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Abstract

This thesis reports studies into the ring-opening polymerisation (ROP) of large ring
lactones (macrolactones) and e-substituted e-lactones (eSLs). Additionally, the
copolymerisations of these monomers with other lactones were investigated in order to
determine the conditions that define the sequencing of lactone copolymers. The ability to
produce one-pot lactone copolymers with tuneable properties is explored and carried
forward to introduce functional groups for post-polymerisation functionalisation. The
ability to produce sequence controlled block copolymers using only lactone monomers is
also outlined for the first time in this thesis.

Chapter 1 provides an overview for the current published literature on the ROP of
macrolactones, including the factors that affect macrolactone polymerisation and
copolymerisation with a variety of other monomers.

In Chapter 2, the ‘immortal’ ROP (iROP) of the macrolactone, w-pentadecalactone (PDL),
is demonstrated with the use of a Mg catalyst. The technique is shown to be achievable in a
non-inert environment, with no undesired side reactions affecting the properties of the
final polymers compared to polymers produced in an inert environment. Furthermore, the
catalyst is demonstrated to be able to ‘immortally’ polymerise smaller ring lactones.

Chapter 3 describes the copolymerisation of PDL with a variety of lactones of smaller
ring-sizes. The sequencing of the copolymers is characterised throughout the
copolymerisation using quantitative *C NMR spectroscopy and demonstrates the
randomisation of the polymer sequencing in each case. The thermal and crystalline
properties of the copolymers is explored and optimised in order to produce PDL
copolymers with independently tuneable thermal and degradative properties.

In Chapter 4, the copolymerisation of PDL with the €SL, menthide (Ml), is examined and
shown to produce a copolymer with a block-like sequencing. This sequencing is
demonstrated in the case of PDL copolymerisation with other €SL monomers. This

discovery is then used in order to produce a block copolymer of PDL with an alkene

Xvii



functionalised €SL. The ability of this copolymer to undergo post-polymerisation
modification is demonstrated through thiol-ene addition onto the pendent alkene groups.

Chapter 5 goes on to use Ml in copolymerisations with other non-substituted lactones in
order to determine the factors that affect the sequencing of &SL copolymers. The
production of macrolactone/eSL copolymers with a random sequencing is then attempted.
The sequencing of copolymers produced from two €SLs is also demonstrated to produce
block-like copolymers. As a consequence of the large difference in reactivity between €SLs,
the potential for sequence controlled lactone copolymers is established.

A general summary of Chapters 2 - 5 is presented in Chapter 6, with the concluding

findings outlined.
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1 Introduction



1.1 Introduction

The synthesis of polyesters has become increasingly popular since the 1930 discovery of
the first synthetic polyester by Carothers et al., with a multitude of new materials produced
since then to encompass a wide range of targeted properties. Originally the majority of
these polymers were produced from non-renewable sources, significantly fossil fuels.
However with the moving of global conscience towards renewable/degradable polymers
and increasing cost of raw materials, trends in research have now shifted towards a more
“eco-friendly” outlook. Production of polyesters can occur through various methods, such
as step-growth polycondensation, ring-opening polymerisation (ROP) and free radical
polymerisation (FRP). Whilst step-growth polycondensation of diols and diacids is often the
most industrially viable method of polyester production, there is little control over the
monomer conversion, molecular weights and dispersities achieved in the final polymer.
This is most evident with the fact that 50% monomer conversion produces largely dimers.
Polycondensations often require high temperature to promote esterification and long
reaction times in order to reach high conversion and high molecular weight. This greatly
lowers the amount of control over the materials produced, which are generally very
disperse and only achieve low molecular weights. Thus, in order to maintain control of the
growth of polymer chains during polymerisation, targeting specific molecular weights and
maintaining low dispersities with a high degree of accuracy, ROP techniques are generally
employed. More predictable and higher molecular weight polymers are possible with
narrow dispersities and higher end-group fidelities through the use of ROP rather than
polycondensation and as such, research has turned towards ROP for polyester production.
However, industrial production of polylactide (PLA) is currently one of the few

commercially viable products from ROP.



1.2 Ring-opening polymerisation

Polymerisation by the ring-opening of cyclic monomers has been studied for a large

variety of monomers, including cyclic alkenes,” 2 epoxides,3' * carbonates,” ° lactides,> ”°

10-30 31-33 35

lactones,” N-carboxyanhydrides, O-carboxyanhydrides,** etc. In order to
polymerise these monomers, a range of controlled ROP techniques have been developed
such as ring-opening methathesis polymerisation (ROMP),"? cationic ROP (CROP),* anionic
ROP (AROP),*” enzymatic ROP (eROP),%* 3% * 3% ‘immortal’ ROP (iROP)**?® *> *! and ring-
opening copolymerisation (ROCOP).** However, not all cyclic molecules can be ring-opened,

even if they contain a functional group suitable for ROP, as a consequence of the

thermodynamics of ring-opening polymerisation.

1.2.1 Thermodynamics of ring-opening polymerisation
Through the assumption that every polymer chain end exhibits the same activity,
regardless of degree of polymerisation, the Gibbs free-energy of ring-opening can be

abbreviated to:
AGro = AHp, — T(ASg, + RIn[M])

where AG is the Gibbs free-energy, AH® is the standard enthalpy of ring-opening, T is the
temperature, AS® is the standard entropy of ring-opening, R is the gas constant and [M] is
the concentration of monomer. If the Gibbs free-energy is positive, the ring-opening cannot
thermodynamically occur and the ring remains closed. In order for a ring-opened monomer
to polymerise, a mechanism for ring-opening and attaching another monomer is required,
generally facilitated by a catalyst.

Polymerisation and depolymerisation reactions generally occur at the same time in ROP
and the growth of the polymer chain only proceeds if the rate of polymerisation (k) is
greater than the rate of depolymerisation (ky). A decrease in the concentration of

monomer during ROP would allow for more depolymerisation reactions to occur, this
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increases the available monomer for polymerisation and eventually equilibrium between
the concentration of monomer and polymer is reached. As a consequence of the
equilibrium between the monomer and the polymer, a critical concentration of monomer
exists, below which polymerisation cannot occur as equilibrium is shifted in favour of the
monomer and depolymerisation becomes more likely to occur. This is accounted for in the

equation above, but generally does not apply to oligomeric polymers of 20 repeat units or

below.
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B-Propriolactone  y-Butyrolactone  &-Valerolactone  e-Caprolactone
(BPL) (vBL) (8VL) (eCL)
AH;O (kJ.mol?) -82.3 5.1 -27.4 -28.8
e

ASgzo (J.mol K1) -74.0 -29.9 -65.0 -53.9

Figure 1.1 Small ring lactones and corresponding standard enthalpies
and entropies of ring-opening.

With the majority of lactones (cyclic esters), especially small ring lactones (4-, 6- and 7-
membered rings), conformational ring-strain provides an exothermic release when ring-
opened and gives a highly negative AH;O that allows polymerisation (Figure 1.1).”* In the
case of the 5-membered y-butyrolactone (yBL), the positive enthalpy and negative entropy
of ROP lead to an overall positive AG;O and so polymerisation is not achievable. The
conformation of poly(y-butyrolactone) is helical with ester linkages in close proximity to
one another, facilitating ring-closing depolymerisation back into the more energetically
favourable, envelope conformation of a yBL monomer. Furthermore, yBL contains very
little ring-strain on the ester functionality in the envelope conformation as a consequence
of the bond angles of the ester being close to the lowest achievable free-energy state.**
Not all y-butyrolactone derivatives are unable to polymerise through ROP, a-functionalised
vBL derivatives have been shown to copolymerise with e-caprolactone (eCL), although poor
incorporation of the y-butyrolactone is achieved and homopolymerisation has yet to be

realised.* Analysis of the carbonyl diad resonances by *C NMR spectroscopy revealed no
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adjacent y-butyrolactone repeat units were present in the final polymer; this is likely a
consequence of depolymerisation immediately after incorporation of the second y-
butyrolactone unit. The entropy of small ring lactones increases throughout polymerisation
as a consequence of the limited free movement of the monomer once it is incorporated
into the chain. Hence, in order to limit the effect of entropy on the polymerisation,
reactions are often carried out at low temperatures and high concentrations. For example
in the polymerisation of &-decalactone (6DL), the reaction is kept at 0 °C or below, with
polymerisation unachievable at higher temperatures."’

As the size of the lactone ring increases, the strain in the ring decreases as more
conformations are available to limit strained bond angles in the ring. Large lactones, known
as macrolactones, are defined as lactones with larger ring sizes where the ring-strain can be
said to be ‘strainless’, i.e. ring-strain is so low that AH;O becomes a positive value.*® In
these cases, polymerisation can still occur as long as there is an entropic gain (AS;O is
positive as a consequence of increased entropy from less hindered chain rotation).
Therefore, unlike with small ring lactones, the polymerisation of macrolactones is assisted
by higher temperatures and lower concentrations. Hence, the polymerisations of
macrolactones, such as w-pentadecalactone (PDL), have been accomplished at high

temperatures.

1.2.2 ROP catalysts

Catalysts involved in ROP can be divided into three categories; inorganic, organic and
enzymatic. Inorganic catalysts have been shown to polymerise monomers through

mechanisms such as co-ordination insertion or metathesis, and can contain metal centres

13, 26 47, 48 8, 49-51
ALY % gn R

including Mg, u?! and Fe.*® The main advantages of using inorganic

catalysts are the ability to tailor both the metal and ligand in order to find optimum (or

desired) conditions for polymerisation. However, the major disadvantage is the intrinsic use

of metal, which can be costly or have negative side effects in applications (e.g. toxicity in
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biomaterials) as a consequence of the difficulty in removing catalyst post-polymerisation.

12, 53-57 53, 57-59

Organocatalysts such as guanidines, amidines, phosphazenes®” > and N-
heterocyclic carbenes” °> ® have all been used in ROP for many different types of
monomer. As a consequence of most organocatalysts being either acidic or basic, they can
be removed through simple washing methods, materials produced from these catalysts are
often biocompatible.>® However, the versatility of the catalysts is limited, with little area for
modification of catalyst in order to tailor conditions. Enzymes such as lipases and proteases
have exhibited the ability to catalyse polymerisation at high monomer concentrations,

11,16, 23, 25,39 N\aterials can therefore be

when equilibrium favours the polymerisation route.
produced from completely renewable sources and with the availability of some enzymes
immobilised on resin beads, easy removal via simple gravity filtration is possible. However,
the mechanisms by which these enzymes catalyse polymerisation are very dependent on
factors such as high monomer concentration to prevent depolymerisation and require

water in order to function, which can lead to side reactions.*®**

1.2.3  ‘Immortal’ ring-opening polymerisation

Figure 1.2 Differences between ‘immortal’ ROP and ‘classical’ ROP.

Most ROP techniques initiate through the interaction of the catalyst with the initiator to
form a complex, such as a metal-alkoxide, and polymerise one chain at a time.® However,
this means the resulting polymers are defined not only from the molar ratio of monomer-
to-initiator but also initiator-to-catalyst and thus monomer-to-initiator-to-catalyst ratio.
Therefore, for most ROP techniques, an equimolar quantity of catalyst is usually required in
order to form a catalyst/initiator complex (e.g. metal alkoxide) from which only one

polymer chain can grow. In 1985, Inoue et al. coined the term ‘immortal’ ROP (iROP) for
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use in ROP reactions where the quantity of catalyst did not affect the molecular weight of
the resulting polymers and a lower than equimolar quantity of catalyst with respect to

initiator could be used.* %

Hence, one catalytic unit can polymerise multiple chains at the
same time (Figure 1.2). This means that polymers produced by iROP have molecular
weights purely defined by the ratio of monomer-to-initiator. Typically iROP catalysts have a
significantly higher turn-over number (TON) and turn-over frequency (TOF) than non-
‘immortal’, or ‘classical’, ROP catalysts. As a lower quantity of catalyst is required than
‘classical’ ROP, cost benefits arising for the industrial viability of ROP and lower toxicity in
materials from reduced catalyst loading has led to recent research into iROP increasing,
with the technique being applied to epoxies, lactide, lactones and carbonates.** The
catalysts used in these cases have all been inorganic, with Al, Ca or Zn metal centres and
phenolate, porphyrin or phenoxides ligands, which increases control through steric
hindrance of the initiator to the metal centre as a consequence of their bulky

composition.* > & 2628

1.3 Lactone polymerisation

Polyesters produced from lactones have been of interest in biomaterials research since
the use of polylactides in sutures and the natural sourcing of many lactones providing a
cheap, renewable feedstock. Lactones are cyclic esters that can be found in varying sizes,
from the smallest lactone, a-acetolactone, to macrolactones such as the sixteen-membered
ring PDL. They can also incorporate other functional groups as seen with the alkene-
functionalised ambrettolide (Amb), alkyl chain functionalised e-decalactone or halo-
functionalised a-chloro-g-caprolactone (Figure 1.3). A large quantity of lactones can be
found naturally in various plants and animals, where they are used for numerous
applications including taste (limonine in lemons), scent (6-decalactone (6DL)) and chemical
messaging (PDL). The renewability of naturally occurring lactones has resulted in the

commercial extraction of some lactones for industrial use. For example, PDL can be sourced
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from deer and due to its occurence in the male body as a pheromone in sweat, is used in

industry as a fragrance.®
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Figure 1.3 Examples of substituted lactones and macrolactones.

Lactones can also be produced from other renewable feedstocks through relatively
simple synthesis. Cyclic ketones are the most common precursor in lactone synthesis as the
ketone functionality provides an easy access point for oxidation. The first example of
oxidation of a cyclic ketone into a lactone came in 1899, with Baeyer and Villiger
demonstrating the oxidation of the naturally occurring camphor and menthone into the
lactones, camphide and menthide respectively (Scheme 1.1). The reaction occurs in the
presence of peroxy acids, which initially attack the carbonyl before a Criegee
rearrangement to form a lactone and acid. Baeyer-Villiger oxidation, as it became known,
has been exhibited for numerous other lactones in the 115 years since, generally with good
(ca. 70%) yields.®® Lactones can also be produced from ring-closure reactions; however
these methods are more challenging than Baeyer-Villiger oxidation and often require very

dilute conditions in order to avoid polymerisation.®*

Scheme 1.1 Baeyer-Villiger oxidation of cyclic ketones into lactones.



