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Abstract

Traditional reactive polyurethane adhesives are versatile materials with a range of mechanical
properties. However, they are irreversibly crosslinked preventing separation of substrates at
end-of-life for reuse or recycling, causing negative environmental impacts. Therefore,
reversible adhesives are of interest in the drive towards a circular economy. Thermoplastic
polyurethanes (TPUs) display a physical response to temperature (solid at ambient, fluid with
heat), but the strong intermolecular hydrogen bonding persists in the melt phase causing
highly viscous fluids and processing challenges. To overcome these issues, the structure-
property relationships of new TPUs were investigated with the aim of exploring potential

copolymers as reversible adhesives.

Initially, model copolymers were made without chain extenders using semi-crystalline
polyols. Polyol molecular weight influenced the crystallinity, degree of physical interactions
and molecular weight of the TPU. Branching in chain extenders hinders hard segment
association leading to mechanically poor copolymers, whereas urea functionality affords
enhanced mechanical performance but lower sensitivity to thermal stimulus, retaining high
melt viscosity. Therefore, physical interactions alone do not seem viable for reversible

adhesion.

Reversible covalent bonds were incorporated along TPU copolymer backbones via Diels-Alder
(DA) cycloadducts from the copolymerisation of functional PU prepolymers made from semi-
crystalline and amorphous polyols. All copolymers displayed substantial change in physical
state as a response to temperature with dynamic and reversible M, (typically changing from
6 to > 25 kDa). Material properties were revealed as heavily dependent on constituent

prepolymers and starting polyols, with semi-crystalline materials showing greater stiffness



and amorphous materials greater flexibility. Therefore, final studies were conducted using
blends of different prepolymers, making linear TPUs that contain DA cycloadducts. TPUs were
synthesised showing phase separation without chain extender and highly tuneable
properties. Several materials throughout these studies show promise in the application of
thermally reversible adhesives differentiating between high mechanical properties and low

melt viscosity.
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1 Introduction



1.1 Step-growth polymerisation

In step-growth polymerisation a polymer is formed from the polyaddition of multifunctional
monomers. Typically, bifunctional monomers are used to give a linear product. The general
pathway involves the functional groups of two monomers reacting to form one product

containing a new linking group (Scheme 1.1).*

nA—A+nB—B ——%¥A—-AB-B),

Scheme 1.1 Generic reaction scheme of step-growth polymerisation. A and B represent
different functional groups.
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Figure 1.1(a) Example of the typical increase in molecular weight during step-growth
polymerisation against extent of reaction (p). (b) Representation of the polymer formation
from bifunctional monomers in step-growth polymerisation.

In step-growth polymerisation a high conversion of monomers is required to achieve high
molecular weights (Figure 1.1(a)). Monomers react in the early stages of the reaction to form
dimers and trimers (Figure 1.1(b)). These relatively small species then react with one another

to form oligomers which continue to react with one another to finally form high molecular



weight polymers. Molecular weight determines polymer properties and often low molecular
weight polymers display poor mechanical performance as a consequence of a larger number

of chain ends, so the reaction must reach its full extent to form useful products.?

This trend can be described mathematically with the Carothers equation (1 ):3

_ 1
X,= —— (1)
(1-p)
where X,, is the number average degree of polymerisation (the number of polymer units
within a chain)and p is the extent of reaction and can be calculated as ( 2 ):

(No = N) (2)
No

where Npis the number of monomersin the sample before the start of polymerisationand N
isthe number of monomers present at time t. Therefore, a high p is necessary for a significant
value of X,,, meaning high molecular weight products are only present at the very end of the

reaction.

The molecular weight also depends on the relative concentration of monomer units. For step-
growth polymerisations where there is a stoichiometric excess of one monomer then the
Carothers equationbecomes:

_ 1+7)

Cdrr-zp

where r is stoichiometric ratio of monomers and is always less than 1. At the end of the
reaction (p = 1) the equationis simplified to:

o (@+n
a-n

(4)



allowing for determination of the final X,, of the polymer product. Therefore, stoichiometric

control allows for targeting specific molecular weight products for desired properties.

1.2 Brief history of polyurethanes

Polyurethanes (PUs), discovered by Otto Bayer and co-workers in 1937, are polymers made
from step-growth polymerisation, typically comprising of diols and diisocyanates.* Since the
1930s, PUs have been developed extensively so that they now occupy a significant share of
the polymer market, at an estimated value of $72.82 billion in 2021.° Their popularity arises
fromthe diverse properties offered, as the only class of polymer to encompass thermosetting,
thermoplastic and elastomeric characteristics.® The range of raw materials is vast, allowing
fortailoring products to a desired application, such as footwear, construction and automotive
industriesin the form of elastomers, foams, coatings, adhesives, etc.” PUs are commonly the
plastic of choice on account of their well-documented excellent mechanical properties and

durability.®

13 The urethane reaction

Isocyanates are highly reactive functional groups. Primary reactions with NCO involve alcohols
and amines to form urethanes and ureas, respectively (Figure 1.2). Both urethane and urea
bonds are reversible.® The urea product can form stronger hydrogen-bonds (H-bonds) due to
the possibility of bidentate H-bonding, whereas urethane groups can only form monodentate
H-bonding.? The high reactivity of isocyanates makes them a potential health hazard as a
result of the formation of highly toxic and carcinogenic amines upon reaction with

atmosphericmoisture.
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Figure 1.2 Isocyanates react with alcohols and amines to reversibly form urethane and urea

functionalities, respectively.

The reactivity of isocyanates is relatively complex (Scheme 1.2). Isocyanates react with water
to give amine and carbon dioxide via a carbamicacid intermediate.*® Thisreaction is common
in moisture-cure adhesives where a NCO-terminated prepolymer is crosslinked upon reaction
with atmospheric moisture.’!"*2 The evolution of CO; is useful as a blowing agentin PU foams.
However, water often competes with the desired hydroxyl-containing compounds for the
isocyanate.’® Therefore, moisture must be excluded to prevent either premature crosslinking
or the formation of unwanted side products. To achieve dry conditions the polymerisation is

conducted undervacuumor an inertatmosphere.

Under the right conditions, urethanes can react further to form other products with various
R groups via transcarbamoylation and transurethanisation.'* At elevated temperatures, the
high reactivity of NCO allows for secondary reactions with urethanes, ureas and amides to
form allophonates, biurets and acyl ureas, respectively.'>’” Depending on the aim, these

reactions can be unwanted side products or desired to provide a mechanism of crosslinking



that increases the mechanical properties of the network. Isocyanates can also react with

carboxylicacid to afford an amide and carbon dioxide.'®

_________________________________
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Scheme 1.2 Summary of the chemistry possible with isocyanates and urethanes.

Polymerisations can be performed in various ways, such as in bulk, organic solvent or
water.88 In bulk there is no further product purification required, but the high melt viscosity
in synthesis limits achievable molecular weights. This issue is resolved by diluting the
precursorsin an organicsolvent to reduce the viscosity which makes higher molecular weight
products feasible. The choice of solvent is very important, it not only needs to solubilise the
reagents (polyol, isocyanate, chain extender etc.), which vary significantly in molecular
structure, but also thefinal PU to prevent precipitation before completion of polymerisation.
The use of solventis becoming increasingly unpopular as a consequence of the associated
negative environmental and healthimpacts, therefore solvent-free waterborne PUs seem an

attractive alternative. However, the potential competition between water and desired OH-



containing species gives rise to the need for additional components resulting in a more

complex system.*®

Sanchez-Adsuar et al. demonstrated how the synthesis conditions (time and temperature)
affected the properties of a poly(e-caprolactone)-4,4’-methylene diphenyl diisocyanate-1,4-
butanediol PU copolymer.?® After a threshold was reached (3 hours above 80 °C) of the
prepolymer step, molecular weight and viscosity increases which improves mechanical and
adhesive properties. However, both the times of the prepolymer and chain extension steps

do notinfluence the structural organisation, e.g. degree of phase separation.

1.4 Polyurethane composition

Atypical PU composition is a multiblock copolymer of polyol, diisocyanate and chain extender
(CE) which are covalently bonded via a polyadditionreaction and are connected by urethane
linkages (Figure 1.3). The various components make up different segments, described as the

soft segment (SS) (from the polyol) and hard segment (HS) (from the diisocyanate and chain

extender).
VN NN — AVaVa p—--t NNANNNNNNNNNY — \Vavy — NANNNNN
\ soft \ hard \
., segment | segment !
N VAV VoV Vo po|yo| v = chain extender
—— =diisocyanate = urethane linkage

Figure 1.3 Representation of PU composition.

1.4.1 Soft segment
The soft segment of a PU is normally made up of alongchaindiol called a polyol. It is classically

a flexible linear polymer with a molecular weight between 500 — 10 000 g.mol” and a



functionality of 2.0. This component determines the low temperature properties of the final
PU.” 22 A common choice for the SS is polyester or polyether and in special cases

poly(caprolactone) or polycarbonates if specific enhanced properties are required.

Polyesters are commonly made via esterification of adipic acid and short chain glycols, such
as ethylene glycol and propyleneglycol (Figure 1.4(a)). PUs containing polyesters exhibit good
oil resistance and mechanical properties but suffer from poor hydrolytic stability and
inadequate flexibility at low temperatures. The number of carbon atoms in the chain
influences the stability of the polymer, a polyester with a longer carbon chainis less polar due
to the low molar concentration of ester groups and therefore is less prone to degradation.
Depending on the composition, polyesters can be amorphous (with a low or high glass

transitiontemperature (Tg)) or semi-crystalline.

Polyethers are usually formed by ring-opening epoxides, such as ethylene oxide and
propylene oxide (Figure 1.4(b)). Compared to other polyols, polyethers are more cost
effective, have good hydrolytic stability and flexibility at low temperature, but show inferior
mechanical properties.?? Properties are governed by the different functional groups along the
polymer backbone. Esters have a significant dipole charge and therefore are susceptible to
hydrolysis, whereas ether analogous are less polar on account of having only a single oxygen
atom embedded in the hydrocarbon chain. Another factor to consider is introducing
branching alongthe polyol backbone which influences the stiffness and stability of the final

PU.23
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Figure 1.4 The repeating units of common polyols used in PU SS. (a) polyesters. (b) polyethers.
(c) poly(caprolactone). (d) polycarbonate.

Poly(caprolactone) (PCL) (Figure 1.4(c)) affords enhanced polyurethane properties. It is an
OH-terminated aliphatic polyester formed by the ring-opening polymerisation (ROP) of &-
caprolactone, initiated by a short diol such as diethylene glycol or neopentyl glycol. ROP is
advantageous over traditional polyester synthesis as it produces polymers of narrower
molecular weight distribution and lower viscosity compared to classically synthesised
polyesters, but ROP is air-sensitive and a slower process. PCL is semi-crystalline (~50 %) and
biocompatible with a melting temperature (T,) up to 60 °C depending on molecular weight.?*
26 A very low T, (-60 °C) gives superior low temperature properties.?> However, PCL is more
expensive compared to traditional polyesters and therefore is reserved for applications

requiring higher performance.’



Polycarbonates also showimproved properties (Figure 1.4(d)).® Increased hydrolytic stability
is granted by the unstable carbonic acid derivative formed upon hydrolysis.” They are
biodegradable polymers formed via transesterification of low molecular weight carbonicacid
ester and diol.?* 2’ Furthermore, they are potentially a green alternative as they can be

synthesised from waste carbon dioxide as opposed to fossil fuel feedstock.

1.4.2 Hardsegment - diisocyanates

The hard segment is comprised of isocyanate and chain extender which act as physical
crosslinks within the PU network via intermolecularinteractions. The urethane groupsin the
HS typically associate via favourable H-bonding. The HS dictates the high temperature
behaviour of PUs as a result of the thermal stability gained by these associations. Additionally,
the mechanical stability is often a reflection of the number and strength of H-bonds formed

involvingthe urethane groupsinthe HS.

For linear PUs the diisocyanate has a functionality of 2.0. Diisocyanates can be one molecule
or polymericspecies. The most widely used is methylene diphenyl diisocyanate (MDI), which
exists as several isomers (Figure 1.5). The 4,4-MDI isomer has NCO groups of equivalent
reactivity whereas the 2,4’-MDI isomer introduces preferential reactivity.?’ Another typical
diisocyanate is toluene diisocyanate (TDI). Both MDI and TDI have symmetrical and
asymmetrical variations which alters the properties of final PUs. Symmetrical isocyanates
afford PUs with good elastomeric properties, whereas asymmetrical alternatives are
transparent and more flexible.” Aliphatic diisocyanates include hexamethylene diisocyanate
(HDI) and saturated MDI (H12MDI) which are both symmetrical. HDI is a flexible and linear

monomer with a reactivity around two orders of magnitude less than 4,4’-MDI.” Both HDIl and
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H1,MDI are symmetrical and offer good light stability as they do not contain aromaticrings

which are unstableto UV light.

OCN~ ‘ ‘ “NCO 0CN" > S NCO

4,4'-MDI HD|
NCO
OCN ‘ l OCN/O/\O\NCO
2,4'-MDI H12MDI
NCO
OCN NCO

NCO OCN NCO

2 4-TDI 2 6-TDI IPDI

Figure 1.5 A selection of some aromatic and aliphatic diisocyanates commonly used in the
synthesis of PUs.

Aromaticisocyanatesare more common, but aliphaticalternatives are still used. The aromatic
structure introduces an element of rigidity, the addition of conjugation increases the overall
polarity of the system and restricts free rotation of the polymer chain, as observed by Liaw. *°
NCO groups are more reactive in aromaticisocyanates as a result of the electron withdrawing
effect of the aromaticrings on the NCO carbon atom.* This carbon has greater electrophilicity
and therefore is more susceptible to attack from a nucleophilic source. In general the easier
the urethane bond is formed, the less stable it will be.® Therefore, urethanes formed over a
longer time by alkyl isocyanates tend to be more stable than those formed from aromatic
isocyanates.® 3! Furthermore, the presence of aryl rings causes discolouration of the PU

product from white to yellow over time when exposed to UV light.” Aliphaticisocyanates are
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therefore the preferred choice for applications where aesthetics is important, such as films

and coatings.

1.4.3 Hard segment — chain extenders

Chain extenders are short chain length molecules normally with a functionality of 2.0. They
areterminated by hydroxyl or amine groups, which react with NCO to form urethane and urea
linkages, respectively.’® The synthesis of PUs is often performed in two steps: firstly, the
polyol reacts with an excess of diisocyanate to give an NCO-terminated prepolymer, this
intermediate species is then reacted with an excess of diol chain extender in a subsequent
step. The stoichiometry in the chain extension step can be used to control the copolymer
molecular weight. While a two-step process, the steps are carried out in one reaction vessel
consecutively, to exclude moisture and prevent premature reaction of the NCO end groups

(one-pot, two-steps).

The purpose of the chain extenderisto enhance the mechanical properties by increasingthe
molecular weight and the number of favourable interactions within the network.?’ The first
example of a chain extender was water, however outside usein foam applications, water has
little advantage.?! Therefore other diols are more frequently used as chain extenders, such as
neopentyl glycol (NPG) and hexamethylene diamine (HMDA) (Figure 1.6). The shape and
functionality of the chain extender can dictate the HS order and so have a large influence on

the properties of the final copolymer.
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Figure 1.6 Examples of some common and more specialised chain extenders.

Linear aliphatic chains with an even number of carbon atoms are preferred for higher
mechanical properties. For example, 1,4-butanediol (BD) produces a highly regular and well-
packed HS forming dense physical networks that achieve superior properties.3? For this reason,
BDistheindustry standard CE of choice for commercial TPU products in structural applications
in order to maximise the mechanical performance. However, due to the stability of an
extensive physical network, TPUs containing BD exhibit high melt viscosity as interactions

persistin the melt state.3*

Additives can beincluded in PU formulations to enhance the properties of products. They can
be small organic or inorganic compounds added in very small quantities. Examples are

1

sterically hindered aromatic carbodiimides to improve hydrolytic resistance,?! sterically

hindered phenolsas UV absorbers ** and oxazolidine derivatives as moisture scavengers.*?

1.5 Morphology of thermoplastic polyurethanes
The composition and architecture of thermoplastic polyurethanes (TPUs) determine its
morphology which in turn influences the mechanical properties of the material. Therefore, it

is important to fully understand the morphology of a system and the structure-property
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relationships to allow for optimisation for a specific application. A typical PU is composed of
soft and hard segments which are covalently attached, one single molecule can even span

several domains.

Polyurethanes typically have a phase separated morphology (Figure 1.7). Phase separation is
a thermodynamicprocess which is largely driven by the incompatibility of the segments and
occurs via spinodal decomposition as the reaction mixture cools. The difference in polarity
between the relatively non-polar SS and polar HS promotes a separate domain morphology.
As previously discussed, the SStends to be relatively long non-polar with a low concentration
of functional groups, whereas the HS is short and polar with functional groups like urethanes

and phenylrings.

PU multiblock copolymers are often viewed as HS dispersed in a soft matrix with the hard
domains acting as physical crosslinking sites that increase the strength and elasticity of the
network, visible through an increase in T,.>> The SS and HS work in synergy, offering flexibility
and strength, respectively.>® The longchain diols reorientupon the application of stress from
a largely entangled state to fully extended chains along the direction of force while the
stronger HS remains unaffected, to a certain point. After the removal of stress, the SS is able
to relax and return to its original conformation.?” However, there is often an optimum HS
content for enhanced mechanical properties.” The HS is known to disrupt the crystallinity of
the SS, especially when CEs are introduced.®® It is possible for there to be one completely
mixed phase or two discrete phases or most probably somewhere between these two
extreme cases. The degree of phase mixing is controlled by the compatibility between the

segments.
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separation

Figure 1.7 Typical morphology of a PU, some phase mixing and separation. Blue lines

represent the SS polyol, red blocks are the HS (diisocyanate and CE) and the red dashed circles

mark a phase change.

There are three distinct thermal regimes a TPU elastomer can maintain (Figure 1.8). Between

the Ty and Ty is defined as the ‘service temperature range’ where the material properties are

at an optimum and is the temperature range in which the polymer is used. At temperatures

below Tg, the polymerisin a frozen ‘glassy’ state where it is very brittle as a consequence of

minimal chain motion. Above T, the polymeris molten and behaves as a viscous fluid.

Modulus

viscous
glass rubbery plateau fluid

Yy

e

|

service temperature range

Y

1 Temperature T
Ty Tm

Figure 1.8 Simple representation of the change in physical properties of a polymer with

temperature.
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1.5.1 Effects of the soft segment

The soft segment is named on account of the length and flexibility of the polyol composition
relative to the rigidity of the hard segment. Both amorphous and crystalline states are
common in the soft domain, but completely crystalline polymers are not observed. Semi-
crystalline polyols comprise of a mix of ordered and disordered regions. The ratio and
organisation of these two states influences the properties of the final PU, for example
crystallinity can increase polymer strength and adhesion, although this would be at the cost
of flexibility.?” 3 Korley et al. demonstrated how crystallites within the SS were able to
increase PU toughness by dissipating energy in a similar manner to the HS.*° However, SS

crystallinity can be sensitive to structural changes.

The choice of soft segment directly influences the T; of the PU and therefore the low
temperature properties it exhibits. Chain structure, flexibility and molecular weight are
factors that can affect the energy barrier for chain rotation and thus, influence the T,.*! Highly
symmetrical and flexible chains decrease T, whereas pendent groups cause steric hindrance
or interactionswith surrounding chains to prevent chainrotation. Polyols of higher molecular
weight are more entangled and therefore require more energy to move, observed through a
higher T,. A low Ty is desired for good low temperature properties as well as to maximise the

service temperature range of the PU.*!

Crystallisation occurs when intermolecular interactions between polymer chains are strong,
so the chains align together in low energy conformations. This process is favourable when
polymer melts begin to cool and free volume decreases. Typically, two factors influence the
ability of a polymer chainto crystallise, chain symmetry and functional groupinteractions that

stabilise the crystals. Interactions can be van der Waals forces in closely packed polymers,

16



dipole —dipoleif polar groupsareincluded (e.g. polyesters and polyamides) and H-bonding.*?
Pendent groups and chain branching usually decrease crystallinity. Short rigid pendent groups

prevent packing and restrict chain movement which increases T.,, whereas longer flexible

chains decrease T, on account of increasing free volume.

Crystallisation was described by Flory in 1962 with the random-re-entry switchboard model

(Figure 1.9).3

This work built on previous studies by Keller who discovered polymer chain
foldingin both solutionand bulk grown crystals.** In the switchboard model, chains align and
fold alongside one another in parallel lamellae where they leave and re-enter various

crystalline lamellar in a statistical manner. The lamellae stack together with amorphous

interlayers to form crystallites.*
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Figure 1.9 The switchboard model first proposed by Flory with random re-entry.

Crystallites are typically 1 — 100 nm which means one single polymer chain can span several
crystallites. Therefore, if a polymer chain is involved in multiple regions of crystallisation, it
can cause imperfectionsin one area on account of the strain caused by the crystallisation

process in another area.*> Moreover, higher molecular weights lead to a greater chance of
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entanglement in the amorphous interlayers which hinders crystallisation.*® Therefore,
polymer molecular weight has a significant influence on crystallinity, especially the T,,. The T,
provides information about the perfection and size of the crystallites, with smaller crystals

tendingto melt at lower temperatures.*

Polymer morphology is highly dependent on crystallisation conditions. This fact can be
explained with the solidification model which states that thereis minimal long-range diffusion

).’ Therefore, there is no mass reordering of chains travelling

of polymer chains (Figure 1.10
far to form ‘perfect’ crystallinity, but rather they remain relatively stationary from the melt.

Straightening of the polymers causes crystallisation where they are already positioned.

The polymer properties between T; and T, are largely determined by crystallinity. Wang et
al. showed that amorphousPCLcan crystallise in the direction of applied stress on account of

t.3” This phenomenon is known as strain- or stress-induced crystallisation.

disentanglemen
However, after the removal of stress, the PCL is unable to reassume its original amorphous
state because of the restriction on reorientation by the newly formed crystallinity. The result

is a significantly different material after testing to before testing on account of the presence

of crystallinity.
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Figure 1.10 The solidification model. The level of disorder in the melt (left) is largely retained

in the semi-crystalline solid state (right). Adapted from the work of Dettenmaier et al.*’

Multiple polyolscan be blended in one TPU copolymerto improve overall properties, such as
mechanical performance. For example, there is extensive research on blending poly(lactic
acid) (PLA) with more flexible polyesters in order to overcome the brittleness of pure PLA,
while maintaining good biocompatibility and biodegradability.*®>> Often polyols appear
immiscible, but covalently linking the two polymers with MDI increases compatibility, as
shown in a study by Pan et al..>* However, in this work the properties of the copolymer show

a dependence on MDI content.

Additionally, work has been conducted investigating polymer compatibility via modelling
software using Hansen’s Solubility Parameters (HSP) to discern how similar polymers are to
oneanother.>®>” This techniqueis also startingto be used in respect to the segmented nature
of TPUs, but is rarely employed in favour of the traditional ‘low-effort’ trial and error

method.>®
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1.5.2 Effects of the hard segment

The HS is more compact than the SS, consisting of shorter components that pack closely
together. At room temperature, the HS prevents the permanent deformation of the SS by
acting as rigid physical crosslinking regions. When heated above the melting temperature of
the HS (Tmns)), the TPU transitions into a viscous melt, losing network stability. However, after
coolingbelow Tys) it regains its strength due to the reformation of H-bonds.?? Therefore, the
Tms) should be relatively high, but lower than the decompositiontemperature of the SS, for

a balance between performance and processability.

TPU annealing helps to improve the HS stability, through heating the network to just below
Tm allowing chains freedom to rearrange into the most favourable conformation.3* Annealing
increases the effective hard block region, decreases the interphase region and therefore
improves mechanical properties (Figure 1.11).” However, relatively high temperatures and
long annealing times (12 hours at 190 °C) are often required for substantial HS

crystallisation.?!

effective
hard block
region

— ‘l:f:i: :A:E:!-,, — '!:i:__ ! '::

\\ vl

interphase area

Figure 1.11 Annealing increases the effective hard block region to improve mechanical
properties.

The HScan also be eitheramorphous or crystalline and the morphology is determined by both

the diisocyanate and the CE.?! Crystallinity in the HS increases polymer modulus in a similar
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manner to the $S.2° The symmetry of the diisocyanate is important, higher symmetry tends

to improved packing with more regular HS-HS interactions.3®

The choice of chain extender also has a significant impact of the TPU morphology as theycan
either assist or hinderintermolecular interactions withinthe copolymer. Studies by Rinke and
Bonart on polyurethane ureas identified how urea and urethane groups form H-bonding
bridges between adjacent chains, the stability of which influences the copolymer
microstructure.’®® The key variables of a chain extender that affect these interactions are
the main chain length, the presence of pendent groups, symmetry and additional

functionality.

Blackwell et al. performed a series of investigations on the influence of CE chain length and
determined that even chain lengths adopt lower energy states for improved HS crystallinity
(Figure 1.12).5% 52 Recently in 2021, Akram et al. examined the amount of H-bonding as a
function of CE length for purely evenly numbered methylene units. The degree of H-bonding
decreases with CE length on account of an increase in distance between H-bonding sites.>*®
Moreover, Schuur et al. found that the chain extender must be of uniform length forimproved
mechanical properties, otherwise using multiple CEs of various lengths causes disruption in

the chain packing.’ Therefore, as the number of methylene units in the CE dramatically affect

the HS, it can be deduced that it also influences the degree of phase separation.®
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Figure 1.12 The difference in HS stacking between CEs with an odd (left) and even (right)
number of methylene units. Based on the work of Blackwell et a

The linearity of a CE dramatically affects the degree of phase mixing.** The introduction of

pendent groupsincreases intermolecular urethane - urethane distance, resultingin longer and

weaker H-bonding interactions.® Therefore, a

phase mixing.?®®” Sheikhy et al. reported a decrease in mechanical properties on account of
usinga branched CE.®® Additionally, branched CEs can increase the T, by either anchoring the
HS because of internal sterichinderance which restricts SS mobility (phase separated

directly mixingin with the SS and therefore hindering chain movement (phase mixed) (Figure

1.13).%8

22

EVEN

| 61,62

less ordered HS forms which in turn favours



(a) Phase mixed PU (b) Phase separated PU
\/\ _— ey, o
Force —_\< Force Force N\/*l;l——\/\ Force
o — = -

Mixing Anchoring

HO OH —~— =55 //\
™ == o
1o

_ OH
1,3-butanediol
(1,3-BD) Trimethylol propane mono
allyl ether (TMPAE)

Figure 1.13 Chain restriction in a (a) phase mixed morphology and a (b) phase separated

morphology with respective examples of CEs found in each system.®®°

Furthermore, increasingthe number of pendent methyl groups alongthe CE or on one single
carbon atom also increases the Ty and can potentially have a negative impact on copolymer
properties. Bae et al. showed how non-linear CEs decrease the thermal stability of the
physical network as a function of branching (Figure 1.14).>> However, in this study little
attention was paid to the effect of pendent group length. Generally, increasing branch length
increases Ty on account of steric hinderance preventingchain mobility. After a certain length
the T; begins to decrease as the branch becomes long and flexible enough to increase the
surrounding free volume.** Moreover, studies by Guo et al. showed that generally increasing
the volume of CE, while maintaining a constant CE length, decreases HS order thereby

increasing phase mixing which decreases SS crystallinity and mechanical performance as a

result.”®
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Figure 1.14 The degree of HS order decreases (arrows) with increasing branching from left to
right.>®

A comparison between the influences of CE carbon chainlength, branchingand volume shows
thatall three features have a similarimpact on copolymer properties. In separate studies, CEs
with either an odd number of methylene units or a ring structure were comparable to a CE

with an even carbon length but one pendent methyl group.®® %8

So far, none of these studies examine the effect of the pendent methyl group position, i.e.
the influence of CE symmetry. Guelcher et al. displayed how asymmetry has a more
pronounced influence on HS order than branching.®” Good symmetry is seen to enhance HS

packing and crystallinity and subsequently gives greater phase separation.”?

Additional functionality in CEs (e.g. heteroatoms) alter the polarity of the unit which in turn
determinesthe HS packing and degree of phase mixing. Polar groups such as ethers, amines
and sulfonyls have good compatibility with the HS, thereby increasing phase separation.3% 7"

2 Conversely, apolar groups, such as C(CF3),, increase phase mixing which is often displayed

by an increasein T,.>°

Research into sustainable CEs was conducted by Zhang et al. by copolymerising
poly(tetramethylene ether glycol) (PTMG), isophorone diisocyanate (IPDI), dimethyllo

Ipropionic acid, 1,4-butanediol with the naturally sourced curcumin.”® Small additions of
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curcumin were shown to improve mechanical properties, however reported properties

declined with further addition.

Amine terminated chain extenders are used when high mechanical performance is required.
Amines react readily with NCO functionality to form urea groups. Poly(urethane urea)s show
a greater degree of intermolecular interactions due to the bidentate and three-dimensional
urea H-bonding which allows for a highly ordered HS (Figure 1.15).”*”> The strong association
within the HS of poly(urethane urea)s results in greater phase separation and therefore
improved mechanical performance when compared with standard polyurethanes.”®
Furthermore, the N-C bonds within the urea group show double bond character due to

conjugation, which restricts rotation and strengthens the PU.”’
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Figure 1.15 H-bonding between (a) urethane groups (monodentate) and urea groups in a (b)

monodentate manner and (c) bidentate manner.

The effect of CE length in poly(urethane urea)s closely follows that which was previously
discussed. Work by Kalajahi et al. demonstrated that longer diamine CEs decrease PU
mechanical properties on account of greater compatibility of the two domains.”®

Interestingly, they showed that usinga cycloaliphatic CE structure increased chain stiffness to
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produce copolymers with improved phase separation and therefore enhanced mechanical

performance (Figure 1.16).
H-N H->N H N\/\/\/\
HN NH > T2 \/\NHZ > 2 \/\/\NHZ > 112 NH,

Figure 1.16 Order of increased phase separation, adapted from the work of Kalajahi et al..”®

A highly cohesive HS comes at the cost of self-healing ability as the physical crosslinking
density is too high to allow sufficient movement of chains.”® Additionally, poly(urethane
urea)s are inherently difficult to synthesise and process without the use of solvents on
account of the strong HS association that forms during synthesis which prevents sufficient
stirring in bulk.?® Reactions between isocyanates and amines are also very fast and can be
difficult to control. The use of solvent introduces negative environmental and economical
factors. Houton et al. investigated a faster and cleaner synthetic route via ball milling to
mitigate both solvent and the issue of gelation in bulk reactions.®* Another factor when
considering polyurethane ureasis that they are less thermally stable relative to polyurethane
analogous and therefore cannot be used in applications which require high working

temperatures and are often not suitable for TPUs.2%82

In an interesting study by Li et al. they exploited the difference in reactivity between OH and
NH groups with NCO to afford a urea CE with available pendent OH functionality.®® This
system allowed for extensive H-bonding physical network with enhanced mechanical
properties. However, the material showed high dependence of modulus on temperature, so
that the service temperature range would be very narrow. To overcome thisissue, the group
incorporated an amount of permanent covalent crosslinking which prevented loss of modulus

below 150 °C, but these crosslinks would inhibit the reprocessability of the material.
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Recent work by Pugar et al. offers an alternative method of mitigating the complexity of
choosing PU constituents via physiochemical modellingand machine learning.®* This method
uses monomer chemistry to predict molecular interactions on the polymer scale which

produces estimated values of parameters, such as Young’s modulus.

1.6 The Diels-Alder reaction

The Diels-Alder (DA) reaction is a [4+2] cycloaddition between a diene (4 m-electrons) and a
dienophile (2 m-electrons) first observed by Diels and Alder in 1928.% Cycloadditions involve
the formation of two o-bonds across the ends of two m-systems. This process fits into the class
of pericyclic reactions where electrons move in a closed loop in a concerted manner (Figure
1.17). It is a reversible reaction so that the two separate starting materials can reform at
elevated temperaturesin whatis termed the retro-Diels-Alder reaction (rDA). The dynamicis
possible on account of the gain in entropy from reforming the starting materials, which
becomes more significant with an increase in temperature (AG = AH — T.AS). Therefore, the
forwards DA reaction dominates at lower temperatures while the rDA dominates at higher
temperatures (typically > 100 °C). The temperature at which the reverse reaction is possible

is denoted the rDA temperature (T;pa).

M=

Figure 1.17 [4+2] cycloaddition occurs in a concerted manner across two 1t systems.

For a successful reaction, the diene must be in the s-cis conformation on account of

geometrical limitations associated with forming what would be an extremely strained o-bond
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from the s-trans conformation. Therefore, structures that have a fixed s-cis conformation are

favourable for DA reactions, such as cyclopentadiene and furan.

To understandthereaction further, itis necessary to examine the frontier molecular orbitals
of the reactants.®® Typically, the highest occupied molecular orbital (HOMO) of the diene (W,)
interacts with the lowest unoccupied molecular orbital (LUMO) of the dienophile (rt*) (Figure
1.18(a)). It is important to note that this process is orbital symmetry allowed because of the
match of phases of frontier orbitals. This orbital symmetry also explains why the diene must

adopt the s-cis conformation (Figure 1.18(b)).

Typically, the dienophile ismade electron-poor by incorporating electron-withdrawing groups
nexttothe double bond, while the diene is made electron-rich by including electron-donating
groups. The electron-donating group of the diene increases the energy of the HOMO (and
LUMO) and the electron-withdrawing group of the dienophile decreases the energy of the
LUMO (and HOMO). These effects resultin W, and t* being closer in energy which equates to
better orbital overlap and therefore a more favourable interaction. Conjugation of both

components also aids the forwards DA reaction.

The furan-maleimide pairing is a common choice for the DA reaction on account of mild

synthesis conditions, high conversion rates and minimal side reactions (Figure 1.19(a)).%”®°
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Figure 1.18 (a) The HOMO of the diene interacts with the LUMO of the dienophile. (b) The
Diels-Alderis a symmetry allowed process.

There are two possible products from the DA reaction, the endo (carbonyls point down) or
the exo (carbonyls pointout) (Figure 1.19(a)). The exo product is the thermodynamic product,
favoured on account of minimal steric hinderance relative to the endo product. However,
under kinetic control, the endo product is formed preferentially. This difference can be
accounted for by investigating the transition states of both pathways. In the endo transition
state, there are secondary orbital interactions between the carbonyl carbons and the smaller

orbitals of the diene (Figure 1.19(b)). While not resulting in bond formation, the interaction
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stabilises the transition state and therefore reduce its energetic barrier. However, this

stability is not present in the exo configuration as the dienophile points in the opposite

direction.
(a) Endo Exo
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Figure 1.19 (a) Furan and maleimide react via the Diels-Alder reaction to form either the endo
product (left) or the exo product (right). (b) Secondary orbital interactions (purple dashed
lines) lower the energy of the endo transition state.

There is extensive literature describing DA chemistry in polymer systems.?’ By including the
DA adductin the polymer system, it grantsthermal reversibility within the chain and therefore
dynamic cleavage of the polymer at specific sites. Breaking up the polymer decreases its
molecular weight and can give reversibility between the solid and melt states as a function of
temperature, determined by the T.pa. Therefore, it is possible to have a temperature
controlled molecular weight, a highly attractive feature as a lower molecular weight

decreases melt viscosity and therefore eases polymer processing.
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There are many examples in literature of incorporating DA moieties into polyurethane
backbones.?®®3 Furan and maleimide functionalities are typically used to crosslink linear
polymers to one another. Crosslinking increases mechanical performance to afford tougher
materials. However, when crosslinking semi-crystalline prepolymers, the degree of
crystallinity is decreased which results in lower values of Young’s modulus.®*°> Moreover, a
competition between crystal formation and DA adduct formation exists in crosslinked semi-
crystalline systems but can be controlled with post-synthesis heat treatment.’®°” While
annealing at both low and high temperatures allows for a range of properties, a trade-off is
required between crystal size (strength) and degree of crosslinking (elasticity). Other studies
have explored the combination of DA chemistry and H-bonded physical networks.** 8
However, there is currently very little work on exploringthe dual effect of DA adductand H-

bondingin linear thermoplastic semi-crystalline PU copolymers.®®%!

Wu et al. successfully incorporated DA chemistry in linear polyurethanes for hot melt
adhesive applications.'®® They found reproducible adhesion measurements accompanied
with temperature dependent melt viscosity on accountof the activation of the rDA. However,
they failed to demonstrate the mechanical properties of the materials and used 4 4'-
diphenylmethane bismaleimide (BMl) as a linker, a toxiccompound which would be liberated
above Tpp, greatly reducingthe possible applications of the adhesive. In fact, many studies of

incorporating DA chemistry within PU materialsin literature use BMl as a linker.

1.7 Adhesives and adhesion
Adhesion is the bonding of two substrates together to prevent separation. Cohesive forces

within a polymeric adhesive are governed by the strength of the internal polymer network
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within the polymer itself, whereas adhesive forces are determined by interactions between

the substrate surface and the adhesive.

A model of an adhesive bond shows the cross-section of a polymeric adhesive bonding
multiple substrates together (Figure 1.20). At the centre of the joint (blue), the polymeric
adhesive behaves as if it were a bulk polymer and the cohesion depends on the internal
intermolecular forces within the polymer. At the interface between the polymeric adhesive
and the substrate (green), the structure is dominated by intermolecular forces between the
polymer and substrate. In the interphase region between the bulk and interface (orange) the
composition of the joining polymer gradually changes between the bulk and the interface.
Bonds can fail in different ways; cohesive failure is caused by weakness in the adhesive bulk,
adhesive failure is due to lack of interactions at the interface between the surface and
adhesive and substrate failure is when the substate breaks because it is weaker than the
adhesive. Bonds typically fail with cohesive failure, therefore bond strength is commonly
dictated by the cohesion of the adhesive which means the internal order of the polymeris of
interest to improve adhesion. Moreover, failure can be caused by mixed modes in a single

test if the upper strength limit of multiple factors (i.e. adhesive and substrate) are similar.'®
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Figure 1.20 Model for the cross-section of an adhesive bond. The polymeric adhesive is

represented by the coloured regions comprising the bulk (blue), interphase (orange) and
interface (green).

