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Synopsis

Polymeric adhesives are becoming an increasingly important industrial product. They are
routinely used in a wide range of high value and disposable products ranging from bonding
large sections of the interior of new cars to wound dressings that replace stiches; from single
use packaging to safety critical components in the aeronautical industry. Recently, the
introduction of debondable adhesives that break down with an external stimulus has opened up
new markets and applications in the adhesive industry. For the first time, components can be
securely bonded for the working lifetime of the product, then disassembled on demand to allow

for efficient recycling and disposal at the end of the product’s usable life-cycle.

The objective of this study was to design and synthesise new, debondable polymeric adhesives
that can breakdown or depolymerise in response to an external stimulus, such as chemicals,
light or heat. This would ultimately lead to a new class of debond-on-demand adhesive. The

work towards this goal is summarised below.

Chapter 2 reports the design, synthesis and evaluation of a fluoride degradable unit which can
be incorporated within a linear polyurethane (PU) thermoplastic adhesive. Detailed solution
state studies carried out by 'H NMR spectroscopy and gel permeation chromatography before
and after depolymerisation confirmed the efficient degradation of the material in response to
the addition of fluoride ions. Mechanical strength testing on homogenous films together with
rheometric and differential scanning calorimetry studies over multiple heat-cool cycles
confirmed the reversibility of the supramolecular network within the PU. Lastly, adhesion
testing with different material substrates before and after degradation showed the debond-on-

demand nature of this novel material.

Chapter 3 further explores the use of the fluoride degradable unit within two series of linear
polyurethanes that vary in chemical structure as part of efforts to increase the adhesive and
thermal properties over the polyurethane reported in Chapter 2. The first series of adhesives
explores the effect on bonding properties that varying nature of the diisocyanate linkers in the
PU has on the adhesive. The second series of adhesives varies by the nature of the soft segment
within the PU. It was found that introducing low-melting point crystalline regions into the
material results in a polymer that can provide excellent adhesion at lower bonding temperatures
(ca. 60 °C compared to 120 °C). The thermal response and morphology of the two series of
polymers were analysed by variable temperature rheometric analysis, small angle x-ray

spectroscopy and wide angle x-ray spectroscopy. Finally, the adhesives were tested at AWE
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Aldermaston following international standards at different temperatures before and after

degradation with a fluoride source.

Chapters 4 and 5 explore the possibility of producing a fluoride responsive crosslinked material
using two different approaches. The first system was a variant of a reactive adhesive which was
produced by mixing a trifunctional degradable group with a bis(isocyanate) terminated
prepolymer (Chapter 4). Adhesion testing displayed a 28 % strength increase over the linear
polymers, and a 55 % strength loss after treatment with fluoride ions. The second method
explored the possibility of creating star polymers incorporating the degradable groups at the
core. The resulting alcohol terminated branched polymer was then reacted with a commercially
available aromatic diisocyanate to form a crosslinked adhesive. Adhesive testing was carried
out before and after degradation with fluoride ions showed that fluoride ions could penetrate

the crosslinked network resulting in a measurable reduction in bonding strength (approx. 23 %).

Finally, Chapter 6 reports the design and realisation of a novel UV responsive degradable
group. Model compound studies were carried out before and after degradation with a UV light
source (36 W) using '"H NMR and UV/visible spectroscopies and showed rapid degradation
after only 5 minutes irradiation. The UV group was incorporated into a polyurethane adhesive,
which also showed rapid degradation in solution on exposure to UV light. The linear PU proved
to be an excellent hot melt adhesive for glass substrates (bonds strength = 0.43 MPa), which
weakened by up to 86 % after 5 minutes irradiation at 365 nm. However, the mechanism by

which debonding occurs in the solid state in still an area of active investigation.

vi



Abbreviations

4,4’-MDI
ASTM
BDU

br

CFG
CLP

d

b

DMA
DMF
DMSO-ds
DSC

DU

G’ orE’
G’ orE”
GPC

IR
Ka

Krasol

m.p.
MS
M,
My
m/z
NMR
ONB
ppm
PS
PU

4,4’-methylene diphenyl diisocyanate
American Society for Testing Materials
Bifunctional degradable unit
Broad

Chemoresponsive functional group
Crosslinked polymer

Doublet

Polydispersity Index

Dynamic Mechanical Analysis
N,N’-Dimethylformamide
Dimethyl sulfoxide (deuterated)
Differential Scanning Calorimetry
Degradable Unit

Storage Modulus

Loss Modulus

Gel Permeation Chromatography
Hertz

Infrared

Dissociation Constant

Krasol HLBH-P 2000
Wavelength

Multiplet

Melting Point

Mass Spectroscopy

Number average molecular weight
Weight average molecular weight
Mass/charge ratio

Nuclear magnetic resonance
o-Nitrobenzyl alcohol

Parts per million

Poly(styrene)

Polyurethane

vii



Preface

PTFE Poly(tetrafluoroethylene)

s Singlet

SAXS Small angle X-ray scattering
Stepanpol Stepanpol PC-205P-30

t Triplet

TBAB tetra-butylammonium bromide
TBAC tetra-butylammonium chloride
TBAF tetra-butylammonium fluoride
TBAI tetra-butylammonium lodide
T. Crystallisation temperature
TDU Trifunctional degradable unit
TGA Thermal gravimetric analysis
T, Glass transition temperature
Tn Melting Temperature

THF Tetrahydrofuran

UPy Ureido-pyrimidinone

UTS Ultimate Tensile Strength

uv Ultraviolet

UvVDU UV responsive degradable unit
VT Variable temperature

WAXS Wide angle X-ray Scattering

viii



Contents

Chapter 1 — Introduction

1.1

1.1.1.
1.1.2.
1.1.3.

1.2.

1.2.1.
1.2.2.
1.2.3.
1.2.4.
1.2.5.

1.3.

1.4
1.5
1.6

Chapter 2 — Fluoride Degradable and Thermally Debondable Polyurethane based
adhesives

2.1
2.2
2.2.1.
22.2.
2.2.3.
224.
2.25.
23
24
2.5

Chapter 3 — Fluoride Responsive Debond-on-Demand Adhesives: Manipulating
Hydrogen Bonding Density and Crystallinity to Modulate Adhesion Temperature

3.1
3.2

1.3.1.
1.3.2.
1.3.3.

3.2.1.
3.2.2.
3.2.3.
3.24.

3.3.
3.4.
3.5.

Supramolecular Polymers
Hydrogen bonding in Supramolecular Polymers
Aromatic n-m stacking interactions in Supramolecular Polymers
Metal-ligand interactions in Supramolecular Polymers
Electrostatic interactions in Supramolecular Polymers
Dynamic-covalent bonds in Reversible Polymers
Stimuli — Responsive Adhesives and Materials
Thermally Responsive Adhesives and Materials
Light Responsive Adhesives and Materials
Chemoresponsive materials
Mechanical Testing of Adhesives
Project Aims
References

Introduction

Synthesis of Degradable Unit and Model Compound Testing
Polymer Synthesis
Polymer degradation studies
Solid state mechanical testing and degradation studies
Adhesive Testing
Conclusions

Introduction

Preface

W N = =



Preface

Chapter 4 — Fluoride Responsive Crosslinked Debond-on-Demand Reactive

Adhesives 87
4.1. Introduction 87
4.2. Results and Discussion. 88
4.2.1. Synthesis of Trifunctional Degradable unit (TDU)______ 89
4.2.2. Synthesis and Testing of a Model Compound_______ . 90
4.2.3. Synthesis of Crosslinked Adhesives 92
4.2.4. Crosslinked Adhesive Preparation and Testing 95
4.2.5. Fluoride responsive debonding of the crosslinked adhesive 98
4.3, Conclusion 99
4.4, Experimental Procedures 100
4.5. References 101

Chapter 5 — Branched Polycaprolactones as soft segments in Fluoride Responsive

Hot-Melt Debondable Adhesives 103
5.1. Introduction 103
5.2. Results and Discussion 106
5.2.1. Synthesis of Fluoride Responsive Branched Polycaprolactone 106
5.2.2. Solution State Degradation Studies 109
5.2.3. Crosslinking with diisocyanates 112
5,24, Adhesion Testing 114
5.3. Conclusions 115
54. Experimental Procedures 116
5.5. References 117

Chapter 6 — Designing a Novel UV Responsive Degradable Group for Debondable

Polyurethane based Adhesives 118
6.1. Introduction. ...~~~ 118
6.2. Results and Discussion 122
6.2.1. Synthesis of UV Responsive Degradable Group 122
6.2.2. Model Compound Synthesis and Degradation Studies 124
6.2.3. Synthesis of UV Responsive Polyurethane . 128
6.2.4. Solution State UV Depolymerisation Studies______ . 130
6.2.5. Solid state mechanical testing, 133
6.2.6. Adhesion Testing 136
6.3. Conclusions 140
6.4. Experimental Procedures 140
6.5. References ... 142
Chapter 7 — Conclusions and Future Work 144
7.1. Conclusions 144
7.2. Future Work 147
7.3. References 153



Preface

Appendix 154
Al "H NMR Spectroscopy: Degradation Studies for Chapter 3. 154
A2 GPC Peak Maxima Calculations for Chapter3___ 156
A.3. Rheological Analysis Full Dataset 157
A4 Stress Strain Curves for Chapter 3 160
AlS. Full DSC Thermograms, 162
A.6. Full 'HNMR spectraforUVDU 6.1 165
AT Full '"H NMR spectrum of UV responsive model compound 6.10 166

xi



List of Figures

Figure 1.1 Formation of a supramolecular polymer from low molecular weight monomeric
units bound together with highly reversible supramolecular interactions.
Figure 1.2 The effect of an external stimuli on the polymer network of a reversible and
non-reversible stimuli-responsive polymer.
Figure 1.3 Watson-Crick hydrogen bonding between the DNA base pairs.
Figure 1.4 The ureido-pyrimidone (UPy) motif (A) self-assembling with itself by four
hydrogen bonds and (B) assembling with the diamido-naphthyridine (Napy) motif.
Figure 1.5 Hydrogen bonded supramolecular polymers with different end groups which
provide different chemical and mechanical properties.
Figure 1.6 Stacking of thiourea moieties in comparison to urea moieties in hydrogen
bonding materials, showing the bent stacking of the thioureas. R = poly(ethylene glycol).
Figure 1.7 n-r stacking of () two tweezer type molecules that self-assemble in a “Roman
Handshake” configuration and (B) of the m-electron poor naphthalene diimide (blue) and
w-electron rich pyrene (red) moieties used in healable supramolecular polymers.
Figure 1.8 Telechelic macromonomers with terminal ligands that form metal-ligand
interactions with a metal ion, as shown by Weder and co-workers.
Figure 1.9 An example of a supramolecular polymer relying on electrostatic interactions,
as shown by Huang and co-workers.
Figure 1.10 The hydrogen bonded supramolecular adhesives of (A) UPy functionalised
and (B) adenine-thymine functionalised polymethacrylate co polymerised with
polybutacrylate developed by Long and co-workers.
Figure 1.11 UPy functionalised polysiloxane used as an adhesive that is thermally
reversible at 120 °C.

Figure 1.12 Two stage adhesion of a thermally reversible polymer containing disulfide

bonds developed by Rowan and co-workers. The material is semi-crystalline at room
temperature, and after heating at 80 °C the crystallinity is lost. Further heating at a higher
temperature breaks the disulfide bonds, giving stronger adhesion as the viscosity drops
allowing complete binding to the substrate.
Figure 1.13 Iron nanocomposite debond-on-demand adhesive developed by Greenland
and co-workers. The hydrogen bonded supramolecular network falls apart when exposed
to an induction generator, which causes localised heating of the iron nanoparticles.
Figure 1.14 Tinuvin 326, a UV responsive group that absorbs UV radiation and releases
thermal energy for localised debonding of hydrogen bonded supramolecular adhesives.
Figure 1.15 Dimerisation of a hexavalent anthracene based cross linked adhesive.
Figure 1.16 Dimerisation of a bis-anthracene organogel allows for strong adhesion when
pristine, and weak adhesion upon irradiation with UV light.
Figure 1.17 Polymethacrylate based adhesive functionalised with an ONB cross linker for
irreversible adhesion.

Figure 1.18 Formation of a fluoride responsive crosslinked adhesive.
Figure 1.19 The three different types of failure that occurs to adhesives when broken.
Adhesive is shown in red and substrates shown in grey. Arrows indicate where the adhesive
remains on the substrates

Figure 1.20 Lap shear adhesive test where two rectangular lap shear substrates are
adhered together with an adhesive before being pulled apart by force.
Figure 1.21 Butt-tensile adhesive test where two cylindrical substrates are adhered
together with an adhesive before being pulled apart by force.

xii

Preface



Figure 2.1 1H NMR spectra showing the two-step degradation of (A) the model compound
2.7 (B) after addition of TBAF, followed by (C) addition of deuterium oxide. (DMSO-ds,
400 MHz)
Figure 2.2 (A) Addition of TBAF to model compound (2.7) causes a yellow solution to
form; which is a result of the formation of cresol interacting with excess TBAF salt. (B)
UV-visible spectra of the model compound and its constituents before and after addition of
TBAF. (C) Amax values taken from the UV-visible spectra.
Figure 2.3 Selectivity of the silyl group to the fluoride ion as determined by 'H NMR
spectroscopy. (A) 2.7, (B) 2.7 + TBAF, (C) 2.7 + TBAC, (D) 2.7 + TBAB, and (E) 2.7 +
TBAIL Photos show colour change from addition of TBAF and not from other tetra-
butylammonium salts.
Figure 2.4 'H NMR spectra representing (4) 2.16, (B) 2.16 + TBAF, (C) 2.17, and (D)
2.17 + TBAF.

Figure 2.5 DSC thermogram of the three heat — cool cycles of Polymer 2.21. Insert shows

glass transitions from each cycle.
Figure 2.6 Raw data of storage (E’) and loss (E’’) moduli superimposed taken at different
frequencies, as a function of temperature.
Figure 2.7 The rheological data of polymer 2.21 from the three cool-heat cycles, with a
cross over at approximately 129 °C throughout all cycles.
Figure 2.8 'H NMR spectra showing the degradation of Polymer 2.21 when treated with
TBAF. (CDCl;, 400 MHz).
Figure 2.9 GPC eluograms of polymer (2.21), degraded polymer (2.22) and the starting
Krasol (2.18); (THF, PS standards).
Figure 2.10 Polymer film (15 x 15 cm) cast from THF used for mechanical testing

Figure 2.11 Stress-strain curves for five samples of pristine polymer (2.21) and five
samples of degraded polymer (2.22).
Figure 2.12 Adhesion samples between two steel nails were prepared by clamping them
head to head with 1.58 mm diameter circle sample between them. Washers were used to
allow for larger surface area for the bulldog clamps to clamp onto.
Figure 2.13 Bond strengths as a function of bonding temperature. Errors show standard
deviation from the mean (n = 5).
Figure 2.14 Force at break after increasing bond/debond. Errors show standard deviation
from the mean (n = 35).
Figure 2.15 The force at break of the bonded surfaces adhered with the pristine polymer
and the polymer after exposure to TBAF after 3 and 24 hours. Errors show standard
deviation from the mean (n = 5, 4 and 4 per experiment, respectively).
Figure 2.16 GPC eluograms of the degraded polymer (2.22) from the adhesion test
compared to the pristine polymer (2.21) and Krasol (2.18).
Figure 2.17 Force separate the surfaces bonded with the pristine polymer (2.21), polymer
2.21 after exposure to either acetone or a solution of TBAF in acetone. Errors show
standard deviation from the mean (n = 3, 3, 5, and 5 per experiment, respectively).
Figure 2.18 Lap shear stress values of Polymer 2.21 between different material substrates,
before and after degradation. Figures in black indicate the lap shear stress value, and red
indicates the percentage of degradation in bond strength compared to the pristine material.
Errors show standard deviation from the mean (n = 4 for Wood-Wood and Glass-Glass
samples and n=5 for Aluminium-Aluminium samples)

xiil

Preface

40

41

42

43

45

46

46

48

49
49

50

51

51

52

53

53

54

54



Figure 3.1 'H NMR spectra showing (4) before and (B) after addition of TBAF of polymer
3.8. (CDCls, 400 MHz)
Figure 3.2 GPC eluograms of (4) series one which vary by diisocyanate structure and (B)
series two, which vary by polyol structure. (THF, PS standards).
Figure 3.3 DSC thermograms of the polymers from the second heat-cool cycle highlighting
(A) the melting (T,) and recrystallisation (T.) temperature of polymer 3.8 and (B) the glass
transition temperatures (Tg) of polymers 2.21 and 3.5 - 3.7.
Figure 3.4 Rheological analysis of polyurethanes 2.21 and 3.5 — 3.8. Values indicate the
viscoelastic transition temperature.
Figure 3.5 (A) SAXS and (B) WAXS analysis of polymers 2.21 and 3.5- 3.8, 3D spectra of
(C) VT SAXS of polymer 2.21 during a heat ramp; (D) VT SAXS of polymer 3.8 during a
heat ramp; VT WAXS of polymer 3.8 during (E) heating ramp and (F) cooling ramp.
Figure 3.6 The ultimate tensile strength (A) and toughness (B) of polymer 2.21, 3.7 and
3.8, before and after degradation, calculated from the stress-strain curves. Errors are
calculated from the standard deviation (n = 5)
Figure 3.7 The force required to break the adhesive bond between two butt-tensile
cylinders adhered at different temperatures for the first series of polymers, 2.21, 3.5 and
3.6 containing different isocyanate linkers. Errors were calculated from the standard
deviation (n = 5).
Figure 3.8 The force at break recorded from the lap shear samples of polymer 2.21, 3.7
and 3.8, before and after degradation. Errors were calculated from the standard deviation
of five samples. Errors were calculated from the standard deviation (n = 5)
Figure 3.9 Butt-tensile adhesion studies for polymers 2.21, 3.7 and 3.8 adhered at different
temperatures for 18 hours to determine the optimal conditions for adhesion. Errors were
calculated from the standard deviation (n = 4).
Figure 3.10 The force required to break the adhesives from the butt-tensile adhesion test,
with adhesions carried out at 60 °C for 0.5 and 18 hours. Errors were calculated from the
standard deviation (n = 4).
Figure 3.11 Debonding-rebonding studies of polymer 3.8 when adhered at 60 °C for 18
hours. Errors were calculated from the standard deviation (n = 4).

Figure 4.1 Comparison of the chain extending and cross-linkable degradable units
Figure 4.2 'H NMR spectra showing the model compound 4.6 (A) before degradation and
(B) after degradation with TBAF. The resonances for the impurity in spectrum A, 4-
nitroaniline 4.12, is marked with an asterisk (*). (DMSO-ds, 400 MHz).
Figure 4.3 Photographs of the Krasol CLP 4.13 (left) and Stepanpol CLP 4.14. Samples
were prepared on a two-gram scale.
Figure 4.4 Samples of the CLP materials soaked in various solvents for 24 hours at 35 °C
to determine solubility of the polymers.
Figure 4.5 DSC chromatogram of the Krasol CLP 4.13 and Stepanpol CLP 4.14.
Figure 4.6 Lap shear tests of crosslinked adhesive 4.13-1h after 1 hour curing at 120 °C,
and compared to the linear adhesive 2.21 developed in Chapter 2. The adhesives were
bonded to glass substrates. Errors were calculated from the standard deviations (n = 3).
Figure 4.7 Lap shear tests of crosslinked adhesive 4.13-18h after 18 hours curing at
120 °C and compared to the linear adhesive 2.21 developed in Chapter 2. The adhesives
were bonded to glass substrates. Errors were calculated from the standard deviations

Xiv

Preface

67

68

70

70

71

75

76

77

78

79

79

88

92

93

94
94

96

97



Figure 4.8 Photos of the lap shear samples: (A) the paste spread over 12 x 27 mm area on
a pre-treated aluminium coupon, (B) two aluminium coupons clamped together
sandwiching the adhesive paste, (C) the aluminium lap shear sample in the tensile
apparatus, and (D) the adhesive bond after breaking showing cohesive failure (adhesive
remaining on both side of substrate).
Figure 4.9 Lap shear tests of the Stepanpol CLP 4.14 after 18 hours curing at 120 °C and
compared to the linear adhesive 3.8 developed in Chapter 3. Lap shear specimens were
made of aluminium. Errors were calculated from the standard deviations (n = 3).
Figure 4.10 Lap shear tests of the Stepanpol crosslinked adhesive 4.14 before and after
treatment with 0.025 M TBAF in acetonitrile for 3 hours, and compared to the linear
Stepanpol Adhesive 3.8. Errors were calculated from the standard deviations (n = 3).

Figure 5.1 Approximately 18 g of polymer 5.3 produced in one reaction with minimal
purification.
Figure 5.2 'H NMR spectra of the TDU (5.1) and polymer 5.3.
Figure 5.3 The synthesised hyperbranched fluoride responsive polyester.
Figure 5.4 GPC eluograms of the polymer 5.7 before (black) and after (red) addition of
the fluoride source. (THF, PS standards)
Figure 5.5 '"H NMR spectra of polymer 5.3 (A) before and (B) after addition of TBAF.
(CDCls, 400 MHz)
Figure 5.6 DSC thermogram of the CLP 5.13b produced by heat treating at 60 °C for three

Figure 5.7 Lap shear testing of polymer 5.7 and the crosslinked adhesive 5.13 after
addition of 4,4’-MDI 2.19. Adhesive samples were prepared from powders (Scheme 5.7).
Errors were calculated from the standard deviation (n = 3).
Figure 5.8 Photographs of the lap shear samples after testing of the pristine (left) and
crosslinked (right) adhesives.
Figure 5.9 Lap shear testing of the crosslinked polymer 5.13 before and after degradation
with 0.025 M TBAF in acetonitrile. Errors were calculated from the standard deviation

Figure 6.1 The UV responsive group proposed for this study and its comparison to the
fluoride responsive group 2.6 (Chapter 2).
Figure 6.2 'H NMR spectrum of the UVDU 6.3 (CDCl;, 400 MHz). See Appendix A.6. for
full spectrum.
Figure 6.3 'H NMR spectra of the model compound 6.13 in comparison to the UVDU 6.1.
(DMSO-ds, 400 MHz). See Appendix A.7. for full spectrum.
Figure 6.4 UV/visible spectroscopic analysis of the model compound 6.15 at (A) 10 ug/mL
and (B) 1 ug/mL after irradiating with a 36 W UV lamp.
Figure 6.5 'H NMR spectra showing the degradation of the model compound 6.7 with UV
light. (CD3CN, 400 MHz).
Figure 6.6 (A) The TGA and (B) DSC thermograms of polymer 6.20.
Figure 6.7 Rheological analysis of the polymer 6.20 during a heat-cool cycle.
Figure 6.8 'H NMR spectroscopic analysis showing the degradation of polymer 6.20 with
UV light. (CDCl3, 400 MHz).
Figure 6.9 (1) GPC eluograms of the UV responsive polymer 6.20 after UV treatment. (B)
The change in averaged molecular weight calculated from the GPC eluograms against
time. (THF, PS standards).

Preface

98

98

99

107
108
109

110

111

113

114

115

115

120

124

125

126

127
130
130

131



Figure 6.10 (4) Fibre optic UV light source used for solid state degradation studies on (B)
polymer films over different degradation periods.
Figure 6.11 Stress-strain curves for five samples of each UV irradiated sample of polymer

Figure 6.12 Improper degradation of the UV responsive film as a result of poor penetration
of UV light into the bulk of the film.
Figure 6.13 GPC eluograms for the solid-state degradation samples of polymer 6.20.
(THF, PS standards).
Figure 6.14 Photographs of the lap shear samples bonded to glass after set periods of
degradation time with a 200 W fibre optic UV light source.
Figure 6.15 Lap shear testing of polymer 6.20 before and after degradation with a 200
Wfibre optic UV light source. Errors were calculated from the standard deviation (n = 5).
Figure 6.16 Infrared spectroscopic analysis of polymer 6.20 from the lap shear samples
before and after degradation. Spectra have been normalised to at 2920 cm™.
Figure 6.17 GPC eluograms of the lap shear samples after degradation with a 200 W UV
light source. Samples were compared to Krasol 6.17. (THF, PS standards).

Figure 7.1 Chemoresponsive degradable units designed as part of this study.
Figure 7.2 The polyester based UV responsive polymer 7.2.
Figure 7.3 A UV responsive telechelic supramolecular polymer 7.7 inspired by the
supramolecular polymer 7.6 developed by Hayes and co-workers.
Figure 7.4 A polybutadiene based fluoride responsive adhesive that could be used for light-
melt curable adhesives.

Figure A1 'H NMR spectra showing (A) before and (B) after degradation of polymer 3.5.
(CDCl3, 400 MHz)
Figure A2 'H NMR spectra showing (A) before and (B) after degradation of polymer 3.6.
(CDCl3, 400 MHz)
Figure A3 'H NMR spectra showing (A) before and (B) after degradation of polymer 3.7.
(CDCl3, 400 MHz)
Figure A4 'H NMR spectra showing (A) before and (B) after degradation of polymer 3.8.
(CDCl3, 400 MHz)
Figure A5 GPC eluogram of Polymer 2.21 after degradation, showing the region used to
determine the molecular weight of the peak maxima. (THF, PS standard).
Figure A6 GPC eluogram of Polymer 3.5 after degradation, showing the region used to
determine the molecular weight of the peak maxima. (THF, PS standard).
Figure A7 GPC eluogram of Polymer 3.6 after degradation, showing the region used to
determine the molecular weight of the peak maxima. (THF, PS standard)
Figure A8 GPC eluogram of Polymer 3.7 after degradation, showing the region used to
determine the molecular weight of the peak maxima. (THF, PS standard).
Figure A9 GPC eluogram of Polymer 3.8 after degradation, showing the region used to
determine the molecular weight of the peak maxima. (THF, PS standard).
Figure A10 Rheological Data from three heat-cool cycles for Polymer 2.21.
Figure A1l Rheological Data from three heat-cool cycles for Polymer 3.5.
Figure A12 Rheological Data from three heat-cool cycles for Polymer 3.6.
Figure A13 Rheological Data from three heat-cool cycles for Polymer 3.7.
Figure A14 Rheological Data from three heat-cool cycles for Polymer 3.8.

Xvi

Preface

133

134

134

135

136

136

138

139

148
150

152

152

154

154

155

155

156

156

156

157

157
158
158
159
159
160
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Chapter 1

Introduction

Polymers make up a significant proportion of the materials that contribute toward modern
society, from packaging to automotive vehicles, smart electronics to water purification, drug
delivery systems to 2D and 3D printing, and from the clothing we wear daily to the body panels
of commercial aeroplanes. This wide range of applications has been made possible by the
development of polymers with new chemical structures, architectures and synthetic methods.
This thesis focusses on the application of polymeric material as adhesives, which are required
in each of the industries mentioned above. Over the past couple of decades, research into
optimising polymeric adhesives resulted in different types of adhesives for many different
situations. The most common types of adhesives include (i) hot-melt adhesives where adhesion
occurs with the polymeric adhesive in the molten state; (ii) pressure sensitive adhesives which
require a small amount of force to adhere the substrates; and (iii) reactive adhesives which
requires a reaction to occur prior to adhesion. These types of adhesives are now explored in the

following sections.

1.1. Adhesives: Commonly used Adhesives and Modes of Adhesion

Adhesives are the oldest of the four joining procedures, with the other three being nuts and
bolts, welding and soldering; the latter processes only perfected in the industrial revolution in
the 19™ century.! In nearly all cases, adhesives will not damage or weaken the substrate during
application, whereas the other methods of joining will. Different types and methods of applying
adhesives have been developed in the past. The history, chemistry and engineering science of
adhesives are covered in the accessible and comprehensive book “Applied Adhesive Bonding:
A Practical Guide for Flawless Results” by Habenicht.! The types of adhesives that are most
relevant to this project are detailed in the following sections, as well as the methods for

mechanical testing used within this project.

1.1.1. Hot Melt Adhesives

Hot melt adhesives are traditional thermoplastics, which become viscous liquids when heated

above their viscoelastic transition, the point where the material changes from the solid to liquid
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state.? Upon cooling to room temperature, the adhesive sets as it solidifies to form the adhered
bond. As this viscoelastic transition region is quite narrow, it can be difficult to apply the hot
melt adhesive before it cools back to a solid. Therefore, adhesion of two substrates needs to be
carried out quickly to avoid wasting the adhesive and damaging the substrate. Commonly, hot
melt adhesives are applied at temperatures between 120 °C and 240 °C.!? Different methods of
applying hot melt adhesives have been developed to elongate the time that the adhesive is in
the liquid state. A common example is seen with a hot glue gun where the adhesive is extruded
through a hot nozzle in the melt above its melt point, providing the user with more time to
adhere the substrates.! Other methods of application of hot melt adhesives include spray

application®* and the use of films.>¢ Different polymer types of hot melt adhesives have been

10-12 13,14

developed, including polyurethanes,” polyesters and polyamides.