1.3.1 Transesterification side reactions

An inherent risk with all ROP is transesterification side reactions, which can be either
intermolecular or intramolecular (Scheme 1.2). Intermolecular transesterification occurs
between the chain end of one polymer chain and the ester linkage of another chain that
results in the former chain extending and the latter chain shortening, increasing dispersity.
Intramolecular transesterification occurs between the chain end of the polymer chain and
its own ester linkage that results in a shorter linear chain and a cyclic species, also
increasing dispersities. In the case of small ring lactones, such as &6-valerolactone (6VL) or
€CL, the mechanism of ROP is much more preferable to transesterification, which means
the rate of polymerisation is much higher than that of transesterification. Therefore,
transesterification does not generally occur during polymerisation until either high
conversion or a long reaction time is achieved. Control of the polymerisation is therefore
achievable as long as the reaction is terminated before transesterification side reactions
take place. High conversions are also avoided with lactones as a consequence of the
equilibrium between monomer and polymer in lactones, as low monomer concentration
would therefore shift the equilibrium in favour of depolymerisation.?? This has been
observed experimentally with CL catalysed by 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) or

co-catalysed by 1,8-diazabicycloundec-7-ene (DBU) and thiourea.>* ®*

Scheme 1.2 a) Intermolecular and b) intramolecular transesterification
side reactions during lactone polymerisation.

As a consequence of the thermodynamics of macrolactones, the energy required for

ROP is very similar to that of transesterification, thus it is possible to have both
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transesterification and polymerisation occurring concurrently, observed experimentally
with macrolactones often exhibiting large dispersities. Furthermore, recent work has
shown that in the case of ‘strainless’ macrolactones, transesterification not only occurs in
conjunction with polymerisation but occurs before polymerisation.*® The formation of
cyclic species occurs before the polymerisation of linear chains and, due to the equilibrium
in the system between monomer and polymer, cyclic species are always present in
polymerisation. This also means there is a critical concentration of monomer that is
required in order to polymerise linear chains, below which only cyclic species are formed

through transesterification.

1.4 Pentadecalactone polymerisation

PDL is a monomer commonly found in nature making it an ideal candidate for a
renewably sourced material. The monomer itself is a sixteen-membered ring macrolactone
with no side chains or functional groups. Poly(pentadecalactone) (PPDL) is an interesting
material as a consequence of its long repeat unit length giving the polymer a repeating 15-
carbon alkyl chain. This not only means that polymerisation of PDL is a quick, effective
route to generating high molecular weight polymers, but the long aliphatic backbone
introduces strong crystallinity. In fact, the crystallinity exhibited by PPDL is very high,
leading to the polymer displaying high mechanical and tensile strength properties that are

comparable to low-density poly(ethylene) (LDPE).®*®®

The crystallinity also affects the
melting and crystallisation temperatures (T, and T.) of the polymer, which are very high (T,
= 95 °C) compared to poly(e-caprolactone) (PCL) (T, = 57 °C).” The glass transition
temperature of PPDL is difficult to measure through calorimetric measures (e.g. differential
scanning calorimetry (DSC)) and can only be observed through dynamic mechanical testing
(e.g. dynamic mechanical thermal analysis (DMTA)). This is a consequence of the high

crystallinity leading to a large intensity in the T, and T, which mask the T, even using slow

heating or rapid cooling techniques.”
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The recurring ester linkage present is an ideal centre for hydrolytic degradation, similar

#5.67.7073 However, degradation has proven difficult as

to that of other polymerised lactones.
a consequence of the high hydrophobicity of the alkyl chain contributing strongly to the
prevention of attack on the ester, thus PPDL has only been shown to degrade enzymatically
or in highly acidic or basic conditions.* The use of PPDL as a homopolymer for biomedical
application is unfeasible, however, as the human body does not contain enzymes in the
body capable of degrading PPDL."

As a consequence of this large ring size, PDL exhibits very low ring-strain which leads to
a AH;O = +3 kl.mol™. The driving force for polymerisation is therefore entropy (AS;O),
which is a negative value (-23 J.mol™.K™) as a consequence of gain in free rotation and
therefore produces a positive value for the term, -TAS}}O. Higher temperatures are required
compared to strained lactones with ROP driven by enthalpy in order to produce a negative
Gibbs free energy of polymerisation, allowing polymerisation to occur. As mentioned
above, the thermodynamics of PDL polymerisation means that transesterification side
reactions occur concurrently with polymerisation and cyclic species are present throughout
polymerisation.

The polymerisation of PDL was first conducted in 1996 through eROP using Novozyme
435, immobilised Candida antarctica Lipase B (CALB) on acrylic resin.”* Water is intrinsically
required for the enzyme to function, however water can also initiate polymerisation of PDL
leading to low end-group fidelity when using another initiator. Furthermore, the eROP of
PDL is known to occur through the initial co-ordination of the monomer to the enzyme,
rather than with other catalysts, with which the initiating species usually coordinates first.™
This therefore means transesterification side reactions and initiation from water can occur

concurrently with polymerisation from the start of the reaction, resulting in increased

overall molecular weight dispersity and low end-group fidelity.
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Figure 1.4 Examples of organocatalysts for ROP.

An extensive study was recently carried out into the polymerisation of PDL by
commercially available organocatalysts (Figure 1.4)." The results of the study showed that
only TBD can successfully polymerise PDL to high conversions, with other organocatalysts
showing either no polymerisation or only oligomer formation. However, more inorganic
catalysts have been shown to polymerise PDL than organocatalysts. Organometallic
catalysts with metal centres of ALY 474 gn 49 ca > Zn,>* 7° La, Nd and Y*° have all displayed
the ability to polymerise PDL. These catalysts have shown the ability to polymerise PDL to
high molecular weights efficiently, although dispersities still broaden as a consequence of
cyclic species formation. Furthermore, the quantity of catalyst required for the
polymerisation is usually equimolar with initiator as a catalyst/chain transfer agent (CTA)
complex is generated in order to propagate polymerisation. This meant most PPDL
molecular weights were defined by the molar ratio of monomer-to-initiator-to-catalyst as is
common in ‘classical’ ROP. Recently, the use of novel Al and Zn catalysts have shown iROP
can be achieved with PDL and lower catalytic loading allows for molecular weight to be
defined solely by the molar ratio of monomer-to-initiator (Figure 1.5).° The catalysts have
all required stringent drying techniques to be applied to all reagents before polymerisation

can progress and also required an inert environment, which can be very expensive when
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increased to an industrial scale. Furthermore, the cost of production of these catalysts

(particularly the lanthanide catalysts) can be high.

Figure 1.5 Examples of organometallic catalysts used in ROP.

1.5 Pentadecalactone copolymerisation

Due to the high processing temperatures and lack of functional groups in PPDL
homopolymerisations, the material has limited application. However, copolymers of PDL
with other monomers, such as lactones and carbonates, has been researched in order to
keep the useful properties of PDL (e.g. tensile strength) and introduce new features (e.g.
lower crystallinity, low processing temperatures, improved degradability) and making more

industrially relevant materials.

1.5.1 Copolymerisation with other non-substituted lactones

Scheme 1.3 Copolymerisation of e&-caprolactone and w-
pentadecalactone.

The copolymerisation of PDL with €CL to produce random copolymers has been well
documented through enzymatic, organic and inorganic catalyst based ROP (Scheme 1.3).**
16,7677 Copolymerisations of PDL and €CL by eROP were observed to form polymers that
were completely random in architecture. Kinetic studies of the copolymerisation showed
that although PDL monomer was consumed at a greater rate than €CL, transesterification
side reactions occurring concurrently produced random and not gradient copolymers.®

Sequential polymerisation techniques were also attempted in order to produce block

copolymers, however transesterification side reactions still occurred and random
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copolymers were formed. TBD catalysed copolymerisations of PDL and eCL also produced
completely random copolymers, however, copolymerisation was shown to occur with €CL
incorporation occurring faster than PDL, which contrasts with eROP copolymerisation.™
The consumption of eCL occurs quicker than PDL as a consequence of the more favourable
thermodynamics, whereas in eROP, the high hydrophobicity of PDL over €CL concentrates
the monomer at the enzyme active site, promoting preferential consumption. The resulting
materials of TBD catalysed copolymerisation were still random in architecture as a result of
concurrent transesterification. In both TBD and enzyme catalysed ROP, when the
sequential polymerisation was attempted, transesterification side reactions caused the
formation of random copolymers instead of the expected block copolymers.

Through varying the molar ratio of PDL-to-eCL and measuring the T,, and T. of the
polymers through differential scanning calorimetry (DSC), it was discovered that a linear
relationship between molar ratio and T../T. exists, such that as the content of one lactone
increases, the T,, and T, change linearly towards the T, and T, of the respective lactone

12, 16, 76

homopolymer. The blending of PCL and PPDL homopolymers in the presence of
catalyst has also been attempted for both eROP and ROP catalysed by TBD. In both cases it
was shown that the resulting materials produced were completely random copolymers

based on the molar ratio of PDL and €CL in the system.**’®

The use of organocatalyst ROP is
preferable over eROP as a consequence of the higher activity of the catalyst leading to
lower polymerisation times and better control through accurate measurement of catalytic
loading that ultimately leads to higher molecular weight polymers.

Copolymerisations of PDL and eCL by inorganic catalysts of
2-((((2-dimethylamino)ethyl)imino)methyl)-4,6-bis(1,1-dimethylethyl)-phenol with Zn, Ca or
Al metal centres have also yielded similar results to TBD, with one-pot polymerisations

progressing through initially polymerising only €CL before incorporating PDL concurrently

with transesterification to produce random copolymers (Figure 1.6).”° As also observed
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with TBD and CALB, when PCL and PPDL are mixed in the presence of some inorganic
catalysts, the resulting materials are random copolymers as a consequence of

transesterification side reactions.

Figure 1.6 Organometallic catalysts with the ability to polymerise w-
pentadecalactone.

1.5.2 Copolymerisation with other monomers

Copolymerisation through eROP of PDL with the lactones p-dioxanone (pDO)”® and
1-oxa-8-aza-cyclotetradecan-9,14-dione (a cyclic ester amide (cEA)),* a 14-membered ring
lactone with amide functionality also in the ring, have been studied (Scheme 1.4). P(PDL-co-
pDO), as with P(PDL-co-€CL), is a random copolymer as a result of transesterification side
reactions occurring during the polymerisation. The introduction of the ether functionality in
the polymer backbone is beneficial in terms of assisting drug encapsulation in the network,
whilst the similarity to P(PDL-co-eCL) affords the polymer with the ability to tailor
degradability for controlled release. Copolymers of PDL and cEA proceed with ring-opening
only occurring at the cyclic ester as a consequence of the enzyme catalyst.*® The resultant
copolymer contained random monomer sequencing as a consequence of transesterification
side reactions and lower melting temperature than PPDL homopolymer, however neither

pre- or post-polymerisation functionalisation at the amide has been documented.

Scheme 1.4 Copolymerisation of PDL with 1-oxa-8-aza-cyclotetradecan-
9,14-dione (top) and p-dioxanone (bottom).
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The copolymerisation of PDL with the carbonate trimethylene carbonate (TMC) through
eROP resulted in polymers formed displaying random architecture, despite different rates
of incorporation of monomers.” As a consequence of hydrophobic interactions between
PDL and the enzyme catalyst, PDL was consumed rapidly in comparison to TMC, similar to
the copolymerisation of PDL and €CL using eROP. The random sequencing of the copolymer
is surprising in the fact that other than through eROP, copolymerisations of TMC and PDL
either produce TMC homopolymers or block copolymers. Furthermore, the random
copolymers also exhibited a significant increase in crystallinity compared to that of the
carbonate homopolymer, whilst processing temperatures were kept low. Functionalised
carbonates have also been synthesised and used in copolymerisations with PDL. Tartaric
acid can be used to form a ketal diester from the secondary alcohol groups, which followed
by reduction and phosgene-based ring-closure of the ester functionalities, producing a
carbonate monomer with a pendent five-membered ketal ring. Copolymerisation with PDL
through eROP produces random copolymers, similar to PDL/TMC copolymerisation. Post-
polymerisation deprotection of the ketal is possible and introduces two hydroxyl groups
per carbonate repeat unit into the polymer backbone, with the aim of accelerating
degradation, but also as a site for post-polymerisation functionalisation.’* The
copolymerisation of PDL with oxo-crown ethers has also been demonstrated to produce
random copolymers, with the extra ether functionalities introduced providing better
regions for degradation, although this was at the cost of cocrystallinity and led to phase

separation.gl’ 82

Figure 1.7 Examples of unsaturated macrolactones.