Both adhesion and cohesion depend on intermolecular forces which can be via covalent or
ionic bonding (primary bond formation); via H-bonding and van der Waal forces (secondary
bond formation); or other surface reactions such as mechanical interlocking and electrostatic
forces. Therefore, substrate surfaces should be clean for optimum adhesion. Sheikhy et al.
determined the level of interactions by measuring the contact angle of a PU on water.®® The
contact angle relates to the wettability of an adhesive, which is the ability to spread evenly
on a surface and can be influenced by surface tension.’ Surface wettingis highly importantin
adhesion aslarger areas of contact promote adhesion, yet good wetting does not guarantee
good adhesion and is considered as a prerequisite. Wettability is not only determined by
interactions between the adhesive and substrate, but also the viscosity of the adhesive. The
viscosity is largely dependent on molecular weight, structure and polarity of the copolymer.

Due to surface imperfections, adhesives with low visocisty usually have good wettability,
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however these may have poorer cohesion (Figure 1.21(a)). Additionally, too low a viscosity
would cause the adhesive to run and spill. High viscosity can leave voids in the bond line,
acting as impurities and decreasingadhesion (Figure 1.21(b)). Therefore, a balance between
wettability and viscosity is highly important.’®* Typical viscosity values of polymer melts are 1
— 1 000 Pa.s.'% Liquid honey has a viscosity of 10 Pa.s™ and is a good reference to help

imagine suitable viscosity for easy adhesive application.

(a)

. = Adhesive
. = Surface

Figure 1.21 Representations of (a) good surface wetting and (b) poor surface wetting of an
adhesive on a substrate surface.

Adhesives can be categorised by mechanism of hardening, either chemical or physical.
Chemically hardening adhesives are those that cure form liquid prepolymers via chemical
reactionsinsitu. These highly andirreversibly crosslinked polymers can be formed by a variety

of chemistries (Table 1.1).2%°



Table 1.1 Chemically hardening adhesive polymers.

Polymerisation Chemistry

Cyanoacrylates
Methyl methacrylate (MMA)
Polyurethanes (PUs)

Free-radical

Step-growth addition Epoxies

Silicones

Step-growth condensation
P8 Phenolics

Physically hardening adhesives are applied as fluids, then solidified in situ, without
undergoing any chemical reactions and the transition from fluid to solid is reversible.
Examples of physical hardening include loss of a solvent or water from a polymer or cooling
of ahot meltresultingin a strong physical polymer network (Figure 1.22). Different adhesives
lend themselves to varyingsituations, depending on important factors such as cure time and

mechanism, strength, flexibility, physicalappearance and resistance to harsh environments.

O evaportation N7\~~~  cooling SO
—_ e \/\/\/\/ —
O O RN A NN heati SN T~
Ivati \/\/\/\/ eating
NN sovaton T NN
/ \
solvent or water borne Strong network adhesive hot melt

Figure 1.22 Common physical hardening mechanisms of an adhesive.

1.7.1 Traditional polyurethane adhesives

PUs are a popular choice of adhesives on account of their high performance, durability and
potential to bind a range of surface types allowing for the manufacture of complex composite
materials.® Current polyurethane adhesives are typically crosslinked materials that are either
one component (1K) or two components (2K) and final properties of the adhesive are largely

dependent on the crosslinking density. 1K systems are classically NCO-terminated
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prepolymers, which are liquid or solid at ambient temperature for simple moisture curing
systems or reactive hot melts, respectively. While simple moisture curing systems are low
viscosity liquid prepolymers, reactive hot melts consist of high molecular weight prepolymers
therefore they cure both physically (cooling — fast adhesion to hold joint in place) and
chemically (crosslinking — slow adhesion to maximise strength). After application to the
substrates, the NCO groups react with moisture from the atmosphere or present in the
substrates themselves at ambient temperatures ranging from 5 — 40 °C or at higher
temperatures (e.g. 50 — 100 °C) for reactive hot melts.'® The crosslinking processes is largely
diffusion controlled, relying on water travelling through the prepolymer matrix to react with
chain ends.® 2K systems consist of a prepolymer and an activatingagent (crosslinker) which
are supplied separately but premixed immediately before application to the substrates. The
chemical reaction between the components begins on mixingand can take a couple of hours
to several days. As both components comprise prepolymers, they tend to have low viscosity

and therefore good surface wetting.

1K systems are simpler to use on account of the single component aspect, since 2K systems
require carefully controlled mixing to provide the correct stoichiometry to build a high
molecular weight fully crosslinked network. The 1K moisture curing approach tends to be
used most due to convenience, but the final properties are inferior to the higher crosslinking
density obtained with 2K adhesives. The latter are used in high performing structural
applications which have more demanding requirements, where higher mechanical
performance and durability are needed.'® Both require specialised packaging for storage and
application to prevent premature crosslinking. The resulting covalent crosslinks makes both

types of adhesives highly durable, although the network is permanent and irreversible.
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Permanently crosslinked adhesives are unattractive when considering the environmental
impact of a composite material comprising different substrates joined together, as
reprocessing of the raw substrates would be impossible. Therefore, there is a drive towards
reversible adhesion where recovery of source substrates is possible for reuse and recycling.
It is critical to design new adhesive materials which can both provide performancein use and

also enable facile separation at the end-of-life.

1.7.2 Thermoplastic polyurethanes as adhesives

TPUs which are 1K unreactive hot melts are a potential alternative as adhesives since they do
not require moisture curing. Traditionally used for solid applications, such as plastic
elastomers, they show reversibility via response to thermal or solvent stimuli (Figure 1.22).
While these materials are solid at room temperature, they become viscous melts above T,or
with solvation. Previously, the focus for TPUs has largely been on forming the highest
molecular weight possible for the best durability and performance as engineering plastics.
However, the high molecular weights (typically > 40 kDa) cause highly cohesive melts due to
the quantity of entanglement points and interactions occurring, such as H-bonding between
urethane groups. Interestingly, incorporation of amorphous polyols has been described as
increasing melt viscosity, whereas semi-crystalline polyols have the inverse effect.'® High
melt viscosity demands the need for high shear equipment like hot melt screw extruders for
application which are expensive but suitable for producing high volumes of engineering
plastics.'® Alternatively, hot melt adhesives can be applied as a solid film between two
substates before heat and pressure are applied to form the bond upon cooling (Figure 1.23).
However, conventional reactive hot melt adhesivesare typically applied at low volumes using

facile, inexpensive low shear application equipment, where a typical melt viscosity is 10 Pa.s”
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1 107 5uch a material is fluid enough to provide good wetting when hot but the should provide
adequate bond strength on coolingto ambienttemperature, either by the formation of strong
non-covalent interactions or covalent bonds. A desirable TPU hot melt adhesive would
require a large difference in the physical properties of the molten material (low viscosity for
wetting) and the solid material atambient temperature (high mechanical properties). So far,
there are no TPUs available which can be applied with low melt viscosity using conventional
bulk adhesive processing equipment. Currently all materials are either prepared via solvent

casting or high-pressure compression moulding.***1%°

LS s
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7 subsite 4 Substrate /
P
/ VARV a4 / VARV a4 /
///// Substrate/// ////Substrate///
Cooling —
Adhesive bond Adhesive ﬂmd
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Figure 1.23 Forming an adhesive bond from a solid TPU film. Heat is applied to the entire
system to melt the adhesive, followed by pressure and cooling to form the final solid polymer
adhesive bond.
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1.7.3 Recycling and life cycle analysis

The use of plastics has grown exponentially overthe past several decades on account of their
variety of impressive properties (e.g. durability, chemical resistance and light weight) coupled
with their ease and low cost production.'° Plastics are so useful and commonplace, it is nearly
impossible to imagine modern life without them. However, issues regarding waste
management are becoming clearer, only 9 % of the 6.3 billion metricton of plasticwaste has
been recycled as of 2017 and last year microplastics were found in human blood for the first
time.'!' 112 Therefore, the need to reuse, recycle and remanufacture materials is growing
increasingly important. Traditionally, the life cycle of plastic was linear, i.e. production, use
and then disposal, thereby giving the plastic only one lifetime (single-use plastics).™*
Inappropriate disposal of plasticwaste not only has detrimental impacts on the environment
and eco-systems due to the extremely long decomposition time of plastics, butis also a huge
waste of resources. Therefore, a circular economy is desired to avoid these issues which
requires a life cycle analysis (LCA) of all materials to determine their environmental impact
throughout their entire lifetime, i.e. from cradle to grave.'*® A circular economy is a more
sustainable approach to usingresources and is based on reusing materialsto minimise loss to
the environment. Circularity not only involves, designing new materials to be reused or
recycled easily at end-of-life, but also encompasses using sustainable feedstocks and
reverting the damage already caused by previous mismanagement of waste.'*° It is beneficial
to minimise the frequency of particularly demanding processes such as sourcing raw materials
and disposing waste. Reusing materials in various ways is a viable option as it increases the
lifetime of an article which overall decreases its mark on the environment. The ability of a

material to maintain properties of high enough standard for usein a desired application over
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multiple reuses must be assessed to enable circularity. Examination of the polymer

morphology after several reuses would highlight any likely changes to material properties.

Mechanical recycling involves the separation of waste plastics, followed by reprocessing to
either reform the original material or more likely ‘down-cycle’ to a less economically valuable
material. This method of recycling is a popular option to minimise use of virgin plastics and
has been proven to have a relatively low environmental impact from several LCAs.'*
However, mechanically recycling more complex materials consisting of multiple types of
materialsis not possible as the individual materialscannot be separated before reprocessing.
These ‘useless’ rejects are then incinerated for energy recovery.'!? Therefore, the adhesion

of these complex waste materialsis of environmentalimportance.

Adhesives play an extremely importantrolein larger systems across different sectors, such as
packaging, automotive and construction industries. They bond different substrates together
to afford composites to achieve improved properties. For example, crisp packets consist of
several laminated materials that, when in unison, provide favourable properties to ensure
crisps do not perish and in fact live up to their name.!° The ability to reverse the adhesion
process and recover the separate raw materials for reuse is highly appealing. Such a material
should provide robust performance in service conditions and then be triggered by a stimulus
to facilitate easy separation when the material comes to its end-of-life and needs to be reused

or recycled (Figure 1.24).
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Figure 1.24 Individual components of a composite material could be separated via heating to
remove the low melt viscosity adhesive. The materials could be reused or recycled and the
adhesive could be reused in another composite material.

In the context of the information above, this work aims to firstly explore basic TPU structure-
property relationships on simple model copolymers. These investigations are to form the
basis of further work on the possibility of exploiting reversible physical networks present in
TPUs to allow for a dynamic change of material properties. The effects of chain extender
structure (symmetry, branchingand functionality) on TPU microstructure and properties will
also be studied. It is important to understand the microstructure of the TPU copolymer as it
will determine the mechanicaland adhesive properties of the material, allowing for optimised

performance for designing materialsin the future.

Other work will discuss the use of dynamic covalent bonds in copolymer backbones for
temperature controlled molecular weight. As mechanical properties and melt viscosity are
largely determined by molecular weight, this approach should allow fora strongand cohesive
solid at ambient temperature, but a low viscosity fluid at elevated temperatures. These
switchable physical states would enable simple application and removal of material in
adhesive applications and therefore facilitate recycling of composite materials in the drive

towards a circular economy. Different constituent polyols will be explored, with particular
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interest on semi-crystalline materials which should offer enhanced strength for structural

adhesives. Finally, dynamic covalent bonds will be incorporated into copolymers containing

both semi-crystalline and amorphous segments. This work will explore the potential of

synthesising copolymers with targeted properties from simple bulk polymerisation of benign

prepolymers chosen from a wide library of semi-crystalline and amorphous prepolymers.
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2 Thermoplastic polyurethanes from
copolymerisation without chain
extenders
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2.1 Introduction

Thermoplastic polyurethanes (TPUs) are well known and have a wide variety of possible
copolymer compositions which can be made via different synthetic techniques. However,
little work directly compares how synthetictechniques affect the final TPU. Previous work has
examined the influence of altering some parameters on polyurethane (PU) products. Fiorio et
al. showed how reaction temperature can introduce branching and side reactions which in
turn affects copolymer crystallinity, morphology and decomposition temperature.! Work by
Sanchez-Adsuar et al. demonstrated how reaction time only affects the prepolymer step and

not the chain extensionstep in TPU synthesis.? However, keeping parameters constant across

different synthesis typesis not well studied in literature.

Bulk polymerisations are typically performed on a large scale (>100 g) to ensure sufficient
stirring of raw materials. In this process the largest mass contributor (polyol) is the reaction
medium in which the other components (diisocyanate and chain extender) dissolve and react.
Heatingincreases mobility of the polyol by disruptinginteractions, such as causing crystals to
melt. Bulk polymerisation is advantageousasitis solvent-free and does notrequire additional
stepstoisolate the polymer. However, as viscosity is largely determined by molecular weight,
there is a potential of high melt viscosity as molecular weight increases with

copolymerisation.

Solution polymerisation uses a common solvent to solubilise the raw materials. The choice of
solventisimperative as the copolymer should not precipitate out before the end of reaction.
Solvent facilitates the mobility of the reaction matrix, so when combined with heat, much
higher molecular weight products are possible. In contrast to bulk reactions, solution

polymerisation products need to be isolated, either by evaporating the solvent or
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precipitatingthe polymerin a non-solvent. Additional time, resources and waste disposal are
required and there are negative environmental impacts, such as toxicity, associated with

usingorganic solvents.

Polyol composition greatly affects final TPU behaviour, especially flexibility and low
temperature properties. Polyol features that impact TPU properties include chemical
composition, molecular weight and degree of crystallinity.® This study uses poly(e-
caprolactone) (PCL) which is a linear aliphatic polyester with a narrower dispersity (Pv) and
higher thermal and hydrolytic stability relative to traditional polyesters. A short-chain diol
initiates the ring-opening polymerisation of g-caprolactone to form an OH — terminated
polymer. Depending on molecular weight, PCL is semi-crystalline with a melting point of
approximately 60 °C.*® Enhanced low temperature properties are possible because of a low
glass transition temperature (Tg) of -60 °C. While PCL is commonly used in TPU
copolymerisation, to the best of our knowledge there is no research into the effect of polyol

in non-chain extended TPUs.

In this chapter, bulk and solution polymerisation methods are critically compared by
synthesising TPU copolymers using the same reagents in different techniques. The effect of
polyol molecular weight on TPU morphology is also explored. Simple copolymerisations are
performed of PCL polyol and 4,4’-methylene diphenyl diisocyanate (MDI) without chain
extenders for providing model, simplified copolymers to establish polymerisation and

characterisation protocols.
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2.2 Results and Discussion

2.2.1 Synthesis of Thermoplastic Polyurethanes

TPUs were synthesised as a copolymer of PCLand MDI (Scheme 2.1). The Carothers equation
was employed for a stoichiometric imbalance of OH : NCO moieties in order to limit the
molecular weight of the TPU copolymers produced.’” Polyol was always used in excess to
afford OH-terminated TPUs and prevent any further chain growth caused by reaction of free
isocyanate groups. A range of copolymer molecular weights were synthesised by altering the
stoichiometry of functional groups. All copolymerswere characterised via NMR spectroscopy,
FTIR spectroscopic analysis, size-exclusion chromatography (SEC) analysis and differential
scanningcalorimetry (DSC) (Table 2.1). PCL (2.0 kDa) was used to make series Binbulkand S

in solution. PCL (1.0 kDa) was used to make series L in bulk.

e A
50 o ° OCN NCO
PCL MDI

|
H W*W”*\FW*W%

°0

OH - terminated PU

Scheme 2.1 Copolymerisation of PCL and MDI with an imbalanced OH : NCO molar ratio to
produce OH-terminated TPUs.

'H NMR spectroscopic analysis shows successful copolymerisation in all cases. Resonances
associated with the formation of urethane functionality were detected at 6 = 6.75 and 4.16
ppm correspondingto the urethane NH proton and the methylene of the PCL chain adjacent

to the urethane oxygen, respectively (Figure 2.1). Neither of these resonances were present
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in either spectra of pure PCL or pure MDI. As the OH : NCO molarratiotendsto 1, there is an
increaseintheintegration of resonancesat 6 =4.16, 6.75, 7.13 and 7.32 ppm associated with
MDI relative to those of PCL, which is evidence of a higher incorporation of MDI in the
copolymer. As expected, integrals of resonances representing the end groups (6 = 3.32 and

3.68 ppm) decrease, as the MDI content increases.

Table 2.1. All copolymers synthesised from the copolymerisation of PCL and MDI.

. PCL Molar ratio
Series Copolymer Method (kDa) OH NCO
B PCL® - 2.0 1.00 0.00
B Bl Bulk 2.0 2.00 1.00
B B2 Bulk 2.0 1.50 1.00
B B3 Bulk 2.0 1.30 1.00
B B4 Bulk 2.0 1.20 1.00
B B5 Bulk 2.0 1.10 1.00
S S1 Solution 2.0 2.00 1.00
S S2 Solution 2.0 1.50 1.00
S S3 Solution 2.0 1.30 1.00
S S4 Solution 2.0 1.20 1.00
S S5 Solution 2.0 1.10 1.00
S S6 Solution 2.0 1.05 1.00
S S7 Solution 2.0 1.01 1.00
L PCLL® - 1.0 1.00 0.00
L L1 Bulk 1.0 2.00 1.00
L L2 Bulk 1.0 1.50 1.00
L L3 Bulk 1.0 1.30 1.00
L L4 Bulk 1.0 1.20 1.00
L L5 Bulk 1.0 1.10 1.00

9PCL without MDI, PCL (2.0 kDa)
bpCL without MDI, PCCL (1.0 kDa)
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Figure 2.1 'H NMR spectrum of B3 as a representative of TPUs copolymers. Arrows denote an
increase or decrease in resonance intensity as OH : NCO tends to 1.0 : 1.0. Integrals are relative
to PCL initiator, neopentyl glycol (NPG). (400 MHz, 298 K, CDCl3).

Formation of the copolymers is also confirmed via FTIR spectroscopy. Comparison of the
absorptions between copolymer product and pure PCL shows the presence of urethane
linkages (Table 2.2). The stretch at Vmax = 3442 cm™ corresponding to the O-H of PCL s reduced
while a new resonance develops at Vmax = 3347 cm™ showing the emergence of N-H in the
newly formed urethane group (Figure 2.2). After addition of MDI, the absorption ofthe C=0
broadens to reflect the increase in complexity of the carbonyl region, as both ester and
urethane C=0 are present in this region. The aliphatic CH; of the PCL backbone is present in

all spectra at Vmax = 2941 and 2865 cm™. The aromatic C=C at Vmax = 1598 cm™ appearsin the
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copolymer which matches the phenyl rings of MDI. A band at Vmax = 1532 cm™ representing
C-N further proves incorporation of MDI. There is no absorbance around Vimax = 2260 cm™
showingallthe NCO has reacted.® Thereis also no urea detected between vpax = 1680 — 1625
cm?, meaning moisture was successfully excluded from the reaction.® Overall the analysis

agrees with data from NMR spectroscopy and shows the formation of urethane functionality.

Table 2.2 Wavenumbers of significant functionalities. For clarity, only B3 is shown as a

representative material.

Wavenumber (cm™)

S I
ample O-H N-H NCO C=0 Ar.C=C C-N
PCL 3442 _ ) 1722 ] _
(ester)
MDI - - 2260 - 1578 1521
1721
B3 ) 3347 - . 1598 1532
(multi)
1 I
1 |
3442
) t
8 _______ -~ - '—2?-41/ 28.-.65.. -_ - -
2 \ i
+
o
4
< 3347

I
1
I
1
I
1
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1
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Figure 2.2 FTIR spectra of PCL before copolymerisation and after copolymerisation of PCL with
MDI (B3). Dashed red lines indicate the region where NCO absorption would appear.
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2.2.2 Effect of polymerisation process on polymer properties

Itis worth notingthat the same polyol (PCL) and diisocyanate (MDI) is used in all comparisons.
Only the stoichiometry of OH : NCO is changed to achieve a series of TPUs of different
molecular weights to deduce what effect the synthesis method has on the copolymer
properties across a range of molecular weights. The *H NMR spectra of both bulk and solution
polymerisations display proton resonances at almost identical chemical shifts and with very
similar integrations (Figure 2.3). This similarity represents protons in the same environment
and therefore TPU copolymers that are structurally the same, independent of the

polymerisation process used.

g 8 o T o
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Figure 2.3 'H NMR spectra for copolymers prepared by bulk (B3) and solution (§3) processes,
respectively. (400 MHz, 298 K, CDCl3).
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Molecular weight results via SEC follow the same trend typically observed in step-growth
polymerisations, with an exponential increase as stoichiometry tendsto 1.0: 1.0 (Figure 2.4).

Molecular weights are almost identical and independent of synthesis method at a given

stoichiometry (Table 2.3).
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Figure 2.4 Changes in number average molecular weight (M,) and weight average molecular
weight (My,) with stoichiometry of OH : NCO.

Significantly higher molecular weights are achievable via solution polymerisation (Figure 2.4).
At a stoichiometry of 1.01 : 1.00 (OH : NCO), a TPU was formed with a number average
molecular weight (M) of 60.7 kDa and a weight average molecular weight (M,,) of 138.2 kDa.
The practical upper limit of the bulk process is approximately 1.10 : 1.00 (OH : NCO) (M, =
37.2and M,, = 68.0 kDa). Above this point mechanical stirring becomes too difficult due to

high melt viscosity and thereis the risk of equipment breaking. The product wraps around the
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shaft of the anchor stirrer and climbs upwards. This movement can cause the whole reaction

flange flask to twist free of its clamps and the glassware to shear open.

Table 2.3 Data from SEC experiments showing molecular weights and dispersity for series B
and S made in bulk and solution, respectively.

Sample NCO/OH M.®(kDa)  M.® (kDa) B’
PCL N/A 4.2 7.5 1.81
B1 0.50 8.7 15.6 1.79
B2 0.67 13.6 23.7 1.75
B3 0.77 18.5 33.3 1.80
B4 0.83 25.6 42.5 1.66
B5 0.91 37.2 68.0 1.83
S1 0.50 8.5 15.2 1.79
S2 0.67 12.6 22.5 1.79
S3 0.77 20.1 35,5 1.77
sS4 0.83 22.0 41.1 1.87
S5 0.91 35.6 67.8 1.91
S6 0.95 42.0 86.8 2.07
s7 0.98 60.7 138.2 2.28

9Determined by SEC in CHCl; against PMMA standards.

Qualitative analysis of the carbonyl region within the FTIR spectra of each copolymer indicates
the extent of hydrogen bonding in each system and can improve understanding of PU
morphology.'® The relative strength of the H-bond can be determined by the wavenumber at
which the absorbance appears. Carbonyls involved in stronger H-bonds shift to lower
wavenumbers, whereas weak and free carbonyls appear at higher wavenumbers. The

carbonyls of urethane groups are typically present around vmax = 1700 cm™, with free
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urethane ranging Vmax = 1730 — 1760 cm™ and H-bonded C=0 urethane between Vima, = 1680

—1730 cm™®.®

All materials show a peak absorptionat Vma = 1720 cm™ correspondingto the ester carbonyl
in PCL segments. Copolymerisation of PCL with MDI broadens the C=0 absorbance as a

consequence of the formation of urethane groups (Figure 2.5(b) & (d)).
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Figure 2.5 FTIR spectra of N-H regions for copolymers made in bulk (a) and solution (b) and
C=0 regions for copolymers made in bulk (b) and solution (d). The black dashed lines mark the

boundary between free and H-bonded C=0 or N-H.
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Noticeably, resonance shoulders begin to grow at vmax = 1730 and 1710 cm™ with an increase
in molecular weight, resulting from free and H-bonded urethane, respectively. Increasing

molecular weight increases the amount of urethane and therefore the amount of H-bonding

as a consequence of the higher concentration of copolymerised MDI.

This effect is mirrored in the N-H region between Vmasx = 3400 — 3300 cm™, where
copolymerisation and subsequent increasing molecular weight broadens the absorbance
(Figure 2.5(a) & (c)). The band at vmax = 3442 cm™ caused by the OH end groups of the PCL
diminishes and is replaced with an absorption at vmax = 3347 cm™ correspondingto urethane
N-H. The intensities at Vmax = 3347 and 3442 cm™ increase and decrease, respectively, with
risingmolecular weight as the OH end group concentration fallsand the amount of urethane

copolymerised increases.

These effects are identical for copolymers formed from both bulk and solution
polymerisation, suggestingthe amount of H-bondingis independent of the synthesis method
(Figure 2.5(b) vs (d) and (a) vs (c)). Upon close inspection of the spectra, S7 has the broadest

C=0 region as it is the copolymer with the highest molecular weight and so contains the

largest quantities of urethane carbonyl groups.

Thermal properties of the TPU copolymers were determined via DSC (Table 2.4). Prior to
analysis, all materials were heated to 70 °C for 4 hours to remove thermal history from the
different methods of polymerisation and isolation. All copolymers were subjected to two
heating cycles (-90 to 100 °C), with a cooling cycle in between, at a rate of 10 ° C.min™. Pure
PCL exhibits a glass transition temperature (T,) at-67 °C which shifts to a higher temperature
when copolymerised with MDI. Copolymerised MDI associates through physical interactions,

such as H-bonding between urethanes and nt-it stacking of the phenyl rings, to supress chain
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motion. Restriction of chain mobility requires more energy to overcome and subsequently a
higher T;. Values of Ty increase with molecular weight of TPU copolymer (Figure 2.6). This
observation follows typical trends for polymers where a higher concentration ofend groups,
which is present in lower molecular weight copolymers, provides additional free volume for
chain rotation and therefore lowers T;. However, above approximately M, = 20.0 kDa, T,
plateaus which is likely on account of negligible concentration of chain ends. This trend can

be described by the Flory Fox equation:**

K
Tg - Tg,OO_ M_n

Where Ty is the maximum T, obtainablefrom a theoretical infinite molecular weight and K

is a parameter relatingto free volume present.

Table 2.4 Thermal data of all polymers from initial heat cycle from DSC.

TPU M. (kDa) T. (°C) Tm (°C) AH, ().g7)
PCL 4.2 -67 53 83
B1 8.7 -51 45 56
B2 13.6 -47 45 50
B3 18.5 -46 44 42
B4 25.6 -46 44 44
B5 37.2 -45 40 33
s1 8.5 -49 46 58
S2 12.6 -47 45 50
S3 20.1 -45 44 43
sS4 22.0 -46 44 41
S5 35.6 -45 38 33
S6 42.0 -45 38 & 43 37
S7 60.7 -44 36 & 43 26

2 Determined by SEC in CHCl3 against PMMA standards.
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Figure 2.6 T, from first heating cycles as a function of M, for copolymers prepared via bulk
and solution polymerisation.

A melting endotherm which appears at higher temperatures (36 — 53 °C) corresponds to PCL
segment crystallinity (Figure 2.7). The melting temperature (T,,) decreases slightly after
copolymerisation with MDI, which is a typical consequence of copolymerising units of
different T, in block copolymers.’? Increasing molecular weight gradually decreases T
implying that there is greater disruption of the crystalline phase, likely caused by greater
entanglements within the amorphous interlayers which strains and hinders crystallisation.?
At the highest molecular weight (S6 & S7) there are two Ty, recorded suggesting that the

crystalline phase is polymorphic.**
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Figure 2.7 DSC thermograms of pure PCL and TPU copolymers of different M, prepared in (a)
bulk and (b) solution. Solid and dashed boxes surround regions of Ty and T, respectively. First

heating cycles shown. Exo up.

The enthalpy of melting (AHm) reduces substantially after incorporation of MDI (Figure 2.8).

This decrease is amplified by molecular weight, so at M, = 60.7 kDa, AHy, is less than 31 % of

pure PCL. Evidently, the MDI is disrupting order of PCL chains which decreases crystallinity.
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This effect is not surprisingas the crystallinity of PCL has previously been reported to be very

sensitive to molecular weight of the accompanyingblock.>

The effects described above were seen in products of both bulk and solution polymerisations.
DSC thermograms and values of Ty, T, and AHn,, appeared very similar for copolymers of

similar molecular weight, regardless of polymerisation method (Figure 2.7(a) vs (b)).
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Figure 2.8 Enthalpy of melting as a function of M,. Values are proportional to the degree of
crystallinity of PCL.

2.2.3 Effect of PCL molecular weight on TPU copolymer properties
PCL was copolymerised with MDI via bulk polymerisation using both approximately 2.0 and

1.0 kDa polyols to create two series of copolymers with a range of molecular weights,

comprising different PCL segment lengths (Table 2.5).
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Table 2.5 SEC data for TPUs synthesised via bulk polymerisation with 2.0 kDa and 1.0 kDa PCL
at varying stoichiometry.

Sample  PCL (kDa) O“:"'ar Ra,t\l'g 5 M.? (kDa)  M.?(kDa) B
PCL 2.0 1.0 0.0 4.2 75 1.81
B1 2.0 2.0 1.0 8.7 15.6 1.79
B2 2.0 1.5 1.0 13.6 23.7 1.75
B3 2.0 1.3 1.0 18.5 33.3 1.80
B4 2.0 1.2 1.0 25.6 425 1.66
BS 2.0 1.1 1.0 37.2 68.0 1.83

PCLL 1.0 1.0 0.0 2.2 3.5 1.64
L1 1.0 2.0 1.0 4.9 8.9 1.81
12 1.0 1.5 1.0 6.5 12.5 1.91
13 1.0 13 1.0 8.0 15.6 1.94
L4 1.0 1.2 1.0 11.2 23.5 2.10
L5 1.0 1.1 1.0 15.6 33.4 2.10

% Determined by SEC in CHCI3 against PMMA standards.

Values of M, and M,, for the pure polyols (PCLand PCLL) are approximately twice as high from
SEC as expected, as a consequence of being close to the calibration limit of the SEC column
and the difference between the standards used (polymethyl methacrylate (PMMA)) and the
TPU copolymers.'® Upon copolymerisation with MDI, an increase in M, and M., is observed as
OH : NCO molar equivalentstends to 1.0 : 1.0 for both series of TPUs. M, varied from 4.9 to
15.6 kDa and 8.7 to 37.2 kDa for the copolymers comprising 1.0and 2.0 kDa PCL, respectively.
As expected, at a fixed value of OH : NCO, TPUs containing higher molecular weight PCL afford
higher molecular weight products (Figure 2.9). An exponential increase in molecular weight
is observed for both L and B series as the molar ratio of OH : NCO approaches 1.0 : 1.0,
consistent with the expected step-growth mechanism. Higher molecular weight samplestend

to show higher dispersity (Pwm), increasingfrom 1.8 to 2.1 (Table 2.5).
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Figure 2.9 The effect of stoichiometry on molecular weight (M, and M,,).

Before interpretation of analysis of the two series, it is important to note that the weight
percent of MDI copolymerised (wt%wmpi) in series L is higher than series B and both series
increase in wt%wp as OH : NCO tendsto 1.0 : 1.0. (Figure 2.10). The MDI content is known to

have a marked influence on the properties of TPUs.*’
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Figure 2.10 wt%wp,; as a function of NCO/OH for both series of different polyol molecular

weight.

Inspection of the C=0 and the N-H stretches in FTIR spectroscopy for all samples revealed
differences in amount of H-bonding between copolymers with different PCL segment lengths
(Figure 2.11). Both PCLL and PCL only show one absorption at vma = 1722 cm™ which is
characteristic of free ester C=0 (Figure 2.11(b) & (d)). The L series displays variation of the
carbonyl stretch as OH : NCOtendsto 1.0 : 1.0, notably the emergence of increasing urethane
absorption at approximately vmax = 1710 cm™. This shoulder grows in intensity as the
molecular weight and therefore wt%wp increases. However, with the B series, thereis onlya
slight and gradual broadening, implying a lower degree of H-bonding as fewer urethane
groups are present (lower wt%wp|). Within the H-bonded N-H range, the N-H stretch for series

Lis larger than series B and at lower wavenumbers, between Vimax = 3345 — 3342 cm™ and Vimay
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= 3347 -3350 cm}, respectively. This data confirms observations of the C=0 region that series

L contains more H-bonding. (Figure 2.11(a) & (c)).
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Figure 2.11 Spectra (a) and (c) are N-H regions for series Band L, respectively. Spectra (b) and
(d) are C=0 regions for series B and L, respectively. The black box shows H-bonded urethane
carbonyl. The black dashed line marks the boundary between free and H-bonded N-H.

Analysis of the thermal properties of the TPU materials via DSC, determined thatonly one T,
is observed for all copolymers (Table 2.6). In the first heating cycle, the T, of pure polyol PCL
is -76 °C and -67 °C for molecular weights 1.0 and 2.0 kDa, respectively. PCL is higher than
PCLL as a consequence of the lower number of end groups.'’ T, increases after

copolymerisation with MDI up to a molecular weight of 15.0 kDa (Figure 2.12). T, increases

69



more as a function of molecular weight for series L, as it comprises a higher urethane

concentration which hinders chain mobility.

Table 2.6 DSC thermal data of all copolymers for two heat cycles. Multiple melting peaks for
one endotherm are written as ‘first peak & second peak’ and the enthalpy is total area of both

peaks.
Ts 1st heatingcycle 1st cooling 2nd heatingcycle
Sample cycle
1*heat 2"heat Tu(°C) AHn(lg')  OH(l.g") Tm(°C)  BHm(lg")
PCL -67 -67 53 83 71 44 & 48 72
Bl -52 -52 50 69 55 37 & 45 56
B2 -48 -49 49 61 36 34 & 44 52
B3 -47 -56 47 56 30 43 50
B4 -43 -54 46 52 34 41 43
B5 -44 -52 45 40 32 40 34
PCLL -76 -72 36 & 41 49 54 26 & 36 53
L1 -48 -55 40 43 30 32 32
L2 -40 -46 33 33 - 34 0.44
L3 -35 -42 37 28 - - -
L4 -39 -39 - - - - -
L5 -34 -34 - : - - -

For most materials, endotherms are observed in the range of 33 to 53 °C, corresponding to
the melting of crystalline PCL segments (Figure 2.13(a) & (c)).*® T, and AH., are higher for
copolymersin series B made from the higher molecular weight PCL. All copolymersin the B
series are crystalline but higher molecular weight copolymers in the L series are amorphous
(Figure 2.14). For both L and B series, T, decreases with an increase in molecular weight
during the first heating run. Additionally, both series L and B show a decrease in AH,, with
increasing molecular weight, indicating a decline in the degree of PCL crystallinity, resulting
from increasing urethane content disrupting the organisation of PCL crystalline regions.®

Exotherms correlating to the recrystallisation of PCL chains are observed upon coolingto -
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90 °C for many of the copolymers (Table 2.6). However, the recrystallisation of L2-5 is beyond
the limit of the experiments which indicates recrystallisation is a slow process for these
materials. In all cases the enthalpy of crystallisation (AH.) is lessthan AHy, during the first run,

suggestingthe PCL chains require more time thangiven in the experiment to fully recrystallise.
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Figure 2.12 The effect of copolymer molecular weight on T, for the L and B series (first heat
run).

Melt endothermsin the second heat runs are significantly different to those of the first runs,
especially for TPUs comprising PCL of 1.0 kDa (Figure 2.14). This change is likely a result of
slow crystallisation and insufficienttime for recrystallisation to occur during the timescale of
the experiment.’® PCL, B1 and B2 show two T, implying there are two degrees of PCL order:
a highly crystalline (T, > 44 °C) and less ordered PCL chains (T, < 44 °C).}* B3, B4 & B5
crystallise duringthe second heatrun between Tgand Ty, likely as a result of higher molecular
weight polymers slowing the kinetics of recrystallisation.*® The data shows that copolymers
in the L series are much less crystalline duringthe second run due to the lower PCL segment

length (Figure 2.14).
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Figure 2.13 DSC thermograms of copolymers -90 to 100 °C (10 °C.min™). (a) and (b) and the
first and second heating ramps, respectively, for series B. (c) and (d) are the first and second

heating ramps, respectively, for series L. Exo up.
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Figure 2.14 Change in enthalpy of melt as a function of M, for both heat cycles. The initial
data points in each series at the lowest M, are for unincorporated PCL polyol (PCL and PCLL
for B and L series, respectively).

23 Conclusion

TPU copolymers were synthesised using 2.0 kDa PCL diol and MDI without chain extender
with varying OH : NCO stoichiometry. Successful copolymerisation was proven via *H NMR
and FTIR spectroscopies and SEC analysis. Copolymerisation of PCL with MDI increased H -
bondingand values of T, but decreased T, and AHn. This effect was enhanced by increasing

copolymer molecular weight, up to approximately M, = 20.0 kDa.

The effect of synthetic methodology employed was examined by comparing analogous
copolymer products from bulk and solution polymerisations. Bulk copolymers were easier and
safer to synthesise on a larger scale, however there is limit to obtainable molecular weights
(1.00 : 1.10 for bulk vs 1.00 : 1.01 for solution). The solution route offered higher molecular

weight copolymer products but required significantly more resources, time and precautions
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due to safety concerns. Good consistency was observed between data obtained from bulk
and solution copolymers, including NMR and FITR spectroscopies, SEC and DSC. Molecular

weight, H-bonding and thermal properties were all determined to be independent of

synthesis method, across a range of OH : NCO stoichiometries.

Another series of TPU was synthesised via bulk polymerisation using PCLof 1.0 kDa and MDI.
Comparison with analogous copolymers made with 2.0 kDa PCL determined the influence of
polyol molecular weight on TPU properties without chain extension. Copolymers made from
1.0 kDa PCL have a higher urethane content which increased H-bonding and influenced
material thermal properties. The T, of 1.0 kDa PCL increased significantly after
copolymerisation with MDI. The AH,, was higher for 2.0 kDa PCL and resulting copolymers,

with the crystallinity of 1.0 kDa PCL segments completely supressed by incorporation of MDI

above a M, of 8.0 kDa.

24 Experimental

2.4.1 Materials

Capa™ 2100) and Capa™ 2200)] were provided by Perstorp. 4,4’ - methylenebis (phenyl
isocyanate) (98 %), n-hexane (HPLC grade %) and chloroform-d (99.8 atom % D) were
purchased from Sigma-Aldrich. Anhydrous toluene was obtained from a Grubbs purification

system. All reagents were used as received.