There are major advantages of hot melt adhesives over pressure sensitive or reactive adhesives. !
They are solvent free, so no toxic volatiles are released. Hot melt adhesives can be re-melted
after adhesion for repair or decommission of the substrates. In comparison to reactive adhesives
such as epoxy resins, hot melt adhesives are one-component materials reducing production
costs. Finally, even though the short cool time can be a disadvantage, it does allow for rapid
rates of adhesion of the substrates, hence increasing the rates of production in industrial

applications.

1.1.2. Pressure Sensitive Adhesives

Commonly found on adhesive tapes and labels, these polymeric adhesives are tacky at ambient
temperatures.'*'> They require addition of pressure to ensure a strong adhesion to the substrate.
With tapes and labels, the adhesive is either sprayed or rolled to form a continuous sublayer on
the substrate (plastics or paper). The strength of the adhesive can be modified by the addition

of resins or plasticisers to better suit the application.'¢

Some pressure sensitive adhesives allow for the removal from the substrate by peeling or gentle
heating.! Most pressure sensitive adhesives do not leave a residue on one of the substrates after
removal. For the pressure sensitive adhesives that do leave a residue, the residue can be easily
removed with washing. Poly(alkyl acrylates) are commonly used at pressure sensitive

adhesives, for example used in 3M’s Post-it® Notes.!®18
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1.1.3. Reactive Adhesives

Reactive adhesives require a reaction to occur prior to adhesion to occur. The reactants show
no or little adhesion prior to mixing. Two types of reactive adhesives exist, (i) one-pot and (i1)
two-pot reactive adhesives. One-pot adhesives require heat or moisture/air for curing, whereas
two-pot adhesives require two physical chemicals for curing with the possible addition of heat.!
Examples of one-pot reactive adhesives include epoxy resins,'® polyurethanes,?° siloxanes?!' and
cyanoacrylates. Examples of two-pot adhesives include epoxy resins!® (epoxy polymer and
cross linking amine), polyurethanes®? (isocyanate reacting with alcohol), siloxanes®! (reaction
with catalyst), and polyacrylates (reaction between alkyl acrylate and a hardening additive).?
There are disadvantages to using reactive adhesives. Firstly, most of these types of adhesives
contain toxic materials which are harmful and can be costly to dispose of if not used. Secondly,
for two-pot reactive adhesives, a specific ratio of the two parts are required. If the wrong ratio
is used when mixing, then the adhesive may not deliver its optimum performance. In most cases
where reactive adhesives are used, a long duration (>6 hours)! of cure time may be required
before the adhesive reaches its desired strength. Finally, most reactive adhesives form resins
which are intractable crosslinked networks, and hence are not reversible by dissolution or
melting without damaging the substrates. One major advantage to using reactive adhesives is
that high temperatures (>100 °C) are not required which allows these adhesives to be used
where the substrate is prone to damage by intense heating.! Gentle heating (30 — 40 °C) may be

required to reduce curing times.

1.1.4. Solvent Based Adhesives

Adhesives can be transferred to the substrate using a solvent as a carrier. Traditionally, low
boiling point (volatile) solvent were used, although there is a move towards using water based
solvents to reduce the toxicity of the systems. Solvent based adhesives can be either in (i) a
monomeric state, where a reaction must occur during solvent evaporation/removal or (ii) a
polymeric state, where adhesion occurs during solvent evaporation/removal.! The most well-
known example of a monomeric solvent based adhesive is Loctite® Super Glue™ which is
based on cyanoacrylates dissolved in methyl ethyl ketone and where the monomers react with
moisture in the environment to facilitate curing.?* An example of polymeric solvent based
adhesives is polyvinyl acetate, which is dissolved in water for bonding paper, card and woods.?’
A disadvantage of solvent based adhesives is that if the solvent evaporates in the container

because of improper storage, then the adhesive cannot be used and must be disposed of. With
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organic solvent based adhesives, most solvents are flammable and must be stored properly.
Furthermore, upon evaporation of organic based adhesives, volatile organic compounds are
released into the atmosphere which can be hazardous to health.?® With water based adhesives,

the bonding time can be quite long as evaporation of water is slow at ambient temperatures.

1.2. Supramolecular Polymers

Designing adhesives which allow for the efficient disassembly of substrates has been recently
introduced into the field of adhesive research and development. This is becoming more
important with the increasing shortage in natural materials such as rare metals which is drawing
the need to recycle the substrate materials (e.g. electrical components in mobile phones). To
facilitate disassembly of composite structures at the end of their life in order to obtain
commercially important components for recycling, stimuli-responsive adhesives have been
developed. These materials lose their adhesive properties when exposed to an external stimulus.
The aspect of having a reversible adhesive that can debond from its substrates with a stimulus
is advantageous but including a non-reversible property to the adhesive would allow for the
recyclability of the substrates without the need of reactivating the adhesive when the product
has reached its “end of life.” Both reversible and non-reversible adhesives have been developed

in recent years, which respond to stimuli such as heat, light or chemicals.

With reversible adhesives, the use of supramolecular polymers has enveloped the use of
traditional polymers. The introduction of supramolecular interactions into polymer networks
allowed for the design and synthesis of structurally elegant and sophisticated materials.
Supramolecular polymers have become a major research theme in approximately the last 30
years reaching into organic, inorganic and physical chemistries.?”*® Supramolecular polymers
can be defined as “polymeric arrays of monomeric units that are brought together by reversible
and highly directional secondary interactions, resulting in polymeric properties in dilute and
concentrated solutions, as well as in the bulk.”?® As these interactions can be broken and
formed, an association constant (K,) can be determined by experimental methods such as 'H
NMR or UV/visible spectroscopies.’®*! In solution state studies, K, has been shown to be as
high as 10° M"!.3233 With solid state supramolecular polymers, the network predominately relies
on weaker non-covalent intramolecular interactions which readily assemble and dissemble to
form reversible networks (Figure 1.1). These highly dynamic supramolecular polymers not only

rely their strong association strengths, but also on reversible switching with an external
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stimulus. These interactions are readily allowed to switch ‘on’ and ‘off” with the stimulus,

which allows for the polymeric network to strengthen or weaken rapidly.>*

> A ,n_(us":.
AT ¢ o

Oligomers bound by

Telechelic
Supramolecular Interactions

Macromonomeric Units

Figure 1.1 Formation of a supramolecular polymer from low molecular weight monomeric units
bound together with highly reversible supramolecular interactions.

In terms of a stimuli-responsive material, for example a debondable adhesive, the material
shows strong adhesion at ambient conditions. When exposed to an external stimulus, the
interactions dissociate, breaking the supramolecular network, thereby weakening the material
and resulting in adhesive failure. The same stimulus can then be used to increase the strength

of the material. In contrast, a stimuli-responsive non-reversible adhesive cannot regain its

strength when the network breaks down. (Figure 1.2).
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Figure 1.2 The effect of an external stimuli on the polymer network of a reversible and non-reversible
stimuli-responsive polymer.

The major advantage of reversible stimuli-responsive polymers is that they allow for the
recyclability of the material, whereas non-reversible stimuli-responsive polymers produces
waste materials that need to be disposed. Owing to this fact, the use of supramolecular polymers

containing non-covalent interactions and/or dative covalent interactions has greatly expanded

the research into stimuli-responsive materials.
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Within the extensive research carried out on supramolecular polymers, hydrogen bonding*>—’

and 7-m stacking*® have shown to be the most robust interactions for functional materials.*!

d*®42 and electrostatic*® interactions

Other supramolecular interactions include metal-ligan
which have been researched extensively. Contrasting with non-covalent interactions, reversible
dynamic covalent bonds have been used which can also readily break and form with an external
stimulus.** These modes of interactions have different bonding energies (Table 1.1), and result
in a variety of materials with different mechanical properties. These interactions and how they

are used in polymeric materials will be explored sequentially in the following sections.

Supramolecular Interaction or Bond | Bond Energy (kJ mol!)
Hydrogen Bond 10 - 65
n-7 stacking 0-50
Metal — Ligand 0—400
Electrostatic 250
Covalent bond 100 — 942

Table 1.1 Bond energies of supramolecular interactions in comparison to covalent bonds.*>*

1.2.1. Hydrogen bonding in Supramolecular Polymers

Hydrogen bonding supramolecular polymers can be attributed to the discovery of
deoxyribonucleic acid (DNA) by Watson and Crick in 1953* where the nucleotide base pairs,
adenine 1.1 (A), thymine 1.2 (T), cytosine 1.3 (C) and guanine 1.4 (G) are sequenced on the
phosphate deoxyribose backbone. The base pairs bond together by hydrogen bonding (A — T,
and C — G) (Figure 1.3) to form a helical structure. The hydrogen bonds readily break and

reform with another strand during DNA replication.
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Figure 1.3 Watson-Crick hydrogen bonding between the DNA base pairs.
DNA base pairs have been implemented as hydrogen bonding motifs in supramolecular
polymer which show thermal reversibility.*->! However, the design of novel hydrogen bonding
motifs has formed a significant element in the research of supramolecular polymers.>° A

notable example of a strongly bound hydrogen bonding motif is the ureido-pyrimidone group

6
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1.5 (UPy) developed by Meijer, Sijbesma and co-workers®? (Figure 1.4a) which has two
hydrogen bonding donors and two hydrogen bonding acceptors that allows UPy to readily bond
to itself. Further work on this motif introduced a pairing group, the diamido-naphthyridine>
1.6 (Napy) (Figure 1.4b) to enhance the strength of the hydrogen bond. Both groups show
thermal reversibility of the hydrogen bonds in supramolecular interactions. The key advantage
to using UPy and Napy based materials allows for diblock co-polymer systems. This allows for

a range of different properties to be formed from supramolecular polymers.>*3
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Figure 1.4 The ureido-pyrimidone (UPy) motif (A) self-assembling with itself by four hydrogen bonds
and (B) assembling with the diamido-naphthyridine (Napy) motif.

Common functional groups seen in hydrogen bonding motifs are urethanes (carbamates) and
ureas (carbamides), and their use in polyurethanes or polyureas has been extensively researched
in supramolecular polymers.>> Within the past decade, research into varying the strength of the
hydrogen bonding interactions of urethanes/ureas within polyurethanes and polyureas have
been explored. Hayes and co-workers reported that using different weakly associating end
groups on telechelic macromonomers (Figure 1.5) with different strengths and properties which
are dictated by the combination of phase separation and hydrogen bonding.’*®! For example,
utilising the nitro-methoxy functionalised dibenzylamine 1.9 resulted in a material that could
heal at 45 °C.%’ In contrast, use of an amine terminated morpholine 1.7 produced a healable

material at 37 °C, which could be used as artificial skin.®®
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Figure 1.5 Hydrogen bonded supramolecular polymers with different end groups which provide
different chemical and mechanical properties.

Recently, the introduction of thioureas 1.12 into supramolecular polymers has provided strong
materials with reversible properties at room temperature.®*%> Conventionally, hydrogen
bonding from ureas perform linear stacking of the supramolecular polymer. Thioureas show
bent stacking (Figure 1.6) which was demonstrated by Aida and co-workers as a glass type
material that can be healed at room temperature.®* This type of material would be highly useful
in the technology industry, in particular the mobile phone industry where glass screens are
broken every day. A healable glass would reduce production costs and material waste, as spare

glass screens do not need to be produced or thrown away after cracking.

Urea Thiourea
R ’:b‘;
a M n
| |
R 0 Rotate Rotate
N G L 90°
R o
L H H

1.12 1.13
Figure 1.6 Stacking of thiourea moieties in comparison to urea moieties in hydrogen bonding
materials, showing the bent stacking of the thioureas. R = poly(ethylene glycol).

1.2.2. Aromatic n-x stacking interactions in Supramolecular Polymers

Aromatic m-m stacking interactions in supramolecular polymers have been explored thoroughly

throughout the history of supramolecular interactions to create reversible materials with

8
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switchable properties.*’ Strong interactions have been shown using a two-part mixture, one
material contains a m-electron poor group and the other contains a m-electron rich group, which
together yield a strong reversible polymer.®> This has been explored by Iverson,®
Stoddart,°”%® and many others.®>>’" At the University of Reading, within the Colquhoun, Hayes
and Greenland groups, the use of the n-electron poor naphthalene diimide and m-electron rich
pyrene moieties which interact with each other and have been used for many applications and
materials, including the elegantly designed “Roman Handshake” material 1.14 (Figure 1.7a).”!
Examples of materials using the same m-m stacking moieties include thermally healable

7276 2D printable inks of different colours,”” and explosive detectors.”®

materials,
Supramolecular crosslinking was also achieved using this method, which is highly reversible

in comparison to traditional covalently crosslinked materials.”’

1.14 1.15

Figure 1.7 n-n stacking of (4) two tweezer type molecules that self-assemble in a “Roman
Handshake” configuration and (B) of the m-electron poor naphthalene diimide (blue) and w-electron
rich pyrene (red) moieties used in healable supramolecular polymers.

1.2.3. Metal-ligand interactions in Supramolecular Polymers

Also known as metallo-supramolecular polymers, these materials offer organic/inorganic
properties that are widely required for technological applications where high conductivity is
required.*>* These materials usually have terminal ligands, which readily dissociate from their
counter metal ion when a competitive counter ion or solvent is added to the material (Figure
1.8).” Commonly used ligands have either a pyridine and/or pyrrole functional groups, which
can bind to metal ions.®3* For example, the pyridine/benzimidazole ligand 1.16 that is capable
of reversible metal-ligand interaction upon stimulation with UV light. The use of the tridentate
ligand terpyridine has been researched extensively as it interacts readily with metal(II) ions
such as Fe(I), Zn(II) Co(II) and Cd(II).”” The wide range of ligands allow for many different

materials to be produced and for many new materials to be developed in the future.
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Figure 1.8 Telechelic macromonomers with terminal ligands that form metal-ligand interactions with
a metal ion, as shown by Weder and co-workers.®

1.2.4. Electrostatic interactions in Supramolecular Polymers

798689 rely on the coulombic

Supramolecular polymers containing electrostatic interactions
interaction of the opposite charged groups or species, which can readily be changed by varying
the nature of the counter ions or functional groups. In most cases, however, the functional
groups within the material are charged themselves (e.g. the zwitterion effect of a carboxylic
acid and amine which readily interact with each other).” Although, ion-ion interactions exhibit
the strongest interaction (ca. 200 — 300 kJmol™),”® dipole-dipole interactions show the most
potential with supramolecular polymers as they allow for directional assembly of interactions
within the material. This assembly mode was shown by Huang and co-workers (Figure 1.9),
where their use of carboxylic acids on a crown-ether 1.17 interacting with a charged bipyridyl

unit allows linking through the crown ether ring to form a pH responsive gel 36!

o 8] (o] (o] 0
n 0 0 0 o 0
N NN N
ONJ o , 147
Telechelic Monomer  Crown ether Bipyridyl
ring Terminal Group

Figure 1.9 An example of a supramolecular polymer relying on electrostatic interactions, as shown by

Huang and co-workers.?*!

1.2.5. Dynamic-covalent bonds in Reversible Polymers

Covalent bonds are much stronger that non-covalent interactions (Table 1.1) and hence are
difficult to break. To counter this, dynamic covalent bonds have been developed which are able

to reversibly break and form with an external stimulus.”?** Dynamic covalent bonds still require

10
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higher energies to change the break/form equilibrium than non-covalent supramolecular

interactions, but offer stronger mechanical properties while retaining reversibility.*

A well-studied dynamic covalent system is the use of the Diels-Alder cyclisation of a furan
1.18 and maleimide 1.19 moieties.”* These moieties have been shown to cyclise at room
temperature®® but require temperatures higher than 60 °C to undergo a retro Diels-Alder

cyclisation (Scheme 1.1).4+97%

(o]
2 hours 12 days é
o J_
60 300 °C
o) 1 -5 hours

1.18 1.19

Scheme 1.1 Cyclisation of the Diels-Alder adducts, furan and maleimide at room temperature and
retro Diels-Alder reaction at elevated temperatures. The bonds in red denote the new dative-covalent
bonds formed during the cyclisation.

Another Diels-Alder system formed from the cyclisation of dicyclopentadiene has been
reported, which requires elevated temperatures (>170 °C) to dissociate the two adducts allowing
for greater thermal stability.!%%!%! Similarly, the Diels-Alder cyclisation of cyclopentadiene and

pyridine terminated polymers affords a thermally reversible material.!??

A commonly used photo-induced cyclisation moiety is anthracene 1.21, which cyclises readily
to form a dimer 1.22 at ~365 nm and dissociates to anthracene 1.21 again at ~254 nm (Scheme

1.2).103,104

— 3
Oe > 365 nm \/ /)
= 254 nm 7.
PP , 2« 7
1.21 1.22

Scheme 1.2 Reversible dimerisation of Anthracene moieties under UV light. Red bonds show newly
formed dynamic covalent bonds.

In contrast to cyclisation, the use of the reversible disulfide bridges 1.23 (Scheme 1.3a) has
been explored. The disulfide bridge is thermally stable under ambient conditions, and is broken

by heating or UV light.!%1%7 Similarly, alkoxyamines 1.25 work in the same manner (Scheme

11
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1.3b).1% Conversely, the recent introduction of dative boroxine!® and boron-nitrogen bonds!!°

1.29 have produced supramolecular polymers that are readily reversible (Scheme 3c).

A B
>60 °C o, ‘0l
N N 60 - 100 °C . N
v s—sTY v se Y &( — ’H
>60 °C Ph P Ph o
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1.23 1.24 1.25 1.26
Cc

—
/i
— 0 NN L
N
3—@N Ar—8 — A
(o] Ar O
1.27 1.28 1.29

Scheme 1.3 Reversible dative-covalent bonds of (A) a disulfide bridge, (B) an alkoxyamine bond and
(C) a boron-nitrogen bond. Bonds in red indicate the reversible dative-covalent bond.

Supramolecular interactions allow for reversibility in supramolecular polymers. The use of
supramolecular interactions in stimuli-responsive adhesives has increased within the past

decade, and examples are now detailed.

1.3. Stimuli — Responsive Adhesives and Materials

Stimuli-responsive polymers change chemically and/or physically when treated with an
external stimulus. With stimuli-responsive adhesives, also known as “debond-on-demand
adhesives”,'!! the polymer network is broken, causing the strength of the adhesive to weaken
and allowing the user separate the substrates previously bonded. Two types of stimuli-
responsive adhesives exist: (i) reversible adhesives (ii) non-reversible adhesives which change

physically and/or chemically but their original properties do not return.

Throughout the development of stimuli-responsive polymers and adhesives, different external
stimuli have been explored. The most common stimulus used is heat, which can provide enough
energy to break the supramolecular interactions in stimuli-responsive materials.””!!%113
Furthermore, the introduction of nanocomposites, which absorb heat and reradiate the energy
locally, has expanded the research on thermally responsive materials.!'* The recent introduction
of graphite and graphene in polymer nanocomposites has resulted in thermally expandable
materials to induce debonding.!'>!'® Another stimulus used successfully is the use of light to
break supramolecular interactions, which has gained greater interest in recent years because of

the advancement in technology within the past decade.'®*!'” Chemical stimuli have recently

shown remarkable results with stimuli-responsive materials, and generally used in conjunction
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with either of the two previous stimuli to give multi-stimuli responsive materials.!'®!!® An
exploration into how these stimuli affect the supramolecular network and they effect the

properties of the material are discussed in the following sections.

1.3.1. Thermally Responsive Adhesives and Materials

Thermal stimuli have been used extensively with supramolecular polymers as nearly all of the
supramolecular interactions mentioned above respond to thermal treatment. For example, Long
and co-workers synthesised a series of UPy functionalised polyacrylates 1.30 which showed
adhesion to glass substrates (Figure 1.10a).!?° Higher loadings of the UPy group afforded
stronger adhesion. In a similar fashion, Long and co-workers also showed the use of adenine
1.31 and thymine 1.32 functionalised two-pot polyacrylate adhesives (Figure 1.10b).!2!:122

These materials showed thermal reversibility of adhesion at 80 °C.

)\ : : J
Figure 1.10 The hydrogen bonded supramolecular adhesives of (A) UPy functionalised and (B)

adenine-thymine functionalised polymethacrylate co polymerised with polybutacrylate developed by
121,122

Long and co-workers.
Hayes and co-workers reported the synthesis of a polyurethane/urea adhesive terminated with
morpholine groups 1.7 (Figure 3) that could bind to skin tissue at temperatures as low as 37 °C
(skin surface temperature).® Similarly, Bosman and co-workers showed the synthesis of a UPy
terminated siloxane 1.33 that adhered to glass at 120 °C, and held a 1 kg weight for 24 hours
without breaking.!** The adhesive could be re-adhered at 120 °C and was shown to have the
same adhesive properties (Figure 1.11). In both cases, a one-pot synthetic procedure was used

to make the telechelic adhesives. This aspect of their generation is highly advantageous for
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industrial applications, saving time and money, while keeping the synthesis simple even at large

scales.

1.33

Figure 1.11 UPy functionalised polysiloxane used as an adhesive that is thermally reversible at
120 °C.'%

Dynamic covalent supramolecular adhesives that are thermally reversible have also been
explored. As mentioned previously, the use of the Diels-Alder adducts furan 1.18 and
maleimide 1.19 have been used extensively in reversible supramolecular polymers, and in
adhesive materials. An example of their use is seen in the work by Aubert,”” where furfuryl
glycidyl ether 1.35 and bisphenylene bismaleimide 1.34 were synthesised and linked together
by a Diels-Alder cyclisation before reacting the epoxides with an amine terminated polyether

1.37 to form a thermally reversible epoxy based adhesive (Scheme 1.4).

o o o o}
\ A )
\ /
(o} (o]
Bisphenylene bismaleimide 1.34 Furfuryl glycidyl ether 1.35

.

Scheme 1.4 Thermally reversible adhesive designed by Aubert relying on the Diels-Alder adducts.”’
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In a similar fashion to Aubert, Fisher and co-workers showed the use of a furfuryl alcohol as a
terminal group of a polyester (similar structure to Figure 1.5).!2* This macromonomer was used
with the biphenylene bismalemide 1.34 (Scheme 1.4) to produce a series of adhesive polymers
of different molecular weights, which shows breaking of the dynamic covalent bond at ca. 120
°C and reformation at ca. 80 °C. Similar results were seen with polysiloxane based materials by

Feng and co-workers with reversible adhesion to glass at 120 °C.1%

Rowan and co-workers showed the use of a reversible disulfide bridge within the cross-linked
polymer network of a co-polyether polyester material.!?” Interestingly, a two-stage adhesion
process was evident where the crystalline material was applied to a glass substrate at 80 °C,
which disforms the crystalline network of the material to amorphous network with intact
disulfide bridges. To enhance the adhesion strength, the sample was heated to 150 °C using a
high powered UV light source, which breaks the majority of the disulfide bridges and causes
the material to flow into the surface imperfections (Figure 1.12). The second heating stage was
also used to debond the glass substrates and could be rebonded by heating the sample again
with the high-powered UV light (2000 mW/cm?). An interesting side property acquired from
the breaking and reforming of the disulfide bridges is shape memory. The polymer was adhered
between two glass slides, heated until viscous, and the glass slides were twisted before allowing
to cool. Reheating the sample allowed the glass slide to return to their original positions, and

this process was repeatable thus proving the shape memory effect.

.
.
.
. L
.
.
.
.

A (150 °C)
ﬁ .
UV Light

Figure 1.12 Two stage adhesion of a thermally reversible polymer containing disulfide bonds

developed by Rowan and co-workers.'"’ The material is semi-crystalline at room temperature, and
after heating at 80 °C the crystallinity is lost. Further heating at a higher temperature breaks the
disulfide bonds, giving stronger adhesion as the viscosity drops allowing complete binding to the
substrate.

Localised thermally bonding adhesives using metal nanoparticle composites have been shown
to have quicker bonding times in comparison to traditional heating of the adhesive.'?*"1?° This

method of adhesion is possible by the incorporation of magnetic nanoparticles into the polymer
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network, which can be heated by applying a high frequency oscillating magnetic field via an
induction generator. However, reversing this method to induce debonding has rarely been
reported. Bowman and co-workers utilised the Diels-Alder bismaleimide 1.34 (Scheme 1.4)
with a trifunctional furan end capped polyether form a reversible cross-linked material
imbedded with chromium nanoparticles.!'* Upon treatment with an induction generator, the
material exhibited viscous like nature at ca. 110 °C within 150 seconds. Ramanujan and co-
workers synthesised manganese-zinc-ferrite nanoparticles and imbedded them into a
poly(ethylene-co-vinyl acetate) material which showed multiple break-heal cycles without loss
of strength.!*® They also showed the use of the material adhered to wire as a healable coating,
showing its possible industrial applications. Recently, Greenland and co-workers showed the
use of iron nanocomposites imbedded in a supramolecular hydrogen bonded polymer, which
showed rapid (<1 min) debonding of glass substrates with an induction generator (Figure 1.13).

The material also showed adhesion to metals, woods and plastics.!?!

Induction Heating

Bonded Substrates Debonded Substrates

AV V= -
l&d Al”

Polymer Hydrogen Bonding . Metal = Heated Metal ,” 7. Electromagnetic
«\N\® Backbone End group Nanoparticle Nanoparticle ‘\ o/ Field

Figure 1.13 Iron nanocomposite debond-on-demand adhesive developed by Greenland and co-
workers."3! The hydrogen bonded supramolecular network falls apart when exposed to an induction
generator, which causes localised heating of the iron nanoparticles.

A simple method for thermal debonding of adhesives is to use thermally expandable particles
dispersed into the polymer network. Banea and co-workers used commercially available
microcapsules provided by AzkoNobel and embedded them in either in a polyurethane or two-
pot epoxy resin; both of which are commercially available adhesives.!!®!32 The particles, which
contain air, expand when heated to high temperatures (>200 °C) using an induction coil heater.
Lower temperatures (100 — 150 °C) could be used, however, debonding time and strength were
greater than the when higher temperatures were used. Similarly, Hutchinson and co-workers
embedded compressed graphite within polyurethane or epoxy based adhesives.!'> When heated

to 235 °C in an oven, the adhesive expanded allowing the bound substrates to fall apart.
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One interesting approach to localised heating of debond-on-demand adhesives was shown by
Weder and co-workers, where they used a similar telechelic macromonomer shown in Figure
1.5 but with a UPy functionalised polybutadiene that was blended with the UV responsive
triazole Tinuvin 326 1.38 (Figure 1.14).3° This UV responsive group absorbs light to produce

heat, which in turn cause the dissociation of the hydrogen bonds at ca. 70 °C.

HO

N

=\
/C[ "

4

cl N

1.38

Figure 1.14 Tinuvin 326, a UV responsive group that absorbs UV radiation and releases thermal
energy for localised debonding of hydrogen bonded supramolecular adhesives.*

The material showed reversible adhesive properties without loss of strength both light induced
heating and thermal stimuli. Weder and co-workers extended their work further on this
approach, taking a similar material to Long and co-workers'?° (Figure 1.10b) with the addition
of a hexamethylene diisocyanate linker to give a polyurethane-urea mix to enhance hydrogen
bonding.!** This material also showed thermal reversibility as an adhesive, both with and
without the triazole UV-absorber 1.38. This interesting and simple approach shows great
promise and should produce a variety of light induced thermally responsive adhesives and

polymeric materials.

Weder and co-workers also synthesised a benzimidazoyl pyridine ligand as an end group to a
hydrogenated polybutadiene telechelic macromonomer 1.39 (Scheme 1.5).5° When bound to a
zinc(Il) ion, the macromonomer forms a supramolecular chain extended polymer 1.16. The
ligands show similar structural properties to Tinuvin 326 1.38, and when exposed to UV light,
the energy is converted to thermal energy which causes dissociation of the metal-ligand
interaction. Under standard conditions, the material shows adhesive properties which debonds
from its substrates upon exposure to UV light. After removal of the UV light, the metal-ligand
interactions reform, and the original strength of the material returns. Kumpfer and Rowan used
the same ligand for europium metal-ligand supramolecular polymer for localised heating by

UV irradiation. '3
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1.39 1.16

Scheme 1.5 Telechelic macromonomer relying on metal-ligand supramolecular interactions to form
debond-on-demand adhesive. The ligands radiate thermal energy when exposed to UV light, which
dissociate the metal-ligand interaction, weakening the adhesive material.*°

In the examples above, UV light was used as an energy source to heat the samples to induce
debonding of the adhesive. The following section explores the use of UV light as a stimulus to

induce debonding of adhesives without heating.

