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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 orrecycling, 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), kut 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 patenti

copolymers as reversible adhesives.

Initially, model copolymers were made without chain extenders using ®eystalline
polyols. Polyol molecular weight influenced the crystallinity, degree of physical interactions
and molecular weight of the TPU. Bradning 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, physil interactions alone do not seem viable for reversible

adhesion.

Reversible covalent bonds were incorporated along TPU copolymer backihamesisAlder

(DA) cycloadducts from the copolymerisation of functional PU prepolymers made from semi

crystallineand amorphous polyols. All copolymers displayed substantial change in physical
state as a response to temperature with dynamic and reverdihléypically changing from

6 to > 25 kDa). Material properties were revealed as heavily dependent on constituent

prepolymers and starting polyols, with sewgrystalline materials showing greater stiffness



and amorphous materials greater flexibility. Therefore, final studies were conducted using
blends of different prepolymers, making linear TPUs that contain DAaxydlicts. 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 mecbalmproperties and low

melt viscosity.
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1 Introduction



1.1  Stepgrowth polymerisation

In stepgrowth polymerisation a polymer is formed from the polyaddition of multifunctional
monomers. Typically, bifunctional monomers aigedto give a linear producilhe general
pathwayinvolvesthe functional groups of two monomers reaay to form one product

containinga new linking group3chemel.1).

€0 0 €6 6 —® 00 ©

Schemel.l Generic reaction scheme of stgpwth polymerisation. A and B represent
different functional groups.

(a) (b)
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Figure 1.1(a) Example of the typical increase in molecular weight during -gtepith
polymerisation against extent of reaction (jf) Representation of the polymer formation
from bifunctional monomers in stegrowth polymerisation.

In step-growth polymerisatiora high conversion of monomers is required to achieve high
molecular weightsKigurel.1(a)). Monomers react in the early stages of the reaction to form
dimers and trimersKigurel.1(b)). These relatively small species then react with one et

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

2



weight polymers. Molecular weight determines polymer properties and often low molecular
weight polymers display poor mechanical performance as a consequendargkanumber

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

This trend can be described mathematically with the Carothers equéfigri

P (1)
p N

o

where ¢x is the number average degree of polymerisation (the number of polymer units
within a chain) ang is the extent of reaction and can be calculated 23:
0 © (2)
0
whereNpis the number of monomers in the sample before the start of polymerisatioriand
Is the number of monomers present at timeT herefore, a higpis necessary for a significant
value of® , 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. Fer step
growth polymerisations where there is a stoichiometric excess of one mandhen the

Carothers equation becomes:

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:

(4)



allowing for determination of the finab of the polymer product. Therefore, stoichiometric

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

1.2  Brief history of polyurethanes

Polyurethanes (P$), discovered by Otto Bayer and-@mrkers in 1937are polymersnade

from step-growth polymerisation, typicallgomprising of didand diisocyanats® Since the
1930s, PUs have been developed extensively so that they now occiggiicant share of

the polymer marketat anestimated value 0$72.82 billion in 202% Their popularity arises
from the diverse properties offered, as the only class of polymer to encompass thermosetting,
thermoplastic and elastomeric characteristficEhe range of raw materials is vast, allowing
for tailoring products to a desired application, such as footwear, construction and aut@moti
industries in the form of elastomers, foams, coatings, adhesates PUs are commonly the
plastic of choice on account of their welbcumented excellent mechanical properties and

durability

1.3  The urethane reaction

Isocyanates are highly reactive functional groups. Primary reactions with NCO involve alcohols
and amines to form urethanes and ureas, respectiveigyrel.2). Both uethaneand urea
bondsarereversibk.2 The urea produatan form stronger hydrogebonds (Hbonds) due to

the possibility of bidentate Hhonding, whereas urethane groups can only form monodentate
H-bonding? The high reactivity ofsbcyanates makes them a potential health hazasda

result of the formation of highlytoxic and carcinogenic amines upon reaction with

atmospheric moisture.
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Figurel.2 Isocyanates react with alcohols and aminesdawersiblyform urethane and urea
functionalities, respectively.

The reactivity ofisocyanates is relatively comp{8ghemel.2). Isocyanats reactwith water

to give amine and carbon dioxiga carbamic acid intermediat€ This reaction is common

in moisturecure adhesivewhere a NC@erminated prepolymer is crosslinked upon reaction
with atmospheriamoisture!'? The evolution of Cs useful as a blowing agent in PU faam
However, wateroften competes with the desired hydroxytontaining compounsgfor the
isocyanate'® Therefoe, moisture must be excluded to prevent either premature crosslinking
or the formation of unwanted side product$oachievedry conditionghe polymerisations

conductedunder vacuum or an inert atmosphere.

Under the right conditions, urethanes can react further to form other products with various
R groupwiatranscarbamoylatiornd transurethanisatiod* At elevated temperaturs, 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 efiokirsy



that increases the mechanical properties of the netwddocyanate can alsaeact with

carboxylic acid to affordnamide and carbon dioxid®

RNCO
isocyanate

R'OH

alcohol

ROH + R"\O)J\N,R

transcarbamoylation

R"OH
alcohol

_________________________________

R"NCO
isocyanate

Schemel.2 Summary of the chemistry possible with isocyanates asthanes.

Polymerisations can be performed in various ways, such as in bulk, organic solvent or

water881n 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

precursors in an organic solvent to reduce the viscosity which makes highecuha weight

products feasible. The choice of solvent is very important, it not only needs to solubilise the

reagents (polyol, isocyanate, chain extendsc), which vary significantly in molecular

structure, but also the final PU to prevent precipitatibefore completion of polymerisation.

The use of solvent is becoming increasingly unpopular as a consequence of the associated

negative environmental and health impacts, therefore solvéree waterborne PUs seem an

attractive alternative. However, the pential competition between water and desired ©H



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

complex system?

SancheAdsuaret al. demonstrated how the synthesis conditions (time and temperature)

I FFSOGSR (KS LINEptaddduhein S-neidyEne Hiphey2diisdayanatel 4
butanediol PU copolymé? After a threshold was reached (3 hours above ®D)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 thestructural organisationge.g.degree of phase separation.

1.4  Polyurethane composition

A typical PU composition is a multiblock copolymer of polyol, diisocyanate and chain extender
(CE) which are covalently bondeida polyaddition reaction and are connectbyg urethane
linkagesfigurel.3). The various components make up different segmeaéscribed 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

Figurel.3 Representation of Ptbmposition

1.4.1 Soft segment
The soft segment of a PU is normally made up of a long chain diol called a polyol. Itis classically

a flexible linear polymer with a atecular weight between 50@ 10 000 g.mot and a



functionality of 2.0. This component determines the low temperature properties of the final
PU’ 21 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 esterification of adipic acid and short chain glycols, such
as ehylene glycol and propylene glycbigurel.4(a)). PUs containing polyesters exhibit good

oil resistance and mechanical properties but suffer from pdgdrolytic 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 chain is less polar due
to the low molar concentration of ester groupsid therefore is less prone to degradation.
Depending on the composition, polyesters can be amorphous (aitbw or high glass

transition temperature{g)) or semicrystalline.

Polyethers are usually formed by rirgpening epoxides, such as ethylene oxiaed
propylene oxide Kigure 1.4(b)). Compared to other polyols, polyethers are more cost
effective, have good hydrolytic stability afléxibility at low temperature, but show inferior
mechanical propertie&’ Properties are governed by the different functional groups alteg t
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 considemtsoducing
branching along the polyol backbone which influences the stiffness and stability of the final

PUZ
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Figurel.4 The repeating units of common polyols used in Pa$golyesters(b)polyethers.
(c) poly(caprolactone)(d) polycarbonate.

Poly(caprolactone) (PCLBigurel.4(c)) affords enhanced polyurethane properties. It is an
OHterminated aliphatic polyester formed by the rirggLISY Ay 3 L2 f @ YSNRA &l (A 2
caprolactone, initiated by a short diol such asttliylene 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 aensitive and slower process. PCL is samyistalline {50 %) and
biocompatible with a melting temperaturd@g) up to 60 °C depending on molecular weidht.

26 A very lowT, (-60 °Q) gives superior low temperature propertiésHowever, PCL is more
expensive compared to traditional polyesteasd therefore is reserved for applications

requiring higher performancé.



Polycarbonates also show improved propertigg(ire1.4(d)).? Increased hydrolytic stability

is granted by the unsible carbont acid derivative formed upon hydrolysighey are
biodegradable polymers formedatransesterification of low molecular weight carbonic acid
ester and dioP* %’ Furthermae, they are potentially a green alternative as they can be

synthesised from waste carbon dioxide as opposed to fossil fuel feed€tock.

1.4.2 Hard segnent- diisocyanates

The hard segment is comprised of isocyanate and chain extender which act as physical
crosslinks within the PU netwokkaintermolecular interactions. The urethane groups in the

HS typically associatda favourable Hbonding. The HSicates 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-bbhids formed

involving the urethane groups in théS.

For linear PUs the diisocyanate has a functionality of 2.0. Diisocyanates can be one molecule
or polymeric species. The most widely used is methylene diphenyl diisocyanate (MDI), which
exists as several isomerBigure1.5® ¢ K-§IDIismefhas NCO groups of equivalent
NBI OGAGAGE MBISIEdr iatroduées prefetemtid 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 aswtnital alternatives are
transparent and more flexibléAliphatic diisocyanates include hexamethylene diisocyanate
(HDI) and saturated MDI {pMDI) which are both symmetrical. HDI is a flexible &ndar

Y2Y2YSNI 6AGK | NBFOGAGAGE | NP dzyR.Bot 2Dl shdNR S N
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H1,MDI are symmetrical and offer good light stability as they do not contain aromatic rings

which ae unstable to 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 /d
NCO OCN NCO

2.4-TDI 2 6-TDI IPDI

Figure1l.5 A selection of some aromatic and aliphatic diisocyanates commonly used in the
synthesis of PUs.

Aromatic isocyanates are mocemmon, but aliphatic alternatives 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 byLiaw.
NCO groups are more reactive in aromatic isocyanates as a refludtelectron withdrawing
effect of the aromatic rings on the NCO carbon atbfiis carbon hagreater 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 willEherefore, urethanes formed over a
longer time by alkyl isocyanates tend to be more stable than those formed from aromatic
isocyanate$: *! Furthermore, the presence of aryl rings causes discolouration of the PU

product from white to yellow over time when exposed to UV ligidiphatic isocyanates are

11



therefore the preferred choice foapplications 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
are terminated by hydroxyl or amine groupgich react withNCO to form urethane and urea
linkages, respectivelf?. The synthesis of PUs is often performed in two steps: firstly, the
polyol reacts with an excess of diisocyanate to give an-i@@inated prepolymer, this
intermediate species is then reacted with an excess of diol chain extender in a subsequent
step. Thestoichiometry in the chain extension step can be used to control the copolymer
molecular weightWhile a twostep 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 extender is to enhance the mechanical ptiegdry increasing the
molecular weight and the number of favourable interactions within the netwdikhe first
example of a chain extender was water, howegatside use in foam applications, water has
little advantage?! Therefore other diols are more frequently used as chain extenders, such as
neopentyl glycol (NPG) and hexamethylene diamine (HMB®ue 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.

12
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Figurel.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, -hdtanediol (BD) produces a highiggular and weH
packed HS forming dense physical networks that achieve superior prop&esthis reason,

BD is the industry standard CE obate for commercial TPU produdaisstructural applications

in order to maximise the mechanicpkerformance However, due to the stability of an
extensive physical network, TPUs containing BD exhibit high melt viscosity as interactions

persistin the melstate3*

Additives can be included in PU formulatidnsenhance the properties of products. They can
be small organic or inorganic compounds added in very small quantities. Examples are
sterically hindered aromatic carbodiimides to improve hydrolytic resist&haerically

hindered phenols as UV absorbétand oxazolidingerivatives as moisture scavengérs.

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 under&and the morphology of a system and the structtpmperty

13



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 domais.

Polyurethanes typically have a phase separated morphokigy(el.7). Phase separation is

a thermodynamic process which is largely driven byitttempatibility of the segments and
occursvia spinodal decomposition as the reaction mixture cools. The difference in polarity
between the relatively nospolar SS and polar HS promotes a separate domain morphology.
As previously discussed, the SS tertdsé relatively long nopolar with a low concentration

of functional groups, whereas the HS is short and polar with functional groups like urethanes

and phenyl rings.

PU multiblock copolymers are often viewed as HS dispersed in a soft matrix with the har
domains acting as physical crosslinking sites that increase the strength and elasticity of the
network, visible through an increaseTg®* The SS and HS work in synergy, offering flexibility
and strength, respectivelf. The long chain diols reorient upon 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 poirfteAthe removal of stress, the SS is able

to relax and return to its original conformatioliHowever, there is often an optimum HS
content for enhanced mechanical propertié$he HS is known to disrupt the crystallinity of
the SS, especially when CEs are introdu€étdis 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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Phase

Phase
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 (diisocyam€E) and the red dashed circles
mark a phase change.

There are three distinct thermal regimes a TPU elastomer can mairigiarel.8). Between
theTgandTnA @ RSFAYSR a GKS WaSNIBAOS (SYLISNI GdzNB
at an optimum and is the temperature range in which the polymer is used. At temperatures
belowT,z G KS L2t @YSNIA&A Ay | FNRI Sy watlraaeqQ ai

minimal chain motion. Abov&,, the polymer is molten and behaves as a viscous fluid.

viscous
/ glass rubbery plateau fluid

-

service temperature range

e h b
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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 amadio
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 flexibility3" 29 Korleyet al. demonstrated how crystallites within the SS were able to
increase PU toughness by dissipating energy in a similar manner to tffeHéSever, SS

crystallinity can be sensitive to structural changes.

The choice b soft segment directly influences th& 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, influenc@ghHighly
symmetrical and flexilelchains decreask, whereas pendent groups cause steric hindrance
or interactions with surrounding chains to prevent chain rotation. Polyols of higher molecular
weight are more entangled and therefore require more energy to move, observed through a
highe Ty. A lowTyis desired for good low temperature propertias well as to maximise the

service temperature range of the PU

Crystallisation occurs whantermolecular inteactions betweerpolymer chainsre strong,

so the chainslign together in low energy conformations. This process is favourable when
polymer melts begin to cool and free volume decrea3asically, two factors influence the
ability of a polymer chain torystallise, chain symmetry and functional group interactions that

stabilise the crystaldnteractions can be van der Waals forces in closely packed polymers,
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dipolecdipole if polar groups are includeé.fy.polyesters and polyamides) anddénding?
Pendent groups and chain branching usually decrease crystallinity. 8idgendent groups
prevent packing and restrict chain movement which increabgswhereas longer flexible

chains decreas&; on account of increasing free volume.

Crystallisation was described by Flory in 1962 with the randesxntry switchboard model
(Figure 1.9).*® This work built on previoustudies by Keller who discovered polymer chain
folding in both solution and bulk grown crystédfdn the switchboard model, chains align and
fold alongside one another in parallel lamellae where they leave anrenter various
crystalline lamellar in a statistical manner. The lamellae stack together avitbrphous

interlayers to form crystallite$>

))‘

N

"qir\‘7 ?7’\/\
T

o
1 )

Figurel.9 The switchboard model first proposed by Flory with randorantey.

Crystallites are typicallyd100 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 imperfections in one area on account of the strain caused by the crystallisation

process in another are&.Moreover, higher molecular weights lead to a greater chance of
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entanglement in the amorphous interlayers which hinders criistation?*® Therefore,
polymer molecular weight has a significant influence on crystallinity, espettiall,. TheTn,

provides information about the perfection and size of the crystallites, with smaller crystals

tending to melt at lower temperature®

Polymer morphology is highly dependent on crystallisation conditions. This fact can be
explained with the solidification model which states that there is minimald@mge diftision

of polymer chainsRigure1.10).*’ Therefore, there is no mass reordering of chains travelling

FI N G2SNOIRSNOMG QOWILONRB & GF f €t AyAGesY odzi N GKSNJ GKS@

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

The polymer properties betweeh, and T, are largely determined by crystallinity. Waet

al. showed that amorphous PCL can crystallise in the direction of applied stress on account of
disentanglement’ This phenomenon is known as strabr stressinduced crystallisation.
However, afer 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 accadinhe presence

of crystallinity.
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Figurel.10 The solidification model. The level of disorder in the melt (left) is largely retained

in the semicrystalline solid state (rfg). Adapted from the work of Dettenmaier et’al.

Multiple polyols can belended in one TPU copolymer to 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 mantaining good biocompatibility and biodegradabilf§?° Often polyols appea
immiscible, but covalently linking the two polymers with MDI increases compatibility, as
shown in a study by Paat al..>* However, in this work the properties of the copolymer show

a dependence on MDI content.

Additionally, work has been conducted investigating polymer compatibildymodelling
a2F06I NB dzaAy3a | FyaSyQa {2ftdzoAftAade tI NFYSQHS!
one another:® *'This technique is also starting to be used in respect to the segmented nature

of TPUs, but is rarely employed inf&@ dzNJ 2 ¥ (K S -SGTNE-2RVALGOA 20y/NRf I fWE I3

method 28
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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 agigid physical crosslinking regioMghen heated abovéhe melting temperature of

the HS Tmns), the TPUransitions into a viscous melosingnetworkstability. However, after
cooling belowlmns)it regains its strengthlue to the reformation of Fbonds?? Therefore, the
Tmns)should be relatively high, but lower than the decomposition temperature of the SS, for

a balance between perfonance 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 conformafiémnealing
increases the effective hard block region, decreases the interphase region and therefore
improves mechanical propess Figure1.11).” However relatively high temperatures and
long annealing times 1@ hours at 190 °Care often required for substantial HS

crystallsation?!

effective
hard block
region

— ‘l:f:i: :A:E:!-,, —_— ':i:__ ! '::

\\ vl

interphase area

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

The HS can also be either amorphous or crystalline and the morphology is determined by both

the diisocyanate and the CECrystallinity irthe HS increass polymer modulug a similar
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manner tothe SS° The symmetry of th diisocyanate is important, higher symmetry tends

to improved packing with more regular HHS interaction$®

The choice of chain extender also has a significant impact of the TPU morphslibgy can
either assist or hinder intermolecular interactions within the copolyn®udies by Rinke and
Bonart on polyurethane ureas identified how urea and urethane groups forbomtling
bridges between adjacent chains, the stability of which inflleendhe copolymer
microstructure>® *°The keyvariablesof a chain extendethat affect these interactionare
the main chain length, the presence of pendent gosusymmetry and additional

functionality.

Blackwelket 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
(Figure1.12).°* ®2Recently in 2021, Akraet al. examined the amount of #onding as a
function of CE length for purely evenly nunibd methylene units. The degree oflddnding
decreases with CE length on account of an increase in distance betweending sites ®3
Moreover, Schuuet al.foundthat the chain extender must be of uniform length for improved
mechanical properties, otherwisesing multiple CEs of various lengttaises disruption in

the chain packingTherefore, 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 sepatation.
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Figure1.12 The difference in HS stacking between CEs with an odd (left) and even (right)
number of methylene units. Based on the worBlaickwell et al®t: ®2

The linearity of a CE dramatically affects the degree of phase miireintroduction of
pendent groups increases intermolecular uretleanmirethane distance, resulting in longer and
weaker Hbonding interactions® Therefore a less oréred HS forms which in turn favours
phase mixing® ®”Sheikhyet al. reported a decrease in mechanical properties on account of
using a branched CEAdditionally, banched CEsan increase tha; by either anchoring the
HS because of internal steric hinderance which restricts SS mobility (phase sepBatey)
directly mixing in with the S&nd therefore hindering chain movemefghase mixed{Figure

1.13).58
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(a) Phase mixed PU (b) Phase separated PU
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Figure1.13 Chain restriction in 4a) phase mixed morphology and (h) phase separated
morphology with respective examples of CEs found in eachns§%&

Furthermore, increasing the number of pendent methyl groups along the CE or on one single
carbon atom also increases tigand can potentially have a negative impact on copolymer
properties. Baeet al. showed how noHinear CEs decrease the therimstability of the
physical network as a function of branchiri§gure 1.14).2®* However, in this study little
attention was paid to the effect of pendent group length. Generally, increasing branch length
increasedgy on account of steric hinderance preventing chain mobility. After a certain length
the Ty begins to decrease as the breh becomes long and flexible enough to increase the
surrounding free volumé?Moreover, studies by Guet 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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Figurel.14 The degree of HS order decrea@ sows)with increasing branchingrom left to
right.3®

A comparison between the influences of CE carbon chain length¢hiragnand volume shows
that all three features have a similar impact 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 metigyoup 5¢: 68

So far, none of these studies examine the effect of the pendent methyl goosgion,i.e.
the influence of CE symmetry. Guelchetr al. displayed how asymmetry has a more
pronounced influence on HS order than branchfhGood symmetry is seen to enhance HS

packing and crystallinity and subsequently gives greater phase separéation.