2.4.2 Instrumental methods

Grubbs dry solvent service was used to obtain anhydrous toluene. This system involves the
storage of solvents in a pressurised environment under an inert gas. The solvent is then
passed through two filters which absorb any moisture from the solvent. Proton (*H) nuclear

magnetic resonance (NMR) spectra were recorded using a Bruker Avance 400 spectrometer
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(400 MHz). Spectra were analysed on MestReNova v6.0.2. Samples were prepared in CDCl3
as the solvent. All chemical shifts were recorded in parts per million (ppm) relative to a
reference peak of chloroform solvent at 6 = 7.26 ppm. Molecular weights and dispersities
were determined via size-exclusion chromatography (SEC) using an Agilent 1260 Infinity GPC
system equipped with a refractive index detector. Two Agilent PL gel 5 um Mixed-C columns
and a guard column were connected in series and maintained at 35 °C. HPLC grade chloroform
containing 0.25 % w/w TEA was used as the eluent and the flow rate was set at 1.0 mL.min™.
The refractive index detector was used for calculation of molecular weights and dispersities
by calibration using a series of near-monodisperse poly methyl methacrylate standards.
Analysis was performed on Agilent GPC/ SEC software. Attenuated Total Reflectance Fourier
Transform Infrared (ATR-FTIR) All FTIR spectra was collected on a PerkinEImer Spectrum Two
instrument with a UATR Two accessory. Spectra were collected with 16 scans at a resolution
of 1 cm™. Analysis was performed on PerkinElmer Spectrum software. Differential scanning
calorimetry (DSC) was performed on a Discovery DSC 25 TA instrument. All runs were carried
outundera nitrogen atmosphere with a rate of 10 °C.min™. Pre-weighed samplesof 2 + 1 mg
in standard aluminium pans were loaded at 25 °C, cooled to -90 °C and heated to 150 °C,
cooled again to -90°C and finally reheated to 150 °C. T; was taken as the midpoint of inflexion
and T, was measured as the temperature at the minimum heat flow of a melt endotherm.

Analysis was performed on TRIOS v5.1.1 software.

2.4.3 General synthesis of PCL-MDI copolymers via bulk polymerisation
All bulk copolymers were synthesised in a similar method, a typical procedure was as follows:
PCL (250 g, 0.25 mol for Capa™2100J/ 250 g, 0.12 mol for Capa™2200J) was loadedintoa 1

L flange flask equipped with a mechanical stirrer, thermometer and vacuuminlet at 80 °Cand
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once all molten, stirred under vacuum. After 1 hour, the vacuum was removed and a
predetermined mass of flake MDI (based on stoichiometry) was added to the reaction at 110
°Cwith increased stirring speed for 15 minutes without vacuum and then 1 hour with vacuum.
Reaction completion was determined by monitoring the disappearance of the isocyanate
absorbance via FTIR spectroscopy. After reaction completion, the molten product was

decanted and stored.

2.4.4 General synthesis of PCL-MDI copolymers via solution polymerisation.

All solution copolymers were synthesised in a similar method, a typical procedure was as
follows: PCL (20 g, 0.01 mol) was loaded in to a 250 mL three-neck round-bottom flask
equipped with a magnetic stirrer, thermometer and vacuum inlet, at 80 °C and once all
molten, stirred under vacuum. After 1 hour, the vacuum was removed and replaced with a
gentle nitrogen flow and the stopped was replaced with a reflux condenser. Anhydrous
toluene (20 mL) was added followed by a predetermined mass of flake MDI (based on
stoichiometry) at 110 °C with increased stirring speed. The reaction was left for one hour and
the endpoint was determined by monitoringthe disappearance of the isocyanate absorbance
via FTIR spectroscopy. After reaction completion, the mixture was cooled to room
temperature then precipitated dropwise in n-hexane (300 mL) cooled by liquid nitrogen and

left for 12 hours. Residual solvent was removed with heat and vacuum (4 hours at 80 °C).

'H NMR and ATR-FTIR spectra were similar for all copolymers.

IH NMR (400 MHz, 298 K, CDCl3): 6 = 7.31 (d, J = 7.8 Hz, Ar), 7.12 (d, J = 8.3 Hz), 6.75 (s, NH),
4.16 (t, *Juyt = 6.6 Hz, CH,OC=ONH), 4.80 (t, 3Jis.n = 6.7 Hz, CH,0C=0), 3.99 (s, MDI CH-Ar), 3.95

(s, NPG CH-0), 3.92 (s, MDI CHAr), 3.89 (s, NPG CH-0), 3.66 (m, CH,0H), 3.32 (d, J = 6.5 Hz,
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OH), 2.33 (t, *Jun = 7.5 Hz, CH,C=00), 0.97 (dd, J = 18.9, 7.4 Hz, NPG CH3), 1.66 and 1.40 (all

remaining hydrogens) ppm.

ATR-FTIR: Viax - 3347 (N-H), 2944 — 2864 (C-H), 1721 (C=0), 1598 (C-N), 1532 (Ar C=C), 1293,

1238 and 1161 (C-0) cm™.

SEC (CHCl3):B1 M, = 8.7 kDa, M\, = 15.6 kDa, Dm = 1.79; B2 M, = 13.6 kDa, M, = 23.7 kDa, Dwm
=1.75; B3 M, = 18.5 kDa, M\, = 33.3 kDa, D= 1.80; B4 M, = 25.6 kDa, M,, = 42.5 kDa, Du =
1.66; B5 M, = 37.2 kDa, M, = 68.0 kDa, Dy = 1.83; S1 M, =8.5 kDa, M,,= 15.2 kDa, D= 1.79;
S2 M, =12.6 kDa, My, = 22.5 kDa, Dy = 1.79; S3 M, = 20.1 kDa, M,, = 35.5 kDa, Dm =1.77; S4
M, = 22.0 kDa, M\, = 41.1 kDa, Dm= 1.87, S5 M, = 35.6 kDa, M\, = 67.8 kDa, Dy = 1.91; S6 M,
=42.0 kDa, M\, = 86.8 kDa, bw = 2.07, S7 M, = 60.7 kDa, M, = 138.2 kDa, Du = 2.28; L1 M, =
4.9 kDa, M, = 8.9 kDa, By = 1.81; L2 M, = 6.5 kDa, M, = 12.5 kDa, ODm = 1.91; L3 M,, = 8.0 kDa,
M., = 15.6 kDa, Dy = 1.94; L4 M, = 11.2 kDa, M\, = 23.5 kDa, Dy = 2.10; L5 M, = 15.6 kDa, M.,

=33.4 kDa, Dy = 2.10.
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3 Synthesis and characterisation of
thermoplastic polyurethanes with
different chain extenders
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3.1 Introduction

Thermoplastic polyurethanes (TPUs) are copolymers which are typically phase separated,
containingsoftand hardsegments. The soft segment (SS) is typically an OH-terminated polyol
of moderate molecular weight (500 — 5000 g.mol?).! The hard segment (HS) is made of low
molecular weight diisocyanates and chain extenders. The diisocyanate and chain extender
promote intermolecular interactions by forming H-bonds between adjacent polymer chains
to give discrete hard domains, dispersed in the soft matrix.? These interactions can be
reversed with a stimulus, such as heat or solvent, and then reformed with subsequent
removal of the stimulus which allows for material recyclingand reprocessing. The association
of the HS providesrigidity and strength to the TPU by acting as physical crosslinks within the
SS matrix. The chain extender can have a marked influence on the type and degree of
interactions within the HS which in turn affects the relationship between the soft and hard
phases.® The interplay between the soft and hard phases determines the thermal and
mechanical propertiesof the TPU copolymer. Therefore, the chain extender can greatly affect

the final properties of the material.

Chain extenders are most commonly OH- or primary NH-terminated short chain molecules
that react with isocyanatesto form urethane and urea functionalities, respectively. The chain
extender used mostly forindustrial applicationsis 1,4-butanediol (BD), which has been shown
to assist the formation of strong hydrogen bonds in hard segments comprising MDI as a result
of geometrically favourable interactions.* H-bonding promotes hard segment association and
phase separation resultingin improved mechanical properties for TPUs in performance-based
applications. However, when reprocessing above the service temperature of the material, the

strong hard segment interactionsoften persistin the melt phase. Therefore, TPU copoly mers
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made with BD require high temperatures and shear rates to flow adequately.” Typically,
extrusion processes are necessary which increases cost and limits the practical use of these
materials as conventional adhesives, where low melt viscosity is typically required for
adequate substrate wetting. Therefore, an alternative TPU design is required which allows
low melt viscosity at high temperature but where high cohesion is obtained at low

temperature.

Chain extenders can vary in chain length, number of branches, length of branches and
functionality.* ¢1° Previous work demonstrated that even carbon chain lengths provide
more H-bonding and therefore increased microphase separation and mechanical properties.*
Non-linear (i.e. branched) chain extenders have also been explored, showing a significant
influence on the glass transition temperature (Tg) of the SS. Branching on an even carbon
backbone was reported to have a comparable influence to odd carbon chain numbersin the
backbone.! Higher symmetry of the chain extender has also been reported as improving HS
packing.? Amine groups have been shown to improve compatibility of the chain extender with

the HS on account of similar polarities.*°

Amine functionalised CEs are used to form poly(urethane urea)s (PUUs) which are typically
used for high performance applications. The enhanced mechanical performance is granted by
increased phase separation driven by the association of urea groups via stable bidentate H-
bonding.}?** A study by Kalajahi et al. showed how using an amine-terminated CE based on a
cycloaliphatic ring increased chain stiffness which proved greater phase separation and
therefore improved mechanical performance for poly(caprolactone) (PCL) based TPU
copolymers.’> However, the strong association of the urea groups restricts chain mobility

which leads to very high melt viscosity and poor self-healing properties.’® '’ Therefore, it is
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almost practically impossible to synthesis PUUs via bulk polymerisation. Moreover, the urea
groups are lessthermally stable relative to urethane analogues which limits their use for high

temperature applications.*®*°

Previous work has investigated bisurea functionality for enhanced H-bonding interactions.
Proximity of urea groups to phenyl rings affords strong H-bonding, but at the cost of a very
high melting temperature (T.,) and viscosity which is a result of the formation of long rigid
fibrillar species.?®??> To overcome these issues, Melia et al. studied asymmetrical bisureas
used in PUs which were seen to arrange into highly ordered structures.? However, the T, of

these materials were still higher than the typical processingtemperatures of TPUs.

While previous work gives a good basis for understanding the effect chain extenders have on
copolymer properties, few studies directly compare a range of structural changes in the chain
extender for one type of TPU copolymer, where the polyol and diisocyanate are fixed.
Additionally, exploring the effects chain extenders have on thermal reversibility would

provide a new perspective.

This work aims to investigate the effect of different chain extender compositions on the
thermal, rheological and mechanical properties of TPU copolymers. We seek to explore if
controlling the intermolecular forces can differentiate between low melt viscosity at high
temperature and high cohesion at lower temperature. Three different chain extenders are

studied in orderto explore the effects of symmetry, branchingand intermolecular forces.
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3.2 Results and discussion

3.2.1 Synthesis of copolymers and molecular architecture

A series of TPU copolymers were polymerised using PCLand MDI and one of three different
chain extenders. PCL and MDI are both commonly used monomers in TPU polymerisations,
as a consequence of MDI forming strong hydrogen bonds in the HS and the semi-crystallinity
of PCL offering good flexibility in the typical working temperature range for TPUs.2* The chain
extenders evaluated were 1,4-butanediol (BD), 1,2-propanediol (PD) and a novel bisureadiol
(BU) (Figure 3.1). BD is highly symmetrical and a solid below 16 °C, whereas PD is a branched
diol which is a liquid at room temperature (T, = -59 °C) comprising primary and secondary
alcohol groups. BU is a symmetrical diol containingtwo urea groups, previously reportedas a
crystalline solid witha Tr,of 121 °C.%*° Bisureas tend to be highly crystalline materials with high
melting points, this material was deliberately chosen due to its relatively low crystallinity and
low melting point.?® A series of three copolymers of PCL and MDI with these different chain
extenders were synthesised and compared to a copolymer of PCL (2.0 kDa) and MDI without

chain extender (B3), in order to directly evaluate the effect of the chain extender (Table 3.1).

HO/W’OH

PD
H H H H
HO/\/NTN\Q\/O/NTN\/\OH
o) O

Figure 3.1 The three different CEs used, BD, PD and BU.
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Table 3.1 TPU copolymers synthesised using different chain extenders compared to the PCL-
MDI copolymer without chain extender. PCL (M, = 2.0 kDa).

Molar Ratio " M,? M. g
Copolymer — 0~ Vipi CE CE widss  (1Da) (kpa) ~ Pw
B3 13 1.0 - - o 185 333 1.78
1.0 2.0 1.3 BD 23 18.8 36.0 1.92
P1 1.0 2.0 1.3 PD 23 18.1 362  2.00
u1° 1.0 2.0 1.3 BU 33 17.3 391 226

9Made via solution polymerisation, all other copolymers were prepared in bulk

b Molar ratio of functional groups

¢No HS is present in B3, therefore wt%ys is taken as wt%p,

4 Determined by SEC in CHCI; against PMIMA standards, except U1 which was in DMF against PMMA standards

Copolymers incorporating BD and PD (D1 and P1, respectively) were synthesised via bulk
polymerisation, whereas the BU copolymer (U1) was synthesised in DMF on account of
relatively high melt viscosity at the reactiontemperature. Firstly, MDI was copolymerised with
PCL at 2.0 : 1.0 molar equivalence to form an NCO-terminated prepolymer. The diol chain
extender was then added to the prepolymerin excess to form an OH-terminated copolymer

to prevent permanent crosslinking from further reactions of free NCO groups (Scheme 3.1).

'H NMR spectroscopy proved successful incorporation of all chain extenders into the PCL-
MDI prepolymer. Proton resonances corresponding to the chain extender methylene adjacent
to the urethane oxygen atoms appear at 6 = 4.20, 4.23 and 3.39 ppm for D1, P1 and U1,

respectively.

Size exclusion chromatography (SEC) results show that copolymers were synthesised within
the same molecular weight range (both in terms of M, and M), independent of chain
extender. All samples were evaluated in a CHCl; eluent, except for U1 which is only solublein

DMF.
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Scheme 3.1 Stepwise synthesis route from PCL and MDI to chain extended prepolymer via an
NCO terminated intermediate.

The weight percent of hard segment (wt%us) was calculated for the four copolymers analysed,
which is determined by the mass of reagents added into the polymerisation and has a

dramatic effect on final TPU properties.?® wt%us was calculated for all samples based on the

work of Tsou et al.:?’

(wtMmp1 +WtcE)
0 =
Wt/OHS (wtMmp1+Wtcg+wtpcL) x 100 (3.1)

Wt%SS = 1OO'Wt%HS (3.2)

The mass of reagents added to the reaction flask is defined as wtmp;, wtce and wtpc, for mass

of MDI, chain extender and PCL, respectively. The HS consists of MDI and chain extender
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which can potentially formintermolecularinteractions to increase physical properties. PCLis

the sole contributorto the SS and its weight contribution is labelled as wt%ss ( 3.2 ).

To obtain materials with the same M, different hard segment contents were unavoidable
due to the differences in chain extender molecular weights. The value of wt%s increases in
the order B3 <P1=D1 < U1 (Table 3.1). Ul is therefore expected to have higher mechanical

properties as a consequence of havingthe highest wt%ys.

FTIR spectroscopy was used to gain understandingon how the chain extenderinfluences the
physical interactions within the copolymers as the carbonyl region provides qualitative
information onthe type and strength of H-bonding. FTIR spectroscopy was performed on bulk

materials at ambient temperature and the carbonyl region analysed in detail (Figure 3.2).

H-bonded
urethane

Urea

Free —  Bidentate D1

== == == -

I————d
T

T
1800 1775 1750 1725 1700 1675 1650 1625 1600
Wavenumber (cm™)

Figure 3.2 FTIR spectra of the carbonyl region of the four copolymers. The solid black box
highlights absorbance due to H-bonded urethane and the dashed black box indicates urea
functionality.
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The most dominant absorbance at vmax = 1720 cm™ relates to the ester carbonyl in the
backbone of the PCL SS. The shoulder at approximately Vmax = 1710 cm™ corresponds to H-
bonded urethane (Figure 3.3(a)), with the relative intensities increasingin the order B3 < Ul
< P1 < D1. This order shows that D1 has the most H-bonded urethane on account of the
favourable packing abilities of BD. The shoulder is less intense with P1 because of the steric

hindrance of the pendent methyl group in PD which hinders urethane-urethaneinteractions.

While the intensity of absorption at vma= 1710 cm™ is lowin U1, there is significant absorption
between vmax = 1650 and 1620 cm™, associated with the urea functionality.?® Therefore, U1
has apparently few urethane interactions, but significantly more urea H-bonding which can
either be mono- or bi-dentate (Figure 3.3(b) & (c)). The lower wavenumber is indicative of

strongerinteractions.

@ H ® H H € H H
/Nﬁro\ /erN\ /NW(N\
o, o, L
H H H H H
/ero\ /NWTN\ /NwrN\
o) O 0

Figure 3.3 The different types of H-bonding present in the copolymers studied: (a) urethane,
(b) monodentate urea and (c) bidentate urea.

3.2.2 Thermal Properties

The thermal properties of the copolymers were investigated via differential scanning
calorimetry (DSC) between -90 and 150 °C (Table 3.2). The glass transition temperature of the
soft segment (Ty(ss)) increasesin the order B3 < U1 < D1 << P1. D1 and U1 display very similar

values of Tgss) to B3 without chain extender (-47, -44 and -46 °C, respectively). Since B3 does
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not contain a hard segment, these results indicate that the copolymerised BU and BD chain
extenders have minimal interaction with the SS which implies D1and Ul are phase separated

copolymers. P1 hasthe highest Tgss) at -30 °C as a consequence of the pendent methyl group

hindering mobility and therefore requiring more energy to induce chain motion.

Table 3.2 Thermal data obtained via DSC. Values taken from initial heating runs (-90 °C to
150 °C at 10 °C.min™).

Copolymer Tgss) (°C)  Tmss) (°C)  AHss)(J.8")  Tmpus) (°C)  AHps)(J.g7)  Tems) (°C)
b

B3 -47 47 56 -2 -2 -
-44 35 & 45 19 107 3 b

P1 -30 35&43 21 2 2 b

U1 -46 48 24 2 2 129

9 No HS melt detected
b No HS glass transition detected

All samples exhibit a meltingendotherm between 30and 50 °C, correspondingto crystallinity
in the PCL SS. Compared to B3, the enthalpy of melting of the soft segment (AHss)) (56 J.g7)
decreases when copolymerised with the three chain extenders. The AHss)for Ul is the highest
amongst TPUs copolymerised with CE at 24 J.g. Amine-terminated CEs have previously been
reported as showing higher PCL crystallinity relative to urethane analogues on account of
greater phase separation.' Tyss) of U1 (48 °C) is very similar to B3 (47 °C), reaffirming the
theory that BU has little interaction with the SS. The thermograms for P1 and D1 are more
complex, with two distinct Tmss) visible, especially in the P1 thermogram at 35 and 43 °C
(Figure 3.4(a)). This duality suggests polymorphic PCL with regions of lower and higher PCL
regularity. Disruption of PCL packing by PD is the likely cause of the double-melting point

behaviour.

There are no other transitions observed for B3 and P1. However, D1 and U1 differ by
displaying a third feature which appears above 100 °C (Figure 3.4(b)). D1 shows a melting
point (Tmns)) at 107 °C and U1 shows a second glass transition temperature (Tgus)) at 129 °C.
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Since these features appear well above Ty (ss), they imply a phase separated morphology of
discrete HS and SS domains. The melting point in D1 likely corresponds to a crystalline hard
segment made of well-ordered BD and MDI units.” Such a transition occurs in high molecular
weight commercially available TPUs with the same hard segment. The Tys) in Ul is very close
to the T, of molecular BU (121 °C) and therefore suggestive of partial order of polar urea

moieties associating together, separated from the relatively non-polar PCLSS.?®

(a) Tgss) Tin(ss) Tin(ns)
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I —D1 —U1
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f T T T T T T T T 1
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—D1 —P1
—Ul —B3

Heat Flow (W.g-1)

wu

Figure 3.4 (a) DSC thermograms of the four copolymers studied. Boxes highlight SS transitions
and ovals indicate the transitions of the HS. (b) Close up of HS transitions. First heating cycles
used at a heating rate of 10 °C.min™. Exo up.

Dynamic mechanical analysis (DMA) was performed on all copolymers, consisting of heating
a solid bar sample from -80 to 150 °C at 3 °C.min"(Figure 3.5). In each case, storage modulus
(E’) decreases as a function of temperature, which is typical for a thermoplastic material. B3
and Ul showthe highest value of E’ below T; on account of higher quantity of crystalline PCL

segments and substantial H-bonding, respectively (Table 3.3).
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Figure 3.5 DMA results showing the effect of temperature on storage modulus (left y-axis) and
tan & (right y-axis) for all copolymer samples. Heating rate of 3 °C.min..

E’ decreases by an order of magnitude above T, for all copolymers, corresponding to main
chain relaxation. The peakin tan 6 corresponding to T, of P1 is significantly higher than that
of the other materials, confirming the observations via DSC. All copolymers show a rubbery
plateau at temperatures above T,, which is common of elastomeric materials. U1 has the
highest storage modulus at 20 °C of 570 MPa, likely a consequence of the H-bonding of urea
functional groups, not present in the other materials. The E’ of B3, P1 and D1 are all

significantly lower (< 300 MPa), which suggests they have a weaker physical network.

Table 3.3 Summary of Data obtained via DMA for all TPU copolymers.

Copoly. E’@ -50 °C Tessy E’ @ 20°C Tin(ss) EE@70°C  Tmns) Tg(ns)
(MPa) (°C) (MPa) (°C) (MPa) (°C) (°C)

B3 2560 -26 290 32 -2 - -

2020 -21 130 33 0.3 80 -

P1 1980 7 250 39 -2 - -
Ul 2320 -22 570 a7 2.7 - 119

aSample fractured at a lower temperature
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A sudden reductionin E’ is observed between 30 and 50 °C for all samples, correspondingto
the melting of the crystalline PCL SS. At this point, both B3 and P1 completely lose integrity
and break in the experiment, indicatingthey are not reinforced by phase separation. On the
contrary, both D1 and U1 remain cohesive above Trss) where E” decreases as a function of
temperature. Values of E’are reported as 0.3and 2.7 MPa at 70 °Cfor D1and U1, respectively.
This additional stability is granted by separate and well-ordered hard domains, unperturbed
above Tr(ss). At higher temperatures, there is a further drop in £” with a corresponding peak

intand at 80 and 119 °C for D1 and U1 respectively, indicatinganother phase transition.

3.2.3 Rheology

Rheology of the copolymersin the melt was performed through temperature sweeps from 50
to 150 °C. The aim of these rheological experimentsis to determine how easy it would be to
induce flow within the materials to estimate surface wetting abilities and ease of application
and removal in reversable adhesive applications. A temperature above Tmiss) was chosen as
the starting point to prevent solid samples from slipping during experimentation. As
expected, all materials display a decrease in complex viscosity (n*) with temperature caused
by an increase in chain mobility from heat energy transfer (Figure 3.6).%° B3 exhibited the
lowest n* across all temperatures because it does not contain a chain extender and has a
relatively low urethane content which means it contains the least amount of H-bonding
interactions. This data suggests B3 is likely to be reasonably simple to apply to and remove
from substrates. P1 follows the same trend as B3 with increasing temperature, but with a
higher n* as a consequence of being a singular phase network but having a higher urethane
content. D1 shows a high n* at lower temperatures with a sudden decrease of two orders of

magnitude from 1.14 x 10* to 1.20 x 10? Pa.s™ at approximately 100 °C, corresponding to
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melting of the HS. For U1, n* remains constantly high throughout the temperature range
studied (2.09 x 10*-8.07 x 10° Pa.s™). This relatively high viscosity suggests a stable physical
network formed of urea H-bonding present up to 150 °C and that urea H-bonds are less
sensitive to thermal changes than urethane H-bonds. This material is likely difficult to
reprocess or apply to a substrate without specialist equipment. The temperature sweep was

capped at 150 °C on account of the thermal instability of urea groups.*®
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Figure 3.6 Complex viscosity as a function of temperature from 50 to 150 °C for the different
TPU copolymers, using the rheometer in oscillatory mode with a set amplitude of 1 % and

angular frequency of 1 rad.s™.

3.2.4 Mechanical Properties
To gain understanding of the mechanical properties of the copolymers, tensile testing was

performed on 500 um film dog bone samples to produce stress-strain curves (Figure 3.7).
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Data could not be obtained for B3 because it was too brittle to be held in the clamps without

shattering, probably caused by the low urethane content.
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Figure 3.7 Tensile stress-strain data for the three chain extended copolymers.

P1 is relatively stiff and brittle, breaking immediately after its initial yield point, as a
consequence of the lack of strength offered by a single-phase system. However, both D1 and
U1 show further extension after their initial yield points, likely asa result of their multiphase
arrangement. Both D1 and U1l show strain-hardening with elongation of the polymer
materials.3° The effect is much larger for U1, suggesting a stronginfluence from the additional
interactions provided by the urea functional groups. Ulrecords the highest values of Young's
modulus (E) (210 + 16 MPa), ultimate tensile strength (oma) (9.6 = 0.6 MPa), modulus of
toughness (U1) (4140 £+ 1140 MPa) and strain at break (emax) (640 £ 25 %) (Table 3.4). These
values are remarkable fora TPU of such low molecular weight (M, =17.3 kDa for U1), previous

studies of TPUs (M, = 6.1 kDa) recorded much weaker mechanical properties.3! Such a result
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is typically obtained from conventional TPUs with M, > 50.0 kDa.>’ These improved
mechanical properties are possible on account of the superior H-bond strength accessible via

urea functionality.

Table 3.4 Summary of mechanical data obtained from tensile stress-strain measurements for
the copolymers comprising chain extenders.

Copolymer E? (MPa) Omax © (MPa) Ur ¢ (MPa) Emax & (%)
72 +£8 5.0£0.3 520 + 285 12575

P1 121 +£11 6.3+0.5 140 £ 40 35+10

Ul 210+ 16 9.6 +0.6 4140 + 1140 640 £ 25

?Young’s modulus is calculated from the initial gradient before the Yield point.

bUltimate tensile strength is the maximum recorded stress the sample can withstand before failure.

¢ Modulus of toughness is measured as the area under the curve and represents the total energy a material can
withstand without breaking.

4Elongation at break is the strain (%) at which the sample breaks.

Preliminary self-healing studies were carried out on D1 and U1. Solid bar samples of each
copolymer were cut in half and then reheated to reform one specimen (Figure 3.8(a)). Tensile
testing was then performed on the healed samples and compared to pristine uncut bar
samples. The healed samplesrecorded similar stress-strain curves to the uncut samples with
onlya smalldecrease in E and emax (Figure 3.8(b)). E, Omax, U, and emax Were all similar, which
suggests both copolymers have a dynamic physical network (Table 3.5). However, only one
sample was run so further analysisis required for a full conclusion.

Table 3.5 Mechanical data obtained via tensile testing for pristine TPU materials and healed

materials.
Sample E? (MPa) Omax” (MPa) Ur € (MPa) Emax * (%)
before 23 6.0 290 65
healed 21 5.8 310 72
U1 before 26 8.9 3570 567
U1 healed 21 8.5 3490 513

9Young’s modulus is calculated from the initial gradient before the Yield point.

bUltimate tensile strength is the maximum recorded stress the sample can withstand before failure.

¢ Modulus of toughness is measured as the area under the curve and represents the total energy a material can
withstand without breaking.

4Elongation at break is the strain (%) at which the sample breaks.
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Figure 3.8 (a) Solid bar samples (10 x 40 mm) were prepared, cut and then healed via heating.
(b) tensile stress-strain curves for bar samples of D1 and U1 before cutting (solid lines/boxes)

and after cutting/healing (dashed lines/boxes). Values are the omax of each material in MPa.

The adhesive properties of the three materials including CE were determined via lap shear
tests. B3 was not measured as it was too brittle. Square film samples with a thickness of
250 um were first prepared and then used to bond two overlapping beechwood substrates
together by applyingslight pressure and heating for 20 minutes at 140 °C. Lap shear samples

were given at least one week to equilibrate under ambientconditions before analysis.
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Figure 3.9 (a) Bond strengths from adhesion testing of beechwood substrates. (b) Beechwood
substrates after testing showing cohesive failure (D1 & P1) and adhesive/ substrate failure
(U1).
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The reference TPU copolymer D1 displays a bond strength of 2.1 + 0.4 MPa, but when the
branched CE is used, the bond strength is decreased by over 50 % to 1.0 + 0.1 MPa in P1
(Figure 3.9(a)). This decrease in performance is a likely consequence of the single-phase
morphologyin P1. However, the TPU copolymerised with BU CE (U1) shows more than double
the adhesive strength of D1 at 4.4 + 0.1 MPa, which is granted by the extensive urea H-
bonding present. The bond strength of the thermoplastic Ul is only slightly less than that of
a typical irreversible moisture-cured PU, previously reported.® While both D1 and P1 show
cohesive failure, Ul displays adhesive failure and partially tears the beechwood substrate

(Figure 3.9(b)).

3.2.5 Morphology

Initial optical microscopy studies were used to improve understanding of the morphology of
PCL crystallinity (Figure 3.10). It is important to note thatin orderto prepare a film of U1, the
material was taken above 150 °C so there may be a question concerning potential
decomposition. B3 showed the largest and most heterogenous PCL crystals, as expected from
the large and broad Tuss) observed in DSC analysis (Figure 3.4(a)). Introduction of CE
decreases the amount of PCL visible which corresponds with the drop in AHmss) for CE
copolymers. Both D1 and U1 show finer PCL crystals, especially U1 which seems to contain
more regular and much smaller features (Figure 3.10(b) & (d)). This observation infers that
the copolymerised bisurea diol has more influence on the crystallisation behaviour of the PCL
segments. Such a finer morphology could explain the outstanding mechanical properties

obtained with U1 where more stress can be dissipated from the larger interfacial surface area.
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Figure 3.10 Optical microscopy of TPU copolymer 37 um films. (a) B3. (b) D1. (c) P1. (d) U1.

Analysis of the data collected above gives an idea of the type of morphologies presentin each
chain extended copolymer. BD gives a well phase separated morphology with discrete
crystalline hard and soft domains, BD associating in an efficient manner (Figure 3.11(a)). PD
hinders urethane interaction to give a highly phase mixed system (Figure 3.11(b)). Finally, BU
allows for significant intermolecular interactions, notably urea H-bonding, to produce a highly
phase separated morphology with crystalline SS and a partially ordered glassy HS (Figure

3.11(c)).
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Figure 3.11 Suggested morphologies for copolymers comprising different chain extenders (a)
PD, (b) BD and (c) BU. Grey lines represent the polyol SS and the coloured boxes represent the
HS from copolymerised MDI-CE units.

3.3 Conclusion

Three different chain extended TPU copolymers were synthesised and compared to a non-
chain extended PCL-MDI copolymer as a reference. The influence of CE symmetry, branching
and urea functionality were examined. All copolymers were made at similar M, to discount
the influence of molecular weight. Successful synthesis was proven via NMR and FTIR

spectroscopies and SEC.

While copolymerisation with symmetrical BD promotes more H-bonded urethane than other
CEs studied, incorporation of BU shows urea H-bonding, known to be stronger than urethane
H-bonding. In fact, use of the bisurea CE increased copolymer modulus at ambient
temperature, which is likely on account of this urea H-bonding. Copolymerisation with all CE
decreases PCL crystallinity due to disruption of chain arrangement. Copolymers including
either BD or BU display greater PCL homogeneity as a consequence of phase separated
morphologies where CE-MDI units associate separately from the PCLSS. On the other hand,
using a branched CE, which displayed little urethane H-bonding, increases phase mixing and
therefore disrupts PCL crystallinity more than the other CE. Distinct HS act as reinforces and

allow for cohesion above Ty ss) until Timns) Or Tghs) @s in the case of copolymers containing BD
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or BU respectively. However, while an increase in temperature has a marked influence of
urethane-urethane interactions in D1 (manifested as a reduction in melt viscosity), urea

interactions display minimal sensitivity in the temperature range studied, limiting potential in

reversible adhesion.

Tensile testing revealed that copolymers comprising PD and BD chain extenders are
mechanically poor materials, to be expected for materials with a relatively low molecular
weight. However, the copolymer comprising the BU chain extender displayed outstanding
mechanical properties, usually observed from TPU materials with much higher molecular
weight. Optical microscopy revealed that copolymerisation with CE decreases the amount
and size of PCL crystals. The copolymer comprising BU appeared to contain especially fine and
more regular PCLcrystals, correlating with the high mechanical properties obtained. Adhesion
testing highlighted that the TPU comprising BU also provided the highest bond strength.
Preliminary self-healing studies showed that copolymers comprising both the BD and BU

chain extenders have potential for efficient self-healing.

3.4 Experimental

3.4.1 Materials

Capa™ 2200J was supplied by Perstorp. 4,4’- methylene bis(phenyl isocyanate) (98 %), 1,4-
butanediol ReagentPlus® (99 %), 1,2- propanediol ACS reagent (299.5 %), n-hexane ACS
reagent (299 %) and chloroform-d (99.8 atom % D) were purchased from Sigma-Aldrich.
Bisurea diol was provided by the Hayes Research Group of the University of Reading.
Anhydrous dimethylformamide (DMF) was obtained from a Grubbs purification system. All

reagents were used as received.
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3.4.2 Instrumental methods

Grubbs dry solvent service was used to obtain anhydrous toluene. This system involves the
storage of solvents in a pressurised environment under an inert gas. The solvent is then
passed through two filters which absorb any moisture from the solvent. Proton (*H) nuclear
magnetic resonance (NMR) spectra were recorded using a Bruker Avance 400 spectrometer
(400 MHz). Spectra were analysed on MestReNova v6.0.2. Samples were prepared in CDCl;
as the solvent. All chemical shifts were recorded in parts per million (ppm) relative to a
reference peak of chloroform solvent at 6 = 7.26 ppm. Molecular weights and dispersities
were determined via size-exclusion chromatography (SEC) using an Agilent 1260 Infinity GPC
system equipped with a refractive index detector. Two Agilent PL-gel 5 um Mixed-C columns
and a guard column were connected in series and maintained at 35 °C. HPLC grade chloroform
containing 0.25 % v/v NEt3 was used as the eluent and the flow rate was set at 1.0 mL.min™.
The refractive index detector was used for calculation of molecular weights and dispersities
by calibration using a series of near-monodisperse poly(methyl methacrylate) standards.
Analysis was performed on Agilent SEC software. Ul copolymer molecular weight
distributions were assessed using a SEC set-up comprising two Agilent PL gel 5 um Mixed-C
columns and a guard column connected in series to an Agilent 1260 Infinity GPC system
operatingat 60 °C and equipped with a refractive index detector and a UV-visible detector (A
=309 nm). The SEC eluent was HPLC-grade DMF containing 10 mM LiBr at a flow rate of 1.0
mL min-1. DMSO was used as a flow-rate marker. Calibration was achieved using a series of
ten near-monodisperse poly(methyl methacrylate) standards (rangingin Mpfrom 625 to 618
000 g.mol™). Chromatograms were analysed using Agilent GPC/SEC software. Attenuated
Total Reflectance Fourier Transform Infrared (ATR-FTIR) spectra were collected on

PerkinElmer Spectrum Two instrument with a UATR Two accessory. Analysis was performed
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on PerkinElmer Spectrum software. Differential scanning calorimetry (DSC) was performed
on a Discovery DSC 25 TA instrument. All experiments were carried out under a nitrogen
atmosphere with a heatingrate of 10 °C.min™*. Pre-weighed samples of 2 + 1 mg were loaded
at 25 °C, cooled to -90 °C and heated to 150 °C, cooled again to -90 °C and finally reheated to
150 °C. Ty was taken as the midpoint of inflexion and T, was measured as the temperature
at the minimum heat flow of a melt endotherm. Analysis was performed on TRIOS v5.1.1
software. Dynamic Mechanical Analysis (DMA) was performed on TA Instruments Q800
Dynamic Mechanical Analyser with an ACS-3 (Refrigerated Chiller System). Samples of
approximately 40 x 5 x 1 mm were loaded at room temperature and clamped lightly (finger
tight). A sample length of 10 mm was used for all measurements. For each measurement, the
sample was first cooled to -80 °C and held at thistemperature fora minimum of 5 minutes to
fully equilibrate. The furnace was then opened and the sample clamped to a pressure of 4.5
psiusingasmalltorque wrench. After clampingthe furnace was then immediately closed and
temperature re-equilibration established at -80 °C. The method was then started. The thermal
method used is: Motor Drive Off, Data Storage Off, equilibrate at-80 °C, isotherm 5 minutes,
Motor Drive ON, Data Storage ON, ramp 3 °C.min™ to 100 °C. The measurement parameters
used were as follows: strain applied (0.05 %), force track (110 %), initial sample length (10
mm), with deformation frequency (1 Hz) fixed. Sample dimensions were calculated as follows:
width was measured using digital callipers at three positions alongthe sample (End 1, Middle,
End 2). Thickness was measured using digital callipers at three positions along the sample
(End 1, Middle, End 2). Average values calculated and used. The software used was TA
Instruments Advantage Control Software and dataanalysis was performed on TA Instruments
Universal Analysis Data Analysis Program. Rheological temperature sweeps were performed

on an Anton Paar MCR502 with 25 mm disposable geometry and a disposable bottom plate
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fixture. Tests were run in oscillatory mode at a fixed amplitude (1 %) and angular frequency
(1 rad.s™) from 50 — 150 °C. Sample sizes were approximately 25.0 mm diameter discs of 0.8
mm height. Tensile tests were performed on approximately films approximately 300 um
thick, accordingto ISO 527-2 type 5B on a Zwickiline tensometer. The general procedureis as
follows: dimensions of dogbone measured with digital calliper and noted on the system. The
zero gap is set within Zwick software so the gauge length is known. The sample is then
securely clampedin and the absolute cross head length is reset. The force is then zeroed. The
testis performed at 10 mm.min ! until sample failure and the results analysed on TestXpert Il
software. Self-healing tensile tests were carried out on an AML instrument™ single column
tensiometer rectangular samples of approximately 40.0 x 10.0 x 0.8 mm at a rate of 10
mm.mint. Only one sample of each material was run. Adhesion lap shear tests were
performed on films 250 um thick that were cut to 25 x 25 mm. Lap shear joints were
assembled by carefully applyingthe film between beechwood test pieces usingan overlap of
25 mm and a width of 25 mm, applyinglight pressure. The materials were placed in an oven
for 20 minutes at 140 °C to melt the copolymers. Bonded samples were then allowed to
equilibrate for 14 days at ambient conditions before measurement. The lap shear strength
was determined from an average of four bonded samples usingan Instron tensiometer with

a load cell of 30 kN and a displacement speed of 1.27 mm.min .