1.3.2. Light Responsive Adhesives and Materials

A light responsive material is one that changes physically and/or chemically with a light source
without expelling another source of energy. Throughout the history of stimuli-responsive
materials, there are common functional groups that appear in light responsive materials. There

are two subsections to light or UV responsive adhesives: (i) reversible and (ii) irreversible

groups 135,136

One commonly used example of a reversible UV responsive functional group are azo-
containing motifs. Two different methods of using azo-containing motifs exist that respond to

135,137-141

UV light: (i) aromatic azo-containing motifs which switch between trans- to cis-

stereoisomers and (ii) aliphatic azo-containing motifs®>!4!

which break forming molecular
nitrogen and radicals. As the bond is breaking in aliphatic azo-containing materials, the material

loses strength after irradiation but cannot regain it.

Aromatic azo-containing motifs, or azobenzenes, have been extensively used in UV responsive
polymers.'3> Azobenzene derivatives undergo switching of trans-isomers to cis-isomer which
causes a shortening of the overall length of the moiety (Scheme 1.6) from ~9 A (trans-isomer)
to ~5.5 A (cis-isomer). The isomerism can be reversed with visible light or thermal

stimuli.!3>141
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Scheme 1.6 Switching of azobenzene moieties with UV light, which are reversible with visible light or
temperature.

By switching the between the two isomers, the properties of the materials can be reversibly
altered. An example of the use of azobenzenes residues in non-adhesive UV responsive
materials are seen in shape memory materials. Developed by Kessler and co-workers,'#* this
azobenzene containing epoxy resin was folded into a cube using thermal shape programming.
On application of a UV light source, the box unfolded and refolded quicker (35 s) than with a
thermal stimulus (60 s) and without the need of heating to temperatures above 85 °C. This shows

the vast possibilities of using a light stimulus over thermal stimuli.

143 showed the use of an azobenzene as chain extender

Recently Staubitz, Gorb and co-workers
with poly(dimethylsiloxane) and bonded the material to a sapphire glass sphere in an atomic
force microscope (AFM). Under UV radiation, the polymer showed reversible adhesion to the
substrate without loss of strength (0.73 mN (bonded) to 0.27 mN (debonded) to ~0.70 mN

139,140,144 showed a series of different azobenzene adhesives,

(rebonded)). Kihara and co-workers
some of which turned from solid to liquid when irradiated at a wavelength of 365 nm, before
being turned to a solid material again when irradiated at a wavelength of 520 nm allowing the
glass substrates to debond from one another. This phase transition allowed for UV curing of the

adhesive, which showed adhesion strengths twice as strong as thermal curing.

A reverse approach to debondable adhesives was shown by Harada and co-workers with their
azobenzene functionalised glass surface.!*> With the azobenzene groups as the trans-isomer,
the cyclodextrin based hydrogel adhesive would strongly adhere to the glass substrate.
Switching the azobenzene to the cis-isomer by UV irradiation meant that the cyclodextrin ring
could not bind to the azobenzene groups and hence the hydrogel adhesive does not adhere to
the glass surface. This is a reverse approach to debondable adhesives as the surface properties
are changed to causes debonding rather than the adhesive itself. The disadvantage to this
method is that the surface needed to be functionalised prior to adhesion, and must have reactive

groups that will allow for the attachment of the azobenzene groups.
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Aliphatic azo containing compounds break down to tertiary carbon-radicals and molecular
nitrogen. An example of this has been reported by Weder and co-workers®> with an organogel
based adhesive 1.42. The poly(vinyl alcohol) organogel was crosslinked with an aliphatic azo
group (Scheme 1.7). Upon radiation with UV light, the material depolymerises after 30 seconds
as proven with gel inversion tests. Furthermore, when two glass substrates were adhered with
the organogel, the sample was able to hold a 200 g weight for over 6 months under ambient
temperature and light conditions. This shows that the polymer is only selective to UV light
between 320 — 390 nm. The disadvantage to this system is that it is irreversible as nitrogen is
evolved, so the adhesive strength cannot be regained in comparison to the azobenzene systems

discussed earlier (see Scheme 1.6).
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Scheme 1.7 Irreversible depolymerisation by UV light irradiation of an aliphatic azo containing
organogel based adhesive.*®

As described previously in Section 1.2.5., employing the use of the dimerisation of anthracene
has been extensively researched with reversible materials. Akiyama and co-workers developed
a hexavalent anthracene polymer using D-sorbital as the backbone.!®> Upon UV irradiation at
405 nm, the viscous liquid formed a thin film as a result of crosslinking (Figure 1.15). Applying
the viscous liquid to glass substrate was aided by the addition of a plasticiser (dibutyl phthalate)
to insure a good contact and spread between the two glass substrates. Irradiating the sample
with UV light showed strong adhesion at approximately 3 MPa. However, Akiyama stated that
as the glass broke just above 3 MPa, it was inconclusive as to how strong the actual adhesive
would be. Nevertheless, Akiyama showed that heating to >180 °C broke the anthracene adduct

to facilitate debonding of the substrates.
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Figure 1.15 Dimerisation of a hexavalent anthracene based cross linked adhesive.

Another example of an anthracene functionalised polymethacrylate based adhesive was
developed by Chung and co-workers which showed strong adhesion after 60 seconds of UV
irradiation.'® An interesting approach to using anthracene in reversible adhesives was shown
by Saito and co-workers!!” who developed a dendritic system with a bent bis-anthracene core
1.45 (Figure 1.16). In comparison to the previous anthracene examples, dimerisation of the
anthracene moieties caused debonding by disrupting the polymer network. The pristine material
is an organogel with liquid crystalline properties as a result of n-n stacking interactions between
the anthracene residues; and therefore, shows strong adhesive properties. A result of this liquid
crystallinity is that the polymer must be melted at 70 °C before irradiation with UV light at 365
nm to facilitate dimerisation. Upon UV radiation, the anthracene dimerises and the crystallinity
of the polymeric network breaks to form a viscous oil. This, in turn, causes the adhesive to fail
and allow the glass substrates to debond. Furthermore, by reversing the dimerisation with high

temperatures (160 °C), the polymer regains it liquid crystalline and adhesive properties.

Liquid Crystalline Network 1.45 Viscous Oil 1.46

Figure 1.16 Dimerisation of a bis-anthracene organogel allows for strong adhesion when pristine,
and weak adhesion upon irradiation with UV light.
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Another photo-reversible functional group used for reversible polymers are coumarins (1.47)
which undergo a 2+2 photocycloaddition at ~300 nm and retro-cycloaddition at ~ 290 nm.
(Scheme 1.8). An example of coumarins used in reversible adhesives was shown by Love and
co-workers who attached the coumarin to a poly(ethyl-co-ethylhexyl)acrylate as terminal
groups'® in a similar fashion to the groups work described in Figure 1.10b.°%1?° The adhesive
polymer showed pressure sensitive adhesive properties, which when irradiated with UV
produced a cross linked gel. This caused the peel strength of the adhesive to reduce from

1.62 MPa to 0.05 MPa when adhered between a Mylar™ film and silicone release liner.

o
¥ v, >300 nm “{ O O \#

h , <290 nm

o o (o]
1.47 1.48

Scheme 1.8 Reversible dimerisation of coumarin groups used in photo-responsive pressure sensitive
adhesives.

In comparison to the previous examples, light stimuli has been used with photosensitive
protecting groups,'*® which in turn have been used as irreversible depolymerisable groups
incorporated in polymer backbones. One example of an irreversible depolymerisable group is
the use of an o-nitrobenzyl (ONB) group 1.49, which has been incorporated into UV degradable
materials since their introduction as a UV cleavable protecting group in 1966 by Barltrop and
co-workers.'*” The ONB’s undergo hydrogen abstraction from a nitro radical anion 1.50 formed
by UV irradiation. The group breaks down to form an o-nitroso-benzyl aldehyde 1.53 and

releases the hydroxyl terminated substituent (Scheme 1.9).
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Scheme 1.9 Mechanism of the degradation of the ONB under irradiation with UV light.'¥

Examples of materials containing ONB’s include microcapsules, sensors, and organic semi-
conductors. In terms of adhesives, Long and co-workers incorporated ONB’s into a polyester
backbone 1.54 (Scheme 1.10).'*® Adhesion of the glass substrates was carried out by solvent
removal. In solution state, the supramolecular network is disordered and allowing the solvent
to evaporate slowly reorganises the strong network to form an adhesive material. The adhesive

showed a drop-in fracture energy from ca. 3.4 J/cm? to ca. 1.6 J/em?.
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Scheme 1.10 Depolymerisation of an irreversible UV responsive polyester containing ONB’s within
the polymer backbone. (B) shows the mechanism of the degradation of ONB with UV light.'*

Kim and Chung reported an ONB functionalised methacrylate 1.56 adhesive, in which the ONB
group was employed as a cross linker within a polymethacrylate material (Figure 1.17).1%
Adhesion was carried out by addition of water to the polymer paste, which was adhered between
two Mylar™ film strips. Adhesion strengths decreased from 341 kPa to 223 kPa after 30

minutes and then to ca. 150 kPa after 3 hours.
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Figure 1.17 Polymethacrylate based adhesive functionalised with an ONB cross linker for irreversible

adhesion.'¥

1.3.3. Chemoresponsive materials

Chemoresponsive materials which respond to contact with chemicals have existed for many
decades, with the most common method of changing the physical properties of the material by
changing the pH of a chemoresponsive functional group (CFG).8713%152 Altering the pH of the
CFG is a reversible reaction and has been shown with reversible adhesives as exemplified

below.

Keddie and co-workers reported the use of an acrylic acid pressure sensitive adhesive, which
when exposed to basic pH conditions causes the deprotonation of the carboxylic acid.!” This in

turn causes the hydrogen bonding network of the acrylic acid to break down and allows the
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adhesive to easily peel away. Lapitsky and Lawrence presented the use of an ionic hydrogel
adhesive formed from the ionically cross-linked poly(allylamine) with pyrophosphate and
tripolyphosphate.!>> Addition of sodium chloride caused adhesion to glass and Teflon

substrates, which could be reversed by the addition of acid.

However, employing the use of a non-reversible CFG within an adhesive has not been
extensively researched. Using a non-reversible CFG will allow for the irreversible
depolymerisation of the polymeric network, hence allowing for a debondable adhesive. Phillips
and co-workers showed the first chemo-responsive debond-on-demand adhesive.!'” They
incorporated a tert-butyldimethylsilyl (TBS) protecting group (blue, Scheme 1.12) developed

2154

by Corey and Venkateswarlu in 197 into a benzyl ether CFG and a benzyl carbonate CFG

(Scheme 1.11).
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Scheme 1.11 The two degradable groups designed by Phillips and co-workers which selectively
119

Benzyl carbonate
Degradable Group 1.59

respond to fluoride ions.

The degradable groups were terminated with norborane rings. When reacted with a norborane
terminated ester monomer 1.61 in the presence of Grubbs 2" catalyst, the monomers cross link

to form an adhesive (Figure 1.18).
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Figure 1.18 Formation of a fluoride responsive crosslinked adhesive.

The adhesive can debond from its substrates upon addition of a fluoride source, which cleaves
the TBS group to form a phenoxide ion. This in turn causes the intramolecular flow of electrons
through the CFG, resulting in the breakdown of the esters or carbonate groups and thereby the
crosslinked material. This type of breakdown is called a self-immolative breakdown, and was
first developed by Shabat in 2008.!33156 The adhesive formed from the benzyl ether cross linker
showed a reduction in adhesive strength by ca. 90 % (ca. 0.33 MPa to ca. 0.03 MPa) after 30
minutes in a fluoride bath. Increasing the value of n of the benzyl ether cross linker (Scheme
1.11a) increases the cross-linking density and hence increased the strength of the adhesive.
However, there are drawbacks to this system. Firstly, eleven steps were required to make the
CFGs 1.57 and 1.59 and hence would be difficult to generate an adhesive based on this
technology that is commercially viable. Secondly, although crosslinking increases the adhesive
strength of the material, increasing the crosslinking density reduces the permeability of solvent
through the material and hence degradation takes longer to reach a debondable state. Finally,
as the material must be cross linked for adhesion to occur, the polymer must be made
immediately prior to use and hence cannot be stored for later use. On the other hand, the
selectivity of the adhesive to fluoride ions only is a desirable property and could lead to a variety

of different materials and sensors in the future.

With the different types of adhesives outlined in section 1.1 and the alternative methods of
causing debonding described in section 1.3, the following sections explore the common

methods of testing the mechanical properties of adhesives.

1.4. Mechanical Testing of Adhesives

When adhesives are tested, the user is seeking to determine the maximum force that can be
applied to the adhered substrates before breaking. After breaking the adhesive bond, the tester
also notes how the adhesive behaved during breaking; specifically, how the adhesive failed.

There are three ways that an adhesive can fail"-!>"!*¥ (Figure 1.19):
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(1) Adhesive failure - where the adhesive peels away from one of the substrates without
leaving any residue;

(i) Cohesive failure - where adhesive has broken completely and left residue on both
substrates without any gaps;

(111) Both adhesive and cohesive failure - where the adhesive has broken completely and left

residue on both sides with gaps.

x » » x
e
Adhesive Failure Cohesive Failure Both Adhesive and

Cohesive Failure

Figure 1.19 The three different types of failure that occurs to adhesives when broken. Adhesive is
shown in red and substrates shown in grey. Arrows indicate where the adhesive remains on the
substrates.!

Adhesive failure suggests that the method of curing was imperfect. For example, if a hot melt
adhesive was only heated to 80 °C when it should have been heated to 120 °C, adhesion failure
occurs. Cohesive failure occurs when the strength of the adhesive material is weaker than the
strength of the adhesive bond between the adhesive and substrate. This would be the ideal
situation for adhesive testing as this shows excellent adhesion to the substrates and the bond
should not fail under normal conditions. Both adhesive and cohesive failure is an improvement
on adhesive failure alone as some material has shown proper adhesion; however, improper
curing of the adhesive (i.e. correct temperature but curing time was too short) has resulted in

reduced performance.

Different methods have been developed for adhesive testing. According to the American
Society for Testing Materials (ASTM) database which holds the international standards for
mechanical testing, there are 129 different standard procedures developed to test adhesives (as
of April 2018).'> This vast range of different procedures have been developed to counter the
vast variety of different applications and different types of adhesives. For example, 27 standards
have been developed alone for testing adhesives bonded to wood. Other tests include bonding
metals (from copper and aluminium to steel and alloys) and testing the bond strength of liquid

and solid adhesives or testing tapes and labels.
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Out of the immense variety of procedures for adhesive testing, two tests are commonly used;
(i) lap shear'®® and (ii) butt-tensile!é! adhesion testing. Lap shear adhesion tests uses two
rectangular substrates of the same size that are overlapped with one another (Figure 1.20) with
the adhesive bonded in between. The two substrates are bonded linearly and pulled at a constant
rate until the adhesive bond shears. The force required to break the bond is recorded and

converted to the lap shear modulus which considers the surface area of the adhered samples.

Lap Shear
Substrate

Force at break of adhesive bond (N)
cross sectional areal X w (mm?)

Figure 1.20 Lap shear adhesive test where two rectangular lap shear substrates are adhered together
with an adhesive before being pulled apart by force.

Lap Shear Modulus (MPa) =

Butt-tensile adhesion testing takes two cylindrical substrates of the same size and adhered
together end-on-end with the adhesive (Figure 1.21). The two substrates are pulled at a constant

rate until the bond fails.
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Figure 1.21 Butt-tensile adhesive test where two cylindrical substrates are adhered together with an
adhesive before being pulled apart by force.

In comparison, the butt-tensile test explores the effect of applying tensile stress on the adhesive;
whereas the lap shear test explores the effect of applying shear stress on the adhesive. This is
important when testing the adhesive with a substrate material that is stronger. For example,
when two pieces of metal are bonded, in a butt-tensile test the adhesive is the weakest point of
the sample and failure will occur at the adhesive. However, when two pieces of metal are

bonded in a lap shear test, the adhesive and substrates exhibit equal amounts of stress.
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Therefore, if the adhesive is stronger than metal substrate, then the metal will break before the

adhesive does.

These two methods of adhesive testing are the simplest to carry out yet can provide a significant
quantity of data relating to the mechanical properties of the adhesive. Hence, the adhesive

polymers designed and produced in this thesis will be tested using these two methods.

1.5. Project Aims

The field of debond-on-demand adhesive has grown extensively over the past decade. Although
thermally stimulated debondable adhesives have been extensively studies, they provide the
most opportunities when developing reversible debondable adhesives. Therefore, polyurethane
networks with thermally reversible supramolecular hydrogen bonding motifs will be used for

the backbone of the polymer network.

Although thermal reversibility is a major advantage to debond on demand adhesives, not all
industrial cases require reversible adhesives and the need to completely break down the
adhesive is required. Therefore, this project focuses on the design and synthesis of a simple
degradable groups incorporated into a polyurethane backbone. To ensure our work was suitable
for industrial applications, we aimed to complete the following objectives: (i) develop
degradable groups that are simple to synthesise on large scales from as little as reactions
possible; (ii) ensure quick and efficient depolymerisation rates when incorporated into a
polyurethane backbone; (iii) allow for thermal reversibility of the adhesive for debonding-

rebonding properties (Chapters 2 and 3).

The crosslinked functionality of the adhesive reported by Phillips and co-workers does provide
extra strength to the adhesive.!'” Therefore, keeping with the first two objectives as before, a
crosslinking degradable group will be designed. The crosslinking group will first be reacted
with an isocyanate terminated pre-polymer to provide a two-pot crosslinked polyurethane
adhesive (Chapter 4). The other method would be to use the crosslinking group as a core to
‘grow’ polyester arms from which would have terminal alcohol groups. This star shaped
material could then be cross linked with a diisocyanate in a two-pot method to form an adhesive.

(Chapters 5).

Finally, using the results of the chemo-responsive degradable group developed in Chapter 2, a
novel UV-responsive group will be designed and synthesised, which will allow for the

depolymerisation of a linear polyurethane (Chapter 6).
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Chapter 2

Fluoride Degradable and Thermally Debondable Polyurethane
based Adhesive

This chapter has, in part, been published by the author as a research article entitled “Fluoride
degradable and thermally debondable polyurethane based adhesive” by T. S. Babra, A. Trivedi, C. N.
Warriner, N. Bazin, D. Castiglione, C. Siviour, W. Hayes and B. W. Greenland, Polym. Chem., 2017,
8, 7207-7216.”

Note of Contribution: A. Trivedi carried out the rheological (Figure 2.6) and dynamical mechanical
analysis (Figure 2.7) at the University of Oxford supervised by Professor C. Siviour. T. S. Babra carried
out all other work detailed below. C. N. Warriner, N. Bazin and D. Castiglione were industrial
supervisors from AWE Plc. Professor W. Hayes and Dr B. W. Greenland were supervisors at the
University of Reading.

Abstract

In this chapter is reported the one-pot, solvent free synthesis of a stimuli-responsive
polyurethane (PU) adhesive. The hard domains within the supramolecular PU network contain
a silyl protected phenol ‘degradable unit’ (DU). The DU undergoes rapid decomposition (<30
minutes) upon treatment with fluoride ions which causes depolymerisation of the linear PU
adhesive. The mechanism of depolymerisation was investigated in solution using 'H NMR
spectroscopy by following the degradation of the polymer in the presence of fetra-
butylammonium fluoride (TBAF). In the absence of fluoride ions, the material behaves as a
typical thermoplastic adhesive, and underwent four adhesion/separation cycles without loss of
strength. The fluoride initiated depolymerisation of the PU adhesive in the solution state was
verified by GPC analysis, showing reduction in M, from 26.1 kgmol™! for the pristine PU to
6.2 kgmol™! for the degraded material. Degradation studies on solid samples of the PU which
had been immersed in acetone/TBAF solution for 30 minutes exhibited a 91 % reduction in
their modulus of toughness (from 27 to 2 MJ m™). Lap shear adhesion studies showed the
fluoride responsive PU was an excellent material to join metallic, plastic, glass and wood
surfaces. Pull adhesion tests confirmed that immersing the adhesive in TBAF/Acetone solution

resulted in a reduction in strength of up to 40% (from 160 N to 95 N at break) after drying.
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2.1. Introduction

Materials with applications as adhesives, sealants and coatings are a vibrant area of polymer

chemistry.! This scientific interest in this field is driven by the industrial importance of the

9-13 6,14-17

products which include hot melt adhesives,?® hydrogels,’ !> epoxy resins and cross-linked
adhesives.'®2° A more recent addition of this research field is the study of responsive adhesives.
These materials are able to debond in response to a stimulus or can exhibit reversible properties
which allow for multiple adhesion/separation/adhesion cycles without loss of strength.
Responsive adhesives are finding an ever-expanding market, where they replace traditional
fabrication methods such as riveting or welding yet permit easy disassembly of the component
at the end of its lifecycle. This class of adhesive is becoming increasingly important in order to

facilitate more rapid and cost-effective recycling of key components and materials.

The externally controlled temporary reduction in tensile modulus and/or adhesion strength has
been demonstrated for various systems, for example, in supramolecular materials or those
containing dynamic covalent bonds.?! This progress in bottom-up material design has facilitated

22,23

the immergence of new technologies across a broad range of disciplines including

24-27

biomedical applications, sensors,?® healable?” and damage sensing materials®® as well as

improving product recyclability.?>31-3

With respect to reversible adhesive materials, dynamic covalent chemistries®' have, to date,
received the most attention. Typically, these materials break down from high strength to low
strength networks on application of a suitable external stimulus (e.g. heat/ light). Removal of
that stimulus can lead to a restoration of the pristine properties of the material. This was recently
shown by Rowan et al. who produced a reversible adhesive harnessing the dynamic nature of
the disulfide bond when irradiated with high intensity UV light.?* Aubert et al. produced a
debondable epoxide based adhesive which made use of the thermo-reversible (110 °C)
formation of the Diels-Alder adduct formed between furan and maleimide precursors.'* Weder
and co-workers synthesised an aliphatic azo containing polymer, which breaks down with either
heat or high intensity UV light, weakening the material.>> Bao and co-workers showed the use
of a reversible boroxine bond, which breaks by hydrolysis or force and but can reform by loss

of water.>* (See Chapter 1, section 1.2.5).

A conceptually distinct class of polymeric adhesive that can debond on command are those that

contain supramolecular non-covalent interactions which form a reversible network.* Thermo-

22,3641

responsive supramolecular adhesives utilising hydrogen bonding have been
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demonstrated, in addition to those that harness metal/ligand interactions which were responsive

to both light and heat.?

An extra functionality that can be built into these systems is the ability to undergo a permanent
reduction in tensile modulus/adhesion strength which persists after the stimulus has been
removed. This could be achieved by using a depolymerisable material that undergoes an
irreversible reduction in molecular weight leading to a permanent reduction in strength. This
was recently demonstrated by Phillips and co-workers who designed an adhesive 2.4 (Scheme
2.1) that degrades on contact with fluoride ions.*? In this system, fluoride ions caused
degradation of an intractable, crosslinked material resulting in a dramatic weakening of the
adhesive. There are a couple of disadvantages to this material; first is the 11 synthetic steps
required to make this material; and secondly, the adhesive is not thermally reversible as a result

of its crosslinking nature.

C10H210
(o) OMe Me [0}
10 Steps 0 C1oH20
—_— TBS” O 2.3
[E— —_—
—_—> 0;’ Grubbs 2nd Cat.
Me /Me CH,Cl, O)-Me
HO” Yo @
°C10H21
@,ﬂ\o o)
x y
21 2.2 24

Scheme 2.1 Synthesis of the fluoride degradable adhesive designed by Philips and co-workers.

Herein is presented the design and synthesis of a chemo-responsive depolymerisable hot melt
adhesive. In contrast to the previous crosslinked fluoride responsive systems (Scheme 2.1), this
novel linear polyurethane (PU) behaves like a typical reversible adhesive, undergoing multiple
break/re-adhesion cycles without loss of bonding strength (Scheme 2.2). However, the PU also
contains multiple fluoride responsive depolymerisable units in the main chain. Contact with
fluoride ions results in a permanent reduction in molecular weight and consequently a reduction
in the strength of the bond between the components without further application of the stimulus.
This approach enables this system to be: 1) multi-stimuli responsive, exhibiting reversible
adhesive properties in response to heat and permanent loss of adhesion in response to a chemical
stimulus and i1) chemo-responsive in nature to permit use in situations where they are thermally

sensitive or are not transparent at appropriate wavelengths.
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Scheme 2.2 Schematic showing the rebondable nature of the adhesive in response to elevated
temperatures, and complete non-reversible depolymerisation in response to fluoride ions.

2.2. Results and Discussion
2.2.1. Synthesis of Degradable Unit and Model Compound Testing

Previously, Akkaya and co-workers*® have shown that tert-butyl dimethylsilyl (TBDMS)
protected cresol 2.6, synthesised by a simple two-step process, can be reacted with dioxetane
to produce a biscarbonate 2.8. This species can undergo fluoride initiated degradation of the
carbonate functionalities accompanied by loss of COz. Shabat and co-workers showed the use
of carbamate functionalities as part of an amplified drug release molecule.** Inspired by these
reports, the degradable unit (DU) 2.6 was synthesised (Scheme 2.3) which was incorporated

into a linear PU to result in a degradable system triggered by fluoride anions.

( N\
0 0
0 0
0 0—
° °
o} ol o
6 Steps Si
1) TBDMS-CI, Imidazole, / 2.8

DMF, 35 °C, 24 hours_

OH  2) p-TsOH,
MeOH, 35 °C, 2 hours

HO.

HO.

\C

|
OH O‘Si/
0y
/i\ THF, 25 °C, 2 hours, HN o o NH
Y Y
25 26 o ol o
Si
2.7

Scheme 2.3 Synthesis of the degradable unit (2.6) and model bisurethane compound (2.7).
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Before synthesising polymers and testing complex polyurethane systems, it was first important
to demonstrate the selective response of the DU 2.6 to fluoride ions. A model bisurethane
compound (2.7, Scheme 2.3) was synthesised using phenyl isocyanate end groups. This end
group was chosen as it would closely mimic the degradation of the polymer proposed (Scheme

2.7). The proposed mechanism for degradation of 2.7 with fluoride ions is detailed in Scheme

"~}

o o 0 TBAF 0 0) 0 H, 0 0y
HNJLO/\Q/\OJLNH T HNJLO/\@‘/\’B‘(JLBNH TO’ HNJLO/\&)
@ @ F-S:i—é @ @ &taneous @

CO,
NH,
27 29 210 2.1 212 213
_ OH,
(OJI\) [0} > H,0 Q o] )y OH
—_— . —_—
HN2 “O OH S OH HO OH
Spontaneous
211 +2.12
214 2.15 25

Scheme 2.4 Proposed mechanism of degradation of DU 2.6 as part of the model bisurethane model
2.7.

Degradation of the 2.7 was achieved by the addition of a fluoride source (fetra-butylammonium
fluoride, TBAF) to a solution of 2.7 in DMSO and followed by 'H NMR spectroscopy (Figure
2.1). Degradation was observed readily by the loss of the singlet resonance signal (7.12 ppm)
from the aromatic protons Ha (Scheme 2.5) on the cresol linker 2.7 within one minute of the
addition of TBAF (see spectra A and B, Figure 2.1). Spectrum B shows two sets of resonances
for two compounds; the first set from complete degradation observed by the appearance of Hi,
Hj, and Hk from the released aniline group 2.11b (a result of the consumption of any water
from the TBAF-3H,0 salt and DMSO solvent). The second set of proton resonances is from
the released phenyl carbamic acid 2.11a, which has a short lifetime in aqueous environments.
Addition of deuterium oxide was required to drive complete degradation of 2.11a, resulting in

the formation of aniline 2.11b.
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Scheme 2.5 Proposed degradation of biscarbamate 2.7 upon treatment of fluoride ions, followed by
D:0.
HJ Hl
Hy

7.55 7.45 7.35 7.25 7.15 7.05 6.95 6.85 6.75 6.65 6.55 6.45 6.35
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Figure 2.1 'H NMR spectra showing the two-step degradation of (4) the model compound 2.7 (B)
after addition of TBAF, followed by (C) addition of deuterium oxide. (DMSO-ds, 400 MHz)

Upon addition of the fluoride ions to the model bisurethane compound 2.7, a colour change
from colourless to yellow was observed (Figure 2.2a). The origin of this colour change was
investigated by UV/visible spectroscopy by recording a spectrum of model compound 2.7,
cresol 1, phenyl isocyanate, TBDMS-CI1 and TBAF; as well as a mixture of 2.7 + TBAF and
2.5 + TBAF (Figure 2.2b).
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Phenyl isocyanate 263,270,277
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Figure 2.2 (A) Addition of TBAF to model compound (2.7) causes a yellow solution to form,; which is
a result of the formation of cresol interacting with excess TBAF salt. (B) UV-visible spectra of the
model compound and its constituents before and after addition of TBAF'. (C) Amax values taken from the
UV-visible spectra.