Additional functionality in CEs.Q. heteroatoms) alter the polarity of the unit which in turn
determines the HS packing and degree of phasengi¥Polar groups such as ethers, amines
and sulfonyls have good compatibility with the HS, thereby increasing phase sepatatton.
2 Conversely, apolar groups, such as gtCiRcrease phase mixing which is often displayed

by an increase ifg.*°

Research into sustainable CEs was conducted by Zlengl. by copolymerising
poly(tetramethylene ether glycgl (PTMG), isophorone diisocyanate (IPDI), dimethyllo

Ipropionic acid, 1,4utanediol with the rmturally sourced curcumif® Small additions of
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curcumin were shown to improve mechanical propertibswever reported properties

declined with further addition.

Amineterminatedchain extenders are used when high mechanical performance is required.
Amines reacteadilywith NCO functionality to form urea groups. Poisethane uregs show

a greater degree of intermolecular interactions due to the bidentate and thttieeensional
ureaH-bonding which allows for a highly ordered (Fjure1.15).”* ’® The strong association
within the HS of polfurethane ureds results in greater phase separation and therefore
improved mechanical performance when coarpd with standard polyurethan€8
Furthermore, he NC bonds within the urea group show double bond charactee to

conjugationwhich restricts rotation and strengtherise PU’’

(@) H H H © H H
/Nwro\ /NTrN\ /NW(N\
o, o, 9,
H H H H H
/Nﬁfo\ /NW(N\ /NwrN\
0 0 0O

Figurel.15 H-bonding betweeria) urethane groupgmonodentate)and urea groups in éb)
monodentate manner an(t) bidentate manner.

The effect of CE length in p@lyethane ureas closely follows that whiclwvas previously
discussed. Work by Kalajaét al. demonstrated that longer diamine CEs decrease PU
mechanical properties on account of greater compatibility of the two dom&ins

Interestingly, they showed that using a cycloaliphatic CE structure increased chain stiffness to

25



produce copolymers with improved phase separation and therefore enhaneachanical

performanceFigurel.16).
1 | H,oN H,N HoN o~~~
HN NH > ™2 \/\NHZ > 2 \/\/\NHZ > 112 NH,

Figure1.16 Order of increased phase separation, adaptedifithe work of Kalajahi et af®

A highly cohesive HS comes at the cost of-kekiling ability as the physical crosslinking
density is too high to allow sufficient movement of chaifgdditionally, polyurethane
urea)s are inherently difficult to synthesssand 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 o$olventintroduces negative environmental and economical
factors. Houtoret al. investigated a faster and cleaner synthetic rowia ball milling to
mitigate both solvent and the issue of gelation in bulk reactin&nother factor when
considering polyurethane ureas is that they are less thermally stable relative to polyurethane
analogous and therefore omot be used in applications which require high working

temperatures and are often not suitable for TPJ$?

In an interesting studiy Liet al.they exploited the difference in reactivity between OH and
NH groups with NCO to afford a urea CE with available pendent OH functidialiig
system allowed for extensive -bbnding physical network with enhanceghechanical
properties. However, tl material shovedhigh dependence of modulus on temperatuse

that the service temperature range would be very narrow. To overcome this issue, the group
incorporated an amount of permanent covalent crosslinking whiclvenéed loss of modulus

below 150 °C, but these crosslinks would inhibit the reprocessability of the material.
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Recent work by Pugaet al. offers an alternative method of mitigating the complexity of
choosing PU constituentsaphysiochemical modelling andachine learning? This method
uses monomer chemistry to predict molecular interactions on the polymer scale which

producesestimated values of parameted dzOK | & | 2dzy 3Qa Y2 Rdzf dz&

1.6 The DielsAlder reaction

The DielsAlder (DA) reaction is a [4+2] cycloaddition between a dienedkectrons) and a
dienophile (Z -electrons) first observed by Diels and Alder in 1828ycloadditions involve

the formation of two™ -bonds across the ends of twesystems. This process fits into the class
of pericyclic reactions where electrons move in a closed loop in a catteranner Figure
1.17). It is a reversible reaction so that the two separate starting materials can reform at
elevated temperatures in what is termele retro-DielsAlder 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 temperatyn® € nH ¢ T.nS. Therefore, the
forwards DA reaction domates 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 temperaturdop).

M=

Figurel.17 [4+2] cycloaddition occurs in a concerted manner across tsystems.

For a successful reaction, the diene must be in gas conformation on account of

geometrical limitations associated with forming what would be amexiely strained -bond

27



from the stransconformation. Therefore, structures that have a fixedsconformation are

favourable for DA reactions, such as cyclopentadiene and furan.

To understand the reaction further, it is necessary to examine the feomiolecular orbitals

of the reactant$® Typically, the highest occupied molecular orbital (HOMO) of the diepe (
interacts with the lowest unoccupied medular orbital (LUMO) of the dienophile*] (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 scisconformation Figurel.18(b)).

Typically, the dienophile is made electrpoor by incorporating electromvithdrawing groups
next to the doubé bond, while the diene is made electroich by including electrodonating
groups. The electrodonating group of the diene increases the energy of the HOMO (and
LUMO) and the electrowithdrawing group of the dienophile decreases the energy of the
LUMO(and HOMO)These effects resultin.l Y R 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 furanmaleimide pairing is a ecomon choice for the DA reaction on account of mild

synthesis conditions, high conversion rates and minimal side reactfomsrel.19(a)).8#°
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Figurel.18 (a) The HOMO of the diene interacts with the LUMO of the dienoghjl&€he
DielsAlder is a symmetry allowed process.

There are two possible products from the DA reaction, ¢melo (carbonyls point down) or

the exo(carboryls point out) Figurel.19(a)). Theexoproduct is the thermodynamic product,
favoured on account of minimal steric hinderance relative to the endo product. However,
under kinetic control, theendo product is formed peferentially. This difference can be
accounted for by investigating the transition states of both pathways. Iretigotransition

state, there are secondary orbital interactions between the carbonyl carbons and the smaller

orbitals of the dieneKigurel.19(b)). While not resulting in bond formation, the interaction

29



stabilises the transition state and therefore reduce its energetic barrier. Howeves, th

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

direction.
(a) Endo Exo
O
@) o (@)
H ——\_ " - - N - R
/2 }io ‘_\\ /- C | N-R =— 7
I\\I )
O R
Kinetic product Thermodynamic product

Figurel.19 (a) Furan and maleimide reactathe DielsAlder reaction to form either the endo
product (left) or the exo product (rightlb) Secondary orbital interactien(purple dashed
lines)lower the energyf the endo transition state.

There is extensive literature describing DA chemistry ilymer system$! By including the

DA adduct in the polymer system, it grants thermal reversibility within the chain and therefo
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 théel,pa. Therefore, it is possible to hava 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
backones®*®? Furan and maleimide functionalities are typically used to crosslink linear
polymers to one another. Crossking increases mechanical performance to afford tougher
materials. However, when crosslinking serystalline prepolymers, the degree of
ONEBalGlfftAyAGe Aa RSONBIaSR ¢ KA CKSMute6velza i &
competition between crystal formation and DA adduct formation exists in crosslinked semi
crystalline systems but can be controlled with psgnthesis heat treatment® ° While
annealing at both low and high temperatures allows for a range of properties, a-ovfHade
required between crystal size (strength) and degof crosslinking (elasticity). Other studies
have explored the combination of DA chemistry anédhded physical network¥: %
However, there is currently very little work on exploring the dual effect of DA adduct and H

bondingin linear thermoplastic seraiystalline PU copolymer§10t

Wu et al. successfully incorporated DA chemistry in linear polyurethanes for hot melt
adhesive application®? They found reproducible adhesion measurements accompanied
with temperature dependent melt viscosity on account of the activation of the rDA. However,
they failed to demonstrate the mechanical properties of the materials and usett
diphenylmethandéismaleimidgBMI) as a linker, a toxic compound which wouldiberated
aboveT;pa, greatly reducing the possible applications of the adhesive. In fact, many studies of

incorporating DA chemistry within PU materials in literature use BMI as a linker.

1.7  Adhesives and adhesion
Adhesion is the bonding of two substrates &tlger 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 hdsive.

A model of an adhesive bond shows the cresstion of a polymeric adhesive bonding
multiple substrates togetherHigure 1.20). At the centre othe 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 isrdmated 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 wa; 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. Bods typically fail with cohesive failure, therefore bond strength is commonly
dictated by the cohesion of the adhesive which means the internal order of the polymer is of
interest to improve adhesion. Moreover, failure can be caused by mixed modes inla sing

test if the upper strength limit of multiple factors€. adhesive and substrate) are simifd?.
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Figure 1.20 Model for the crosssection of an adhesive bond@he polymeric adhesive is
represented by the coloured regions comprising the bulk (blue), interphase (orange) and
interface (green).

Bath adhesion and cohesion depend on intermolecular forces which canaavalent or

ionic bonding (primary bond formationjiaH-bonding and van der Waal forces (secondary
bond formation); or other surface reactions such as mechanical interlockinglactlaestatic
forces. Therefore, substrate surfaces should be clean for optimum adhesion. Skedhy
determined the level of interactions by measuring the contact angle of a PU on #atbe
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 tené®umface wetting is highly importantin
adhesion as larger 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 usuallg lgaod wettability,
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however these may have poorer cohesidigurel.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 decreasing adhesieigrel.21(b)). Therefore, a balance between
wettability and viscosity is highly importatft: Typical viscosity values of polymer melts are 1

¢ 1 000 Past.1% Liquid honey has a viscosity of 10 Paasd is a good reference to help

imagine suitable viscosity for easy adhesive application.

(a)

. = Adhesive
. = Surface

Figurel.21 Representations ofa) good surface wetting an¢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 prepolyweechemical
reactionsin situ These highly and irreversibly crosslinked polymers can be foomnadariety

of chemistriegTable 1.).1%°
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Tablel.1 Chemically hardening adhesive polymers.

Polymerisation Chemistry
Cyanoacrylates

Freeradical Methyl methacrylate (MMA)
. Polyurethanes (PUs)
Step-growth addition .
Epoxies
St wtheond i Silicones
epgrowthcondensation Phenolics

Physically hardening adhesives are applied as fluids, then solidifiesity without
undergoing any chemical reactions and the transition from fluid to solid is reversible.
Examples of physical hardening include losa sblvent or water from a polymer or cooling

of a hot melt resulting in a strong physical polymer netwéiik(irel.22). Different adhesives

lend themselves to varying situations, depending on important factors such as cure time and

mechanism, strength, flexibility, physical appearance and resistance to avsfonments.
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Figurel.22 Gommon physical hardening mechanisaisn adhesive.

1.7.1 Traditional polyurethane adhesives

PUs are a popular choice of adhesives on account of thelr performancedurability and
potential to bind a range of surface typalowing for the manufacture of complex composite
materials® Current polyurethane adhesives asgically crosslinkechaterials that are either
one component (1K) or two compones(RK)and final properties of the adhesive are largely

dependent on the crosslinking densitylK systems are classically NCGterminated
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prepolymerswhich are liquid or solid at ambient temperature for simple moisture curing
systems or reactive hot melts, resgtevely. While simple moisture curing systems are low
viscosity liquid prepolymers, reactive hot melts consist of high molecular weight prepolymers
therefore they cure both physically (cooliggfast adhesion to hold joint in place) and
chemically (crossiking ¢ slow adhesion to maximise strengthfter application to the
substrates, the NCO groups react with moisture from the atmosphere or present in the
substrates themselves at ambient temperatures ranging frong 80 °C or at higher
temperatures €.9.50 ¢ 100 °C) for reactive hot melt§®The crosslinking processes is largely
diffusion controlled, relying on water travelling through the prepolymer matriretact with

chain ends?32Ksystemsconsist ofa prepolymeiand an activating agent (crosslinker) which
are supplied separately but premixed immediately before application to the substrates. The
chemical reaction between the components begins oningpand 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 aspect2Kirsgstems
require carefully controlled mixing t@rovide the correct stoichiometry to build a high
molecular weight fully crosslinked networkhe 1K moisture curing approadiends to be
usedmost due to conveniencdut the final properties are inferior tthe higher cosslinking
density obtained with 2K adhesive. The latter are used in high performing structural
applications which have more demanding requirements, where higher mechanical
performance and durability are needétBoth require specialised packagiiog storage and
application to prevent premature crosslinkindi@resulting covalentrosslinls makesboth

types ofadhesives highly durable, although the network is permanent and irreversible.
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Permanently crosslinkeddhesivesare unattractive when coniglering the environmental
impact of a composite material comprising different substrates joined togetheas
reprocessing of the raw substrates would be impossible. Therefore, there is a drive towards
reversible adhesion where recovery of soustéstratess possibldor reuse and recycling

It is critical to design new adhesive materials which can both provide performance in use and

also enable facile separation at the enétlife.

1.7.2 Thermoplastic polyurethanes as adhesives

TPUs which aréK unreactive homeltsare a potential alternativas adhesives since they do
not require moisture curing. Traditionallysed for solidapplications, such as plastic
elastomersthey show reversibilityiaresponse to thermal or solvent stimykigurel.22).
While thesematerialk are solicat room temperature, they become viscous nsboveTyor

with solvation Previously, the focuir TPUshas largelybeen on forning the highest
molecular weighipossiblefor the best durabilityand performance as engineering plastics
However the highmolecular weightgtypically > 40 kDa) caubéghly cohesive melts due to
the quantityof entanglement points anthteractions occurring, such asiidndingbetween
urethane groupsinterestinglyincorporation of amorphous polyols has been described as
increasing melt viscosity, whereas setnystalline polyols have the inverse effét.High

melt viscositydemands the need for high shear equipmdéikéehot meltscrew extruders for
applicationwhich 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 folmbond upon coolingfigurel.23).
However, conventional reactive hot melt adhesives are typically applied at low volumes using

facile, inexpensivlow shear application equipment, where a typical melt viscosity is 10 Pa.s
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1 197Such a material is fluid enough to provide good wetting when hot but the should provide

adequate bond strength on cooling to ambienttemperature, either by the formation of strong

non-covalent interactions or covalérbonds. 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 at ambient temperature (high mechanical properties). So far,

there are no TPUavailable which can be applied with low melt viscosity using conventional

bulk adhesive processing equipment. Currently all materials are either prepaasdlvent

casting or higkpressure compression moulding: 1%°
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Figure1.23 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.



1.7.3 Recycling and life cycle analysis

Theuse of plastics has grown exponentially over the past several decades on account of their
variety of impressive propertieg (g.durability, chemical resistance and light weight) coupled
with their ease and low cost productidt’Plastics are so useful and commonplace, it is nearly
impossible to imagine modern life without them. Howevassues regarding waste
managementrebecomingclearer, only 9 % of thé.3 billion metric ton of plastic waste has
been recycled as of 2017 and last year microplastics were found in human blood for the first
time.!*! 112Therefore the need to reuse, recycle and remanufacture materials is growing
increasingly importantTraditionally, the life cycle of plastic wésear,i.e. production, use

and then disposal, thereby giving the plastic only one lifetime (singe plastics}®
Inappropriate disposal of plastic washot only has detrimental impacts on the environment
and ecosystems due to the extremely long decomposition time of plastics, butis also a huge
waste of resources. Therefore,arcular economy is desired to avoid these issusch
requires alife cyck analysis (LCAY all materialsto determine their environmental impact
throughout their entirelifetime, i.e.from cradle to gravé® A circular economy is a more
sustainable approach to using resources and is based on reusing materials to minimise loss to
the environment. Circularity not only involves, designing new materials to be reused or
recycled easily at endf-life, but alsoencompasses using sustainable feedstocks and
reverting the damage already caused by previous mismanagement of Wates beneficial

to minimise thefrequency of particularly demanding processes such as sourcing raw materials
and dispomigwaste. Reusing materials in various weya viable option as it increases the
lifetime of an article which overall decreases its mark on the environmiemé abiliy of a

material to maintain properties of high enough standard for use in 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 changesatennal properties.

Mechanical recycling involves the separation of waste plastics, followed by reprocessing to
SAGKSNI NBTF2NY GKS 2NAIAQPE Ot FO GBENAH tf 2ANA YEODBY
material. This method of recycling is a popub@tion to minimise use of virgin plastics and

has been proven to have a relatively low environmental impact from several £CAs.
However, mechanically recycling more complex materials consisting of multiple types of
materials is not possible as the individual materials cannot be sepabefore reprocessing.

CtKSaS WwWdzaSt SaaQ NBa2SOGa I NB?Thatehye, thHe idbasignS NI (1 S |

of these complex waste materials is of environmental importance.

Adhesives playraextremely importantrole in larger systerasrosdifferent sectors, such as
packagingautomotive andconstruction industries. They bond different substrates together

to afford compositeso achieveimproved propertiesFor example, crisp packets consist of
several laminated materials that, when in unison, provide favourable properties torensu
crisps do not perish and in fact live up to their nathThe ability to reverse the adhesion
process and recover the separate raw materials for reubégisly appealingSuch 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-efife and needs to be reused

or recycled [Figurel.24).
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Figurel.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 relatonships 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, branching and 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 mechanical and adhesive properties of the matexikdywing for optimised

performance for designing materials in 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 for a strong and cohesive
solid at ambient temperature, but a low viscosity fluid at elevated temperatures. These
switchable physical states would enable simple application and removal of miateria

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 semicrystalline materials which should offer enhancstdength for structural
adhesives. Finally, dynamic covalent bonds will be incorporated into copolymers containing
both semicrystalline and amorphous segments. This work will explore the potential of
synthesising copolymers with targeted properties fremmple bulk polymerisation of benign

prepolymers chosen from a wide library of seenystalline 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 mada different synthetic techniquesdowever,

little work directly compares how synthetic techniques affect the final TPU. Prewotk has
examined the influence of altering some parameters on polyurethane (PU) products gfiorio

al. showed how reaction temperature can introduce branching and side reactions which in
turn affects copolymer crystallinity, morphology and decompositemperature! Work by
SAnchezAdsuatret al.demonstrated how reaction time only affects the prepolymer step and

not the chain extension step in TPU synthési®wever, keeping parameters constant across

different synthesis types is 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 inwhich the other components (diisocyanate and chain extender) dissolve and react.
Heating increases mobility of the polyol by disrupting interactions, such as causing crystals to
melt. Bulk polymerisation is advantageous as it is solexdg and does notaquire additional

steps to isolate 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 solvensolubilise the raw materials. The choice of
solventis imperative 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 weighproducts are possible. In contrast to bulk reactions, solution

polymerisation products need to be isolated, either by evaporating the solvent or
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precipitating the polymer in a nerolvent. Additional time, resources and waste disposal are
required and thee are negative environmental impacts, such as toxicity, associated with

using organic solvents.