3.4.3 Sample preparation

Rheology discs of 25.0 x 0.8 mm were prepared with a MeltPrep vacuum compression mould.
B3, P1 and D1 (approx.0.40 g) were separately melted in the chamberat 70, 120 and 150 °C,
respectively. Melting was followed by 10 seconds (B3) or 30 seconds (P1 and D1) of pressure

(0.1 mbar). Vacuum was removed and materials were then cooled with compressed air and
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allowed to solidify before beingremoved from the chamber. U1 was prepared by addingthe
sample (0.40 g) into the chamber at 140 °C with immediate addition of pressure (0.1 mbar).
After 10 minutes, vacuum was removed and the chamber was cooled with compressed air
and the sample allowed to solidify in the chamber. DMA bars were prepared in a similar way
as the rheology discs. However, a 10 x 40 mm insert and chamber were used instead of
cylindrical versions. Once solidified, samples were cut down the middle lengthwise to give
two bars of 0.5 x 40 mm. Self-healing tensile bars were prepared in the same way as
described for the rheology discs, butinstead the 10 x 40 mm barvacuum chamber was used.
Pristine samples were measured as made. Healed samples were cut in halfthen healed in the
MeltPrep vacuum chamber following the procedure above. Tensile testing dog bones were
prepared from film samples (300 um) which were made by coating out molten material (1
hour at 140 °C) with a 500 um coating block on release paper. After films were allowed to
solidify, dogbone shapes were cut out usinga ZwickRoell knee manual cutting press ZCP 020
with cutting device for ISO 527-2 type 5B die attachment. Adhesion films of B3, P1 and D1
were prepared by heatingsome materialin an oven at 150 °C for approximately 20 minutes,
after which a film was drawn with a coating block with an approximate thickness of 250 um.
Squares of 25 x 25 mm were then cut out of the film for use in the lap shear sample
preparation. For U1, material was processed with a Cryomill and then approximately0.4 g
was heated at 140 °C in a compression mould under pressure (20 bar) for 10 minutes, then

allowed to cool. Square samples were then cut as with the previous materials.

3.4.4 Synthesis of PCL-MDI copolymer (B3)
PCL (250 g, 0.12 mol) was loaded in to a 1 L flange flask equipped with a mechanical stirrer,

thermometer and vacuum inlet at 80 °C and once all molten, stirred under vacuum. After 1
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hour, the vacuum was removed and a predetermined mass of flake MDI (23.93 g, 0.10 mol)
was added to the reaction at 110 °C with increased stirring speed for 15 minutes without
vacuum and then 1 hour with vacuum. Reaction completion was determined by monitoring
the disappearance of the isocyanate absorbance via FTIR spectroscopy at Vmax = 2260 cm™.
After reaction completion, the molten product was decanted and stored. SEC (CHCl3): M, =

18.5 kDa, M\, =33.3 kDa, Hn = 1.80.

IH NMR (400 MHz, 298 K, CDCl3): 6 = 7.31 (d, J = 7.8 Hz, Ar), 7.12 (d, J = 8.3 Hz), 6.75 (s, NH),
4.16 (t, *Juy = 6.6 Hz, CH,O(C=0)NH), 4.08 (t, *Jun = 6.7 Hz, CH,0C=0), 3.99 (s, MDI CH-Ar),
3.95 (s, NPG CH,0), 3.92 (s, MDI CH,Ar), 3.89 (s, NPG CH,0), 3.66 (m, CH,0H),3.32 (d, J = 6.5
Hz, OH), 2.33 (t, *Jin = 7.5 Hz, CH,(C=0)0), 0.97 (dd, J = 18.9, 7.4 Hz, NPG CH3), 1.66 and 1.40

(all remaining hydrogens) ppm.

ATR-FTIR: Vmax - 3347 (N-H), 2944 — 2864 (C-H), 1721 (C=0), 1598 (C-N), 1532 (Ar C=C), 1293,

1238 and 1161 (C-0) cm™.

3.4.5 Synthesis of PCL-MDI-BD copolymer (D1)

PCL (250 g, 0.12 mol) was loaded in to a 1 L flange flask equipped with a mechanical stirrer,
thermometer and vacuum inlet at 80 °C and once all molten, stirred under vacuum. After 1
hour, the vacuum was removed and a predetermined mass of flake MDI (49.73 g, 0.20 mol)
was added to the reaction at 110 °C with increased stirring speed for 15 minutes without
vacuum and 1 hour with vacuum. BD (11.46 g, 0.13 mol) was added at temporary reduced
stirring speed and left without vacuum for 15 minutes and at least 30 minutes with vacuum.
Reaction completion was determined by monitoring the disappearance of the isocyanate
absorbance via FTIR spectroscopy. After reaction, the molten product was decanted and

stored. SEC (CHCl3): M, = 18.8 kDa, M, = 36.0 kDa, Dy = 1.92.
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IH NMR (400 MHz, 298 K, CDCls): & = 7.30 (m, Ar), 7.11 (m, Ar), 6.79 (s, NH), 4.19 (m, BD
CH,0(C=0)NH), 4.15 (t, *Ji.i = 6.6 Hz, CH,OC=ONH), 4.07 (t, i = 6.7 Hz, CH,0(C=0)), 3.98
(s, MDI CH,Ar), 3.92 (s, MDI CH-Ar), 3.89 (s, NPG CH0), 3.68 (m, BD CH,0), 2.32 (t, %y = 7.5
Hz, CH,C=00), 1.78 (s, BD CH,CH,0), 1.72 (s, BD CH,CH,0),0.99 (d, J = 8.4 Hz, NPG), 1.66 and

1.41 (all remaining hydrogens) ppm.

ATR-FTIR: vmax - 3337 (N-H), 2944 — 2866 (C-H), 1723 (C=0), 1597 (C-N), 1531 (Ar C=C), 1294,

1220 and 1162 (C-0) cm™.

3.4.6 Synthesis of PCL-MDI-PD copolymer (P1)

PCL (250 g, 0.12 mol) was loaded in to a 1 L flange flask equipped with a mechanical stirrer,
thermometer and vacuum inlet at 80 °C and once all molten, stirred under vacuum. After 1
hour, the vacuum was removed and a predetermined mass of flake MDI (49.73 g, 0.20 mol)
was added to the reaction at 110 °C with increased stirring speed for 15 minutes without
vacuum and 1 hour with vacuum. PD (9.94 g, 0.13 mol) was added at temporary reduced
stirring speed and left without vacuum for 15 minutes and at least 30 minutes with vacuum.
Reaction completion was determined by monitoring the disappearance of the isocyanate
absorbance via FTIR spectroscopy. After reaction, the molten product was decanted and

stored. SEC (CHCl3): M, = 18.1 kDa, M, = 36.2 kDa, Dy = 2.00.

14 NMR (400 MHz, 298 K, CDCl3): 6 = 7.30 (m, Ar), 7.11 (d, J = 8.1 Hz, Ar), 6.77 (s, NH), 4.25
(m, PD CH,0(C=0)NH), 4.19 (m, CH(CH3)CH,), 4.08 (t, *Ju-n = 6.7 Hz, CH,0(C=0)), 3.99 (s, MDI
CH-Ar), 3.92 (s, MDI CH-Ar), 3.90 (s, NPG CH,0), 3.68 (m, BD CH-0), 2.32 (t, 3 = 7.5 Hz,
CH,(C=0)0),1.24 (d,J=6.2 Hz, PD CH3),0.99 (d,J = 8.6 Hz, NPG), 1.66 and 1.40 (all remaining

hydrogens) ppm.
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ATR-FTIR: Vax - 3342 (N-H), 2943 — 2866 (C-H), 1722 (C=0), 1598 (C-N), 1531 (Ar C=C), 1294,

1236, 1219 and 1162 (C-0) cm™.

3.4.7 Synthesis of PCL-MDI-BU (U1)

PCL (25.01 g, 0.01 mol) was loaded in to a 250 mL three-neck round-bottom flask equipped
with a magnetic stirrer, thermometerand vacuum nlet, at 80 °C and once all molten, stirred
under vacuum. After 1 hour, the vacuum was removed and replaced with a gentle nitrogen
flow and the stopped was replaced with a reflux condenser. Anhydrous DMF (20 mL) was
added followed by a predetermined mass of flake MDI (6.22 g, 0.03 mol) at 110 °C with
increased stirring speed. The reaction was left for one hour before more anhydrous DMF (20
mL) was added.BU (6.21 g, 0.02 mol) was added and further aliquots of anhydrous DMF (20
mL) were added if needed. The endpoint was determined by monitoring the disappearance
of the isocyanate absorbance via FTIR spectroscopy. After reaction completion, the mixture
was cooled to room temperature then precipitated dropwise in n-hexane (300 mL) cooled by
liquid nitrogen and left for 12 hours. Residual solvent was removed with heat and vacuum (48
hours at 80 °C without vacuum, 24 hours at 80 °C with vacuum). SEC (DMF): M, = 17.3 kDa,

M,, = 39.1 kDa, Dy = 2.26.

1H NMR (400 MHz, 298 K, CDCl3): 6 = 7.69 (d, J = 8.3 Hz, Ar), 7.36 (d, J = 6.5 Hz, Ar), 6.21 (m,
urea NH), 4.96 (d, J = 3.5 Hz, OH), 4.29 (m, CH,0(C=0)NH), 4.25 (t, 3Ju.u = 6.6 Hz, CH,0(C=0)),
3.38 (m, OCH,CH,Urea), 2.76 (m, OCH,CH,Urea), 2.53 (t, 3Ju = 7.3 Hz, CH,(C=0)0), 1.80, 1.59

and 1.16 (remaining PCL hydrogens)and 2.00 — 1.00 (BU cyclohexane hydrogens) ppm.

ATR-FTIR: vuax - 3334 (N-H), 2929 — 2864 (C-H), 1724 (C=0), 1629 (C=0 (urea)), 1598 (C-N),

1534 (Ar C=C), 1221 and 1162 (C-0) cm™™.
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4 Exploration of reversible Diels-Alder
chemistry within linear thermoplastic
polyurethanes
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4.1 Introduction

Thermoplastic polyurethanes (TPUs) are commonly used materials on account of their
diversity and good mechanical performance.! The beneficial properties of TPUs result from
their dual phase morphology. Typically, the two phases separate from one another as a
consequence of thermodynamicincompatibility. The polar units tend to associate together
viaintermolecularinteractions, such as H-bonding between urethane groups, to form discrete
well-ordered hard segments (HS) which are dispersed within the nonpolar soft segment (SS).
Therefore, TPU copolymers contain an extended physical network that offers strength to the

material and can also be disrupted by stimuli like heat or solvent.

While the high mechanical properties of TPUs are very attractive, the association of the HS
can persistin the melt phase which causes the materials to have very high melt viscosity. With
respect to adhesive applications, high viscosity results in poor surface wetting and therefore
bond fracture at a lower force. High viscosity also causes difficulty in removing the adhesive
from substrates at end of life which prevents the reuse or recycling of composite materials.
Moreover, high viscosity materials require expensive, high shear hot melt extruders for

processing, which limits potential applications.?

To overcome this issue, good disparity is required between a mechanically robust solid with
high mechanical properties and a low viscosity melt for easy processingor recycling. As melt
viscosity is largely dependent on molecular weight, one potential route is to synthesise a TPU
that has molecular weight which is temperature controlled via reversible Diels-Alder (DA)
chemistry. The DA reaction is a clean and efficient thermally reversible [4+2] cycloaddition

between a diene and a dienophile. The forward reaction dominates at ambienttemperature,
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whereas the reverse reaction- the retro-Diels-Alder (rDA)- occurs upon heating typically

above 100 °C. A common diene — dienophile pairing studied is furan and maleimide.*

Employing DA chemistry within polymers has been well researched and reported in the
literature.®® Typically, furan and maleimide groups are used to crosslink amorphous linear
prepolymers with pendent groups of complimentary functionalities to afford recyclable
materials, often with improved mechanical performance.’ This method is versatile and has
been studied across a variety of polymer backbones.®*! A typical example is work by Yu et al.
who synthesised a recyclable DA crosslinked PU network between pendent maleimide groups
and a bifunctional furan crosslinker with improved mechanical properties.'? DA chemistry is
not limited to amorphous materials and several studies have shown that DA cycloadducts are
still able to formin semi-crystalline polymer systems, as the reaction takes place at chain ends
which are found in the amorphous regions.** While crystalline regions and DA cycloadducts
can form and coexist, Kuang et al. describes how a competition occurs between crystal
formation and DA cycloadduct formation.'* It has been found that crosslinking a semi-
crystalline polymer decreases the amount of crystallinity which has a negative impact on the
Young’s modulus.>® Zhanget al. also demonstrated that polyester crystallinity with shorter
ormore random sequence lengths hinders DA cycloadduct formation more thanregular block
copolymer structures.’” Interestingly, the relationship between crystallinity and DA
cycloadduct is dynamic and can be controlled with post-synthesis annealing. Low
temperature annealing (e.g. 30 °C) favours large crystals with a lower degree of DA
cycloadduct formation, but temperatures higher than T,of the polymer (e.g. 60 °C) produces

smaller crystals with higher DA cycloadduct formation.'®
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While most examples of using DA chemistry in polymers focuses on reversibly crosslinked
systems, either through multifunctional (f 2 3) crosslinkers or pendent functional groups
linked with bifunctional crosslinkers, DA chemistry has also been used in linear polymer
systems for a significant amount of time.!® Watanbe et al. coupled amorphous furan
terminated prepolymers with N,N’-(4,4’-methylene diphenyl) bismaleimide (BMI) and
successfully showed it was possible to polymerise and depolymerise their material via DA
chemistry.'® However, their work did not investigate the influence of the DA cycloadduct on
the thermal and mechanical propertiesof the copolymer. Several studies have explored using
DA chemistry to control bulk polymer viscosity.?° Work by Wu et al. exploited this dynamic
viscosity for use in hot melt adhesives, but their study did not include TPUs based on semi-
crystalline polyols.?* A further study by Mayo and Adronov presented thermally reversible
films with impressive hardness and adhesion.?? Mechanical and thermal properties were
determined to be influenced by the bisfuran and bismaleimide spacer units and using a
combination of polymers with different spacers granted advantages of both materials.
However, as a consequence of short spacers, all materials studied were very brittle which
limits potential applications. Additionally, it is important to highlight that most studies
mentioned above are solely amorphous based TPUs and use BMI which is toxic compound

and liberated upon rDA.

Overall, while using DA chemistry within polymer systems has been studied in length, there
has been little research specifically on linear semi-crystalline TPUs.?*2* This work aims to gain
understanding on how the presence of the DA cycloadducts influences the mechanical and

thermal properties of TPUs with different compositions. In particular, this study considers a
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potential use for TPUs with DA cycloadducts along the backbone in reversible adhesion

applications to enable recycling.

4.2 Results and discussion

4.2.1 Comparison of thermally reversible covalent TPUs to traditional chain extended TPUs

A linear TPU containing DA chemistry was synthesised via a solvent-free stepwise process.
Firstly, poly(e-caprolactone)diol (PCL) of 2.0 kDa was copolymerised with an excess of 4,4’ -
methylene diphenyl diisocyanate (MDI) at a stoichiometry of 1.0 : 2.0 (Scheme 4.1(1)). NCO-
terminated prepolymers were then reacted separately with slight excess of monofunctional
2-hydroxy ethylmaleimide (HEMI) or furfuryl alcohol (FA) to afford HEMI- and FA-terminated
prepolymers (PPH1 and PPF1, respectively) (Scheme 4.1(2a & b)). These prepolymers were
then blended together by melting at a functional group stoichiometry of furan : maleimide
1.0:1.0 and then copolymerised at ambient temperature for at least 7 days to finally produce
the linear TPU copolymer containing DA chemistry (DA1) (Scheme 4.1(3)). This material was
also compared to a traditionally chain extended linear TPU copolymers of PCL, MDI and 1,4-

butanediol (BD) (D1).

Synthesis of the reference material (D1) was described previously (Chapter 3). The successful
synthesis of DA1 was proven via NMR and FTIR spectroscopies and size exclusion
chromatography (SEC). *H NMR spectroscopy of PPH1 contains resonances at § = 4.32 and
4.16 ppm which correspond to CH,0O(C=0)NH adjacent to a urethane group showing covalent
linkage of HEMI and PCL to MDI, respectively. PPF1 shows resonances at 6 = 5.16 and 4.17
ppm which correlate to CH,0O(C=0)NH adjacent to a urethane group showing covalentlinkage
of FA and PCL to MDI, respectively. DA1 shows a resonance at 6 = 5.32 ppm which

corresponds to CH(O)(CH)(CH) on the DA cycloadduct (Figure 4.1). There are also two
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resonances at 6 = 3.03 and 2.90 ppm which relate to two protons CH(CH)C=0 either side of

the N atomin the DA cycloadduct.

HO-Polyol—OH +
-N N
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Scheme 4.1 Step 1 bulk synthesis of NCO-terminated prepolymer. Step 2 synthesis of HEMI-
terminated prepolymer (a) and FA-terminated prepolymer (b). Step 3 bulk copolymerisation
of PPHX and PPFX to produce DAX. X=1, 2,3, 4, Alor A2.

1, corresponding to the —NCO

In FTIR spectroscopy, the absorbance at vmax = 2260 cm
terminus of isocyanate-terminated PCL, diminishes after addition of HEMI and FA in the
formation of PPH1 and PPF1, respectively. After blending of the two prepolymers in molten
form followed by cooling to ambient temperature, the absorbance at Vmax = 696 cm™
decreases in intensity, markingthe reduction in free maleimide and simultaneous formation
of the DA cycloadduct.” Thereis also a resonance at Vimax = 1775 cm™ in the spectrum of DA1

which has been reported to signify DA cycloadduct formation.?>2¢
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Figure 4.1 'H NMR spectrum of DA1 with resonances associated with the DA cycloadduct
labelled. All other resonances correspond to the PCL-MDI backbone. (400 MHz, 298 K, CDCl;).

SEC results displayanincrease in molecular weight for the prepolymers PPH1 (M, = 6.5 kDa)
and PPF1 (M, = 6.3 kDa) relative to non-copolymerised PCL polyol (M, = 2.0 kDa) (Table 4.1).
Afurther substantialincrease in molecular weight accompanies the copolymerisation of PPH1
and PPF1 together at ambient temperature to form DA1 (M, = 20.9 kDa). This increase in
molecular weight indicates successful coupling via DA maleimide-furan cycloadducts to
produce a linear copolymer.? This M, is similar to that of the reference TPU D1 (M, = 18.8

kDa).
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Table 4.1 Composition of the TPU copolymers synthesised with corresponding SEC data.

Molar Ratio® M,¢ M,

n c
Copolymer PCL VDI CE Comonomer (kDa) (kDa) Dwm
1.0 2.0 1.1 FA 6.3 12.6 1.94
1.0 2.0 1.1 HEMI 6.5 12.6 2.02
b b b DA 20.9 54.6 2.63
1.0 2.0 1.3 BD 18.8 36.0 1.92

9Molar ratio of functional groups
b Not measured, made from copolymerisation of prepolymers
¢ Determined by SEC in CHCl3 against PMMA standards

Inspection of the carbonyl region within the FTIR spectra of the materials provides qualitative
information about the intermolecular interactions that are present in each copolymer. All
copolymers display a large absorbance at approximately vima, = 1720 cm™ which corresponds
to ester groups in the PCL backbone (Figure 4.2). Copolymerisation incorporating BD gives
rise to an absorbance at Vmax = 1710 cm™ in D1 which relates to H-bonded urethane.?’ This
resonanceis also presentin the other materials which shows successful H-bonding between
urethane groups occurs in all cases. However, for the furan prepolymer PPF1 the intensity at
Vmax = 1710 cm™ is less than the other materials, which suggests it contains less H-bonding
urethane. In the spectrum of PPH1 there is a significant absorbance at Vmax = 1700 cm™ which
is caused by the maleimide carbonyl groups.?® This band is also present in the spectrum of
DA1, as this material also contains copolymerised maleimide functionality, found within the
DA cycloadduct. Interestingly, imide-urethane H-bonding has previously been reported as a
stronger interaction, indicated by the lower wavenumber, and therefore thermodynamically
favoured over urethane-urethane H-bonding (Figure 4.3).*° Additionally, incorporation of
imide functionality has been shown to increase mechanical properties of the final PU
material.?® Comparison between the carbonylshoulder (Vmax < 1720 cm™) in the spectra of D1
and DA1 shows that DA1 has greater intensity at lower wavenumbers. This difference implies

that DA1 contains stronger H-bonding, likely on account of the imide-urethane interactions
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which are not presentinthe D1 copolymer, and indicates potentially greater cohesion within

the DA1 material.

ester

/N urethane

Absorbance
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Figure 4.2 FTIR spectra of the carbonyl region for two copolymers (D1 and DA1) and
prepolymers (PPH1 and PPF1). The dashed line at Vmax = 1720 cm™ represents the ester
carbonyl which is present in all samples.
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Figure 4.3 (a) urethane-urethane H-bonding. (b) urethane-imide H-bonding.
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Differential scanning calorimetry (DSC) was used to determine the thermal properties of the
four materials (Table 4.2). In all cases, the first heating cycle is discussed as a consequence of
delayed recrystallisation of the copolymers and the slow formation of DA cycloadducts within
the timescales of the DSC experiments. D1 displays the lowest glass transition temperature
(Tg) which implies the PCL chains of the other three materials are less mobile. DA1 records
the highest T, potentially because of restriction to rotation about main chain bonds imposed
by the formation of the DA cycloadduct. Previous works have reported increased T, with DA
coupling, howeverin both cases it was thought a consequence of increased rigidity from short
and aromatic BMI units.3% 3! Additionally, DA1 shows the lowest change in heat flow below

and above T, which is indicative of greater PCL order.?

Table 4.2 Thermal data of the two copolymers and the two prepolymers, obtained via DSC.

T, Tnm DHm T DHm T, AHioa
Copolymer (°é) (o(g)’” (J.g.(f;l) (og)s) (J_gf)s) (O(D:/; (.gh)
31 35&42 31 -2 -2 b P
32 37 &42 33 83 & 104 2.1 b L
-29 43 27 -2 4 117&145 8.9
-44 35845 19 107 2.8 b b
9 No HS detected

b No rDA detected

Above Tg, all materials display a melting endotherm between 35 and 45 °C which correlates
to crystalline PCL (Figure 4.4(a)).?* The D1 reference displays one sharp melting temperature
of the copolymerised polyol (Tm(ol) at 45 °C and another shallow broad Tmpo at 35 °C. The
two melting temperatures suggest different degrees of PCL crystal order, the higher Tm(po
implies homogenous greater order, whereas the lower Tl indicates irregular crystals of
PCL.>® This feature is exaggerated in both PPH1 and PPF1, with larger enthalpy of melting

endotherms (AHm(pol)) Measured at the broader and lower Trmpolyol), €specially for PPF1. This

119



distribution of AHm(pol) suggests that there is greater heterogeneity of PCL crystals in these
materials. The difference could possibly be an effect of molecular weight. Remarkably, DA1
records one single sharp Tmpo) Which implies good homogeneity of the crystalline PCL
suggesting that the cycloadducts facilitate the crystallisation process possibly as a

consequence of phase separation.

0 85 110 135 160
Temperature (°C)

(a) : Te _ _Topol__
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Figure 4.4 (a) DSC thermograms of the four materials, thermal transitions are highlighted and
labelled. (b) Close up of high temperature (> Tmpo) transitions. First heating cycle used at a
heating rate of 10 °C.min™. Exo up.

At temperatures above Tmol), all materials display further transitions, other than PPF1 (Figure
4.4(b)). D1 shows a melting endotherm at 107 °C which is representative of crystalline BD-
MDI HS.?” This melting point shows that the HS is well-ordered and in a separate phase to the
SS, typical of TPU copolymers and discussed in the previous chapter. PPH1 displays two
endotherms at 83 and 104 °C, suggesting phase separation and perhapsordering ofthe polar
MDI-HEMI end groups. Finally, DA1 shows two overlapping endotherms at 117 and 145 °C.
These transitionsare evidence of the rDA reaction and the two peaks correspond to the endo

and exo isomers, respectively.3! Therefore, these endotherms help prove that
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copolymerisation of the maleimide prepolymer PPH1 with the furan prepolymer PPF1 make

a TPU comprising DA cycloadductsin the backbone with thermally reversible covalent bonds.

Dynamic mechanical analysis (DMA) was used to confirm thermal data obtained via DSC. As a
consequence of the brittleness of PPH1 and softness of PPF1, samples of the prepolymers
were not measured, so only D1 and DA1 are discussed (Figure 4.5). D1 displays a lower T,
than DA1, which matches with the DSC data and reinforces good homogeneity within DAL.
Above Tg, both materials exhibita rubbery plateau, but DA1 shows a higher storage modulus
(E’) of 390 MPa compared to 135 MPa for D1 (Table 4.3). The higher strength of DA1 is likely

a result of higher PCL crystallinity and the presence of imide-urethane H-bonding.

10000 A - 10
1000 - Tim(pol)
100 - f
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a. 10 m Tg A e )
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0001 T T T T T T ill' T 001
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——DALE' D1E' — —DA1(tan8§) — —D1 (tan§)

Figure 4.5 DMA of reference copolymer (D1) and DA copolymer (DA1) at a heating rate of 3
°C.min™.

Thereisasteep reductionin E’that beginsat 33and 40 °C for D1and DA1, respectively, which

relates to the Tmpol). Above this temperature, DA1 appearsto lose all its strength, coinciding
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with the melting of semi-crystalline regions. However, the sample did not break during the
experiment, although E” was too low to measure. This loss suggests that the DA cycloadduct
is not present in a sufficient concentration or perhaps there is not enough internal order in
the newly amorphous copolymerabove Tmo) to maintain a cohesive material. On the other
hand, D1 displays cohesion above Tmpon, albeit with a strong temperature dependence, on
account of the discrete HS which holds the material together. Afinaldrop in E’is recorded for

D1 at 80 °C which relates to the Tms).

Table 4.3 Thermal data for D1 and DA1 obtained via DMA using a heating rate of 3 °C.min™.

E'(T>T); T E'(T>T)  Tompon® E'(T>Tmgon)®  Tmgrs)'

Copolymer — \/pa) °) (MPa) °C) (MPa) °C)
2280 18 390 40 i i
2015 21 135 33 0.30 80

9Modulus at -50 °C

b Measured from the peak in tan &

¢ Modulus at 20 °C

4 Measured as the onset of modulus slope
€ Modulus at 70 °C

f Estimated from the drop in modulus

The flow properties of D1 and DA1 were investigated via rheological temperature sweeps.
Materials were subjected to oscillatory rheology from 50 to 150 °C at a fixed amplitude (1 %)
and angular frequency (1 rad.s™). A complex viscosity (n*) of 10 Pa.s is a suitable target, to
enable simple application and good surface wetting as an adhesive. Both copolymers show a
temperature dependent n* with a steeper decrease in n* at similar temperatures,
corresponding to the Tmwus) (D1) and the Tpa (DA1) (Figure 4.6). However, DA1 reaches a
lower n* than D1, which indicates DA1 can achieve better surface wetting. This suggests that
the reversible covalent bonds from the cycloadduct in DA1 are more temperature sensitive
thanthereversible hydrogen bonds arising from the classical chain extender. Moreover, DA1

reaches the target n* at 127 °C, whereas D1 does not reach this value within the measured
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temperature range. At 140°C, the viscosity of DA1 is approximately 14 times lower than D1.
This highly dynamicn* is granted by the rDA reaction which cleaves the copolymer backbone
at specific sites, reducing its molecular weight and n* as a result.?! Therefore, these results
suggest DA1 would be suitable in reversible adhesive applications from the perspective of

applicationand removal at end-of-life.

10° 5

104__ D1 !’}*

10° 4

n* (Pa.s)
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50 60 70 80 9 100 110 120 130 140 150
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Figure 4.6 Temperature sweeps of D1 and DA1 at fixed 1 % and 1 rad.s showing complex
viscosity (n*) as a function of temperature. The dashed black line represents the ‘target

viscosity’ of 10 Pa.s™.

The mechanical performance of D1 and DA1 were determined by performingtensile tests on
film samples (Figure 4.7). Both materialsdisplay typical stress-strain curves of semi-crystalline
TPUs. Initially, the copolymers experience elasticdeformation where stressis proportional to

strain. The materials then reach ayield point which marks the ultimate tensile strength (Omax)
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and the start of plasticdeformation. Finally, the samples begin to ‘neck’ in the middle of the
dogboneand stressis constantas a function of strain, up until the maximum elongation (&max)

at which point the sample breaks.

The values of Young’s modulus (E) are extremely similar for both materials, but omax is slightly
higherfor DAL (Table 4.4). This additional strength islikely a consequence of higher crystalline
PCL content. The most noticeable difference between the two materials is the elongation,
DA1 records a significantly higher emax of 165 £ 5 % compared to 125 + 75 % for D1. As both
materials produce neckingat similar values of stress, the greater elongation of DA1 resultsin
a greater modulus of toughness (U+). A higher Urshows that DA1 is tougher and can withstand
more force before fracture than D1, making it a more promising material. Encouragingly, both
copolymers have similar molecular weights, thereby discounting improved mechanical

performance of DA1 as a result of higher molecular weight.
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Figure 4.7 Tensile stress-strain data for D1 and DA1. Extension rate of 10 mm.min™.
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Table 4.4 Summary of mechanical data obtained from tensile stress-strain measurements for
the two copolymers. 10 mm.min™.

Copolymer E? (MPa) Omax © (MPa) Ur ¢ (MPa) Emax ¢ (%)
121 +12 5.9+<0.1 635 + 55 165 +5
72+8 5.0+0.3 520 + 285 125+ 75

%Young’s modulus is calculated from the initial gradient before the Yield point.

bUltimate tensile strength is the maximum recorded stress the sample can withstand before failure.

¢ Modulus of toughness is measured as the area under the curve and represents the total energy a material can
withstand without breaking.

4 Elongation at break is the strain (%) at which the sample breaks.

The adhesive properties of DA1 were determined via lap shear testing. Square film samples
of DA1 and the reference D1 were placed between two overlapping beechwood substrates,
heated with a little pressure then allowed to equilibrate for at least 14 days. Encouragingly,
DA1 displayed much improvedbondstrength (5.6 + 0.3 MPa) compared to the traditional TPU
copolymer D1 (2.1 + 0.4 MPa) on beechwood substrates (Figure 4.8(a)). While D1 only
showed cohesive failure, several of the DA1 samples displayed substrate failure (Figure
4.8(b)). Therefore, further adhesion measurementswere performed on DA1 usingaluminium
substrates, which revealed a more realistic bond strength of 11.0 + 0.5 MPa. It is clear that
covalent linking via DA chemistry substantially improves the adhesive properties of the TPU
copolymer and is more beneficial than the strength offered by a conventional linear TPU
made via classic chain extenders. The bond strength reported here for DA1 is higher than
previous linear DA PUs using stainless steel substrates (approx. 7.5 MPa), amorphous
crosslinked DA networks and a permanently crosslinked moisture cured PU usingaluminium

substrates (approx. 10and 5 MPa, respectively).?*3*
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Figure 4.8 (a) Bond strengths from adhesion testing of beechwood (BW) and aluminium (AL)
substrates. (b) Beechwood substrates after testing (DA1 and D1).

It has been demonstrated that the DA cycloadduct can form at ambienttemperature and then
be broken with heat via rDA. The retro reaction indicates the dissociation of the cycloadduct
and the liberation of the two prepolymers (PPH1 and PPF1). The repolymerisation of the
prepolymers (to reform DA1) via DA cycloadduct reformation at ambient temperature after
heating was investigated, in order to prove the copolymeris fully reversible and has dynamic
properties. A film of DA1 was coated after preheating for 1 hour at 150 °C and left under
ambient conditions throughout testing.>* Measurements were recorded periodically over the

course of 28 daysand labelled as ‘time after melt application’.

One method of evaluating reformation of the DA cycloadductis through changein molecular
weight which can be easily monitored by SEC.3® Values of M,, and M., for DA1 were recorded
over time, with reference to the M, and M,, of the prepolymers PPH1 and PPF1, which are
the theoretical molecular weights after the rDA reaction - if all cycloadducts are broken.
Comparison was made to the reference TPU (D1) (Table 4.5). After heatingfor one hour, the

molecular weight of DA1 (7.7 kDa) is comparable to that of PPH1 (6.5 kDa) and PPF1 (6.3 kDa)
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which is remarkable and suggests almost complete reversal of DA1 back to the original

prepolymer state.

Table 4.5 Time dependent molecular weight values for DA1 and D1 at ambient temperature.

PPH1 and PPF1 were only measured once and not as a function of time.

Days after melt application*°®

Material Equilibrated ©
0 1 2 3 4 7 14 28
M, 6.3
M, 6.5
M, 7.7 14.4 15.3 18.7 18.8 22.2 18.9 21.6 20.9
M, 12.6
M, 12.6
My 16.7 34.0 41.4 48.5 51.4 52.7 54.4 56.7 54.6
M, 16.3 17.1 16.3 16.4 15.0 16.9 14.0 15.2 15.4
M, 317 361 346 352 345 354 334 329 33.9

9 Determined by SEC in CHCI3 against PMMA standards

b Values reported in kDa
¢Taken as the average of 7, 14 and 28 days

Monitoringthe M, and M,, of DAl against time at ambient temperature after melt application

shows an initial rapid increase within the first 4 days (Figure 4.9). A slower gradual increase

follows, before the values appear to plateau after 7 days. Increasing molecular weight

signifies the reformation of the DA cycloadduct. These observations match previous reports

of DA cycloadducts which required one week to equilibrate in amorphous polyurethane

networks at ambient temperature.?* Once an equilibrium has been reached, there is no

change in molecular weight. On the other hand, the reference copolymer (D1) displays

constant molecular weight throughout the 28 days, with no variation due to heatingor time,

as expected. This dynamic relationship between high and low molecular weights present in

DALl is key in controllingthe n*.
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Figure 4.9 The variation of M, (left y-axis) and M, (right y-axis) with time at ambient
temperature after melt application for DA1. The prepolymer molecular weights are marked
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SEC in CHCl3 against PMMA standards.

FTIR spectroscopy was also used to detect the reformation of DA cycloadducts by monitoring
the consumption of PPH1. The absorbance at Vimax = 696 cm™ corresponds to the C=C-H of free
maleimide which is present in PPH1 and therefore diminishes in intensity as the maleimide

).3* Measuring the area of the absorbance

reacts to form the DA cycloadduct (Figure 4.10(a)
against time shows a similar, butinverted, trend to the change in molecular weight with time
(Figure 4.10(b)). There is an initial rapid decrease in free maleimide over the first 3 days,
however the decrease slows before a plateau is established after 4 days. This plateau

indicates that an equilibrium has established between the associative DA reaction and the

dissociative rDA reaction.
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Figure 4.10 (a) Change in absorbance at 696 cm™ (free maleimide) against time after melt
application. (b) Decrease in relative absorbance of band at 696 cm™. Time = 0 is set as 100 %.

Finally, DSC analysis revealed the change in thermal properties of DA1 over time (Table 4.6).
The meltingendotherm at 43 °C, correspondingto the crystalline PCL, is not present until the
measurement after 7 days (Figure 4.11(a)). It is likely that the presence of the DA cycloadduct
supresses the rate of crystallisation of PCL. However, further data would need to be
accumulated duringthe first 7 days to draw full conclusions on the kinetics of crystallisation.
After 14 days, AHmpol increases, but remains constant after 28 days indicating that it takes up
to 14 daysto reach equilibrium for the crystalline phase.

Table 4.6 Thermal data of DA1 obtained via DSC over 28 days.

Time after melt application ;l'g T,:(,,on AHm_(fon Toon (°C) AHrEA
(Days) (°C) (°C) (.g7) (J.g7)

0 -32 2 - 146 4.9

0.5 -34 38 b 119 & 149 5.8

7 -30 43 17 115 & 148 8.7

14 -23 43 28 116 & 147 9.3

28 -29 43 27 117 & 145 8.7

9 No melting endotherm detected

b Melting endotherm too smallto measure accurately
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In contrast, observation of the rDA endotherms shows some cycloadduct is present at Ty, =
146 °Cimmediately after coolingthe melt to ambient temperature. Recorded values of AH,pa
increase within the first 7 days and then plateau for the remaining time, as observed in other

techniques (Figure 4.11(b)).
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Figure 4.11 (a) The development of DSC thermograms of DA1 over 28 days at ambient
temperature after melt application. Important transitions are highlighted and labelled. (b)
Close up of regions of rDA. First heating cycles used at a heating rate of 10 C.min™. Exo up.
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4.2.2 TPUs comprising thermally reversible covalent bonds and highly crystalline backbones
Following proof of successful incorporation of the DA cycloadducts into a semi-crystalline
polymer, the possibility of including reversible covalent chemistry within highly crystalline
TPUs was then explored. Three highly crystalline polyols based on copolymers of aliphatic
diacids and diols (Dynacoll 7360, Dynacoll 7380 and Dynacoll 7490) were used. Dynacoll 7360
is a copolymer of hexane diol and adipicacid (T, = 58 °C), Dynacoll 7380 is a copolymer of
hexanediol and dodecanedioic acid (T, = 74 °C) and Dynacoll 7490 is a copolymer of
diethylene glycol and tetradecanoic acid (7= 91 °C) (Table 4.7). It is important to note that
these commercially available polyolshave a higher molecular weight relative to PCL (3.5 kDa
vs 2.0 kDa, respectively). Therefore, the resulting DA copolymers based on these polyols will

contain a lower concentration of DA cycloadduct compared to the previous DA1.

Table 4.7 Structures of semi-crystalline polyols used with DSC data.