The model compound 2.7, which is colourless in solution, shows two absorbances at 275 and
281 nm which shift on addition to 285 and 321 nm upon addition of TBAF. The cresol 2.5
solution, which is pale yellow in colour, shows an absorbance maximum at 287 nm. Upon
addition of TBAF to cresol 2.5, the colour changes to a vibrant yellow, similar to that of the
model compound 2.7 and TBAF. The absorbances of cresol 2.5 + TBAF are 292 and 317 nm,
which are similar to that of model compound 2.7 + TBAF. Therefore, the data shows that on
addition of TBAF to model bisurethane compound 2.7, the breakdown forms the cresol core
unit 2.5, which forms a phenoxide ion in the presence of TBAF to produce a vibrant yellow
mixture; evidenced by the similar 4. values. Thus proving the colour change was a result of
the formation of cresol 2.5 interacting with TBAF salts and that the production of 2.5 as seen

in the proposed mechanism (Scheme 2.3) is correct.

Two experiments were carried out to determine the selectivity of the fluoride ions to the DU
2.6. The first experiment was to prove that the degradation of the DU 2.6 was a result of a
reaction with fluoride ions and not TBAF. The second experiment designed was to show that
the fluoride ions were reacting selectively with the silyl protecting group, over the other

functional groups in the system.
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The model bisurethane compound 2.7 was reacted with different tetra-butylammonium halide
salts. Tetra-butylammonium chloride (TBAC), fetra-butylammonium bromide (TBAB) and
tetra-butylammonium iodide (TBAI) were reacted with 2.7 and compared to the reaction of 2.7
with TBAF. The reactions were monitored by '"H NMR spectroscopy (Figure 2.3). As evident
by the "H NMR spectra and colour change, only the TBAF triggered degradation even after 24

hour exposure to each halide ion, confirming the selectivity to fluoride ions.

B !
o

! Y

i Aol Moa_

-
A E Hs Hc Ha Hp He

77 76 75 74 73 72 71 7.0 68 67 66 65 64 63 62 52 51 50 49
3 (ppm)

Figure 2.3 Selectivity of the silyl group to the fluoride ion as determined by 'H NMR spectroscopy. (4)

2.7, (B) 2.7 + TBAF, (C) 2.7 + TBAC, (D) 2.7 + TBAB, and (E) 2.7 + TBAIL Photos show colour
change from addition of TBAF and not from other tetra-butylammonium salts.

To further understand the selectivity of fluoride ions to the silyl group of the DU 2.6 and model
compound 2.7, a second degradable unit with a methoxy group 2.16 was synthesised to
determine if the cresol linker were affected by the addition of fluoride ions. A model bisurethane
compound 2.17 was also synthesised to determine if the carbamate groups or the aniline reporter

groups were affected by the addition of fluoride ions (Scheme 2.6).
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NaOH, Me;SO4 PhNCO,DMAP ; ;
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o
“Me

H
“Me

2.5 2.16 217

Scheme 2.6 Synthesis of a methoxy analogue model compound to show that TBAF reacts with the silyl
group, not the other functional groups.

Both the methoxy analogue of the DU 2.16 and model bisurethane compound 2.17 were reacted
with TBAF and followed by 'H NMR spectroscopy (Figure 2.4). On addition of TBAF to 2.17
(Figure 2.4a 2.16, and Figure 2.4b 2.16 + TBAF), no shifts in proton resonances were recorded
demonstrating that TBAF does not react with the core cresol group. However, on addition of
TBAF to 2.17 (Figure 2.4c pristine, and Figure 2.4d with TBAF), the aromatic resonances
shifted and a small loss in intensity/resolution was observed. This is a result of the deprotonation
of the urethane proton at 6.71 ppm (Figure 2.4c) by fluoride ions. This does not result in
breakdown of the molecule; and hence proves that fluoride ions only affect the silyl group.
Further proof that 2.17 did not react with TBAF was determined by mass spectroscopy.
Analysis of a sample containing both 2.17 and TBAF revealed mass ions [M + Na]" for
443.1577 Da and 284.1285 Da, respectively (calculated values for. 2.17 = 443.1583 Da and
TBAF = 284.4498 Da), and mass ions for degraded materials were not evident.

TBAF

Am——————————

=
=

Pl )
)

=

TBAF
2

)
—_—
=

|

A

74 70 66 62 58 54 50 46 42 38 34 30 26 22
0 (ppm)
Figure 2.4 'H NMR spectra representing (A) 2.16, (B) 2.16 + TBAF, (C) 2.17, and (D) 2.17 + TBAF.

43



Chapter 2

These experiments demonstrated that degradation of 2.7 was initiated by the selective reaction
of fluoride ions with the silyl group and confirmed the suitability of 2.6 as the responsive

degradation unit in PU-type polymeric architectures.

2.2.2. Polymer Synthesis

With the synthesis and selective degradation of the novel fluoride selective DU evaluated,
attention turned to the synthesis of the responsive PU adhesive. This was synthesised using a
one-pot, two step synthesis.**#’ Initially, an isocyanate terminated pre-polymer 2.20 was
produced by addition of methylene diphenyl diisocyanate (4,4’-MDI) 2.19 to Krasol HLBH-P
2000 (Krasol) 2.18 at 80 °C (Scheme 2.7). After 3 hours, the DU 2.6 was added and the
temperature increased to 100 °C, (melting point of 2.6 is 93 - 95 °C) and the resulting
homogeneous mix stirred until it solidified to give the crude polymer (Scheme 2.7). Purification

was achieved by slow precipitation in methanol.

on
HOW OCN NCO

218 219

2.18 (1 equiv.), 2.19 (2 equiv.)
80 °C, 3 hours

OCNHJ?\OWOIHNCO
2.20 q

2.6 (1 equiv.)
100 °C, 1 hour, 96 %

P
S o O O j\ Wo“ Ho\/@/o
q _si
23

S

Scheme 2.7 Solvent free synthesis of the adhesive polymer using Krasol, 4,4°-MDI and the DU (q = 1,
2; s =19).

"H NMR spectroscopic analysis showed a shift from 4.7 ppm to 5.2 ppm for the methylene
resonance of the DU, indicating formation of the polyurethane. A residual resonance at 4.7 ppm
was detected and determined to be the methylene groups at the end of the polymer chains. Using
the integrals of the two resonances at 4.7 ppm and 5.2 ppm, the amount of chain extension

(denoted as s) was determined to be 15 repeat units. GPC analysis of polymer 2.21 revealed
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essentially monomodal distribution with My, 71400 gmol™!, M, 26100 gmol™! and P 2.73,
indicating that significant chain extension occurs during the reaction (Krasol 2.18 = My, 3700
gmol™!, My 3300 gmol!); with s = 19. These values are in broad agreement with Carother’s
equation (Equation 2.1) (s = X = 25) and that any discrepancies could be a result of monomer
purity.
Rp= ——
I-p

Equation 2.1 Calculation for the degree of polymerisation for a liner polymer system with two
equimolar quantities of monomers. Where X = degree of polymerisation, p = extent of conversion.

The thermal properties of the material were studied using differential scanning calorimetry
(DSC) and dynamic mechanical analysis. DSC of the polymer showed a glass transition
temperature (7y) at ca. -45 °C, which is similar to that of the starting Krasol (7§ ca. -46 °C), and
is indicative of a phase separated material. The 7, was unaltered over 3 heat/cool cycles
showing thermoreversible nature of the material. No polymer melt was seen in the DSC data

over the temperature range studied confirming the amorphous nature of the material.

0.4 -
0.2 A
° ;
0
2
o H
i
®-0.2 4
[]]
T
0.4 {4 — Cycle1
— Cycle 2
— Cycle 3
_0-6 T T T T T T T 1
-90 -50 -10 30 70 110 150 190 230

Temperature (°C)

Figure 2.5 DSC thermogram of the three heat — cool cycles of Polymer 2.21. Insert shows glass
transitions from each cycle.

Polymer 2.21 was subject to dynamic mechanical analysis, DMA (Figure 2.6) and rheological
testing (Figure 2.7) by A. Trivedi at the University of Oxford to further investigate the
thermomechanical response of the material. In the DMA data, a phase transition was observed
at approximately -45 °C, indicating the glass transition temperature and agreeing with the DSC
results. A sharp decrease in both storage and loss modulus was observed at temperatures

between the 7, and -30 °C, followed by a gradual decrease until specimen failure at 87 °C.
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Figure 2.6 Raw data of storage (E’) and loss (E’’) moduli superimposed taken at different
frequencies, as a function of temperature.

Rheological data were obtained at temperatures up to 150 °C, with data shown between 110 °C

and 150 °C in Figure 2.7. A viscoelastic transition was observed at 128 °C, at the intercept of

G’ and G’. This remained constant through the three cool-heat cycles. These data clearly show

the thermo-reversible nature of the material.
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Figure 2.7 The rheological data of polymer 2.21 from the three cool-heat cycles, with a cross over at
approximately 129 °C throughout all cycles.
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2.2.3. Polymer degradation studies

From analysis of the fluoride initiated degradation studies conducted on a model compound,
the proposed scheme for degradation of polymer 2.21 is shown in Scheme 2.8, with mechanistic
break down detailed within the box. As previously discussed with the model compound studies,
upon addition of fluoride ions, the silyl group would readily cleave to form the tert-
butyldimethylsilyl fluoride 2.9 and a phenoxide ion, which spontaneously degrades** to release
carbon dioxide 2.12 and the degraded polymer backbone 2.22. The quinone reacts with water,

provided from the TBAF-3H,0 fluoride salt, to achieve the cresol group 2.5.

Ho **\/\%ﬁ%\/\%rr

2.21
TBAF
H,0

FSIV—QZQ

212 F-S Ir—é

s N
F'
H,0
TBAF 0 2 \\r
z\NJL )L S JL % «JLNA ~ I N
H H H
Spontaneous
‘S' 212 +2.22
03 °H2 0
— ,s"\ JL —> 25
Spontaneous
212 + 2.22
. J/

Scheme 2.8 Depolymerisation of Polymer 2.21 after TBAF has been applied. Insert shows mechanistic
break down of the degradable group within PU 2.21.

Degradation studies on the polymeric system were conducted initially in the solution state
studies by addition of TBAF to a sample of 2.21 in CDCIl; (1:1 molar equivalents of TBAF to
degradable unit). The degradation was monitored by 'H NMR spectroscopy. Within 1 minute

of exposure to TBAF, the methylene proton resonances at 5.18 ppm and urethane N-H
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resonances at 6.60 ppm were not evident in the "TH NMR spectra of the solution of polymer 2.21
indicating rapid and efficient degradation of the polymer (Figure 2.8).
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Figure 2.8 'H NMR spectra showing the degradation of Polymer 2.21 when treated with TBAF.
(CDCl;, 400 MHz).
GPC eluograms of the Krasol 2.18, polymer 2.21, and the degraded polymer 2.22 are shown in
Figure 2.9. The eluogram for the degraded material is clearly bimodal in nature, however, the
overall distribution was calculated to have My 6.2 kgmol™! and D 1.73 (Figure 2.9, Table 2.1).
This drop in molecular weight from polymer 2.21 (M, = 26.1 kgmol™!, P 2.73) confirms the
highly efficient fluoride ion initiated degradation of the system. The bimodal appearance of the
eluogram of the degraded product has signal maxima at 13 and 3.7 kgmol'!. The lower of the
two M, valued may be compared to the molecular weight of the starting Krasol, (M, =
3.3 kgmol ™). The persistence of a higher molecular weight fraction in the degraded product M,
= 6.3 kgmol™! can be accounted for by considering uncontrolled nature of the polymerisation
(Scheme 2.7). This results in significant chain extension during the synthesis of prepolymer
2.20 (Scheme 2.7), where multiple Krasol units may be connected by 4,4’-MDI residues which
are not separated by the DU. Therefore, these Krasol-MDI-Krasol sections are not susceptible

to degradation and persist in the molecular weight distribution of the degraded material. Indeed,
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from the GPC results, it can be estimated that the value for “g” in 2.21 (Scheme 2.7) and 2.22
(Scheme 2.8) is approximately 2.

= Polymer (2.21) = Degraded Polymer (2.22) = Krasol (2.18)

1I0 1I1 1I2 1I3 1I4 1'5 1'6 1l7
Retention time (min)
Figure 2.9 GPC eluograms of polymer (2.21), degraded polymer (2.22) and the starting Krasol
(2.18); (THF, PS standards).

Myw (gmol!) | Ma(gmol') | D

Polymer (2.21) 71400 26100 2.7
Degraded Polymer (2.22) 10000 6200 1.7
Krasol (2.18) 3700 3300 1.1

Table 2.1 Molecular weight estimation from the GPC chromatographs for polymer (2.21), degraded
polymer (2.22) and Krasol (2.18),; (THF, PS standards).

2.2.4. Solid state mechanical testing and degradation studies

Attention then moved on to mechanical testing of polymer 2.21 which could be cast readily into

large (15 % 15 cm) homogeneous films (Figure 2.10).

3! I' ilnvdl- 4 '!' "‘!!‘ M"’“‘ﬂm ':!1 :!‘ nl Iul rs'|
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Figure 2.10 Polymer film (15 % 15 cm) cast from THF used for mechanical testing.
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From a single casting, ten strips (4.0 x 0.5 cm) were produced of which five samples were
immersed in 1M TBAF/Acetone, then dried at 40 °C for 30 minutes. The stress-strain profiles
for pristine polymer 2.21 and the degraded polymer (2.22) are shown in Figure 2.11 with

numerical mechanical data summarised in Table 2.2.

— Polymer 2.21 (Pristine)
7 { - - Polymer 2.21 (Degraded)

Stress (MPa)

0 100 200 300 400 500 600
Strain (%)

Figure 2.11 Stress-strain curves for five samples of pristine polymer (2.21) and five samples of

degraded polymer (2.22).
Tensile Ultimate tensile Elongation | Toughness
Modulus (MPa) | Strength (MPa) | at break (%) | (MJ m?)
Polymer (2.21)
2.56 (0.23 6.90 (0.55 531 (85 27 (5.6
.- (0.23) (0.55) (83) (5.6)
Degraded
Polymer (2.22) 0.61 (0.14) 1.68 (0.20) 223 (14) 2(0.4)
Samples

Table 2.2 Mean (n = 5) mechanical properties of the pristine polymer (2.21), degraded material
(2.22). Standard deviations are shown in brakets.

The testing data show that the modulus of toughness of the fluoride degraded polymer (2.22)
was just 9 % of that recorded for the pristine material 2.21. The Young’s modulus and ultimate
tensile strength of the degraded polymer 2.22 both decreased by 76 % when compared to

pristine polymer 2.21. These data collectively show the dramatic effect that depolymerisation

has on the physical properties of the polymer.
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2.2.5. Adhesive Testing

To assess the adhesive properties of the stimuli responsive polymer, optimising the bonding
conditions first had to be carried out. Adhesive tests were carried out on steel nails with 3.0 mm
diameter round heads that were bonded using polymer 2.21 (Figure 2.12) for 30 minutes.
Samples were bonded by heating at three different temperatures, 80, 120 and 160 °C for
30 minutes. Samples left at 80 °C showed adhesive failure as the samples fell apart as soon as
the clips were removed, and hence no force to break was recorded for those samples. Samples
left at 120 °C weakly bonded as the material had not completely melted after 30 minutes,
however still showed adhesive failure. The strongest samples were those that were left at 160 °C
for 30 minutes, which showed cohesive failure. The force to break the samples for each

temperature dependant test are recorded in Figure 2.13.

Bulldog Clamps

Steel Nail =~
Polymer Sample /
Washer

Figure 2.12 Adhesion samples between two steel nails were prepared by clamping them head to head
with 1.58 mm diameter circle sample between them. Washers were used to allow for larger surface
area for the bulldog clamps to clamp onto.
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Figure 2.13 Bond strengths as a function of bonding temperature. Errors show standard deviation
from the mean (n = 5).

Figure 2.14 shows the results of thermal re-adhesion experiments. In these tests, the samples

were stressed to breaking point using a pull adhesion test. The separated surfaces were then
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placed in contact and heated again for 30 minutes at 160 °C prior to re-testing. The zero cycle
result corresponds to the force required to break the pristine bond, and the subsequent cycles

refer to the number of times the bond has been reformed after breaking.
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Figure 2.14 Force at break after increasing bond/debond. Errors show standard deviation from the
mean (n = 5).

The consistency of the measured force at break as a function of the bond/debond cycle number
confirms the reversible nature of the novel adhesive. Furthermore, the bond can be broken using

heat, rather than force,*® and reformed again without loss in strength.

The response of the adhesive to fluoride ions was determined by placing the bonded metal
surfaces in a 0.02 M TBAF/acetone solution for 3 hours and 24 hours. A lower concentration
of TBAF solution was required as permeation of fluoride ions at high concentrations was not
possible. As evident from Figure 2.15, the samples that were exposed to the TBAF solution
exhibited a reduction of 41% in their force at break. After the adhesion tests, the residue of one
of the TBAF degraded samples was analysed by GPC (Figure 2.16) which showed an average
molecular weight of ~10 kgmol'. The slightly higher M, value of this degraded material
compared to that observed during the solution state studies (6.2 kgmol™! Table 2.1) suggests
that depolymerisation is hindered in the solid state, presumable as a consequence of reduced
access (low rates of diffusion) of the fluoride ions through the bulk polymer to the
depolymerisation units. Minimal further change was observed in the adhesive bonds strength

when in sample were allowed to degrade for more than 24 hours.
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Figure 2.15 The force at break of the bonded surfaces adhered with the pristine polymer and the
polymer after exposure to TBAF after 3 and 24 hours. Errors show standard deviation from the mean

(n =5, 4 and 4 per experiment, respectively).

= Polymer (2.21)
= 24 h - Degraded Polymer (2.22)

= 3 h - Degraded Polymer (2.22)
— Krasol (2.18)

10 11 12 13

14

Retention Time (min)

15 16

Figure 2.16 GPC eluograms of the degraded polymer (2.22) from the adhesion test compared to the
pristine polymer (2.21) and Krasol (2.18).

Mn Mw D

(gmol) | (gmol™)
Polymer (2.21) 26100 71400 2.7
3 h— Degraded Polymer (2.22) 10400 27300 2.6
24 h — Degraded Polymer (2.22) 8600 19000 22
Krasol (2.18) 3300 3700 1.1

Table 2.3 Molecular weight data from the GPC chromatographs for polymer (2.21), a sample of the
degraded adhesive (2.22) and Krasol (2.18) (THF compared to PS).

The irreversibility nature of the fluoride degraded adhesive was also assessed. This was

investigated by thermally induced re-adhesion of the degraded polymer. Figure 2.17 shows the

force at break measured during pull adhesion tests for metal samples re-bonded with either the

pristine polymer, control samples that were exposed to acetone only, or samples that were

exposed to an acetone solution of TBAF for 3 hours.
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Figure 2.17 Force separate the surfaces bonded with the pristine polymer (2.21), polymer 2.21 after
exposure to either acetone or a solution of TBAF in acetone. Errors show standard deviation from the
mean (n = 3, 3, 5, and 5 per experiment, respectively).

These data demonstrate that exposure to acetone has essentially no impact on the strength of
the re-adhered samples. In contrast, the samples that were exposed to TBAF solution prior to

being re-adhered exhibited a dramatic loss (ca. 70%) in their force at break.

Finally, to investigate the potential utility of the new adhesive with respect to bonding different
substrates, lap shear tests were carried out on samples of adhered wood, glass (soda-lime) and
metal (aluminium) substrates. In these tests, pristine samples were adhered with polymer 2.21
at 160 °C for 30 minutes prior to testing. Degradation was achieved by placing the samples in
a 0.02 M TBAF/acetone solution for 3 hours, prior to drying (160 °C) and testing. The
maximum force before failure was recorded, and converted to lap shear stress (MPa) to account
for the area of bonded polymer (Figure 2.18). During attempts to study the bonding strength on
polyacetate (PA) substrates, the PA yielded before the adhesive failed.

gz's_ | § 1.91
g 2 SN _ s
?1.5- §,,

40.:_ §

Wood-Wood Metal-Metal Glass-Glass

Figure 2.18 Lap shear stress values of Polymer 2.21 between different material substrates, before and
after degradation. Figures in black indicate the lap shear stress value, and red indicates the
percentage of degradation in bond strength compared to the pristine material. Errors show standard
deviation from the mean (n = 4 for Wood-Wood and Glass-Glass samples and n=35 for Aluminium-
Aluminium samples)
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These results demonstrate that the polymer can be used to adhere several different substrate
materials. Furthermore, the nature of the substrate has little effect on the loss of adhesion

strength on contact with fluoride ions (ca. 35% loss).

2.3. Conclusions

A novel, dicarbamate containing fluoride responsive degradable group has been synthesised,
which can be incorporated into a linear PU using solvent free conditions. Analysis of model
compound (2.7) showed that the degradable group 2.7 is selectively responsive to fluoride ions
(rather than other halide ions). Bond/debond tests demonstrate the linear PU behaves as a
typical thermoplastic adhesive, undergoing four break/heal cycles without loss of strength. GPC
and '"H NMR spectroscopic studies confirm that the polymer 2.21 degrades in the both the
solvent and solid state on the addition of fluoride ions. Butt tensile adhesion studies also showed
bonded surfaces exhibit 40% loss of adhesion strength after the system is exposed to a fluoride
source. The adhesive can be used to bond multiple different surfaces including wood, acetate

and aluminium.

2.4. Experimental Section
2.4.1. Materials

Krasol HLBH-P2000 was kindly supplied by Cray Valley. 2,6-Bis(hydroxymethyl)-p-cresol,
tert-butyldimethylsilyl chloride and imidazole were purchased from Alfa Aesar and used as

received. All other chemicals were purchased from Sigma-Aldrich and used as received.

2.4.2. Characterisation

'"H NMR and '*C NMR spectra were recorded on either a Bruker Nanobay 400 or a Bruker
DPX 400 spectrometer operating at 400 MHz for 'H NMR or 100 MHz for *C NMR,
respectively. The samples for NMR spectroscopic analysis were prepared in CDCI; or
de-DMSO, and dissolution was aided with slight heating. The data was processed using
MestReNova Version 6.0.2-5475. Chemical shifts (J) are reported in ppm relative to
tetramethylsilane (0 0.00 ppm) for CDCls and the residual solvent peak (6 2.50 ppm) for
de-DMSO in '"H NMR spectra. '*C NMR spectroscopy was carried out using CDCl3 and
reported relative to chloroform (6 77.0 ppm). 'H NMR coupling constants (J) are expressed in
hertz (Hz). Infrared spectroscopic analysis was carried out on a PerkinElmer 100 FT-IR

spectrometer equipped with a diamond ATR sampling attachment, and samples were analysed
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in neat form. The infrared spectroscopic data were processed using Microsoft Excel 2016.
Ultraviolet-visible spectroscopy was conducted using a Varian Cary 300 spectrophotometer
with heating attachment, using a 1 cm® quartz cuvette, in the wavelength range 200 — 800 nm.
The UV-visible spectroscopic data were processed using Microsoft Excel 2016 Gel permeation
chromatography (GPC) was conducted using an Agilent Technologies 1260 Infinity systems
and the data were processed using Agilent GPC/SEC software; polystyrene was used as the
calibrant. Samples for GPC analysis were dissolved in analytical grade THF (2 mg/mL) with
butylated hydroxytoluene (BHT) stabiliser, and run using the same solvent as the mobile phase;
eluting through two Agilent PLgel Sum MIXED-D 300 X 7.5 mm columns in series.
Differential scanning calorimetric analysis used a TA Instruments DSC Q2000, and a seven
cycle process was carried out on the solid sample: heating from ambient to +100 °C at a ramp
rate of 10 °C min "', followed by cooling from +100 °C to =70 °C at a ramp rate of =5 °C min™'
and then finally by heating from —70 °C to +200 °C at a ramp rate of +5 °C min !, with the
previous two cycles repeated twice. The sample size used was 5-6 mg, and the data was
processed using TA Universal Analysis Version 4.7A and Microsoft Excel 365.
Thermogravimetric analysis employed a TGA Q50 instrument by heating the solid samples
(sample size ca. 20 mg) from ambient temperature to +300 °C at a ramp rate of +10 °C min .
The data was processed using TA Universal Analysis Version 4.7A. Tensile and Adhesion tests
were carried out using an AML X5-500 single column universal tester, attached with a 5 kN

load cell and wedge grips. Samples were analysed at a strain rate of 100mm/min (0.0656 s™).

Rheological assessment was conducted using an Anton Paar Physica MCR 301 rheometer with
a parallel plate oscillatory shear set-up. Circular samples of 25 mm diameter (0.35 mm average
thickness) were cut from the polymer film using a steel punch cutter. For the single frequency
temperature sweep, samples were placed into the rheometer and initialised at 150 °C and then
subjected to temperature ramp cycle at a rate of 2 °C/min down to 25 °C and back up at the
same rate to 150 °C. This cycle was repeated two more times to assess repeatability and any
changes in properties. The frequency of oscillation was set to 5 Hz, and the shear strain
amplitude to 0.1%. Dynamic shear moduli (G’, G’’, tan d) were recorded to characterise the

material.

The DMA employed a TA instruments Q800 DMA using a tension (film/fibre) clamp. Full
calibration was performed for the clamp prior to testing according to the protocol defined by
TA. The polymer sample dimensions were gauge length (defined by the clamp spacing) =
12.8 mm, width = 5.5 mm, thickness = 0.33 mm. A frequency sweep (0.5, 2, 5, 10 Hz) was
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performed at 2 °C temperature steps from -75 °C to 130 °C, equilibrating for 3 minutes at each

temperature step before the storage and loss moduli data (E’ and E’”) were recorded.

The data for both analyses were processed first using TA Universal Analysis Version 4.5A,

followed by Matlab version R2016a.

Lap shear tests: The wood and metal coupons were 7 x 30 mm, with an overlap of 7 mm; and
the glass coupons were 25 x 70 mm, with an overlap of 10 mm. The coupons were washed with

methanol prior to use to remove any contaminants.

2.4.3. Synthesis of DU 2.6

To a solution of 2,6-bis(hydroxymethyl)-p-cresol (27.50 g, 0.163 mmol) in anhydrous N,N’-
dimethylformamide (500 mL), imidazole (44.52 g, 0.654 mmol) and tert-butyldimethylsilyl
chloride (98.57 g, 0.654 mmol) was added and stirred at 35 °C for 18 hours. The mixture was
diluted with ethyl acetate (500 mL) and washed with deionised water (2 x 500 mL).The organic
solution was dried over MgSOsy, filtered and concentrated to afford an orange/brown oil; which
was dissolved in 50:50 methanol : diethyl ether mixture (400 mL) and p-toluenesulfonic acid
(4.00 g, 2.32 mmol) was added and stirred at ambient temperature for 1 hour. The mixture was
diluted in ethyl acetate (300 mL) and washed with saturated Na,COs3 solution (300 mL)
followed by brine solution (300 mL), dried over MgSOQs, filtered and concentrated to afford a
pale yellow/orange oil; which was dissolved in chloroform (100 mL) and precipitated slowly
into cooled hexane (900 mL). The precipitate was filtered and allowed to dry under vacuum to
afford a white powder (20.10 g, 48 %). m.p. 93 - 95 °C; vmax (solid, cm™) 3220, 2961, 2926,
2881, 2857, 1453, 1221, 905, 776. o1 (400 MHz, CDCls, ppm) 7.14 (2H, Ar-H), 4.65-4.64 (4H,
d, J = 5.5 Hz, Ar-CH,OH), 2.30 (3H, Ar-CH3), 1.57 (2H, Ar-CH,OH), 1.03 (9H, C(CH3)3),
0.19 (6H, Si(CHa3)2). 6c (100 MHz, CDCls, ppm) 147.9, 131.8, 131.7, 129.1, 61.2, 26.0, 20.6,
18.7, 0.0, -3.7. (m/z) found 305.1543 Da (CisH260O3NaSi), calculated 305.1549 Da
(C15sH2603NaSi).