Polyol composition greatly affects final TPU behaviour, especially flexibility and low
temperature properties. Polyol features that impact TPU properties ireledemical
composition, molecular weight and degree of crystallifitfhis study uses pokx
caprolactone) (PCL) which is a linear aliphatic polyester with a narrower disp&ig)tsr{d
higher thermal and hydrolytic stability relative to traditional polyesters. A sicbgin diol
initiates the ring2 LISY A y 3 LJ2 f &-daprdldctdrie foAfdny an20W tekminated
polymer. Depending on molecular weight, PCL is smystalline with a melting point of
approximately 60 °¢® Enhanced low temperature properties are possible because of a low
glass transition temperatureT§) 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 TPUSs.

In this chapter, bulk and solution polymerisation methods are critically compared by
synthesising TPWpolymers using the same reagents in different techniques. The effect of
polyol molecular weight on TPU morphology is also explored. Simple copolymerisations are
LISNF2NXYSR 27T t imethyled Digherlyl dilsgfyRnate BMDK without chain
extendersfor 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 PCL an@@didme2.1). The Carothers equation
was employed for atoichiometric imbalance of OHNCOmoieties in orderto limit the
molecular weight of the TPdopolymersproduced.” Polyolwas always used in excess to
afford OHterminated TPUs and prevent any further chain growth caused by reaction of free
iIsocyanate groups. A rangeafpolymemolecular weights were synthesised by altering the
stoichiometry of functional gropss. Alcopolymers were characterisadaNMR spectroscopy,
FTIRspectroscopi@analysissizeexclusion chromatograph(SE) analysis andifferential
scanning calorimetry(SC) Table2.1). PCLZ.0 kDg was used to make seri&in bulk andS

in solution. PCL (@kDg was used to make seriesn bulk.

' o L o '
TS
50 o ° OCN NCO
PCL MDI

|
H ngwg%wggw%

50
OH - terminated PU

Scheme2.1 Copolymerisation of PCL and MDI withimbalancedOH: NCOmolar ratio to
produce OKerminated TPUs

'H NMR spectroscopic analysis shows successful copolymerisation in all cases. Resonances
associated with the formation of urethane functionality were detected at 6.75 and 4.16
ppm corresponding to the urethane NH proton and the methylene of the PCh aldg@icent

to the urethane oxygen, respectivelyigure2.1). Neither of these resonances were present
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in either spectra of pure PCL or pure MDIti#s OH : NCO molar ratio tends to 1, there is an
increase in the integration of resonanceg at 4.16, 6.757.13 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 expectedintegrals of resonances representing the end groups 8.32 and

3.68 ppn) decrease, as the MDI content increases.

Table2.1. Allcopolymers synthesisddom the copolymerisation of PCL and MDI

. PCL Molar ratio
Series  Copolymer Method (kDa) oH NCO
B PCER - 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 1.3 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 1.0 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 PCLP - 1.0 1.00 0.0
L L1 Bulk 1.0 2.00 1.00
L L2 Bulk 1.0 1.50 1.00
L L3 Bulk 1.0 1.3 1.00
L L4 Bulk 1.0 1.20 1.00
L L5 Bulk 1.0 1.10 1.00
2pPCL without MDRCI(2.0kDa)

bPCL without MDRCCI1.0 kDa)
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Figure2.1 *H NMRspectrum oB3asa representativef TPUscopolymersArrows denote an
increaseor decrease imesonancentensity asOH : NC@nds to 1.0 : 1.0Integrals are relative
to PCL initiator, neopentyl glycol (NP@&P0 MHz, 298 K, CBCI

Formation of the copolymers is also confirmeid FTIR spectroscopy. Compansaf the
absorptions between copolymer product and pure PCL shows the presence of urethane
linkages Table2.2). The stretch avmax= 3442 crit corresponding to the @4 of PCL is reduced
while a new resonance developswatx = 3347 crit showing the emergence of-N in the
newly formed urethane groug{gure2.2). After addition of MDI, the absorption of the 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 altgh@Hh of the PCL backbone is present in

all spectra atmax= 2941 and 2865 cm The aromatic C=C afax = 1598 crit appears in the
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copolymer which matches the phenyl rings of MDI. A bang.at= 1532 crit representing
CN further proves incorporatin of MDI. There is no absorbance aroungx= 2260 crit
showing all the NCO has react&fihere is also no urea detected betweanx=1680¢ 1625
cmt, meaningmoisture was successfully excluded from the reacfi@werall the analysis

agrees with data from NMR spectroscopy and showddhmation of urethane functionality.

Table 2.2 Wavenumbers ofkignificant functionalities. For clarity, onlyB3 is shown as a
representativanaterial.

Sample Wavenumber(cni?)
P OH N-H NCO C=0 __ Ar.C=C GN
PCL 3442 - - 1722 - -
(ester)
MDI - - 2260 - 1578 1521
B3 - 3347 - 172].' 1598 1532
(multi)
1 I
1 |
3442 w
° t
‘é ______ _2941/ 2865 o
s R Vo T T
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Figure2.2 FTIR spectra ¢fClbefore copolymerisatioand aftercgpolymerisation of PCL with
MDI (B3). Dashed red lines indicatbe region where NC@bsorptionwould appear.
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2.2.2 Effect of polymerisation process on polymer properties

Itis worth noting that the same polydPCl.and diisocyanate (MDI) is used in all comparisons.
Only the stoichiometry of OHNCO 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. FFh&IMR spectra of both bulk and solution
polymerisations display pton resonances at almost identical chemical shifts and with very
similar integrationsKigure2.3). This similarity represents protons in the same&ieonment

and therefore TPU copolymers that are structurally the same, independent of the

polymerisation process used.

g 8 o T o
b d e e d b c H ) J H
C C O n f f O C C m e d h O J O
K g k P

b
CHCl, - \ d
t tly | Jl g
!_‘pﬁ_! i‘u@_@ a L LL_
b
CHCl,4 Solution Ch d
h i |
j k‘_’[‘ .I,J ,jt b a N __," AT L

T T T T T T T T 1
4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
& (ppm)

Figure2.3 'H NMR spectra for copolymers prepared by bBB &nd solution$3 processes,
respectively(400 MHz, 298 K, CRCI
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Molecularweight resultsvia SEQollow the sametrend typically observed in stegrowth
polymerisations, with an exponentigcreaseas stoichiometry tends to 1.0 : 1.Bi§ure2.4).
Molecular weights are almost identical and independent of synthesis method at a given

stoichiometry Table2.3).

--o-- Bulk M,
140 - --®-- Solution M, A
& Bulk M,
. - Solution M,
@ :
a
=< 100 A
5 I
© 804
= 5
4]
= 60 b
O =t ’
=T °
< 40 N s
4""
20 - A e
A _4=,=-.-"‘-;
g ;
0 I T I T I T I T I ! I
0.5 0.6 0.7 0.8 0.9 1.0
NCO/OH

Figure2.4 Changes in number average molecular weight)(&hd weight average molecular
weight (M,) with stoichiometry of OH : NCO

Significantly higher molecular weights are achievaidsolution polymerisationRigure2.4).

At a stoichiometry of 1.01 : 1.00 (OH : NCO), a TRE farmed with a number average
molecular weighti,) of 60.7 kDa and a weight average molecular weilghj (0f 138.2 kDa.
The practical upper limit of the bulk process is approximately 1.10 : 1.00 (OH : NEO) (
37.2and M,, = 68.0 kDa). Above this poimtechanical stirring becomes too difficult due to

high melt viscosity and there is 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 twisfree of its clamps and the glassware to shear open.

Table2.3 Data fromSE@xperiments showing molecular weights and dispersity for sBries
and Smade in bulk and solution, respectively.

Sample NCO/OH  Mn?(kDa)  Mu*® (kDa) 20
PCL N/A 4.2 7.5 1.81
B1 0.50 8.7 15.6 1.79
B2 0.67 13.6 237 1.75
B3 0.77 185 333 1.80
B4 0.83 25.6 425 1.66
B5 0.91 37.2 68.0 1.83
S1 0.50 8.5 15.2 1.79
S2 0.67 12.6 225 1.79
S3 0.77 201 355 177
S4 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

aDetermined by SEC in CHiglainst PMMA standards

Qualitative analysis of the carbonyl region within tREIR spectra of each copolymer indicates
the extent of hydrogen bonding in each system and can improve understanding of PU
morphology*° The relative strength of the4dond can be determined by the wavenumber at
which the absorbance appears. Carbonyls involved in strongbortds shift to lower
wavenumbers, whereas weak and free carbonyls appear at higher wavenumbers. The

carbonyls of urethane groups are typically present arowngk = 1700 crit, with free
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urethane rangingmax = 1730¢ 1760 cn' and Hbonded C=0 urethane betweem.x = 1680

¢ 1730 cmt.®

All materials show a peak absorptionvatx= 1720 crit corresponding to the ester carbonyl
in PCL segments. CopolymerisatednPCL with MDI broadens the C=0 absorbance as a

consequence of the formation of urethane groupsyure2.5(b) & (d).
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Figure2.5 FTIR spectra of-N regions for copolymers made in b(@h and solution(b) and
C=0 regions for copolymers made in lfbland solution(d). The black dshedliinesmark the

boundary between free and-bbndedC=0 oN-H.
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Noticeably, resonance shoulders begin to growak = 1730 and 1710 ctwith an increase
in molecular weight, resulting from free andbd$nded urethane, respectively. Increasing
molecular weight increases the amount of urethane and therefore the amouHtlménding

as a consequence of the higher concentration of copolymerised MDI.

This effect is mirrored in the -N region betweenvmax = 3400¢ 3300 cm', where
copolymerisation and subsequent increasing molecular weight broadens the absorbance
(Figure2.5(a) & (c)). The band avmax = 3442 crit caused by the OH end groups of the PCL
diminishes and is replaced with an absorptiowak = 3347 crit corresponding to urethane

N-H. The intensities atmax = 3347 and 3442 chincrease and decrease, respectively, with
rising molecular weight as th@H end group concentration falls and the amount of urethane

copolymerised increases.

These effects are identical for copolymers formed from both bulk and solution
polymerisation, suggesting the amount ofddnding is independent of the synthesis method
(Figure2.5(b) vs(d) and (a) vs(c)). Upon close inspection of the spexiS7has the broadest

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

largest quantities of urethane carbonyl groups.

Thermal properties of the TPU copolymers were determinedDSC Table2.4). Prior to
analysis, all materials were heated to 70 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 coolimgcle in between, at a rate of 10 ° C.nhifPure

PCL exhibits a glass transition temperatuig &t-67 °C which shifts to a higher temperature

when copolymerised with MDCopolymerised/DI associates through physical interactions,

such as Fbondingbél 6 SSy dzNB G-K I  BlaOT ¥YRI ~ 2 T siipkeSschaik Sy & f
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motion. Restriction of chain mobility requires more energy to overcome and subsequently a
higherTgy. Values offy increase with molecular weight of TPU copolynfég(re2.6). This
observation follows typical trends for polymers where a higher concentration @fgeaups,
which is present in lower molecular weight copolymers, provides additional free volume for
chain rotation and therefore lower$,. However, above approximatel, = 20.0 kDalg
plateaus which is likely on account of negligible concentration of chain ends. This trend can

be described by the Flory Fox equatithn:

WhereTgy is the maximunTy obtainable from a theoretical infinite molecular weight akd

is a parameter relating to free volume present.

Table2.4 Thermal data of all polymers fromitial heatcyclefrom DSC

TPU M,? (kDa) T, (°C) Tm (°C) NHn (J.9Y)
PCL 4.2 -67 53 83
Bl 8.7 -51 45 56
B2 13.6 -47 45 50
B3 185 -46 44 42
B4 25.6 -46 44 44
B5 37.2 -45 40 33
S1 8.5 -49 46 58
S2 126 -47 45 50
S3 20.1 -45 44 43
S4 22.0 -46 44 41
S5 35.6 -45 38 33
S6 420 -45 38 & 43 37
S7 60.7 -44 36 & 43 26

aDetermined by SEC in C{Hglainst PMMA standards.
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Figure2.6 Ty from first heating cycleas a function oM, for copdymers prepared via bulk
and solution polymerisation.

A melting endotherm which appears at higher temperaturesq3@ °C) corresponds to PCL
segment crystallinityKigure 2.7). The melting temperaturelf,) decreases slightly after
copolymerisation with MDI, which is a typical consequence of copolymerising units of
different Ty, in block copolymers? Increasing molecular weight gradually decrea3as
implying that there is greater dispiion of the crystalline phase, likely caused by greater
entanglements within the amorphous interlayers which strains and hinders crystalligation
At the highest molecular weighS6& S7 there are two Tr, recorded suggesting that the

crystalline phase is polymorphit.
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Figure2.7 DSC thermograms of pure PCL and TPU copolymers of differprepared in(a)
bulk and(b) solution. Solid and dashed boxes surround regiongaid T,, respectivelyFirst
heating cycles showrExo up.

The enthalpy of meihg(nHm) reduces substantiallgfter incorporation of MDI Eigure2.8).
This decrease smplifiedby molecular weightso atM,, = 60.7 kDayHn is less than 31 % of

pure PCLEvidently, he MDI is disruptigorderof PCLchains which decreases crystallinity
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This effect is not surprising ake crystallinity of PCL haseviouslybeen reported to be very

sensitive tamolecular weight of the accompanying blo'ck

The effects described above were seen in products of both bulk and solution polymerisations.
DSC thermograms and valuesTf Tm and nHn appeared very similar for copolymers of

similar molecular weight, regardless of polymerisation methéidre2.7(a) vs (b).
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Figure2.8 Enthalpy of melting as a function of,M/aluesare proportionalto the degree of
crystallinityof PCL.

2.2.3 Effect of PCL molecular weight on TPU copolymer properties
PCL was copolymerised with Md& bulk polymerisation using both approximately 2.0 and
1.0 kDa polyols to create two series of copolymers with a range aecualar weights,

comprising different PCL segment lengthalfle2.5).
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Table2.5 SE@ata for TPUs synthesised via bulk polymerisation &ithkDaand 1.0 kDaPCL
at varying stoichiometry.

Sample  PCl(kDa) O'\Clo'ar R?\tl'g o MfkDa)  M.(kDa) By
PCL 2.0 1.0 0.0 4.2 75 181
B1 2.0 2.0 1.0 8.7 156 179
B2 2.0 15 1.0 136 237 1.75
B3 2.0 13 1.0 185 333 1.80
B4 2.0 1.2 1.0 25,6 425 1.66
B5 2.0 1.1 1.0 37.2 68.0 1.83
PCLL 1.0 1.0 0.0 22 35 164
L1 1.0 2.0 1.0 4.9 8.9 1.81
L2 1.0 15 1.0 6.5 125 1.91
L3 1.0 1.3 1.0 8.0 15.6 1.94
L4 1.0 1.2 1.0 11.2 235 2.10
L5 1.0 1.1 1.0 15.6 33.4 2.10

aDetermined by SEC in CHiglainst PMMA standards.

Values oM, andMy, for the pure polyolsRPClandPCL)are approximately twice as high from
SEQ@s expected, as a consequence of bailoge to the calibration limit of the SEC column
and the difference between the standards used (polymethyl methacrylate (PMMA)) and the
TPU copolymer&Upon copolymerisation with MDI, an increasavl, andMy is observed as

OH: NCOmolar equivalents tends to 1.0 : 1fOr both series ofTlPUs.M, variedfrom 4.9 to

15.6 kDaand 8.7 to 37.2 kD#or the copolymers comprising.0 and 2.0 kDa PCL, respectively
As expectegat a fixed value oDH : NCOPUs containing higher molecular ight PCL afford
higher molecular weight product§igure2.9). An exponential increase in molecular weight

is observedor both L and B series as the malr ratio of OH : NCGpproaches D : 1.9
consistent with the expected stegrowth mechanism. Higher molecular weight samples tend

to show higher dispersityu), increasing from 1.8 to 2.Téble2.5).
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Figure2.9 The effect oftoichiometry on molecular weiglitl, and M,).

Before interpretation of analysis of the two series, itingortant to note that he weight
percent of MDI copolymerisedvt%wvp)) in seried is higher than serieB and both series
increase invt%ypias OH : NCO tendsto 1.0 : XFigure2.10). The MDI contentis known to

have a marked influence on the properties of TRUs.
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Figure2.10 wt%up as a function of NCO/OH for both series of different polyol molecular

weight.

Inspection of the C=0 and thel stretches in FTIR spectroscopy for all samples revealed
differences in amount of Honding between copolymers with different PCL segmengths
(Figure2.11). Both PCLland PCLonly show one absorption a¥max = 1722 crit which is
characteristic of free ester C=Bigure2.11(b) & (d)). TheL seriesdisplays variation of the
carbonyl stretch as OH : NCO tends to:1LM, notably the emergence of increasing urethane
absorption at approximatelymax = 1710 crit. This shoulder grows imtensity as the
molecular weightand thereforewmt%uyp, increases. bwever, with theB series there is only a
slight and gradual broadening, implying a lower degree dfoHding as fewer urethane
groups are present (lowavt%uwp). Within the Hbonded NH range, he N-Hstretch for series

Lis largethanseriesBandat lower wavenumbers, betweerax=3345¢ 3342 cmt andvimax
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=3347¢ 3350 cnt, respectively. This data confirms observations of the C=0 region that series

L contains more Fbonding. Figure2.11(a) & (c)).
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+ l .;\ iy
B
__‘_n._lp*' " - ! s
E --------------- I o L "\\.
rd L L A I
_E __.__/'vl" \‘-_.,_..-"1 _“E \\\ - BS
M,| % | . N
=) L b
L e e .-'_-Al’/ — — <L AY N e - - == B3
o
'_______/_f”/\l/\_‘,_/ S————— — '
I S . —B1
___/_/\[x._______/ ~— —PCL
r T T T T 1 T L 1
4000 3800 3600 3400 3200 3000 1800 1700 1650 1600
Wavenumber (cm) Wavenumber (cm®)
free H-bonded
(c) | (d)
'y |
° | o LS
= < L4
3 ' g
3 | 3 13
M,| = i = 12
I L1
I PCLL
1
F T T T T 1 r T T T 1
4000 3300 3600 3400 3200 3000 1200 1750 1700 1650 1600
Wavenumber {cm?) Wavenumber (cm?)

Figure2.11 Spectraa) and (c) are N-Hregions for serieBand L, respectively. Spectfh) and
(d) are C=Oregions for serieBand L, respectivelyThe black box showsthonded urethane
carbonyl. The black dashed line marks the boundary between free-anddé¢d NH.

Analysis of the thermal properties of the TPU matenadDSC, determined thatrdy oneTy

is observed for all copolyme(able2.6). In thefirst heatingcycle,the Ty of purepolyolPCL
Is-76 °C and67 °C for molecular weightsGL.and2.0 kDa respectivelyPClis higher than
PCLLas a consequence of théower number of end group$: T, increases after
copolymerisation with MDI up ta molecular weight of 1® kDa(Figure2.12). Tqincreases
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more as a function of molecular weight for seriesas it compriss a higher urethane

concentration which hinders chamobility.

Table2.6 DSQGhermal data of alcopolymers for two heat cycleblultiple melting peaks for
one endothermareg NA G 0 Sy |4 WFANRG LIS {istotal aréad BoghR LIS I
peaks.

sanple Ty 1st heating cycle 1Stc(;2?e“ng 2nd heating cycle
1heat 2"heat Tm(°C) nHn(@A.¢h) NHe (3.9Y Tm(°C)  NHm (J.9H
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
PCL -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 - - - - -

Formost materials, endotherms are observed in the range of 33 t&G3orresponding to

the melting of crystalline PCL segmenfg(ire2.13(a) & (c).*® T and nHy, are higher for
copolymers in serieB made fran the higher molecular weight PCL. All copolymers inBthe
series are crystalline but higher molecular weight copolymers irLgeries are amorphous
(Figure2.14). For bothL and B series, T, decreases with an increase in molecular weight
during the first heating runAdditionally, lmth seriesL and B show a decrease inHm, with
increasing molecular weight, indicating a decline in the degree of PCL crystallinity, resulting
from increasing urethane content disrupting the organisation of PCL crystalline réfjions.

