivity ratios, ry, (listed in Table 2.1) were calculated by an iterative process

using the following equation:

[MZ] 1 [Ml]o _ —
In[M2]0+r1—lln [Mz]o (r-)+1|=0 [2.3]

derived by Yuki et al. from the Mayo-Lewis equation, where [M,] is the final
concentration of DPE, [M1]o and [M,], are the initial monomer concentrations of
styrene and DPE respectively, r; # 1, the reaction must have gone to completion and
[M,] # 0.2 In order to calculate the reactivity ratio, the instantaneous monomer feed
ratios are required. However, as the monomer feed ratios vary throughout the
reaction, reactivity ratios are typically calculated at low monomer conversion when the
monomer feed ratio is close to the initial monomer feed ratio.'® When DPE is used as a
co-monomer it is possible to calculate the reactivity ratio at complete conversion

provided there is unreacted DPE monomer present at the end of the reaction. Upon
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consumption of the non-DPE co-monomer, the polymerization will end as DPE cannot
homopolymerize. At this point it is possible to calculate the final concentration of DPE
monomer, determine the final monomer feed ratio and therefore calculate the
reactivity ratio. However, if the DPE monomer is consumed first, the other co-
monomer will continue to homopolymerize regardless and the final composition will
always be equal to the molar feed ratio. For this reason the reactivity ratios have only
been calculated when the molar feed ratio of DPE was equimolar or in excess of the
co-monomer. Furthermore, if the reaction had not reached completion, as in the case
of PSD-3a and 3b, then it is also not possible to calculate the reactivity ratio as the
concentration of the non-DPE co-monomer will not be equal to 0 and the

instantaneous molar feed ratios cannot be determined.

The values in Table 2.1 show that for each copolymerization when benzene is the
solvent, the reactivity ratio (ry) is less than 1.0, indicating that styrene has a preference
for cross-propagation, however, the values are not so low as to promote perfect
alternation — even when DPE is present in excess of styrene. The reactivity ratios
obtained for the copolymerization of styrene and DPE in benzene are approximately
between 0.5 — 0.6, which are close to the value obtained by Yuki et al. who found a
reactivity ratio of 0.7.2 Reactivity ratios have been reported to vary with temperature;3
however, in this case there does not appear to be a significant variation in the

reactivity ratio obtained from the copolymerization at 30 °C and that at 50 °C.

The MALDI-ToF MS analysis was performed on low molecular weight copolymers (M, ~
2,000 g mol™) as it is often difficult to obtain MALDI-TOF mass spectra for high
molecular weight polymers’ and because at higher molecular weight the mass
resolution is insufficient to separate individual chains and results in a continuous
distribution.’? Using MALDI-ToF MS, the mass corresponding to each individual
copolymer chain could be found, from which it was possible to calculate the number of
styrene and DPE units in a given chain. Since it is not possible for two DPE units to be
adjacent to each other, it is possible to establish if the copolymer has a perfectly
alternating sequence as shown in Figure 2.2. It should be noted that the int