2.4.4. Synthesis of model bisurethane compound 2.7

To a solution of DU 1 (250 mg, 0.885 mmol) in anhydrous tetrahydrofuran (20 mL) was added
4-dimethylaminopyridine (10 mg, 0.09 mmol), triethylamine (0.49 mL, 3.54 mmol) and phenyl
isocyanate (0.49 mL, 3.54 mmol) and allowed to stir at ambient temperature for 4 hours. The
mixture was diluted into ethyl acetate (30 mL) and washed with saturated NH4CI (30 mL) and

brine (30 mL). The organic solution was dried over MgSQu, filtered and concentrated to afford
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the crude product solid, which was purified by column chromatography over silica gel eluting
with 20 % ethyl acetate in hexane to afford a yellow oil (331 mg, 72 %). Vmax (thin film, cm™)
3309, 2928, 2855, 1699, 1600, 1442, 1205, 883, 748, 690. ou (400 MHz, CDCI3, ppm) 7.40
(4H, m, Ar-H), 7.31 (4H, m, Ar-H), 7.18 (2H, s, Ar-H), 7.07 (2H, m, Ar-H), 6.67 (2H, br, N-
H), 5.20 (4H, s, Ar-CH»), 2.30 (3H, s, Ar-CH3), 1.05 (9H, C(CHs)3), 0.23 (6H, Si(CH3)2). dc
(100 MHz, CDCls, ppm) 153.3, 149.1, 137.8, 131.4, 130.9, 129.1, 126.9, 123.5, 118.7, 62.5,
58.5,25.9, 20.6, 18.7, 18.5, 0.0, -3.7. (m/z) found 543.2282 Da (C29H360sN2NaSi), calculated
543.2291 Da (C29H3605N2NaSi).

2.4.5. Synthesis of 2.16

2,6-Bis(hydroxymethyl)-p-cresol 2.5 (5.00 g, 29.73 mmol) and sodium hydroxide (1.78 g,
44.59 mmol) was dissolved in deionised water (40 mL) at 25 °C. Dimethyl sulfate (1.69 mL,
2.25 g, 17.84 mmol) was added dropwise over 1 h while keeping the reaction mixture below 40
°C, and left to stir overnight. The white precipitate was filtered off at the pump, and dimethyl
sulfate (0.56 mL, 0.75 g, 5.95 mmol) was added to the filtrate, and left to stir for 5 days at
25 °C. The reaction mixture was filtered under reduced pressure to afford a cream solid product
3(1.46 g, 27 %). m.p. 81 - 83 °C; Vmax (thin film, cm™) 3261, 3155, 2954, 2907, 2873, 2832,
2171, 2002, 1455, 1364, 1211, 1135, 1066, 1010, 1032, 859, 784, 693, 622. du (400 MHz,
CDCls, ppm) 7.13 (s, 2H, Ar-H), 4.69 (s, 4H, Ar-CH,OH), 3.82 (s, 3H, Ar-OCH3), 2.32 (s, 3H,
Ar-CHa), 2.05 (s, br, 2H, Ar-CH,OH). d¢c (100 MHz, CDCl3, ppm) 154.0, 134.3, 133.6, 129.5,
62.2, 61.0, 31.6, 22.7, 20.8, 14.1, 0.00. (m/z) found 205.0835 Da (Ci0H1403Na), calculated
205.0841 Da (C1oH1403Na)

2.4.6. Synthesis of 2.17

Phenyl isocyanate (0.45 mL, 0.490 g, 4.12 mmol) was added to a stirred solution of 2.16 (0.30
g, 1.65 mmol) and 4-dimethylaminopyridine (20 mg, 0.16 mmol) in dry THF (20 mL) under a
nitrogen atmosphere and left to stir for 4 h at room temperature. The mixture was diluted in
ethyl acetate (30 mL), and washed with sat. ammonium chloride (30 mL) and sat. brine (30 mL).
The ethyl acetate was extracted, dried over MgSQOs, filtered and the filtrate was concentrated
under reduced pressure to give a white solid product 5 (0.47 g, 68 %). m.p. 152 -155 °C; Vimax
(thin film, cm™) 3292, 3136, 3060 1693, 1629, 1592, 1536, 1486, 1439, 1310, 1226, 1151,
1054, 1003, 841, 753, 734. 6u (400 MHz, CDCI3, ppm) 7.38 (m, 4H, Ar-H), 7.32 (m, 4H, Ar-
H), 7.24 (m, 2H, Ar-H), 7.07 (m, 2H, Ar-H), 6.71 (s, br, 2H, N-H), 5.25 (s, 4H, Ar-CH2OH),
3.85 (s, 3H, Ar-OCH3), 2.32 (s, 3H, Ar-CHz3). 6c (100 MHz, CDCls, ppm) 155.1, 153.3, 137.7,
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134.2, 131.6, 129.2, 129.1, 123.6, 120.5, 118.7, 63.0, 62.1, 20.8. (m/z) found 443.1577 Da
(C24H2405Na), calculated 443.1583 Da (C24H2405Na).

2.4.7. Synthesis of Polymer 2.21

Krasol HLBH-P 2000 was dried in a vacuum oven at 100 °C and 100 mbar. 4,4’-Methylene
diphenyl isocyanate (5.00 g, 20.0 mmol) was added to Krasol HLBH-P2000 (21.00 g, 10.0
mmol) and stirred at 60 rpm, 80 °C for 3 hours. The reaction temperature was raised to 100 °C
and DU 2.7 (2.82 g, 10.0 mmol) was added and stirred for 1 hour. The crude polymer was
dissolved in chloroform (100 mL) and precipitated slowly into methanol (900 mL). The
precipitate was filtered and washed with methanol (2 x 100 mL) to remove excess impurities.
The precipitate was dissolved in tetrahydrofuran (100 mL) and concentrated to afford a clear
white/yellow polymer (27.6 g, 96 %). Vmax (thin film, cm™) 3317, 2961, 2919, 2873, 2854,
2159, 1736, 1708, 1599, 1533, 1461, 1414, 1379, 1304, 1219, 1066. 6u (400 MHz, CDCl;,
ppm) (n = number of chain extension) 7.38 — 7.20 (m, 8H,), 7.21 — 7.02 (m, 8H, + 2H,), 6.55
(m, 4Hx), 5.17 (s, 4Hn), 4.82 — 4.59 (m, 0.3H,), 4.23 — 4.07 (m, 4H.), 3.88 (s, 4Hn), 2.30 (m,
3Hu), 1.93 —0.71 (m, 350H,), 0.21 (s, 6Hx). dc (100 MHz, CDCl3, ppm) 153.7, 153.5, 149.16,
136.3, 136.2, 136.1, 135.9, 131.4, 130.8, 129.4, 126.9, 118.9, 62.5, 40.6, 38., 38.7, 38.4, 38.1,
37.9,37.3,36.1,34.9,33.5, 33.3, 30.7, 30.5, 30.2, 29.9, 29.8, 29.3, 26.8, 26.6, 26.5, 26.1, 25.9,
25.9, 20.6, 19.5, 18.7, 11.4, 10.9, 10.7, 10.66, 10.6, 9.4, 0.0, -0.9, -3.7. GPC (THF/BHT 250
ppm) My 71400, M, 26100, D 2.73. DSC T,=-45.5 °C.

2.4.8. Sample Preparation for Mechanical Assessment.

A thin film of the polyurethane was produced for mechanical testing via a solution casting
procedure. The polyurethane was dissolved in THF, and the solution was poured into a flat
PTFE mold. The solvent was allowed to evaporate slowly at room temperature and pressure
overnight, then at 50 °C with a pressure of approximately 800 mbar for a duration of 24 hours.
Polyurethane film of uniform thickness between 200 and 500 pum was obtained at the end of
this procedure without residual solvent. For tensile testing, rectangular samples of
approximately 4.0 cm x 0.5 cm were cut with a blade, and paper end-tabs were used between
the grips and the polymer sample. This sample assembly was found to reduce slippage and/or

tearing inside the tensile grips of the tensiometer.
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Chapter 3

Fluoride Responsive Debond-on-Demand Adhesives:
Manipulating Hydrogen Bonding Density and Crystallinity to

Modulate Adhesion Temperature

This chapter has been adapted from a submitted research article by the author entitled “Fluoride
Responsive Debond-on-Demand Adhesives: Manipulating Hydrogen Bonding Density and
Crystallinity to modulate Adhesion Temperature” by T. S. Babra, M. Wood, J. S. Godleman, C. N.
Warriner, N. Bazin, C. Sivour, I. W. Hamley, W. Hayes and B. W. Greenland.

Note of Contribution: M. Wood helped with adhesive sample preparation and carrying out Butt-Tensile
Adhesion Tests at AWE Plc. J. S. Godleman helped carry out SAXS/WAXS experimentation alongside
T.S. Babra at Alba Synchrotron, Spain. T. S. Babra carried out all other work and analysis detailed
below. Professor C. Sivour provided supervision at the University of Oxford for rheological analysis.
Professor 1. Hamley provided supervision on SAXS/WAXS experimentation and analysis. C. N. Warriner
and N. Bazin were industrial supervisors from AWE Plc. Professor W. Hayes and Dr B. W. Greenland
were supervisors at the University of Reading.

Abstract

This chapter reports the solvent-free synthesis of a series of novel fluoride responsive debond-
on-demand adhesives, containing a silyl functionalised degradable unit (DU). The composition
of the polyurethanes within this series varied according to the chemical structure of the polyol
backbone or the diisocyanate linker in the main chain in order to optimise the strength and
debonding nature of the adhesive. 'H NMR spectroscopy was used to study the
depolymerisation behaviour in solution state and showed that tetra-butylammonium fluoride
(TBAF) triggered the breakdown of the DU unit without fragmenting the polyol backbones.
GPC analysis revealed that the polyurethanes all depolymerised with reductions in M, ranging
from 64 — 90 %. The polymers behave as typical thermoplastics, and the thermal properties
were characterised by rheological and SAXS/WAXS analysis to reveal reversible morphology
changes of the supramolecular polymer network under thermal stimuli. Mechanical stress-strain
analysis of the series of polymers showed a greater than 70 % reduction in toughness after
treatment with TBAF for 30 minutes. Within the series of polyurethanes, the specimen featuring
an ester based polyol demonstrated low-melt adhesion properties with strong adhesion at
temperatures as low as 60 °C. This material could be thermally rebonded if broken by force

without loss in adhesion strength over three debond-rebond cycles. Lap shear adhesion tests
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showed a reduction of adhesive strength up to 40 % (from 11.41 MPa to 7.25 MPa) for this

specimen after soaking in a fluoride solution for three hours.
3.1. Introduction

Chapter 2 reported the design and synthesis of the fluoride responsive degradable unit (DU) 2.6
and its incorporation into a polyurethane (PU) backbone which behaved as a hot-melt adhesive
(2.21). The polymer 2.21 was constructed from a hydrogenated polybutadiene, Krasol HLBH-P
2000 2.18 and 4,4’-methylenediphenyl diisocyanate (4,4’-MDI 2.19) to form the polyurethane
backbone that is chain extended with the bifunctional DU 2.6. These linear chains will be chain
entangled with additional strength provided by non-covalent supramolecular interactions.
These supramolecular interactions allow for thermal reversibility of the polymeric network
while the DU enables the polymer to depolymerise in response to fluoride ions, affording a

multi stimuli-responsive adhesive.

Recently, research into stimuli-responsive adhesives has received significant attention.!™ These
adhesives allow for the substrates to debond on application of a suitable external stimulus, and
in some cases, enable multiple bonding and debonding cycles without loss of strength.’ The
drive for the optimisation of this class of adhesives is the increased focus on the whole lifecycle
of a product. During the fabrication stage, adhesives can replace traditional assembly methods
such as riveting or welding resulting in reduced manufacturing costs without loss of structural
integrity of the desired product. For example, the adhesive Loctite® EA 9514 (Henkel) exhibits
stronger adhesion to aluminium than welding and thus avoiding thermal damage to the
aluminium components. In addition, at the end of a product’s usable lifetime, efficient
disassembly of a multi-component product (such as a laptop, mobile phone or vehicle) during
disposal, can facilitate easy access to valuable materials, resulting in cost and efficiency savings

during recycling processes.

Stimuli-responsive adhesives, and stimuli-responsive materials can exhibit a controlled
temporary loss in tensile modulus and/or adhesion strength. This has been demonstrated in
various scenarios, for example, in supramolecular materials® or those containing dynamic
covalent bonds.” Progress in bottom-up material design has facilitated the emergence of new
technologies®® across a broad range of disciplines including biomedical applications,!®!3
sensors,'* healable'”> and damage sensing materials'® as well as improving product

recyclability.!!7:18
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Within the field of reversible debond-on-demand adhesive materials, dynamic covalent systems
have received the most attention (Chapter 1, section 1.2.5). These systems can convert from a
high to a low strength material when exposed to an external stimulus. Notable examples of such
systems include polymers that contain disulfide moieties (Figure 1.12) that break and form upon
exposure to high intensity UV radiation;'> Diels-Alder adducts such as those derived from furan
and maleimide precursors (Scheme 1.4), which are responsive to high temperatures (110 °C),?
and aliphatic azo-containing polymers which weaken when exposed to heat or high intensity

UV light (Scheme 1.7).1

An additional functionality that can be built into supramolecular, debondable adhesives is the
ability to undergo a permanent reduction in tensile modulus/adhesion strength. This permanent
reduction in strength can be caused by the depolymerisation of the polymer backbone,'® which
results in an irreversible reduction in molecular weight. This was demonstrated recently by
Phillips and co-workers who designed an adhesive that degrades on contact with fluoride ions.?
However, the crosslinked nature of this material meant that it could not be solvent cast or melt

processed, deficiencies that could result in a loss of general utility.

In Chapter 2, the synthesis of a linear PU responsive to fluoride ions was reported.!® This non-
covalently crosslinked system exhibited the standard thermo-responsive debond-on-demand
feature of a classic supramolecular hot-melt adhesive but with the added advantage of
undergoing depolymerisation on demand resulting in permanent loss of adhesive properties

(Scheme 3.1).

.

Chemical -7
AorF
@@ = @ —

High Molecular Weight High Molecular Weight Low Molecular Weight
Material with Adhesive Material Non-Adhesive Material
Broken Network

Depolymerisable Soft Oligomer Urethane Triggered
[° Unit (DU) 7 Chains ® Linker ° pu

Scheme 3.1 Schematic showing the non-reversible depolymerisation of the polymer in response to
fluoride ions (right) and the rebondable nature of the adhesive in response to elevated temperatures.

Structurally, this fluoride degradable adhesive is a phase separated polyurethane (PU)?!"2*
comprising hydrogenated polybutadiene polyol 2.18 soft segments and hard segments

containing an aromatic isocyanate linker ((4,4’-MDI), 2.19) and the fluoride responsive DU
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(2.6). This initial composition resulted in a relatively high temperature to achieve maximum
adhesion (160 °C) which would be a disadvantage when bonding temperature sensitive
components. Adhesion could be achieved at lower temperatures, but with much lower adhesive
strength. Therefore, studies were targeted to establish the structural parameters that would
facilitate a reduction in adhesion temperature without compromising adhesive performance or

the ability of the material to debond on demand in response to the addition of a fluoride source.

Herein is presented the synthesis and evaluation of two series of structurally related PU
materials containing the fluoride responsive DU and either different diisocyanate linkers or
different polyols. In the first series of polymers, structurally distinct diisocyanates were
incorporated into the PU backbone to influence phase separation between the soft and hard
domains®>2°. Within the second series of adhesives, the polyol component was varied, firstly
to reduce the hard-content composition, and secondly to introduce crystallinity into the adhesive
structure. It was envisaged that, in common with related healable structures,'>*%3 the thermal
properties of the crystalline regions may facilitate a dramatic reduction in tensile strength,?
viscosity and adhesion characteristics when exceeding the melting point of the crystalline

segments. 343>

3.2. Results and Discussion
3.2.1. Synthesis and Characterisation

Two series of polymers were synthesised to determine if the thermal and/or mechanical
properties of the adhesive could be improved with respect to polymer 2.21: (Series 1) polymers
containing different diisocyanate linkers (3.5 and 3.6) and (Series 2) polymers containing
different polyols (3.7 and 3.8). The polymers were synthesised by a solvent-free method as
previously reported.! First, a pre-polymer was prepared from the polyol and diisocyanate
linker, prior to the addition of the degradable unit 2.6. The chemical structures of the polyols
and diisocyanate linkers used are detailed in Scheme 3.2 and the feed ratio of each polymer are

detailed in Table 3.1.
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Polyol Diisocyanate Linker
( -
Degradable Unit
o on @
m b OCN NCO
2.18 - Krasol HLBH-P 2000 2.19 - 4,4'-Methylene diphenyl
diisocyanate
+ +
ol /O/\O\ HO OH
HO
. < OCN NCO S A
3.1 - Krasol HLBH-P 3000 3.3 - 4,4'-Methylenebis(cyclohexyl /i\
isocyanate)
2.6 - Degradable Unit
O
(\/\OM DN~ NCO
3.2 - Stepanpol PC-205-P 30 3.4 - Hexamethylene diisocyanate
1) Polyol (1 eq.) + Diisocyanate Linker (2 eq.)
80 °C, 3 - 18 hours
2) Degradable Unit (1 eq.)
100 °C, 1 - 18 hours.
O,S||\ o o o
Ho/\(?/\o u Linker J\NJLO Polyol \g Linker J/ E/H H
c
/i\ )

Polymer

Scheme 3.2 General synthesis of the polymers containing the degradable unit with varying polyols
and diisocyanates

Polyol Diis?cyanate Degra(?able Degradal')le
Linker Unit adhesive (Yields)
(Ms 3.41.11)2, piny | " 2.19 " 2.6 ~ (927.2014)
(Ma 3.41[12, piny | " 33 " 2.6 ~ (832’3.;)
(M 3.421<.11)2, piny | " 34 " 2.6 - (gi.;,)
(M, 4.6 ii)la, piny | " 2.19 " 2.6 ~ (93;.;,)
(Ma 6.8 Ega, D18y | 2.19 " 2.6 - (9;.;)

Table 3.1 Chemical composition of the polymers containing different polyols or diisocyanates. Yields
shown in brackets.
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The polymers were characterised by 'H NMR spectroscopy where, all polymers showed a shift
in resonance of the methylene protons of the degradable unit 7 (Ha) from 4.6 ppm to
5.1-5.2 ppm for the polyurethane methylene protons (Hg). A urethane (N-Hc) resonance was
observed between 3.2 - 3.4 ppm in the spectra of the aliphatic isocyanate containing polymers
3.5 and 3.6; or between 6.5 - 6.7 ppm for the aromatic isocyanate containing polymers 2.21,
3.7, and 3.8. Infrared spectroscopic analysis of the polymers showed a characteristic absorbance
band at approximately 1700 cm™ and 3300 cm™ for C=0O and N-H stretches, respectively and

absorbances at approximately 2200 cm™ indicative of residual isocyanate were not observed.

"H NMR spectroscopy was also employed to study the degradation rate on addition of fluoride
ions for the new series of polymers. The fluoride source, fefra-butylammonium fluoride
(TBAF) was added to solution of polymer in deuterated chloroform in equal molar quantities
to the DU. All five polymers showed immediate degradation of the depolymerisation unit as
evidenced by the loss of the methylene proton (Hg) resonances around 5.0 ppm and urethane
proton (Hc) resonances. This effect is exemplified for the polymer 3.8 in Figure 3.3 (see
Appendix, A.l., Figures A1-A4 for additional degradation data). In addition, the polyester
backbone to polymer 3.8 was not affected by the addition of TBAF evidenced by the lack of
shift in the methylene resonance at 4.1 and 2.3 ppm (Figure 3.3) demonstrating that degradation
occurred exclusively at the DU as designed (Figure 3.1).

TBAF
525 510 4.95 4.80 465
5 (ppm)
)
Polyester
backbone
5.25 510 4.95 4.80 465
5 (ppm)
Urethane Methylene
Resonances Resonances
H H J
A e @ %@ A
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 0.0
& (ppm)

Figure 3.1 'H NMR spectra showing (A) before and (B) after addition of TBAF of polymer 3.8.
(CDCl;, 400 MHz)
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The molecular weights of the two series of polymers before and after degradation with TBAF

were analysed by gel permeation chromatography (GPC). The GPC eluograms are shown in

Figure 3.4, with molecular weight data detailed in Table 3.2.

~

~

A Series 1 B Series 2
— Polymer 2.21 -- Polymer 2.21 (Degraded)| |— Polymer 2.21 == Polymer 2.21 (Degraded)
— Polymer 3.7 == Polymer 3.7 (Degraded) - Polymer 3.5 == Polymer 3.5 (Degraded)
- Polymer 3.8 == Polymer 3.8 (Degraded) Polymer 3.6 Polymer 3.6 (Degraded)
L paewws l-----a:::; . : Zo===i------
8 10 12 14 16 8 10
Retention Time (min) Retention Time (min)

Figure 3.2 GPC eluograms of (A) series one which vary by diisocyanate structure and (B) series two,

which vary by polyol structure. (THF, PS standards).

Pristine Degraded
Polymer \7 Mw D \7 Mw D
(Da) (Da) (Da) (Da)

221 26100 71480 | 2.74 | 6210 10300 1.65
(10600) | (13100) | (1.25)

1.5 20400 51800 | 2.54 | 4000 8300 2.08
(10700) | (13100) | (1.22)

56000 | 254000 | 4.54 | 5400 10000 1.85
(11000) | (14000) | (1.29)

37 77180 | 445000 | 5.77 | 9740 17600 1.81
(16300) | (23000) | (1.42)
3.8 35000 | 118000 | 3.37 | (12400) | (27100) | (2.19)

Table 3.2 GPC molecular weight and dispersity data for the polymers before and after degradation.
Values denoted in brackets show the molecular weight calculations from the peak maxima only.
Values not in brackets are calculated from the whole distribution. See Appendix A.2. for complete
analysis.

The five polymers show chain extension between the polyol, diisocyanate and DU 2.6 as
evidenced by the higher molecular weights in comparison to the starting polyols. Each polymer

also shows a significant reduction in molecular weight after degradation (at least by 64 %).

Inspection of the molecular weight data for series 1 (polymers 2.21, 3.5 and 3.6, Figure 3.4a)
in which the key variable was the diisocyanate linker, show that for each material, the degraded
products exhibit very similar eluograms. Each eluogram exhibits two peak maxima,

corresponding to M, ~10.7 kDa and ~ 3.0 kDa as a result of chain extension between isocyanate
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and polyol (see Chapter 2). Chain extension of the pre-polymer (¢) was seen with all five
polymers and can be determined to be between 1 — 3. Furthermore, as the molecular weights of
the degraded polymers were comparable to the pre-polymers (or multiples of) (Table 3.1), it
was deduced that the fluoride ions do not cause the breakdown of the polyol backbone
structures. This is particularly important with polymer 3.8, containing the polyester polyol 3.2,
which is prone to break down under acidic/basic conditions, and is further evidenced by the 'H
NMR spectrum of the degraded polymer 3.8 (Figure 3.3) where changes were not detected for

the polyester backbone resonance signals of the methylene units of the polyol.
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Scheme 3.3 Schematic showing the degradation of the polymer backbone producing a smaller M,, unit
which is not affected by the fluoride ions.
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With the polymers characterised and degradation properties analysed, attention moved to

determining how altering the diisocyanate or the polymer affected the thermal properties.
3.2.2. Thermal Properties and Morphology of the Polymers

The thermal properties of polymers were initially determined using Differential Scanning
Calorimetry (DSC). Melting temperatures (7,,) were not detected for polymers 2.21 and 3.5 -
3.7 (Figure 3.6a) which confirms the amorphous nature of the polymers. The glass transition
temperatures (7%), determined by DSC, of polymers 2.21 and 3.5 - 3.7 (Figure 3.6b), which
contain the hydrogenated polybutadienes 2.18 (7, ~ -46 °C) and 3.1 (7 ~ -48 °C), show little
variance in comparison toward the starting polyols (7 ~ -45 £3 °C for polymers 3.8 — 3.11).
The ester-containing polymer 3.8 exhibited a distinctive 75, at 49 °C, similar to the starting

polyol 3.2 (T, ~ 54 °C) and recrystallisation temperature, 7 at ~ 19 °C.
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1 .
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Figure 3.3 DSC thermograms of the polymers from the second heat-cool cycle highlighting (4) the
melting (T,,) and recrystallisation (T,) temperature of polymer 3.8 and (B) the glass transition

temperatures (T,) of polymers 2.21 and 3.5 - 3.7.

Rheological analysis was carried out to determine the viscoelastic transition temperature

(determined at the point where G’’ exceeds G’) which is an important factor in determining the

lowest temperature that the materials are likely to adhere.’® After an initial heat-cool

temperature ramp to insure contact between the plates, three heat-cool cycles were carried out

to determine the thermal reversibility of the supramolecular polymer network (see Appendix

A.3. for the full data set) with the second heat cycle detailed in Figure 3.7.

Modulus (Pa)

107.

100 1

105] O\
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— Polymer 3.7 -G'  ---- Polmyer 3.7 - G"
— Polymer 3.8-G' ---- Polymer 3.8 - G"

D
-
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~

— Polymer 2.21 -G' ---- Polymer 2.21 - G"
40 oc, Ry — Polymer3.5-G'  ---- Polymer 3.5 - G"
o —— Polymer 3.6 -G'  ---- Polymer 3.6 - G"

20 40 60 80 100 120 140
Temperature (°C)

Figure 3.4 Rheological analysis of polyurethanes 2.21 and 3.5 — 3.8. Values indicate the viscoelastic

transition temperature.

The viscoelastic transition or flow temperature for both polymers 3.5 and 3.6 was measured to

be ~28 °C, much lower than the flow temperature of polymer 2.21 (125 °C). This shows that

exchange of the aromatic for aliphatic diisocyanate groups weakens the supramolecular

interactions within the polymer network. This trend was evident from the physical appearance

of polymers 3.5 and 3.6 at room temperature, which are very viscous liquids; not self-supporting
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films that could readily be cast from polymers 2.21, 3.7 and 3.8. Polymer 3.7 shows a reduction
in the viscoelastic temperature at 75 °C, which is a result the longer polybutadiene polyol 3.1,
thereby providing reduced hard block content within the polymer network. The rheological
analysis of polymer 3.8 (Figure 3.7) exhibits two crossovers in storage and loss modulus at
40 °C and 53 °C. This temperature range is similar to the melt region determined by DSC
analysis (Figure 3.6a). Complete loss in storage modulus over loss modulus occurs just above
50 °C, showing that the polymer has melted. The network does not reform exactly as the pristine
materials supramolecular network upon cooling and hence changes for the different cycles. A
similar effect has been reported by Tang and co-workers in the case of an hydrogen bonded

telechelic supramolecular polymer.??

Altering the supramolecular network causes the morphology of the polymer to change. To gain
an insight into the effect that the structure has on the morphology of the system, variable
temperature (VT) small angle X-ray scattering (SAXS) and wide angle X-ray scattering
(WAXS) were carried out on thin film samples of each of the polymers (Figure 3.8).