Exotherms correlating to the recrystallisation of PCL chains are observed upon cooling to
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90°C for many of the copolymer$gble2.6). However, the recrystallisation b2-5is beyond
the limit of the experimentsvhich indicates recrystallisation is a slow process for these

materials In all cases the enthalpy crystallisationjiH.) is less thamH, during the first run

suggesting the PCL chains require more time than given in the experiment to fully resgstall
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Figure2.12 The effect of copolymer molecular weight §for the L and B series (first heat
run).

Melt endotherms in the second heat runs are significantly different to those of the first runs,
especially for TPUs comprising PCL of 1.0 kidmure2.14). This change is likely a result of
slow crystallisation and insufficient time for recryBisation to occur during the timescale of

the experiment!® PCLB1andB2show twoTn,, implying there are two degrees of PCL order:

a highly crystallineTy, > 44 °C) and less ordered PCL chaifis € 44°C).1* B3 B4 & B5
crystallise during theecond heatrun betweefyandTnm, likely as a result of higher molecular
weight polymers slowing the kinetics of recrystallisatidithedata showshat copolymers

in the Lseriesare much less crystalline during the second run due to the lower PCL segment

length Figure2.14).
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Figure2.13 DSC thermograms of copolyme®d to 100°C(10 °C.mif). (@) and p) and the
first and second heating ramps, respectively skeriesB. (¢) and ¢l) are the first and second

heating ramps, resgctively, for seriek Exo up.
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Figure2.14 Changein enthalpy of melt as a function of Mor both heat cyclesThe initial
data points in each series at the lowest &te for unincorporated PCL poly8iGland PCLL
for Band Lseries, respectively).

2.3  Conclusion

TPU copolymers were synthesised using 2.0 kDa PCL diol and MDI without chain extender
with varying OH : NCO stoichiometry. Successful copolymerisation was priavéth NMR

and FTIR spectroscopies and SEC analysis. Copolymerisation of PCL with MDI inereased H
bonding and values df, but decreasedm andnHn. This effect was enhanced by increasing

copolymer molecular weight, up to approximatély = 20.0 kDa.

The effect of synthetic methodology employed was examined by comparing analogous
copolymer products from bulk and solution polymerisations. Bulk capetg were easier and

safer to synthesise on a larger scale, however there is limit to obtainable molecular weights
(2.00 : 1.10 for bulk vs 1.00 : 1.01 for solution). The solution route offered higher molecular

weight copolymer products but required sigiséntly 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, Hbonding and thermal propentis were all determined to be independent of

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

Another series of TPU was synthesisabulk polymerisation using PCL of 1.0 kDa and MDI.
Comparison with analogous copolymers made with 2.0 kDade@rmined 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 increadednHding and influenced
material thermal properties.The Ty of 1.0 kDa PCL ireased significantly after
copolymerisation with MDI. TheHnwas higher for 2.0 kDRCL and resulting copolymers,
with the crystallinity of 1.0 kDa PCL segments completely supressed by incorporation of MDI

above aM,, of 8.0 kDa.

2.4  Experimental

2.4.1 Materials

Camu 2100J and Capa2200J wereprovided byt S NE& ( 2 -NaekhylemeRis(phenyl
isocyanate)98 %), n-hexane (HPLC grade %) actdoroformd (99.8 atom % Pwere
purchased fronBigmaAldrich.Anhydrous toluene was obtained from a Grubbs purification

system. All reagents were used as received.

2.4.2 Instrumental methods

Grubbs dry solvent serviceras used to obtain anhydrous toluene. This system involves the
storage of solvents in aressurised envonment under an inert gas. The solvent is then
passed through two filters which absorb any moisture fritra solvent.Proton ¢H) nuclear

magnetic resonance (NMRpectra wererecordedusinga Bruker Avancé00spectrometer
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(400 MHz). Spectra were anagdon MestReNova v6.0.8amples wer@reparedin CDG

as the solvent. All chemical shifts were recorded in parts per million (ppm) relative to a
reference peak of chl@form solvent att = 7.26 ppmMolecular weights and dispersities
were determinedviasize-exclusion chromatography (SEG)ng an Agilent 1260 Infinity GPC
systemS lj dzA LILISR 6AGK | NBFNI OGAGS Ay REkolumBsli SOG 2 1
and a guaraolumn were connected in series and maintained at 35 °C. HPLC grade chloroform
containing0.25%w/w TEA was used as the eluent and the flow rate was set at Li®imt.

The refractive indexdetector was used for calculation of molecular weights and dispersities
by calibration using &eries ofnearmonodisperse poly methyinethacrylate standards.
Analysis was performed on Agile€BPC/ SESbftware.Attenuated Total Reflectance Fourier
Transform Infrared ATRFTIR All FTIR spectra was collectedad?erkinElmer Spectrum Two
instrument with a UAR Two accessor$pectra werecollected with 16 scans at a resolution

of 1 cm’. Analysis was performed on PerkinElmer Spectrum softviiféerential scanning
calorimetry (DSQ was performed on a Discovery DSC 25 TA instrurAdimins were carried

out under a nitrogen atmosphengith a rate ofl0 °Cmin™. Preweighed samplesf 2+1 mg

in standard aluminium pansere loaded at 25 °C, cooled #80 °C and heated to 150 °C,
cooledagain to-90 °C and finally reheated to 150 Tgwas taken as the midpoint of inflexion
and T, was meauredas thetemperatureat the minimum heat flowof a melt endotherm.

Analysis was performeoh TRIOS85.1.1software.

2.4.3 General synthesis of REIDI 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 Ca@aL00J/ 250 g9.12 mol for Capa2200J) was loadedintoa 1

L flange flask equipped with a mechanistirer, thermometer and vacuum inlet at 80 °C and
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once all molten stirred under vacuumAfter 1 hour, the vacuum was removed and a
predetermined mass dfakeMDI (based on stoichiometryyas added to theeaction at 110

°C with increased stirring speéat 15 minutes without vacuum arttien 1 hourwith vacuum.
Reaction completion was determined by monitoring the disappearance of the isocyanate
absorbancevia FTIR spectroscopwfter reaction completion, the molten product was

decanted and stored

2.4.4 Generabynthesis of P@UDI copolymers via solution polymerisation.

All solution copolymers were synthesised in a similar method, a typical procedure was as
follows: PCL (20 g, 01 mol) was loaded in to &50 nL three-neck roundbottom flask
equipped with amagetic stirrer, thermometer and vacuum inleat 80 °C and once all
molten, stirred under vacuumAfter 1 hour, the vacuum was removed argplaced with a
gentle nitrogen flow and the stopped was replaced with a reflux condenser. Anhydrous
toluene (20 mL) ws added followed by predetermined mass diake MDI (based on
stoichiometry)at 110 °C with increased stirring speé&the reaction was left for one hour and

the endpoint was determined by monitoring the disappearance of the isocyanate absorbance
via FTR spectroscopyAfter reaction completionthe mixture was cooled to room
temperature then precipitated dropwise ininexane (300 mL) cooled by liquid nitrogen and

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

'HNMR and ATHRTIR spectra were similar for all copolymers.

IH NMR (400 MHz, 298 K, C{Cl= 7.31 (d,)= 7.8 Hz, Ar), 7.12 (d= 8.3 Hz), 6.75 (SH),
4.16 (1,334 = 6.6 Hz, BOC=ONH), 4.80 {t}+ = 6.7 Hz, B,O0C=0), 3.99 (s, MDHEAr),3.95

(s, NPG 18,0), 3.92 (s, MDIMBATr), 3.89 (s, NPGHZD), 3.66 (m, B,0H), 3.32 (dJ= 6.5 Hz,
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OH), 2.33 (t3Ln = 7.5 Hz, B,LC=00), 0.97 (dd= 18.9, 7.4 Hz, NPG §H..66 and 1.40 (all

remaining hydrogens) ppm.

ATRFTIRVwax -3347 (NH), 2944c 2864 (CH),1721 (C=0), 159&N), 1532 (Ar C=C), 1293,

1238 and 1161 (©)cm™.

SEC (CH{sIB1M; = 8.7 kDaMy = 15.6 kDabw = 1.79;B2M, = 13.6 kDaM\, = 23.7 kDabw
= 1.75;B3M, = 18.5 kDaM, = 33.3 kDapm = 1.80;B4 M, = 25.6 kDaM,, = 42.5 kDapPw =
1.66;B5M, = 37.2 kDaM, = 68.0 kDabw= 1.83;S1M, = 8.5 kDaMy = 15.2 kDaby = 1.79;
S2M, = 12.6 kDaMy, = 22.5 kDabw = 1.79;S3M; = 20.1 kDaM, = 35.5 kDabw = 1.77;S4
Mn = 22.0 kDaMy, = 41.1 kDaby = 1.87,S5M, = 35.6 kDaMy, = 67.8 kDabw = 1.91,S6M,
= 42.0 kDaM,, = 86.8 kDabw = 2.07,S7M, = 60.7 kDaM, = 138.2 kDabw = 2.28;,L1 M, =
4.9 kbDaMy, = 8.9 kDabw = 1.81;L.2M; = 6.5 kDaMy, = 12.5 kDabw = 1.91;L.3M, = 8.0 kDa,
Mw = 15.6 kDabw = 1.94,L4 M, = 11.2 kDaM,, = 23.5 kDabw = 2.10;,L5M, = 15.6 kDaM

= 33.4 kDabw = 2.10.
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3 Synthesis and characterisation of
thermoplastic  polyurethanes  with
different chan extenders
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3.1 Introduction

Thermoplastic polyurethanes (TPUs) are copolymers which are typically phase separated,
containing soft and hard segments. The soft segment (SS) is typically&nirated polyol

of moderate molecular weight (5005000 g.mot).! The hard segment (HS) is made of low
molecular weight diisocyanates and chain extenders. The diisocyanate and chain extender
promote intermolecular interactions by formingtbbnds betweeradjacent polymer chains

to give discrete hard domainsjspersed 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 recycling and reprocessing. The association
of the HS provides rigidity and strgth 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 bewveen the soft and hard phases determines the thermal and
mechanical properties of the TPU copolymer. Therefore, the chain extender can greatly affect

the final properties of the material.

Chain extenders are most commonly Qi primary NHterminated shot chain molecules

that react with isocyanates to form urethane and urea functionalities, respectively. The chain
extender used mostly for industrial applications is-iitanediol (BD), which has been shown

to assist the formation of strong hydrogen bondshard segments comprising MDI as a result
of geometrically favourable interactioffdd-bonding promotes hard segment association and
phase separatin resulting in improved mechanical properties for TPUs in perfornaased
applications. However, when reprocessing above the service temperature of the material, the

strong hard segment interactions often persist in the melt phase. Therefore, TPU nugrsly
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made with BD require high temperatures and shear rates to flow adequaf®pically,
extrusion processes are necessary which increases cost and limits the practical use of these
materials as conventional adhesives, where low melt viscosity is typically requred f
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 branchestharfgbranches and
functionality? 4 ®1° Previots work demonstrated that even carbon chain lengths provide
more Hbonding and therefore increased microphase separation and mechanical progerties.
Non-linear {.e. branched) chain extenders have also been explored, showing a significant
influence on the glass transition temperaturg) of the SS. Branching on an even carbon
backbone was reported to have a comparable influence to odd carbon chain engnmbthe
backbonet!Higher symmetry ofhe chain extender has also been reported as improving HS
packing’ Amine groups have been shown to improve compatibility of thaérkeatender with

the HS on account of similar polariti&s.

Amine functionalised CEs are used to form poly(urethama)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 gndagtable bidentate H
bonding!?!*A study by Kalajaleit al.showed how using an amiserminated CE based on a
cycloaliphatiaing increased chain stiffness which proved greater phase separation and
therefore improved mechanical performance for poly(caprolactone) (PCL) based TPU
copolymerst® Howe\er, the strong association of the urea groups restricts chain mobility

which leads to very high melt viscosity and poor-eléling properties® ' Therefore, it is
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almost practically impossible to synthesis PWiddulk polymerisation. Moreover, the urea
groups are less thermally stable relative to urethane analogues which limits their use for high

temperature applicationg®°

Previous work has investigatéasurea functionality for enhanced-Honding interactions.
Proximity of urea groups to phenyl rings afferstrong Hoonding, but at the cost of a very
high melting temperatureT,) and viscosity which is a result of the formation of long rigid
fibrillar specie$®?2 To overcome these issues, Meba al. studiedasymmetrical bisureas
used in PUs which were seen to arrange into highly ordered structikéswever, theT,, of

these materials were still higher than the typical processing temperatures 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 structuiigas 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 thefeft 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 coésion at lower temperature. Three different chain extenders are

studied in order to explore the effects of symmetry, branching and intermolecular forces.
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3.2 Results and discussion

3.2.1 Synthesis of copolymeasnd molecular architecture

A series of TPdopolymers were polymerised using PCL and 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 thergstallinity

of PCloffering good flexibility in the typical working temperature range for TPJ#$ie chain
extenders evaluated were 1-Jdutanediol (BD), 1;propanediol (PD) and a novel bisureadiol
(BU) Eigure3.1). BD is highly symmetrical and a solid below@pwhereas PD is a branched

diol which is a liquid at room temperaturé{ =-59 °C) comprising primary and secongar
alcohol groups. BU is a symmetrical diol containing two urea groups, previously reported as a
crystalline solid with &, 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 copolymeeas PCL and MDI with these different chain
extenders were synthesised asdmpared to a copolymer of PCLQRDg and MDI without

chain extenderB3), in order to directly evaluate the effect of the chain extendgalple3.1).

HO/W’OH

PD
H H H H
HO/\/N\H’N\QVO/NTN\/\OH
o) O

Figure3.1 The three different CEs used, BD, PD and BU.
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Table3.1 TPU copolymers synthesised using different chain extenders compared tothe PCL
MDI copolymer without chain extender. PCl, €\2.0 kDa

Molar Ratio® M9 My¢ g
Copolymer —5=—y 5 ce . °F W%s  (pay  (kDa) M
B3 13 10 i i * 185 333 1.78
10 20 13 BD 23 188 360  1.92
P1 10 20 13 PD 23 181 362  2.00
U 10 20 13 BU 33 173 391 226

a@Madevia solution polymerisation, all other copolymers were prepared in bulk

bMolar ratio of functional groups

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

dDetermined by SEC in CHglainst PMMA standardexceptJ1which was in DMF against PMMA standards

Copolymers incorporating BD an® HD1 and P1, respectively) were synthesiseth bulk
polymerisation, whereas the BU copolyméilj was synthesised in DMF on account of
relatively high melt viscosity at the reaction temperature. Firstly, MDI was copolymerised with
PCL at 2.0 : 1.0 molar equivalertodorm an NCQerminated prepolymer. The diol chain
extender was then added to the prepolymer in excess to form arnédidinated copolymer

to prevent permanent crosslinking from further reactions of free NCO groB@semes.1).

H NMR spectroscopy proved successful incorporation of all chain extenders into the PCL
MDI prepolymer. Proton resonances corresponding to the cagiendermethyleneadjacent
to the urethane oxygen atoms appear‘at= 4.20, 4.23 and 3.39 ppm f@rl, P1land Ul,

respectively

Size exclusion chromatography (SEC) results show that copolymers were synthesised within
the same molecular weight range (both in terms Mf and My), independent of chain
extender. All samples were evaluated in a GldlDkent,exceptfor Ul which is onlysoluble in

DMF.
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n m
P q
Final chain extended copolymer
H H H H
R = BJ\Z or %  or %\/NTN\O\/O’NTN\/}{
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Scheme3.1 Stepwise synthesis route froPCL and MDI to chain extended prepolymer via an
NCO terminated intermediate.

The weight percent of hard segmenit@a9 wascalculated 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 propertiéswt%;swas calculated for all samples based on the

work of Tsotet al.;?’

x Op pmm (31)

xOpb pnzmObP (3.2)

Themass of reagents added to the reaction flask is definedtas, wtceandwtpcifor mass

of MDI, chain extender and PCL, respectiv@lye HS consists of MDI and chain extender
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which can potentially form intermolecular interactions to increase physical propeRiek.is

the sole contributor to the SS and its weight contributisiabelled asvt%sg 3.2).

To obtain materials with the sanid,, differenthard segment contentaere unavoidable
due to the differences in chain extender molecular weights. The valug%fsincreases in
the orderB3<P1=D1<U1(Table3.1). Ulisthereforeexpected to have higher mechanical

properties as a consequence of having the highe&t,s

FTIR spectroscopy was used to gain understanding on how the chain extender influences the
physical interactions within the copolymers as the lmamyl region provides qualitative
information on the type and strength of-blonding. FTIR spectroscopy was performed on bulk

materials at ambient temperature and the carbonyl region analysed in détigilite 3.2).

H-bonded
urethane

Urea

Free —  Bidentate D1

== == == -

I————d
T

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

Figure3.2 FTIR spectra of the carbonyl region of the four copolymers. The solid black box
highlights absorbance due to-bbndedurethane and the dashed black box indicates urea
functionality.
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The most dominant absorbance atax = 1720 cn' relates to the ester carbonyl in the
backbone of the PCL SS. The shoulder at approximatgly 1710 cm' corresponds to H
bonded urethanekigure3.3(a)), with the relative intensities increasing in the ord88< U1
<P1<DL1 This order shows thaD1 has the most Fbonded urethane on account of the
favourable packing abilities of BD. The shoulder is less intenséPdiibcauseof the steric

hindrance of the pendent methyl group in PD which hinders urethamethane interactions.

While the intensity dabsorption atma=1710 cmtis low inU1, there is significant absorption
betweenvina= 1650 and 1620 crh associated with the urea functionalit§Therefore U1
has gparently few urethane interactions, but significantly more ureddhding which can
either be mono or bi-dentate Figure3.3(b) & (c)). The lower wavenumber is indicative of

stronger interactions.

@ H ® H H € H H
/N\H/O\ /N\H/N\ /NTN\
o, o, L
~ N - ~ - \l_r ~
T I I

Figure3.3 The different types of HHonding present in the copolymers studiéay urethane,
(b) monodentate urea andc) bidentate urea.

3.2.2 Thermal Properties

The thermal properties of the copolymers were investigatad differential scanning
calorimetry (DSC) betweefil0and150°C (Table3.2). The glass transition temperature of the
soft segmentTyss) increases in therderB3<U1<D1<<P1 DlandUldisplayery similar

values ofTyssfo B3without chain extender-47,-44 and-46 °C, respectivelypinceB3does
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not contain a hard segment, thesesults indicate that the copolymerised BU and BD chain
extenders have minimal interaction with the 8&ich impliedDlandUlare phase separated
copolymersP1has the highesityssat-30°C as a consequence of the pendent methyl group

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

Table3.2 Thermal data obtaiad via DSCValues taken from initial heating runs9Q °C to
150°C & 10 °C.min?).

Copolymer Tyss(°C) Tmss(°C) NHssfJ-0)  Tmrs)(°C) NHms)(J.9)  Tows(°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 -a -2 129

2No HS melt detected
bNo HS glass transition detected

All samples exhibit a melting endotherm between 30 andG0corresponding to crystallinity

in the PCL SS. Compare®® the enthalpy ofmeing2 ¥ G KS & 2 Rk (363.9Y Sy i
decreases when copolymerised witke three chain extenderd.henHssfor Ulis the highest
amongst TPUs copolymerised with CE at 24 Amineterminated CEs have previously been
reported as showing higher PCL crystallinity relative to urethane analogues on account of
greater phase separatiot.Tyss)of U1 (48 °C) is very similar t83 (47 °C), reaffirminghe

theory that BU has little interaction with the SS. The thermogréon$1and D1are more
complex, with two distinclTmss)visible especiallyin the P1thermogram at35 ard 43 °C
(Figure3.4(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 doelileg point

behaviour.