Another route to introducing functionality into PPDL is the use of ambrettolide (Amb),

the unsaturated analogue of hexadecalactone (HDL), in copolymerisation (Figure 1.7). The
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alkene functionality in the ring is an ideal target for modification before or after
polymerisation for oxidation or thiol-ene addition. The introduction of epoxy functionality
to Amb by mCPBA is able to be polymerised by CALB, as well as copolymerised with PDL.>*
® This does produce copolymers of lower crystallinity, however the epoxy group is very
stable and unsuitable for further reactions. Globalide (GL), an unsaturated PDL with alkene
functionality in the ring at C11 or C12, has also been used to produce functionalised PPDL.
Copolymerisation with €CL through eROP produces materials similar to P(PDL-co-eCL) but
with reduced crystallinity as a consequence of the unsaturation. Thiol-ene addition of
trimercapto propionate (TMP) using UV activated radical initiation crosslinked the polymers
to significantly decrease the crystallinity of the network.®

In order to introduce more complex functionalities to PDL copolymers, monomers with
pendent chain functionalities have been used with PDL in copolymerisations. The simplest
monomer with which to introduce side chain functionality is 4-methylcaprolactone
(4MeCL). The copolymerisation of 4MeCL with GL produced materials of much lower
crystallinity than P(PDL-co-eCL).*® Post-polymerisation crosslinking of the alkene in the
backbone of P(GL-co-4MeCL) produced completely amorphous materials. The use of y-
substituted-g-caprolactones, such as 4MeCL, is a common method for introduction of side
chain functionalities; commercially available monomers, such as y-acyloxy-g-caprolactones,
have been used for copolymerisation with PDL. PDL has successfully copolymerised with y-
methacryloyloxy-e-caprolactone (McrCL) and y-benzoyloxy-e-caprolactone (BenzCL) to
produce random copolymers with pendent methacrylate and benzoyl functionalities
respectively (Scheme 1.5).° The pendent methacrylate group is thus available post-
polymerisation for crosslinking via FRP, atom transfer radical polymerisation (ATRP) or
reversible addition fragmentation chain transfer (RAFT) polymerisation, whilst the benzoyl
functionality is an available site for ester deprotection and post-polymerisation

functionalisation. However, not all y-substituted-e-caprolactones can copolymerise with
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PDL, monomers such as y-acetyloxy-e-caprolactone (AcetCL) and y-acryloyloxy-¢-
caprolactone (AcrCL) preferentially rearrange to form y-butyrolactones that cannot

copolymerise (see above).

Scheme 1.5 Copolymerisation of w-pentadecalactone with y-
benzoyloxy-e-caprolactone (top) and y-methacryloyloxy-e-caprolactone
(bottom).

Another interesting PDL copolymer is produced from enzyme-catalysed
copolymerisation with ethyl 3-(4-(hydroxymethyl)piperidin-1-yl)propanoate (EHMPP)
(Scheme 1.6). Whilst the kinetics of the copolymerisation show the reaction occurs through
a step-growth polymerisation mechanism, the material itself possesses interesting
properties. Both monomers exhibit semi-crystalline behaviour, however they do not
cocrystallise.®” This means that varying the monomer feed ratio of the copolymerisation
alters the crystallinity of the resulting material such that a minimum T,, is observed close to
equimolar incorporation and T,, increases as the copolymer incorporation tends towards
that of either homopolymer. This contrasts with cocrystalline PDL copolymers, where the

minimum T,, is observed at a low incorporation of one monomer.* 2

Scheme 1.6 Copolymerisation of w-pentadecalactone with ethyl 3-(4-
(hydroxymethyl)piperidin-1-yl)propanoate.
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Terpolymers incorporating PDL have also been documented, with the terpolymerisation
of PDL, diethyl sebacate (DES) and N-methyldiethanolamine (MDEA).*” Through a mixture
of ROP and polycondensation, in the presence of CALB, completely random terpolymers are
formed that display increasing thermal stability with higher PDL content. Furthermore, the
terpolymer showed crystallisation between PDL segments, but not cocrystallisation with
the DES or MDEA chain segments.

Most recently, production of one-pot PDL block copolymers with other functionalised
lactones has been realised through the use of the inorganic catalyst zinc
2-(((2-dimethylamino)ethyl)imino)methyl)-4,6-bis(1,1-dimethylethyl)-phenol.>* S
Copolymers with the e-substituted caprolactone, e-decalactone (eDL), have been shown to
only form block copolymers with PDL, through the polymerisation of solely eDL followed by
the polymerisation of PDL (Scheme 1.7). The presence of the alkyl side chain adjacent to
the ester means PDL would initiate from a secondary alcohol, which is very
thermodynamically unfavourable and only occurs after complete consumption of the eDL.

The side chain is also likely to prevent transesterification side reactions between blocks as a

consequence of steric hindrance.

Scheme 1.7 Copolymerisation of w-pentadecalactone with e&-
decalactone.

1.5.3 Copolymers through functional initiation

Polymers with inherent functionalities have also been used as macroinitiators for PDL in
order to introduce sites for post-polymerisation functionalisation (e.g. crosslinking, thiol-
ene addition). The first copolymer of this nature was poly(butadiene-b-pentadecalactone)
produced through eROP of a monohydroxy-terminated poly(butadiene) macroinitiator,
which introduces alkene functionality to the main chain backbone.®® Conversely, the use of

2-hydroxyethyl methacrylate (HEMA) and 2-hydroxyl acrylate (HEA) as a PDL initiator to
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produce graftable PPDL macromonomers has been demonstrated as a consequence of the
initiating end-group being a (meth)acrylate.®® In the case of HEMA-initiated PPDL, FRP of
the macromonomer resulted in PPDL brushes. Similarly a short-chain poly(ethylene glycol)
methacrylate (PEGMA) can initiate PDL eROP, followed by FRP to produce brush
copolymers. Analysis of both HEMA and PEGMA end-group PPDL polymer brushes by wide-
angle x-ray diffraction (WAXD) and DSC showed decreased crystallinity as a consequence of
the lower conformational ability of the brush.’® However, transacylation side reactions, as
well as transesterification side reactions, have been shown to transfer the methacrylate
end-group intermolecularly during polymerisation. This therefore produces PPDL with 0, 1
or 2 methacrylate end-groups, increasing dispersity and lowering end-group fidelity.*
Whilst quicker reaction times have been shown to decrease the effect of transacylation,
thereby increasing end-group fidelity, some transacylation always occurs and only low
molecular weight PPDL is possible.

Similarly to HEMA, 6-mercapto-1-hexanol has been used as a PDL initiator to afford
PPDL with a thiol end-group.’® Telechelic polymers were then produced by reacting the
polymer with y-thiobutyrolactone and crosslinked PPDL networks produced by thiol-ene
addition with dialkenes. Telechelic PPDL has also been produced through the use of the
difunctional intiator, adipic acid, to produce carboxy-terminated PPDL at both chain ends,
which were reacted with glycidol resulting in epoxy-terminated telechelic PPDL.*® Telechelic
epoxy-PPDL could then be used alone or in conjunction with other epoxies to produce

networks.

1.5.4  PDL copolymers for post-polymerisation modification

As previously mentioned, attempts to produce block copolymers of PDL with other non-
substituted lactones using organic or enzymatic catalysts through sequential
polymerisation have been unsuccessful. However, unlike with TBD or eROP, the sequential

copolymerisation of eCL and PDL using ‘immortal’ Zn or Ca catalysts has resulted in block
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copolymers. Through the initial homopolymerisation of PDL, followed by the addition of
€CL through injection, block copolymers were observed that did not change to a random
architecture over time. This meant that even at low monomer concentrations,
transesterification side reactions were not energetically favourable and thus no
randomisation of the chain occurs.*
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2 The ‘immortal’ ring-opening polymerisation of

pentadecalactone by Mg(BHT),(THF),



2.1 Introduction

Ring-opening polymerisation (ROP) of large ring lactones is of great interest as a
consequence of the properties that these materials exhibit, such as high tensile strength.”
However, high molecular weight polymers produced from macrocyclic lactones were
difficult to achieve until the turn of the century as a consequence of inorganic catalysts
manipulating the enthalpy of breaking ring-strain to drive polymerisation.®® Whilst this
method is ideal for smaller (4-6 ring) lactones with high ring-strain, 14-16 ring lactones are
sufficiently large to not exhibit strain and are thus commonly hard to polymerise using such
catalysts.

Recent studies have shown that a range of species are able to polymerise the 16-
membered cyclic lactone, w-pentadecalactone (PDL). Poly(pentadecalactone) (PPDL)
contains a long 14-carbon length chain per repeat unit, which gives the polymer a highly
hydrophobic and crystalline nature leading to tensile properties similar to that of low

9, 10

density poly(ethylene) (LDPE). Furthermore, the recurring ester group of the chain

11, 12

makes the polymer susceptible to degradation under hydrolytic conditions. Amongst

the species reported to mediate this entropy-driven process are yttrium, zinc and
aluminium catalysts,” ** as well as organocatalysts and enzymes.” ***®

Social and economic pressures have pushed studies toward finding ‘greener’, less
environmentally damaging processes of material production. Currently, ROP catalysts are
often dependent on rigorously dry and inert environments, the implementation of which
increases the cost and time of the total process. The presence of water in particular can be
problematic for end-group fidelity and transesterification side reactions with water, leading
to polymers of high dispersity and diverse properties.’ Organic and enzymatic catalysts
both initiate ROP from any excess water present; however organometallic catalysts can be

tailored through ligand variation to negate the effects of water, although are commonly

deactivated under such conditions. Polymerisations would therefore be performed in inert
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atmospheres, the degassing of which can be time consuming and costly, depending on the
environment (i.e. Ar or N,), or quantity of degas cycles. The ideal catalyst for use in a
commercially viable process would therefore maintain high end group fidelity, have a high
throughput before poisoning and be produced from renewable or inexpensive,
commercially available compounds. ‘Immortal’ ring-opening catalysts as pioneered by
Carpentier, Guillaume and coworkers meet such demands through acting as ‘true’ catalysts,
allowing low quantities of catalyst with respect to monomer, ignoring any impurity present
in the reaction mixture and maintaining a high monomer turnover number.” ® 2% 2! Whilst
the ROP of pentadecalactone has been shown to be catalysed by the small range of
catalysts described above, so far none have been shown to polymerise in the presence of
water without water initiation and water-based transesterification side reactions taking
place.

A recent report has shown the ability of the metallorganic catalyst, magnesium 2,6-di-
tert-butyl-4-methylphenoxide (Mg(BHT),(THF),), to catalyse the ROP of e-caprolactone
(eCL) under “air” conditions, i.e. the reagents used were not dried prior to use in an
oxygen-rich (air) environment.”* The work in this chapter investigates the ‘immortal’ ring-
opening polymerisation of PDL using Mg(BHT),(THF),. Furthermore, for the first time the
successful polymerisation of PDL is shown to occur in atmospheric conditions, without

drying reagents beforehand, yet still maintaining high end-group fidelity.

2.2 Results and Discussion

2.2.1 Synthesis of Mg(BHT),(THF),

Scheme 2.1 One-pot synthesis of Mg(BHT),(THF),.

The synthesis of Mg(BHT),(THF), was replicated in line with the previous report from the

Ittel group (Scheme 2.1).% Briefly, under an argon environment, "Bu,Mg was reacted with 2
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molar equivalents of 2,6-di-tert-butyl-4-methylphenol (BHT) in toluene. The solvent was
removed and pentane was added in excess, followed by 2 molar equivalents of
tetrahydrofuran. Following the reaction, all solvents were again removed and the white
solid was dried under vacuum overnight before being stored in a glovebox. The structure of
the catalyst was confirmed by 'H and *C NMR spectroscopy, with the resonances
corresponding to complexed BHT and THF being around 0.2 ppm downfield to the non-

complexed reagents in deuterated benzene (C¢Ds) (Figure 2.1).

ppm

Figure 2.1 'H NMR spectrum of Mg(BHT),(THF), (400 MHz, CsD¢, 298 K).

2.2.2 Inert homopolymerisation of PDL

Scheme 2.2 Homopolymerisation of PDL by Mg(BHT),(THF),.
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Figure 2.2 'H NMR spectrum of DP20 PPDL produced using
Mg(BHT)2(THF)2 as a catalyst (400 MHz, 298 K, CDCI3).

Mg(BHT),(THF), has previously been studied as a catalyst for the ROP of eCL.*> PDL is a
much larger (16-membered) cyclic molecule compared to €CL (7-membered cyclic
molecule) with a lower ring-strain that results from its greater flexibility. Thus,
polymerisation is driven through the entropic gain of rotation from ring-opening rather
than ring-strain enthalpy, resulting in longer reaction times to reach full conversion. The
catalytic activity of Mg(BHT),(THF), in the ROP of PDL, using benzyl alcohol as an initiator,
was studied (Scheme 2.2). The reactions were generally undertaken in 75 wt.% toluene at
80 °C in order to maintain the poorly soluble monomer and polymer in solution. Monomer
conversion was monitored during the polymerisation using ‘H NMR spectroscopy by
monitoring the disappearance of the monomer CH,0C=0 resonance (6 = 4.15 ppm) and
appearance of the polymer CH,0C=0 resonance (6 = 4.05 ppm) in agreement with previous
literature.”* The polymer was purified through precipitation into excess methanol and
underwent centrifugation to remove any PDL monomer present. Analysis of the resultant
polymer by 'H NMR spectroscopy allowed for the calculation of the degree of
polymerisation (DP) through the ratio of the benzyl methylene resonance (6 = 5.11 ppm) to

the a-methylene resonance of PPDL (6 = 4.05 ppm) (Figure 2.2). PDL polymerisation
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kinetics were indicative of first order kinetics, maintaining the number of active chains, and
conversion was maintained throughout the reaction, displaying no solvation effects
decreasing the rate (Figure 2.3). It was observed that the equilibrium of polymerisation was
reached at 94% monomer conversion, after which no further monomer consumption
occurred and dispersities notably broadened as a consequence of continued

transesterification.
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Figure 2.3 Kinetic plot for the polymerisation of w-pentadecalactone
using Mg(BHT),(THF), as a catalyst at 80 °C in toluene with
[PDL]o:[BNOH]q:[cat.]o = 50:1:1 and initial monomer concentration = 1 M.

The viscosity of the solution noticeably increased throughout the reaction. Regular
aliquots were taken and quenched using acidified methanol (5% 1 M HCI), dissolved into
chloroform and precipitated in excess methanol. Analysis of the aliquot samples by size-
exclusion chromatography (SEC) showed steady growth of the polymer with M, increasing
proportionally to monomer conversion (Figure 2.4). This shows the controlled growth of
the polymer chains with no termination side reactions occurring and suggests that all
chains were growing at the same rate. Notably, the dispersity of these polymers was
consistently greater than 2 which indicated that significant transesterification occurred
alongside ROP during the polymerisation process. Furthermore, the M, observed
throughout the reaction was noticeably skewed toward lower molecular weights as a

consequence of the evolution of low molecular weight cyclic species, which were present
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even at low conversions and contributed to the large dispersities observed. The evolution
of low molecular weight cyclic species is a consequence of the transesterification side
reactions that occur concurrently with polymerisation, namely the transesterification back-
biting of the active chain end reacting with an ester linkage of its own chain to form a
shortened chain and a cyclic species. Following deconvolution of the chromatograms with
an idealised Gaussian fit, the cyclic oligomer fraction was able to be estimated at about
12% of all polymer species. These cyclic species were easily removed through fractionation
in methanol; however as a consequence of their presence, increase in M,, over conversion

appears skewed with an apparent high molecular weight at 0% conversion.
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Figure 2.4 M, and D, changes over monomer conversion in the

homopolymerisation of w-pentadecalactone at 80 °C in toluene with
[PDL]o:[BNnOH]p:[cat.]o = 50:1:1 and initial monomer concentration =1 M.