Polyol Structure T(T(g;') Ag;.‘f;"
Hexanediol Adipicacid
Dynacoll O
7360 /{O\/\/\/\Ow >8 108
)
Hexanediol Dodecanedioicacid
@]
Dynacoll
74 151
7380 /{O\/\/\/\O)J\/\/\/\/\/\ﬁ/
0]
Diethylene glycol Tetradecanoicacid
0]
Dynacoll
1 12
7490 ﬁo/\/ov\o)J\/\/\/\/\/\/ﬁﬁ/ 9 /
0

Dynacoll 7360, 7380 and 7490 were copolymerised via the same route as DA1 to form TPUs

DA2, DA3 and DAA4, respectively (Table 4.8). Briefly, each Dynacoll polyol was in turn
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copolymerised with MDI, followed by reaction with monofunctional HEMI and FA to afford
separate HEMI-and FA-terminated prepolymers (PPHX and PPFX, respectively) (Scheme 4.1).
PPHX and PPFX based on the same Dynacoll polyester backbone were then blended in the
melt phase followed by subsequent copolymerisationat ambient temperatures to form DAX.
For simplification during evaluation of the results, DAX will be used to represent the three
copolymers together with PPHX and PPFX used to generally represent the HEMI- and FA-
terminated prepolymers, respectively. *H NMR spectroscopy of PPH2-4 showed resonances
at 6 = 4.32 and 4.16 ppm, which relates to CH,O(C=0)NH adjacent to a urethane group
showing covalent linkage of HEMI and PCL to MDI, respectively. PPF2-4 shows resonances at
6=5.16 and 4.17 ppm which correlate to CH,0O(C=0)NH adjacentto a urethane group showing
covalent linkage of FA and PCL to MDI, respectively. DA2-4 have a weak resonance at 6 = 5.32
ppm which corresponds to CH(O)(CH)(CH) on the DA cycloadduct. There are also two weak
resonances at 6 = 3.03 and 2.92 ppm which relate to two protons CH(CH)C=0 either side of

the N atom from the DA cycloadduct as observed with DA1 (Figure 4.1).

Table 4.8 Composition of the semi-crystalline TPU copolymers synthesised with corresponding
SEC data.

Copolymer Molar Ratio” Comonomer M’ M’ Dy°
PCL MDI CE (kDa) (kDa)
PPF2 1.0 2.0 1.1 FA 12.8 24.3 2.18
PPH2 1.0 2.0 1.1 HEMI 9.4 20.3 2.15
DA2 b b b DA 23.7 47.3 2.00
PPF3 1.0 2.0 1.1 FA 12.5 26.2 1.90
PPH3 1.0 2.0 1.1 HEMI 9.6 20.9 2.10
DA3 b b b DA 29.2 74.0 2.55
PPF4 1.0 2.0 1.1 FA 15.2 29.4 1.93
PPH4 1.0 2.0 1.1 HEMI 11.4 25.3 2.22
DA4 b b b DA 31.5 84.3 2.68

9 Molar ratio of functional groups
b Not measured, made from copolymerisation of prepolymers
¢ Determined by SEC in CHCl; against PMMA standards
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To determine whether DA cycloadducts were present in DA2, DA3 and DA4, the materials
were analysed by FTIR spectroscopy. After combining prepolymers during melt application,
followed by reaction at ambient temperature, all three spectra displayed a disappearance of
the absorbance at vmax = 696 cm™ relating to free maleimide which implies reaction and
successful formation of the DA cycloadduct. Additionally, allthree DAX copolymers exhibit an
absorbance at Vmax = 1775 cm™ which is associated with the DA cycloadduct. SEC results show
an increase in M, of all DAX copolymers, relative to their respective PPHX and PPFX
prepolymer. An increase in M, indicates successful cycloaddition of the HEMI and FA

prepolymer end groups to form the DA cycloadductin the backbone.

The carbonyl region within the FTIR spectra of the three DAX copolymers and accompanying
PPHX and PPFX prepolymers were then investigated. Results of the carbonyl regions are
similarto those of the PCL materials shown previously, DA1, PPH1 and PPF1 (Figure 4.2). The
PPFX prepolymers all show a relatively narrow absorbance at Vmax = 1724 cm™ which is caused
by the polyester backbones with a small shoulder at lower wavenumbers relating to the small
amount of urethane present. PPH3 and PPH4 show two overlapping absorbances with
separate peaks (Figure 4.12(b) & (c)), whereas PPH2 appears more as one major absorbance
with a significant shoulder at lower wavenumbers (Figure 4.12(a)). The lower absorbance at
Vmax = 1700 cm™ indicates maleimide carbonyls which are present in HEMI end groups. In the
spectra of DAX, aband at Vma = 1724 cm™ is the major absorbance with a prominent shoulder
at approximately vmas = 1700 cm™ for the imide carbonyl, as discussed previously. These
results indicate that despite the high crystallinity of the Dynacoll polyols, the three DAX still
contain a significant number of intermolecular interactions and likely have good material

cohesion.
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Figure 4.12 FTIR spectra showing carbonyl regions of DAX copolymers, PPHX and PPFX
prepolymers for (a) DA2, PPH2 and PPF2, (b) DA3, PPH3 and PPF3 and (c) DA4, PPH4 and
PPF4.

DSC was used to determine the thermal properties of the materials (Table 4.9). Again, the
first heating cycle is analysed as a consequence of the slow reformation of the DA
cycloadducts. The Ty were too small to be measured accurately, as a consequence of high
crystallinity, and are therefore not presented.®* Copolymerisation of each polyester polyol
with MDI and subsequent reaction with HEMI and FA to form PPHX and PPFX prepolymers,
respectively, decreases the crystalline melting point Tmpoy and AHmpo) (Figure 4.13(a), (c) &
(d)). This effect is expected as a consequence of the introduction of additional components
which disrupt the order of the copolymerised polyester crystallinity. Copolymerisation of
PPHX and PPFX prepolymers to form DAX copolymers results in a further decrease in Tm(pol)

and AHmpo, @ likely a result of the formation of the DA cycloadducts in DAX copolymers which
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hinders crystallisation. While there is a substantial decrease in the enthalpy of melting
AHmpol), the values recorded are still significantly greater than DA1 which provesit is possible
to maintain a substantial amount of crystallinity upon copolymerisation. The melting points
of the resultingcopolymers DA2, DA3 and DA4 (50, 65 and 78 °C, respectively) are higher than
DA1 (43 °C).

Table 4.9 Thermal data of the three copolymers their respective prepolymers and the
crystalline polyols, obtained via DSC.

T, AH T, DH T, OH:oa

vareral et e T e T g
7360 58 108 -2 -2 b b
PPF2 44 & 55 64 -2 -2 b b
PPH2 52 69 -2 -2 b b
DA2 50 68 -2 4 116 &148 5.2
7380 74 119 2 -2 b L
PPF3 55 & 67 98 -2 -2 b P
PPH3 67 81 133 2.3 b b
DA3 65 74 -2 2 117&146 5.4
7490 91 127 -2 -2 b b
PPF4 82 78 -2 -2 b b
PPH4 82 83 111 1.6 b P
DA4 78 68 -2 4 117&146 45

9 No HS detected

b No rDA detected

At highertemperatures, Dynacoll 7360, 7380 and 7490 and PPFX prepolymers do not display
any other thermal features. The absence of an additional transition at higher temperatures
indicates that PPFX prepolymers are single phase. However, PPH3 and PPH4 show
endotherms at 133 and 111 °C, respectively (Figure 4.13(d) & (f)). Considering the presence

of imide groups, as determined via FTIR spectroscopy, this endotherm is possibly caused by
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phase separation of the polar end groups in a distinct HS. However, unlike PPH3 and PPH4,
PPH2 does notdisplay an endotherm at higher temperatures which could be a consequence
of shorter repeat units (hexanedioland adipicacid) within the backbone, which increases the
frequency of polar ester groups alongthe backbone (Figure 4.13(b)). A higher concentration
of ester groups could account for greater miscibility with the polar HEMI groups. On the other
hand, the backbones in PPH3 and PPH4 contain longer aliphatic repeating units which

decreases polarity and could promote phase separation of the end groups.

All three DAX copolymers exhibit a dual endotherm at approximately 117 and 146 °C which is
associated with the rDA reaction, as previously discussed. Therefore, DSC analysis confirms
the presence of DA cycloadduct within these highly crystalline TPU copolymers. Values for
DA2-4 (AH.pa = 4.5 — 5.4 ).g) are significantly smaller than for DAL (AHpa = 8.9 J.g ). This
difference is a consequence of the higher molecular weight of the Dynacoll polyols used to

make DA2-4 which decreases the concentration of DA cycloadducts.
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Figure 4.13 Melting endotherms of materials based on (a) Dynacoll 7360, (c) Dynacoll 7380
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The materials were then subjected to DMA as solid bar samples where storage modulus (£’
and tan & were measured as a function of temperature (Figure 4.14). As with the PCL-based

systems, only the DAX copolymers were analysed on account of the practical difficulties in

preparing samples of the PPHX and PPFX prepolymers.
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Figure 4.14 DMA of DA2, DA3 and DA4. Storage modulus (E’) (left y-axis) and tan & (right y-
axis) as a function of temperature. Heating rate of 3 °C.min™.

Astemperatureincreases, all three DAX copolymersdisplay a very shallow decreasein E’ with
an accompanying small change in tan 6 which indicates a weak T;. Above Tg, the moduli
remain high with a resemblance to a plateau region. All three materials reported higher E’
above T, than DA1 (Table 4.10 vs Table 4.3). The increase is likely on account of the higher

crystallinity of the copolymers containing Dynacoll, with E’ increasingin order of Tmpo) (DA2
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< DA3 < DAA4). Finally, each material dramatically decreases in E’ over several orders of
magnitude at their respective Tmpol). Above this temperature, the values of E” were too low
to measure accurately, however the samples themselves did not break during the
experiments. As hypothesised with DA1, this lack of strength is either a consequence of

insufficient DA cycloadduct concentration orinternal order of the copolymers above Tim(pol)-

Table 4.10 Thermal data of DA2-4 obtained via DMA at a heating rate of 3 °C.min™.

Copolymer E(T>T) T E'(T>T)  Tpo’

(MPa) (°C) (MPa) (°C)
DA2 1845 4 505 46
DA3 1555 12 835 64
DA4 1890 17 1015 78

9 Modulus measured at -50 °C

bMeasured as peak in tan &

¢ Modulus measured at 20 °C

4 Measured as the onset of modulus reduction

The flow properties of the DAX copolymers were determined with temperature sweeps via
oscillatory rheology measurements. Both n* and tan & were monitored as a function of
temperature (Figure 4.15). At lower temperature below their melting points, all samples
initially show high signal-to-noise ratio likely because of slippage of the solid samples.
However, once each material passesits respective Tm(pon), the data obtainedis much smoother
due to better sample-to-plate contact in the molten state. As expected, the n* decreases
significantly above Tmpol), as the sample is able to flow. As the temperature continues to
increase, there is a substantialdecreasein n* at approximately 100 °C which is accompanied
by a peakin tan 6. These features coincide with the rDA reaction, as the cycloadducts within
the backbones break causing molecular weight to decrease and resulting in rapid reduction
of n*. Notably, the complex viscosity of all three materialsis well below the target of 10 Pa.s”
1

within the temperature range recorded which presents them as potentially suitable

materials for reversable adhesive from the perspective of application and removal.
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Figure 4.15 Rheological analysis of DA2, DA3 and DA4. Complex viscosity (n*) (left y-axis) and
tan 6 (right y-axis) as a function of temperature. The short dashed black line represents the
target n* of 10 Pa.s™.

The three DAX copolymers were then evaluated by tensile testing to determine their
mechanical properties. The resulting stress-strain curves were analysed (Figure 4.16). Each
material initially shows elastic deformation at low strain. Despite containing less DA
cycloadduct, the modulus values for the Dynacoll based DAX copolymers are significantly
higher than for DA1, which suggests mechanical performance is more dependent on the
constituent polyesterthan DA cycloadduct concentration (Table 4.11). The values of E again
increasein the order of Trpo)): DA2 < DA3 < DA4, which matches the order of E”and confirms
DA4 is the strongest material. DA4 fractures with an impressively high tensile strength (18 +
1 MPa) at 5 + <1 % elongation, which showsi it is a strong, brittle material with relatively low
toughness (50 + 5 MPa). DA2 stretches beyond its yield point before fracturingat 40 + 1 %

elongation. Remarkably, DA3 displays a stress-strain curve with both elastic and plastic
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deformation, with high strength (E = 489 + 22 MPa and gmax = 17 + < 1 MPa) and toughness

(2465 + 65 MPa).
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Figure 4.16 Stress-strain curves of DA2, DA3 and DA4 measured at a speed of 10 mm.min™.
Sample rupture is marked with a cross.

Table 4.11 Summary of mechanical data obtained from tensile stress-strain measurements
for the two copolymers at a speed of 10 mm.min™.

Copolymer E?(MPa) Omax © (MPa) Ur ¢ (MPa) Emax ¢ (%)
DA2 264 + 14 12 +<1 300 + 35 40+1
DA3 489 £ 22 17 +<1 2465 + 65 2503
DA4 588 + 35 18+1 50+5 5+<1

?Young’s modulus is calculated from the initial gradient before the Yield point.

bUltimate tensile strength is the maximum recorded stress the sample can withstand before failure.

¢ Modulus of toughness is measured as the area under the curve and represents the total energy a material can
withstand without breaking.

4Elongation at break is the strain (%) at which the sample breaks.

The adhesive properties of DAX were determined via lap shear testing with beechwood

substrates. The bond strengths of all three DAX are similar, with DA3 (8.5 + 0.9 MPa) and DA4
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(8.3 £ 1.2 MPa) showingslightly higher valuesthan DA2 (7.1 + 0.4 MPa) (Figure 4.17(a)). Each
copolymer caused extreme substrate failure, with the beechwood tearingor breaking, which
shows that the upper limit of the substrate strength was reached (Figure 4.17(c)). Therefore,
the lap shear tests were repeated with aluminium substrates which provided higher bond
strengths for each copolymer. The bond strength for DA2 increases slightlyto 10.9 £ 0.3 MPa,
DA3 displaysalargeincreaseto 14.1 +0.8 MPa and DA4 records a substantial increase to 20.3
+ 0.9 MPa which is remarkable for a thermoplastic polymer adhesive (Figure 4.17(b)). Each
material displays cohesive failure (Figure 4.17(d)). These results are extremely promising for
adhesive applications, achieving double the strength reported for reversible amorphous
crosslinked systems (approx. 10 MPa) and quadruple that of an irreversibly crosslinked PU
adhesive (approx. 5 MPa).?" 3* As cycloadduct concentration appears to be relatively equal
(via DSC), it emphasises that the different properties arise from the different constituent
polyester backbones which indicates potential for targeted properties.

(a) Beechwood (b) Aluminium
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Figure 4.17 Bond strengths of DA2-4 with (a) beechwood (b) and aluminium substrates. (c)
Substrate failure of beechwood substrates. (d) cohesive failure of aluminium substrates.
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Thereversibility of the Dynacoll-based DAX copolymers was investigated in the same manner
as DAl described earlier. Samples of each material were heated to 150 °C for 1 hourthen left

to equilibrate at room temperature for 28 days, with samples analysed throughout via SEC,

FTIR analysis and DSC.

SEC results of DAX copolymers analysed immediately after heating showed M, similar to
those of the respective prepolymers (Table 4.12). These results show successful rDA reaction
and good reversibility to return to the prepolymer state. All three DAX copolymers increase
rapidlyin molecular weight at ambient temperature followed by a plateau after 7 days when
an equilibrium between the associative and dissociative DA reaction has been achieved.
(Figure 4.18). This behaviouris similarto DA1 previously described.

Table 4.12 Time dependent molecular weight values for copolymers DA2, DA3 and DA4 with

time. Prepolymers PPHX and PPFX were only measured once and not as a function of time and
the averages are labelled as PPX.

Days after melt application ™ ¢

Material Equilibrated ®
0 1 2 3 4 7 14 28

DA2M, 82 137 157 17.0 132 154 189 205 18.3

PP1 M, 11.1

DA3 M, 104 21.8 19.9 25.5 29.4 28.4 25.0 34.3 29.2

PP3 M,? 11.0

DA4M, 105 240 234 331 31.0 316 293 336 315

PP4 M 13.3

9PPX is the average M,, of both PPHX and PPFX prepolymers (for clarity)
bDetermined by SEC in CHCl; against PMMA standards

¢ Values reportedin kDa

4 Measured as the average of 7, 14 and 28 days
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Figure 4.18 M, as a function of time at ambient after melt application for DA2, DA3 and DA4.
For clarity, the average prepolymer molecular weights (PPX) of respective PPFX and PPHX are
marked with dashed lines. Determined by SEC in CHCl; against PMMA standards.

FTIR analysis of DAX samplesimmediately after melt application revealed the appearance of
the absorbance at Vmax = 696 cm™ corresponding to free maleimide. This absorbance suggests
a reversal of each DAX copolymer back into its respective PPHX and PPFX prepolymers. Each
copolymer was monitored over time and the relative intensity of the absorbances at v =
696 cm™ were measured (Figure 4.19). After the initial rapid decrease in intensity over the
first 7 days, all three DAX plateau as expected indicatingan equilibrium of the reversible DA
reactionisreached. DA2 and DA3 show < 30 % free maleimide remains after 28 days, whereas
DA4 shows approximately 45 %, likely a consequence of the high melting point of DA4 which

is well above ambient temperature at which the material is copolymerised. With comparison
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to DA1 (approximately 15 %), the results suggest that more unreacted maleimide is present
for materials with higher melting points due to potential issues with chain mobility (Figure

4.10(b) vs Figure 4.19).
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Figure 4.19 Relative intensities of FTIR absorbance at Vmex = 696 cm™ with time at ambient
after melt application for DA2, DA3 and DA4.

Finally, the materials were monitored via DSC as a function of time at ambient after melt
application. The crystalline melting endotherms were present immediately for all DAX
materials which show they have much faster crystallisation kinetics relative to DA1 (Table
4.13). DA4 shows that crystallisation equilibrates within 0.5 days whereas DA3 and DA2
equilibrate within 7 days. Fast crystallisation could permit reasonable initial strength to hold

substratesin place as the DA cycloadduct forms over time.
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Immediately after cooling the miscible molten blend of prepolymers (0 days), all three DAX
copolymers exhibit a small endothermic peak at 146 — 149 °C, which corresponds to Tipa
(Figure 4.20). As with DA1, the copolymers DA2-4 require approximately 7 days for AHpa to
increase and plateau. This trend in AH,pa shows that the DA cycloadduct is present in low
concentration initially but increases with time. After 7 days, the material reaches an
equilibrium. Therefore, DSC analysis also proves the reversibility of the DAX copolymers. It is
interesting to note in these studies the kinetics of polyester segment crystallisation do not

appeartoinfluence the rate of DA association.

Table 4.13 Thermal data of DA2, DA3 & DA4 obtained via DSC over 28 days.

Time after
melt T (ool AH (ool T:oa AHpa
Copolymer application (°(Cp) ! (J.g'(f) ! (°C) (J.g?h)
(Days)
0 49 53 149 0.5
0.5 48 56 116 & 149 1.9
DA2 7 50 67 116 & 147 5.6
14 50 67 117 & 147 5.9
28 49 65 116 & 144 5.6
0 65 67 147 2.2
0.5 64 69 118 & 147 3.7
DA3 7 65 74 117 & 146 5.1
14 65 72 117 & 146 6.0
28 65 76 119 & 146 5.2
0 77 & 82 56 146 1.3
0.5 76 & 83 67 118 & 147 2.5
DA4 7 77 & 81 70 117 & 146 4.4
14 77 & 81 67 116 & 146 4.4
28 77 68 118 & 146 4.7
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Figure 4.20 DSC thermograms of rDA regions against time for (a) DA2 (b) DA3 and (c) DA4.
First heating cycle used at a heating rate of 10 °C.min™. Exo up.

Overall, the results for the highly crystalline DAX copolymers demonstrate that it is still
possible to form DA cycloadduct despite large concentrations of crystalline segments with
high melting points and extremely fast crystallisation. Importantly, DAX copolymers produce
very impressive bond strengths, especially DA4. However, FTIR spectroscopic data revealed
thatthereis a higher percentage of free maleimide present in DA2-4 after 28 days relative to
DA1 which is partially reflected in lower values of AH,pa. This difference s likely caused by the
higher Ty, of the Dynacoll based copolymers which promotes crystal formation over DA adduct

formation when copolymerisingatambient temperature. Further work could investigate the
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potential of increasing the amount of DA cycloadduct formation via post synthesis heat
treatment with determination of any effects on mechanical performance. Studies have
demonstrated the possibility of exploitingthe interplay between crystal and DA cycloadduct
formation by thermal conditioning to favour formation of one or the other.'® Therefore,
heatingto approximately 60 °C could enhance DA cycloadduct conversion, further increasing

the molecular weight of the copolymers and their resulting mechanical properties.*’

4.2.3 Amorphous TPUs comprising thermally reversible covalent bonds

As areference point, the effect of DA cycloadducts within amorphous TPUs was investigated.
These experiments were performed to help determine the interplay between polyol
crystallinity and DA cycloadduct formation by analysing reference ‘zero crystallinity
materials. The polyols on which the amorphous DA TPUs are based are Capa 8025, a 75 : 25
random copolymer of e-caprolactone and lactic acid, and Priplast 1838, a hydrophobic
copolymer of Cszs dimer diol containing long aliphatic branches copolymerised with an
undefined diacid (trade secret) (Figure 4.21). Both polyols are 2.0 kDa, OH-terminated and
amorphous at room temperature. These materials were selected as Capa 8025 is a good
reference to the semi-crystalline poly(caprolactone) polyols used previously and Priplast 1838
is very non-polar with some similarity to the more highly crystalline materials based on long

chain linear diacids.

The same reaction pathway as previously described was used to make the amorphous DA
copolymers (Scheme 4.1). Maleimide- and furan-terminated prepolymers were made
separately via reaction of NCO-terminated prepolymers with HEMI and FA, respectively. DA
copolymers were then made by blending the prepolymers in the melt followed by

copolymerisation at ambient temperature. Prepolymers PPHA1 and PPFA1 were used to
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synthesise DAAL, all comprisingthe more polar Capa 8025 backbone. Prepolymers PPHA2
and PPFA2 were used to synthesise DAA2 comprising the hydrophobic backbone Priplast

1838 (Table 4.14).

Capa 8025
@) (@)
/Go\/\/\)teoj\ro%m

Priplast 1838

1 O O

L )L/

O R
-n

Figure 4.21 Composition of Capa 8025 (copolymer of e-caprolactone and lactic acid) and
approximate structure of Priplast 1838. R represents undefined diacid copolymerised.

Table 4.14 Composition of amorphous TPU copolymers synthesised with corresponding SEC
data.

| Molar Ratio® M,¢ M, .
Copolymer PCL VDI CE Comonomer (kDa) (kDa) Dwm
1.0 2.0 11 FA 6.3 11.7 1.85
1.0 2.0 1.1 HEMI 6.0 111 1.85
-b -b -b DA 11.0 28.2 2.56
1.0 2.0 11 FA 6.0 14.2 2.36
1.0 2.0 11 HEMI 6.0 13.8 2.28
b b b DA d d d

9Molar ratio of functional groups

b Not measured, made from copolymerisation of prepolymers
¢ Determined by SEC in CHCl3 against PMMA standards

4 Insoluble so not measured
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Synthesis of the prepolymers and copolymers were proven by 'H NMR and FTIR
spectroscopies. In the 'H spectrum of PPHAL, it displayed a resonance at § = 4.32 ppm
(CH,0(C=0)NH) which signifies the covalent incorporation of HEMI. PPFA1l showed a
resonance at & = 5.15 ppm (CH,O(C=0)NH) which suggests incorporation of FA into the
polymer. Similarresonancesat 6 = 4.33 and 5.17 ppm were recorded for PPHA2 and PPFA2,
respectively. The spectrum of DAA1 showed a resonance at 6 =5.31 ppm which corresponds
to CH(O)(CH)(CH) in the DA cycloadduct and two resonances at 6 =3.02 and 2.92 ppm which
relate to two protons CH(CH)C=0 either side of the N atom in the DA cycloadduct as discussed

previously for DAL (Figure 4.1). However, DAA2 was insolublein CHCls, so no NMR spectra

were obtained.¥

SEC results of DAA1 revealed an increase in molecular weight relative to its component
prepolymers PPHAL1 and PPFAL. However, the M, of DAA1 (11.0 kDa) is much lower than
expected compared to theincreases in molecular weight for previous materials. Additionally,
it was not possible to obtain molecular weight values of DAA2 as a consequence of poor
solubility. As previously, FTIR spectra of DAA1 and DAA2 display a disappearance of the
absorbance at vma = 696 cm™ over time which signifies the consumption of free maleimide.

Both SEC and FTIR spectroscopy results imply the formation the DA cycloadduct.

Further FTIR spectroscopic analysis of the carbonyl region of the two DAX copolymers and
four prepolymers reveals details on thetype of intermolecular interactions present. Materials
based on Capa 8025 show a large absorbance at vVmax = 1728 cm™ which corresponds to ester
within the polyol backbone (Figure 4.22(a)). PPFA1 displays a slight shoulder at lower
wavenumbers which is representative of urethane carbonylgroups. PPHA1 shows two peaks,

the lower at Vmax = 1711 cm™ which is caused by the imide carbonyl functionality as described
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previously. The resulting copolymer DAA1 shows a spectrum with a main absorbance at vimax
= 1728 cm* and a significant shoulder at 1711 cm™. Interestingly, all materials based on the
hydrophobic backbone Priplast 1838 show two overlapping absorbances (Figure 4.22(b)).
One absorbance at vmax = 1733 cm™ which relates to the ester within the polyol backbone is
present in all spectra. The second for PPFA2 appears at Vmax = 1700 cm™ on account of
urethane carbonyl groups. PPHA2 displays its second high intensity absorbance at v = 1705
cm™ correspondingto imide carbonyl groups. Finally, DAA2 has a broad absorbance at Vimay =
1703 cm™ which is a combination of imide and urethane carbonyls. The higher relative
absorbance for the peak at lower wavenumber are likely to result from the lower
concentration of ester groups in the backbone. This analysis aligns with the data previously
discussed for the semi-crystalline TPU copolymers which suggests crystallinity does not
prevent formation of intermolecular interactions. In fact, absorbances in the amorphous

materials tend to appear at higher wavenumbers which suggests these interactions are

weaker.

-\ imide
- - - I /
(a) /N .+— imide ——DAA1 (b) o ——DAA2
ester —», ) ester —» !
' /™ | urethane ---PPHA1 — — _PPHA2
/ _ PPFAL o PPEA
urethane

Absorbance
Absorbance

1800 1775 1750 1725 1700 1675 1650 1625 1600 1800 1775 1750 1725 1700 1675 1650 1625 1600

Wavenumber (cm1) Wavenumber (cm)

Figure 4.22 FTIR spectra showing carbonyl regions of (a) DAA1, PPHA1 and PPFA1 and (b)
DAA2, PPHA2 and PPFA2.
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Thermal analysis was performed on the amorphous materials via DSC with the same method
as all previous materials. Heating cycles of the Capa 8025 polyol displayed a clear Ty which
increased on copolymerisation with MDI and reaction with HEMI or FA to make the
prepolymers (Table 4.15). Copolymerisation of PPHA1 and PPFA1 to form DAA1 showed an
additional increase in T,. This trend reveals that there is restriction to rotation around main
chain bonds upon copolymerisation. The T; also becomes a little broader with
copolymerisation which indicates a decrease in material homogeneity (Figure 4.23(a)). The
data suggests that formation of the DA cycloadducts significantly hinders chain mobility.
PPHA1 displays a shallow undefined thermal transition at 98 °C which could be a sign of end
group association, as seen for the previous materials PPH1, PPH3 and PPH4. There are no
otherthermal transitions observedfor the pure polyol Capa 8025, PPHA1 or PPFAL1. However,
as expected, DAA1 displays two endotherms at 117 & 145 °C corresponding to the rDA
reaction. Itis notable thatthe enthalpy change dueto the dissociation of cycloadducts (AHpa)
of the amorphous DAA1 (11.9 J.g?) is only slightly higher than the poly(e-caprolactone)

copolymer DA1 (8.9 J.g%) which indicates that the presence of crystallinity within the latter

has a small effect on hindering DA cycloadduct formation.

The thermogram of Priplast 1838 displaysa Ty at -62 °C which is very low due to the aliphatic
and flexible nature of the material. The T; increases upon copolymerisation with MDI and
reaction with HEMI or FA as a consequence of increased restriction of chain mobility, but
remains relatively low which is promising for low temperature applications. Just above the T,

there is second feature that is not observed after copolymerisation of Priplast 1838 (Figure

4.23(b)).
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Table 4.15 Thermal analysis data of the two copolymers, two prepolymers and polyols for
materials based on Capa 8025 and Priplast 1838, obtained via DSC.

a a AHcpa
Material (;ré) Z:,ag) (AJZ??) '(frz;; (.g?)
55 b b c c
-25 b b i K
-24 98 b - -
-12 -b b 117 & 145 11.9
-62 -35 3.7 - -
-45 76 7.7 - -
-47 86 & 137 9.6 &4.7 - -
-45 55 - 116 & 145 6.7
9 Alternative (unconfirmed) thermal transitions

bNon detected
¢ No rDA detected

The pure Priplast 1838 polyol does not display any other thermal transitions at higher
temperatures which shows itisamorphous at ambient temperature. PPFA2 and PPHA2 show
endotherms at 76 and 86 °C, respectively, suggesting some order or phase separation which
could be driven by the difference in polarity between the hydrophobic polyol backbone
(nonpolar)and the end groups comprising FA or HEMI (polar) which leads to thermodynamic
incompatibility. While PPFA2 does not show any further thermal transitions, PPHA2 displays
an additionalendothermat 137 °C which potentially represents polar end group association.
The disparity between PPFA2 and PPHA2 could be explained by the presence of imide
carbonyl groups in PPHA2 which allows for favourable intermolecular H-bonding and
therefore association, which is enhanced in such a hydrophobic matrix. DAA2 also shows a
slight thermal transition at 55 °C which could also be due to phase separation. Importantly,
the double endotherm is once again present at 116 and 145 °C in this copolymer which

confirms the presence of exo and endo DA cycloadducts. The recorded AHpa of DAA2 is 6.9

153



J.g?, which issomewhat lower than for DAA1 (11.9).g?). The decrease in AH;pa might feasibly

be linked to the additional phase separation but further detailed studies would be required

for confirmation.
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Figure 4.23 DSC thermograms of the four materials, thermal transitions are highlighted and
labelled. (a) DAA1, PPHA1, PPFA1 and Capa 8025. (b) DAA2, PPHA2, PPFA2 and Priplast

1838. First heating cycles used at a heating rate of 10 °C.min™. Exo up.
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DMA was used to improve understanding of thermal properties of the two amorphous DAX
copolymers (Figure 4.24). The T, of DAA1 appears at a higher temperature than DAA2,
confirming results obtained via DSC. DAA2 has an impressively low T, the lowest of all
materials measured via DMA in this chapter which indicates favourable low temperature
properties (Table 4.16). Above T,, DAA1 displays a region where the modulus hasa moderate
dependence ontemperature. However, DAA2 has a significantly more stable rubbery plateau
above T, that occurs over a wide temperature range, which could be evidence of the
additional strength offered by phase separation. Such a stable £’ would allow for good
mechanical properties over a wide temperature range which is industrially useful in
applications. Values of E” above T, for both amorphous copolymers are significantly lower
than the semi-crystalline analogues (up to over 250 times lower) which demonstrates the

reinforcement gained from crystallinity (Table 4.16 vs Table 4.3 and Table 4.10).
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Figure 4.24 DMA of DAA1 and DAA2 with a heating rate of 3 °C.min™. Storage modulus (E’)
(left y-axis) and tan & (right y-axis) as a function of temperature.
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At 92 and 110 °C, the E’ of DAA1 and DAA2, respectively, rapidly decrease which shows loss
of cohesion, however neither sample broke in testing. This sudden decrease is caused by the
onset of the rDA, where the cycloadducts are broken and molecular weight begins to decrease
which has a negative influence on the mechanical properties of the copolymer. Overall, there
is a large difference between T and Tpa for DAA2 (approximately 120 °C) where the modulus
is relatively consistent which presents an impressive service temperature range. Tipa is also

substantially higher for DAA2, a likely consequence of phase separation.

Table 4.16 Thermal data of DAA1-2 obtained via DMA at a heating rate of 3 °C.min™.

E'(T>T)P T E'(T>T) T

Copolymer = o) °0) (MPa) °C)
1480 5 4 92
1270 24 7 110

9 Modulus measured at -50 °C

b Measured as peak in tan &

¢ Modulus measured at 20 °C

4 Estimated from the final sudden drop in modulus

It isinterestingto observe that the amorphous materials show enough cohesionto reach T;pa
via DMA testing, unlike the semi-crystalline copolymers. Two theories were proposed earlier
regardingthe lack of strength in the semi-crystalline materials above Tm(pol): DA cycloadducts
concentration is too low or the internal copolymer arrangement lacks order. DSC revealed
that the enthalpy of rDA for semi-crystalline DA1 (8.9 J.g?) is only slightly lower than
amorphous DAA1 (11.9 J.g!) and higher than DAA2 (6.7 J.g) which discounts the initial
theory associated with DA cycloadduct concentration. With respect to the semi-crystalline
materials, crystal formation precedes DA cycloaddition. According to the solidification model,
the arrangement in the molten state resembles that of the crystalline state, thereby
suggesting few entanglements are present above Tmpo).>® Therefore, it is reasonable to

presume there is insufficient chain interactions and entanglementabove Tm(po) to maintain a
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cohesive material in the molten semi-crystalline copolymers. Purely amorphous materials do

not contain crystalline regions hindering chain movement and entanglement. Therefore, the

second hypothesis regardinginternal arrangement appears a more likely cause.

The flow properties were determined as a function of temperature for DAA1 and DAA2. Both

display a temperature dependent n* with a significant decease at approximately 100 °C

(Figure 4.25). It isimportant to note that both materials achieve the predetermined target n*

(10 Pa.s™) below 150 °C.
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Figure 4.25 Rheological analysis of DAA1 and DAA2. Complex viscosity (n*) (left y-axis) and
tan 6 (right y-axis) as a function of temperature. The horizontal short dashed black line
represents the target n* of 10 Pa.s™. The vertical dotted line represents the Tpa for both

materials.
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This drop is evidence of the rDA reaction and thereby a decrease in molecular weight as the
copolymer cleaves at the DA cycloadduct sites to reform the lower molecular weight
prepolymers. DAA1 shows a significant peak in tan 6 at 100 °C which signifies the Tpa,
howeverin thetemperature sweep of DAA2 this feature only appears as a shoulderinalarger
peak. The dominant peakin DAA2 appears at approximately 130 °C, which could be indicative

of phase separation.

The stress-strain curves from tensile testing of DAA1 and DAA2 are typical for elastomeric
materials (Figure 4.26).>° Both materials display very low modulus compared to the previous
semi-crystalline materials, as a consequence of havingan amorphous backbone (Table 4.17).
DAAL1 is very weak and loses strength with elongation (it continues to stretch with strain to

the maximum dimensions of the tensometer used so the true gmax is unknown).
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Figure 4.26 Stress-strain curves of DAA1 and DAA2. DAA1 did not break within the measured
strain. Rate of 10 mm.min™.
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However, DAA2 exhibits increasing stress as a function of strain (strain-hardening). The
material records its maximum stress (8.5 = 0.7 MPa) at its highest elongation (740 + 40 %)
which is classic behaviour of elastomeric materials. On account of high stress and strain, DAA2
exhibits impressive toughness (3465 + 420 MPa) which is the highest value of Ur for any
material measured in this chapter. This high performance is also a likely consequence of phase

separation and highlights DAA2 as an interesting material for flexible applications.

Table 4.17 Summary of mechanical data obtained from tensile stress-strain measurements for
DAA1 and DAA2 at a rate of 10 mm.min™.

Copolymer E? (MPa) Omax ° (MPa) Ur ¢ (MPa) Emax ¢ (%)
1.4+£0.2 0.3+<0.1 230+10°¢ 1270+ 10°¢
3.6+0.2 8.5+0.7 3465 + 420 740 + 40

%Young’s modulus is calculated from the initial gradient before the Yield point.

b Ultimate tensile strength is the maximum recorded stress the sample can withstand before failure.

¢ Modulus of toughness is measured as the area under the curve and represents the total energy a material can
withstand without breaking.

4Elongation at break is the strain (%) at which the sample breaks.

¢ Maximum elongation of tensometer reached (sample not broken) so value unknown.

Lap shear adhesion tests were performed on DAA1 and DAA2 with beechwood substrates.
DAA1 and DAA2record bond strengths of 1.5+ 0.2 and 4.4 + 0.4 MPa, respectively, which are
significantly lower than the semi-crystalline DAX copolymers as a consequence of the lack of
crystallinity withinthe DAAX copolymers. The higher bond strength of DAA2 relative to DAA1
is likely caused by phase separation present in DAA2 and is comparable to irreversibly
crosslinked PU (approx.5 MPa). Therefore, DAA1 appears as a likely poor choice for adhesive

applications, whereas DAA2 shows potential as a flexible adhesive.
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Figure 4.27 Bond strengths for DAA1 and DAA2 with beechwood substrates.

As with previous materials, the copolymers DAA1 and DAA2 were also investigated to
determine the reversibility of the DA cycloadduct by measuring several properties of film
samples as a function of time at ambient temperature after application from a homogenous
molten blend of the two prepolymers. SEC results of DAA1 showed the familiar trend of low
molecular weight immediately after melt application (prepolymers reformed) followed by an
increase in molecular weight with time (Figure 4.28). Like with all other materials, a plateau
establishes after approximately 7 days due to the equilibration of the forward and reverse DA
reactions. This qualitative match in trend with the semi-crystalline materials suggests polyol
crystallinity does not influence the rate of cycloaddition. While DAA2 was soluble for one day
after melting, it became insoluble in CHCI; after two days so is not included in this analysis.

The change in solubility is a likely consequence of increasing molecular weight.
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Figure 4.28 M, (left y-axis) and M, (right y-axis) as a function of time at ambient temperature
after melt application for DAA1. The prepolymer molecular weights are marked with
horizontal dashed lines. Determined by SEC in CHCl3 against PMMA standards.