There ae no other transitions observed foB3 and P1. However,D1 and U1 differ by
displaying a thirdeature which appears above 10C Figure3.4(b)). D1shows a melting
point (Tmws) at 107°C andJ1shows a second glass transition temperat(fgus) at 129°C.
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Sincethese features appear well aboVigss) they imply a phase separated morpholaxfy
discrete HS and SS domaiiite melting point ilD1likely corresponds to a crystalline hard
segment made of welbrdered BD and MDI unitsSuch a tranision occurs in high molecular
weight commercially available TPUs with the same hard segmeniyiagn Ulis very close
to the T, of molecularBU (121 °Chand thereforesuggestive of partial order of polar urea

moieties associatinggether, separated from the relatively nepolar PCL S8.

(a) , Tgiss) Tin(ss) Tinns)

————

-
e ——

I —D1 —U1

0 100 150

Temperature (°C)
f T T T T T T T T 1

-100 -75 -50 -25 0 25 50 75 100 125 150
Temperature (°C)

Heat Flow (W.g?)
([

D1 —P1
—Ul —B3

Heat Flow (W.g-1)

wu

Figure3.4 (a) DSC thermograms of the four copolymers studied. BogbBdfit SS transitions
and ovals indicate the transitions of the F{9.Close up of HS transitions. First heating cycles
used at a heating rate of 10 °C.rdirExo up.

Dynamic mechanical analysis (DMA) was performed on all copolymers, consisting of heating
a solid bar sample fror80 to 150°C at 3°C.min'(Figure3.5). In each case, storageodulus

(9 )lecreases as a function of temperature, which is typical for a thermoplastic maBSial.
andU1lshow the highestalue of9 BelowTyon account of highequantity of crystalline PCL

segments and substantiatbbnding, respectivelyliable3.3).
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Figure3.5 DMA results showinthe effect of temperature ostorage modulus (left-gxis) and
tan{ (right y-axis) for all copolymer sartgs. Heating rate of 3 °C.min

9 Qecreases by anrder of magnitude abovég for all copolymers, corresponding to main
chain relaxation. Thpeak intant corresponding tdlyof P1is significantly higher than that
of the other materials, confirming the observationa DSC. All copolymers show a rubbery
plateau at temperatures abové, which is common of elastomenmaterials.U1 has the
highest storage modulus at 2€ of 570 MPa, likely a consequence of thledtding of urea
functional groups, not present in the other materialthe 9 @Qf B3 P1and D1 are all

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

Table3.3 Summary oData obtained via DMA for all TPU copolymers.

9 @-50°C Tg(SS) 9 @ 20°C Tm(SS) 9 @ 70°C Tm(HS) TQ(HS)

copoly. " mpa)  c) (MPa)  (C)  (MPa)  (T)  (C)
B3 2560 -26 290 32 2 - -
2020 21 130 33 0.3 80 -
P1 1980 7 250 39 -2 - -
Ul 2320 -22 570 47 2.7 - 119

aSample fractured at a lower temperature
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A sudden reduction i & observed between 30 and 8Q for all samples, corresponding to
the melting of the crystalline PCL SS. At this pdiath B3andP1completely lose integrity

and break in the experiment, indicating they are not reinforced by phase separation. On the
contrary, bothD1and U1 remain @hesiveaboveTnsswhere9 Qecreases as a function of
temperature Values 09 &e reported as 0.3 and 2.7 MPa at"@forD1andU1, respectively.

This additional stability is granted by separate and wedlered hard domains, unperturbed
aboveTmniss) At higher temperatures, there is a further dropdn@ith a corresponding peak

intan{ at 80 and 119C forDl1andU1respectivelyindicating another phase transition.

3.2.3 Rheology

Rheology of the copolymeiis the meltwas perforned throughtemperature sweeps from 50

to 150°C.The aim of these rheological experiments is to determine how easy it would be to
induce flow within the mateals to estimate surface wetting abilities and ease of application
and removal in reversable adhesive applicatioch$emperature abov@nss)was chosen as
the starting point to prevent solid samples from slipg during experimentation. As
expected, all mterials display a decrease in complex viscosity (ith temperature caused

by an increase in chain mobilifyom heat energy transfe(Figure 3.6).2° B3 exhibited the
lowest' * across all temperatures because it does not contaagihain extender and has a
relatively low urethane contenihich means it contains the least amount ofbidnding
interactions. This data sugged®8is likely to be reasonably simple to apply to and remo
from substratesP1follows the same trend aB3with increasing temperature, but with a
higher' * as a consequence bkingasingilar phasenetwork buthavinga higher urethane
content.D1shows a high * at lower temperaturesvith a sudderdecrease of two orders of

magnitude from 1.14 x T0to 1.20 x 16 Pa.s' at approximately 100C, corresponding to
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melting of the HS. FdUl, ' * remains constantly high throughout the temperature range
studied .09x 10f¢ 8.07 x 1C Pa.sh). This relativly high viscosity suggests a stable physical
network formed of urea Fbonding present up to 150C and that urea Hhonds are less
sensitive to thermal changes than urethanebdnds This material is likely difficult to
reprocess or apply to a substrate Wdut specialist equipment. The temperature sweep was

capped at 150 °C on account of the thermal instability of urea gré¥ips.

— B3
105__ D1
] —P1
] e J 1
104_5\ —
;‘103—:
" E
[
Q
‘= 102 4
10" =
0+ —T——T1—

50 60 70 80 90 100 110 120 130 140 150
Temperature (°C)

Figure3.6 Complex viscosity as a function of temperature from 50 to°Cofor 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 on500 >m film dogbone samples to produce stressrain curves Kigure3.7).
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Data could not be obtained f@3because it was too brittle to be held in the clamps without

shattering probablycaused by the low urethane content.
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Figure3.7 Tensile stresstrain data for the three chain extended copolymers.

P1 is relatively stiff and brittle, breakng immediately after its initial yield point, as a
consequence of the lack of strength offered by a sifgiase sgtem. However, bothD1and

Ulshow further extension after their initial yield points, likaly aresultoftheir multiphase
arrangement Both D1 and U1l show strairhardening with elongation of the polymer
materials3° The effect is much larger far1, suggesting a strong influence from the additional
interactions provided by the urea functional groupdNBE O2 NR&a (KS KA3IKSad O
modulus(E) (210 + 16 MPa), ultimate tensile strength (may) (9.6 + 0.6 MPa), modulus of
toughnesqUy) (4140+ 1140MPa) and strain at breakmay) (640t 25%)(Table3.4). These

values are remarkable for a TPU of such low molecular weigiwt (7.3kDafor U1), previous

studies of TPUSM, = 6.1 kDa) recorded much weaker mechanical properti€ich a result
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is typically obtained from conventional TPUs wiliy, Y 50.0 kDa3? These improved
mechanical properties are possilia account of the superiord#dond strength accessibiga

urea functionality.

Table3.4 Summary of mechanical data obtained from tensile ststsgin measurements for
the copolymers comprising chain extersle

Copolymer E2(MPa) " max” (MPa) Ur ¢ (MPa) 8 max & (%0)
72+ 8 5.0+£0.3 520+ 285 125+ 75

P1 121+ 11 6.3+ 0.5 140+ 40 35+ 10

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

a 2dzy3Qa Y2Rdzf dzd& A& OF f OdA I WBIBpomtNRPY (G KS AyAGAFf 3INFR
bUltimate tensile strengts the maximum recorded stress the sample can withstand before failure.

“Modulusof toughness is measured as the area under the curve and represents the total energy a material can
withstand without breaking.

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

Preliminary sethealing studies were carried out ddl and U1 Solid bar samples of each
copolymer were cut in half and then reheated to reform one specifégure3.8(a)). Tensile
testing was then performed on the healed samples and compaoegristine uncut bar
samples. The healed samples recorded similar stséissn curves to the uncut samples with
only a small decrease Band®max (Figure3.8(b)). E ~ max, Ur, and¥max were all similar, which
suggests both copolymers have a dynamic physical netwaklé3.5). However, only one
sample was run sturtheranalysis isequired for a full conclusion.

Table3.5 Mechanical data obtained via tensile testing for pristine TPU materials and healed
materials

Sample E2(MPa) " max” (MPa) Ur ¢(MPa) 8 max % (%0)
before 23 6.0 290 65
healed 21 5.8 310 72

U1 before 26 8.9 3570 567
U1l healed 21 8.5 3490 513

a 2dzy3Qa Y2Rdz dza A& OFf OdA SR TNRY (GKS AyAdAlf 3INIR.
bUltimatetensile strength is the maximum recorded stress the sample can withstand before failure.

©Modulus of toughness imeasured as the area under the curve and represents the total energy a material can
withstand without breaking.

dHongation at break is th strain (%) at which the sample breaks.
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Figure3.8 (a) Solid bar samples (2040 mm) were prepared, cut and then healed via heating.
(b) tensile stresstrain curves for bar samplesbfLand U1 before aitting (solid lines/boxes)
and after cutting/healing (dashed lines/boxes). Values are thgof each material in MPa.

The adhesive properties of the three materials including CE were determiadap shear

tests.B3was not measured as it was too brittle. Square film samples with a thickness of
250>m were first prepared and then used to bond two overlapping beechwood substrates
together by applying slight pressure and heating for 20 minutes at 140 °C. Lap she#&ssamp

were given at least one week to equilibrate under ambient conditions before analysis.
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Figure3.9 (a) Bond strengths from adhesion testing of beechwood substréi¢Beechwood
substrates after testing showing cohesive failubd & P1) and adhesive/ substrate failure
UD.
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The reference TPU copolymed displays a bond strength of 240.4 MPa, but wherthe
branched CE is used, the bond strength is decreased by over 50 %t®I1MPa inP1
(Figure 3.9(a)). This decrease in performance is a likely consequence of the gihgte
morphology inP1 However, the TPU copolymerised with BUE $hows more than double
the adhesive strength oD1 at 4.4+ 0.1 MPa, which is granted by the extensive urea H
bonding present. The bond strength of the thermoplasticis only slightly less than that of

a typical irreversible moistureured PU, previously reportetf While bothD1andP1show
cohesive failureUJ1 displays adhesive failure and partially tears the beechwood substrate

(Figure3.9(b)).

3.2.5 Morphology

Initial optical microscopy studies were used to improve understanding of the morphology of
PCL crystallinitys{gure3.10). It is important to note that in order to prepare a filmd1, the
material was taken above 150 °C so there may be a question concerning potential
decompositionB3showed the largest and most heterageus PCL crystals, as expected from
the large and broadlyss)observedin DSC analysigFigure 3.4(a)). Introduction of CE
decreases the amount of PCL visible which corresponds with the drppligs)for CE
copolymers. BottDb1andU1 show finer PCL crystals, especiallywhich seems taontain

more regular and much smaller featurdaqure3.10(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 @uding mechanical properties

obtained withUlwhere more stress can be dissipated from the larger interfacial surface area.
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rx=7

Figure3.10 Optical microscopy of TPU copolymer=87 films.(a) B3 (b) D1 (c) P1 (d)UL

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 iafhaent manner Figure3.11(a)). PD
hinders urethane interaction to give a highly phase mixed syskgu(e3.11(b)). Finally, BU
allows for significant intermolecular interactions, notably urea¢hding, to produce a highly
phase separated morphology with crystalline SS and a partially ordgasdy HSHgure

3.11(c).
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(b) ()

Figure3.11 Suggested morphologies for copolymers comprising different chain extdaglers
PD,(b) BD andc)BU. Grey lines represent the polyol SS and the coloured boxes represent the
HS from copolymerised MBE units.

3.3  Conclusion

Three different chain extended TRidpolymers were synthesised and compared to a-hon
chain extended PGUDI copolymer as a reference. The influence of CE symmetry, branching
and urea functionality were examined. All copolymers were made at siiildo discount

the influence of molecular ®ight. Successful synthesis was prowea NMR and FTIR

spectroscopies and SEC.

While copolymerisation with symmetrical BD promotes morbdthded urethane than other

CEs studied, incorporation of BU shows ureadnding, 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 uredéhding. Copolymerisation with all CE
decreases PCL crystallinity due to disruption of chain arrangement. Copolyrokrding

either BD or BU display greater PCL homogeneity as a consequence of phase separated
morphologies where GEDI units associate separately from the PCL SS. On the other hand,
using a branched CE, which displayed little urethart®oHding, increaseghase mixing and
therefore disrupts PCL crystallinity more than the other CE. Distinct HS act as reinforces and

allow for cohesion abovénisspuntil Tmns)or Tyrs)as in the case of copolymers containing BD
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or BU respectively. However, while an increaséemperature has a marked influence of
urethaneurethane interactions irD1 (manifested as a reduction in melt viscosity), urea
interactions display minimal sensitivity in the temperature range studied, limiting potential in

reversible adhesion.

Tensiletesting 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 crystalfie copolymer comprising Blppeared to contain especially érand

more regular PCL crystals, correlating with the high mechanical properties obtained. Adhesion
testing highlighted that the TPU comprising BU also provided the highest bond strength.
Preliminary sethealing studies showed that copolymers comprisirghbthe BD and BU

chain extenders have potential for efficient shialing.

3.4  Experimental

3.4.1 Materials

Capat 2200Jwassupplied byt S N& (i 2- NiktlylerrellistpRenyl isocyanat€®s %), 1,4
butanediolReagentPlus®9 %), 1,2- proparediol ACS reagenpx ¢ gPd,pn-hexane ACS
reagent #09 %) andchloroformd (99.8 atom % Pwere purchased fronSigmaAldrich.
Bisurea diol was provided by the Hayes Research Group of the University of Reading.
Anhydrous dimethylformamide (DMF) was obtairfeaim a Grubbs purification system. All

reagents were used as received.
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3.4.2 Instrumental methods

Grubbs dry solvent serviceras used to obtain anhydrous toluene. This system involves the
storage of solvents in aressurised environment under an inert gas. The solvent is then
passed through two filters which absorb any moisture frira solvent.Proton ¢H) nuclear
magnetic reenance (NMR}ppectra wererecordedusinga Bruker Avancé00spectrometer
(400 MHz). Spectra were anaggton MestReNova v6.0.8amples wer@reparedin CDG

as the solvent. All chemical shifts were recorded in parts per million (ppm) relative to a
reference peak of chl@aform solvent att = 7.26 ppmMolecular weights and dispersities
were determinedviasizeexclusion chromatography (SEG)ng an Agilent 1260 Infinity GPC
systemequipped with a refractive index detector. Two AgilertPE p xed-Crcolanins
and a guaraolumn were connected in series and maintained at 35 °C. HPLC grade chloroform
containingd.25%Vv/v NEt was used as the eluent and the flow rate was set at 1.0mimt.

The refractive indedetector was used for calculation ofolecular weights and dispersities
by calibration using aeries ofnearmonodisperse polgmethyl methacrylatg standards.
Analysis was performed on Agilent SEC softwddd. copolymer molecular weight
distributions were assessed usin@& setup comprising two Agilent PL gel>n MixedC
columns and auard column connected in series to an Agilent 1260 InfiGiBC system
operatingat 60 °C and equipped with a refractivelex detector and a UVisible detector €

= 309 nm. TheSKEC eluent was HREtgrade DMF containing 10 mM Li&ra flow rate of 1.0

mL mini1. DMSO was used as a floate marker. Calibration was achieved using a series of
ten nearmonodisperse poly(methyl methacrylate) standards (rangirddfrom 625 to 618
000 gmol?). Chromaograms were analysed using Agilent GPC/SEC softwétenuated
Total Reflectance Fourier Transform Infrare@ATRFTIR spectra were collected on

PerkinElmer Spectrum Two instrument with aTRATwo accessory. Analysis was performed
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on PerkinElmer Spectrum softwai@ifferential scanning calorimetrf{DSQ was performed

on a Discovery DSC 25 TA instrumédtitexperimentswere carried out under a nitrogen
atmospherewith a heating rate 010 °Cmin™. Preweighed samplesf 2+ 1 mgwere loaded

at 25 °C, cooled t90 °C and heated to 150 °C, cooéaghin to-90 °C and finally reheated to
150 °CTywas taken as the midpoint of inflexion afigl was measuredas the temperature

at the minimumheatflow of a melt endotherm. Analysis was performed TRIO$5.1.1
software. Dynamic Mechanical Analysi®©®MA) was performed onTA Instruments Q800
Dynamic Mechanical Analysaith an ACS3 (Refrigerated Chiller System$amples of
approximately 40«5 x 1 mm were loaded at room temperature and clamped lightly (finger
tight). A sample length of 10 mm was used for all measureméftseach measurement, the
sample was first cooled t80 °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
psiusing a small torque wrench. After clamping the furnace was then immediately closed and
temperature reequilibration established aB0°C.The method was then started he thermal
method used isMotor Drive Off Data Storage Offequilibrate at-80 °C isotherm 5 minutes
Motor Drive ONData Storage ONamp 3°Cmin*to 100°C The measurement parameters
used were as followstrain applied(0.05%), force track(110 %), initial sample length(10

mm), with deformation frequencyl H2 fixed. Sample dimensions were calculated as follows:
width was measured using digital callipers at three positions along the sample (End 1, Middle,
End 2). Thickness was measured usligital callipers at three positions along the sample
(End1, Middle, End 2). Average vahiealculated and usedThe software used wasA
Instruments Advantage Control Softwaaed data analysis was performed ®A Instruments
Universal Analysis Data Algais ProgranRheological temperature sweepsere 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!) from50¢ 150 °C. Sample sizes were approximately 25.0 mm diameter discs of 0.8
mm height.Tensile testswere performed on approximately films approximately 38t

thick, according to ISO 527type 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 in and the absolute cross head length is reset. The ftnea seroed. The
testis performed at 10 mm.mihuntil sample failure and the results analysed on TestXpert Il
software.Selfhealing tensile testsvere carried out on an AML instrumensingle column
tensiometer rectangular samples of approximately 48.00.0 x 0.8 mm at a rate of 10
mm.min. Only one sample of each material was rukdhesion lap shear testsvere
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 beechwissd pieces using an overlap of

25 mm and a width of 25 mm, applying light 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 conditionsfbee 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

3.4.3 Sample preparation

Rheology discef 25.0x 0.8 mm were prepagd with a MeltPrep vacuum compression mould.
B3 PlandD1(approx. 0.40 g) were separately melted in the chamber at 70, 120 and 150 °C,
respectively. Melting was followed by 10 secon@d)(or 30 second$(1andD1) of pressure

(0.1 mbar). Vacuum was remed and materials were then cooled with compressed air and
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allowed to solidify before being removed from the chambét.was prepared by adding the
sample (0.40 g) into the chamber at 140 °C with immediate addition of pressure (0.1 mbar).
After 10 minutesyacuum was removed and the chamber was cooled with compressed air
and the sample allowed to solidify in the chamb@MA barswere prepared in a similar way

as the rheology discs. However, a 10 x 40 mm insert and chamber were used instead of
cylindrical ersions. Once solidified, samples were cut down the middle lengthwise to give
two bars of 0.5 x 40 mmSelthealing tensile barswere prepared in the same way as
described for the rheology discs, but instead the<dD mm bar vacuum chamber was used.
Prigine samples were measured as made. Healed samples were cut in half then healed in the
MeltPrep vacuum chamber following the procedure abovensile testing dog bonewere
prepared from film samples (308m) which were made by coating out molten mater(al

hour at 140 °C) with a 508m coating block on release paper. After films 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 type 5B die attachmenAdhesion filns of B3 PlandD1

were prepared by heating some material in an oven at 150 °C for approximately 20 minutes,
after which a film was drawn with a coating block with an approximate thickness cf850
Squares of 25 x 25 mm were then cut out of the film for use in the lapgrshample
preparation. FolUl, material was processed with a Cryomill and then approximately 0.4 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 previatsmals.

3.4.4 Synthesis of PEUDI copolymerg3)
PCL (250 d).12 mol) was loaded in to a 1 L flange flask equipped with a mechahicat,

thermometer and vacuum inlet at 80 °C and once all malstinred under vacuumAfter 1
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hour, the vacuum was remodeand a predetermined mass téke MDI (23.93 g, 0.10 mol)
was added to theeaction at 110 °C with increased stirring speed for 15 minutes without
vacuum andhen 1 hourwith vacuum Reaction completion was determined by monitoring
the disappearance ohte isocyanate absorbanega FTIR spectroscopy &hax = 2260 crit.
After reaction completion, the molten product was decanted and sto®EC (CH{EIM, =

18.5 kDaMw =33.3 kDapwm = 1.80.