Polymerisations of PDL at 1 M concentration in toluene at 80 °C, with benzyl alcohol as
initiator and Mg(BHT),(THF), as catalyst, were also performed targeting DPs of 10, 25, 50
and 100, in order to prove the catalyst could produce PPDL of various molecular weights.
Analysis of the reaction mixture at the end time point by *H NMR spectroscopy showed
that in all cases, monomer conversions of 294% were achieved. Analysis of the resultant
polymers by SEC demonstrated increasing molar mass in line with increased targeted
degrees of polymerisation (Figure 2.5). As observed in the kinetics of the polymerisation,
low molecular weight cyclic species were present in the final polymer that constituted up

to 12% of all polymeric materials formed, as measured by deconvolution.
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Figure 2.5 SEC chromatograms of poly(w-pentadecalactone) at various
targeted DPs.

2.2.3  Non-inert polymerisation of PDL

Further polymerisations were performed without prior drying or degassing of monomer,
initiator or solvent and in an oxygen-rich (air) environment. The kinetics of the
polymerisation were followed by 'H NMR spectroscopy and shown to no longer exhibit
completely linear rate behaviour, with an initially slow PDL conversion as a consequence of
the competing reaction of Mg(BHT),(THF), with the residual water present (Figure 2.6a).
However, the monomer conversion at the end of the polymerisation was found to be

identical to that of an inert polymerisation.
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Figure 2.6 a) Kinetic plot and b) change in M, and b,, against monomer
conversion for the polymerisation of w-pentadecalactone in a non-inert

environment, using Mg(BHT),(THF), as a catalyst at 80 °C in toluene with
[PDL]o:[BNOH]p:[cat.]o = 50:1:1 and initial monomer concentration =1 M.

Furthermore, the non-inert polymerisations produced polymers similar to those
produced in inert conditions, with comparable vyield, dispersity (Py) and theoretical
molecular weight based on monomer conversion. Analysis of samples taken during the
polymerisation by SEC showed the linear increase of molecular weight with increasing
monomer conversion (Figure 2.6b), thus controlled growth of polymer chains. Again, cyclic
species were found to be present at low conversion and remained throughout the
polymerisation (Figure 2.7). Deconvolution of the SEC chromatogram for the final polymer
sample showed the quantity of cyclic species to be around 12% of all polymer species,

similar to the quantity of cyclic species observed during polymerisation in inert conditions.
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Figure 2.7 SEC chromatograms for the evolution of molecular weight
distribution throughout polymerisation of PDL in non-inert conditions,
targeting a DP of 20.

The presence of water in the ROP of lactones can lead to transesterification and water-
initiating side reactions, which ultimately lower end-group fidelity. Therefore, the end-
group fidelity of polymers produced in polymerisations targeting DP 10 PPDL in both inert
and non-inert conditions was quantified through  matrix-assisted laser
desorption/ionization - time of flight (MALDI-TOF) mass spectrometry (Figure 2.8). Higher
DP PPDL was not used for analysis by MALDI-TOF mass spectrometry as a consequence of
the high molecular weight repeat unit making the polymer difficult to ionise and pass along
the detector. A single distribution was observed for both polymer sets, with an average
difference in mass/charge (m/z) of 240.38 between peaks that is attributable to the mass of
one PDL unit. The distribution of the molecular weights in both inert and non-inert
conditions was equivalent to the equation m/z = 240.38n + 108.14, where n is the DP. The
m/z constant value of 108.14 shows the distribution is directly attributable to a polymer
species initiating from a benzyl alcohol group. No further distributions were found to
indicate polymers formed from other initiating species, such as water. However, water

initiation would result in the formation of a carboxylic acid end-group, which can be
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difficult to detect as a consequence of ionisation and therefore may be present in a low
quantity. It can thus be assumed the catalyst is largely selectively initiating the ROP with
benzyl alcohol in preference to water. Hence, when the catalyst reacts with residual water
in non-inert conditions, water is effectively eliminated from the reaction mixture. The
activity of the catalyst also decreases, as observed through *H NMR spectroscopy and can
therefore be assumed to be poisoned as a consequence of reacting with water.
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Figure 2.8 a) MALDI-TOF of DP10 PPDL produced in a dry argon
environment b) MALDI-TOF of DP10 PPDL produced in non-inert

conditions.
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2.2.4  Effects of solvent on polymerisation

The conditions under which this ROP could be conducted were extended. To this end,
the replacement of toluene with a more hydrophobic solvent was investigated. PDL is
soluble in hexanes, however PPDL is insoluble in hexanes. To this end, the polymerisation
of PDL at 1 M in hexanes at 80 °C, with benzyl alcohol as initiator and Mg(BHT),(THF), as
catalyst was conducted targeting a DP of 20 (Table 2.1). As expected, the liquid polymer
formed became immiscible with hexanes and formed a visibly phase separated mixture,
with solidified polymer forming immediately upon removal from the heat source. However,
after 6 h of polymerisation the consumption of PDL was found to be 94% by 'H NMR
spectroscopy, with molecular weight distributions (Figure 2.9), dispersities and vyields
comparable to those formed in the same conditions using toluene as solvent. Thus, the
ROP of PDL in hexanes yielded comparable results to those observed with toluene, despite
the lack of solubility of the polymer in hexanes even at elevated temperatures.

In a further experiment, bulk polymerisation was investigated at 100 °C, the further
elevated temperature was required to maintain the monomer and polymer in the melt
phase. A polymerisation targeting DP 20 with benzyl alcohol as initiator and
Mg(BHT),(THF), as a catalyst in bulk PDL was attempted. After 6 h, 95% monomer
conversion was determined by 'H NMR spectroscopy, similar to 1 M polymerisations in
toluene and hexanes. SEC analysis showed polymer distributions similar to those produced
in solvated conditions, however a secondary distribution was prominent at lower molecular
weights, attributable to an increase in the presence of cyclic species. This could be a
consequence of poor solubility of the benzyl alcohol initiator in liquid PDL or the result of
poor accessibility to the propagating chain end, with polymerisation occurring through
initiation by the catalyst to form a zwitterion that ring-closes to form a cyclic polymer

species similar to zwitterionic ROP (ZROP) of §-valerolactone (8VL).”
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Figure 2.9 SEC chromatograms for DP 20 PPDL produced in various
solvents.

Table 2.1 Synthesis of DP 50 PPDL using different solvents in non-inert conditions.

a . Conversion® 7 /N c c
Solvent [M]:[1I] Time (h) (%) (kDa) (kDa) M, (kDa) Pwm
Toluene 50:1 6 95 54.1 17.4 57.3 3.29
Hexane 50:1 6 94 48.5 14.3 47.0 3.29
Bulk 50:1 6 95 45,5 9.0 41.9 4.66

?All reactions in solvent with [PDL] = 1 M at 80 °C, except in bulk ([PDL] = 3.8 M) at 100 °C.
® Determined by "H NMR spectroscopy.  Determined by size-exclusion chromatography.

In order to determine whether the temperature of the polymerisation could control the
molecular weight growth of PPDL in hexanes through the precipitation of solid PPDL at
earlier timepoints during polymerisation, homopolymerisations of PDL were conducted at
40 °C and 60 °C for 6 hours at 1 M in hexanes, with benzyl alcohol as initiator and
Mg(BHT),(THF), as catalyst, targeting a DP of 50. For both polymerisations, a solid polymer
precipitate was observed after a short period of time, which continued to increase in
guantity as the polymerisation continued. Analysis of the reaction mixture after 6 hours by
'H NMR spectroscopy showed lower overall monomer conversion than observed with the
same polymerisation at 80 °C, as expected. Analysis of the polymer by SEC revealed similar
molecular weight distributions to polymers formed in melt conditions (80 °C). The lack of a
sharp high molecular weight drop in the distribution indicates the polymer chains

continued to grow despite precipitation. Polymerisation is likely to occur through partial
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solubilisation of the polymer chain end, which allows propagation to occur before
reprecipitation. The dispersity of the molecular weight distribution remained similar to high
temperature polymerisation and low molecular weight cyclic species were still present,

thus no control over molecular weight can be achieved from control of temperature alone

(Table 2.2).

Table 2.2 Synthesis of DP 50 PPDL in hexanes at different temperatures in inert conditions®.

Temperature Time  Conversion® M,f M,f M,© m.P D¢
(°C) (h) (%) (kDa) (kDa) (kDa) (kDa) M
40 48 46 17.0 7.8 19.2 5.2 2.47
60 24 86 29.4 12.3 29.6 9.7 2.40
80 6 83 33.7 14.3 33.5 10.6 2.34

“ All reactions in solvent with [PDL] = 1 M. ” Determined by 'H NMR spectroscopy. ©
Determined by size-exclusion chromatography.

Controlling the solubility of the polymer at higher molecular weights during
polymerisation at low (60 °C) temperature would allow for control over the overall
molecular weight distribution. In order to determine whether the solubility can be used to
control molecular weight distribution, the homopolymerisations of PDL were conducted at
60 °C at 1 M in a hexane/toluene mixture, with benzyl alcohol as initiator and
Mg(BHT),(THF), as catalyst, targeting a DP of 50. The ratio of hexanes : toluene was varied
in order to determine an ideal mixture ratio for controlled growth of PPDL and as such,
ratios of 25:75, 50:50 and 75:25 hexanes : toluene were tested (Table 2.3).
Polymerisations were heated at 60 °C for a period of 6 h, after which monomer conversion
was determined by 'H NMR spectroscopy and molecular weight determined by SEC
analysis. During polymerisations at 50:50 and 75:25 hexanes:toluene, a white
precipitate was observed after 1 h of polymerisation, which continued to increase in

quantity as the polymerisation progressed.
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Table 2.3 Synthesis of DP 50 PPDL using different solvent ratios of hexanes and toluene.

Hexanes : Toluene Time Conversion® M,* M,f M,© By¢
(h) (%) (kDa) (kDa) (kDa)

25 :75 6 60 28.4 10.7 27.6 2.58

50:50 6 58 34.6 12.0 32.4 2.70

75:25 6 74 24.9 9.6 24.4 2.54

? All reactions in solvent with [PDL] = 1 M at 60 °C. ® Determined by *H NMR spectroscopy.
“Determined by size-exclusion chromatography.

For each solvent ratio tested, the degree of monomer conversion was lower than the
conversion observed in homopolymerisations of PDL at 80 °C for pure toluene or hexanes
polymerisation (between 55% and 75%), however the SEC analysis of each of the resultant
copolymers showed large dispersities with low molecular weight cyclic species still present
similar to homopolymerisations of PDL at 80 °C (Figure 2.10). No sharp high molecular
weight drop was observed for any solvent ratio, which indicates the precipitation of the

polymer did not affect the growth of the PPDL chain.

Figure 2.10 SEC chromatographs of DP 50 PPDL produced in various
ratios of hexanes : toluene.

2.2.5 ‘Immortal’ polymerisation of PDL

Polymerisation of PDL in non-inert conditions still produced PPDL with similar molecular
weight properties to PDL polymerisation in inert conditions, despite the catalyst being
partially poisoned by residual water. This strongly indicates that the molar equivalents of

catalyst required to successfully polymerise PDL is less than the molar equivalents of
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initiator, typical of ‘immortal’ ROP catalysts. In order to investigate the ‘immortal’ ring-
opening polymerisation (iROP) behaviour of Mg(BHT),(THF), under inert conditions, the
catalyst loading was decreased by an order of magnitude in a sequence of reactions until
no observable polymerisation occurred (Table 2.4). It was observed that a monomer-to-
catalyst molar ratio of 200 : 1 underwent successful polymerisation reaching the targeted
degree of polymerisation (DP) of 200. Increasing the quantity of initiator, such that the
initiator-to-catalyst molar ratio became 10 : 1 resulted in complete monomer conversion
and the production of DP 20 PPDL. This shows the polymerisation can occur at lower
catalyst-to-initiator molar ratios than 1:1 and thus is not a ‘classical’ ROP method. The
catalyst can polymerise multiple chain ends concurrently and maintain controlled growth of
each chain, typical of ‘immortal’ ROP catalysts. Reducing the monomer concentration to a
monomer-to-initiator-to-catalyst molar ratio of 1000:10:1 (i.e. a targeted DP of 100 with
0.1 mol% catalyst) severely reduced the rate of polymerisation, with only 36% monomer
conversion achieved over 48 h. This is a consequence of impurities present in the reaction
mixture poisoning the catalyst, which are minimal at higher catalyst loading, but have
significant effect at lower catalyst concentrations. Further reduction of the monomer-to-
initiator-to-catalyst molar ratio to 10000 : 100 : 1 showed no polymerisation activity after
24 h. Complete loss of catalytic activity with polymerisations at an initiator-to-catalyst
molar ratio of 100 : 1 occurs as a consequence of the quantity of impurities with respect to

catalyst becoming too great and poisoning all the catalyst in the mixture.
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Table 2.4 ‘Immortal’ ring-opening polymerisation results for varied Mg(BHT),(THF),
concentrations polymerising PDL?.

. . . Conversion” M, M,¢ M. c
M]:[l]:[cat.] [M]:[I] Time (h) (%) (kDa) (kDa) (kDa) Dy
100:1:1 100:1 15 95 99.7 33.3 84.3 2.53
200:1:1 200:1 19 82 195.4 89.1 176.5 1.98
200:10:1 20:1 19 99 20.8 9.9 20.9 2.11
1000:10:1 100:1 48 36 42.1 17.3 41.5 2.39
10000:100:1 100:1 24 0 - - - -

? All polymerisations conducted in dry conditions using 75 wt% toluene. ® Determined by 'H
NMR spectroscopy. ¢ Determined by size-exclusion chromatography.