— Polymer 2.21 — Polymer 3.5 — Polymer 3.6 — Polymer 3.7 — Polymer 3.8
A s, B 2700 1

2200 A

1700 A

Intensity
Intensity

1200

700 -

Intensity

Intensity

14 40 ‘(\Qe‘
q(nm™)

Figure 3.5 (A) SAXS and (B) WAXS analysis of polymers 2.21 and 3.5- 3.8; 3D spectra of (C) VT
SAXS of polymer 2.21 during a heat ramp, (D) VT SAXS of polymer 3.8 during a heat ramp, VT
WAXS of polymer 3.8 during (E) heating ramp and (F) cooling ramp.
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From the SAXS diffraction patterns (Figure 3.8a), polymers 2.21, 3.5 and 3.6, show a similar
broad Bragg peak with a maximum at approximately 0.85 nm™!, relating to a d-spacing of
73.9 nm, similar to that previously reported for materials using the Krasol polyols.?!*> Polymer
3.7 shows a slightly larger d-spacing at 78.5 nm as a result of the higher molecular weight
Krasol HLPH P3000 3.1 used as the backbone. The broad diffraction pattern is characteristic

2122 arising from the soft regions of the hydrogenated polybutadiene

of an amorphous structure
polyols 2.18 and 3.1. Polymer 3.8, consisting of the crystalline Stepanpol 3.2, exhibited a
sharper diffraction peak at 0.35 nm’!, corresponding to a distance 179.5 nm. WAXS analysis
(Figure 3.8b) of polymers 2.21 and 3.5 — 3.7 showed a broad diffraction peak at approximately
13 nm™!, relating to a spacing of 48.3 nm (4.83 A) and corresponding to the stacking of hydrogen
bonding moieties.>”** Polymer 3.8 showed two sharp diffraction bands. The first band,
observed at 15.0 nm’!, indicates assembly via the hydrogen bonding moieties (4.19 A) and the

second band at 16.9 nm™ indicates m-stacking interactions (3.72 A) between the aromatic

components of the polymer.?*

VT-SAXS analysis was carried out on polymer 2.21 (Figure 3.8c) during a heating ramp and
showed a splitting into two peaks at ¢ = 0.75 nm™ and q =0.92 nm! as the temperature increases
and the polymer begins to flow at its viscoelastic transition temperature. The development of
two well-defined peaks suggests a phase separation process when the polymer starts to flow at
high temperature. VT-SAXS analysis on hydrogenated polybutadiene based polymers 3.5 — 3.7
showed similar results to each other, i.e. an 8 — 12 % decrease in intensity at ~ 0.80 nm™!, which
is expected as a result of their similarities in overall structure. VT-SAXS on polymer 3.8 (Figure
3.8d) shows an initial sharp peak at 30 °C (q = 0.35 nm™') that starts to shift to a lower ¢ value

at 55 °C (q = 0.20 nm™"), before decreasing in intensity thereafter.

VT WAXS of polymer 3.8 showed a similar thermal response, where a decrease in intensity of
the two sharp peaks (q = 15.0 and 16.9 nm™") occurs up to 60 °C, followed by a shift to a broad
diffraction pattern a lower ¢ value (q ~ 13.8 nm™') indicative of a weakening in hydrogen
bonding with increasing temperature.?? This initial loss in intensity is a result of the polymer
melting, followed by the collapse of the supramolecular interactions at a higher temperature.
The sharp signals are recovered during a cooling ramp (Figure 3.7¢) at 20 °C when the polymer
recrystallises. These temperatures of the thermal transitions are in agreement with both the DSC

data (Figure 3.6) and trends from rheological analysis (Figure 3.7).
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The thermal analysis has thus far shown that using an aliphatic diisocyanates in polymer
Series 1 lowers the flow temperature of the polymer network as a result of loss of
supramolecular interactions. Changing the amorphous polyol to a crystalline polyol introduces
a melting point while retaining the supramolecular interactions within the polymer network.
With the above thermal properties of the materials established, attention moved towards

mechanical and adhesion testing.
3.2.3. Mechanical Testing

For mechanical stress-strain testing, the polymers 2.21, 3.7 and 3.8 were cast from THF into
homogenous films (15 x 15 cm). The viscous nature of 3.5 and 3.6 at room temperature,
prohibited the formation of self-supporting films that could be peeled from a surface. Five strips
(4.0 x 0.5 cm) were cut from the films of polymers 2.21, 3.7 and 3.8 and stress-strain analysis
was carried out (see Appendix A.4.). The untreated polymers show different mechanical or
physical properties. Analysis of polymer 2.21 (Figure A15 in the Appendix) revealed a stress-
strain curve that shows an initial elastic region denoted by the sharp initial gradient up to ~ 3
MPa with a tensile modulus of 7.0 MPa. This is followed by a flexible elastomeric region
denoted by the decreased gradient before breaking above 6 MPa. In comparison, polymer 3.7
(see Appendix, Figure A16) containing a higher molecular weight polyol exhibits an
elastomeric nature with a low tensile modulus (3.6 MPa) and sudden drop at break above 10
MPa. In contrast, analysis of polymer 3.8 (see Appendix, Figure A17) revealed an initial sharp
gradient reaching on average above 6 MPa, which is a result of the hard crystalline regions
within the polymer network (Figure 3.9). As a comparison, the tensile modulus of polymer 3.8
was determined to be 203.5 MPa, which shows that the crystalline regions within the polymer

network increases the stiffness of the material.
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Polymers 2.21, 3.5 - 3.7 Polymer 3.8

OO Created by Polyester Created by Supramolecular

OO  Crystalline Domains z«z Amorphous Domains
QAR backbone Interactions

Force Exerted on . Force Exerted on
Crystalline Network Amorphous Network

Scheme 3.4 Schematic showing the effect of the hard crystalline structures on the strength of polymer
3.8 before and after degradation.
Five strips of the cast films were exposed to a TBAF solution (1M; acetone for polymers 2.21
and 3.7; and acetonitrile for polymer 3.8) to establish the depolymerisation characteristics of
these materials in the solid state. The polymer strips were each exposed for a fixed time of
30 minutes, then dried at 40 °C for 30 minutes before testing. From the stress-strain graphs (see
Appendix A.4.) before and after treatment with fluoride ions, the ultimate tensile strength
(Figure 3.9a) and toughness (Figure 3.9b) were calculated. All of the polymers showed a

decrease in strength after depolymerisation in the TBAF solution.
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Figure 3.6 The ultimate tensile strength (A) and toughness (B) of polymer 2.21, 3.7 and 3.8, before
and after degradation, calculated from the stress-strain curves. Errors are calculated from the
standard deviation (n = 5)

The small loss (9 %) in ultimate tensile strength of polymer 3.8 after degradation further proves
that the crystalline network provided by the polyester backbone is not compromised by the
degradation process. In contrast, the reduction in ultimate tensile strength of approximately
75 % for polymers 2.21 and 3.7 show that soft domain provided by the hydrogenated
polybutadiene backbone does not provide the strength of the material, but instead the strength
is derived from the supramolecular interactions which are compromised by the degradation
process. Regarding the materials toughness before and after degradation, both polymers 3.7 and
3.8 exhibited a similar loss in toughness (77 % and 74 %, respectively), but not as significant a

loss as observed in the case of polymer 2.21 (93 %) (Figure 3.6).
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3.2.4. Adhesion Testing

Although polymers 3.5 and 3.6 did not form self-supporting films, it was possible to carry out
adhesion tests. Butt-tensile adhesion samples were adhered at 25 and 60 °C. The force required

to break the adhesive bond was recorded (Figure 3.11).
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Figure 3.7 The force required to break the adhesive bond between two butt-tensile cylinders adhered
at different temperatures for the first series of polymers, 2.21, 3.5 and 3.6 containing different
isocyanate linkers. Errors were calculated from the standard deviation (n = 5).

Butt-tensile adhesion tests on the viscous polymers 3.5 and 3.6 showed that they were 85 %
and 98% weaker in adhesive strength, respectively, in comparison to polymer 2.21 when
adhered at 60 °C (the lowest temperature that polymer 2.21 would adhere at). This data shows
that loss of the phase separation within the polymer network, driven by the aromatic

diisocyanate linker, results in a dramatic loss in the adhesive strengths.

In a similar fashion, polymers 2.21, 3.7 and 3.8 were tested using lap shear and butt-tensile
adhesion experiments. Lap shear adhesion tests were carried out before and after treatment with
fluoride ions. Butt-tensile adhesion tests were employed to show the difference in adhesion
strength at different temperatures. In addition, these samples were re-bonded to prove the

reversibility of the polymeric adhesive.

Lap shear adhesion samples were carried out according to ASTM D1002,* where samples were
compressed with a 1 kg weight at 140 °C for 18 hours. The adhered samples were pulled and
the force at break was recorded and converted into the lap shear modulus which takes into
account the surface area of adhered material (Figure 3.11). Samples were degraded by
submerging in a 0.025 M TBAF solution in acetone (polymers 2.21 and 3.7), or acetonitrile

(polymer 3.8), selected so that the samples did not dissolve over the timescale of the experiment.
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Figure 3.8 The force at break recorded from the lap shear samples of polymer 2.21, 3.7 and 3.8;
before and after degradation. Errors were calculated from the standard deviation of five samples.
Errors were calculated from the standard deviation (n = 5)

All three materials showed a weakening in adhesive strength of approximately 30 %; thereby
proving that the degradable unit will work with a range of polymeric structures without being
unaffected by the chemical compositions. Polymer 3.7 which had a marginally stronger ultimate
tensile strength and toughness over polymer 2.21, showed a much weaker adhesion strength.
Polymer 3.8 shows the reverse of this trend, with a similar ultimate tensile strength and
toughness to polymer 2.21, but nearly twice as strong as an adhesive as measured by lap shear

adhesion tests.

To determine the how temperature affects adhesion strengths, butt-tensile adhesion tests were
carried out by placing a 16 mm diameter circle film piece between two steel cylinders. The
cylinders were compressed with a 100 N force and left at the required temperature for 18 hours
before testing. The force required to break the adhesive bond was recorded and detailed in

Figure 3.12.
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Figure 3.9 Butt-tensile adhesion studies for polymers 2.21, 3.7 and 3.8 adhered at different
temperatures for 18 hours to determine the optimal conditions for adhesion. Errors were calculated
from the standard deviation (n = 4).

From the butt-tensile adhesion tests, a similar trend to the lap-shear adhesion results was
observed. Polymer 3.7 exhibited nearly half the adhesion strength when compared to polymer
2.21, and interestingly polymer 3.8 possesses nearly double the adhesion strength. Polymer 2.21
shows its optimum adhesion temperature is 140 °C breaking at 1.40 kN, which may be
accountable as a consequence of exhibiting a viscoelastic transition or “melt” temperature at
129 °C (Figure 3.5). Polymer 3.7 shows a similarly weak adhesion (ca. 0.54 kN) over the range
of temperatures tested. Polymer 3.8 (Tm = 49 °C (Figure 3.6)) containing the polyester 3.2 as

the backbone shows the strongest bonding adhesion strengths, even at 60 °C.

The adhesion strength is close between the three temperatures tested for polymer 3.8, thereby
proving that the polymer is close to it ultimate adhesion strength at 60 °C. Even though
polymers 2.21 and 3.8 show similar percentage errors (£29% and £25%, respectively), ANOVA
calculations, which determines the similarity of raw data of four samples, shows a <0.01 %
chance that the force at break values for polymers 2.21 and 3.8 are the same. To assess the
versatility of polymer 3.8 over 2.21, the adhesives were adhered for 0.5 hours and compared to

the results when adhered for 18 hours (Figure 3.13a).
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Figure 3.10 The force required to break the adhesives from the butt-tensile adhesion test, with
adhesions carried out at 60 °C for 0.5 and 18 hours. Errors were calculated from the standard
deviation (n = 4).

Polymer 2.21 shows very little adhesion strengths when adhered for 30 minutes which is a result
of the polymer not being able to flow or melt during this time periods. However, polymer 3.8
does melt and flow in this time period, and hence will adhere the substrates. In fact, polymer
3.8 shows similar adhesion strengths after 30 minutes as polymer 2.21 does after 18 hours. This,
therefore, proves that changing monomer backbone to a crystalline polyester increases the

adhesive strength, and lowers the adhesive temperature while maintaining the degradability

property of the material.

Finally, thermal debonding-rebonding experiments were carried out only on polymer 3.8 to

show thermal reversibility of the adhesive (Figure 3.14).
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Figure 3.11 Debonding-rebonding studies of polymer 3.8 when adhered at 60 °C for 18 hours. Errors
were calculated from the standard deviation (n = 4).

Polymer 3.7 showed weaker adhesion in comparison to polymer 3.8, and hence re-adhesion

tests were not tested; and polymer 2.21 was already shown to be thermally reversible as an
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adhesive without loss of adhesive strength (Chapter 2, Figure 2.14).!” Using butt-tensile
adhesion studies with polymer 3.8 adhered at 60 °C for 18 hours, the substrates were pulled
apart before re-adhering under the same thermal conditions (60 °C). The debond-rebond cycle

was repeated four times, and the force to break the specimen was recorded.

These results demonstrate that polymer 3.8 containing the polyester 3.2 backbone and 4,4’-MDI
diisocyanate linker 2.19 is thermally rebondable over three debond-rebond cycles. Furthermore,
with strong adhesion temperatures at 60 °C and thermoplastic type properties, polymer 3.8 can

be classed as a low-melt adhesive which are very desirable in the adhesives market.*

3.3. Conclusions

In this study, two series of polymers have been synthesised in order to determine whether
changing either the diisocyanate linker or the monomer backbone would both decrease the
thermal adhesion temperature and increase the mechanical/adhesive properties. Both series of
polymers showed chain extension with the degradable unit, followed by reduction of molecular
weight when degraded with a fluoride source. Rheological analysis was used in conjunction
with differential scanning calorimetry to show that changing the diisocyanate linker reduced
the viscoelastic transition temperature to near room temperature. Changing the polyol to a
polyester provided a material that exhibited a melt at 49 °C. Wide-angle X-ray diffraction
analysis revealed supramolecular interactions for all of the polymers, with variable temperature
experiments showing the reversibility of these interactions. The polymers from the first series
in which the diisocyanate linker was changed proved too weak during adhesion studies, even
though they demonstrated low viscoelastomeric transition temperatures. The second series of
polymers in which the polyol was changed showed good mechanical properties, and an
approximately 33 % drop in strength after degradation. Adhesion tests were thus carried out on
the second series of polymers. Polymer 3.8 containing the polyester 3.2 showed the greatest
adhesive strengths at near 3.5 kN at 140 °C from lap shear adhesion tests and at approximately
2.0 kN at 60 °C from butt-tensile adhesion tests; nearly twice as strong as polymer 2.21 formed
from a hydrogenated polybutadiene, but at a much lower bonding temperature (60 °C). This
shows that polyester based debondable adhesive have promising future materials and aspects

within the adhesives market.
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3.4. Experimental Section
3.4.1. Materials

Krasol HLBH-P2000 and Krasol HLBH-P3000 was kindly supplied by Cray Valley. Stepanpol
PC-205-P 30 was kindly supplied by Alfa Chemicals.

3.4.2. Characterisation.

Characterisation was carried out as reported in Chapter 2, page 55. Characterisation specific to

this chapter are reported below.

Rheological measurements were performed using an Anton Paar Physica MCR 301 rheometer
with a parallel plate oscillatory shear geometry. For polymer film samples, circular samples of
25 mm diameter (0.35 mm average thickness) were cut from the polymer film using a steel
punch cutter. For the viscous polymers, the polymer was cooled to 10 °C, and a small ball of
10 mm diameter was flattened into a 25 mm disc. For the single frequency temperature sweep,
samples were placed into the rheometer and initialised at a temperature above the point of
polymer flow, and then subjected to temperature ramp cycle at a rate of 2 °C/min, first
increasing then decreasing. This cycle was repeated twice to assess repeatability and any
changes in properties. The frequency of oscillation was set to 5 Hz, and the shear strain
amplitude to 0.1%. The data was processed using Microsoft Excel 365 and MATLAB R2017.
SAXS and WAXS analysis was carried out at the Alba Synchrotron on the Non-Crystalline
Diffraction Beamline (BL11-NCD). Samples of approximately 8 mm diameter circles were cut
from the film and wrapped in aluminium foil. The sample was placed into a Linkam stage,
connected to a liquid nitrogen cooling station. The beamline was equipped with an ADSC
Quantum 210r CCD detector (SAXS) and Rayonix LX255-HS detector (WAXS). The data was
processed using Microsoft Excel 365 and MATLAB R2017.

Tensile stress-strain experiments using an AML X5-500 single column universal tester,
equipped with a 5 kN load cell and wedge grips. Specimens were cut from the film of 4.0 x 0.5

cm sizes. The samples were analysed at a strain rate of 100 mm/min.

Lap shear adhesion samples were carried out in accordance with ASTM D1002 standards using
an AML X5-500 single column universal tester, equipped with a 5 kN load cell and wedge
grips. The aluminium coupons were cleaned for 20 minutes in methyl ethyl ketone and dried
overnight in a desiccator. The coupons were then etched using the following procedure: iron

(III) sulfate (75 g) was dissolved in deionised water (500 mL), to which concentrated sulfuric
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acid (100 mL) was added slowly while maintaining the temperature below 65 °C. The etching
bath was placed in a water bath at 65 °C, and the coupons submerged in the etching solution
for 12 minutes. Upon completion, the coupons were washed with deionised water at room
temperature, followed by deionised water at 70 °C and repeating between the two temperatures
three times. The coupons were placed in an oven at 70 °C for 2 hours before being used to
create the lap shear samples. Samples were adhered at 140 °C for 18 hours with a 1 kg weight
used as a compression source. Samples were subjected to a strain rate of 1.0 mm min!. Butt
tensile adhesion samples were carried in accordance with BS EN 15870 2009 and carried out
on an Instron 5500R Universal Mechanical Testing Machine equipped with a 10 kN load cell
and serrated wedge grips for cylinders. Steel cylinders with a 16 mm diameter were grit blasted
with Guyson fumed alumina mesh size 180/220; and cleaned sequentially with compressed air,
then acetone before being stored in a desiccator prior to use. The samples were placed in a vice
grip with a spacer between each substrate and compressed under a spring tension of 100 N;
before being placed in an oven at specific temperatures for 18 hours. Samples were subject to

a strain rate of 1.3 mm/min.
3.4.3. Synthesis of DU 2.6

The degradable unit (2.6) was synthesised as reported in Chapter 2, page 57.'°

3.4.4. General method for one-pot synthesis of polymers

The polyol (15 mmol) was dried in a vacuum oven at 100 °C under 100 mbar vacuum for 1
hour. The diisocyanate (2.0 equivalents) was added to the polyol (12 mmol, 1.0 equivalent) and
stirred at 80 rpm with an overhead stirrer, at 80 °C for 3 hours to form an isocyanate terminated
prepolymer. The reaction temperature was raised to 105 °C and the degradable unit
(1 equivalent) was added and stirred for 1 hour. The crude polymer was dissolved in chloroform
(200 mL) and precipitated slowly into methanol (1.8 L). The precipitate was filtered and washed

with methanol (2 x 200 mL) dried under reduced pressure to afford the adhesive polymer.
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Polymer 2.21 (40.1 g, 97 %). Vmax (thin film, cm™) 3317, 2961, 2919, 2873, 2854, 2159, 1736,
1708, 1599, 1533, 1461, 1414, 1379, 1304, 1219, 1066. 6u (400 MHz, CDCIs, ppm) (n =
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number of chain extension) 7.38 — 7.20 (m, 8H,), 7.21 — 7.02 (m, 8H, + 2H,), 6.55 (m, 4H.,),
5.17 (s, 4Hn), 4.82 — 4.59 (m, 0.3H,), 4.23 — 4.07 (m, 4H,), 3.88 (s, 4Hn), 2.30 (m, 3H,), 1.93 —
0.71 (m, 350H.), 0.21 (s, 6Hx). ¢ (100 MHz, CDCI3, ppm) 153.7, 153.5, 149.16, 136.3, 136.2,
136.1, 135.9, 131.4, 130.8, 129.4, 126.9, 118.9, 62.5, 40.6, 38., 38.7, 38.4, 38.1, 37.9, 37.3,
36.1,34.9,33.5, 33.3, 30.7, 30.5, 30.2, 29.9, 29.8, 29.3, 26.8, 26.6, 26.5, 26.1, 25.9, 25.9, 20.6,
19.5, 18.7, 11.4, 10.9, 10.7, 10.66, 10.6, 9.4, 0.0, -0.9, -3.7. GPC (THF/BHT 250 ppm) My,
71400, M, 26100, D 2.73. DSC T,=-45.5 °C.
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Polymer 3.5 (36.5 g, 88 %). Vmax (thin film, cm™) 3333, 2958, 2919, 2854, 2266, 1698, 1536,
1461, 136, 1223, 1088, 897, 778. du (400 MHz, CDCls, ppm) (n = number of chain extension)
7.14 —7.04 (m, 2Hx), 5.06 (s, 4Hn), 4.95 — 4.20 (m, 4H,), 4.17 — 3.90 (m, 4H,), 3.88 — 3.66 (m,
2H.), 3.52 — 3.26 (m, 3H4), 2.08 — 0.50 (m, 446H.), 0.19 (s, 6Hn). 8¢ (100 MHz, CDCI3, ppm),
39.1, 38.9, 38.5, 38.4, 37.9, 37.6, 36.1, 36.0, 33.4, 33.2, 32.0, 30.7, 30.2, 30.1, 29.8, 28.1, 26.8,
26.6, 26.4, 26.2, 26.1, 26.0, 25.9, 20.6, 18.7, 10.9, 10.7, 0.0, -3.7. GPC (THF/BHT 250 ppm)
My 51800, M, 20400, B 2.54. DSC T,=-48.2°C.

Polymer 3.6 (33.8 g, 87 %). Vmax (thin film, cm™) 3336, 2956, 2919, 2851, 2873, 1705, 1539,
1464, 1376, 1242, 1153, 1070, 900, 838, 778, 725. du (400 MHz, CDCl3, ppm) (n = number of
chain extension) 7.12 — 7.06 (m, 2Hy), 5.07 (s, 4H,), 4.92 — 4.57 (m, 4H,), 4.14 — 3.94 (m, 4H,),
3.31-2.97 (m, 10H,), 2.30 — 2.23 (m, 3H,), 2.04 — 1.82 (m, 4H,) 1.71 — 0.53 (m, 413H,), 0.19
(s, 6Hy). oc (100 MHz, CDCIs, ppm), 62.1, 40.9, 38.9, 38.5, 38.3, 37.9, 37.6, 36.1, 33.4, 33.2,
30.7, 30.2, 29.8, 26.8, 26.6, 26.3, 26.0, 25.8, 20.6, 18.7, 10.9, 10.6, 0.0, -3.7. GPC (THF/BHT
250 ppm) My, 254000, M, 56000, D 4.54. DSC T, = -46.3°C.
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Polymer 3.7 (37.3 g, 99 %). Vmax (thin film, cm™) 2234, 2958, 2920, 2873, 2854, 2169, 2003,
1733, 1708, 1598, 1526, 1457, 1414, 1380, 1311, 1070, 772. éu (400 MHz, CDCI3, ppm) (n =
number of chain extension) 7.38 — 7.20 (m, 8H,), 7.20 — 6.97 (m, 8H, + 2H,), 6.71 — 6.39 (m,
4H,), 5.17 (s, 4Hy), 4.94 — 4.79 (m, 0.2H,), 4.23 — 4.06 (m, 4H.,), 3.88 (s, 4Hn), 2.28 (m, 3H,),
2.06 — 0.54 (m, 530H,), 0.21 (s, 6Hy). oc (100 MHz, CDCls, ppm) 153.7, 153.4, 136.2, 135.8,
131.4,130.8,129.4,126.9, 118.9, 62.5, 40.5, 38.9, 38.4, 37.8, 36.0, 34.9, 33.6, 33.2, 30.7, 30.2,
29.7,26.7, 26.1, 25.9, 20.5, 18.6, 10.9, 10.7, 10.6, 10.0, 0.0, -3.7. GPC (THF/BHT 250 ppm)
My 445000, M, 77180, D 5.77. DSC Ty=-47.9 °C.

Y
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Polymer 3.8 (55.6 g, 92 %). Vmax (thin film, cm™) 3349, 2954, 2935, 2898, 2864, 2178, 2003,
1727, 1596, 1530, 1464,1370, 1260,1219, 1164, 1073, 1044, 969, 910, 735. du (400 MHz,
CDCl3, ppm) (n = number of chain extension) 7.36 — 7.22 (m, 8H,), 7.16 — 7.03 (m, 8H, + 2H,),
6.92 — 6.68 (m, 2H,), 5.19 — 5.14 (m, 3Hy), 4.68 — 4.62 (m, 1H,), 4.17 — 4.11 (m, 4H,), 4.10 —
4.02 (m, 66H,), 3.90 — 3.85 (m, 4H,), 2.39 — 2.25 (m, 70H,), 1.86 — 1.75 (m, 4H,), 1.73 — 1.56
(m, 140H,), 1.45 — 1.31 (m, 70H4), 1.03 (s, 9Hn), 0.26 — 0.14 (m, 6H,). 8¢ (100 MHz, CDCl3,
ppm) 173.4, 129.4, 118.8, 64.3, 40.5, 33.9, 28.8, 28.5, 26.0, 25.6, 24.4, 18.7, 0.0, -3.7.GPC
(THE/BHT 250 ppm) My, 118000, M, 35000,  3.37. DSC T,= 1.0 °C, T,,=48.4 °C.

3.4.5. Sample Preparation for Mechanical Assessment.

Uniform films (between 200 and 500 um thick) suitable for mechanical testing were cast from
THF (0.2 g/mL) in a PTFE mould (15 % 15 cm). The solvent was allowed to evaporate slowly
at room temperature overnight, before being placed in a vacuum oven at 50 °C (800 mbar) for
a further 18 hours to remove remaining solvent. DSC analysis showed that solvent was not

present in the resultant cast films.
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Chapter 4

Fluoride Responsive Crosslinked Debond-on-Demand Reactive

Adhesives

Abstract

This chapter reports the design and synthesis of a trifunctional fluoride responsive degradable
unit and its use as a crosslinker in a polyurethane network as a debond-on-demand adhesive.
Model compound synthesis and degradation studies revealed that the trifunctional degradable
group undergoes rapid degradation (<1 minute) when treated with TBAF. Using an in situ
polymerisation method, the trifunctional degradable group was reacted with a diisocyanate
prepolymer and applied to the adhesive surface. Crosslinked adhesives were prepared from a
hydrogenated polybutadiene and a crystalline polyester, both of which showed approximately
a 30 % increase in adhesive strength when compared to a linear polymeric adhesive when
bonding both glass and metal substrates. On treatment with fluoride ions, the adhesive exhibited

a 55 % loss in adhesive strength (from 14.6 MPa to 6.7 MPa) after 3 hours.
4.1. Introduction

The linear polymeric systems developed in Chapters 2 and 3 gain their strength from the
entanglement of long chains accompanied by the non-covalent supramolecular interactions. The
strength of the adhesive was increased approximately two-fold by introducing crystallinity into
the network (Chapter 3). As an extension of this study, it was of interest to increase the strength
of the adhesive by changing the architecture of the polymer and introducing covalent

crosslinking into the polymeric network.

Crosslinked adhesive materials offer higher mechanical strengths, even at high temperatures as
the polymeric network consists of one large macromolecule rather than long chains that
entangle.! Polymers used commonly in crosslinked adhesive formulations include acrylates,?”’

812 and polyurethanes.!>"!> However, as a result of the larger macromolecular

epoxy resins
structure, crosslinked materials are insoluble in solvents which could be a disadvantage when
the adhesive needs to be removed at the end of life of the product. Consequently, a new class

of crosslinked adhesives have been developed to facilitate debonding of the adhesive.
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A method used commonly for breaking a crosslinked network is to introduce reversible groups
that break apart with a stimulus to allow debonding of the adhesive. For example, thermal
stimulus can be used with Diels-Alder adducts which can undergo reversible [4 + 2]
cycloaddition (Scheme 1.1).'®2! Thermal stimuli has also been used with disulfide bridges
(Figure 1.12).22 UV light has been used as a stimulus with the reversible cycloaddition of

anthracene based adhesives,”> >

and with the isomerisation of azobenzene containing adhesives
(Chapter 1, section 1.3.2).26 Although these materials are crosslinked, the groups that allow for

the reversibility also provide the weakest point when the material is taken to high temperatures.

Hence, a new technique has recently been employed to add covalently crosslinked regions that
can only be broken by a chemical stimulus. Phillips and co-workers showed the use of a
crosslinked material that contains fluoride responsive degradable units (1.57, Chapter 1).2’ The
material showed adhesion to glass through the evaporation of solvent under vacuum. However,
this material has several disadvantages. Firstly, obtaining adhesion through the evaporation of
solvents results in the loss of volatile organic compounds (VOC’s) which are toxic. Secondly,
the degradable group requires eight synthetic steps to synthesise, increasing production costs
and time. In addition, the polymer requires a ruthenium based catalyst (Grubbs’ 2™ generation

catalyst, Figure 1.18) for crosslinking to occur which increases toxic waste production.

Therefore, inspired with the synthesis of the bifunctional degradable unit 2.6 used in Chapters
2 and 3,%® in this chapter is presented the design of a fluoride responsive crosslinking group
(TDU) 4.1 with three benzylic groups that could be reacted with a diisocyanate prepolymer
(Figure 4.1) and its incorporation into a polyurethane network as a reactive adhesive (Scheme

4.1).