'H NMR (400 MHz, 298 K, CCI= 7.31 (dJ= 7.8 Hz, Ar),.T2 (d,J= 8.3 Hz), 6.75 (SH),
4.16 (t,14n = 6.6 Hz, B,O(C=0)NH), 4.08 &J4n = 6.7 Hz, B,OC=0), 3.99 (s, MDHEA),
3.95 (s, NPGH3O), 3.92 (s, MDIKBAT), 3.89 (s, NPGHZD), 3.66 (m, B,0H), 3.32 (d)= 6.5
Hz, @), 2.33 (t30w = 7.5 Hz, B,(C=0)0), 0.97 (dd= 18.9, 7.4 Hz, NPG §H..66 and 1.40

(all remaining hydrogens) ppm.

ATRFTIRVax -3347 (NH), 2944c 2864 (GH),1721 (C=0), 159&N), 1532 (Ar C=C), 1293,

1238 and 1161 (©)cm™.

3.4.5 Synthesis of PAUDI-BD copolyrar (D1)

PCL (250 6).12 mol) was loaded in to a 1 L flange flask equipped with a mechaticat,
thermometer and vacuum inlet at 80 °C and once all malgtinred under vacuumAfter 1

hour, the vacuum was removed and a predetermined masaké MDI (49.73 g, 0.20 mol)
was added to thaeaction at 110 °C with increased stirring speed for 15 minutes without
vacuum and 1 houwwith vacuum.BD (11.46 g, 0.13 mol) was added at temporary reduced
stirring speed and left without vacuum for 15 mimstand at least 30 minutes with vacuum.
Reaction completion was determined by monitoring the disappearance of the isocyanate
absorbancevia FTIR spectroscopyfter reaction, the molten product was decanted and

stored. SEC (CH{EM, = 18.8 kDaMy, =36.0kDa, by = 1.92.
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IH NMR (400 MHz, 298 K, CPGI = 7.30 (m, Ar), 7.11 (m, Ar), 6.79 ($)N4.19 (m, BD
CHO(C=0)NH), 4.15 ft}ys = 6.6 Hz, B,OC=ONH), 4.07 @hn = 6.7 Hz, B,0(C=0)), 3.98
(s, MDI €LAr), 3.92 (s, MDIIBATr), 3.89 (s, NPGHZO), 3.68 (m, BDHBO), 2.32 (34 = 7.5
Hz, &,C=00), 1.78 (s, BBKCHO), 1.72 (s, BDHzCHO), 0.99 (dJ= 8.4 Hz, NPG), 1.66 and

1.41 (all remaining hydrogens) ppm.

ATRFTIRVuax -3337 (NH), 2944 2866 (CH),1723 (C=0), 159GN), 1531 (AC=C), 1294,

1220 and 1162 (©)cm™.

3.4.6 Synthesis of PGUDIPD copolymerR1)

PCL (250 ¢).12 mol) was loaded into a 1 L flange flask equipped with a mechatircat,
thermometer and vacuum inlet at 80 °C and once all malgtinred under vacuumAfter 1

hour, the vacuum was removed and a predetermined madkaké MDI (49.73 g, 0.20 mol)
was added to theeaction at 110 °C with increased stirring speed for 15 minutes without
vacuum and 1 houwith vacuum.PD (9.94 g, 0.13 oh) 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
absorbancevia FTIR spectroscopyfter reacton, the molten product was decanted and

stored. SEC (CHEM, = 18.1 kDaMy =36.2 kDapwu = 2.00.

IH NMR (400 MHz, 298 K, CCl= 7.30 (m, Ar), 7.11 (d= 8.1 Hz, Ar), 6.77 (SHN 4.25

(m, PD ©&,0(C=0)NH), 4.19 (f8H(CH;)CH), 4.08 (t2J+ = 6.7 Hz, B,0(C=0)), 3.99 (s, MDI
CH.AT), 3.92 (s, MDIIBAT), 3.90 (s, NPGH0O), 3.68 (m, BDHBO), 2.32 (134 = 7.5 Hz,
CHx(C=0)0), 1.24 (d= 6.2 Hz, PDH3), 0.99 (dJ= 8.6 Hz, NPG), 1.66 and 1.40 (all remaining

hydrogens) pm.
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ATRFTIRWax -3342 (NH), 2943 2866 (GH),1722 (C=0), 159&N), 1531 (Ar C=C), 1294,

1236, 1219 and 1162 {@)cm™.

3.4.7 Synthesis of PAUDIBU 1)

PCL (2.01g, 001 mol) was loaded in to @50 nlL three-neck roundbottom flask equipped

with amagneticstirrer, thermometer and vacuum inlgdit 80 °C and once all moltestirred

under vacuumAfter 1 hour, the vacuum was removed areplaced with a gentle nitrogen
flow and the stopped was replaced with a reflux condensahyslrous DMF (20 mL) was
added followed bya predetermined mass dfake MDI (6.22 g, 0.03 molat 110 °C with
increased stirring speedhe reaction was left for one hour before more anhydrous DMF (20
mL) was added. BU (6.21 g, 0.02 mol) was added atitefualiquots of anhydrous DMF (20
mL) were added if needed. The endpoint was determined by monitoring the disappearance
of the isocyanate absorbanega FTIR spectroscopifter reaction completionthe mixture

was cooled to room temperature then precipted dropwise in hexane (300 mL) cooled by
liguid nitrogen and left for 12 hours. Residual solventwas removed with heat and vacuum (48
hours at 80 °C without vacuum, 24 hours at 80 °C with vacuum). SEC MF)7.3 kDa,

Mw =39.1 kDapwm = 2.26.

IHNMR (400 MHz, 298 K, CBGI = 7.69 (d,)= 8.3 Hz, Ar), 7.36 (d= 6.5 Hz, Ar), 6.21 (m,
urea NH), 4.96 (d,J= 3.5 Hz, €), 4.29 (m, 6;0(C=0)NH), 4.25 ;1 = 6.6 Hz, B,0O(C=0)),
3.38 (m, O8,CHUrea), 2.76 (m, Q€&:CH,Urea), 2.53 (2w = 7.3 Hz, B,(C=0)0), 1.80, 1.59

and 1.16 (remaining PCL hydrogens) and 2.0@0 (BU cyclohexane hydrogens) ppm.

ATRFTIRVwax =3334 (NH), 2929¢ 2864 (CH),1724 (C=0), 1629 (C=O (urea)), 1658)),

1534 (Ar C=C), 1221 and 21&0)cm™.
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4 Exploration of reversible Dielglder
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 performanc&he beneficial ppperties of TPUs result from
their dual phase morphology. Typically, the two phases separate from one another as a
consequence of thermodynamic incompatibility. The polar units tend to associate together
viaintermolecular interactions, such asbénding letween 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 disrumtdy stimuli like heat or solvent.

While the high mechanical properties of TPUs are very attractive, the association of the HS
can persist in the melt phase which causes the materials to have very high melt viscosity. With
respect to adhesivapplications, 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 compositerialate
Moreover, high viscosity materials require expensive, high shear hot melt extruders for

processing, which limits potential applicatiofs.

To overcome this issue, good disparity is required between a mechanically robust solid with
high mechanical properties and a low viscosity melt for easy processing or 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 controlkad reversible DielsAlder (DA)
chemistry. The DA reaction is a clean and efficient thermally reverfb2] cycloaddition

between a diene and a dienophitd.he forward reaction dominates at ambient temperature,
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whereas the reverse reactiorthe retro-Diels-Alder (rDA) occurs upon heating typically

above 100 °C. A common dieqdienophile pairing studied is furan and maleimitie.

Employing DA chemistry within polymers has been well researched and reported in the
literature.> 8 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 performanc&his method is versatile and has
been studied across a variety of polymer backbofEs typical example is work by ¥tial.

who synthesised a recyclable DA crosslinked PU network between pendent maleimide groups
and a bifunctional furan crossker with improved mechanical propertiésDA chemistry is

not limited to anorphous materials and several studies have shown that DA cycloadducts are
still able to form in semcrystalline polymer systems, as the reaction takes place at chain ends
which are found in the amorphous regiof8/hile crystalline regions and DA cycloadducts
can form and coexist, Kuargg al. describes how a competition oars between crystal
formation and DA cycloadduct formatidAlt has been found that crosslinking a semi
crystalline polymer decreases the amount of crystallinity which has a negative impact on the
. 2 dzy 3 Qa “YZrangt alzilsd demonstrated that polyester crystallinity with shorter

or more random sequence lengths hinders DA cycloadduct formation more than regular block
copolymer structures! Interestingly, the relationship between crystaliy and DA
cycloadduct is dynamic and can be controlled with p®gtthesis annealing. Low
temperature annealingg.g. 30 °C) favours large crystals with a lower degree of DA
cycloadduct formation, but temperaturdggherthanTyof the polymer €.9.60 C) produces

smaller crystals with higher DA cycloadduct formattén.
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While most examples of using DA chemistry in polymers focuses on reversibly crosslinked
systems, either through multifunctional §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 tim& Watanbeet al. coupled amorphous furan
terminated prepolymers withN,NQ n -metifylene diphenyl) bismaleimide (BMI) and
successfully showed it was possible to polymerise and depolymerise their mater@A
chemistry!® However, their work did not investigate the influence of the DA cycloadduct on
the thermal and mechanical propers®f the copolymer. Several studies have explored using
DA chemistry to control bulk polymer viscosityork by Wuet al. exploited this dynamic
viscosity for use in hot melt adhesives, but their study did not include TPUs based en semi
crystalline polyolg! A further study by Mayo and Adronov presented thermally reversible
films with impressive hardness and adhesf@iMechanical and thermal properties were
determined to be influencedby 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 appliations. 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 studiealii Jehere
has been little research specifically on linear senystalline TPU% 24This 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 particulas 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 synthesisad solventfree stepwise process.
Firstly, polyOF LINR f | Oli2y SORA2t o6t/ [0 2F uwHodn 51 61 3
methylene diphenyl diisocyanate (MDI) at a stoichiometry of 1.0 :Sc@émet.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 FAterminated
prepolymers PPHland PPF1respectively)$chemed.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 ambi¢stnperature for at least 7 days to finally produce

the linear TPU copolymer containing DA chemidirxD) (Schemet.1(3)). This material was

also conpared to a traditionally chain extended linear TPU copolymers of PCL, MDI and 1,4

butanediol (BD)}1).

Synthesis of the reference materi&l1) was described previously (Chapter 3). The successful
synthesis ofDA1 was provenvia NMR and FTIR spectroscopies and size exclusion
chromatography (SECH NMR spectroscopy &PHIcontains resonances at= 4.32 and
4.16 ppm which correspond tdH20(C9)NH adjacent to a urethane group showing covalent
linkage of HEMI and PCL to MDI, respectivBEIshows resonances at= 5.16 and 4.17
ppm which correlate to B.O(C=0)NH adjacent to a urethane group showing covalent linkage
of FA and PCL to MDI, respigely. DALl shows a resonance at = 5.32 ppm which

corresponds to 8(0O)(CH)(CH) on the DA cycloaddusigqre 4.1). There are also two
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resonances at = 3.03 and 2.90 ppm which relate to two protond(CH)C=0 either side of

the N atom in the DA cycloadduct.

HO-Polyol—OH +
-N N

o*° 0
H
OL -0
H H .C?
c N O, 0O N N~
T Polyol m/
(@] O
OH OCN-MDI-Polyol-MDI-NCO

-~ -
O\]\;N):O lza Zbl Wt

0
o X ) X
H N / H
~_O._N-MDI-Polyol-MDI-N" ~0" ™ . <\,“\/o N—MDI-Polyol-MDI—N"~ ~0 O
N hig H 0 © T H |4
\ 5 0 0
3}
PPHX PPFX
0 0
@ N—MDI-PonoI-MDI—HJ\O/\H/\O)
3 0 _N-MDI-Polyol-MDI /
Ny, O DAX

Schemet.1 Step 1bulk synthesis of NG@rminated prepolymerStep 2synthesis of HEMI
terminated prepolymerg) and FAterminated prepolymerkf). Step 3bulk copolymerisation
of PPEKand PPEto produceDAX X =1, 2, 3, 4, Al or A2.

In FTIR spectroscopy, the absorbancesak = 2260 cm™, corresponding to thegNCO
terminus of isocyanatéerminated PCL, diminishes after addition of HEMI and FA in the
formation ofPPHlandPPF1lrespectively. After blendingf the two prepolymers in molten
form followed by cooling to ambient temperature, the absorbancevaix = 696 cnt
decreases in intensity, marking the reduction in free maleimide and simultaneous formation
of the DA cycloadductThere is also a resonancevatx = 1775 crit in the spectrum oDAL

which has been reported to signify DA cycloadduct formatioff.
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Figure4.1 'H NMR spectrum dDA1with resonances associated with the DA cycloadduct
labelled. All other resonances correspond to t6&NDI backbone. (400 MHz, 298 K, GPCI

SEC results display an increase in molecular weight for the prepol{AR&t¥M, = 6.5 kDa)
andPPFIM, = 6.3 kDa) relative to neoopolymerised PCL poly®{= 2.0 kDa)Table4.1).

A further substantial increase in molecular weight accompanies the copolymerisatbrHif
and PPFltogether at ambient temperature toorm DAL (M, = 20.9 kDa). This increase in
molecular weight indicates successful coupliig DA maleimidduran cycloadducts to
produce a linear copolyméer. ThisM, is similar to that of the reference TARL (M, = 18.8

kDa).
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Table4.1 Composition of the TPU copolymers synthesised withsjporelingSE @lata.

Copol Molar Ratic® c Mp° My° B
OPOYMEr —5cL mbI ce  ~°oMonoMer ypba)y  (kpa) M
10 20 11 FA 6.3 126 194
10 20 11 HEMI 6.5 126  2.02
b b b DA 20.9 54.6 2.63
10 20 1.3 BD 188 360  1.92

aMolar ratio of functional groups
®Not measured, made from copolymerisation of prepolymers
¢Determined by SEC in C4#@Qhinst 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 approximatgly= 1720 crt which corresponds

to ester groups in the PCL backboRere4.2). Copolymerisation incorporating BD gives
rise to an absorbance &k = 1710 crit in D1which relates to Foonded urethané.’ This
resonance is also presentin the other materials which shows succesbfuiding between
urethane groups occurs in all cases. However, for the furan prepolpREfthe intensity at
Vmax = 1710 crit is less than the othematerials, which suggests it contains lesbdhding
urethane. In the spectrum d?PH1here is a significant absorbancewatx= 1700 crit which

is caused by the maleimide carbonyl grodp$his band is also present in the spectrum of
DAY as this material also ecdains copolymerised maleimide functionality, found within the
DA cycloadduct. Interestingly, imideethane Hbonding has previously been reported as a
stronger interactionindicated by the lower wavenumber, and therefore thermodynamically
favoured overurethaneurethane Hbonding Figure 4.3).2° Additionally, incorporation of
imide functionality has been shown to increasnechanical properties of the final PU
material>* Comparison between the carbonyl shoulderk< 1720 crit) in the spectra ob1
andDAlshows thatDAlhas greater intensity at lower wavenumbers. This difference implies

that DAlcontains stronger Hhonding, likely on account of the imideethane interactions
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which are not presentin thB1copolymer, and indicates potentially greater coheswathin

the DA1lmaterial

ester

/N urethane

Absorbance

1800 1775 1750 1725 1700 1675 1650 1625 1600

Wavenumber (cm)

Figure 4.2 FTIR spectra of the carbonyl region for two copolym&s gnd DAL and
prepolymers PPHland PPFL The dashed line atwk = 1720 crit represents the ester
carbonyl which is present in all samples.

(a) urethane (b) urethane
®) @)
Xy JLO% LN J\o}i
H H
o
O
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urethane O

imide

Figure4.3 (a) urethaneurethane Hbonding.(b) urethaneimide Hbonding.
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Differential scanning calorimetry (DSC) was used to determin#httrenal properties of the

four materials Table4.2). 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 DS&perimentsD1displays the lowest glass transition temperature

(Tg) which implies the PCL chains of the other three materials are less mblgecords

the highestly, potentially because of restriction to rotation about main chain bonds imposed
by the formation of the DA cycloadduct. Previous works have reported incrégseith DA
coupling, however in both cases it was thought a consequence of increased rigidity from short

and aromatic BMI unit€? **Additionally,DA1shows the lowest change in heat flow below

and abovely which is indcative of greater PCL ordét.

Table4.2 Thermal data of the two copolymers and the two prepolymers, obtained via DSC.

Hipa
T, T (pol NHm ol TmHs)  NHmEs) Tipa ne
Copolymer 2 m(poh b 0 ! !
POlvmer ocy 0y () cc) Qg (o 9
31 35&42 31 2 2 b b
32 37 &42 33 83&104 2.1 b b
-29 43 27 2 2 117 & 145 8.9
44 35 & 45 19 107 2.8 b b

2No HS detected
bNo rDA detected

AboveTy, all materials display a melting endotherm between 35 and 45 °C which correlates
to crystalline PCIF{gure4.4(a)).>? TheD1reference displays one sharp melting temperature

of the cqpolymerised polyolTmpoy) at 45 °C and another shallow brodgyoyat 35 °C. The

two melting temperatures suggest different degrees of PCL crystal order, the highey
implies homogenous greater order, whereas the lowWgo) indicates irregulacrystals of
PCL33 This feature is exaggerated in bofPHland PPF]1 with larger enthalpy of melting

endotherms fiHmpoy) Measured at the broader and low&hpoyor, €Specially foPPF1This
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distribution of nHmon SUggests that there is greater heterogeneity of PCL crystals in these
materials. The difference could possibly an effect of molecular weight. RemarkaliDA1l
records one single sharpngoy 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
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e W g WO
\ 1. | , T
--- S R (HS)
| e (b)
= | ! v Tioa
b\ ] ! b e el
. —_ T — e ~ ~
é I l: I S~ o= T in(iis)
S ! [ PPFL oo e
2 ! ! ~=-PPH1T _—— Toa
E ' [ ——DA1 N~
[\7] 1 | T . —
T 1 I 1 m(HS) D1 ~——
s
: :
1 1
|

-100 -75 -50 -25 O 25 50 75 100 125 150 175 200

Temperature (°C)

Figured.4 (a) DSC thermograms of the four materials, thermal transitions are highlighted and
labelled.(b) Close up of high temperature () transitions. First heating cycle used at a
heating rateof 10 °C.min. Exo up.

At temperatures abové@mol, all materials display further transitions, other thBRFIFigure
4.4(b)). D1shows a melting endotherm at 10 which is representative of crystalline-BD
MDI HS. This melting point shows that the HS is waitlered and in a separate phase to the
SS, typical of TPU copolymers and discussed in the previous chBptdddisplays two
endotherms at 83 and 104C, suggesting phase separation and perhaps ordering of the polar
MDIHEMI end groups. FinallpAlshows two overlapping endotherms at 117 and 145 °C.
These transitions are evidence of the rDA reaction and the two peaks corresponddndbe

and exo isomers, respectivel}+ Therefore, these endotherms help prove that
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copolymerisation of the maleimide prepolymBPHwith the furan prepolymePPFInake

a TPU comprising DA cycloadducts in the backbone with thermabysible covalent bonds.

Dynamic mechanical analysis (DMA) was used to confirm thermal data obtaai28C. As a
consequence of the brittleness &PHland softness oPPF1 samples of the prepolymers
were not measured, so onllandDAlare discussedFigure4.5). D1displays a lowefly
than DA, which matches with the DSC data and reinforces good homogeneity vid#in
AboveTg, both materials exhibit a rubbery plateau, dDAlshows a higher storage modulus
(9 )@f 390 MPa compared to 135 MPa @t (Table4.3). The higher strength dbAlis likely

a result of higher PCL crystallinity and the presence of imar@¢hane Hbonding.