The results indicate ‘truer’ catalytic behaviour in the polymerisation, which pertains to
the degree of active chains being greater than the quantity of catalyst; hence the chain can
activate and deactivate reversibly by chain transfer, requiring low catalyst loading. Very
recently, a catalyst study from the Duchateau group has also shown that immortal ROP of
PDL is possible with a range of aluminium, zinc and calcium species.”” Herein, we have
demonstrated that Mg(BHT),(THF), enables the synthesis of relatively high molecular
weight PPDL, perhaps on account of lower degrees of transesterification under the
conditions employed.

2.2.6 ‘Immortal’ polymerisation of eCL

Scheme 2.3 Homopolymerisation of e-caprolactone catalysed by
Mg(BHT),(THF),.

The ‘immortal’ catalytic ability of Mg(BHT),(THF), in the ROP of eCL at 80 °C and a
monomer concentration of 1 M in toluene, initiated from benzyl alcohol with a monomer-
to-initiator ratio of 100 : 1, was also explored (Scheme 2.3). The quantity of Mg(BHT),(THF),
used was systematically decreased in line with the study of the ROP of PDL. Mg(BHT),(THF),
was shown to mediate the ROP of €CL at a reduced molar ratio with respect to initiator of
10 : 1, with no loss of catalytic activity (Table 2.5). The homopolymerisation of eCL with a
targeted DP of 500 at reduced catalyst loading ([I] : [cat.] being 10 : 1) was found to reach a

total monomer conversion of 89% after 24 h, indicating an achievable turnover number
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(TON) of ~4450 for the ROP of eCL catalysed by Mg(BHT),(THF),. SEC analysis of the
resultant poly(e-caprolactone) (PCL) showed comparable dispersities to polymers produced
with an equimolar ratio of initiator : catalyst, and a monomodal molecular weight
distribution (Figure 2.11). A small low molecular weight shoulder is observed as a
consequence of some transesterification at higher temperatures. This differs to the
homopolymerisation of PDL using Mg(BHT),(THF), as a catalyst as a consequence of the
strained nature of eCL negating the formation of low molecular weight cyclic species before
producing linear polymer chains. Reduction of the initiator-to-catalyst molar ratio to 100 : 1
showed that, similarly to PDL homopolymerisation attempts at this concentration,
polymerisation does not occur as a consequence of catalyst deactivation by impurities

present in the solution.
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Figure 2.11 SEC chromatograph for the molecular weight distribution of
targeted DP100 PCL using 0.1 eq. Mg(BHT),(THF), catalyst with respect
to benzyl alcohol initiator.
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Table 2.5 ‘Immortal’ ring-opening polymerisation results for varied Mg(BHT),(THF),
concentrations polymerising CL”.

Time Conversion® M,* M,f M,© c

100:1:1 100:1 0.5 99 38.3 23.8 41.6 1.75

1000:10:1 100:1 0.5 99 39.6 27.4 43.9 1.60

5000:10:1 500:1 24 89 25.8 18.2 30.9 1.70
10000 : 1001: 1001 24 0 ] ] ] ]

@ All polymerisations conducted in dry conditions at 1 M in toluene. ® Determined by *H
NMR spectroscopy. “ Determined by size-exclusion chromatography.

2.2.7 ‘Immortal’ polymerisation of 6VL

Scheme 2.4 Homopolymerisation of 6-valerolactone catalysed by
Mg(BHT),(THF),.

The ‘immortal’ ROP ability of Mg(BHT),(THF), was further explored through the
homopolymerisation of 8VL (Scheme 2.4). The homopolymerisation of 8VL at 1 M in
toluene was conducted at 80 °C with benzyl alcohol as initiator and Mg(BHT),(THF), as
catalyst, targeting an initial monomer-to-initiator ratio of 100 : 1. The quantity of catalyst
used was systematically lowered from an initial 1 : 1 molar ratio of initiator : catalyst. The
homopolymerisation of 8VL occurred rapidly in comparison to the homopolymerisation of
€CL under the same conditions, with a visible increase in viscosity within moments of the
start of polymerisation. However, unlike other homopolymerisations, the equilibrium of
polymerisation was reached at a much lower monomer conversion and only a maximum of
82% monomer conversion was achieved. The low conversion before equilibrium for the
homopolymerisation of VL is expected as a consequence of thermodynamics that leads to
[M]eq = 3.9 x 10" mol.L™ (at 298 K) for 8VL homopolymerisation, an order of magnitude
higher than that of eCL homopolymerisation ([M]eq = 5.1 x 102 mol.L™ at 298 K). This does
mean that higher conversions can be accessed for 6VL homopolymerisations through

higher initial monomer concentrations or polymerisation at a lower temperature.
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The homopolymerisation of 6VL was found to proceed until equilibrium with a reduced
initiator-to-catalyst ratio of 10 : 1. SEC analysis of the polymer produced showed a
monomodal distribution with low dispersity (Py = 1.31) (Figure 2.12). The lack of a low
molecular weight shoulder in the molecular weight distribution showed that no low
molecular weight cyclic species were formed as a consequence of the strained nature of
O6VL avoiding the thermodynamic formation of these cyclic species. As observed witha 1:1
initiator-to- catalyst ratio, the equilibrium of polymerisation was reached at a relatively low
monomer conversion with respect to the homopolymerisation of €CL and PDL, with a

maximum conversion observed at 82% (Table 2.6).

Figure 2.12 SEC chromatographs of DP 100 PVL produced with varying
molar ratios of Mg(BHT),(THF), catalyst.

In order to determine the turnover number (TON) of the catalyst in the
homopolymerisation of VL, a solution of 1 M 8VL in toluene at 80 °C was polymerised
using benzyl alcohol as initiator, Mg(BHT),(THF), as a catalyst and targeting a DP of 500
with an initiator-to-catalyst ratio of 10 : 1. After 48 h of polymerisation, a monomer
conversion of 51% was determined by *H NMR spectroscopy, indicating a total monomer

TON of ~2550 for the catalyst Mg(BHT),(THF),.
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Table 2.6 ‘Immortal’ ring-opening polymerisation results for varied Mg(BHT),(THF),
concentrations polymerising 5VL°.

L ' Time Conversion’ M, M, M, c
M1: 00 feat]  (M):0) %) (©Os) (D) (KDa) Py
100:1:1 100:1 0.5 80 10.6 8.9 11.7 1.32
100:1:1 100:1 1 82 11.5 10.2 14.0 1.36
1000:10:1 100:1 0.5 82 6.4 6.4 8.4 1.31
5000:10:1 500:1 48 51 7.2 7.2 9.6 1.33
10000 : 1001. 1001 24 0 ] ] ] ]

“ All polymerisations conducted in dry conditions at 1 M in toluene. ? Determined by 'H
NMR spectroscopy. ¢ Determined by size-exclusion chromatography.

Reduction of the concentration of Mg(BHT),(THF), catalyst to a molar ratio of 100 : 1
initiator : catalyst showed no evidence of polymerisation over the course of 24 h. This is in
line with observations from the homopolymerisations of both e€CL and PDL using
Mg(BHT),(THF), as a catalyst and is a consequence of the impurities in the system poisoning

the small amount of catalyst present in the experiment, thus preventing polymerisation.

2.3 Conclusion

Magnesium 2,6-di-tert-butyl-4-methylphenoxide (Mg(BHT),(THF),) has been successfully
demonstrated to catalyse w-pentadecalactone (PDL) through ‘immortal’ ring-opening
polymerisation (iROP) for the first time. Characterisation of the poly(PDL) (PPDL) produced
through this method exhibited good control over the molecular weights, with targetable
degrees of polymerisation. Cyclic species were shown to be an inherent issue with PDL
polymerisation, in line with other recent literature. The polymers produced exhibited no
initiation or transesterification with water when reagents were not dried prior to use and
polymerisations were conducted in non-inert atmospheres. The iROP of both PDL,
e-caprolactone (eCL) and 6-valerolactone (6VL) were also shown to be successful for
catalyst : initiator ratios above 1 : 10; however polymerisations below this molar ratio
proved unsuccessful as a consequence of catalytic deactivation by impurities present in the

polymerisation mixture.
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3 Synthesis of w-pentadecalactone copolymers
with independently tuneable thermal and

degradation behaviour



3.1 Introduction

The mechanical and thermal properties of poly(w-pentadecalactone), PPDL, and it’s
copolymers™™® have resulted in a recent increase in the interest in the ring-opening
polymerisation (ROP) of w-pentadecalactone (PDL) and other macrolactone monomers. As
a consequence of the long alkyl chain backbone of PPDL copolymers and the crystallinity
they exhibit, interest has increased annually in their application in semicrystalline polymer
brushes and networks,” ® '®** biomedical materials’ and as part of shape-memory
materials.”® The ability to source PDL from renewable feedstocks provides a potentially
‘ereener’ route to the production of LDPE-like polymers. As a consequence of the
hydrophobicity of the alkyl chain surrounding the ester repeat unit in the polymer
backbone, degradation by hydrolysis in highly basic or acidic conditions has not been
successful.” While some enzymatic methods have been found to degrade PPDL, the
enzymes applied are not naturally present in the human body.** PPDL has been shown to
degrade at high temperature (425 °C)" and also exhibited partial mass loss in compost (18%
over 280 days)." Hence, in order to produce PDL-based materials with enhanced
biodegradability profiles, the monomer must be copolymerised with a more readily
degradable comonomer.

e-Caprolactone (eCL) and 6-valerolactone (6VL) are smaller ring lactones, which through
ROP have been used to produce biodegradable materials. The smaller alkyl chains in the
backbone of poly(e-caprolactone) (PCL) and poly(6-valerolactone) (PVL) exhibit less
hydrophobicity and crystallinity than PPDL and therefore allow hydrolysis in weaker acid or

base conditions.”>*®

Furthermore, PCL and PVL have lower melting and crystallisation
temperatures (T, and T. respectively) than PPDL and thus can be processed at lower
temperatures. Previous studies have shown the statistical copolymerisation of PDL and eCL
produces random copolymers, which are statistically quantifiable through analysis of the

6,9, 19

polymer carbonyl resonances using >C NMR spectroscopy. These copolymers display
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cocrystallinity with T,, and T, linearly dependent on the molar ratio of PDL:eCL units. The
kinetics of the copolymerisation of PDL and €CL have been studied with the use of different
catalysts and although in each case, random copolymers are produced, the
copolymerisation proceeds with different rates of consumption for each monomer. By 'H
NMR spectroscopic measurement, PDL is shown to polymerise more rapidly than eCL when
Candida antarctica Lipase B (CALB) is applied as a catalyst,”® however as a consequence of
extensive transesterification side reactions, random copolymers are produced.®
Conversely, with the organic catalyst 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD), rates of
homopolymerisation predict the fast consumption of €CL compared to PDL, leading to
gradient copolymers, although transesterification side reactions were again reported to
cause the formation of random copolymers in practice.” 2 %

PDL has been copolymerised with other monomers (e.g. p-dioxanone, dialkyl carbonates)

to produce degradable copolymers for biomaterials.> * 2> ¢

In each of these cases, PDL was
found to randomly copolymerise with the other monomers and cocrystallise to a higher
degree than expected from the molar ratio of PDL present. The rate of degradation of the
copolymers was proportional to the composition, with copolymers that contain less PDL
and more comonomer degrading more rapidly.

This chapter demonstrates the application of Mg(BHT),(THF), in the copolymerisation of
PDL with other lactone monomers across a range of ring sizes in order to access degradable
materials with a range of thermal and degradation properties. A clear correlation between
the thermal properties of the resulting copolymers and monomer composition is

demonstrated, which was exploited to produce copolymers with targeted thermal

properties but different rates of degradation.
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3.2 Results and Discussion

3.2.1 Ring-Opening Homopolymerisations

Scheme 3.1 Hompolymerisation of various lactones catalysed by
Mg(BHT),(THF),.

The synthesis of Mg(BHT),(THF), was undertaken as reported previously.” *® The
catalyst has been previously shown to catalyse the ROP of both w-pentadecalactone (PDL),
g-caprolactone and &-valerolactone (Chapter 2). In order to quantify the effect of lactone
ring size on the rate of ROP, homopolymerisations of n-caprylolactone (nCL) and w-
dodecalactone (DDL) were carried out in comparable conditions to the ROP of PDL and £CL
using Mg(BHT),(THF), as a catalyst. Whilst 6VL, eCL and PDL are all commercially available,
nCL and DDL were prepared through the Baeyer-Villiger oxidation of cyclooctanone and
cyclododecalatone respectively with meta-chloroperoxybenzoic acid (mCPBA).*°

The homopolymerisations of nCL and DDL were carried out using Mg(BHT),(THF), as
catalyst in an equimolar ratio to the benzyl alcohol initiator with a total monomer
concentration of 1 M in toluene at 80 °C with a targeted degree of polymerisation (DP) of
50 (Scheme 3.1).

In comparison to the O6VL and €CL homopolymerisations, nCL and DDL
homopolymerisations took much longer to reach equilibrium and required heating to 80 °C.
This difference in polymerisation activity is a result of smaller ring size monomers (6VL and
€CL) having large, negative enthalpies of ring-opening as a result of ring strain; whereas
larger ring monomers (nCL, DDL and PDL) have a lower enthalpy and hence can be

polymerised by entropy-driven processes.
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Figure 3.1 a) Kinetic plot for the homopolymerisation of n-
caprylolactone using Mg(BHT),(THF), as a catalyst at 80 °C in toluene
with [NCL]p:[BnOH]y:[cat.]y = 50:1:1, total monomer concentration = 1
M. b) Changes in M,, and By, over monomer conversion for the same
polymerisation.