FTIR spectra of DAA1 and DAA2 was used to measure the consumption of free maleimide
over time by monitoring the intensity of the absorbance at Vmax = 696 cm™. They also show
the same trend as observed for DA1-4, i.e. an initial rapid decrease in intensity, followed by a
slower decrease as an equilibrium is reached between the DA and rDA reactions (Figure 4.29).
A very similaramount of free maleimide remains for both materials which is also very similar
to that obtained for the semi-crystalline DA1 which suggests that the crystallinity present in

this material has minimal influence of DA cycloaddition (Figure 4.10).
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Figure 4.29 Relative intensities of FTIR absorbance at vmax = 696 cm™ with time at ambient
temperature after melt application for DAA1 and DAA2.

Finally, DSC analysis revealed anincrease in the amount of DA cycloadducts formed with time
for both DAA1 and DAA2 (Figure 4.30(a) & (b), respectively). Qualitatively, AH:pa increases
initially and then levels off due the establishment of an equilibrium (Figure 4.30(c)). However,

it seems that less bonds are brokenin theinitial melting for DAA2.

DAAL1 displays the same T; throughout the 28 days and does not gain any new thermal
features. However, while the T; of DAA2 also remains constant, the undefined transition at
55 °C (labelled as Tait) appears slightly after 0.5 days and becomes more apparent after 7 days

(Figure 4.31). This change might be the result of phase separation which becomes more
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extreme with an increase in molecular weight and which could then inhibit the formation of

further cycloadducts (AHpa lower for DAA2).
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Figure 4.30 Increase in AHpa with time for (a) DAA1 and (b) DAA2. First heating run used at
a rate of 10 °C.min™. Exo up. (c) Plot of AHpa as a function of time.
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Figure 4.31 DSC thermograms of DAA2 as a function of time. Thermal features are highlighted
and labelled. First heating cycles used at a heating rate of 10 °C.min™. Exo up.

4.3 Conclusions

The effects of incorporating reversible covalent bonds via DA cycloadducts within linear TPU
copolymers were investigated with comparison to a traditional linear TPU copolymer
containing 1,4-butandiol as a chain extender (D1). The potential for reversible adhesive
applications was also assessed. The DA-containing copolymer (DA1) was successfully
synthesised by the copolymerisation of HEMI- and FA-terminated prepolymers which was
proven via *H NMR and FTIR spectroscopies and SEC analysis. DA cycloadducts required up to
7 days at ambient temperature to equilibrate after melt application. In comparison to the
traditional TPU, the DA cycloadducts increased the variety of physical interactions on account
of the introduction of imide carbonyls. Cycloadducts also increased the amount and
homogeneity of PCL SS crystallinity. DSC analysis showed a double endotherm at 117 and

145 °C, characteristic of the endo and exo DA cycloadducts, whereas the traditional TPU
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displayed a single melt correlatingto melting of HS crystallinity. While D1 remained cohesive
above Tmpo), the DA cycloadducts did not offer enough internal strength for DMA
measurement above this temperature. The cohesion of D1 is granted by the extensive H-
bonding present. However, these physical interactionsdisplayed lower sensitivity to thermal
stimulus via rheological temperature sweeps than the covalent DA cycloadducts which
dissociated to allow for the reformation of the low molecular weight prepolymers. The
impressively low melt viscosity recorded at 140 °C for DA1 (14 times lower than D1) combined
with enhanced mechanical and adhesive properties highlights using DA cycloadductsin linear

TPUs as a viable route for thermally reversible adhesives.

Further studies on TPUs including DA cycloadducts within more highly crystalline backbones
with higher T, (DA2, 3 & 4) were conducted to determine the interplay between DA
cycloadduct and polyol crystallinity. Most trends observed via analytical techniques are
qualitatively comparable to those observed with the lower T,, copolymer (DA1), such as
increase in molecular weight with time and time taken to reach equilibrium after melt
application (7 days) via SEC, decrease in free maleimide and increase in variety of carbonyl
groups via FTIR spectroscopy. Copolymerisation incorporating the highly crystalline
polyesters did not completely remove all crystallinity, therefore DA2, 3 & 4 maintain a
substantial degree of crystallinity. The DA cycloadducts were determined to have minimal
influence of the crystallisation kinetics of these polyester segments. Additionally,
copolymerisation of these highly crystalline prepolymers still shows the dual endotherm
associated with the DA cycloadductsin each case. The enthalpy of rDA is similar for DA2, 3 &
4, but significantly smaller than DA1, which suggests DA cycloaddition appears to be a

function of comprising polyol molecular weight (DA1 = 2.0 kDA, DA2, 3 & 4 = 3.5 kDA). DMA
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and rheological temperature sweeps reveal the importance of the comprising polyol. The
melting temperature dictates the upper service temperature limit of the material, above
which the copolymer loses strength and melts. Additionally, the melting temperatures also
appears to control the mechanical and adhesive properties, with performance increasing in
line with T,, (DA2 < DA3 < DA4). As a result of high stiffness, DA4 recorded a bond strength
on aluminium substrates of 20.3 £ 0.9 MPa, remarkable for a thermoplastic material and
double that previously reported for a thermally reversible amorphous crosslinked network.
Importantly, all three highly crystalline copolymers achieve the target viscosity (10 Pa.s™)
below 150 °C, which shows a dynamic relationship between low and high molecular weight
exists. However, the highly crystalline segments appeared to decrease the percent of DA
cycloadduct formation (via FTIR spectroscopy), possibly due to hinderance of mobility.
Therefore, further work should explore promotion of DA cycloadducts with heat treatment
to achieve higher molecular weight copolymers and potentially enhanced material

performance.

Two further copolymers containing DA cycloadducts were synthesised based on amorphous
backbones to act as ‘zero crystallinity’ references. Again, an increase in molecular weight
(except for DAA2 comprising Priplast 1838 which displayed poor solubility), a decrease in the
absorbance at vmax = 696 cm™ and dual endotherms above 100 °C signified successful DA
cycloaddition. The presence of DA cycloadducts appeared to increase chain stiffness and
promote phase separation in the case of copolymer containing the relatively nonpolar
Priplast 1838. This phase separation coupled with a low T, afforded the material to have an
impressively wide service temperature range which would be useful in industrial applications.

Purely amorphous materials display inferior mechanical and adhesive properties (with the
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exception of flexibility) relative to semi-crystalline analogues as a consequence of an
amorphous backbone. This decrease in performance suggests crystallinity is required within
a linear TPU copolymer to achieve good bond strengths. The separate amorphous and semi-
crystalline copolymers (containing polyols of equal molecular weight) display similar
percentages of free maleimide consumed 28 days after melt application, DA cycloadduct
concentration and rate of DA cycloaddition (7 days). Therefore, it appears that crystalline
segments with similar composition have minimal influence of the DA cycloadducts which is
most probably because cycloadduct association occurs in the amorphous chain ends of the

prepolymers.

All copolymers containing DA cycloadducts display a highly dynamic physical response to
temperature, which suggests cycloadduct dissociation is not a function of concentration or
copolymer composition. In all cases, independent of composition, the TPU copolymers
dissociate to low molecular weights similar to the constituent prepolymers on heating and
thenincrease in molecular weight by simply reacting at ambient temperature. This findingis
very exciting as it opens potential for targeted properties by careful selection and design of

the prepolymers to determine the subsequent copolymer mechanical performance.

4.4 Experimental

4.4.1 Materials

Capa™ 2200J) and Capa™ 8025D were provided by Ingevity. Dynacoll® 7360, Dynacoll® 7380
and Dynacoll® 7490 were provided by Evonik Industries. Priplast™ 1838 was provided by
Croda International. 4,4’- methylene bis(phenyl isocyanate) (98 %), 1,4-butanediol

ReagentPlus® (99 %), furfuryl alcohol and chloroform-d (99.8 atom % D) were purchased from
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Sigma-Aldrich. 2-Hydroxyl ethyl maleimide was provided by Henkel Corporation. All reagents

were used as received.

4.4.2 Instrumental methods

Proton (*H) nuclear magnetic resonance (NMR) spectra were recorded using a Bruker Avance
400 spectrometer (400 MHz). Spectra were analysed on MestReNova v6.0.2. Samples were
prepared in CDClzas the solvent. All chemical shifts were recorded in parts per million (ppm)
relative to a reference peak of chloroform solvent at 6 = 7.26 ppm. Molecular weights and
dispersities were determined via size-exclusion chromatography (SEC) usingan Agilent 1260
Infinity GPC system equipped with a refractive index detector. Two Agilent PL-gel 5 um Mixed-
C columnsand aguard column were connected in seriesand maintained at 35 °C. HPLC grade
chloroform containing 0.25 % v/v NEt; was used as the eluent and the flow rate was set at 1.0
mL.min. The refractive index detector was used for calculation of molecular weights and
dispersities by calibration using a series of near-monodisperse poly(methyl methacrylate)
standards. Analysis was performed on Agilent SEC software. Attenuated Total Reflectance
Fourier Transform Infrared (ATR-FTIR) spectra was collected on a PerkinElmer Spectrum Two
instrument with a UATR Two accessory. Analysis was performed on PerkinElmer Spectrum
software. Differential scanning calorimetry (DSC) ) was performed on a Discovery DSC 25 TA
instrument. All experiments were carried out under a nitrogen atmosphereand with a heating
rate of 10 °C.min™. Pre-weighed samples of 2 + 1 mg were loaded at 25 °C, cooled to -90 °C
and heated to 200 °C. Ty was taken as the midpoint of inflexionand T, and T.pa were measured
as the temperature at the minimum heat flow of the appropriate endotherms. For time
dependent measurements, samples for 0 Days measurements were loaded at 25 °C, heated

to 150 °C, held for 1 hour, cooled to -90 °C then heated to 200 °C at a rate of 10 °C.min™.
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Analysis was performed on TRIOS v5.1.1 software. Dynamic Mechanical Analysis (DMA) was
performed on TA Instruments Q800 Dynamic Mechanical Analyser with an ACS-3
(Refrigerated Chiller System). Samples of approximately 40 x 5 x 1 mm were loaded at room
temperature and clamped lightly (finger tight). A sample length of 10 mm was used for all
measurements. For each measurement, the sample was first cooled to -80 °C and held at this
temperature for a minimum of 5 minutes to fully equilibrate. The furnace was then opened
and the sample clamped to a pressure of 4.5 psi usinga small torque wrench. After clamping,
the furnace was then immediately closed and temperature re-equilibration established at -80
°C. The method was then started. The thermal method used is: Motor Drive Off, Data Storage
Off, equilibrate at -80 °C, isotherm 5 minutes, Motor Drive ON, Data Storage ON, ramp 3
°C.min to 100 °C. The measurement parameters used were as follows: strain applied (0.05
%), force track (110 %), initial samplelength (10 mm) with deformation frequency (1 Hz) fixed.
Sample dimensionswere calculated as follows: width was measured using digital callipers at
three positions alongthe sample (End 1, Middle, End 2). Thickness was measured using digital
callipers at three positionsalongthe sample (End 1, Middle, End 2). Average values calculated
and used. The software used was TA Instruments Advantage Control Software and data
analysis was performed on TA Instruments Universal Analysis Data Analysis Program.
Rheological temperature sweeps were performed on an Anton Paar MCR502 with a 25 mm
disposable geometry and a disposable bottom plate fixture. Tests were run in oscillatory
mode at a fixed amplitude (1 %) and angular frequency (1 rad.s™) from 50 — 200 °C. Sample
sizes were approximately 25.0 mm diameter discs of 0.8 mm height. Tensile tests were run
on films approximately 300 um thick, according to ISO 527-2 type 5B on a Zwickiline
tensometer. The general procedure is as follows: dimensions of dog bone measured with

digital calliper and noted on the system. The zero gap is set within Zwick software so the
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gauge length is known. The sample is then securely clamped and the absolute cross head
length is reset. The force is then zeroed. The test is run at a speed of 10 mm.min* until the
sample fails. Results analysed on TestXpert Il software. Adhesion lap shear tests with
beechwood substrates were performed on films 250 um thick that were cut to 25 x 25 mm.
Lap shear joints were assembled by carefully applying the film between beechwood test
pieces usingan overlap of 25 mmand a width of 25 mm, applyinglight pressure. The materials
were placed in an oven for 20 minutes at 150 °C to melt the copolymers. Bonded samples
were then allowed to cure for 14 days at ambient conditions before measurement. The lap
shear strength was determined from an average of four bonded samples using an Instron
tensiometer with a load cell of 30 kN and a displacement speed of 1.27 mm.min . Adhesion
lap shear tests with aluminium substrates. Aluminium test pieces were grit blasted and
cleaned with acetone. Films 250 um thick were cut to 12.5 x 25 mm. Lap shear joints were
assembled by carefully applying the film between aluminium test pieces using 0.1 mm glass
spacer beads, an overlap of 15 mm and a width of 25 mm, applying light pressure with a
Hoffman clamp. The materials were placed in an oven for 20 minutes at 150 °C to thermally
reverse the networks into a melt. Bonded samples were then allowed to cure for 14 days at
23 °C/ 50 %RH before measurement. The lap shear strength was determined from an average
of four bonded samples using an Instron tensiometer with a load cell of 30 kN and a

displacement speed of 1.27 mm.min™.

4.4.3 Sample preparation
Rheology discs of 25.0 x 0.8 mm were prepared with a MeltPrep® vacuum compression
mould. Copolymers (approx. 0.40 g) were separately melted in the chamber at 70, 120 and

150 °C, respectively. Melting was followed by approximately 10 seconds of pressure (0.1
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mbar). Vacuum was removed and materials were then cooled with compressed air and
allowed to solidify before being removed from the chamber. DMA bars were prepared in a
similar way as the rheology discs. However, a 10 x 40 mm insert and chamber were used
instead of cylindrical versions. Once solidified, samples were cut down the middle lengthwise
to give two bars of 0.5 x 40 mm. Tensile testing dog bones were prepared as follows. First,
film samples (300 um) were made by coating out molten material (1 hour at 150 °C) with a
500 um coatingblock on release paper. After films were allowed to solidify, dogbone shapes
were cut out using a ZwickRoell® knee manual cutting press ZCP 020 with cutting device for
ISO 527-2 type 5B die attachment. Adhesion films were prepared by heating some material
inan oven at 150 °C for approximately 20 minutes, after which a film was drawn with a coating
block with an approximate thickness of 250 um. Once solid enough, squares of 25 x 25 mm

were then cut out of the film for use in the lap shear sample preparation.

4.4.4 Synthesis of furfuryl-terminated prepolymers (PPFX)

All furfuryl-terminated prepolymers were synthesised using a similar method, a typical
procedureis as follows: Capa 2200 (77.96 g, 0.039 mol) was loaded intoa 250 mL flange flask,
equipped with an overhead mechanical stirrer, gas inlet and digital thermometer. Vacuum
was applied for 1 hourat 87 °C and a stirringrate of 90 rpm. Vacuum was removed and MDI
(19.69 g, 0.079 mol) was added at 110 °C which decreased the mixture temperatureto 90 °C
with a subsequentexothermto 111 °C. Immediately after MDI addition, the stirring rate was
increased to 180 rpm and the vacuum was reapplied after 15 minutes. Vacuum was again
removed after 1 hour, FA (8.52 g, 0.087 mol) was added at 111 °C which decreased the
reaction temperature to 105 °C. A reflux condenser was added and the vacuum was not

reapplied (exotherm to 110 °C). After a further 1 hour 26 minutes, more FA (0.82 g, 0.008
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mol) was added at 111 °C. After another 2 hours, there was minimal NCO absorbance
detected via FTIR spectroscopy so the reaction was switched off and the mixture was

decanted while hot. The product was put under vacuum at 40 °C for a total of 48 hours to

remove and residual free FA (determined via *H NMR spectroscopy).

PPF1: SEC (CHCl3): M, = 6.3 kDa, M, = 12.6 kDa, Dy = 1.94.

'H NMR (400 MHz, 298 K, CDCl3): & = 7.46 (s, CH=CHO (FA)), 7.30 (m, Ar), 7.12 (d, J = 7.8 Hz,
Ar), 6.69 (s, NH), 6.60 (s, NH), 6.47 (d, J = 2.9 Hz, CHCH=CHO (FA)), 6.40 (s, CCHCH (FA)), 5.16
(s, OCHC (FA)), 4.17 (t, Ju.1 = 6.4 Hz, CH,0C=0), 4.08 (t, *Ju.y = 6.7 Hz, CH,0C=0), 4.00 (s, MDI
CH,Ar), 3.90 (s, NPG CH,0), 2.33 (t, *Ju.n = 7.5 Hz, CH,C=00), 1.00 (d, J =9.4 Hz, NPG CH3), 1.68

and 1.41 (all remainingprotons) ppm.

ATR-FTIR: vuax - 3338 (N-H), 2944 — 2865 (C-H), 1722 (C=0), 1597 (C-N), 1531 (Ar C=C), 1295

and 1163 (C-0) cm™.

PPF2: SEC (CHCl3): M, = 12.8 kDa, My = 24.3 kDa, by = 2.18.

'H NMR (400 MHz, 298 K, CDCl3): & = 7.45 (s, CH=CHO (FA)), 7.30 (d, J = 3.7 Hz Ar), 7.10 (d, J =
1.8 Hz, Ar), 6.73 (s, NH), 6.67 (s, NH), 6.47 (d, J = 3.2 Hz, CHCH=CHO (FA)), 6.39 (m, CCHCH

(FA)), 5.16 (s, OCHC (FA)), 4.16, 4.08, 3.89, 2.34 1.67, 1.40 (Dynacoll 7360) ppm.

ATR-FTIR: viax - 3343 (N-H), 2936 — 2867 (C-H), 1726 (C=0), 1597 (C-N), 1532 (Ar C=C), 1163

(C-0) cm™.

PPF3: SEC (CHCl3): M, = 12.5 kDa, My = 26.2 kDa, Bu = 1.90.
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1H NMR (400 MHz, 298 K, CDCls): § = 7.45 (s, CH=CHO (FA)), 7.31 (m, Ar), 7.12 (m, Ar), 6.68 (s,
NH), 6.63 (s, NH), 6.47 (d, J = 3.1 Hz, CHCH=CHO (FA)), 6.39 (m, CCHCH (FA)), 5.16 (s, OCHC

(FA)), 4.16, 4.09, 3.90, 2.31, 1.64, 1.40, 1.30 (Dynacoll 7380) ppm.

ATR-FTIR: vimax = 3339 (N-H), 2916 — 2850 (C-H), 1728 (C=0), 1597 (C-N), 1532 (Ar C=C), 1169

(C-0) cm™.

PPF4: SEC (CHCl3): M, = 15.2 kDa, My = 29.4 kDa, By = 1.93.

'H NMR (400 MHz, 298 K, CDCl3): 6 = 7.45 (s, CH=CHO (FA)), 7.30 (m, Ar), 7.12 (m, Ar), 6.70
(m, NH), 6.63 (s, NH), 6.47 (d, J = 3.2 Hz, CHCH=CHO (FA)), 6.39 (m, CCHCH (FA)), 5.16 (s, OCHC

(FA)), 4.37, 4.33, 4.31, 4.29, 4.08, 3.90, 2.34, 1.63 and 1.29 (Dynacoll 7490) ppm.

ATR-FTIR: vwmax - 3343 (N-H), 2917 — 2849 (C-H), 1735 (C=0), 1598 (C-N), 1534 (Ar C=C), 1308

and 1166 (C-0) cm™.

PPFA1: SEC (CHCl3): M, = 6.3 kDa, My, = 11.7 kDa, Dy = 1.85.

'H NMR (400 MHz, 298 K, CDCl3): & = 7.45 (s, CH=CHO (FA)), 7.30 (m, Ar), 7.11 (d, J = 8.3 Hz
Ar), 6.76 (s, NH), 6.69 (s, NH), 6.46 (d, J = 3.2 Hz, CHCH=CHO (FA-CL)), 6.38 (m, CCHCH (FA-
CL)), 6.36 (m, CHCH=CHO (FA-LA)), 6.31 (d, J = 3.1 Hz, CCHCH (FA-LA)), 5.15 (s, OCHC (FA)),

5.19, 5.10, 4.16, 4.08, 3.89, 2.41, 2.31, 1.64, 1.58, 1.51, 1.40 and 0.99 (Capa 8025) ppm.

ATR-FTIR: vax - 3343 (N-H), 2942 — 2866 (C-H), 1729 (C=0), 1598 (C-N), 1532 (Ar C=C), 1309

and 1160 (C-0) cm™.

PPFA2: SEC (CHCl3): M, = 6.0 kDa, My, = 14.2 kDa, D = 2.36.
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1H NMR (400 MHz, 298 K, CDCls): & = 7.46 (s, CH=CHO (FA)), 7.30 (m, Ar), 7.12 (d, J = 8.3 Hz,
Ar), 6.59 (m, NH), 6.48 (d, J = 3.1 Hz, CHCH=CHO (FA)), 6.40 (m, CCHCH (FA)), 5.17 (s, OCHC

(FA)), 4.17, 4.08, 3.91, 2.31, 1.65, 1.40, 1.28 and 0.91 (Priplast 1838) ppm.

ATR-FTIR: vimax = 3334 (N-H), 2922 — 2853 (C-H), 1735 and 1701 (C=0), 1596 (C-N), 1534 (Ar

C=C), 1312 and 1171 (C-0) cm™.

4.4.5 Synthesis of hydroxyethyl maleimide-terminated prepolymers (PPHX)

All hydroxyethyl maleimide-terminated prepolymers were synthesised using a similar
method, a typical procedure is as follows: Capa 2200 (81.86 g, 0.04 mol) was loaded into a
250 mL flange flask, equipped with an overhead mechanical stirrer, gas inlet and digital
thermometer. Vacuum was applied for 1 hourat 110 °C and a stirringrate of 90 rpm. Vacuum
was removed and MDI (20.67 g, 0.08 mol) was added at 110 °C which decreased the mixture
temperatureto 95 °C with a subsequentexothermto 110 °C. Immediately after MDIl addition,
the stirring rate was increased to 180 rpm and the vacuum was reapplied after 15 minutes.
Vacuum was again removed after 1 hour, HEMI(12.81 g, 0.09 mol) was added at 110 °C which
decreased the reaction temperature to 95 °C. A reflux condenser was added and the vacuum
was not reapplied. Exothermto 105 °C. After a further 2 hours 19 minutes, more HEMI(1.19
g, 0.008 mol) was added at 110 °C. After another 32 minutes, there was minimal NCO
absorbance detected via FTIR spectroscopy so the reaction was switched off and the mixture

was decanted while hot.

PPH1: SEC (CHCl3): M, = 6.5 kDa, M,, = 12.6 kDa, byv= 2.02.

IH NMR (400 MHz, 298 K, CDCls): 6 = 7.31 (d, J = 8.0 Hz, Ar), 7.11 (d, J = 8.3 Hz, Ar), 6.75 (s,

C=OCHCH (HEMI)), 6.73 (s, C=OCHCH (HEMI)), 6.65 (s, NH), 6.61 (s, NH), 4.32 (t, *Jus = 5.2 Hz,
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NCH,CH,0 (HEMI)), 3.85 (t, 3/ = 5.2 Hz, NCH,CH,O0 (HEMI)), 4.16, 4.08, 3.99, 3.92, 3.90, 3.80,

3.76, 2.32, 1.67, 1.40, 0.99 (Capa 2200) ppm.

ATR-FTIR: vax - 3341 (N-H), 2944 — 2865 (C-H), 1722 and 1709 (C=0), 1597 (C-N), 1532 (Ar

C=C), 1295 and 1164 (C-0) cm™.

PPH2: SEC (CHCl3): M, =9.4 kDa, M,, = 20.3 kDa, b= 2.15.

IH NMR (400 MHz, 298 K, CDCls): 6 = 7.31 (d, J = 7.8 Hz, Ar), 7.11 (d, J = 8.2 Hz, Ar), 6.76 (s,
C=OCHCH (HEMI)), 6.74 (s, C=OCHCH (HEMI)), 6.63 (s, NH), 6.57 (s, NH), 4.32 (t, *Juni = 5.1 Hz,
NCH,CH,O (HEMI)), 3.86 (t, /.4 = 5.2 Hz, NCH,CH,O0 (HEMI)), 4.16, 4.08, 3.90, 3.86, 3.81, 3.77,

2.33,1.67, 1.40, 1.27 (Dynacoll 7360) ppm.

ATR-FTIR: viax - 3343 (N-H), 2950 — 2866 (C-H), 1726 (C=0), 1597 (C-N), 1532 (Ar C=C), 1163

(C-0) cm™.

PPH3: SEC (CHCl3): M, =9.6 kDa, M,, = 20.9 kDa, b= 2.10.

'H NMR (400 MHz, 298 K, CDCl3): & = 7.31 (d, J = 8.0 Hz, Ar), 7.11 (d, J = 8.3 Hz, Ar), 6.76 (d, J
= 2.2 Hz, C=OCHCH (HEMI)), 6.74 (s, C=OCHCH (HEMI)), 6.69 (d, J = 8.0 Hz, NH), 6.59 (d, J =
13.9 Hz, NH), 4.32 (t, *Ju = 5.2 Hz, NCH,CH,0 (HEMI)), 3.85 (m, NCH,CH,0 (HEMI)), 4.16, 4.08,

3.90, 3.81, 3.76, 2.30, 1.63, 1.40, 1.30 (Dynacoll 7380) ppm.

ATR-FTIR: vuax - 3326 (N-H), 2916 — 2850 (C-H), 1728 and 1702 (C=0), 1596 (C-N), 1533 (Ar

C=C), 1169 (C-0) cm™.

PPH4: SEC (CHCl3): M, = 11.4 kDa, M, = 25.3 kDa, Dy =2.22.

1H NMR (400 MHz, 298 K, CDCls): & = 7.30 (d, J = 9.0 Hz, Ar), 7.12 (m, Ar), 6.76 (s, C=OCHCH
(HEMI)), 6.74 (s, C=OCHCH (HEMI)), 6.71, 6.68, 6.60, 6.54 (NH), 4.37 (m, NCH,CH,0 (HEMI)),
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3.86 (m, NCH,CH,0 (HEMI)), 4.33, 4.29, 4.08, 3.91, 3.81, 3.76, 2.34, 1.63, 1.29 (Dynacoll 7490)

ppm.

ATR-FTIR: vax - 3325 (N-H), 2916 — 2849 (C-H), 1736 and 1706 (C=0), 1597 (C-N), 1533 (Ar

C=C), 1167 (C-0) cm™.

PPHA1: SEC (CHCI3): M, = 6.0 kDa, M\, = 11.1 kDa, Dy = 1.85.

IH NMR (400 MHz, 298 K, CDCl3): & = 7.31 (d, J = 7.3 Hz, Ar), 7.11 (d, J = 6.7 Hz, Ar), 6.76 (d, J
= 2.7 Hz, C=OCHCH (HEMI)), 6.73 (s, C=OCHCH (HEMI)), 6.64 (s, NH), 6.59 (s, NH), 4.32 (t, 3.
1= 5.0 Hz, NCH,CH,0 (HEMI)), 3.85 (t, 3. = 5.1 Hz, NCH,CH-0 (HEMI)), 5.12, 4.17, 4.08, 3.97,

3.88, 3.81, 3.76, 2.41, 2.32, 1.65, 1.58, 1.53, 1.49, 1.40, 0.99 (Capa 8025) ppm.

ATR-FTIR: Viax - 3344 (N-H), 2942 — 2866 (C-H), 1729 and 1713 (C=0), 1598 (C-N), 1532 (Ar

C=C), 1310 and 1160 (C-0) cm™.

PPHA2: SEC (CHCl3): M, = 6.0 kDa, M\, = 13.8 kDa, Dy = 2.28.

'H NMR (400 MHz, 298 K, CDCl3): 6 = 7.31 (d, J = 8.1 Hz, Ar), 7.11 (d, J = 7.0 Hz, Ar), 6.76 (s,
C=OCHCH (HEMI)), 6.74 (s, C=OCHCH (HEMI)), 6.63 (s, NH), 6.55 (s, NH), 4.33 (t, *Ju = 5.2 Hz,
NCH,CH,0 (HEMI)), 3.86 (t, /.4 = 5.2 Hz, NCH,CH,0 (HEMI)), 4.17, 4.09, 3.90, 2.31, 1.64, 1.41,

1.29 and 0.89 (Priplast 1838) ppm.

ATR-FTIR: vuax - 3348 (N-H), 2922 — 2853 (C-H), 1735 and 1707 (C=0), 1596 (C-N), 1533 (Ar

C=C), 1312 and 1171 (C-0) cm™.

4.4.6 Synthesis of final linear TPU copolymers (DAX)
All DAX copolymers were synthesised using a similar method, a typical procedure is as follows:

PPF1 (30.17 g, 0.011 mol) and PPH1 (31.37 g, 0.011 mol) were loaded into a 250 mL flange
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flask, equipped with an overhead stirrerand gas inlet. The formulation was stirred at 120 °C
under vacuum for 1 hour to provide sufficient mixing of prepolymers and prevent bubble
formation. The mixture was decanted while hot and allowed to copolymerise under ambient

conditionsin asilicone dish until solid enough to be stored in polyethylene bag.

DA1: SEC (CHCI3): M,, = 20.9 kDa, M, = 54.6 kDa, Bu= 2.63.

14 NMR (400 MHz, 298 K, CDCls): 6 = 7.31 (d, J = 8.3 Hz, Ar), 7.12 (d, J = 7.3 Hz, Ar), 6.77 (s,
C(C)HCH=CH (DA)), 6.74 (s, C(C)HCH=CH (DA)), 6.57 (s, NH), 6.51 (s, NH), 5.32 (s,
CH(O)(CH)(CH) (DA)), 3.03 (s, CH(CH)C=0 (DA)), 2.90 (s, CH(CH)C=0 (DA)), 4.17, 4.08, 3.99,

3.93, 3.90, 2.33, 1.67, 1.40, 1.00 (Capa 2200) ppm.

ATR-FTIR: viax - 3339 (N-H), 2944 — 2865 (C-H), 1721 (C=0), 1598 (C-N), 1531 (Ar C=C) and

1188 (C-0) cm™.

DA2: SEC (CHCl3): M, = 23.7 kDa, M, =47.3 kDa, Du= 2.00.

1H NMR (400 MHz, 298 K, CDCls): § = 7.30 (m, Ar), 7.12 (d, J = 8.4 Hz, Ar), 6.76 (s, C(C)HCH=CH
(DA)), 6.74 (s, C(C)HCH=CH (DA)), 6.57 (s, NH), 6.52 (m, NH), 5.33 (s, CH(O)(CH)(CH) (DA)), 3.03
(s, CH(CH)C=0 (DA)), 2.90 (s, CH(CH)C=0 (DA)), 4.17, 4.08, 3.88, 3.76, 3.67, 2.33, 1.67, 1.40,

1.27 (Dynacoll 7360) ppm.

ATR-FTIR: Viax - 3343 (N-H), 2949 — 2865 (C-H), 1725 (C=0), 1598 (C-N), 1530 (Ar C=C) and

1166 (C-0) cm™.

DA3: SEC (CHCl3): M, = 29.2 kDa, M, = 74.0 kDa, Dy = 2.55.

IH NMR (400 MHz, 298 K, CDCls): 6 = 7.29 (m, Ar), 7.12 (d, J = 7.2 Hz, Ar), 6.77 (s, C(C)HCH=CH

(DA)), 6.74 (s, C(C)HCH=CH (DA)), 6.58 (s, NH), 6.51 (m, NH), 5.32 (s, CH(O)(CH)(CH) (DA)), 3.03
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(s, CH(CH)C=0 (DA)), 2.90 (s, CH(CH)C=0 (DA)), 4.16, 4.08, 3.88, 3.68, 2.31, 1.63, 1.40, 1.30

(Dynacoll 7380) ppm.

ATR-FTIR: vumax - 3336 (N-H), 2916 — 2850 (C-H), 1728 (C=0), 1598 (C-N), 1532 (Ar C=C) and

1170 (C-0) cm™.

DA4: SEC (CHCl3): M, = 31.5 kDa, M,, = 84.3 kDa, Dy = 2.68.

'H NMR (400 MHz, 298 K, CDCls): 6 = 7.30 (m, Ar), 7.13 (d, J = 8.4 Hz, Ar), 6.77 (s, C(C)HCH=CH
(DA)), 6.74 (s, C(C)HCH=CH (DA)), 6.58 (s, NH), 6.53 (m, NH), 5.33 (s, CH(O)(CH)(CH) (DA)), 3.03
(s, CH(CH)C=0 (DA)), 2.90 (s, CH(CH)C=0 (DA)), 4.37, 4.34, 4.31, 4.29, 4.08, 3.90, 3.81, 3.73,

2.34,1.62, 1.29 (Dynacoll 7490) ppm.

ATR-FTIR: Viax - 3344 (N-H), 2917 — 2849 (C-H), 1733 (C=0), 1599 (C-N), 1532 (Ar C=C) and

1168 (C-0) cm™.

DAA1: SEC (CHCI3): M, = 11.0 kDa, M,, = 28.2 kDa, Dy = 2.56.

IH NMR (400 MHz, 298 K, CDCls): 6 = 7.30 (m, Ar), 7.11 (d, J = 8.0 Hz, Ar), 6.76 (s, C(C)HCH=CH
(DA)), 6.73 (s, C(C)HCH=CH (DA)), 6.56 (s, NH), 6.51 (m, NH), 5.31 (s, CH(O)(CH)(CH) (DA)), 3.02
(s, CH(CH)C=0 (DA)), 2.90 (s, CH(CH)C=0 (DA)), 5.13, 4.15, 4.08, 3.90, 3.88, 3.67, 2.41, 2.31,

1.65, 1.57, 1.53, 1.50, 1.40, 0.99 (Capa 8025) ppm.

ATR-FTIR: vax - 3341 (N-H), 2942 — 2866 (C-H), 1729 (C=0), 1599 (C-N), 1532 (Ar C=C), 1310

and 1160 (C-0) cm™.

DAA2: ATR-FTIR: vamax - 3335 (N-H), 2922 — 2853 (C-H), 1734 and 1705 (C=0), 1598 (CN), 1531

(Ar C=C) and 1310 (C-O) cm™.
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5 Designing linear TPU copolymers
containing semi-crystalline and
amorphous polyols covalently bonded
via Diels-Alder chemistry
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5.1 Introduction

Thermoplastic polyurethanes (TPUs) are commonplace materials on account of their diverse
thermal and mechanical properties.! A large factor in determining TPU properties is the
choice of polyol the copolymerisbased on which can be either semi-crystalline or amorphous.
Semi-crystalline polyols typically afford materials with higher strength and toughness.? Korley
etal. demonstrated how crystallinity acts as a load-bearing component by enhancing material
toughness within poly(ethylene oxide)-block-poly(propylene oxide)-block-poly(ethylene
oxide) (PEO-PPO-PEO) based TPUs.> However, very high crystallinity can often result in brittle
materials with low elongation.? On the other hand, amorphous polyolstypically produce TPU
copolymers with high flexibility which can often come at the cost of low strength as a

consequence of lack of regular chain conformation.®

To overcome issues faced by both semi-crystalline and amorphous polymers, it is possible to
blend multiple polyols together to produce hybrid materials thatinclude benefits from both
parent polyols. Nijenhuis et al. showed how pure poly(lacticacid) (PLA) is extremely brittle,
but when it is blended with PEO, elongation was reported as greater than 500 %.° With
respect to PU copolymers, Dou et al. demonstrated a range of thermal and mechanical
properties are achievable by altering the ratio between PLA and poly(e-caprolactone) (PCL)
diols.> When blending polyols, it is important to have a degree of compatibility, otherwise
resulting materials will be extremely heterogenous and mechanically inferior. Previous
studies have shown thatcovalentlinkage via copolymerisation of two polyols with connecting

MDI units increases compatibility.’

While phase separation and a well-ordered hard segment (HS) gives TPU copolymers with

favourable mechanical properties, it can also limit their ease of processing and application.
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Strong HS association can persist while in the melt phase to result in a highly viscous melt
which requires high temperature and expensive specialist equipment to overcome.® High

viscosity also restricts applications for reversible adhesion where a low viscosity is required

for simple removal of adhesive.

Therefore, by usinga blend of semi-crystalline and amorphous polyols, it might be possible to
form phase separated TPUs without chain extension. In this case, the amorphous polyol
would act as the flexible soft segment (SS) and the semi-crystalline polyol would act as the
reinforcing HS. In this way, the HS could be more easily dissociated at lower temperatures
than traditional HS, which would ease processing and mitigate the need for expensive high

shearequipment.

These tuneable materials could be used in tandem with reversible Diels-Alder (DA) chemistry.
The DA reaction is a clean and atom efficient [4+2] cycloaddition with no side reactions and
can be easily incorporated within linear TPUs to afford copolymers with dynamic molecular
weights which change as a function of stimulus.® *° This switchable molecular weight is a
consequence of the reversibility of the DA cycloadduct which can form via the DA reaction at
ambient temperatures and then revert to its precursors via the retro-Diels-Alder (rDA)
reaction at elevated temperatures.!! The combination of both techniques could afford
materials that are high mechanically performing solids at room temperatures and low

viscosity melts above 100 °C.1%13

Therefore, the aim of this work is to investigate DA-active linear TPUs based on

copolymerising semi-crystalline and amorphous prepolymers which have dynamic properties,

controllable viachangesin temperature.
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5.2 Results and discussion

5.2.1 Determination of polyol compatibility

An initial study was conducted on the compatibility of polyols with one another for use in
blended DA-active TPU copolymers. The polyolsinvestigated are grouped as semi-crystalline
or amorphous (Scheme 5.1). The semi-crystalline polyolsare Capa 2200 ((PCL), T, =53 °C, 2.0
kDa), Dynacoll 7360 (hexanediol and adipic acid copolymer, T, = 58 °C, 3.5 kDa), Dynacoll
7380 (hexanediol and dodecanedioicacid copolymer, T, = 74 °C, 3.5 kDa) and Dynacoll 7490
(diethylene glycol and tetradecanoic acid copolymer, T, = 91 °C, 3.5 kDa). The amorphous
polyols are Capa 8025 (random copolymer of e-caprolactone (CL) 75 % and lacticacid (LA) 25,
2.0 kDa), Priplast 1838 (Cs¢ diol copolymerised with an undefined diacid, 2.0 kDa), Priplast

3238 (Cs¢ diol copolymerised with an undefined diacid, 2.0 kDa) and Priplast 3197 (copolymer

of C36 diol and C3g diacid, 2.0 kDa).
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Scheme 5.1 Structures of polyols investigated. Semi-crystalline (left) and amorphous (right and
bottom). R’ and R” represent different undefined diacids.