HO.
HO\/©\/OH HO\/£>\/OH
O. (0N
Bifunctional Trifunctional
Degradable Unit Degradable Unit
2.6 41

Figure 4.1 Comparison of the chain extending and cross-linkable degradable units

In contrast to the previous crosslinked fluoride responsive systems developed by Phillips and
co-workers,?’ this proposed crosslinked adhesive requires two steps to produce the degradable

group. The primary aim was for the degradable TDU group to be incorporated into a
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polyurethane network without the need of catalysts or solvents and for adhesion to be achieved
by the in situ preparation on the adhesive surface without the need of solvent evaporation. Upon
treatment of fluoride ions, the resulting polyurethane network is designed to dramatically lower

in molecular weight and hence reduce in adhesive strength (Scheme 4.1).

Py o S i . ® F
P [ 3 e e — / . 4
ﬁ - Chemical
Stimulus (F7)
Heat
—
v
e ~
P Nk
el H
Cross linked Adhesive Low Molecular Weight
Material Non-Adhesive Material
- Trifunctional ~_» Soft Oligomer ° Urethane Triggered
/' Depolymerisable Unit (TDU) Chains Linker DU

Scheme 4.1 Schematic showing the non-reversible nature of the fluoride responsive crosslinked
adhesive.

4.2. Results and Discussion
4.2.1. Synthesis of Trifunctional Degradable unit (TDU).

To encourage crosslinking within a polymeric structure, a new fluoride responsive groups had
to be designed. The bifunctional degradable unit (BDU) 2.6 had two terminal hydroxyl groups
that allowed for chain extension when reacted with a diisocyanate pre-polymer (Chapter 2 and
3). Therefore, to increase crosslinking, another terminal hydroxyl group needed to be added to
the aromatic ring to form a trifunctional degradable group (TDU) 4.1. Addition of a third benzyl
alcohol at the para position to the silyl group adds an extra site for reaction with the isocyanate
terminated prepolymers facilitating the formation of the desired crosslinked materials.
However, whilst this study was underway, Phillips and co-workers reported the synthesis of the
TDU 4.1.2° This material broke down on contact with nerve agents to release pyrene groups
which resulted in a colorimetric response. Phillips and co-workers reported a three-step method

to synthesising the TDU 4.1 with an overall yield of 34 % (310 mg).

The bifunctional BDU 2.6 was synthesised starting from 2,6-bis(hydroxymethyl)-p-cresol 2.5
(Scheme 2.3, Chapter 2). However, 2,4,6-trimethylolphenol (4.3) required for the synthesis of
4.1 cannot be purchased and had to be synthesised. Fortunately, the synthesis of sodium 2,4,6-
trimethylolphenate 4.3 has been known since the early 1950’s when it was introduced by Martin
during his investigations into developing multifunctional sodium phenolates.>! Martin reports

that 2,4,6-trimethlyolphenol reacts readily with itself to form dimers and trimers; whereas this
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does not occur with the sodium salts. This data suggests that 4.3 was produced readily by
leaving a solution of formaldehyde in sodium phenolate to stand for seven days before

precipitating the red liquor into ethanol to afford 4.3 as a white powder (Scheme 4.2).

HO
i) NaOH, H,0,
25 °C, 1 min
_——
ii) CH,0, 25 °C, HO. OH
0,

OH 7 days, 80 % ONa
4.2 4.3

Scheme 4.2 Martin’s synthesis of sodium 2,4, 6-trimethylolphenate 4.3.3!

However, when this method was attempted, on multiple occasions the white precipitate turned
pink and then to red over a period of a couple of days. The red solid did not dissolve in water,
DMSO or DMF as in the case of the white powder reported by Martin.>! It was postulated that
the red solid was a form of the crosslinked phenol-formaldehyde resins, which is commercially

known as Bakelite™,

To avoid this occurrence, the procedure was modified so that sodium hydroxide was added to
a mixture of phenol 4.3 dissolved in formalin in water at 0 °C and stirred at 25 °C for 24 hours
(Scheme 4.2). The orange liquor was precipitated into iso-propanol at 0 °C and filtered to afford
the sodiated trimethylolphenate 4.3 as a whitish pink powder in 70 % yield. The powder was
dried under vacuum to remove excess formalin, and then stored under vacuum. Silyl protection
of 4.4 was carried out using the same method to synthesis 2.6 (Chapter 2) with the small
modification of the use of a silica plug to afford 4.1 as a white powder in 45 % yields (Scheme

4.3). The melting point was determined to be 93 °C by DSC.

HO HO
i) NaOH, H,0, 1) TBDMSCI, Imidazole
0°C, 10 min DMF, 35°C, 4 h.
—_— '
ii) CH,0, 25°C, HO OH 2) p-TsOH HO OH
0,

OH 48 h, 70 % ONa MeOH, 25°C, 1 h,45 % O\Sli/
4.2 4.3 4.1

Scheme 4.3 Synthesis of the cross linkable degradable unit 4.1.
4.2.2. Synthesis and Testing of a Model Compound

In line with the studies on the degradable unit 4.1 (Chapter 2), a model compound was
synthesised to determine the feasibility of degradation and potential mechanism on addition of

TBAF. The model compound 4.6 was synthesised by the addition of 4-nitrophenyl isocyanate
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4.4 to TDU 4.1 in THF (Scheme 4.4). '"H NMR spectroscopic analysis of the crude product
obtained indicated that approximately 80 % of the material generated was the desired model

compound 4.5. This mixture was used without further purification for preliminary degradation

assessments.

NO,

NO, OYNH NO,
HO. 0.
/©/N°2 DMAP
—_—
HO OH  oen THF, 25°C, 2 h HN O oM
ol 96 % o ol o
Si Si
4.1 44 45

Scheme 4.4 Synthesis of the model compound derived from TDU 2.

Degradation of 4.5 can be achieved by the addition of a fluoride ion, with the proposed route
of degradation detailed in Scheme 4.5. Addition of the fluoride ion removes the silyl detecting
group to form a phenoxide ion. This then allows for the self-immolative®? breakdown of the
compound with initial release of three 4-nitrophenyl carbamic acid 4.8 groups; which in turn
rapidly breakdown to form 4-nitroaniline 4.12 and carbon dioxide with water. The by-product

from the breakdown of the model compound 4.5 is 2,4,6-trimethylolphenol 4.11.

NO, NO, NO,

Q Q Q.

OYNH 0, NO, OYNH NO, NO, OYNH
O

NO, N
o} (o
F, , Q HO.__NH
HN.__O O.__NH HN.__O. O._NH HN.__O g
Y ) ORI Sach Y « O es
o) o] o] o) o] o )

Scheme 4.5 Mechanism showing the degradation of the model compound 4.5 upon treatment with
fluoride ions
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"H NMR spectroscopy was carried to observe the degradation of the model compound 4.5 upon
addition of a fluoride ion - in this study fetra-butylammonium fluoride was used (Figure 4.2).
Within a minute of the addition of fluoride ions, the intensity of the two singlet resonances at
5.18 and 5.21 ppm (Hs and Ha) corresponding to the methylene protons of the benzyl ethers
decreased dramatically indicating breakdown of the model compound. Furthermore, the
observed loss of aromatic resonances at 7.93 and 7.43 ppm and the appearance of two aromatic
resonances at 6.58 and 7.89 ppm (Hc and Hp) after addition of TBAF revealed the release of

4-nitroaniline.

i

I 16.4I - 9’.6 - 9‘.0 - 8'.4 o 7'.8 o 7’.2\ ' 6\.6 - 6‘.0 o 5'.4 ’
3 (ppm)
Figure 4.2 'H NMR spectra showing the model compound 4.6 (4) before degradation and (B) after
degradation with TBAF. The resonances for the impurity in spectrum A, 4-nitroaniline 4.12, is marked

with an asterisk (*). (DMSO-ds, 400 MHz).

In agreement with the recent studies conducted by Philips,*® the model compound 4.5 and hence
the TDU 4.1 undergoes instantaneous breakdown upon addition with a fluoride source.

Attention thus moved towards the synthesis of crosslinked polymers with the TDU unit 4.2.
4.2.3. Synthesis of Crosslinked Adhesives

In Chapter 2, the non-polar hydrogenated polybutadiene (Krasol HLBH-P 2000 2.18) was used
as the polyol backbone to facilitate phase separation between the hard aromatic regions and
polyol midblock. In Chapter 3, an ester based polyol was introduced, Stepanpol PC-205P-30
3.2 in order to introduce crystallite regions within the polymeric network to aid thermal and
adhesive properties. The Krasol based polymer 2.21 produced elastomeric amorphous

materials, whereas the Stepanpol based polymer 3.8 produced stiffer materials with a low
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melting point. To see how crystallinity affected these crosslinked materials for the crosslinked
polymers (CLP), both Krasol 2.18 and Stepanpol 3.2 were used separately to form pre-polymers
which were then reacted with TDU 4.1 (Scheme 4.6). 4,4’-methylene diphenyl diisocyanate
(4,4’-MDI) 2.19 was selected as the diisocyanate linker as it produced the strongest materials

in Chapter 3.
NS o 80-110°C ),
— n :
3 hours
Polyol Diisocyanate . TDU .
(1.0 equiv.) (2.0 equiv.) Pre-polymer (0.66 equiv.) Cross linked Polymer
Polyol Diisocyanate Crosslinked Polymers
(CLP)
Ho on { Ww ~on Krasol CLP - 4.13
m n OCN NCO
Krasol HLBH-P 2000 Stepanpol PC -205.P 30 4,4' -MDI Stepanpol CLP - 4.14
2.18 2.19

Scheme 4.6 Synthesis of the crosslinked polymeric materials

Synthesis of the pre-polymers were carried out using the same procedures in Chapters 2 and 3.
TDU 4.1 was added to the prepolymer at 120 °C and left to stir for 1 hour at which point the
material solidified to form the CLP’s (Figure 4.3).

Figure 4.3 Photographs of the Krasol CLP 4.13 (left) and Stepanpol CLP 4.14. Samples were
prepared on a two-gram scale.

During the synthesis of the chain extended materials produced in Chapters 2 and 3, the mixture
of pre-polymer and BDU 2.6 also solidified after 1 hour. However, in these cases, the chain
extended materials dissolved easily in THF or chloroform. Therefore, to determine if the
mixtures contained crosslinked materials, a variety of solvents (3 mL) were added to ca. 100 mg
samples of the Krasol CLP 4.13 and Stepanpol CLP 4.14 and left to stir overnight at 35 °C.
Figure 4.4 shows photographs of the CLP’s after this time. A crosslinked material should not

dissolve and at best, the material will absorb solvent causing it to the swell.
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Krasol CLP 4.13 Stepanpol CLP 4.14
-,‘/‘Q o g ” le 7 =7 ¥ e T
’{7’;,, ‘Jv F/’ == ;\ : ;t = /N; 1\» A — — /\ —_ /i ,t T
CHCI; THF DMSO Acetone MeOH MeCN DMF CHCI; THF DMSO Acetone MeOH MeCN DMF

Figure 4.4 Samples of the CLP materials soaked in various solvents for 24 hours at 35 °C to
determine solubility of the polymers.

This simple study revealed that neither the Krasol CLP 4.13 or Stepanpol CLP 4.14 dissolved
in any of the solvents over the test period. The Krasol CLP showed significant swelling in both
chloroform and THF, and lower levels of swelling in acetone. This may prove to be problematic
for the degradation studies of the adhesive samples as acetone was used as the TBAF carrier in
Chapter 2 and 3. The samples soaked in the other solvents did not exhibit any visible change to
the original shape or volume of the sample. The Stepanpol CLP 4.14 showed similar results,
with swelling occurring in chloroform and THF. Interestingly, the Stepanpol CLP becomes
transparent when swollen which could be an effect of breaking up the crystalline regions within
the network. The Stepanpol CLP also showed swelling in acetone and acetonitrile, which would
be advantageous for the adhesive degradation studies. Furthermore, the Stepanpol CLP shows
some swelling from DMF and DMSO. The only solvent that the Stepanpol CLP did not swell

in was methanol.

To determine the thermal properties of these crosslinked materials, DSC experiments were
carried out on both the Krasol CLP 4.13 and Stepanpol CLP 4.14 to determine if the material

exhibited a melting transition (Figure 4.5).

1.5 -
T,=16.38°C —KTrasol CLP 4.13

1 —Stepanpol CLP 4.14

.
&)
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—_
1
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15 ' . =,

-20 10 40 70 100 130 160 190
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Figure 4.5 DSC chromatogram of the Krasol CLP 4.13 and Stepanpol CLP 4.14.
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A melt transition at =93 °C was not evident in the DSC thermograms of both of the CLP’s
indicating complete consumption of the TDU 4.1 during the crosslinking reaction. Melt and
crystallisation transitions were not observed in the DSC analysis of the Krasol CLP 4.13, similar
to the linear polymer 2.12 reported in Chapter 2. In contrast, a melting transition (7,,) at 48 °C
was evident for the Stepanpol-derived CLP 4.14 as well as a crystallisation transition (7¢) at
16 °C, values that are very close to those of the of the pristine Stepanpol 3.2 (7,,= 54 °C, Tc =
36 °C). This is a result of the crystallites within the polymeric network changing upon heating
(Scheme 4.7).

Krasol CLP 4.13 Stepanpol CLP 4.14

OO Crystalline Domains Amorphous Domains
O Created by Polyester Created by Supramolecular
QAN backbone Interactions

Scheme 4.7 The effect of heating the crosslinked polymeric networks. The amorphous network is not
affected by heat, whereas the crystalline regions move apart allowing the material to show a melt.

As the CLP’s do not dissolve in solvents or flow when heated, self-supporting films could not
be produced as reported in Chapters 2 and 3. Hence, a new method to obtain adhesion had to

be developed, as discussed below.
4.2.4. Crosslinked Adhesive Preparation and Testing

Unsurprisingly, the crosslinked polymers synthesised in section 4.2.3 were not soluble and did
not flow after long (24 hours) durations at elevated temperatures (120 °C). Therefore, self-
supporting films could be melt cast, and the adhesion and strength testing methods developed

in Chapters 2 and 3 were not suitable for these materials.
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As the degradable crosslinker could not be added to the pre-polymer prior to forming the bond,
it was decided to prepare the adhesive in situ as a reactive adhesive. This can be achieved by
mixing the isocyanate terminated prepolymer at elevated temperatures with the crosslinking
group TDU 4.1 in a vial, before applying onto the site where the bond would be made (Scheme
4.8).

T

Mix, 80 °C Mix, 100 °C Add to
—_— B ——— —
3 hours N 1-2min substrate
~ ‘\-.N‘j Mm cx; 'V::' ) (<1 min)
i s et

Adhere and
) T i
Scheme 4.8 In situ preparation of the crosslinked materials for adhesion.
For the first adhesives test carried out, the Krasol pre-polymer 2.20 was prepared in the bulk
before being added separately to the TDU 4.1 and mixed while the pre-polymer was hot. The
paste was spread over a glass slide (area: 12 x 26 mm) before the second glass slide was
clamped on top with a bull dog clamp and placed in an oven at 120 °C for 1 hour to cure (the
same conditions used earlier in section 4.2.1). Glass lap shear specimens were used to visually
verify that all of the TDU 4.1 had melted. Lap shear adhesion tests were carried out on the
prepared samples and were compared to the adhesive strength properties of linear adhesive

polymer 2.21 developed in Chapter 2 (Figure 4.6).
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Figure 4.6 Lap shear tests of crosslinked adhesive 4.13-1h after 1 hour curing at 120 °C, and
compared to the linear adhesive 2.21 developed in Chapter 2. The adhesives were bonded to glass
substrates. Errors were calculated from the standard deviations (n = 3).

96



Chapter 4

The results in Figure 4.7 show that the crosslinked material does not form an adhesive under
these conditions. On inspection of the lap shear samples after testing, the adhesive was easily
scraped off with a spatula. This suggests the reaction had not gone to completion in the 1 hour
time period at 120 °C. It was postulated that the lack of mixing was the possible cause for the
poor adhesion strength. Therefore, to counter this problem, the cure time at 120 °C was

increased to 18 hours. The lap shear adhesive results are shown in Figure 4.7.
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Adhesive 2.21

Figure 4.7 Lap shear tests of crosslinked adhesive 4.13-18h after 18 hours curing at 120 °C and
compared to the linear adhesive 2.21 developed in Chapter 2. The adhesives were bonded to glass
substrates. Errors were calculated from the standard deviations (n = 3).

Extending the adhesive curing time shows that the crosslinker TDU 4.1 results in the formation
of a crosslinked material 4.13-18h. The crosslinking adhesive shows a 34 % increase in strength

in comparison to the adhesive prepared in Chapter 2 (Figure 4.7).

For comparison, the Stepanpol prepolymer was reacted with the TDU 4.1 using the method
shown in Scheme 4.7 and leaving the lap shear samples to cure for 18 hours. However, during
the testing of the glass lap shear samples, the glass broke before the adhesive failed. Therefore,
the lap shear substrates were changed to aluminium. Photos of the lap shear substrates are
shown in Figure 4.8; with the adhesive test results shown in Figure 4.9 and compared to the

linear Stepanpol adhesive 3.12 from Chapter 3.
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Figure 4.8 Photos of the lap shear samples: (4) the paste spread over 12 x 27 mm area on a pre-
treated aluminium coupon, (B) two aluminium coupons clamped together sandwiching the adhesive
paste, (C) the aluminium lap shear sample in the tensile apparatus, and (D) the adhesive bond after

breaking showing cohesive failure (adhesive remaining on both side of substrate).

18 1
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©
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Adhesive 3.8

Figure 4.9 Lap shear tests of the Stepanpol CLP 4.14 after 18 hours curing at 120 °C and compared
to the linear adhesive 3.8 developed in Chapter 3. Lap shear specimens were made of aluminium.
Errors were calculated from the standard deviations (n = 3).

Before the results in Figure 4.10 are discussed, it is important to note that two of the three
samples did not break on the tensile apparatus as they reached the maximum load (5 kN) of the
tensiometer. As expected, the Stepanpol crosslinked adhesive 4.14 shows a much greater
adhesion strength in comparison to the Krasol crosslinked adhesive 4.13. Introducing

crosslinking to the Stepanpol PU adhesives results in at least a 28 % increase in strength.
4.2.5. Fluoride responsive debonding of the crosslinked adhesive

The last experiment that was carried out was degradation studies on the Stepanpol CLP adhesive
4.13. This was carried out by soaking the lap shear samples in 0.025 M TBAF/acetonitrile
solution for 3 hours and then dried at 40 °C for 1 hour prior to adhesive testing (Figure 4.10).
Acetonitrile was chosen as it does allow for swelling of the polymer (Figure 4.4b) and the
degradation results of the Stepanpol CLP 4.14 can be related to the degradation results of the
linear polymer 3.8 (Chapter 3, Figure 3.11).
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Figure 4.10 Lap shear tests of the Stepanpol crosslinked adhesive 4.14 before and after treatment with
0.025 M TBAF in acetonitrile for 3 hours,; and compared to the linear Stepanpol Adhesive 3.8. Errors
were calculated from the standard deviations (n = 3).

From these tests, degradation upon treatment with the fluoride source showed a 55 % loss in
adhesive strength and thereby proving the crosslinked adhesive degrades. However, as was
mentioned earlier, the pristine Stepanpol CLP 4.14 adhesive would have a stronger adhesive
strength than shown in Figure 4.11. Therefore, the loss in adhesive strength is greater than the
55 % loss reported. Nevertheless, the Stepanpol CLP adhesive 4.14 shows a much greater loss
in adhesive strength than the linear polymer 3.8 developed in Chapter 3. In fact, as the adhesives
break down to the same material, the strengths of the degraded materials are very similar (CPL
4.14 = 6.65 £ 2.32 MPa, lincar adhesive 3.8 = 7.25 + 0.97 MPa). Therefore, this data shows
effectiveness of the Stepanpol CLP 4.14.

4.3. Conclusion

In this Chapter is presented the design and synthesis of a trifunctional fluoride responsive
degradable unit that can be reacted with an isocyanate terminated prepolymer to form a
crosslinked adhesive. Model compound analysis showed that the crosslinking degradable group
undergoes rapid degradation (<1 minute) when treated with TBAF. The crosslinked adhesives
were produced in situ on the substrate. Both a hydrogenated polybutadiene and polyester based
crosslinked adhesive were produced with the trifunctional degradable group. The two
crosslinked adhesives showed approximately a 30 % increase in strength when compared to a
linear polymeric adhesive with both glass and metal substrates. Finally, the adhesive exhibits a

55 % loss in strength when treated with a TBAF solution for 3 hours.
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4.4. Experimental Procedures
4.4.1. Characterisation
Characterisation was carried out as reported in Chapter 2, page 55 and Chapter 3, page 81.
4.4.2. Synthesis of sodium 2,4,6-trimethylolphenate 4.3

Phenol (11.75 g, 0.13 mol) was dissolved in formaldehyde (33% in Methanol, 56 mL, 0.50 mol)
at 0 °C. Water (10 mL) was added to the mixture, followed by NaOH (5.1 g, 0.13 mol) and
stirred at 0 °C until all NaOH dissolved. The reaction mixture was then stirred at 25 °C for 24 h,
before being poured slowly into vigorously stirred propan-2-ol (600 mL) at 0 °C. The precipitate
was filtered under vacuum, washed with propan-2-ol (100 mL) before drying under high
vacuum (0.1 mmbar) overnight to afford a off-white powder (14.4 g, 70 %). The product was
stored under vacuum when not in use. m.p. (DSC) 142 °C; Vmax (thin film, cm™) 3322, 2848,
2638, 1611, 1300, 1029, 754. 61 (400 MHz, DMSO-ds, ppm) 6.51 (2H, br, Ar-H), 4.44 (4H, br,
Ar-CHz-OH), 4.18 (2H, br, Ar-CH2-OH). 6c (100 MHz, DMSO, ppm) 126.5, 124.1, 64.8, 63.9.
(m/z) found 229.0448 Da (CoH1104Nay), calculated 229.0453 Da (CoH1104Nay).

4.4.3. Synthesis of TDU 4.1

Tert-butlydimethlysilyl chloride (18.27 g, 0.12 mol) was added to a mixture of sodium 2,4,6-
trimethylolphenate 4.3 (5.00 g, 24.3 mmol) and imidazole (8.26 g, 0.12 mol) in anhydrous DMF
(300 mL) and stirred for 4 hours at 35 °C under nitrogen. The mixture was diluted in ethyl
acetate (200 mL) and washed with water (2 x 200 mL). The organic mixture was collected,
dried under MgSO4 and concentrated to afford the crude oil, which was dissolved in methanol
(100 mL) and diethyl ether (20 mL) and p-toluenesulfonic acid (0.15 g, 0.87 mmol) was added
and stirred at ambient temperature for 1 hour. The mixture was diluted in ethyl acetate (100
mL), washed with saturated NaHCOj3 solution (100 mL), followed by brine solution (100 mL).
The organic mixture was collected, dried under MgSO4 and concentrated in vacuo. The crude
was purified by column chromatography eluting with ethyl acetate on silica to afford a white
powder (3.56 g, 45 %). m.p. (DSC) 93 °C; vmax (thin film, cm™) 3275, 2926, 2860, 1457, 1245,
886, 776. ou (400 MHz, DMSO-ds, ppm) 7.26 (2H, s, Ar-H), 5.12 - 4.95 (3H, m, OH), 4.51 —
4.34 (6H, m, Ar-CH,-OH), 0.98 (9H, s, Si-C-(CH3)3), 0.14 (6H, s, Si-(CH3)2). 6c (100 MHz,
DMSO, ppm) 156.1, 135.1, 132.1, 124.8, 63.0, 58.3, 26.0, 18.5, -3.6. (m/z) found 321.1489 Da
(C15H2604NaSi), calculated 321.1498 Da (C15sH2604NaSi).
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4.4.4. Synthesis of model compound 4.5

To a solution of TDU 4.1 (50 mg, 0.17 mmol) and 4-dimethylaminopyridine (2.05 mg, 0.02
mmol) dissolved in anhydrous THF (10 mL) was added p-nitrophenyl isocyanate (0.11 mg,
0.67 mmol) under nitrogen and stirred for 4 hours at 80 °C. The mixture was diluted with ethyl
acetate (20 mL), washed with saturated NH4Cl solution (20 mL), followed by brine solution
(20 mL). The organic solution was dried under MgSO4 and concentrated to afford the crude
product; which was used without further purification (0.159 g, 96 % yield at 80 % purity). Vmax
(thin film, cm™) 3385, 2926, 2857, 1737, 1595, 1507, 1200, 748. du (400 MHz, DMSO-ds,
ppm) 10.52 (2H, s, N-H), 10.45 (1H, s, N-H), 8.20 — 8.14 (6H, m, Ar-H), 7.71 — 7.64 (6H, m,
Ar-H), 7.55 (2H, br, Ar-H), 5.21 (4H, s, Ar-CH»), 5.18 (2H, s, Ar-CH>), 1.00 (9H, s, Si-
C(CHs)3), 0.24 (6H, s, Si-(CH3)2). 6c (100 MHz, DMSO, ppm) 152.9, 145.5, 126.4, 125.0,
117.7, 112.3, 65.8, 25.6, -3.9. (m/z) found 813.2169 Da (CssH33013NeNaSi), calculated
813.2164 Da (C36H33013NgNaSi).
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Chapter 5

Branched Polycaprolactones as soft segments in Fluoride

Responsive Reactive Hot-Melt Debondable Adhesives

Abstract

This chapter reports studies towards the production of a star shaped polycaprolactone with a
fluoride responsive centre group to develop a new chemical architecture for debondable
adhesives. Addition of TDU 4.1 to e-caprolactone using the catalyst, tin(Il) octanoate, produced
a branched polyester contained terminal hydroxyl groups as determined by 'H NMR
spectroscopy. Studies of the degradation of the polymer in solution revealed that the system
degraded rapidly from 16.7 kgmol™ to 6 kgmol™! upon contact with fluoride ions. The branched
polyester was then crosslinked at 60 °C in the bulk with an aromatic diisocyanate to increase
the strength of the adhesive. Lap shear studies were carried out, with the crosslinked material
showing a 12 % increase in adhesive strength over the uncrosslinked, branched polyester. When
treated with a TBAF solution for 3 hours, the adhesive exhibited a loss of up to 23 % in bonding
strength.

5.1. Introduction

In Chapter 2, adhesion using polymer 2.21 was achieved by placing a film of the material
between the two adherents and heating the joint at 120 °C for 18 hours.! Chapter 3 showed how
the chemical structure of the adhesive was optimised to deliver in a hot-melt film that allowed
for adhesion to occur at significantly lower temperatures (60 °C), while the adhesive strength
of the material was increased by approximately two-fold. Chapter 4 outlined how the
introduction of crosslinking groups could be used to further increase adhesion strength by
~30 %. The crosslinked adhesive was obtained by mixing an isocyanate terminated pre-polymer

with the trifunctional crosslinker (4.1) at 120 °C between the surfaces to be bonded.

These polymeric adhesives relied on the reaction of an isocyanate and benzylic alcohol of the
degradable groups in the bulk to form polyurethanes. In both the linear and crosslinked
adhesives, an isocyanate terminated prepolymer had to be synthesised prior to addition of the
degradable group. In general, prepolymers have short life times (<1 year) as the isocyanates
decompose with moisture. Therefore, an alternative approach was sought to design a new polyol

containing a fluoride responsive group that would possess an enhanced shelf life. This could be
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achieved by attaching the polymer onto the degradable group (DU) group directly rather than
through a diisocyanate linker. The resultant polyol could be reacted with a commercially
available diisocyanate to form a chain extended or crosslinked network. As the crosslinking
material in Chapter 4 showed higher adhesive strengths, the trifunctional degradable group

(TDU) 4.1 (Chapter 4, Figure 4.1) was chosen as the DU for the proposed new polyol.

The results from Chapter 3 showed that incorporating a polyester into the polymeric network
increased mechanical strengths while lowering the adhesive curing temperatures. Attaching
polyesters to the TDU 4.1 would result in branched or star shaped polymers. Two methods exist
to attach the bulk polymer centre groups of star shaped polymers: (i) reacting low molecular
weight polymers with the DU; or (i) “growing” polymers from the DU terminal hydroxyl

groups from monomeric units.?

| |
/ Addition of monomeric ¢
Addition of low units to growarms 2

r M,, polymers on to the centre
< &

RN &\ A

Scheme 5.1 Two methods used to create star shaped polymers.