The homopolymerisation of nCL was conducted at 1 M in toluene at 80 °C using benzyl
alcohol as initiator, Mg(BHT),(THF), as catalyst and targeting a DP of 50. The polymerisation
was monitored throughout by 'H NMR spectroscopy and SEC. The monomer conversion
was determined by 'H NMR spectroscopy by the disappearance of the monomer CH,0C=0
resonance (& = 4.32 ppm) and appearance of the polymer CH,OC=0 resonance (6 = 4.08
ppm). Following the kinetics of the polymerisation through this method presented linear
consumption of nCL, indicative of first order kinetics (Figure 3.1a). The number of active
chains and monomer conversion throughout the polymerisation was therefore maintained,
with no termination side reactions or solvation effects decreasing the rate of
polymerisation. The propagation rate (k,) was determined to be k, = 0.014 s™. Equilibrium
of polymerisation was reached after 5 h at 98% monomer conversion, after which the

dispersity of the polymer increased from by, = 1.85 at 5 h to by = 2.7 at 6 h as a
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consequence of prevailing transesterification side reactions. Dispersities remained low (Dy,
< 2) throughout the polymerisation, with no low molecular weight skew observed by SEC
analysis, indicating cyclic species are not formed during the polymerisation (Figure 3.1b).
Whilst nCL exhibits less ring strain than 8VL and €CL, there is sufficient strain for the energy
of ROP to be lower than the energies associated with transesterification side reactions.
Polymerisation is thus favoured until equilibrium, after which transesterification side
reactions can occur as observed by the broadening of dispersity.
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Figure 3.2 a) Kinetic plot for the homopolymerisation of dodecalactone
using Mg(BHT),(THF), as a catalyst at 80 °C in toluene with
[DDL]o:[BNnOH]p:[cat.]o = 50:1:1, total monomer concentration = 1 M. b)
Changes in M, and D,y over monomer conversion for the same
polymerisation.

The homopolymerisation of DDL at 1 M in toluene was conducted at 80 °C, with a
targeted DP of 50, benzyl alcohol as initiator and Mg(BHT),(THF), as catalyst. Determination
of monomer conversion during polymerisation was achieved by 'H NMR spectroscopy by

monitoring the disappearance of the monomer CH,0C=0 resonance (6 = 4.17 ppm) and the
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appearance of the polymer CH,OC=0 resonance (&6 = 4.07 ppm). First order kinetics were
observed for the consumption of monomer throughout the polymerisation, with no
termination side reactions or solvation effects altering the rate of polymerisation (Figure
3.2a). The observed k, was much slower than the homopolymerisation of nCL in the same
conditions, with k, = 0.002 s™'. Analysis of samples taken throughout the polymerisation by
SEC showed a low molecular weight shoulder as a consequence of the formation of low
molecular weight cyclic species. The cyclic species were present throughout the
polymerisation, indicative of a strainless ring monomer undergoing ROP. Dispersities above
2 were observed as a consequence of the low molecular weight cyclic species (Figure 3.2b).
Equilibrium of polymerisation was achieved at 89% monomer conversion, after which
monomer consumption ceased and transesterification side reactions broadened the
dispersity of the polymer significantly (B, > 3).

Comparison of the rates of polymerisation of 8VL, nCL and DDL showed a clear trend
with the rate of polymerisation decreasing with increasing ring size. This is expected as a
consequence of the effect of ring strain on the thermodynamics of ROP, where smaller
rings exhibit greater ring strain and a larger, negative enthalpy of ring-opening. Conversely,
larger rings exhibit low ring strain and therefore have a low or positive enthalpy of ring-

opening and hence require more energy to propagate polymerisation.

3.2.2 Pentadecalactone copolymerisations

In order to investigate PDL copolymerisation with lactones of different sizes and the
range of physical properties that these copolymer materials exhibit, PDL was
copolymerised with 8VL, CL, nCL and DDL (Scheme 3.2). The ROP of lactones catalysed by
Mg(BHT),(THF), is ‘immortal’ and achievable in non-inert ‘air’ conditions, however in order
to provide consistency and comparability with literature, all reactions were performed in

dry, inert environments.?®
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Scheme 3.2 Copolymerisation of pentadecalactone with other lactones
catalysed by Mg(BHT),(THF),.

As a first study, 6VL was used as the comonomer for the copolymerisation of PDL with
another lactone. The homopolymerisation of 6VL is considerably faster than the
homopolymerisation of PDL, thus the copolymerisation of 6VL and PDL was predicted to
take place through the rapid polymerisation of 6VL followed by the slower polymerisation
of PDL. As transesterification side reactions can occur in ROP, the final polymer may
possess a random sequence of repeat units. The copolymerisation of an equimolar mixture
of 6VL and PDL was undertaken at an overall monomer concentration of 2 M in toluene at
80 °C, with a targeted DP of 100. Aliquots were taken periodically and the overall monomer
conversion was followed by 'H NMR spectroscopy and SEC. After 5 min of polymerisation
the a-methylene resonance at 6 = 4.35 ppm, attributable to VL, had been significantly
reduced, which coincided with the appearance of a resonance at 6 = 4.05 ppm, the a-
methylene resonance of either poly(6-valerolactone) (PVL) or poly(w-pentadecalactone)
(PPDL). It should be noted that individual monomer conversion could not be monitored by
'H NMR spectroscopy as a consequence of the a-methylene resonance for all
poly(lactone)s tested appearing at 6 = 4.05 £ 0.01 ppm and the overlapping of the
remaining methylene resonances over the region of § = 2-3 ppm. The integration of the a-
methylene resonance of PDL remained constant between 0 min and 5 min of
polymerisation, which indicates that the polymer produced was a pure PVL chain. As PDL
began to be incorporated into the chain, the PDL a-methylene resonance decreased over
time. The incorporation of PDL was observed to be significantly slower than 8VL, resulting
in the overall monomer conversion slowing from 40% within the first 5 min, increasing to

58% over the next 24 h, an increase of only 18% (Figure 3.3d). Clearly, the copolymerisation
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progresses through the rapid conversion of 6VL followed by the slow incorporation of PDL.
This is probably a consequence of the transesterification of PVL being energetically
preferable over the ROP of PDL and thus severely slowing the rate of monomer
consumption. SEC analysis of the copolymerisation showed two distinct gradients in
number-average molecular weight (M,) growth (Figure 3.4). A shallow gradient was
observed until 50% overall monomer consumption as a consequence of the incorporation
of the relatively low molecular weight 6VL monomer, after which a steeper gradient was
observed once the incorporation of larger molecular weight PDL began. Dispersities of
samples taken during the copolymerisation increased significantly during the incorporation
of PDL as a consequence of not only transesterification side reactions, but also the
unavoidable formation of cyclic species during the polymerisation of strainless
macrolactones, such as PDL, which leads to low molecular weight tailing being observed in

SEC analysis.”’
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Figure 3.3 Kinetic plots for the copolymerisations of w-
pentadecalactone with a) dodecalactone, b) n-caprylolactone, c) e-
caprolactone and d) &-valerolactone. All reactions at 80 °C in toluene
with [PDL]o:[M]o:[BnOH]g:[cat.]y = 50:50:1:1, total initial monomer
concentration =2 M.

The characterisation of monomer sequencing in the polymer chain, by the integration of
the carbonyl region in quantitative *C NMR spectroscopy, is important in order to
determine whether transesterification side reactions have occurred. At 40% overall
monomer conversion (t =5 min), only one carbonyl diad resonance was observed at 6 =
173.4 ppm that corresponds to a 8VL carbonyl adjacent to a VL repeat unit (6VL*-6VL,
where * represents the observed carbonyl) (Figure 3.5). As PDL is incorporated into the
polymer chain, three additional carbonyl diad resonances appear that correspond to 6VL*-

PDL, PDL*-8VL and PDL*-PDL (6 = 173.5, 174.0 and 174.1 ppm respectively). The relatively
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rapid appearance of carbonyl diad resonances 6VL*-PDL and PDL*-8VL compared to PDL*-
PDL show that transesterification side reactions occurred faster than the incorporation of
PDL. Hence, during the copolymerisation the majority of PDL incorporated onto the chain
end is transesterified into the main chain before another PDL unit is incorporated. As the
amount of PDL in the polymer chain increases, the probability of transesterification leading
to two adjacent PDL repeat units (PDL*-PDL) increases. At any time throughout the
copolymerisation, the probability of an A*-B diad resonance being observed is equivalent
to P(A*-B) = fa x f3, where fo and fz are the mole fractions of monomers A and B

3,28

respectively (Table 3.1); this is only observed in copolymers with a completely random

architecture.
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Figure 3.4 M, against conversion for the copolymerisation of 6-
valerolactone and w-pentadecalactone at 2 M in toluene at 80 °C with
[8VL]o:[PDL]o:[BnOH]o:[Mg(BHT),(THF),lo of 50:50:1:1. M, and By
determined by SEC against poly(styrene) standards.
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Figure 3.5 Quantitative >C NMR spectra of the carbonyl region during
copolymerisations of w-pentadecalactone with &-valerolactone (125
MHz, CDCls, 298 K).

Table 3.1 Copolymerisation of PDL and 8VL at 1:1 mol% targeting DP100.

Diads®
Time Conversion’ M,” g My erg BPwm° M.Swr PDL*-  PDL*-  8VL*-  8VL*-
(h) (%) (kDa)  (kDa) (kpa)  PDL  &VL PDL  6VL
0.08 41 8.5 120 142 47 0.00 0.00 003 097

(0.00) (0.00) (0.00) (1.00)

24 59 95 172 180 9.2 009 024 023 044
(0.07) (0.20) (0.20) (0.53)

48 61 9.1 185 204 100 012 026 025 037
(0.09) (0.21) (0.21) (0.49)

72 71 10.1 211 2.08 120 0.16 0.26 0.27 0.31
(0.14) (0.23) (0.23) (0.40)

9% 75 120 256 213 12.8 018 027 027 028
(0.17) (0.24) (0.24) (0.35)

119 78 12.9 28.4 220 134 0.18 0.28 0.26 0.28
(0.18) (0.24) (0.24) (0.34)

145 81 142 317 223 141 021 027 026 026
(0.19) (0.25) (0.25) (0.31)

*Total monomer conversion determined by *H NMR spectroscopy. ®Determined by SEC in
CHCIl; against poly(styrene) standards. *Determined by end-group analysis by 'H NMR
spectroscopy. ‘Determined by quantitative *C NMR spectroscopy, with * defining the
carbonyl analysed and numbers in parentheses are theoretical values based on
composition by the equation P(A*-B) = f, x f;..
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The copolymerisation of an equimolar mixture of eCL and PDL with an overall monomer
concentration of 2 M in toluene at 80 °C with a targeted DP of 100 was also performed.
Aliquots were taken periodically and overall monomer conversion determined by ‘H NMR
spectroscopy and molecular weight growth followed by SEC analysis. The copolymerisation
of eCL and PDL was found to occur in a similar fashion to the copolymerisation of 6VL and
PDL, with the fast consumption of the small ring lactone (in this case €CL) followed by the
slower incorporation of PDL (Figure 3.3c). The resulting polymers were determined to be
completely random copolymers by quantitative *C NMR spectroscopic analysis as a
consequence of transesterification side reactions. SEC analysis of samples taken during the
copolymerisation again showed two distinct trends of growth as a result of the lower
molecular weight €CL being polymerised first, followed by a greater molecular weight
increase as a consequence of PDL addition into the polymer chain (Figure 3.6). Dispersities
were high (D), > 2), similar to the copolymerisation of PDL and 8VL, as a consequence of the
unavoidable formation of cyclic species already mentioned. The incorporation of PDL was
much more rapid than observed with the copolymerisation 8VL and PDL, with complete
monomer consumption occurring within a few hours rather than 14 days under the same
conditions. Indeed, whilst no PDL was observed within the chain before all VL was
consumed, some PDL was incorporated before complete consumption of €CL. This
behaviour may be the result of the reduced steric hindrance of 8VL in comparison to PDL,
such that the catalyst favours transesterification of 6VL over the ROP of PDL. Integration of
the carbonyl diad resonances in quantitative *C NMR spectra of the copolymers
throughout the evolution of the polymerisation (Figure 3.7) showed the evolution of an
almost pure PCL chain at 50% overall monomer conversion, which transformed into a
completely random copolymer through transesterification side reactions as PDL was
incorporated on to the polymer chain end, as was also observed for the copolymerisation
of 6VL and PDL (Table 3.2). Interestingly, the copolymerisation shows opposite behaviour
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to that of enzymatic ROP, where PDL is the first monomer consumed and &CL i

incorporated afterwards during transesterification.*
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Figure 3.6 M, against conversion for the copolymerisation of e&-
caprolactone and w-pentadecalactone at 2 M in toluene at 80 °C with
[eCL]o: [PDL]o: [BNOH]y: [Mg(BHT),(THF),]o of 50:50:1:1. M, and By,
determined by SEC against poly(styrene) standards.
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Figure 3.7 Quantitative >C NMR spectra of the carbonyl region during
copolymerisations of w-pentadecalactone with e-caprolactone (125
MHz, CDCls, 298 K).
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Table 3.2 Copolymerisation of PDL and €CL at 1:1 mol% targeting DP100.

Diads®
Time Conversion M, epy Mu'(gec) Pwm’ Mnb(NMR) PDL*- PDL*- eCL*- eCL*-
(h) (%) (kDa) (kDa) (kDa) PDL eCL PDL eCL
0.5 57 18.1 30.1 1.67 8.3 0.08 0.16 0.18 0.58

(0.06) (0.19) (0.19) (0.56)

1 61 13.4 325 242 95 0.12 0.16 0.25 0.48
(0.10) (0.21) (0.21) (0.48)

2 77 172 431 250 140 018 022 027 0.33
(0.18) (0.24) (0.24) (0.34)

4 90 215 62.1 290 15.6 0.22 0.25 0.28 0.25
(0.22) (0.25) (0.25) (0.28)

6 94 23.8 67.0 2.82 165 0.23 0.23 0.28 0.27
(0.23) (0.25) (0.25) (0.27)

8 9% 231 667 3.00 169 023 026 026 026
(0.23) (0.25) (0.25) (0.27)

®Determined by SEC in CHCl; against poly(styrene) standards. ®Determined by end-group
analysis by "H NMR spectroscopy. “Determined by quantitative *C NMR spectroscopy, with
* defining the carbonyl analysed and numbers in parentheses are theoretical values based
on composition.