The compatibility of each semi-crystalline polyol with each amorphous polyol was determined
by mixing in turn 33 wty, semi-crystalline polyol with 67 wty, amorphous polyol. The first
method used was to heat two polyols in the same glass jar so that the semi-crystalline
material was fluid, stirmanually once an hour and after 3 hours determine solubility by visual
inspection (Figure 5.1). Whilein the liquid state, miscible polyols would appear as one phase,

whereasimmiscible polyols would have a visible horizontal line signifying two separate fluids.
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Figure 5.1 Method for basic testing of compatibility of polyols by visual inspection.

Most semi-crystalline polyols are only compatible with Capa 8025, a result of similarities in
polarity (Table 5.1). The Priplast polyols are relatively nonpolar as a consequence of long
aliphaticchains. Dynacoll 7380 is not compatible with Capa 8025, but is compatible with both
Priplast 1838 and Priplast 3238. This miscibility is due to the similarly low polarities of these
materials, Dynacoll 7380 contains hexanediol and dodecanedioic acid which means ester
group concentration is low compared to other Dynacoll polyols. Priplast 3197 appears not
miscible with any of the semi-crystalline polyols as it is very nonpolar with the lowest

concentration of ester groups.
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Table 5.1 Results from visual inspection of basic mixing of molten polyols to determine
compatibility.

Amorphous
Capa Priplast Priplast | Priplast
8025 1838 3238 3197
Capa
% 2200 Yes No No No
3
& | Dynacoll
E 7360 Yes No No No
L
S | Dynacoll
1]
7380 No Yes Yes No
Dynacoll
2490 Yes No No No

DSC heating cycles were conducted on the pure polyols and the blended materials. The first
heating cycles were analysed as a consequence of slow recrystallisation kinetics. For
combinations that showed immiscibility, a sample was taken from the semi-crystalline phase.
Compatibility of polyolsis considered by observing differences in the enthalpy of melting of

polyol crystallinity (AH) as this feature is affected by the presence of other polyols (Table

5.2).

The unblended amorphous polyols all display clear glass transitions temperatures(T;) (Figure

5.2(a)). No other thermal transitionsare observed above 0 °C.

The DSC thermograms of Capa 2200 mixed with the three Priplast polyols are comparable to
that of unblended Capa 2200, which shows that Capa 2200 crystallinity is not diluted, thereby

indicating immiscibility (Figure 5.2(c)). However, when mixed with Capa 8025, there is a
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significant decrease in both T, and AH,. This reduction implies Capa 2200 crystallinity has
been diluted by the presence of Capa 8025 and therefore suggests the two polyols are
compatible.b This conclusion agrees with results from visual inspection. Results for the
Dynacoll 7360 are very similarto Capa 2200 which implies Dynacoll 7360 is only compatible
with Capa 8025 (Figure 5.2(d)).

Table 5.2 Key thermal data obtained via DSC for determining compatibility of semi-crystalline

polyols with amorphous polyols. Compatible mixtures are purple. Blends highlighted in yellow
fulfil criteria for further investigation.

Capa Priplast Priplast Priplast
a

semi- | Unblended 8025 1838 3238 3197
Crystalline | T, AH,, Tm AH, Tm AH, Tm AH,, T AH,
(°C) | (.gh) | (°c) [ (gl | (| (gl | (O | ugh| (O | Ugh
36 & 34 & 35 & 34 &

53 83 16 23 52 76 50 72 52 75

58 108 51 23 58 88 57 89 58 94

70 119 72 109 69 43 69 45 72 109

91 127 89 65 88 64 88 75 90 97

9 Greyed out for clarity

The pure unblended semi-crystalline polyols have clear endotherms associated with the
melting of crystalline regions (Figure 5.2(b)). T, and AH,, increase in the order Capa 2200 <

Dynacoll 7360 < Dynacoll 7380 < Dynacoll 7490.

Dynacoll 7380 displays different behaviour, AHn, is significantly reduced when mixed with
Priplast 1838 and Priplast 3238, indicating compatibility (Figure 5.2(e)). In contrast, Dynacoll
7490 records a reasonable decrease in AHy, when mixed with all four amorphous polyols
(Figure 5.2(f)). Thisinteresting behaviouris likely a consequence of Dynacoll 7490 containing

both a relatively polar component (diethylene glycol) and a nonpolar component
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(tetradecanoicacid) which allows for at least partial miscibility with both polar polyols (Capa

8025) and nonpolar polyols (Priplast 3197).
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Figure 5.2 DSC thermograms of (a) pure amorphous polyols. (b) pure semi-crystalline polyols.

Amorphous polyols are mixed in turn with (c) Capa 2200, (d) Dynacoll 7360, (e) Dynacoll 7380
and (f) Dynacoll 7490. Red = unblended amorphous polyols, blue = unblended semi-crystalline

polyols, black = immiscible mixtures and purple = miscible mixtures. First heat cycle used at a

heating rate of 10 °C.min™. Exo up.
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To determine which blends should be explored further, two factors were considered to
ensure the material could be industrially relevant as an adhesive. Firstly, desirable blended
polyols should have a Ty, > 70 °C to afford a reasonable maximum service temperature.
Secondly, the blends should have a significant reduction in AH., (approximately > 50 %)
relative to the respective unblended semi-crystalline polyol to highlight combinations with
greatest compatibility. Only two blends fulfil both criteria, Dynacoll 7490 with Capa 8025 and
Dynacoll 7490 with Priplast 1838 (Table 5.2). Additionally, it was decided that Capa 2200 with
Capa 8025 and Capa 2200 with Priplast 1838 would also be investigated as reference

materials.

5.2.2 Synthesis of linear TPUs containing semi-crystalline and amorphous polyols
covalently bonded via Diels-Alder chemistry

Linear TPUs including DA cycloadducts and based on copolymers of semi-crystalline and
amorphous prepolymerswere synthesised in bulk via a multistep reaction pathway (Scheme
5.2). Synthesis was solvent-free which mitigates risks and hazards associated with organic-
based solution polymerisation. The same ratio of semi-crystalline (33 wty) and amorphous
(67 wty) polyols were used in this synthesis to form the final TPU copolymer as in the previous
compatibility tests. Initially, semi-crystalline polyols and MDI were reacted at a stoichiometry
of 1.0 : 2.0 to form NCO-terminated prepolymers. These species were then reacted further
with monofunctional furfuryl alcohol (FA) to afford furan-terminated prepolymers (PPFX)
(Scheme 5.2(a)). In two separate reaction vessels, the same procedure was repeated with
amorphous polyols, MDI and FA and amorphous polyols, MDI and 2-hydroxy ethylmaleimide
(HEMI) to afford both FA- (PPFAX) and HEMI-terminated (PPHAX) amorphous prepolymers

(Scheme 5.2(b)). These prepolymers are benign and typically solid materials, which allows the
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next and final step to be performed at any time. Finally, a predetermined mixture of PPFX,
PPFAX and PPHAX were blended in the melt phase and then copolymerised over time under
ambient conditions, thereby formingthe DA cycloadducts. In this step, one third of the mass
was semi-crystalline prepolymer and two thirds were amorphous prepolymer and the
stoichiometry of furan : maleimide was 1.0: 1.0 to produce a final linear TPU copolymer (DAX-

AX) (Scheme 5.2(c)).

Furan-terminated prepolymers based on semi-crystalline Capa 2200, Dynacoll 7490 are
denoted PPF1 and PPF4, respectively, and furan-terminated prepolymers based on
amorphous Capa 8025 and Priplast 1838 are denoted PPFA1 and PPFA2, respectively (as
labelled in Chapter 4). HEMI-terminated prepolymers based on Capa 8025 and Priplast 1838
are denoted PPHA1 and PPHA2, respectively. Copolymers comprising the different semi-
crystalline and amorphouspolyols are labelled DAX-AX, where the first X represents the semi-
crystalline prepolymer and the second X the amorphous prepolymer. Therefore, copolymer
of Capa 2200 with Capa 8025 is labelled as DA1-Al, Capa 2200 with Priplast 1838 is DA1-A2,
Dynacoll 7490 with Capa 8025 is DA4-Al1 and Dynacoll 7490 with Priplast 1838 is DA4-A2

(Table 5.3).
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Table 5.3 Composition of the TPU copolymers and prepolymers synthesised with various
polyols with correlating SEC data.

Molar Ratio® Polyol Polyol M m,°
. Vi y n w d
Material Comonomer b
il ool Mot A (sq) (A) (kDa) (kDa) M
HEMI
Capa c
1.0 2.0 1.1 2200 - FA 6.3 12.6 1.94
Dynacoll c
1.0 2.0 1.1 2490 - FA 15.2 294 1.93
PPHA1 1.0 20 11 < Capa HEMI 60 11.1 1.85
8025
Capa
_C
PPFAl 1.0 2.0 1.1 8025 FA 6.3 11.7 1.85
Priplast
_C
PPHA2 1.0 2.0 1.1 1838 HEMI 6.0 13.8 2.28
Priplast
_C
PPFA2 1.0 2.0 1.1 1838 FA 6.0 14.2 2.36
DA1-A1 b b b Capa  Capa DA 135 344 2.52
2200 8025 ) ' '
Capa Priplast
_ _b _b _b
DA1-A2 2200 1838 DA 13.3 51.2 3.42
Dynacoll Capa
_ b b b
DA4-Al 2490 8025 DA 15.1 34,7 2.61
Dynacoll Priplast
_ b b b
DA4-A2 2490 1838 DA 23.3 56,5 2.53

9Molar ratio of functional group

b Not measured as made via melt blending multiple prepolymers
“Not present

4 Determined by SEC in CHCl3 against PMMA standards

Successful synthesis of DAX-AX was proven via *H NMR and FTIR spectroscopies and size
exclusion chromatography (SEC). In the *H NMR spectra of all DAX-AX thereis a resonance at
6 =5.32 ppm which corresponds to CH(O)(CH)(CH) of the DA cycloadduct. There are also two
resonances at 6 = 3.02 and 2.90 ppm which relate to two protons CH(CH)C=0 either side of

the N atomin the DA cycloadduct.

In the FTIR spectra of all the prepolymers there is no absorbance at vmax = 2260 cm?,
corresponding to the NCO of NCO-terminated polyol. This absence demonstrates successful

reaction of the NCO-terminated prepolymer with FA or HEMI to form PPFX or PPHX,
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respectively. Melt blending of PPFX, PPFAX and PPHAX followed by copolymerisation at
ambient temperatures decreases the absorbance at vmax = 696 cm™ which relates to free
maleimide, inferring that the maleimide end groups are consumed to form the DA

cycloadduct by reaction with furan end groups.**

Results from SEC show thereis anincrease in weight average molecular weight (M,,) for DA1-
Al, DA1-A2, DA4-Al and DA4-A2 with respect to their constituent prepolymers. This increase
suggests successful DA cycloadduct formation which leads to an increase in chain length.®®
However, the number average molecular weight (M,) increases for all DAX-AX but DA4-A1.

The reason for this discrepancy is undetermined and requires further investigation.

5.2.3 Structural characterisation of DAX-AX copolymers

Inspection of the carbonyl regions of FTIR spectra gives information about the type of
molecularinteractions present within the linear TPU copolymers. The carbonyl region of DA1-
Al is dominated by the absorbance of backbone ester at approximately vmax = 1725 cm™, but
also shows a shoulder at lower wavenumbers associated with H-bonded urethane and imide
carbonyls (Figure 5.3).*® " The copolymer DA1-A2 shows a broad maximum absorbance at
Vmax = 1731 cm™ as it encompasses different polyester backbones from Capa 2200 and Priplast
1838. A secondary broad maximum is observed at Vima = 1709 cm™ in the spectrum of DA1-
A2, correspondingto urethane and imide carbonyl groups. The spectra for DA4-Al and DA4-
A2 also display absorbances for the different backbones present and shoulders at lower
wavenumbers correspondingto H-bonding carbonyl groups. Overall, thespectrum of all DAX-
AX appearto contain arange of carbonyltypes, which opensup the potential for a substantial

number of physical interactions.
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Figure 5.3 Carbonyl! regions of FTIR spectra for DAX-AX copolymers. 1 = polyol backbones
ester. 2 = H-bonded urethane. 3 = imide carbonyl.

The thermal properties of DAX-AX were determined with reference to blended polyols
without covalent linkage from the initial compatibility studies (X-AX, where X = 1, 2 or 4)
(Table 5.4). The first heating cycles were analysed to account for slow crystallisation and DA
cycloaddition. In the thermogram of DA1-A1, there is a clear T; at -17 °C. Interestingly, the
non-covalently attached blend of Capa 2200 and Capa 8025 (1-A1) displays two distinct and
well separated T, at -58 and -8 °C which suggests partial incompatibility of the two polyols.
Yet after copolymerisation, only one T is observed as a consequence of improved miscibility
when covalently bound as the two backbones are forced into close proximity.” A melting
endotherm is observed at 43 °C for DA1-A1 which corresponds to the melting of crystalline

PCL from Capa 2200 (Figure 5.4(a)). The AH, (5J.g7) is significantly reduced with comparison
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to the DA copolymer comprising only Capa 2200 (DA1, discussed in Chapter 4) which recorded
avalueof 27 ).g*. Thisdecrease is mostly due to the lower content of Capa 2200 with respect
to polyol contentin DA1-Al (DA1-Al =33 %, DA1 = 100 %). At higher temperatures, DA1-Al
shows a double peaked endotherm at 116 and 148 °C characteristic of the rDA reaction (which
is also present in unblended DA1 and DAA1 in Chapter 4).*® No temperature of rDA (T:pa) is
detected for 1-Al as there are no DA cycloadducts present in the material. In DA1-Al, the
enthalpy of rDA (AH,pa) (10.2 J.g}) is similar to that of DA1 (8.9 J.g?) and DAA1 (11.9 J.g7),
previously described, which proves that using a blend of polyols does not prevent DA

cycloadduct formation.

Table 5.4 Thermal data collected from DSC analysis for copolymers DAX-AX and blends
without covalent attachment X-AX. First heating cycle used at a heating rate of 10 °C.min™.

Material Tg Talt Tm AHm TrDA AHrDA

(°C) (°C) (°C) (J.g™) (°C) (J.g7)

DA1-Al -17 b 43 5 116 & 148 10.2
DA1-A2 -45 b 44 7 116 & 146 8.8
DA4-A1 -11 49 78 & 82 22 117 & 144 6.5
DA4-A2 -45 50 81 24 118 & 143 5.8
1-Al -58 & -8 b 36 & 46 23 - -
1-A2 -67 b 34 & 52 76 - -
4-A1 -53&-8 43 89 65 < -
4-A2 -61 & -35 42 88 64 - -

% No T, detected

bNo T, present
¢No DA cycloadduct present

The thermogram of DA1-A2 displays a T at -45 °C attributed to the amorphous component
and an endotherm at 44 °C correspondingto melting of PCL crystallinity (Figure 5.4(b)). This
melt shows how PCL crystallinity is consistent with multiple amorphous copolymers.
Interestingly, the initial compatibility studies suggested Capa 2200 and Priplast 1838 to be

incompatible. This change in solubility proves the effect covalent attachment has on
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miscibility of polyols. An endotherm corresponding to rDA is also present in DA1-A2 at 116

and 146 °C.
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Figure 5.4 DSC heating thermograms of copolymers and physical blends. (a) DA1-A1 and 1-
Al, (b) DA1-A2 and 1-A2, (c) DA4-A1 and 4-A1 and (d) DA4-A2 and 4-A2. First heating cycle
used at a heating rate of 10 °C.min™. Exo up.

Inthe thermogram of DA4-Al a T is observed at-11 °Cbut the non-covalently attached blend
4-Al1 displays two T which reinforces the notion that covalent attachment improves
compatibility of polyols. Thereis a large endotherm with peaks at 78 and 82 °C which relates
to the crystallinity of Dynacoll 7490 (Figure 5.4(c)). The AHn, (22 J.g%) is significantly larger
than that of the two Capa 2200 based copolymers (DA1-Al & -A2 =5 & 7 J.g*, respectively).
The physical blend 4-A1 shows a higher AH,, than DA4-A1, again proving a lower degree of
compatibility without covalent linkage. The endotherm correlatingto Tipais detected in DA4-

Al at 117 and 144 °C. DA4-A1l shows a lower AH,pa (6.5 J.g™) than DA1-A1 (different semi-
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crystalline polyol, same amorphous polyol) as a consequence of the higher molecular weight

of the semi-crystalline polyolused which decreases functional group concentration.

The thermogram of DA4-A2 displays a T, of -45 °C which matches the T, of DA1-A2 exactly
which contains the same amorphous component (Priplast 1838). An endotherm s present at
88 °C with a similar AH,, as DA4-A1l, indicating similar compatibilities of Dynacoll 7490
prepolymer with both Capa 8025 and Priplast 1838 based prepolymers (Figure 5.4(d)). As in
every other case, noncovalently attached 4-A2 displaysa higher AH,than DA4-A2 on account
of poorer compatibility of the two polyols without copolymerisation. Finally, DA4-A2 shows

an endotherm correspondingto T,paat 118 and 143 °C.

Overall, there are some clear trends in the analysis of DSC data. The T tends to be dictated
by the amorphous component and therefore it suggests so are the low temperature
properties. Crystallinity still persists from the semi-crystalline component, but is somewhat
decreased by copolymerisation with the amorphous prepolymer. As crystallinity is still
present, it shows the aim of making a phase separated linear TPU without chain extender has
been achieved. Finally, Tipa is presentin all DAX-AX materials which shows copolymerisation

of prepolymers based on different polyols does not prevent DA cycloadduct formation.

DMA was performed on the four DAX-AX copolymers comprising both semi-crystalline and
amorphous prepolymers and the four reference copolymers containing only semi-crystalline
(DAX) and amorphous (DAAX) prepolymers. DA1-Al displays a peak in tan 6 at 6 °C
corresponding to a T; which matches that of the amorphous based reference copolymer
DAA1, recorded at 5 °C (Figure 5.5(a) & (d)). This transition is followed by a slight plateau in
storage modulus (E’) which then decreases significantly at 41 °C as a consequence of PCL

crystals meltingin Capa 2200 (Figure 5.5(a) & (c)). The E’ (52 MPa) is significantly lower than
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that of the relevant reference semi-crystalline DA1 (390 MPa), as a consequence of lower
crystallinity and high amorphous polyol content (DAA1 = 4 MPa) (Table 5.5). Therefore, the
strength of DA1-Al isan intermediate of DA1and DAAL, asit is an order of magnitude lower
and higher than DA1 and DAAL, respectively, a useful feature for targeted properties. Above
Tm, DA1-Al displays a highly temperature dependent £’ until 82 °C where all material strength
is lost, although the sample did not break. This final decrease in E’ is caused by the rDA
reaction, as the cycloadduct returnsto the two precursors, it causes a decrease in molecular
weight and therefore a decrease in cohesion which is reflected in a drop in E”. Interestingly,
the purely semi-crystalline DA1 does not have enough cohesion to reach T.pa via DMA
whereas DAA1 does, which implies the added cohesion seen in DA1-Al is a contribution of

the amorphous prepolymer.

DA1-A2 displaysa Tg at -25 °C which isa much lower temperature than DA1-A1l, recorded at
6 °C (Figure 5.5(a)). This reduction in T reflects the amorphous component present in DA1-
A2, Priplast 1838. E’ above Ty is lower for DA1-A2 than DA1-A1 which is another observed
difference between DAA1l and DAA2 reference copolymers. E’ of DA1-A2 is again an
intermediate between DAl and DAA2. A slight decreasein E’ at 44 °C signifies the melting of
the small amount of crystallinity within DA1-A2 (Figure 5.5(a)). Above T,,, DA1-A2 displays a
region of relatively constant E’ not observed in DA1-Al. By analysing the two amorphous
reference materials, it is clear the Priplast 1838 based copolymer (DAA2) has a E’ with
significantly less dependence on temperature than the Capa 8025 based copolymer (DAA1).
This difference is likely on account of potential phase separation present in DAA2, but not
DAA1, therefore offering greater stability to DAA2 as discussed previously (Chapter 4). The

difference between these two amorphous polyolsis therefore observed in DA1-Al1 and DA1-
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A2 which contain Capa 8025 and Priplast 1838, respectively. DA1-A2 also displays a higher

Troa than DA1-A1 which is also observed when comparing the amorphous copolymers DAA1

and DAA2.
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Figure 5.5 DMA results of (a) DA1-A1 and DA1-A2, (b) DA4-A1 and DA4-A2 which are
compared to reference copolymers (c) DA1 and DA4 (semi-crystalline) and (d) DAA1 and DAA2
(amorphous). Heating rate of 3 °C.min™.

DA4-A1l shows similar low temperature properties to DA1-Al on account of the presence of
Capa 8025 in both copolymers (Figure 5.5(a) & (b)). However, the T, of DA4-A1 (80 °C) is
almost double that of DA1-Al1 (41 °C) due to copolymerisation of prepolymers comprising
Dynacoll 7490 which has a higher T;,, than Capa 2200. The final drop in E’at 82 °Csignifies the
onset of Tpa within DA4-A1. As this transitionis very close to the T, of Dynacoll 7490 it results

in a significant loss of material strength within a short temperature range.
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Table 5.5 Thermal data obtained for the four copolymers (DAX-AX) compared to semi-
crystalline (DAX) and amorphous (DAAX) reference copolymers via DMA with a heating rate
of 3 °C.min™.

Copolymer E'(T<T)? tg b E'(T>Ty)¢ 'I;m d T,I,Ae
(MPa) (°C) (MPa) (°C) (°C)
DA1-Al 1940 6 52 41 82
DA1-A2 1240 -25 12 44 97
DA4-Al 2230 6 29 80 82
DA4-A2 1150 -33 176 75 95
2280 18 390 40 -
1890 17 1015 78 -
DAA1 1480 5 4 - 92
DAA2 1270 -24 7 - 110

9Modulus at -50 °C

b Measured from the peak in tan &

¢ Modulus at 20 °C

4 Measured as the onset of modulus slope
€ Estimated from the final drop in modulus

As in the previous case, DA4-A2 displays low temperature thermal properties comparable to
DA1-A2 due to the common presence of the same amorphous segment Priplast 1838 (Figure
5.5(a) & (b)). DA4-A2 records the highest E” above T, of 176 MPa due to the high Ty, of the
crystalline phase and relatively low dependence of E’ on temperature. The combination of
low Tz and high Tr, provides DA4-A2 with an impressively large service temperature range of
approximately 100 °C allowing for potentially a wide variety of applications. The decrease in
E’ at 75 °C correspondsto the melting of Dynacoll 7490 crystalline regions and the decrease

at 95 °Crelates to Tpa.

DMA data generally shows that the amorphous componentdetermines both thelow (< 5 °C)

and very high temperature (> 80 °C) thermal properties of the DAX-AX copolymers which
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would allow for synthesis of materials with specific properties or use in applications at certain
temperatures. Therefore, temperaturesbelow 5 °Cand above 80 °Cin the DMA thermograms
of DA1-Al1 and DA4-A1l resemble DAA1, and the same can be said for DA1-A2 and DA4-A2
with DAA2. Whereas in the intermediate temperature range (5 — 80 °C) thermal properties
are largely determined by the semi-crystalline polyol, again allowing for desired properties
for specific applications. Typically, at ambienttemperatures the £’ of DAX-AX is decreased by
an order of magnitude relative to the reference semi-crystalline DAX but it is also increased
by an order of magnitude relative to the reference amorphous DAAX to afford an
intermediate strength. Copolymerising semi-crystalline prepolymers with amorphous
prepolymers, to give DA-active copolymers, affords materials that remain cohesive up to T.pa,
unlike purely semi-crystalline analogues. This added cohesion is likely due to increased
amorphous component which allows for greater entanglements which persist above Tmpol).
Results suggest there is the possibility of finely tuning the thermal properties of a desired DA -

active material with the prepolymers actingas ‘building blocks’.

5.2.4 Melt phase properties

Rheological temperature sweeps were performed on the four blended copolymers DAX-AX
to determine their melt phase flow properties. A melt complex viscosity (n*) of 10 Pa.s™ was
chosen as a suitable target for good surface wettingand simple application and removal in

applications as a reversible adhesive.

Both DA1-Al and DA1-A2 display a melt n* with temperature dependence (Figure 5.6(a)).
DA1-Alshowsarapid decreasein n* at approximately 100 °C, whereas DA1-A2 shows a more
gradual decrease. The dropin n* coincides with a peakin tan § and relates to the T;pa. As the

rDA reaction occurs, the cycloadducts dissociate to liberate the respective FA- and HEMI-
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terminated prepolymers which results in a decrease in molecular weight and therefore a
subsequent decrease in n*. While DA1-A1l reaches the target n* of 10 Pa.s*at 163 °C, DA1-

A2 does not, but does at least obtain a reasonable minimum n* of 17.5 Pa.s™ within the

temperature range measured.

DA4-Al and DA4-A2 also display a temperature dependent melt n* (Figure 5.6(b)). The initial
decrease in n* atapproximately 80 °Cis on account of the melting of Dynacoll 7490 crystals.
Above this temperature, both copolymers show a dramatic decrease in n* due to the onset
of T.pa. Importantly, both DA4-A1 and DA4-A2 achieve very low melt n* within the
temperature range studied and reach the target n* at 143 °C. Therefore, all copolymers
display a good physical response to thermal stimulus which is extremely encouraging for the

applicationand removal of an adhesive at material end-of-life.
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Figure 5.6 Rheological temperature sweeps of (a) DA1-A1 and DA1-A2 and (b) DA4-A1 and
DA4-A2. Dashed black horizontal line marks the target viscosity.
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5.2.5 Mechanical properties
The mechanical properties of DAX-AX were determined by performing tensile tests on 300
pum film dog bone samples with comparison to the reference copolymer analogues DAX and

DAAX from the previous chapter, comprising either semi-crystalline oramorphous polyols.
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Figure 5.7 Stress-strain curves from tensile testing on (a) four DAX-AX copolymers comprising
both semi-crystalline and amorphous segments and (b) four reference copolymers DAX and
DAAX from the previous chapter comprising either semi-crystalline or amorphous segments.

X marks sample failure by breaking.
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The stress-strain curve of DA1-A1 initially displays a positive linear relationship between
stress and strain with small amounts of strain (< 10 %) (Figure 5.7(a)). This relationship is
observed in the semi-crystalline reference DA1, but not the amorphous DAA1, which
demonstrates how crystallinity grants strength to the material (Figure 5.7(b)). At strains
<10 %, stress gradually decreases with increasing strain, displayinga &max of 590 + 90 MPa
which is gifted by the amorphous component, seen in the curve of DAAL. Therefore, the
combination of semi-crystalline and amorphous polyols produces a TPU material with
enhanced flexibility and strength relative to the separate semi-crystalline and amorphous
copolymers, respectively. However, both E (11 + 2 MPa) and omax (0.9 + 0.1 MPa) for DA1-Al
are an order of magnitude lower than recorded for DAl itself (121 + 12 MPa and 5.9 £ < 0.1
MPa, respectively) (Table 5.6). Therefore, dilution of the semi-crystalline polyol with an
amorphous polyolclearly reduces the strength of the material. Likewise, emax of DA1-A1 (590
+90 %) is significantly reduced relativeto the amorphous reference DAA1 (1270 + 10 %) which
in fact did not break within the experiment. Considering these results, it can be deduced that
DA1-Al is a relatively soft material with impressive elongation and moderate toughness (255
+ 55 MPa). With these results in mind, the mechanical properties of the copolymer DA1-Al
are clearly a hybrid of the respective separate semi-crystalline and amorphous copolymers.
DA4-A1l displays a similar stress-strain curve to DA1-A1l, but with some differences due to the

type of semi-crystalline polyol.

The stress-strain curve of DA1-A2 also displays a linear positive relationship between stress
and strain at low levels of strain (Figure 5.7(a)). However, with increasing strain, stress
graduallyincreases on account of strain-hardening.'® The stress-strain curve of the reference

amorphous copolymer DAA2 displays strain-hardening so this behaviouris known to be a
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contribution of the specific material Priplast 1838 (Figure 5.7(b)). The combination of strain-
hardening, moderate stress and high elongation at break makes DA1-A2 a very tough material

(2655 + 455 MPa).

Table 5.6 Mechanical properties data of DAX-AX from tensile testing compared to reference
DAX and DAAX reported in the previous chapter.

Copolymer E?(MPa) Omax” (MPa) Ur ¢ (MPa) Emax ° (%)
DA1-Al 11+2 09+0.1 255 +55 590 + 90
DA1-A2 16 +4 5.1+0.6 2655 + 455 980 + 110
DA4-Al 31+8 1.6+04 580 £ 220 505 £ 85
DA4-A2 116 £6 10.7 £0.5 4595 + 370 700 + 35

121 +12 59+<0.1 640 + 55 165 +5

588 + 35 17.9+1.0 50+5 5+<1
DAA1 1+<1 0.3+<0.1 230+ 10 1270 + 10°
DAA2 4+<1 85+0.7 3465 + 420 740 + 40

%Young’s modulus is calculated from the initial gradient before the Yield point.

bUltimate tensile strength is the maximum recorded stress the sample can withstand before failure.

¢ Modulus of toughness is measured as the area under the curve and represents the total energy a material can
withstand without breaking.

4Elongation at break is the strain (%) at which the sample breaks.

€ Sample did not break

Finally, the stress-strain curve of DA4-A2 is qualitatively similar to that of DA1-A2 (Figure
5.7(a)). However, DA4-A2 records extremely impressive and consistent mechanical
performance in all aspects measured. In fact, DA4-A2 has the highest £ (116 + 6 MPa) of all
DAX-AX and displays strength comparable to semi-crystalline DA1 (121 + 12 MPa).
Interestingly, the Ur of DA4-A2 is higher than any other copolymer measured in this work at
value of 4595 + 370 MPa, arisingfrom the synergy of the copolymerisation of very stiff semi-
crystalline segments and the very flexible amorphous segments. These results indicate that
DA4-A2 is an outstanding material with very diverse and promising mechanical properties and

its morphology should be investigated furtherin the future.

The range of mechanical properties achieved with these eight copolymersindicates a way of

achievinga wide library of mechanical performance through fine tuning TPU composition.
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The adhesive properties were determined by performing lap shear testing on beechwood
substrates adhered to one another with 250 um films of each copolymer. Samples were
prepared by heating for a short time to allow for surface wetting, followed by
copolymerisation at ambient temperatures for at least two weeks. Bond strengths for DA1-
Al, DA1-A2 and DA4-A1 are relatively low, recording 1.5 £ 0.2, 2.1 + 1.4 and 1.2 £ 0.2 MPa,
respectively. These bond strengthsare either equalto or lower than the reference amorphous
DAAX copolymers and all lower than the semi-crystalline DAX copolymers (Figure 5.8). In
contrast, DA4-A2 provides high bond strength on beechwood (5.6 + 0.3 MPa) which is an
intermediate bond strength of the reference semi-crystalline DA4 and amorphous DAA2
copolymers. Again, these results present DA4-A2 as a very promising material, one that is

flexible, strongand shows good adhesion.
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Figure 5.8 Adhesion testing on beechwood substrates for DAX-AX comprising both semi-
crystalline and amorphous segments with reference to semi-crystalline DAX and amorphous
DAAX copolymers.
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5.2.6 Determination of reversibility via Diels-Alder chemistry

The ability to form DA cycloadducts within linear TPU copolymers along with reversal of the
cycloadducts back to its respective precursors has been proven via various techniques and
discussed in detail above. The ability to then reform the cycloadducts provingthese DAX-AX
materials comprising both semi-crystalline and amorphous segments are fully dynamicis now

investigated.

Each fully cured copolymer was heated at 150 °C for 1 hour to dissociate the DA cycloadducts
and reform the FA- and HEMI-terminated prepolymers. A film was then coated and left under
ambient conditions to allow the prepolymers to copolymerise with time. Samples were taken
from each material at setintervals and analysed to determine whether reformation of the DA

cycloadducts had been successful.

The change in molecular weight was monitored over 28 days after application from the melt
via SEC (Table 4.5). The molecular weight of the prepolymers for each DAX-AX was also
measured. The average of these prepolymer molecular weights is taken as the theoretical
molecular weight for a copolymer that has fully dissociated via the rDA reactionandis labelled
as PPX. When taken straight from the melt, all DAX-AX copolymers record a M, comparable
to each respective PPX which indicates successful reversal of the DA cycloadducts to the
prepolymer stage to cause a decrease in molecular weight. Within 7 days at ambient
temperaturesthereisanincreasein molecular weight of DAX-AX as copolymerisation occurs
via DA cycloadduct formation (Figure 5.9). After more than 7 days under ambient conditions,
molecular weight plateaus as an equilibrium is established between the associative and

dissociative DA reactions which occur at the same rate. It is worth noting that DA4-A2 records
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the highest M, after 28 days after melt application, which could contribute towards the

superior mechanical properties displayed by this copolymer.

Table 5.7 Time dependent M, values for DAX-AX at ambient temperature. PPX were only
measured once and not as a function of time.

Material M., with days after melt application (kDa) " Equilibrated
1 2 3 4 7 14 28 M., (kDa)

DA1-Al 6.5 8.3 10.5 11.1 12.1 12,5 13.9 14.2 13.5
PP1 6.2 - - - - - - - -

DA1-A2 7.1 9.3 120 121 123 125 13,6 13.8 13.3
PP2 9.0° - - - - - - - -

DA4-A1 6.5 8.7 125 13.2 13.8 139 17.7 13.7 15.1
PP3 9.2 - - - - - - - -

DA4-A2 7.7 104 16.1 18.9 20.9 20.6 23.0 23.3 22.3
PP4 12.0 - - - - - - - -

9Average M, of PPHX and PPFX prepolymers
bDetermined by SEC in CHCl; against PMMA standard's
¢ Measured as the average of 7, 14 and 28 days
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Figure 5.9 Variation of M, with time after melt application of DAX-AX. Average prepolymer
M, are labelled as PPX. Determined by SEC in CHCl3 against PMMA standards.
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FTIR spectroscopy was used to monitor the reformation of DA cycloadduct. The intensity of
the absorbance at vmax = 696 cm™ which corresponds to free maleimide was measured with
time. All copolymers display a dramatic decrease in intensity within the first seven days
(Figure 5.10(a) & (b)). This reduction shows consumption of the free maleimide and therefore
infers formation of the DA cycloadducts. Similar to results observed via SEC, after the first 7
days a plateau is reached which indicates an equilibrium has been established between
cycloadduct and FA- and HEMI-terminated precursors with association and dissociation
occurring at the same rate. Copolymers containing Capa 2200 (DA1-AX) show greater
consumption of free maleimide than those containing Dynacoll 7490 (DAB4-AX). This
difference implies Dynacoll 7490 segments somewhat hinder the formation of the DA
cycloadducts which could be a result of the higher degree of crystallinity restricting chain
movement and therefore potential cycloadduct association.?° Additionally, copolymers
containing Dynacoll 7490 have a significantly higher T, which is much higher than ambient
temperature used for cycloadduct formation. Interestingly, DA4-AX records approximately 25
% free maleimide after 28 days, whereas the semi-crystalline reference material DA4
(reported in Chapter 4) records approximately 45 % free maleimide. This increase in free
maleimide consumption suggests that the presence of the amorphous component is assisting
cycloaddition in DA4-AX copolymers, likely a consequence of lower crystalline Dynacoll 7490

content.
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Figure 5.10 Change in intensity of absorbance at Vmex = 696 cm™ with time after melt
application for (a) DA1-A1 and DA1-A2 and (b) DA4-A1 and DA4-A2 copolymers.

The reformation of DA cycloadducts after melt application was also determined via DSC
(Table 5.8). Initially after melting, AHpa is low which shows there is little DA cycloadduct
present. As the material is left with time, the AH.pa increases due to copolymerisation, which
reaches a plateau after 7 days (Figure 5.11). Copolymers containing Capa 2200 (DA1-AX)
show a greater amount of DA cycloadduct than those made with Dynacoll 7490 (DA4-AX) as
a consequence of the higher molecular weight of Dynacoll 7490 (Dynacoll 7490 = 3.5 kDa,

Capa 2200 = 2.0 kDa) which decreases functional group concentration.
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Table 5.8 Thermal data of DA1-A1, DA1-A2, DA4-A1 & DA4-A2 obtained via DSC over 28 days.

Copolymer Time after melt Te Tin(pol) AHmpol) Tion AHpa
application (days) (°C) (°C) (J.gh) (°C) (J.gh)
0 -19 - - 146 3.7
0.5 -23 - - 147 4.3
DA1-Al 7 -19 43 0.7 116 & 146 9.7
14 -16 43 5.4 116 & 149 9.8
28 -17 43 5.0 116 & 147 11.7
0 -44 - - 146 4.3
0.5 -44 - - 117 & 146 7.6
DA1-A2 7 -45 43 0.1 115 & 146 9.0
14 -46 43 0.7 115 & 147 8.3
28 -45 45 7.2 117 & 146 9.1
0 -11 78 & 83 24.4 147 1.7
0.5 -14 77 & 82 23.6 145 4.6
DA4-Al 7 -10 78 & 82 21.4 117 & 145 6.5
14 -12 78 & 82 22.8 117 & 146 6.6
28 -11 78 & 82 22.4 116 & 142 6.5
0 -43 74 & 77 23.2 146 3.1
0.5 -44 81 26.5 146 53
DA4-A2 7 -44 81 23.4 119 & 145 5.5
14 -46 80 26.3 117 & 142 6.2
28 -45 81 23.4 118 & 144 5.7
12.0 - .
10.0
8.0
=
o0 = DA1-Al
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Figure 5.11 Change in AHpa with time after melt application for DAX-AX measured via DSC at
a heating rate of 10 °C.min™.
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Finally, the effect of time on copolymer crystallinity was monitored over 28 days. DA1-Al
appears completely amorphous immediately after melting (Figure 5.12(a)). A very small
meltingendotherm (0.7 J.g%) is detected at 43 °C after 7 days and a more substantial melting
transition is recorded after 14 days (5.4 J.g') which remains constant after 28 days. The
delayed crystallisation kinetics indicates that crystallisation of Capa 2200 segments is greatly

suppressed and up to 14 days are required to establish an equilibrium for crystal formation.