10000 - - 10
100 - 4 i
T W/[’ 1
o 10 - Tg ']'.. . . 7]
< 1 — _ N T T
[ | >~ 7 0 m(HS) 01 -
0.1 A _ / ' \ .
_/
001 F—~ __.7
0.001 — 0.01

-80 -60 -40 -20 O 20 40 60 80 100

Temperature (°C)

——DALE' D1E' — —DA1(tan8) — —D1 (tan§)

Figure4.5 DMA of reference copolymed{) and DA copolymebD@Al) at a heating rate of 3
°C.mint.

There is a steep reduction éht@at begins at 33 and 40 °C dlandDAJ respectively, which

relates to theTmpa). Above this tempeature,DAlappears to lose all its strength, coinciding
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with the melting of semcrystalline regions. However, the sample did not break during the
experiment, althougl® Was too low to measure. This loss suggests that the DA cycloadduct
is not present im sufficient concentration or perhaps there is not enough internal order in
the newly amorphous copolymer aboVgpoy to maintain a cohesive material. On the other
hand,D1 displays cohesion aboviepon, albeit with a strong temperature dependence, on
account of the discrete HS which holds the material together. A final drdpg@mecorded for

D1at 80 °C which relates to thens)

Table4.3 Thermal d#a for D1and DAlobtained via DMA using a heating rate of 3 °C:tnin

Copolymer = (T >T9*  T¢ E(T>T)°  Tmpor' E'(T >Tmon)®  Tmgeis]

(MPa)  (°C) (MPa) (9 (MPa) (°C)
2280 18 390 40 - -
2015 -21 135 33 0.30 80

@Modulus at-50 °C

baSlad2NBER FNRBY GKS LISIF] Ay dFy 1
®Modulus at 20 °C

dMeasured as the onset of modulus slope

¢Modulus at 70 °C

f Estimated from the drop in modulus

The flow properties obD1and DAlwere investigatedvia rheological temperature sweeps.
Materials were subjected to oscillatory rheology from 50 to 150 °C at a fixed amplitude (1 %)
and angular frequency (1 radls A complex viscosity 1) of 10 Pa.3 is a suitable target, to
enable simple application anagd surface wetting as an adhesive. Both copolymers show a
temperature dependent' * with a steeper decrease in* at similar temperatures,
corresponding to thélmns) (D1 and theTpa (DAY (Figure4.6). However,DAlreaches a
lower' *than D1, which indicate®Alcan achieve better surface wetting. This suggests that
the reversible covalet bonds from the cycloadduct iDAlare more temperature sensitive
than the reversible hydrogen bonds arising from the classical chain extender. Mor@#\kr,

reaches the target * at 127 °C, whereaB1does not reach this value within the measured
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temperature range. At 140°C, the viscosityidAlis approximately 14 times lower thddl

This highly dynamic* is granted by the rDA reaction which cleaves the copolymer backbone
at specific sites, reducinits molecular weight ant* as a result! Therefore, these results
suggestDAlwould be suitable in reversible adhesive applications from the perspective of

application and removal at endf-life.

10° 5

D1 n*

104

10° 4

n* (Pa.s)

10? 4

10" o

100 i | ' | ' 1 N 1 ! I B I " I ! 1 ! I ! |
50 60 70 80 9 100 110 120 130 140 150

Temperature (°C)

Figure4.6 Temperature sweeps @1 and DAl at fixed 1 % and 1 rad'showing complex

viscosity( *) F & | FdzyOlA2y 2F GSYLISNIGdNBE® ¢KS RI a
Gra02arAl®8Q 2F wmn t | ®a&

The mechanical performancebfiandDAlwere determinedoyperforming tensile tests on

film samplesKigure4.7). Both materials display typical stresgain curves of sengrystalline

TPUs. Initially, the copolymers experience elastic deformation where stress is proportional to

strain. The materialghen reach a yield point which marks the ultimate tensile strengthuj
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YR GKS adFNI 2F LIXIFAGAO0 RSTF2NXYIFGA2YD® CAYLIff
dog bone and stress is constant as a function of strain, up until the maximum elom{ati)

at which point the sample breaks.

¢KS @I f dzSa 2 T B ard edyemélsim¥agiet dath dzdterials, butaxis slightly
higher forDA1(Table4.4). This additional strength is likely a consequence of higher crystalline
PCL content. The most noticeable difference between the two materials is the elongation
DAlrecords a significantlyighersmaxof 165 £ 5 % compared to 125 + 75 %Ddr As both
materials produce necking at similar values of stress, the greater elongatidflotsults in

a greater modulus of toughnesg). A highetJrshows thatDAlis tougher and can withstand
more force before fracture thaB1, making it a more promising material. Encouragingly, both
copolymers have similar molecular weights, thereby discounting improved mechanical

performance oDAlas a result of higher moleculeseight.

6 - DA1

Stress (MPa)

0 . I I I I I I 1
0 25 50 75 100 125 150 175

Strain (%)

Figure4.7 Tensile stresstrain data forD1and DAL Extension rate of 10 mm.min
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Table4.4 Summary of mechanical data obtained from tensilessstrain measurements for
the two copolymers. 10 mm.niin

Copolymer E2(MPa) " max” (MPa) Ur ¢ (MPa) 8max © (%0)
121+ 12 59+<0.1 635+ 55 165+ 5
72+ 8 5.0+0.3 520+ 285 125+ 75

a 2dzy3Qa Y2Rdzf dza A & gfadiehtOefeielthé Giédd pdiNRE Y (G KS Ay AGALl f
bUltimate tensile strengtis the maximum recorded stress the sample can withstand before failure.

“Modulusof toughness is measured as the area under the curve and represents the total energy a material can
withstand wihout breaking.

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

The adhesive properties @fAlwere determinedvialap shear testing. Square film samples

of DAland the referencédl1were placed between two overlapping beechwood subtssa
heated with a little pressure then allowed to equilibrate for at least 14 days. Encouragingly,
DAldisplayed much improved bond strength (2:6.3 MPa) compared to the traditional TPU
copolymerD1 (2.1 + 0.4 MPa) on beechwood substratdsdure 4.8(a)). WhileD1 only
showed cohesive failure, several of tlbA1l samples displayed substrate failurgigure
4.8(b)). Therefore, further adhesion measurements were performeddiusing aluminium
substrates, which revealed a more realistic bond strength of ¥10b MPa. It is clear that
covalent linkingziaDA chemistry substantially impves the adhesive properties of the TPU
copolymer and is more beneficial than the strength offered by a conventional linear TPU
madevia classic chain extenders. The bond strength reported herédidt 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 using aluminium

substrates (approx. 10 and 5 MPa, respectivélyf
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Figure4.8 (a) Bond strengths from adhesion testing of beechwood (BW) and aluminium (AL)
substrates(b) Beechwood substrates after testirighland D1).

It has been demonstrated that the DA cycloadduct can form at ambient temperature and then
be brokenwith heatviarDA. The retro reaction indicates the dissociation of the cycloadduct
and the liberation of the two prepolymer®PHland PPF) The repolymerisation of the
prepolymers (to reforrDAJ) via DA cycloadduct reformation at ambient temperature after
heating wasnvestigated, in order to prove the copolymer is fully reversible and has dynamic
properties. A film oDAlwas coated after preheating for 1 hour at 150 °C and left under
ambient conditions throughout testing.Measurements were recorded periodically over the

O2dzNAS 2F Hy RI&a FyR fFro0oStftSR a WGAYS | Fi4S

One method of evaluating reformation of the DA cycloadduct is through change ecuiai
weight which can be easily monitored by SECalues oM, andM,, for DAlwere recorded
over time, with reference to thél, andM,, of the prepolymers?PHlandPPF1which are
the theoretical molecular weights after the rDA reactiorf all cycloadducts are broken.
Comparison was made tbe reference TPUX1) (Table4.5). After heating for one hour, the

molecular weight oDA1(7.7 kDa) is comparable to thatBPH16.5 kDa) an®PFX6.3 kDa)
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which is remarkable and suggests almost complete revers@Aif back to the original

prepolymer state.

Table4.5 Time dependentolecularweight values foDAland D1at ambient temperature.
PPHIland PPFlvere only measured once and not as a function of time.

Daysafter melt application®

: - .
Material 0 1 2 3 4 7 14 28 Equilibrated
Mn 6.3
M, 6.5
Mn 77 144 153 187 188 222 189 216 20.9
Mw 12.6
Mw 12.6
Mw 16.7 340 414 485 514 527 544 56.7 54.6
Mn 16.3 17.1 163 164 150 169 140 15.2 15.4
Muw 31.7 361 346 352 345 354 334 329 33.9

aDetermined by SEC in CHQhinst PMMA standards

bValues reported in kDa

¢Taken as the average of 7, 14 and 28 days

Monitoring theM,andM,, of DAlagainst time at ambient temperature after melt application

shows an initial rapid increase within thiest 4 daysKigure4.9). A slower gradual increase

follows, before the values appear to plateau after 7 days. Increasing molecular weight
signifiesthe 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 temperaturé? Once an equilibrium has beerached, there is no

change in molecular weight. On the other hand, the reference copolym&y displays

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

as expected. This dynamic relationship between high amdnwlecular weights present in

DAlis key in controlling the*.
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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 foDALl The pepolymer molecular weights are marked
with short dashed line®1 M, and M, are marked with orange dashed lines. Determined by

SEC in CHGIgainst PMMA standards.

FTIR spectroscopy was also used to detect the reformation of DA cycloadducts by monitoring
the consumption oPPH1The absorbance &fax= 696 cit corresponds to the C=8 of free
maleimide which is present iRPH1and therefore diminishes in intensigs the maleimide
reacts to form the DA cycloaddudigure4.10(a)).>* Measuring the area of the absorbance
against time shows a simildryt inverted, trend to the change in molecular weight with time
(Figure4.10(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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Figure4.10 (a) Change in absorbance at 696 ¢tiffree maleimide) against time after melt
application.(b) Decrease in relative absorbance of band at 696.cfiime = 0 is set as 100 %.

Finally, DSC analysis revealed the change in thermal properteSlaiver time {Table4.6).

The melting endotherm at 43 °C, corresponding to the crystalline PCL, is not present until the

measurement after 7 day&igured.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 during the first 7 days to draw ftdinclusions on the kinetics of crystallisation.

After 14 dayspHmpoyincreases, but remains constant after 28 days indicating that it takes up

to 14 days to reach equilibrium for the crystalline phase.

Table4.6 Thermal data oDAlobtained via DSC over 28 days.

Time after melt application ;I'g Tn;(pol) NHmpon T.0a(°C) pHr_DA
(Days) C)  (°O) (J.9) J.9)

0 -32 2 2 146 49

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

a2No melting endotherm detected
b Melting endotherm too small to measure accurately
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In contrast, observation of the rDA endotherms shows some cycloadduct is preséntat
146 °C immediately after cooling the melt to ambient temperature. Recorded valyé$msf
increase within the first 7 days and then plateau for the remaining timepasrved in other

techniquesFigure4.11(b)).
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Figure4.11 (a) The development oDSC thermograms dDAl over 28 days at ambient
temperature after melt application. Important transitions are highlighted and label(led.
Close up of regions of rDA. First heating cycles used at a heating rat€shit®. Exoup.
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4.2.2 TPUs comprising therrigreversible covalent bonds and highly crystalline backbones
Following proof of successful incorporation of the DA cycloadducts into a-g@gstalline
polymer, the possibility of including reversible covalent chemistry within highly crystalline
TPUs wa then explored. Three highly crystalline polyols based on copolymers of aliphatic
diacids and dioldjynacoll 7360Dynacoll 738@ndDynacoll 749)were usedDynacoll 7360

is a copolymer of hexane diol and adipic adid£ 58 °C)Dynacoll 7380s a c@olymer of
hexanediol and dodecanedioic acidn(= 74 °C) andynacoll 7490is a copolymer of
diethylene glycol and tetradecanoic acithE 91 °C)Table4.7). It is important to note that

these commercially available polyols have a higher molecular weight relative to PCL (3.5 kDa
vs 2.0 kDa, respectively). Therefore, the resulting DA copolynasesdon these polyols will

contain a lower concentration of DA cycloadduct compared to the preViAk

Table4.7 Structures of semgrystalline polyols used with DSC data.

Polyol Structure T(”:,((”:")" n (:Img({’)(")

Hexanediol Adipic acid

Dynacoll O
@)

Hexanediol Dodecanedioic acid

Dynacoll O
@)
Diethylene glycol Tetradecanoic acid
Dynacoll Q
O

Dynacoll 73607380and 7490were copolymerisediathe same route a®Alto form TPUs

DA2 DAS3 and DA4 respectively Table 4.8). Briefly, each Dynacoll polyol was in tumn
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copolymerised with MDI, followed by reaction with monofunctional HEMI and FA to afford
separate HEMBand FAterminated prepolymersfPHXandPPFXXrespectivelySchemet.1).
PPHXandPPFXbased on the same Dynacoll polyester backbone were then blended in the
melt phase followed by subsequent copolymerisation at ambient temperatures to Bk

For simplification during evaluation of the resulBE\Xwill be used to represent the three
copolymers together withPPHXand PPFXused to generally represent the HEMInd FA
terminated prepolymers, respectiveld NMR spectroscopy #PH24 showed resonances
at1 = 4.32 and 4.16 ppm, which relates t¢1ZO(C=0)NH adjacent to a urethane group
showng covalent linkage of HEMI and PCL to MDI, respectRER-4 shows resonances at

1 =5.16 and 4.17 ppm which correlate tBlfO(C=0)NH adjacentto a urethane group showing
covalent linkage of FA and PCL to MDI, respecti&-4have a weak resonancedat 5.32

ppm which corresponds toH{O)(CH)(CH) on the DA cycloadduct. There are also two weak
resonances at = 3.03 and 2.92 ppm which relate to two protond(CH)C=0 either side of

the N atom from the DA cycloadduct as obserweth DA1(Figure4.1).

Table4.8 Composition of theemticrystallineTPU copolymers synthesised vatiresponding
SEQlata.

Copolymer Molar Ratic Comonomer Mo’ M bu°
PCL MDI CE (kba)  (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

aMolar ratio of functional groups
b Not measured, made from copolymerisation of prepolymers
¢Determined by SEC in CHhinst PMMA standards
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To determine whether DA cycloadducts were presenD#2 DA3and DA4 the materials
were analysed by FTIR spectroscopy. After combining prepo$ydweing melt application,
followed by reaction at ambient temperature, all three spectra displayed a disappearance of
the absorbance avmax = 696 cnit relating to free maleimide which implies reaction and
successful formation of the DA cycloadduct. Anbahially, all threeDAXcopolymers exhibit an
absorbance a¥max= 1775 crit which is associated with the DA cycloadduct. SEC results show
an increase inM, of all DAX copolymers relative to their respectivd®PHXand PPFX
prepolymer. An increase iM, 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 tHdé&copolymers and accompanying
PPHXand PPFXprepolymers were then investigate®esults of the carbonyl regions are
similar to those of the PCL materials shown previoldd4, PPHIandPPFIFigure4.2). The
PPFXrepolymers all show a relatively narrow absorbance.ai= 1724 crit which is caused

by the polyester backbones with a small shoulder at lower wavenumbers relating to the small
amount of urethane presentPPH8 and PPH4show two overlapping absorbances with
separate peak$igure4.12(b) & (c)), whereaPPHZappears more as one major absorbance
with a significant shoulder at lower wavenumbesgure4.12(a)). The lower absorbance at
Vmax= 1700 crit indicates maleimide carbonyls which are presentin HEMI end groups. In the
spectra 0DAX a band atmax= 1724 crit is the major absorbance with a prominent shoulder

at approximatelymax = 1700 crit for the imide carbonyl, as discussed previously. These
results indicate that despite the high crystallinity of the Dynacoll polyols, the tBrasstill
contain a significant number of intermolecular interactions and likely have good material

cohesion.
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Figure4.12 FTIR spectra showing carbonyl regionsDdtX copolymers PPHXand PPFX
prepolymerdor (a) DA2 PPH2and PPF2(b) DA3 PPH3and PPF3and (c) DA4 PPH4and
PPF4

DSC was used to determine the theal properties of the materialsTable4.9). Again, the

first heating cycle is analysed as a consequence of the slow reformation of the DA
cycloadducts. Th&; were too small to be measured accurately, as a consequence of high
crystalinity, and are therefore not presentetf.Copolymerisation of each pagter polyol

with MDI and subsequent reaction with HEMI and FA to feH>Xand PPFXprepolymers
respectively, decreases the crystalline melting pdiibo) and nHmgol (Figure4.13(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
PPHXand PPPF>Xprepolymers to formDAXcopolymers results in a further decreaseTitpor

andnHmepon, alikely a result of the formation of the DA cycloadduct®#Xcopolymers which
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hinders crystallisation. While there is a substantial decrease inethialpy of melting
NHmeol, the values recorded are still significantly greater titakilwhich proves it is possible

to maintain a substantial amount of crystallinity upon copolymerisation. The melting points
of the resulting copolyme®A2 DA3andDA4(50, 65 and 78 °C, respectively) are higher than
DAL(43 °C).

Table 4.9 Thermal data of thethree copolymerstheir respectiveprepolymersand the
crystalline polyolsobtained via DSC.

NHpa
Material T(";(g:c’)l) ngméf; ) T(T(CH:? n(l‘;'z.;l';s) I%A) J.¢H
7360 58 108 -a A b b
PPF2 44 &55 64 2 2 - -
PPH2 52 69 A -2 - b
DA2 50 68 2 2 116 &148 5.2
7380 74 119 -a -2 b b
PPF3  55&67 98 -2 -2 b b
PPH3 67 81 133 2.3 b b
DA3 65 74 2 A 117 & 146 5.4
7490 91 127 -a -a b b
PPF4 82 78 2 2 - -
PPH4 82 83 111 1.6 b b
DA4 78 68 A A 117 & 146 45

aNo HS detected
bNo rDA detected

At higher temperatured)ynacoll 73607380and7490andPPF>Xprepolymers do not display
any other thermal features. The absence of an additional transition at higher temperatures
indicates that PPFXprepolymers are single phase. HowevétPH3 and PPH4 show
endotherms at 133 and 111 °C, respectivélig(re4.13(d) & (f)). Considering the presence

of imide groups, as determinedaFTIR spectroscopy, this endotherm is possibly caused by
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phase separation of the par end groups in a distinct HS. However, unkiekH3andPPH4
PPH2oes not display an endotherm at higher temperatures which could be a consequence
of shorter repeat units (hexanediol and adipic acid) within the backbone, which increases the
frequency d polar ester groups along the backborégure4.13(b)). A higher concentration

of ester groups could account for greater miscibility with the polar HEMI groups. On the other
hand, the backbones iPPH3and PPH4contain longer aliphatic repeating units which

decreases polarity and could promote phase separatif the end groups.

All threeDAXcopolymers 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 higtrystalline TPU copolymers. Values for
DA24 (nHrpa = 4.5¢ 5.4 J.¢) are significantly smaller than f@A1(nHpa= 8.9 J.g). This
difference is a consequence of the higher molecular weight of the Dynacoll polyols used to

makeDA24 which decreasedie concentration of DA cycloadducts.
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137



The materials wee then subjected to DMA as solid bar samples where storage mod))€s (
andtant were measured as a function of temperatufédure4.14). As with the PChased
systems, only th®AXcopolymers were analysed on account of the practical difficulties in

preparing samples of thePHXand PPFXprepolymers.
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Figure4.14 DMA ofDA2 DA3andDA4d { G 2 NI 3 S Y 2-&idfadddan ¢righQy of S T (
axis) as a function of temperature. Heating rate of 3 °Clmin

As temperature increases, all thr@Xcopolymers display a very shallow decreas&imith
an accompanying small changetan + which indicates a wealg. AboveT, the moduli
remain high with a resemblance to a plateau region. All three materials reported hegler
aboveTy than DA1(Table4.10 vs Table4.3). The increase is likely on account of the higher

crystallinity of the copolymers containing Dynacoll, w8tlidcreasing in order ofmpoy (DA2
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< DA3< DA4. Finally, each material dramatlly decreases i@ Qver several orders of
magnitude at their respectivénpo). Above this temperature, the values ®f@ere too low

to measure accurately, however the samples themselves did not break during the
experiments. As hypothesised witbAl this lack of strength is either a consequence of

insufficient DA cycloadduct concentration or internal order of the copolymers abays.