The incorporation of PDL in the copolymerization of PDL and €CL is more rapid than the
observed incorporation of PDL in the copolymerization of PDL and 6VL. This could be a
consequence of the stronger chelation of 6VL onto Mg(BHT),(THF), that hinders the
addition of PDL onto the polymer chain. In order to determine the effect of 8VL chelation,
the transesterification of PVL and PPDL was compared to the transesterification of PCL and
PPDL at 100 °C, using Mg(BHT),(THF), as a catalyst. After 24 h the transesterification of PCL
and PPDL produced polymers with full random sequencing determined by quantitative *C
NMR spectroscopy (Figure 3.8). However, the transesterification of PVL and PPDL after 24 h
showed incomplete randomization of the polymer chains when analyzed by quantitative
B3C NMR spectroscopy. Thus, the strength of the chelation of VL onto the Mg catalyst

limits the availability of the catalyst for transesterification and ROP.
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Figure 3.8 Quantitative >C NMR spectra of the carbonyl region after 24
h of transesterification of PPDL with PCL (top) and PVL (bottom) (125
MHz, CDCls, 298 K).

The copolymerisation of nCL and PDL was performed with an overall monomer
concentration of 2 M in toluene at 80 °C. As a consequence of lower ring strain, the
consumption of nCL is not as rapid as &6VL or €CL, allowing PDL to be incorporated into the
polymer chain from the start of the copolymerisation of nCL and PDL. However, the
consumption of nCL is still more rapid than PDL consumption as indicated by 'H NMR
spectroscopy through the faster reduction of the nCL a-methylene resonance (6 = 4.31
ppm) compared to the a-methylene resonance of PDL (6 =4.15 ppm). Furthermore, the
overall rate of polymerisation progressed rapidly until all nCL had been consumed, at which
point the overall monomer conversion noticeably slowed as a consequence of only
polymerising PDL (Figure 3.3b). Analysis of the polymerisation via quantitative *C NMR
spectroscopy initially revealed prominent nCL*-nCL diad resonances, with the other diad
resonances (PDL*-PDL, PDL*-nCL and nCL*-PDL) increasing in intensity once all of the nCL
monomer was consumed. Thus, all nCL is consumed before the complete consumption PDL
(Figure 3.9). Integration of the diad resonances showed that at all time points sampled, the
materials formed were random copolymers where the relative integral of each diad was
proportional to monomer composition (Table 3.3). SEC analysis showed a monomodal
molecular weight distribution, with large dispersities (Py > 2) as a consequence of low

molecular weight cyclic species (Figure 3.10). A linear increase in molecular weight growth
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over conversion determined by SEC is also observed as a consequence of the low molecular

weight cyclic species lowering the determined M, values.

ppm
Figure 3.9 Quantitative >C NMR spectra of the carbonyl region during

copolymerisations of w-pentadecalactone with n-caprylolactone (125
MHz, CDCls, 298 K).
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Figure 3.10 M, against conversion for the copolymerisation of n-
caprylolactone and w-pentadecalactone at 2 M in toluene at 80 °C with
[NCL]o:[PDL]o:[BNOH]o:[Mg(BHT),(THF),]lo of 50:50:1:1. M, and Dy
determined by SEC against poly(styrene) standards.
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Table 3.3 Copolymerisation of PDL and nCL at 1:1 mol% targeting DP100.

Diads®
Time Conversion M, ey Mu'(grc) Pw’ Mnb(NMR) PDL*- PDL*- nCL*- nCL*-
(h) (%) (kDa) (kDa) (kDa) PDL nCL PDL nCL
0.5 34 10.8 17.2 1.60 5.8 0.08 0.19 0.17 0.56

(0.04) (0.16) (0.16) (0.64)

1 50 133 27.8 209 85 0.11 0.23 0.19 0.47
(0.07) (0.19) (0.19) (0.55)

2 63 170 384 226 110 014 024 022 0.40
(0.10) (0.22) (0.22) (0.47)

4 78 20.6 48.9 238 14.2 0.17 0.26 0.23 0.33
(0.16) (0.24) (0.24) (0.36)

6 85 20.4 50.7 249 156 0.25 0.24 0.25 0.25
(0.18) (0.24) (0.24) (0.33)

8 88 222 567 256 165 023 025 025 0.27
(0.20) (0.25) (0.25) (0.31)

®Determined by SEC in CHCl; against poly(styrene) standards. ®Determined by end-group
analysis by "H NMR spectroscopy. “Determined by quantitative *C NMR spectroscopy, with
* defining the carbonyl analysed and numbers in parentheses are theoretical values based
on composition.

The copolymerisation of DDL and PDL at an overall concentration of 2 M in toluene at 80
°C targeting DP100 was found to be difficult to monitor via NMR spectroscopy and SEC
analysis as a result of the similarity in the ring size of both monomers. 'H NMR
spectroscopic analysis revealed that chemical shifts which correspond to the a-methylene
protons of both DDL and PDL overlap for both monomer and polymer resonances (6 = 4.15
ppm and 4.05 ppm respectively). Kinetic plots of the copolymerisation showed only one
linear progression as a result of both monomers being very similar in size, such that the
catalyst does not differentiate between the two monomers (Figure 3.3a). This was further
proven through the linear molecular weight growth observed throughout the
polymerisation by SEC analysis (Figure 3.11). Similar to analysis by '"H NMR spectroscopy,
B3C NMR spectroscopy revealed that the carbonyl peaks for DDL and PDL in the polymer
have very similar chemical shifts (differing by ~0.02 ppm) (Figure 3.12). Throughout the

polymerisation, the carbonyl resonances that correspond to DDL* and PDL* had equivalent
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relative integrals by deconvolution, which indicates equal incorporation into the polymer
chain. The sequencing of the copolymers is hard to define as a result of the similar chemical
shifts, but was assumed to be random as a consequence of the equal incorporation of PDL

and DDL over time (Table 3.4).
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Figure 3.11 M, against conversion for the copolymerisation of
dodecalactone and w-pentadecalactone at 2 M in toluene at 80 °C with
[DDL]o:[PDL]o:[BNOH]o:[Mg(BHT),(THF),]o of 50:50:1:1. M, and Dy
determined by SEC against poly(styrene) standards.
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Figure 3.12 Quantitative >C NMR spectra of the carbonyl region during

copolymerisations of w-pentadecalactone with dodecalactone (125
MHz, CDCls, 298 K).
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Table 3.4 Copolymerisation of PDL and DDL at 1:1 mol% targeting DP100.
Time (h) Conversion (%) M." @GoMu’ (sroPm’ m.° (NMR)

(kDa) (kDa) (kDa)
0.5 12 5.1 7.5 148 2.6
1.0 23 8.8 17.5 200 5.2
1.5 33 11.1 26.5 238 74
2.5 51 19.5 47.2 164 11.2
4.0 69 28.7 57.1 293 151
6.0 82 46.6 73.7 158 18.1

*Determined by SEC in CHCl; against poly(styrene) standards. "Determined by end-group
analysis by 'H NMR spectroscopy. “Determined by quantitative >*C NMR spectroscopy, with
* defining the carbonyl analysed and numbers in parentheses are theoretical values based
on composition.

3.2.3 Sequential Polymerisation

Scheme 3.3 Sequential polymerisation of w-pentadecalactonee,
followed by &-valerolactone or e-caprolactone.

One-pot copolymerisations of PDL with 8VL or eCL have been shown to produce random
copolymers. However, the polymerisation of one monomer with the injection of a second
monomer either during or at the end of the polymerisation of the first monomer could
produce gradient-block or block copolymers respectively (Scheme 3.3). Indeed, a recent
study using a Zn catalyst system has shown that through sequential polymerisation of PDL
followed by €CL, only block copolymers were achieved and transesterification side

reactions to form random copolymers were absent.”
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Figure 3.13 Quantitative *C NMR spectra of the carbonyl region during
the sequential polymerisation of a) e-caprolactone followed by w-
pentadecalactone and b) w-pentadecalactone followed by e&-
caprolactone compared to c) the one-pot copolymerisation of e-
caprolactone and w-pentadecalactone (125 MHz, CDCl;, 298 K).

The sequential polymerisation of eCL followed by PDL was attempted at 1 M in toluene
at 80 °C, using benzyl alcohol as initiator, Mg(BHT),(THF), as catalyst and a targeted DP of
50 for both €CL and PDL (overall target of DP 100). After 1 h of eCL polymerisation, PDL at 1
M in toluene was injected into the reaction mixture and the polymerisation allowed to
continue overnight. The resulting polymer was analysed by 'H NMR and quantitative *C
NMR spectroscopy. Overall monomer conversion, as determined by 'H NMR spectroscopy
was found to be 96% and analysis of the carbonyl region by quantitative *C NMR
spectroscopy showed four carbonyl diad resonances corresponding to PDL*-PDL, PDL*-€CL,
€CL*-PDL and eCL*-eCL (where * is the observed carbonyl) (Figure 3.13a). The relative
integrals of each of the carbonyl diad resonances were equivalent, indicating a randomly
sequenced copolymer. Therefore transesterification side reactions still occurred during the
polymerisation of eCL and the formation of block copolymers cannot be achieved through

this method.

71



The sequential polymerisation of PDL followed by €CL was attempted at 1 M in toluene
at 80 °C, using benzyl alcohol as initiator, Mg(BHT),(THF), as catalyst and a targeted DP of
50 for both PDL and eCL. The homopolymerisation of PDL progressed for 18 h before the
injection of eCL stock solution (1 M in toluene), after which the experiment was left to
continue for a further 5 h. Quantitative *C NMR spectroscopy of the resulting polymer
showed all four carbonyl diad resonances were present with relative integrals indicating a
randomly sequenced copolymer, similar to the sequential polymerisation of €CL followed
by PDL (Figure 3.13b). This shows that transesterification side reactions occur alongside

polymerisation of PDL, preventing the formation of block copolymers.

ppm

Figure 3.14 Quantitative °C NMR spectra of the carbonyl region of
polymers formed by a) the one-pot copolymerisation of 6-valerolactone
and w-pentadecalactone compared to the sequential poylmerisation of
b) &-valerolactone followed by w-pentadecalactone and c¢) w-
pentadecalactone followed by 6-valerolactone (125 MHz, CDCl;, 298 K).

The sequential polymerisation of 6VL followed by PDL was attempted at 1 M in toluene
at 80 °C, using benzyl alcohol as initiator, Mg(BHT),(THF), as catalyst and a targeted DP of
50 for both 8VL and PDL. Analysis of the resultant polymer by quantitative *C NMR
spectroscopy showed the presence of four carbonyl diad resonances corresponding to
PDL*-PDL, PDL*-8VL, 6VL*-PDL and 6VL*-8VL of equivalent relative integrals, suggesting

the formation of a randomly sequenced copolymer (Figure 3.14b). As a consequence of the
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greater affinity Mg(BHT),(THF), exhibits towards 8VL compared to PDL, this result is
unsurprising. Reversal of the sequential addition may therefore form block copolymers as
the catalyst should show greater affinity to the formation of 8VL chain segments over
transesterification of the PDL block. Hence, the sequential polymerisation of PDL followed
by 6VL was attempted at 1 M in toluene at 80 °C, using benzyl alcohol as initiator,
Mg(BHT),(THF), as catalyst and a targeted DP of 50 for both 8VL and PDL. Injection of the
OVL stock solution (1 M in toluene) proceeded after 18 h of PDL homopolymerisation and
the reaction continued for a further 5 h before termination. Analysis of the final mixture by
'H NMR spectroscopy showed a significant reduction in the rapid consumption of VL
compared to one-pot copolymerisations of 8VL and PDL. Integration of the carbonyl diad
resonances observed by quantitative *C NMR spectroscopy showed two strong integrals
corresponding to PDL*-PDL and 8VL*-6VL, with only very small integrals corresponding to
PDL*-8VL and &6VL*-PDL, which is indicative of the formation of a block copolymer (Figure
3.14b). Therefore, polymerisation post-injection of 8VL occurs without transesterification
side reactions, avoiding randomisation of the polymer sequence. As the activation energy
for the ROP of 8VL is lower than the activation energy for the transesterification of PVL, it
can be assumed that the block sequencing is maintained in the polymer to high
conversions. The reduction in the consumption of 6VL observed in the sequential
polymerisation is likely a consequence of the entanglement of the polymer chain end, as
the catalyst shows high affinity towards 6VL. Hence, when a chain end comes into
proximity of the catalyst, ring-opening addition is preferred over transesterification of the
chain end. If the polymerisation is allowed to progress to a low concentration of 8VL, less
monomer is available for polymerisation and transesterification will likely occur, causing

sequence randomisation.
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3.2.4 Thermal Analysis

Figure 3.15 DSC thermograms of poly(w-pentadecalactone-co-¢-
caprolactone) T, at 1, 2, 4, 6 and 8 h during copolymerisation of an
equimolar mixture of e-caprolactone and w-pentadecalactone.

Differential scanning calorimetry (DSC) was used to measure the melting and
crystallisation temperatures (T, and T. respectively) of the samples taken during the
copolymerisation of an equimolar mixture of €CL and PDL (Figure 3.15). As with previous
reports, the glass transition temperature (T,) is masked by the intensity of the T, and T,
peaks in the trace, with fast cooling methods to overcome crystallisation in order to
facilitate the appearance of the T, curve proved fruitless.” During a typical 10 °C min™
heating cycles, it was observed that the T,, increased from a temperature of 60.1 °C, similar
to the T,, of pure PCL, at low overall monomer conversion to a maximum of 75.0 °C, which
corresponds to the mid-point between the T,, of pure PCL and pure PPDL. The copolymer
has been previously shown to melt at a T,, proportional to the ratio of comonomers
present.'® Furthermore, the increase in T, is directly proportional to the overall monomer
conversion above 50%, which corresponds to the incorporation of higher melting PDL into
the chain. These trends are further observed for the crystallisation temperatures (T,) of the

polymers, which are also directly related to the ratio and conversion of comonomers used.
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a) b)

c) d)

ppm ppm

Figure 3.16 Quantitative >C NMR spectra of DP100 PDL copolymers with
varying PDL mol% a) P(PDL-co-6VL), b) P(PDL-co-eCL), c) P(PDL-co-nCL)
and d) P(PDL-co-DDL) (125 MHz, CDCls, 298 K).