Remarkably, the thermograms of DA1-A2 show an almost amorphous material until 28 days,
which indicates the crystallinity of Capa 2200 is extremely supressed by covalent attachment
with the amorphous Priplast 1838 polyol segments (Figure 5.12(b)). Very small levels of
crystallinity are detected after 7 and 14 days, but the AHm(eo) does not exceed 0.7 J.g™*. The
melting endotherms of both DA1-A1 and DA1-A2 are narrow for all recorded melting

endotherms which indicates homogeneous crystals are formed directly.

DA4-A1 displays a significant melting endotherm (24.4).g™) at 78 and 83 °C, immediately after
melt application as a result of the rapid crystallisation kinetics of Dynacoll 7490. The AH,
remains constant with time, which demonstrates that crystallinity occurs instantaneously
within the copolymer. As the endotherm is dual-peaked, it suggests multiple degrees of
crystallinity. Initially, the higher temperature peak at 83 °C is the dominant melt, but with
time, the lower temperature peak at 78 °C increases in intensity. As the enthalpy remains
constant, rather than a build in amount of crystallinity, it suggests a change in arrangement

of crystallinity occurs with time.

Thermograms of DA4-A2 also display melting endotherms associated with polyol crystallinity
instantly from melt application, remaining constant throughout the duration of the

experiment. This result presents DA4-A2 as a potentially fast setting adhesive. As with DA4-
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Al, DA4-A2 shows a dual-peaked melt endotherm where initially the higher temperature
peak at 77 °C dominates. Again, with increasing time after melt application, the lower
temperature peak melt at 74 °C seems to grow in intensity so that after 28 days, DA4-A2
displays a slightly broader melting endotherm. This change indicates a gradual rearrangement

of Dynacoll 7490 crystal formation.
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Figure 5.12 DSC thermograms showing crystallinity of (a) DA1-A1, (b) DA1-A2, (c) DA4-A1 and
(d) DA4-A2 as a function of time after melt application. First heat cycle used at a heating rate
of 10 °C.min™. Exo up.

The data above shows how the crystallisation of the backbone in Capa 2200 is greatly
influenced by the covalent attachment with an amorphous segment, whereas Dynacoll 7490
is not. Perhaps this difference is a consequence of greater interactions between the lower

molecular weight Capa 2200 with the amorphous segments than the higher molecular weight
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Dynacoll 7490 segments which possibly associate together. However, further studies of the

microstructure of each material are required for confirmation.

5.3  Conclusions

The aim of this work was to design a phase separated linear TPU without chain extender by
blending semi-crystalline and amorphous polyols together to afford a copolymer with distinct
HS (crystalline) and SS (amorphous). The reason for this aim is to overcome the issue of high
melt viscosity associated with HS formation in traditional linear TPUs containing chain
extender. Reversible DA chemistry was incorporated to improve disparity between solid and

molten states.

Aninitial study was conducted to determine the compatibility of four semi-crystalline polyols
with four different amorphous polyols via visual inspection and DSC analysis. Criteria were
defined to identify pairs of semi-crystalline and amorphous polyols that would have potential
for further study as phase separated TPUs without chain extender. The blend must havea T,
>70°Cand AHW<50 % of undiluted semi-crystalline polyol, to have a reasonable upper service
temperature range and compatibility. Only two combinations fulfilled these criteria: Dynacoll
7490 with Capa 8025 and Dynacoll 7490 with Priplast 1838. It was also decided that Capa
2200 combined with Capa 8025 and Priplast 1838 would be analysed as reference

copolymers.

Linear TPU copolymers comprising of a blend of semi-crystalline and amorphous polyols were
synthesised via a stepwise reaction pathway. In the final step, three FA-and HEMI-terminated
prepolymers were blended inthe melt then copolymerised atambient temperatures to afford
a final TPU copolymer containing DA chemistry (DAX-AX). Properties of DAX-AX were

compared to that of unblended analogues based on semi-crystalline (DA1 & 4) and

216



amorphous polyols (DAA1 & 2). FTIR analysis of the carbonyl group regions revealed that DAX-
AX contained ester, urethane and imide carbonyl groups. DSC analysis of both DAX-AX and
the non-covalently attached polyol blends (X-AX) showed how covalentattachment improves
polyol compatibility. All DAX-AX contain crystallinity which fulfils the aim of forming phase
separated TPUs without chain extension. DAX-AX containing Dynacoll 7490 display larger
amounts of crystallinity relative to those containing Capa 2200 suggesting greater stiffness
and strength. A T;pa is also detected as a double peaked endothermin all DAX-AX materials.
AH:pa is an intermediate of reference copolymers DAX (semi-crystalline) and DAAX
(amorphous), therefore DA1-A1 and DA4-A2 reported the highest and lowest AH,pa,
respectively. DMA presents how the amorphous component dictates both low (< 5 °C) and
very high (> 80 °C) temperature properties of DAX-AX with those containing Priplast 1838
likely to have favourable low temperature properties. On the other hand, the semi-crystalline
component controls properties in the intermediate temperature range (5 — 80 °C). In most
cases, E’ of DAX-AX is higherand lower by an order of magnitude relative to reference DAAX
and DAX, respectively, to give intermediate physical properties at ambient temperature. Due
tothe combination of several factors, DA4-A2 displays very impressive properties over a wide
service temperature range. As properties are a contribution of both the parent polyols, it
implies that it is possible to design DAX-AX with specific thermal properties by fine tuning
constituent polyols. Rheological temperature sweeps showed that copolymers decrease
significantlyin n* at approximately 100 °C as a consequence of the drop in molecular weight
triggered by the onset of the rDA reaction. DA1-Al, DA4-Al and DA4-A2 all reach the target
n* (10 Pa.s) within the temperature range measured, whereas DA1-A2 does not, but still

does manage to achieve a reasonable n* by 200 °C. These results showing good sensitivity of
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physical state to temperature are very promising with respect to applicationand removal of

adhesives at end-of-life.

Tensile testing was used to determine the mechanical properties of the copolymers. At low
strains (< 10 %), DAX-AX parallels properties of DAX, whereas as strain increases, the stress-
strain curves resemble that of DAAX. Again, intermediate properties are observed which
opens up potential of fine tuning for desired mechanical performance. While DAX-AX
containing Capa 8025 (DA1-Al1l & DA4-A1l) are relatively weak materials, those containing
Priplast 1838 (DA1-A2 & DA4-A2) display impressive mechanical properties due to strain-
hardening. DA4-A2 shows remarkable mechanical performance, both strong (high Eand omax)
and flexible (high emax) to resultin a very tough material (Ur = 4595 + 370 MPa). The adhesive
properties of DAX-AX were generally worse than both DAX and DAAX reference materials.
However, DA4-A2 recorded good bond strength with beechwood substrates and so has the
greatest potential for adhesive applications, potentially where both strength and flexibility

are important.

The DA cycloadducts were proven to be fully reversable and able to not only reform the FA-
and HEMI-terminated prepolymers with heating, but alsoreassociate back to the cycloadduct
with time under ambient conditions. DAX-AX display dynamic molecular weights via SEC,
beingableto return to prepolymer molecular weight with heatingand then rebuild after time
at ambient temperatures. Reformation of DA cycloadducts was also observed via FTIR
spectroscopy and DSC analysis and was determined to occur within 7 days since melt
application, independent of polyol combinations. DSC was also used to highlight the influence
of time on polyol crystallinity. The crystallinity of Capa 2200 was heavily supressed by covalent

attachment of Capa 8025 and Priplast 1838, requiringup to 14 and 28 days for the crystallinity
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to equilibrate, respectively. On the other hand, Dynacoll 7490 demonstrated instantaneous
crystal formation from melt application, which presents DA4-A2 as a potentially fast curing

adhesive.

Overall, theresults observedindicatethe potentialto form linear TPUs including DA chemistry
with highly tuned thermal and mechanical properties by careful selection of polyols blends.
In the future, choices could be made from a library of benign prepolymers for specific

applications.

5.4 Experimental

5.4.1 Materials

Capa™2200J and Capa™ 8025 were provided from Ingevity. Dynacoll® 7360, Dynacoll® 7380
and Dynacoll® 7490 were provided from Evonik Industries. Priplast™ 1838, Priplast™ 3197
and Priplast™ 3238 were provided by Croda International. 4,4’- methylenebis (phenyl
isocyanate) (98 %), furfuryl alcohol and chloroform-d (99.8 atom % D) were purchased from
Sigma-Aldrich. 2-Hydroxyl ethyl maleimide was provided by Henkel Corporation. All reagents

were used as received.

5.4.2 Instrumental methods

Proton (*H) nuclear magnetic resonance (NMR) spectra were recorded usinga Bruker Avance
400 spectrometer (400 MHz). Spectra were analysed on MestReNova v6.0.2. Samples were
prepared in CDClz as the solvent. All chemical shifts were recorded in parts per million (ppm)
relative to a reference peak of chloroform solvent at 6 = 7.26 ppm. Molecular weights and
dispersities were determined via size-exclusion chromatography (SEC) usingan Agilent 1260
Infinity GPC system equipped with a refractive index detector. Two Agilent PL-gel 5 um Mixed-
C columns and a guard column were connected in series and maintained at 35 °C. HPLC grade

219



chloroform containing 0.25 % v/v NEt; was used as the eluent and the flow rate was setat 1.0
mL.min. The refractive index detector was used for calculation of molecular weights and
dispersities by calibration using a series of near-monodisperse poly(methyl methacrylate)
standards. Analysis was performed on Agilent SEC software. Attenuated Total Reflectance
Fourier Transform Infrared (ATR-FTIR) spectra was collected on a PerkinElmer Spectrum Two
instrument with a UATR Two accessory. Analysis was performed on PerkinElmer Spectrum
software. Differential scanning calorimetry (DSC) was performed on a Discovery DSC 25 TA
instrument. All experiments were carried out under a nitrogen atmosphereand with a heating
rate of 10 °C.min’. Pre-weighed samples of 2 + 1 mg were loaded at 25 °C, cooled to -90 °C
and heated to 200 °C. Ty was taken as the midpoint of inflexionand Tr,and Trpa Were measured
as the temperature at the minimum heat flow of the appropriate endotherms. For time
dependent measurements, samples for 0 Days measurements were loaded at 25 °C, heated
to 150 °C, held for 1 hour, cooled to -90 °C then heated to 200 °C at a rate of 10 °C.min..
Analysis was performed on TRIOS v5.1.1 software. Dynamic Mechanical Analysis (DMA) was
performed on TA Instruments Q800 Dynamic Mechanical Analyser with an ACS-3
(Refrigerated Chiller System). Samples of approximately 40 x 5 x 1 mm were loaded at room
temperature and clamped lightly (finger tight). A sample length of 10 mm was used for all
measurements. For each measurement, the sample was first cooled to -80 °C and held at this
temperature for a minimum of 5 minutes to fully equilibrate. The furnace was then opened
and the sample clamped to a pressure of 4.5 psi usinga small torque wrench. After clamping,
the furnace was then immediately closed and temperature re-equilibration established at -80
°C. The method was then started. The thermal method used is: Motor Drive Off, Data Storage
Off, equilibrate at -80 °C, isotherm 5 minutes, Motor Drive ON, Data Storage ON, ramp 3

°C.min™ to 100 °C. The measurement parameters used were as follows: strain applied (0.05
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%), force track (110 %), initial samplelength (10 mm) with deformation frequency (1 Hz) fixed.
Sample dimensionswere calculated as follows: width was measured using digital callipers at
three positions alongthe sample (End 1, Middle, End 2). Thickness was measured using digital
callipers at three positionsalongthe sample (End 1, Middle, End 2). Average values calculated
and used. The software used was TA Instruments Advantage Control Software and data
analysis was performed on TA Instruments Universal Analysis Data Analysis Program.
Rheological temperature sweeps were performed on an Anton Paar MCR502 with a 25 mm
disposable geometry and a disposable bottom plate fixture. Tests were run in oscillatory
mode at a fixed amplitude (1 %) and angular frequency (1 rad.s™) from 50 — 200 °C. Sample
sizes were approximately 25.0 mm diameter discs of 0.8 mm height. Tensile tests were run
on films approximately 300 um thick, according to ISO 527-2 type 5B on a Zwickiline
tensometer. The general procedure is as follows: dimensions of dog bone measured with
digital calliper and noted on the system. The zero gap is set within Zwick software so the
gauge length is known. The sample is then securely clamped and the absolute cross head
length is reset. The force is then zeroed. The test is run at a speed of 10 mm.min* until the
sample fails. Results analysed on TestXpert Il software. Adhesion lap shear tests were
performed on cured films 250 um thick that were cut to 25 x 25 mm. Lap shear joints were
assembled by carefully applyingthe film between beechwood test pieces usingan overlap of
25 mm and a width of 25 mm, applyinglight pressure. The materials were placed in an oven
for 20 minutes at 150 °C to melt the copolymers. Bonded samples were then allowed to cure
for 14 days at ambient conditions before measurement. The lap shear strength was
determined from an average of four bonded samples usingan Instron tensiometer with a load

cell of 30 kN and a displacement speed of 1.27 mm.min .
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5.4.3 Sample preparation

Rheology discs of 25.0 x 0.8 mm were prepared with a MeltPrep vacuum compression mould.
Copolymers (approx. 0.40 mg) were separately melted in the chamberat 70, 120 and 150 °C,
respectively. Melting was followed by approximately 10 seconds of pressure (0.1 mbar).
Vacuum was removed and materials were then cooled with compressed air and allowed to
solidify before being removed from the chamber. DMA bars were prepared in a similar way
as the rheology discs. However, a 10 x 40 mm insert and chamber were used instead of
cylindrical versions. Once solidified, samples were cut down the middle lengthwise to give
two bars of 0.5 x 40 mm. Tensile testing dog bones were prepared as follows. First, film
samples (300 um) were made by coating out molten material (1 hour at 150 °C) with a 500
pum coatingblock on release paper. Afterfilms were allowed to solidify, dog bone shapes were
cut out using a ZwickRoell knee manual cutting press ZCP 020 with cutting device for ISO 527-
2 type 5B die attachment. Adhesion films were prepared by heatingsome material in anoven
at 150 °C for approximately 20 minutes, after which a film was drawn with a coating block

with an approximate thickness of 250 um. Once solid enough, squares of 25 x 25 mm were

then cut out of the film for use in the lap shear sample preparation.

5.4.4 Preparation of blended polyols without covalent attachment (X-AX)

All blends of polyols were prepared by the same method, a typical procedure is as follows:
Capa 2200 (16.67 g) was added to a jar containing Capa 8025 (33.33 g) and placed inan oven
for 3 hoursat 120 °C. The mixture was stirred manually after 1 and 2 hours. Visual inspection

of polyol compatibility was carried out immediately after 3 hours while both polyols were in

the molten phase.
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5.4.5 Synthesis of furfuryl-terminated prepolymers (PPFX)

All furfuryl-terminated prepolymers were synthesisedin a similar method, a typical procedure
is as follows: Capa 2200 (77.96 g, 0.039 mol) was loaded into a 250 mL flange flask, equipped
with an overhead mechanical stirrer, gas inlet and digital thermometer. Vacuum was applied
for 1 hour at 87 °C and a stirring rate of 90 rpm. Vacuum was removed and MDI (19.69 g,
0.079 mol) was added at 110 °C which initially decreased the mixture temperatureto 90 °C
followed by a subsequent exotherm to 111 °C. Immediately after MDI addition, the stirring
rate was increased to 180 rpm and the vacuum was reapplied after 15 minutes. Vacuum was
again removed after 1 hour, FA (8.52 g, 0.087 mol) was added at 111 °C which decreased the
reaction temperature to 105 °C. A reflux condenser was added and the vacuum was not
reapplied (exotherm to 110 °C). After a further 1 hour 30 minutes, further FA (0.82 g, 0.008
mol) was added at 111 °C. After another 2 hours, there was minimal NCO absorbance
detected via FTIR spectroscopy so the reaction was switched off and the mixture was
decanted while hot. The resulting material was put under vacuum at 40 °C for a total of 48

hours to remove any residual free FA (determined via*H NMR spectroscopy).

PPF1: SEC (CHCl3): M,, = 6.3 kDa, M\, = 12.6 kDa, Dy = 1.94.

IH NMR (400 MHz, 298 K, CDCls): 6 = 7.46 (s, CH=CHO (FA)), 7.30 (m, Ar), 7.12 (d, J = 7.8 Hz,
Ar), 6.69 (s, NH), 6.60 (s, NH), 6.47 (d, J = 2.9 Hz, CHCH=CHO (FA)), 6.40 (s, CCHCH (FA)), 5.16
(s, OCHC (FA)), 4.17 (t, *Jin = 6.4 Hz, CH,0C=0), 4.08 (t, >}y = 6.7 Hz, CH,0C=0), 4.00 (s, MDI
CH,Ar), 3.90 (s, NPG CH,0), 2.33 (t, *Ju.n = 7.5 Hz, CH,C=00), 1.00 (d, J = 9.4 Hz, NPG CH3), 1.68

and 1.41 (all remaining hydrogens) ppm.

ATR-FTIR: vmax = 3338 (N-H), 2944 — 2865 (C-H), 1722 (C=0), 1597 (C-N), 1531 (Ar C=C), 1295
and 1163 (C-0) cm™.
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PPF4: SEC (CHCl3): M, = 15.2 kDa, My = 29.4 kDa, By = 1.93.

IH NMR (400 MHz, 298 K, CDCl3): & = 7.45 (s, CH=CHO (FA)), 7.30 (m, Ar), 7.12 (m, Ar), 6.70
(m, NH), 6.63 (s, NH), 6.47 (d, J = 3.2 Hz, CHCH=CHO (FA)), 6.39 (m, CCHCH (FA)), 5.16 (s, OCHC

(FA)), 4.37, 4.33, 4.31, 4.29, 4.08, 3.90, 2.34, 1.63 and 1.29 (Dynacoll 7490) ppm.

ATR-FTIR: vwmax - 3343 (N-H), 2917 — 2849 (C-H), 1735 (C=0), 1598 (C-N), 1534 (Ar C=C), 1308

and 1166 (C-0) cm™.

PPFA1: SEC (CHCl3): M, = 6.3 kDa, My, = 11.7 kDa, Dy = 1.85.

1H NMR (400 MHz, 298 K, CDCls): & = 7.45 (s, CH=CHO (FA)), 7.30 (m, Ar), 7.11 (d, J = 8.3 Hz
Ar), 6.76 (s, NH), 6.69 (s, NH), 6.46 (d, J = 3.2 Hz, CHCH=CHO (FA-CL)), 6.38 (m, CCHCH (FA-
CL)), 6.36 (m, CHCH=CHO (FA-LA)), 6.31 (d, J = 3.1 Hz, CCHCH (FA-LA)), 5.15 (s, OCHC (FA)),

5.19, 5.10, 4.16, 4.08, 3.89, 2.41, 2.31, 1.64, 1.58, 1.51, 1.40 and 0.99 (Capa 8025) ppm.

ATR-FTIR: viax - 3343 (N-H), 2942 — 2866 (C-H), 1729 (C=0), 1598 (C-N), 1532 (Ar C=C), 1309

and 1160 (C-0) cm™.

PPFA2: SEC (CHCl3): M, = 6.0 kDa, My, = 14.2 kDa, D = 2.36.

IH NMR (400 MHz, 298 K, CDCls): & = 7.46 (s, CH=CHO (FA)), 7.30 (m, Ar), 7.12 (d, J = 8.3 Hz,
Ar), 6.59 (m, NH), 6.48 (d, J = 3.1 Hz, CHCH=CHO (FA)), 6.40 (m, CCHCH (FA)), 5.17 (s, OCHC

(FA)), 4.17, 4.08, 3.91, 2.31, 1.65, 1.40, 1.28 and 0.91 (Priplast 1838) ppm.

ATR-FTIR: vax - 3334 (N-H), 2922 — 2853 (C-H), 1735 and 1701 (C=0), 1596 (C-N), 1534 (Ar

C=C), 1312 and 1171 (C-O) cm™.
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5.4.6 Synthesis of hydroxyethyl maleimide terminated prepolymers (PPHX)

All hydroxyethyl maleimide-terminated prepolymerswere synthesised in a similar method, a
typical procedure is as follows: Capa 2200 (208.15 g, 0.11 mol) was loaded into a 500 mL
flange flask, equipped with an overhead mechanicalstirrer, gasinletand digital thermometer.
Vacuum was applied for 1 hourat 110 °Cusinga stirringrate of 90 rpm. Vacuum was removed
and MDI (52.89 g, 0.21 mol) was added at 107 °C which decreased the mixture temperature
to 100 °C with a subsequent exothermto 110 °C. Immediately after MDIl addition, the stirring
rate was increased to 180 rpm and the vacuum was reapplied after 15 minutes. Vacuum was
again removed after 1 hour, HEMI (33.18 g, 0.24 mol) was added at 110 °C which decreased
the reaction temperature to 100 °C. A reflux condenser was added and the vacuum was not
reapplied. Exotherm to 114 °C. After a further 1 hours 45 minutes, there was no NCO
absorbance detected via FTIR spectroscopy so the reaction was switched off and the mixture

was decanted while hot.

PPHA1: SEC (CHCI3): M, = 6.0 kDa, M\, = 11.1 kDa, Dy = 1.85.

IH NMR (400 MHz, 298 K, CDCl3): § = 7.31 (d, J = 7.3 Hz, Ar), 7.11 (d, J = 6.7 Hz, Ar), 6.76 (d, J
= 2.7 Hz, C=OCHCH (HEMI)), 6.73 (s, C=OCHCH (HEMI)), 6.64 (s, NH), 6.59 (s, NH), 4.32 (t, 3.
1= 5.0 Hz, NCH»CH,0 (HEMI)), 3.85 (t, *Jiy-n = 5.1 Hz, NCH,CH-0 (HEMI)), 5.12, 4.17, 4.08, 3.97,

3.88,3.81, 3.76, 2.41, 2.32, 1.65, 1.58, 1.53, 1.49, 1.40, 0.99 (Capa 8025) ppm.

ATR-FTIR: vax - 3344 (N-H), 2942 — 2866 (C-H), 1729 and 1713 (C=0), 1598 (C-N), 1532 (Ar

C=C), 1310 and 1160 (C-0O) cm™.

PPHA2: SEC (CHCl3): M, = 6.0 kDa, M\, = 13.8 kDa, Dy = 2.28.
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1H NMR (400 MHz, 298 K, CDCls): 6 = 7.31 (d, J = 8.1 Hz, Ar), 7.11 (d, J = 7.0 Hz, Ar), 6.76 (s,
C=OCHCH (HEMI)), 6.74 (s, C=OCHCH (HEMI)), 6.63 (s, NH), 6.55 (s, NH), 4.33 (t, *Ju = 5.2 Hz,
NCH,CH,O (HEMI)), 3.86 (t, /. = 5.2 Hz, NCH,CH,O (HEMI)), 4.17, 4.09, 3.90, 2.31, 1.64, 1.41,

1.29 and 0.89 (Priplast 1838) ppm.

ATR-FTIR: vax - 3348 (N-H), 2922 — 2853 (C-H), 1735 and 1707 (C=0), 1596 (C-N), 1533 (Ar

C=C), 1312 and 1171 (C-O) cm™.

5.4.7 Synthesis of final linear TPU copolymers comprising a blend of semi-crystalline and
amorphous polyols (DAX-AX)

All DAX-AX copolymers were synthesised in a similar method, a typical procedure is as
follows: PPF1 (20.10 g, 0.008 mol), PPFA1 (30.68 g, 0.012 mol) and PPHA1 (9.52 g, 0.007 mol)
were loaded into a 250 mL flange flask, equipped with an overhead stirrer and gas inlet. The
formulation was stirred under vacuum for 60 minutes to provide sufficient mixing of
prepolymers and prevent the formation of bubbles. The mixture was decanted while hot and
allowed to copolymerise under ambient conditionsin a silicone dish until solid enough to be

stored in polyethylenebag.

DA1-A1: SEC (CHCI3): M, = 13.5 kDa, M, = 34.4 kDa, Dy = 2.52.

IH NMR (400 MHz, 298 K, CDCls): & = 7.30 (m, Ar), 7.11 (d, J = 7.7 Hz, Ar), 6.76 (d, J = 1.9 Hz,
C(C)HCH=CH (DA)), 6.73 (s, C(C)HCH=CH (DA)), 6.56 (s, NH), 6.51 (s, NH), 5.31 (s,
CH(O)(CH)(CH) (DA)), 3.02 (s, CH(CH)C=0 (DA)), 2.90 (s, CH(CH)C=0 (DA)), 5.12, 4.14, 4.08,

3.88,3.81,3.71, 2.41, 2.33, 1.66, 1.57, 1.53, 1.49, 1.40, 0.99 (Capa 2200 and Capa 8025) ppm.

ATR-FTIR: viax - 3341 (N-H), 2943 — 2867 (C-H), 1724 (C=0), 1598 (C-N), 1532 (Ar C=C), 1309

and 1161 (C-0) cm™.
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DA1-A2: SEC (CHCI3): M, = 13.3 kDa, M\, =51.2 kDa, B = 3.42.

'H NMR (400 MHz, 298 K, CDCls): § = 7.29 (m, Ar), 7.12 (d, J = 8.0 Hz, Ar), 6.74 (s, C(C)HCH=CH
(DA)), 6.57 (s, NH), 6.51 (s, NH), 5.32 (s, CH(O)(CH)(CH) (DA)), 3.02 (s, CH(CH)C=0 (DA)), 2.90
(s, CH(CH)C=0 (DA)), 4.17, 4.08, 4.00, 3.92, 3.90, 3.84, 2.33, 1.67, 1.40, 1.28, 1.00 and 0.88

(Capa 2200 and Priplast 1838) ppm.

ATR-FTIR: Viax - 3338 (N-H), 2923 — 2854 (C-H), 1732 and 1709 (C=0), 1598 (C-N), 1532 (Ar

C=C), 1310 and 1164 (C-0) cm™.

DA4-A1: SEC (CHCI3): M, = 15.1 kDa, M, = 34.7 kDa, bm = 2.61.

'H NMR (400 MHz, 298 K, CDCls): 6 = 7.30 (m, Ar), 7.11 (d, J = 6.2 Hz, Ar), 6.76 (s, C(C)HCH=CH
(DA)), 6.74 (s, C(C)HCH=CH (DA)), 6.56 (s, NH), 6.51 (s, NH), 5.32 (s, CH(O)(CH)(CH) (DA)), 3.02
(s, CH(CH)C=0 (DA)), 2.90 (s, CH(CH)C=0 (DA)), 5.12, 4.36, 4.33, 4.29, 4.16, 4.08, 3.90, 2.42,

2.32, 1.65, 1.57, 1.53, 1.49, 1.40, 1.29 and 0.99 (Dynacoll 7490 and Capa 8025) ppm.

ATR-FTIR: vax - 3341 (N-H), 2917 — 2850 (C-H), 1731 (C=0), 1598 (C-N), 1532 (Ar C=C), 1309

and 1162 (C-0) cm™.

DA4-A2: SEC (CHCI3): M, = 23.3 kDa, M,, = 56.5 kDa, Dy = 2.53.

14 NMR (400 MHz, 298 K, CDCl3): & = 7.30 (m, Ar), 7.10 (m , Ar), 6.74 (s, C(C)HCH=CH (DA)),
6.51 (s, NH), 6.47 (s, NH), 5.32 (s, CH(O)(CH)(CH) (DA)), 3.02 (s, CH(CH)C=0 (DA)), 2.90 (s,
CH(CH)C=0 (DA)), 4.34, 4.29, 4.16, 4.08, 3.90, 2.32, 1.63, 1.40, 1.29 and 0.88 (Dynacoll 7490

and Priplast 1838) ppm.

ATR-FTIR: vax - 3336 (N-H), 2918 — 2851 (C-H), 1735 (C=0), 1598 (C-N), 1532 (Ar C=C), 1310

and 1172 (C-0) cm™.
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6.1  Conclusions

Initially, a series of model TPU copolymers were synthesised from PCL and MDI without chain
extender. Copolymerisation of PCL with MDI increased the degree of H-bondinginteractions
and T,, but decreased T, and AH, of the crystalline phase. Bulk and solution polymerisation
methods were compared to determine the effects each technique hason linear TPU products.
While solution polymerisation allowed for synthesis of higher molecular weight copolymers,
it required more resources, time and safety concerns as a consequence of the use and
removal of organic solvents. Linear TPUs of the same molecular wight displayed structural
and thermal properties which were identical, independent of synthesis method. By studying
the effect of polyol molecular weight, it was observed that it influences H-bonding
interactions and thermal properties of copolymers without chain extender. Lower molecular
weight PCL (M, = 1.0 kDa) showed a large increase in T after copolymerisation with MDI.
Copolymers comprising higher molecular weight PCL (M, = 2.0 kDa) recorded greater
amounts of crystallinity, whereas those containing lower molecular weight PCL displayed

crystallinity which was completely suppressed by the presence of MDI above TPU copolymer

M, = 8.0 kDa.

Three different chain extended copolymers with similar molecular weights were synthesised
and compared to a non-chain extended PCL-MDI copolymer as a reference. The influence of
CE branching, symmetry and urea functionality were examined. The copolymer comprising
the branched chain extender did notdisplay any thermal transitions above the Tpss), implying
it consist of a phase mixed morphology. Therefore, above this temperature, the material loses
all strength and exhibits a steady decrease in visocisty with temperature. At ambient

temperature, this copolymer has poor mechanical and adhesion properties asitis too brittle.
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Copolymerisation including the symmetrical 1,4-butanediol (BD) as a chain extender
displayed a meltingendotherm above Tss)correlating to HS crystallinity as a consequence of
substantial urethane H-bonding, which allowed for material cohesion between Tmss) and
Tmns)- These results are indicative of phase separation. The material displayed a reasonable
physical response (reduction is viscosity) to an increase in temperature. The mechanical
properties of this material comprising BD were unremarkable, expected for a copolymer of
low molecular weight. The copolymer containing the bisurea diol also appeared to be phase
separated, displaying a second glass transition temperature signifying partial HS order ( Tg(s))
above Trss) and remaining cohesive until approximately 140 °C. Copolymerisation with the
bisurea diol vastly improved mechanical properties, displaying performance comparable to
classichigh molecular weight TPU copolymers. The adhesive properties were also double that
of the reference TPU copolymer comprising BD. However, the urea interactions displayed
minimal sensitivity to heat (maintaining a high viscosity throughout the rheological
temperature sweep) which would prevent simple application of this material asan adhesive.

Overall changing the nature of the chain extender and resulting TPU copolymer does not

produce the desirable combination of high mechanical performance and low melt viscosity.

A linear TPU copolymer based on PCL, containing reversible DA cycloadductsin the backbone
was synthesised (DA1) from prepolymers comprising maleimide and furan end groups. This
material was compared to a traditional chain extended copolymer of PCL, MDI and BD (D1)
as a reference. FTIR analysis revealed that the presence of DA cycloadducts allows for more
intermolecular interactions due to the introduction of imide carbonyl groups. Cycloadducts
also promote more homogenous PCLSS crystallinity via DSC analysis. Two endotherms at 117

and 145 °C were detected corresponding to stereoisomers of the DA cycloadduct.
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Cycloadduct formation was measured as requiring 7 days to reach an equilibrium via SEC, FTIR
spectroscopyand DSC analysis. The TPU molecular weight obtained via copolymerisation at
ambient temperature was M, = 21 kDa. The copolymer depolymerised back to the
prepolymer molecular weight (M, = 6 kDa) on heating. Rheological temperature sweeps
showed that DA1 reaches a lower n* than D1, thanks to the decrease in molecular weight
triggered by the rDA reaction. This result shows that the DA cycloadducts are more sensitive
to thermal stimulus than the physical interactionsin the traditional TPU. DA1 also recorded
enhanced mechanical and adhesive performance compared to D1. Three further TPU
copolymers containing thermally reversible DA cycloadducts along the backbone were
synthesised from prepolymers comprising polyols with high Ty, and high crystallinity (DA2, 3
& 4). Analysis of these materials was qualitatively very similar to DA1 which revealed that it
is still possible to form and dissociate DA cycloadducts despite the high Ty, and crystallinity in
the backbones. AHpawas very similar for DA2, 3 & 4, but was significantly lower compared
to DA1 because of the lower DA cycloadduct concentration (resulting from the higher
molecular weight of the high T, polyols). Mechanical performance was highly dependent on
backbone composition, varying in strength, flexibility and toughness. The highly crystalline
copolymers displayed remarkable adhesive properties, with DA4 recording a bond strength
of 20.3 £ 0.9 MPa on aluminium substrates which is significantly higherthan reported values
for related systems which are crosslinked and not thermoplastic. After copolymerisation, the
molecular weight of TPU DA4 was M, = 32 kDa, after 7 days. The copolymer depolymerised
back to the prepolymer molecular weight (M, = 11 kDa) on heating. This dynamic change of
molecular weight as a function of temperature enabled not only very high mechanical
properties, but also low melt viscosity above 120 °C. Two other copolymers containing

reversible DA cycloadducts along the backbone were synthesised comprising amorphous
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polyols (DAA1 & 2). Analysis again proved successful incorporation of the reversible DA
cycloadducts that allowed for dynamic molecular weights and mechanical properties as a
function of temperature. While both were very flexible materials, DAA2 displayed enhanced
properties compared to DAAL, likely on account of phase separation caused by the difference

between relatively nonpolar soft segments and polar DA cycloadduct-MDl units.

Finally, phase separated linear TPUs without chain extender and containing DA cycloadducts
along the backbone were synthesised by copolymerising both semi-crystalline and
amorphous prepolymers to afford copolymers with distinct HS (crystalline) and SS
(amorphous). Followinginitial compatibility studies between semi-crystallineand amorphous
polyols, four suitable combinations were selected for further study, Capa 2200 with Capa
8025 or Priplast 1838 (DA1-Al & -A2) and Dynacoll 7490 with Capa 8025 or Priplast 1838
(DA4-A1 & -A2). DSC analysis of DAX-AX and the noncovalently attached polyol blends (X-AX)
showed how covalent attachment improves polyol compatibility. All DAX-AX contain
crystallinity which fulfils the aim of forming phase separated TPUs without chain extension. A
Tioa is also detected as a double peaked endotherm in all DAX-AX materials. DMA revealed
thatthe amorphous componentdictates bothlow (<5 °C) and very high (>80 °C) temperature
properties while the semi-crystalline component controls the intermediate temperature
range (5 — 80 °C), which would allow for tailored mechanical properties. DA4-A2 displays very
impressive properties over a wide service temperature range. In rheological temperature
sweeps, copolymers displayed a significant decrease in n* at approximately 100 °C due to the
Trpa causing depolymerisation to the prepolymers. While DAX-AX containing Capa 8025 (DA1-
Al & DA4-A1) are relatively weak materials, those containing Priplast 1838 (DA1-A2 & DA4-

A2) display impressive mechanical properties due to strain-hardening. DA4-A2 shows
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remarkable mechanical performance, both strong (high E and omax) and flexible (high enax) to
result in a very tough material (Ur = 4595 + 370 MPa) and offering good bond strength with
beechwood substrates. The enhanced properties of this copolymer are due to the synergy of
highly stiff and highly flexible prepolymers. Overall, there is potential to form linear TPUs
including DA chemistry with highly tuned thermaland mechanical properties by careful design
or selection of component polyols. In the future, choices could be made from a library of

benign prepolymers for specific applications.

6.2 Future work

In the future, it would be beneficial to conduct x-ray scatteringtechniques (SAXS and WAXS)
and atomic force microscopy (AFM) analysis on the copolymers containing different chain
extenders (D1, P1 and U1l) to determine the influence of chain extender on copolymer
morphology. These techniques could provide more detail and confirmation of observations
via DSC, DMA and optical microscopy. Further self-healing studies on D1 and particularly Ul
would be interesting. Reprocessing tests would also be useful to examine the potential to
reuse these materials, particularly the high mechanically performing copolymer containing

bisurea diol as the chain extender.

Analysis of dissociation of DA cycloadducts as a function of temperature and time via FTIR
spectroscopy would be interestingto determine the rate of dissociation (i.e. how quickly can
the prepolymers be reformed). Post synthesis heat treatment of copolymers containing DA
cycloadducts could promote DA cycloadduct formation. Heatingto 60 °Cis known to increase
the rate and conversion of cycloaddition by reducing the energy barrier of the reaction
pathway. Additionally, this temperature would still be below Typo)y of some materials so

potentially could lead to higher molecular weights without loss of crystallinity. Determination
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of the subsequent effects on thermal and mechanical properties would be performed with
the hope that an increase in molecular weight would correlate to an increase in mechanical
performance. Annealing would be partially useful for the high T, DA2, 3 & 4 which contain
the lowest amount of DA cycloadduct. Furthermore, it would be important to investigate
whether materials are able to maintain high properties over multiple lifetimes and display
thermal stability under reprocessing conditions or whether degradation occurs
(thermogravimetric analysis) to determine potential circularity as reversible adhesives.
Studies on whether the morphology and mechanical properties are affected by repeated
processing cycles would therefore be important, conducted by repeating measurements (e.g.
lap shear, DSC etc.) between reprocessing of materials. Aging, durability and creep studies
would be interestingto determine to which potential environments and applications certain
copolymers would be best suited. Copolymers would be subjected to various extreme

conditions (e.g. heat, water, acid etc.).

The range of copolymers containing DA cycloadduct which comprise a blend of semi-
crystalline and amorphous polyols could be expanded. The potential of MDI to increase
compatibility could be explored further by inspecting combinations of polyols that showed
lower degrees of compatibility in the initial physical blending studies. Combinations that could
potentially lead to a large service temperature range and good thermal stability would be
industrially useful. By investigating more combinations of polyols, a library of benign
prepolymers could be created to allow for copolymers with targeted thermal and mechanical

properties.

The information learned in these studies could be applied to different classes of polymers.

For example, non-isocyanate polyurethanes would be interesting to investigate as potentially
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environmentally friendly materials, as the mitigation of hazard isocyanates (and hazardous
precursorsi.e. phosgene) usedto form traditional TPUs would be more in line with the circular

economy approach. In asimilar way, polyesters derived from natural resources would also be

interestingto explore.
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