Table4.10 Thermal data 0DA2-4 obtained via DMA at a heating rate of 3 °C.thin

E(T>Tyg* T E'(T>T)°  Tmgol

Copolymer “\ipa)  c)  (MPa) (G
DA2 1845 4 505 46
DA3 1555 12 835 64
DA4 1890 17 1015 78

aModulus measured ab0 °C

ba Sl adzZNBR | a LISIF{ Ay Gy 1
¢Modulus measured at 20 °C

dMeasured as the onset of modulus reduction

The flow properties of th&AXcopolymers were determined with temperature sweepa
oscillatory rheology measurements. Both and tan{ were monitored & a function of
temperature Figure4.15). At lower temperature below their melting points, all samples
initially show high signab-noiseratio likely because of slippage of the solid samples.
However, once each material passes its respediiyg, the data obtained is much smoother
due to better sampldo-plate contact in the molten state. As expected, thedecreases
significantly abov@mgo), as the sample is able to flow. As the temperature continues to
increase, there is a substantial decrease*iat approximately 100 °C which is accompanied
by a peakinan1 . 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 ' *. Notably, the complex viscosity of all three materials is well below the target of 10 Pa.s
1 within the temperature range recorded which presents them as potaitisuitable

materials for reversable adhesive from the perspective of application and removal.
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Figured.15 Rheological analysis BfA2 DA3and DA4 Complex viscosityy) (left y-axis) and
tan1 (right y-axis) as a function of temperature. The short dashed black line represents the
target' * of 10 Pa.g.

The three DAX copolymers were then evaluated by tensile testing to determine their
mechanical properties. The resulting strestgain curves were analyseBigure4.16). Each
material initially shows elastic deformation at low strain. Despite containing less DA
cycloadduct, the modulus values for the Dynacoll baBéK copolymers are significantly
higher than forDAL which suggests mechanical performance is morpeheent on the
constituent polyester than DA cycloadduct concentratidal§le4.11). The values dEagain
increase in the order Ofnpo: DA2<DA3<DA4 which matches the order & &nd confirms
DAA4is the strongest materiaDA4fractures with an impressively high tensile strength £18

1 MPa) at & < 1% elongation, which shows it is a strong, brittle material with relatively low
toughness§0 + 5MPa).DA2stretches beyond its yield point before fracturing at #A %

elongation. Remarkabl\pDA3 displays a stresstrain curve with both elastic and plastic
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deformation, with high strengthE= 489+ 22 MPa and max= 17 + < 1 MPaand toughnes

(2465+ 65 MP.
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Figure4.16 Stressstrain curves oDA2 DA3and DA4measured at speed ofl0 mm.mirt.
Sample rupture is marked with a cross.

Table4.11 Summary of mechanical data obtained from tensile stsisgin measurements
for the two copolymers at a speed of 10 mm.thin

Copolymer E2(MPa) " max” (MPa) Ur ¢ (MPa) Bmax ° (%0)
DA2 264+14 12+<1 300+ 35 40+1
DA3 489+ 22 17+<1 2465+ 65 250+ 3
DA4 588+ 35 18+1 50+5 5+<1

a 2dzy3Qa Y2Rdzf dza A& OFf OdA F SR TNRY (GKS AyAdGAlIf 3INIR.
bUltimate tensile strengtfs the maximum recorded stress the sample can withstand before failure.

“Modulusof toughness is measured as the area under the curve and represents the total energy a material can
withstand without breaking.

dHongation at break is the strain (%) ahigh the sample breaks.

The adhesive properties dAXwere determinedvia lap shear testing with beechwood

substrates. The bond strengths of all thi@@Xare similar, wittDA3(8.5+ 0.9 MPa) andA4
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(8.3 1.2 MPa) showing slightly higher values tia4® (7.1+ 0.4 MP3 (Figure4.17(a)). Each
copolymer caused extreme substrate failure, with the beechwood tearing or breaking, which
shows that the upper limit of the substrate strength was reach@dfre4.17(c)). Therefore,

the lap shear tests were repeated with aluminium substrates which provided higher bond
strengths for each copolymer. The bond strengthD@2increases slightly to 1080.3 MPa,
DA3displays a large increase to 14.0.8 MPa andA4records a substantial increase to 20.3

+ 0.9 MPa which is remarkable for a thermoplastic polymer adhesigri{e4.17(b)). Each
material displays cohesive failufgigure4.17(d)). These results are exdmely promising for
adhesive applications, achieving double the strength reported for reversible amorphous
crosslinked systemspprox. 10 MPaand quadruple that of an irreversibly crosslinked PU
adhesive &pprox. 5 MPp?! 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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Figure4.17 Bond strengths oDA24 with (a) beechwood(b) and aluminium substrategc)
Substrate failure of beechwood substratéf.cohesive failure of aluminium substrates.
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The reversibility of the DynacddlasedDAXcopolymersvas investigated in the same manner
asDAldescribed earlier. Samples of each material were heated to 156r°Chour then left
to equilibrate at room temperature for 28 days, with samples analysed througha8EC,

FTIR analysis and DSC.

SEC results ddAXcopolymers analysed immediately after heating shovig similar to

those of the respective prepolymeffable4.12). These results show successful rDA reaction
and good reversibility to return to the prepolymer state. All thi2@dXcopolymers increase
rapidly in molecular weight at ambient temperaturelfmived by a plateau after 7 days when

an equilibrium between the associative and dissociative DA reaction has been achieved.
(Figure4.18). This behawiur is similar tdAlpreviously described

Table4.12 Time dependentolecular weight values for copolymddg2, DA3and DA4with

time. PrepolymerBPH andPPKwere only measured once and not as a function of time and
the averages are labelled &P X

Daysafter melt application® ©

. - d
Material 0 1 5 3 4 . 14 28 Equilibrated
DA2M, 8.2 137 157 170 13.2 154 189 205 18.3
PPIM2® 11.1

DA3Mj 104 218 199 255 294 284 250 343 29.2
PP3M,*  11.0

DA4M, 105 240 234 331 310 316 293 336 315
PPAM®  13.3

aPPXs the average Mof bothPPHXandPPForepolymergfor clarity)
bDetermined by SEC in C#Qhinst PMMA standards

¢Values reported in kDa

dMeasured as the average of 7, 14 and 28 days
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Figure4.18 M, as a function of time at ambient after melt application A2, DA3and DA4
For clarity, theaverage prepolymer molecular weighBRX of respectiv®PFXand PPHare
marked with dashed lines. Determined by SEC in;@gebhst PMMA standards.

FTIR analysis BfAXsamples immediately after melt application revealed the appearance of
the absorbane atvmax= 696 crit corresponding to free maleimide. This absorbance suggests
a reversal of eacBAXcopolymer back into its respecti®PHXandPPF>Xprepolymers Each
copolymer was monitored over time and the relative intensity of the absorbanceg.at

696 cm' were measuredRigure4.19). After the inital rapid decrease in intensity over the
first 7 days, all thre®AXplateau as expected indicating an equilibrium of the reversible DA
reaction is reached>A2andDA3show < 30 % free maleimide remains after 28 days, whereas
DA4shows approximately 45 %kely a consequence of the high melting poinbBa#4which

is well above ambient temperature at which the material is dypwerised With comparison
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to DAl(approximately 15 %), the results suggest that more unreacted maleimide is present

for materials wih higher melting points due to potential issues with chain mobiltig(re

4.10(b) vsFigure4.19).
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Figure4.19 Rdative intensities of FTIR absorbance @t~ 696 crit with time at ambient
after melt application foDA2 DA3and DA4

Finally, the materials were monitorada DSC as a function of time at ambient after melt

application. The crystalline melting endotherms were present immediately foDAIK

materials which show they have much faster crystallisation kinetics relati@Atb(Table

4.13). DA4shows that crystallisation equilibrates within 0.5 days wher&as3 and DA2

equilibrate within 7 days. Fast crystallisation could permit reasonable initial strengtbldo h

substrates in place as the DA cycloadduct forms over time.
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Immediately after cooling the miscible molten blend of prepolymers (0 days), all Dweé
copolymers exhibit a small endothermic peak at @849 °C, which corresponds pa
(Figure4.20). As withDAJ, the copolymerA24 require approximately 7 days fgiH,pa to
increase and plateau. This trend juid.pa shows that the DA cycloadduct is present in low
concentration initiallybut increases with time. After 7 days, the material reaches an
equilibrium. Therefore, DSC analysis also proves the reversibility 8fAxeopolymers. It is
interesting to note in these studies the kinetics of polyester segment crystallisation do not

appear to influence the rate of DA association.

Table4.13 Thermal data oDA2 DA3& DA4obtained via DSC over 28 days.

Timeafter
melt Tm(pol) n |_|m(pol) TrDA ,n HrDA
Copolymer oplicaion  (°C) (3.4} cC)  O.d)
(Days)
0 49 53 149 05
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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Figure4.20 DSC thermograms of rDA regions against timgd»DA2 (b) DAZnd (c) DA4
First heating cycle used at a heating rate of 10 °Clnffxo up.

Overall, the results for the highly crystallisAX copolymers demonstrate that it is still

possible to form DAycloadduct despite large concentrations of crystalline segments with

high melting points and extremely fast crystallisation. ImportamiXcopolymers produce

very impressive bond strengths, especi@lg4 However, FTIR spectroscopic data revealed

that there is a higher percentage of free maleimide presemA#-4 after 28 days relative to

DAlwhich is partially reflected in lower valuesjtfipa This difference is likely caused by the

higherT,of the Dynacoll based copolymers which promotes crystal formation over DA adduct

formation when copolymerising at ambient temperature. Further work could investigate the
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potential of increasing the amount of DA cycloadduct formatioa post synthesis heat
treatment with determination of any effects on mechanical performance. Studies have
demonstrated the possibility of exploiting the interplay between crystal and DA cycloadduct
formation by thermal conditioning to favour formation of one or the otHéherefore,
heating to approximately 6@ could enhance DA cycloadduct conversion, further increasing

the molecular weight of the copolymers and their resulting mechanical propetties.

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
ONEalGlftAyAGE YR 5! 02 Of 21 RRdzOU F2NMI GA2Y
materials. The polyols on which the amorphous DA TPUs are bas€hpee8025a 75 : 25
random copolymer of¢-caprolactone and lactic acid, arfériplast 1838 a hydrophobic
copolymer of G dimer diol containing long aliphatic branches copolymeriseth vén
undefined diacid (trade secretfigure4.21). Both polyols are 2.0 kDa, @éfminated and
amorphous at room temperature. These materials were selecte€agsa 8025s a good
reference to the semcrystalline poly(caprolactone) polyols used previously@nplast 1838

is very norpolar with some snilarity 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 $cheme4.1). Maleimide and furanterminated prepolymers were made
separatelyiareaction of NC@erminated prepolymers with HEMI and FA, respectively. DA
copolymers were then made by blending the prepolymers in the nfellowed by

copolymerisation at ambient temperature. Prepolymd?®HAland PPFAlwere used to
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synthesisdDAA] all comprising the more polaapa 802%ackbone. PrepolymeilBPHA2

and PPFA2wvere used to synthesisBAA2comprising the hydrophobic backboraiplast

1838(Table4.14).
Capa 8025
@) (@)
n m
Priplast 1838
1. |
1 Ji§
o~ "R
- n

Figure4.21 Composition ofCapa 8025(copolymer of¢-caprolactone and lactic acid) and
approximate structure oPriplast 1838 R represets undefined diacid copolymerised.

Table4.14 Composition omorphousTPU copolymers synthesised withrrespondingSEC
data.

Molar Ratid® M C Mw©

n C
Copolymer PCL MDI CE Comonomer (kDa) (kDa) Pum
1.0 2.0 11 FA 6.3 11.7 1.85
1.0 2.0 1.1 HEMI 6.0 11.1 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

aMolar ratio of functional groups

® Not measured, made from copolymerisation of prepolymers
¢Determined by SEC in C4#@hinst PMMA standards
dInsoluble so not measured
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Synthesis of the prepolymers and copolymers were provendy NMR and FTIR
spectroscopies. In théH spectrum ofPPHAL it displayed a resonance at= 4.32 ppm
(CHO(C=0)NH) which signifies the covalent incorporation of HE@FAlshowed a
resonance att = 5.15 ppm (8.0(C=0)NH) which suggests incorporation ofiritA the
polymer. Similar resonancesfat 4.33 and 5.17 ppm were recorded PHA2NdPPFA,
respectively. The spectrum BfAAlshowed a resonance at=5.31 ppm which corresponds

to CH(O)(CH)(CH) in the DA cycloadduct and two resonanges 8t02and 2.92 ppm which
relate to two protons E(CH)C=0 either side of the N atom in the DA cycloadduct as discussed
previously foDA1 (Figure4.1). However DAA2was insoluble in CH{ ko no NMR spectra

were obtained®

SEC results dbAAlrevealed an increase in molecular weight relative to its component
prepolymersPPHAland PPFA1However, theM, of DAA1(11.0 kDa) is much lower than
expected compared to the increases in molecular weight for previous materials. Additionally,
it was not possible to obtain molecular weight values@AA2as a consequence of poor
solubility. As previously, FTIR spectraDéfAl and DAA2display a disappearance of the
absorbance avmax= 696 crit 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 th®#&¥copolymers and
four prepolymers revealdetails on the type of intermolecular interactions present. Materials
based orCapa 8025how a large absorbancewat. = 1728 crit which corresponds to ester
within the polyol backboneHRigure 4.22(a)). PPFAldisplays a slight shoulder at lower
wavenumbers which is representative of urethane carbonyl groBp$iAkhows two peaks,

the lower atvmax= 1711 crit which is caused by the imide carbonyl functionality as described
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previously. The resulting copolymBAAlshows a spectrum with a main absorbanceak

= 1728 crt and a significant shoulder at 1711 2rinterestingly, all materials based on the
hydrophobic backbondPriplast 1838show two overlapping absorbancesSigure4.22(b)).

One absorbance aknax= 1733 crit which relates to the ester withinhte polyol backbone is
present in all spectra. The second fBPFA2appears atvmax = 1700 crit on account of
urethane carbonyl group®PHA2lisplays its second high intensity absorbanceat= 1705

cm! corresponding to imide carbonyl groups. FindllpA2has a broad absorbance ata =

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 senurystalline TPU copolymers which suggests crystallinity does not
prevent formation of intermolecular interactions. In fact, absorbances in dh@rphous

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

weaker.

i /lmlde
I ——DAA2
- - - PPHA2

- PPFA2

(a) /., .«—imide  ——DAA1 (b)
ester —», \ ester .
1 f ' urethane ---PPHA1 ;

/ ) PPFAL |"F- 1_..\ ; ...::

urethane

Absorbance
Absorbance

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

Wavenumber (cm?) Wavenumber (cm)

Figure4.22 FTIR spectra showing carbonyl region@pDAAL PPHAland PPRland (b)
DAA2, PPHA2and PPRA2
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Thermal analysis was performed on the amorphous mateviaBSC with the same method

as all previous materials. Heating cycles of @apa 802%olyol displayed a cleafy which
increased on copolymerisation with MDI and reaction with HEMI or FA to make the
prepolymers Table4.15). Copolymerisation d?PHATandPPFA%o form DAAlshowed an
additional increase iffg. This trend reveals that there is restriction to rotation around main
chain bonds upon copolymerisation. Thg also becomes a little broader with
copolymerisation which indicates a decrease in material hoenegy Figure4.23(a)). The

data suggests that formation of the DA cycloadducts significantly hinders chain mobility.
PPHAl displays a shallow undefined thermal transition at 98 °C which could be a sign of end
group association, as seen for the previous mateffd*$1]1 PPH3and PPH4 There are no
other thermal transitions observed for the pure pol@apa8025 PPHADr PPFA1However,

as expectedDAAldisplays two endotherms at 117 & 145 °C corresponding to the rDA
reaction. Itis notable that the enthalpy change due to thesdciation of cycloadductgkiips)

of the amorphouDAAL(11.9 J.g) is only slightly higher than the poly¢aprolactone)

copolymerDA1(8.9 J.¢) which indicates that the presence of crystallinity within the latter

has a small effect on hindering DA cycloadduct formation.

The thermogram oPriplast 183&displays dgat -62 °C which is very low due to the aliphatic
and flexible nature of the material. THR increases upon copolymerisation with MDI and
reaction with HEMI or FA as a consequence of increased restriction of chain mobility, but
remains relatively low whitis promising for low temperature applications. Just abovelthe
there is second feature that is not observed after copolymerisatiofrgflast 1838(Figure

4.23(b)).
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Table4.15 Thermalanalysisdata of the two copolymergwo prepolymersand polyols for
materials based oapa 802%nd Priplast 1838 obtained via DSC.

a a NHpaA
Maeral ol ¢y gy (o Qo)
-55 b b < -
-25 b b < c
-24 98 - € -
-12 b b 117 & 145 11.9
-62 -35 3.7 R -
-45 76 7.7 < -
-47 86 & 137 9.6 & 4.7 R R
-45 55 b 116 & 145 6.7

aAlternative (unconfirmed) thermal transitions
®Non detected
¢No rDA detected

The purePriplast 1838polyol does not display any other thermal transitions at higher
temperatures which shows it is amorphous at ambient temperatefeEFA2ndPPHAZhow
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 lealksrtaddynamic
incompatibility. WhilePPFA2loes not show any further thermal transitiorRPHAQisplays

an additional endothermat 137 °C which potentially represents polar end group association.
The disparity betweePPFA2and PPHA2could be explained byhe presence of imide
carbonyl groups inPPHA2which allows for favourable intermolecular-bbnding and
therefore association, which is enhanced in such a hydrophobic mBtAR2also shows a
slight thermal transition at 55 °C which could also be dueliage separation. Importantly,

the double endotherm is once again present at 116 and 145 °C in this copolymer which

confirms the presence ad&xoandendoDA cycloadducts. The recordptiipp0f DAA2iS 6.9
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J.g*, which is somewhat lower than f@AAL (11.9 J.g). The decrease inHpamight feasibly

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

for confirmation.
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Figure4.23 DSC thermograms of the four materials, thermal transitions are highlighted and
labelled.(a) DAA1 PPHA1PPFAland Capa 8025 (b) DAA2 PPHA2 PPFAZand Priplast

1838 First heating cycles used at adting rate of 1C.mint. Exo up.
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DMA was used to improve understanding of thermal properties of the two amorpBéus
copolymers Figure4.24). TheTy of DAAlappeas at a higher temperature thaDAA2
confirming results obtainedia DSCDAA2has an impressively lov, the lowest of all
materials measuredia DMA in this chapter which indicates favourable low temperature
properties Table4.16). Abovel,, DAAldisplays a region where the modulus has a nratke
dependence on temperature. Howev&AAZhas a significantly more stable rubbery plateau
above Ty that occurs over a wide temperature range, which could be evidence of the
additional strength offered by phase separation. Such a stab&ould allow for good
mechanical properties over a wide temperature range which is industrially useful in
applications. Values && @boveTy for both amorphous copolymers are significantly lower
than the semicrystalline analogues (up to over 250 timesvéy) which demonstrates the

reinforcement gained from crystallinityé&ble4.16 vsTable4.3 andTable4.10).

Figure4.24 DMA ofDAAland DAA2 with a heating rate of 3°C.mii®  { G 2 NI 3S Y 2 Rdz
(left y-axis) and tand (right y-axis) as a function of temperature.
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