To further investigate the thermal properties of the copolymers, PDL was copolymerised
with 6VL, eCL, nCL and DDL with varying monomer feed ratios and analysed by DSC in order
to discover whether this trend continued throughout the lactone range (Table 3.5). Ratio
feeds of 10:90, 30:70, 50:50, 70:30 and 90:10 mol% for each lactone copolymerised with
PDL, at a targeted DP of 100, were produced for analysis by quantitative C NMR
spectroscopy (Figure 3.16a) and DSC (Figure 3.18). Integration of the carbonyl diad
resonances showed a random architecture for all copolymers at all molar ratios, where the
relative integrals of each carbonyl diad resonance were proportional to the molar ratios of
the comonomers (Table 3.5). In a comparable manner to the determination of copolymer
Tg in the Flory-Fox equation, DSC thermograms obtained for each copolymer showed the
observed copolymer T, or T. was dependent on the ratio of comonomers and their
respective T, or T.. In order to eliminate the degree of polymerisation (DP) of PDL as the

cause of the trend, a number of PPDL homopolymers were produced that ranged from
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DP20 to DP100. DSC analysis of these materials showed PPDL ranging from DP20 to DP100
had the same T,, of 93 °C, which did not increase with increasing chain length (Figure 3.19).

a) b)

c) d)

Figure 3.17 DSC thermograms (second heating curve, between 0 and
100 °C) showing the T,, for a) P(PDL-co-6VL), b) P(PDL-co-eCL), c) P(PDL-
co-nCL) and d) P(PDL-co-DDL) at various molar ratios of PDL at DP100.

a) b)

c) d)

Figure 3.18 DSC thermograms (second cooling curve, between 0 and 100
°C) showing the T, for a) P(PDL-co-6VL), b) P(PDL-co-eCL), c) P(PDL-co-
nCL) and d) P(PDL-co-DDL) at various molar ratios of PDL at DP100.

76



a) b)

Figure 3.19 DSC thermograms showing a) the T, (second heating curve,
between 0 and 100 °C) and b) the T, (second cooling curve, between 0
and 100 °C) for PPDL at various DPs.

Table 3.5 Copolymerisation of PDL with another lactone at varied monomer ratio feeds
targeting DP100.

Lactone [PDL] : [Lactone] M,? e Mo’ op  Bv° M owry  Tm' T
(kDa) (kDa) (kDa) (°C)  (°C)
SVL 10: 90 8.8 12.2 138 9.6 54.1 39.7
30:70 8.8 15.8 1.80 11.7 62.5 49.6
50:50 9.5 226 239 152 74.1 589
70:30 121 34.7 2.88 18.5 83.0 685
90:10 14.3 44.1 3.08 229 90.4 77.4
eCL 10: 90 12.8 23.7 1.85 22.3 53.2 33.5
30:70 9.9 20.7 2.09 16.8 64.2 47.0
50:50 10.8 27.4 2.54 16.8 749 58.2
70:30 12.8 35.0 2.74 123 79.5 62.8
90:10 14.7 43.7 296 12.0 91.2 734
nCL 10: 90 14.7 38.3 2.61 13.8 66.0 44.9
30:70 16.2 49.3 3.04 159 70.5 52.5
50:50 18.9 64.5 3.42 182 77.7 60.2
70:30 18.3 66.6 3.64 204 84.1 675
90:10 21.9 72.3 330 223 90.9 75.6
DDL 10: 90 23.0 78.2 3.40 215 80.2 63.0
30:70 21.6 71.6 332 214 81.2 63.9
50:50 19.9 67.5 339 215 823 678
70:30 19.1 61.0 3.20 209 86.4 712
90:10 19.0 57.7 3.04 207 91.0 76.0

*Determined by SEC in CHCl; against poly(styrene) standards. “Determined by end-group
analysis by "H NMR spectroscopy. “Determined by DSC, with heating and cooling rates of 10
°C.min " against a blank reference sample.
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3.2.5 Crystallographic Analysis

a) b)

Figure 3.20 WAXD diffractograms of DP100 a) P(PDL-co-6VL), b) P(PDL-
co-eCL), c) P(PDL-co-nCL) and d) P(PDL-co-DDL)with varying molar ratio
feed of monomers.

The observation of a single T, and T, for each copolymer provided strong evidence of the
randomisation of the polymer chain. As a consequence of the semi-crystalline nature of
many unsubstituted poly(lactone)s, wide angle x-ray diffraction (WAXD) was employed to
measure the crystallinity of the copolymers with different feed ratios and determine if
cocrystallisation of the random copolymers occurred (Figure 3.20). Each copolymer was
melted and pressed into a disc (ca. 100 mg) and standard “powder” 29~ diffraction scans
were carried out at room temperature in the angular range between 5° and 60° 23. All
copolymers analysed displayed a high degree of crystallinity (>70%), with distinct
reflections of (110) and (200) at 28 = 21.5° and 23.0° respectively. The lack of unique
reflections between lactone copolymers and therefore the similar crystal packing of these
copolymers shows strong cocrystallisation of PDL with all lactones tested. Crystallisation
was also observed to be higher for all copolymers than for the homopolymer of the
corresponding smaller lactone (i.e. PVL, PCL, P(nCL) or PDDL), which suggests that
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incorporation of PDL into the chain could significantly alter the mechanical properties when

compared to the homopolymers of the smaller lactones.

3.2.6 Degradation Studies

In order to measure the effect of cocrystallinity on the degradation of PDL copolymers,
PDL copolymers with different comonomers, but identical T,, and T, were tested. To this
end, PDL was copolymerised with 6VL, €CL and nCL at molar ratios of 42:58 (PDL:6VL),
41:59 (PDL:eCL) and 25:75 (PDL:nCL) to achieve copolymers with a targeted T,, = 70 °C and
T. = 54 °C but with differing compositions. These copolymers were pressed into discs and
subjected to accelerated degradation in 5 M NaOH solutions at 37 °C (Figure 3.21).
Accelerated degradation methods were used as a consequence of the slow degradation
exhibited by PCL reported previously.®® The degradation of P(PDL-co-8VL) is rapid
compared to the other two copolymers, with structural disc collapse occurring after ca. 90
days. The rapid degradation of P(PDL-co-6VL) occurs as a consequence of the low
hydrophobicity of the short alkyl chain length of a 6VL repeat unit backbone allowing protic
sources near the hydrophilic ester linkage, unlike the highly hydrophobic long alkyl chain
backbone of PDL repeat units. Furthermore, only P(PDL-co-8VL) visibly swelled during the
study, with a maximum mass gain of ca. 10% shortly before rapid mass loss occurred. The
swelling and mass gain is likely a consequence of the relative hydrophilicity of the PVL
carbonyl allowing water to penetrate the polymer network and swell the material. P(PDL-
co-CL) discs fragmented after around 100 days as a consequence of the €CL repeat unit
being only slightly more hydrophobic than the 8VL repeat unit. P(PDL-co-nCL) was the
slowest copolymer to degrade with only 10% mass loss occurring after 120 days. This is
likely a consequence of the greater hydrophobicity of the alkyl chain backbone of nCL
compared to 6VL or €CL. The concentration of ester groups within the copolymers tested
account for 30 £ 3 mol.% of the entire copolymer for each of the copolymers tested and as

a consequence the hydrophilicity of the copolymer can be excluded as a factor for the
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change in degradation behavior. Overall, the results show that the longer the alkyl chain
repeat unit, the longer the degradation time hence, PDL copolymers can be prepared that
display hydrolytic degradation behaviour independent of processing temperature (T, and

To).

Figure 3.21 Average mass loss of PDL copolymers studied in accelerated
degradation conditions (5 M NaOH, 38 °C).

3.3 Conclusion

w-Pentadecalactone (PDL) was copolymerised with lactones of smaller ring size using
Mg(BHT),(THF), as a catalyst. Through quantitative *C NMR spectroscopy, it was shown
that the smaller lactones (&-valerolactone and e-caprolactone) polymerised rapidly,
followed by addition of PDL to the chain. Transesterification side reactions occurred more
rapidly than addition of PDL, leading to randomisation of the chain architecture.
Copolymerisation of PDL with n-caprylolactone (nCL) showed more rapid consumption of
nCL than PDL, with transesterification side reactions again resulting in random copolymers.
Copolymerisation of PDL and dodecalactone occurred simultaneously and is also thought to
produce random copolymers. All copolymers exhibited values of T,, and T, that followed a

trend comparable to Flory-Fox theory. This trend was exploited to produce PDL copolymers
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that exhibited the same processing temperature but that exhibited significantly different

degradation rates.

3.4 References

1. M. L. Focarete, M. Scandola, A. Kumar and R. A. Gross, J. Polym. Sci., Part B: Polym.

Phys., 2001, 39, 1721-1729.

2. J. Cai, C. Liu, M. Cai, J. Zhu, F. Zuo, B. S. Hsiao and R. A. Gross, Polymer, 2010, 51,
1088-1099.
3. Z. Jiang, H. Azim, R. A. Gross, M. L. Focarete and M. Scandola, Biomacromolecules,

2007, 8, 2262-2269.

4, L. Mazzocchetti, M. Scandola and Z. Jiang, Macromolecules, 2009, 42, 7811-7819.

5. B. Kalra, A. Kumar, R. A. Gross, M. Baiardo and M. Scandola, Macromolecules, 2004,
37, 1243-1250.

6. G. Ceccorulli, M. Scandola, A. Kumar, B. Kalra and R. A. Gross, Biomacromolecules,
2005, 6, 902-907.

7. I. van der Meulen, M. de Geus, H. Antheunis, R. Deumens, E. A. J. Joosten, C. E.
Koning and A. Heise, Biomacromolecules, 2008, 9, 3404-3410.

8. I. van der Meulen, Y. Li, R. Deumens, E. A. J. Joosten, C. E. Koning and A. Heise,
Biomacromolecules, 2011, 12, 837-843.

9. M. Bouyahyi, M. P. F. Pepels, A. Heise and R. Duchateau, Macromolecules, 2012,
45, 3356-3366.

10. M. Eriksson, L. Fogelstrom, K. Hult, E. Malmstrom, M. Johansson, S. Trey and M.
Martinelle, Biomacromolecules, 2009, 10, 3108-3113.

11. N. Simpson, M. Takwa, K. Hult, M. Johansson, M. Martinelle and E. Malmstrom,

Macromolecules, 2008, 41, 3613-3619.

81



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

M. Claudino, I. van der Meulen, S. Trey, M. Jonsson, A. Heise and M. Johansson, J.
Polym. Sci., Part A: Polym. Chem., 2012, 50, 16-24.

J. Zotzmann, M. Behl, Y. Feng and A. Lendlein, Adv. Funct. Mater., 2010, 20, 3583-
3594.

Y. Nakayama, N. Watanabe, K. Kusaba, K. Sasaki, Z. Cai, T. Shiono and C. Tsutsumi,
J. Appl. Polym. Sci., 2011, 121, 2098-2103.

A. Nakayama, N. Kawasaki, Y. Maeda, |. Arvanitoyannis, S. Aiba and N. Yamamoto,
J. Appl. Polym. Sci., 1997, 66, 741-748.

I. Castilla-Cortazar, J. Mas-Estellés, J. M. Meseguer-Duefias, J. L. Escobar lvirico, B.
Mari and A. Vidaurre, Polym. Degrad. Stab., 2012, 97, 1241-1248.

L. M. Orozco-Castellanos, A. Marcos-Fernandez and A. Martinez-Richa, Polym. Adv.
Technol., 2011, 22, 430-436.

G. G. Pitt, M. M. Gratzl, G. L. Kimmel, J. Surles and A. Sohindler, Biomaterials, 1981,
2, 215-220.

A. Kumar, B. Kalra, A. Dekhterman and R. A. Gross, Macromolecules, 2000, 33,
6303-6309.

L. van der Mee, F. Helmich, R. de Bruijn, J. A. J. M. Vekemans, A. R. A. Palmans and
E. W. Meijer, Macromolecules, 2006, 39, 5021-5027.

H. Uyama, H. Kikuchi, K. Takeya and S. Kobayashi, Acta Polym., 1996, 47, 357-360.
I. van der Meulen, E. Gubbels, S. Huijser, R. Sablong, C. E. Koning, A. Heise and R.
Duchateau, Macromolecules, 2011, 44, 4301-4305.

L. Mazzocchetti, M. Scandola and Z. Jiang, Eur. Polym. J., 2012, 48, 1883-1891.

A. Kumar, K. Garg and R. A. Gross, Macromolecules, 2001, 34, 3527-3533.

J. Calabrese, M. A. Cushing and S. D. Ittel, Inorg. Chem., 1988, 27, 867-870.

J. A. Wilson, S. A. Hopkins, P. M. Wright and A. P. Dove, Polym. Chem., 2014, 5,
2691-2694.

82



27.

28.

29.

30.

M. P. F. Pepels, P. Souljé, R. Peters and R. Duchateau, Macromolecules, 2014, 47,

5542-5550.

M. T. Hunley, N. Sari and K. L. Beers, ACS Macro Lett., 2013, 2, 375-379.
M. Bouyahyi and R. Duchateau, Macromolecules, 2014, 47, 517-524.

X. F. L. Christopher, M. S. Monica, T. Swee-Hin and W. H. Dietmar, Biomed. Mater.,

2008, 3, 034108.

83



4 Synthesis and post-polymerisation
modification of one-pot w-pentadecalactone

block-like copolymers



4.1 Introduction

Over the last decade, poly(w-pentadecalactone) (PPDL) has attracted a lot of interest as
a consequenc