L
|

Although the first method would produce the desired material, either the TDU 4.1 or the low
molecular polymer would require pre-functionalisation prior to attaching the two substituents.
Whereas, in contrast, “growing” polyester chains or arms from a hydroxyl terminated centre
group has been reported in the literature using the ring opening polymerisation (ROP) of lactone

rings and its derivatives.>”’

The two star shaped polyesters produced commonly from multi-hydroxyl-functionalised
centres are polymers 5.4-O and 5.5-0; synthesised from the tri-armed 2-tetramethylolpropane
5.2 and tetra-armed pentaerythritol 5.3 and lactone ring 5.1-O (Scheme 5.2).>%° These materials
are synthesised in the bulk with the use of a tin catalyst. Varying the chain length (m) on the
branches or using different size lactone rings () allow for modifications to the thermal and/or
mechanical properties.®® Alternative chemical structures that have been produced, for example,
using caprolactams (5.1-NH) which result in amide functionalised arms on the stars.
Furthermore, using lactides (dicyclic esters) has further improved the mechanical and thermal

properties.>!%!!
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Scheme 5.2 Synthesis of star shaped polyesters with multi-hydroxyl-functionalised centres.

These materials have been used in drug delivery applications and tissue engineering as they are

12-14

generally biocompatible and biodegradable; with the latter property being of most interest

to this study on degradable adhesives.

Post-polymerisation of the terminal OH groups has been studied by various groups to enhance
the mechanical properties of the polymers. For example, Sijbesma and co-workers attached
ureidopyrimidinone groups via an isocyanate as terminal groups on the stars, which allows for
the formation of reversible supramolecular crosslinking.!> Schubert and co-workers terminated
polycaprolactone stars with poly(ethylene glycol) methacrylates, which form block
copolymeric microcapsules which can trap/release dye molecules in aqueous environments.'®
Additionally, crosslinking polyester stars have been reported with diisocyanates to form

flexible materials with high thermal stability.5!”

Polyester based materials are biodegradable by ester cleavage®!82!

and this property has been
utilised with star shaped polyesters for biomedical uses.*?? Polyesters stars have also been
shown to degrade through hydrolysis.?* However, chemo-selective degradation at the centre
of the star material has not been reported to date. This concept allows for material breakdown

without degrading the bulk of the material.

Herein is presented the design and synthesis of a tris-hydroxy terminated polyester
incorporating a fluoride responsive degradable centre. When reacted with a diisocyanate in the
melt, the mixture can be applied to a substrate and allowed to react at easily accessible
temperatures for strong adhesion (Scheme 5.3). Furthermore, utilising this method for
crosslinking moves the aromatic urethane groups away from the degradable group and hence
reduces the areas of high aromatic density, resulting in a different phase separated material that
may provide advantageous mechanical and thermal properties. Application of a fluoride source

results in degradation at the centre of the star, hence facilitating debonding.
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Scheme 5.3 Schematic showing the debond-on-demand properties of a cross linker polyester based
adhesive.

In comparison to the work described in Chapter 4, the advantages to this method include: (i)
lower hot-melt reactive adhesion temperatures as the star shaped polyester melts at a
considerably lower temperature than the depolymerisable unit in Chapter 4; (i1) the star shaped
polymers contain a lower weight percentage of the synthetically costly TDU 4.1 as the bulk of
the material is polymer; and finally (iii) the star shaped polymer can be stored under ambient
conditions whereas the isocyanate terminated prepolymer used in Chapter 4 requires

preparation prior to use and can degrade if left under ambient conditions.
5.2. Results and Discussion
5.2.1. Synthesis of Fluoride Responsive Branched Polycaprolactone

The polymer designed would incorporate the TDU 4.1 designed in Chapter 4, with polyester
arms “grown” from the centre and would have terminal hydroxyl groups that could be
crosslinked with a commercially available diisocyanate to form the adhesive (Scheme 5.2).
4,4’-MDI 2.19 was chosen as it provides strong mechanical properties (as demonstrated in
Chapters 2, 3 and 4) and has a low melting point at ca. 43 °C. This is extremely important as
this will allow for a low-melt adhesive (i.e. adhesion at temperatures lower than 100 °C).
Furthermore, the solid 4,4’-MDI has a longer shelf life when compared to liquid state

diisocyanate counterparts.>*

To synthesise the star shaped polycaprolactone, the trifunctional depolymerisable unit (TDU)
4.1 developed in Chapter 4 was dissolved in e-caprolactone 5.1 at 120 °C before addition of the
tin catalyst and raising the temperature to 180 °C for 18 hours (Scheme 5.4). Thirty equivalents
of the caprolactone was used to create a star shaped material with a theoretical average of 10

repeat units per arm. The crude was dissolved in minimum amounts of chloroform before
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precipitating into methanol to afford ca. 18 g of polymer 5.6 as a white powder (Figure 5.1) in

high yields (93 %).

Ho_ He H oMo
[e]
o (O/Mﬁ e
(o]
OH

1) 120 °C, Sn(oct),

o
2) 180 °C, 18 hours, H.( 0.
939 0
(]
o

n
He He O I/
Si

HO O{H/\/\/\o)“
0 n

Hy Ha O\I/
Si

4.1 (TDU) 5.1 5.6

Scheme 5.4 Synthesis of the star shaped polymer 5.6

Figure 5.1 Approximately 18 g of polymer 5.3 produced in one reaction with minimal purification.

Infrared spectroscopic characterisation showed a strong absorption at 1720 cm™! indicative of
ester-carbonyl stretches. Thermal analysis of the star polymer revealed a melting temperature
(Tm) at 49 °C and a crystallisation temperature (7;) at 20 °C. 'H NMR spectroscopic analysis
showed a downfield shift in the methylene singlet resonances of the core trigger group from
4.6 ppm (Ha) to 5.1 ppm (Hc) for the ortho-methylene groups and from 4.5 ppm (Hg) to
5.0 ppm (Hp) for the para-methylene group. Appearance of a broad triplet at 3.6 ppm shows
the presence of terminal hydroxyl groups at the end of the polycaprolactone branches (Figure
5.2). However, when integrated with respect to Hc and Hp (six protons), the resonance at
3.6 ppm revealed an integral of four protons. If the star had formed with perfect structural

integrity, the integral for polymer 5.6 should correlate to three protons.
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Figure 5.2 'H NMR spectra of the TDU (5.1) and polymer 5.3.

—

To understand this further, GPC analysis was carried out. Assuming formation of a perfect star
with each arm containing 10 repeat units, the theoretical molecular weight should be
3.7 kgmol!. GPC analysis of polymer 5.6 reported a partially bimodal distribution with M,
45.2 kgmol™!, M, 16.7 kgmol™! and D 2.70.

This relatively high molecular weight and dispersity may be as a consequence of
transesterification occurring in the presence of the organotin catalyst.?>?® Transesterification is
the process were an alcohol can react with an ester to form a new ester (as exemplified in step
3 of Scheme 5.5). In the scheme, the red dot represents the star molecule 5.6. The first two steps
show the formation of the tin species bound to the star polymer. The third step of the process
results in the formation of a new ester, with two of the star shaped molecules covalently bound
together. As the molecular weight of the material produced is 16.7 kgmol™!, this would suggest
that the process of transesterification is occurring multiple times, with an average of
transesterification occurring four times. One possible method to reduce the amount of

transesterification occurring is to reduce the reaction time, or change the catalyst.?®
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Scheme 5.5 Process of transesterification occurring during the synthesis of polymer 5.6.

Therefore, the structure of the polymer synthesised (5.7) may be better represented as shown in
Figure 5.3. However, even if transesterification is occurring during the synthesis of the material,
the polymer still contains the fluoride responsive group and terminal hydroxyl groups as
determined by '"H NMR spectroscopy (Figure 5.2). With a proposed molecular weight for the
star polymer 5.3 of 3.7 kgmol™! and the actual molecular weight of polymer 5.7 at 16.7 kgmol !,
this branched material contains 4 — 5 fluoride degradable units, which still have the desired
degradation features required for the adhesive. Hence, attention moved towards the degradation

studies of the material when exposed to fluoride ions.

(o}

e

n

H.(O,r\/\/\[ﬁ. \/QD\/ W M ~(n/\/\/\o);u

5.7
Figure 5.3 The synthesised hyperbranched fluoride responsive polyester.

5.2.2. Solution State Degradation Studies

Although, esters have been attached to the cresol core groups in small molecule self-immolative
systems,?”?® esters have not been attached to either the bifunctional 2.6 or trifunctional
degradable 4.1 groups. Hence, initial degradation studies were carried out in the solutions state

to determine reaction of polyester 5.7 with fluoride ions.
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Scheme 5.6 shows the proposed mechanism of breakdown upon addition of a fluoride source.
As observed for the Stepanpol polymer 3.8 detailed in Chapter 3, the polyester branches on

polymer 5.7 should not breakdown and are released as the carboxylic acid 5.9.

R o R =H or another R o
(OM star molecule (O/\N\[ﬁ;
[e] - o
F
f‘
R.(O MO Oﬁ]/\/\/\o):‘R ;‘ R.(o/\/\/\n);O Oﬁ‘(\/\/\ok‘R
o o\sli ~ 0 o (o- o

/
Si—F
\

5.8

H,0 HO, R
5.7 2 }’ ﬁ]/\/\/\o);
o
5.9

H H o R o
o (o/\/\/\g)': X o (o/\/\/\g);
HO OH ; HO. OH ; RY, ,\N\[T),o‘\ P @ OH
OH 59 (o - 59 o | (o -
5.10

5.12 5.11

Scheme 5.6 Synthesis of the star shaped polymer 3.3

Depolymerisation studies were carried out by addition of tetra-butylammonium fluoride
(TBAF) to a solution of polymer 5.7. In conjunction with the solution state studies in Chapters
2 - 4, the solution of polymer 5.7 turned yellow on addition of TBAF, indicating formation of
the cresol 5.12. Initial degradation studies were analysed by GPC. The resulting eluograms for
polymer 5.7 before and after addition of tetra-butylammonium fluoride shown in Figure 5.4
with the molecular weight data presented in Table 5.1. The eluograms shows that the material
after depolymerisation is essentially monomodal, with molecular weights calculated at ca. Mx
6.0 kgmol™! and D 1.65. This proves that the polymer 5.7 does break down as desired when
treated with TBAF.

— Polymer 5.7 - Pristine
— Polymer 5.7 - Degraded

9 10 11 12 13 14 15 16 17
Retention Time (min)
Figure 5.4 GPC eluograms of the polymer 5.7 before (black) and after (red) addition of the fluoride
source. (THF, PS standards)
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My (gmol™) M (gmol ™) D
Polymer 5.7 - Pristine 45200 16700 2.70
Polymer 5.7 - Degraded 9800 5980 1.65

Table 5.1 Molecular weight estimation from the GPC chromatographs for polymer 5.7 before and
after degradation; (THF, PS standards).

However, as a side effect of the randomised transesterification process, the actual degree of
polymerisation of the polyester arms cannot be determined. Therefore, clarifying if the
polyester chains were degraded with the fluoride ions could was not possible. Hence, 'H NMR
spectroscopy was carried out to determine if polymer 5.7 was breaking down from the fluoride
responsive centre and not at the polyester arms. The 'H NMR spectra before and after addition
of TBAF to a solution of polymer 5.7 in CDCIls (Figure 5.5). The spectra show loss of the
methylene resonances of the TDU core at 5.0 ppm and silyl methyl groups at 1.0 and 0.2 ppm;
indicating breakdown of the TDU centres within the hyperbranched polymer. The appearance
of a singlet resonance at 0.17 ppm shows the presence of 5.8, the by-product from the
degradation process. No change in chemical shift was detected with the methylene polyether
branch resonances, and thereby proving that the fluoride does not affect the polyether branches.

(1] ) (M

B ”Q@Iﬁm‘ — TBAF ~—

b
J E\J‘«Mkl

A
57
When R=H A
b a3 : L J\_J%'_'IF t
5'.4' o 4'.6' - 3‘.8' o 3[.0‘ o 2‘.2‘ o 1,.4' - 0‘.6'
6 (ppm)
Figure 5.5 'H NMR spectra of polymer 5.3 (4) before and (B) after addition of TBAF. (CDCI;,
400 MHz)
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These experiments confirmed the synthesis and degradation polymer 5.7. Attention then turned
towards the crosslinking reaction with a diisocyanate with strength testing carried out by lap

shear adhesion studies.
5.2.3. Crosslinking with diisocyanates

For crosslinking reactions, 4,4’-methylenediphenyl diisocyanate (4,4’-MDI) 2.19 was selected
as the diisocyanate linker as it provides stronger mechanical properties in comparison to other
diisocyanates (see Chapter 3). As 4,4’-MDI is solid at room temperature, it is less prone to
moisture degradation than its liquid counterparts.’* Additionally, its low melting point (ca.
42 °C) allows it to be reacted with the star polymer at the low temperatures that adhesion would

be carried out.

The first attempt at crosslinking the two components was carried out using a similar method as
optimised in Chapter 4. In this instance, 4,4’-MDI 2.19 was added to molten polymer 5.7 at
60 °C with mechanical stirring to afford the crosslinked polymer (CLP) 5.13a (Scheme 5.7).
The mixture quickly (<2 minutes) stopped stirring as it solidified to a yellow material and could
not be melted again, presumably as a consequence of crosslinking, and hence could not be

transferred to the adhesive substrate.

[.
— -

Mix, 60 °C Add to
— +> T V
1-2 min substrate
SR P
=ty f(,»” (<1 min)
Polymer 5.7 CLP 5.13a

Scheme 5.7 In situ preparation of the crosslinked polymer (CLP) 5.13a which could not be transferred
to the adhesive substrate

Therefore, a melt casting method was used where 4,4’-MDI 2.19 and polymer 5.7 were ground
together in a mortar and pestle to form a fine white powder. The powder was then spread into
a PTFE mould (5 x 5 cm) and placed into an oven at 60 °C for three hours to afford CLP 5.13b
(Scheme 5.8). As a comparison, polymer 5.7 was also finely ground before placing into a PTFE

mould to determine how addition of 4,4’-MDI affected the material.
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Mix, 25 °C \®

5 min

Place into Mould.
Heat,60°C,3 h

powder before casting into a PTFE mould. Polymer 5.7 was also ground into a fine powder as a

comparison.

The CLP 5.13b material obtained after heat treating at 60 °C for 3 hours was a granular film
that easily broke apart when held. In comparison, heat casting uncrosslinked polymer 5.7 under
the same conditions resulted in a self-supporting material, even though holes had formed within
the film. The CLP 5.13b did not dissolve or swell in THF, chloroform, acetone, acetonitrile or
DMSO suggesting that crosslinking had occurred, whereas, in contrast the Stepanpol-derived
CLP 4.14 did exhibit swelling in these solvents. This could lead to problems when tested as an

adhesive as the lack of swelling may result in poor degradation throughout the material.

DSC experiments were carried out to determine the thermal properties of the CLP 5.13b, with

the sample cycled from 0 °C to 200 °C to 0 °C (Figure 5.6).

0.8 - T,=23.40°C

Heat Flow (W/g)

A

T,, = 50.06°C

‘0.6 T T T 1
0 50 100 150 200
Temperature (°C)

Figure 5.6 DSC thermogram of the CLP 5.13b produced by heat treating at 60 °C for three hours.
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DSC analysis showed that the material exhibits a melting transition (75,) at 50 °C and a
crystallisation transition (7)) at 23 °C; both similar to polymer 5.7 before crosslinking
(Tm=49 °C and T = 20 °C). This is a result of the crystallites within the polymeric network
melting, which was also seen with the Stepanpol CLP 4.14 (Chapter 4). However, CLP 5.13b
does not show visual evidence of flowing, nor can it be manipulated by mechanical force like

the Stepanpol CLP 4.14 can above its melting temperature.

These experiments thereby show that addition of 4,4’-MDI 2.19 to polymer 5.7 does cause
crosslinking. Attention moved towards testing the materials adhesive properties using lap shear

studies.
5.2.4. Adhesion Testing

For adhesive strength testing of uncrosslinked polymer 5.7, lap shear specimens were prepared
by spreading a fine powder of polymer over a 12 x 26 mm area before clamping and placing in
an oven at 60 °C for 18 hours. The crosslinked samples 5.13 were prepared as shown in Scheme
5.8, with a fine powder spread on aluminium lap shears. The lap shear modulus was recorded

before and after crosslinking with 4,4’-MDI (Figure 5.7).

5.0 -
4.0
3.0 1
2.0

1.0 A1

Lap Shear Modulus (MPa)

0.0 -

Hyperbranched Crosslinked
Adhesive (5.7)  Adhesive (5.13)

Figure 5.7 Lap shear testing of polymer 5.7 and the crosslinked adhesive 5.13 after addition of

4,4°-MDI 2.19. Adhesive samples were prepared from powders (Scheme 5.7). Errors were calculated
from the standard deviation (n = 3).

The adhesive strength of the crosslinked material is marginally stronger (12 %) than the pristine
adhesive. However, error calculations show that the adhesive strengths of the two materials are
very similar. This may be a result of the poor flow of the crosslinked adhesive during the heating
stage of the lap shear sample preparation that is evident in the photographs of the lap shear
samples after testing (Figure 5.8).
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Hyperbranched Adhesive (5.7) Crosslinked Adhesive (5.13)

I )

Figure 5.8 Photographs of the lap shear samples after testing of the pristine (left) and crosslinked
(right) adhesives.

Nevertheless, the crosslinked material 5.13 did behave as an adhesive as it was able to bond the
two aluminium samples. Hence three new samples of the crosslinked polymer were prepared,
and degradation tests were carried out. The samples were degraded in 0.025 M TBAF in
acetonitrile for three hours before drying at 40 °C for 30 minutes. The lap shear modulus was

calculated from the force at break (Figure 5.9).

= 5.0 1
S
~= 4.0
[72]
=
3 3.0 -
0
=
= 2.0 -
©
£
n 1.0 -
o
©
= 0.0 -
Crosslinked Degraded
Adhesive (5.13) Crosslinked
Adhesive

Figure 5.9 Lap shear testing of the crosslinked polymer 5.13 before and after degradation with
0.025 M TBAF in acetonitrile. Errors were calculated from the standard deviation (n = 3).

Upon treatment of fluoride, the adhesive showed a reduction in lap shear modulus from 3.85
MPa to 2.97 MPa, which is a 23 % reduction in adhesive strength. However, the crosslinked
samples exhibited poor contact between the two aluminium plates from poor flow of material
when heated (60 °C) and compressed. Furthermore, the degraded adhesive samples
demonstrated little swelling after 3 hours soaking, which would reduce the amount of
degradation occurring throughout the polymer. Nevertheless, the degraded crosslinked material

5.13 did show a reduction in adhesive strength.
5.3. Conclusions

A hyperbranched polyester 5.7 containing fluoride responsive degradable units was synthesised

in this chapter. The polyester demonstrated a drop in molecular weight when treated with TBAF
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(ca. 17 kgmol! to 6 kgmol'), with 'H NMR spectroscopy proving that degradation was
occurring at the degradable unit rather than at the ester groups in the polymeric arms. The
branched polyester has multiple terminal hydroxyl groups, which when reacted with a
diisocyanate without solvent, results in crosslinking at 60 °C. The crosslinked material was
used as a reactive hot-melt adhesive. After treating with a 0.025 M TBAF solution for three

hours, the adhesive shows a 23 % reduction in adhesive strength.
5.4. Experimental Procedures
5.4.1. Characterisation
Characterisation was carried out as reported in Chapter 2, page 55 and Chapter 3, page 81.
5.4.2. Synthesis of TDU 4.1
TDU 4.1 was synthesised as reported in Chapter 4, Page 100.
5.4.3. Synthesis of Polymer 5.7

TDU 4.1 (1.55 g, 5.19 mmol) was dissolved in e-caprolactone 5.1 (17.27 mL, 0.156 mol) at
120 °C under vacuum (~0.1 mbar) before equalising pressure under an N> atmosphere. Tin (II)
octanoate (0.017 mmol) dissolved in toluene (1 mL) was added before evacuating the vessel
under vacuum. The pressure was equalised under N> before heating to 180 °C for 18 hours. The
solution was cooled to ~50 °C before dissolving in chloroform (50 mL). The mixture was
precipitated into methanol (500 mL) and left to stand overnight. The precipitate was filtered
and dried under vacuum to afford a white powder (17.9 g, 93 %). T, (DSC) =47.7 °C, Vmax (thin
film, cm™') 2942, 2896, 2865, 1720, 1470, 1369, 1295, 1162, 1107, 1045, 959, 841.25. 5 (400
MHz, CDCI3, ppm) 7.28 (2H, m, Ar-H), 5.10 (4H, s, br, Ar-CH»), 5.04 (2H, s, br, Ar-CHa),
4.05 (135H, m, nCHb), 3.65 (3H, m, OH), 2.31 (135H, m, nCHy), 1.65 (300H, m, nCHb»), 1.38
(135H, m, nCHb), 1.03 (9H, s, SiC(CHs)3), 0.20 (6H, s, Si(CH3)2). 6c (100 MHz, CDCls, ppm)
173.6, 64.2, 34.1, 28.4, 25.5, 24.6, 0.0. GPC (THF/BHT 250 ppm) My, 16700, M, 45200, D
2.70.

5.4.4. Lap Shear Adhesion Preparation

Lap shear samples were prepared as following: Polymer 5.7 (1.0 g) and 4,4’-MDI12.19 (0.101 g)
were ground in a mortar and pestle before being spread on an aluminium lap shear coupon in a
12 x 26 mm area and sandwiched with another aluminium lap shear coupon. The samples were

clamped and placed in an oven at 60 °C for 18 hours.
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Chapter 6

Designing a Novel UV Responsive Degradable Group for
Debondable Polyurethane based Adhesives

Abstract

This chapter reports the design and synthesis of a novel UV responsive degradable group
(UVDU) which incorporates an o-nitrobenzyl alcohol (ONB) group. It was synthesised through
a three-step procedure with an overall yield of 56 %. A model bisurethane compound was
synthesised containing the UVDU to determine the degradation properties of the system. Time
dependant degradation experiments followed by UV/vis and '"H NMR spectroscopies revealed
degradation within 30 minutes of irradiation at 365 nm. The UVDU was incorporated into a
polyurethane (PU) backbone, with solution state studies showing degradation within 2 hours
by '"H NMR spectroscopies with a 36 W UV lamp. GPC analysis indicated a breakdown of the
polymer with a decrease in molecular weight from 21 to 14 kgmol! observed over the same
time period. The PU was cast into a homogenous film (ca. 330 um thickness). On exposure to
UV radiation from a 200 W UV lamp, the film changed colour from yellow to deep red within
10 minutes with a concomitant of loss surface tackiness. However, tensile stress-strain tests
showed no weakening in mechanical properties, which was determined to be a result of
incomplete degradation throughout the film as a result of the film thickness. Nevertheless, as
the polymer exhibited reduced tackiness after 10 minutes of UV light, the film was used to
adhere two glass slides at 120 °C for 8 hours. The adhered samples displayed a yellow to red
colour change after 10 minutes UV exposure, and lap shear studies resulted in an 86 % drop in
adhesive strength after 5 minutes. Accurate molecular weight data for the irradiated adhesive
could not be obtained as a consequence of incomplete degradation throughout the sample and
competing crosslinking reaction. Even so, the loss in adhesive strength was a result of UV
irradiation and not heat induced degradation, and therefore proves the potential for this UVDU

in UV debondable adhesives.
6.1. Introduction

In Chapter 1, the use of thermal and chemical stimuli as a method to cause debonding of
polymeric adhesives was discussed.! These stimuli were further explored with hot-melt and

reactive adhesives within in this project in Chapters 2 — 5. An alternative stimulus to produce a
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responsive stimulus us to use UV light to induce debonding. UV light would be advantageous

when the substrate is sensitive to heat and/or chemical stimuli.

Three types of UV responsive adhesives have been reported in the literature: (i) light induced
heating for debondable adhesives;>? (ii) reversible adhesives which can rebond after being
broken with UV light;*”7 and (iii) non-reversible adhesives which cannot rebond after being
broken by UV light (Chapter 1).® Light induced heating is an approach where high powered
light sources have been used to activate photophores within the polymeric network which
radiate heat to cause adhesive failure. This method was shown by Weder and co-workers, where
a benzotriazole 1.38 was blended into a telechelic supramolecular polymers which exhibited
rapid debonding (<1 minute) on exposure to a 200 W UV light source.’ Another example of
using light as a source of thermal energy was reported by Rowan and co-workers, where a high
powered UV light source (200 W) was used to induce heating to melt the crystallites within the
polymeric network.? However, UV light was then used to break disulfide bridges which further
reduced bonding strength.

Examples of reversible adhesives include polymers containing anthracene residues which
photo-cyclise at 365 nm and break at 264 nm or under heat (Scheme 1.2).*7 Similarly, coumarin
based adhesives undergo [2+2] cycloaddition at 300 nm for strong adhesion and can debond at
290 nm (Scheme 1.8). Consequently, mechanistically distinct UV debondable systems have
been created that harness the reversible isomerism to switch between cis- and trans- isomers of

azobenzenes (Scheme 1.6).>¢10

Non-reversible adhesives that respond to UV light are less common in the literature. Weder and
co-workers reported an aliphatic azo containing polymer 1.42 that breaks down to carbon
radicals and molecular nitrogen when exposed to UV light in the range of 320 — 390 nm
(Scheme 1.7). o-Nitrobenzyl alcohols (ONB’s 1.49) have been used within adhesive polymers
to facilitate debonding by causing a large drop in molecular weight of the polymer; without the
possibility of allowing for adhesive strength recovery. Examples of the use of ONB’s within
polymeric adhesives include a linear polymeric chained polyester based adhesive!! and as a

crosslinker in a polymethacrylate based adhesive.'

However, the original reports of the use of ONB’s by Barltrop and co-workers described the
application as an alcohol protecting group that could be triggered by UV light.!* This paper
described how the ONB units were attached to alcohols through an ester link (Chapter 1,
Scheme 1.9). Upon treatment with a UV light (365 nm), the ONB undergoes degradation to
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form an o-nitrosoaldehyde 1.53 and the adjoining hydroxyl anion. However, since its
introduction in 1966, ONB’s have been reported as a protecting group for phenols through an
ester linkage.!* Therefore, following on from the simple design of the fluoride degradable group

2.6 in Chapter 2, the UV degradable unit (UVDU) 6.1 shown in Figure 6.1 was proposed.

HO\/©\/OH HO. OH
O
NO,
MeO'
OMe

ol
\Si/

uUVvDU 6.1 2.6
Figure 6.1 The UV responsive group 6.1 proposed for this study and its comparison to the fluoride
responsive group 2.6 (Chapter 2).

Upon cleavage of the ONB, a cresol anion will form allowing for same route of degradation to

occur to the polymer as reported with the fluoride responsive group in Chapter 2 (Scheme 2.8).

F~ orhy Co, co,
n (o) 0. n n 0. 0. n HO. OH
Y T~ AR o .y
0

Q =TBsoronB 25

Scheme 6.1 Degradation of the stimuli responsive degradable groups 2.5 and 6.1 forming the cresol
anion.

An extensive search into the literature showed that the UVDU 6.1 had not been synthesised.
The closest UV responsive group in chemical structure was reported by Shabat and co-workers,
which was used to form self-immolative dendrimers'® and later used in UV responsive
microcapsules by Fomina and co-workers.!¢ Shabat’s UV responsive group 6.10 required seven
steps to synthesise, with an overall yield of 23 % (Scheme 6.2). Four synthetic steps are required
to add the NV, N-dimethylurethane linker between the core cresol group (2.5) and the ONB (6.2).
The proposed UVDU 6.1 does not require a N, N-dimethylurethane linker and hence four steps

can be eliminated from the proposed synthesis thus saving labour time and costs.
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Scheme 6.2 Synthesis of the Shabat UV responsive group 6.10 used for making dendrimers, and later
used in a microcapsule wall.

Herein is presented the design and synthesis of a novel UVDU 6.1, which is activated at 365
nm. The UVDU 6.1 has an ether linkage directly between the core cresol group 2.5 and the
ONB 6.2. The UVDU is incorporated into a model compound to determine the efficiency of
degradation when irradiated with a UV light. Furthermore, the synthesis of chain extended
polyurethane (PU) adhesive incorporating the UVDU is reported. Irradiation with UV light

resulted in 84 % loss in bonding strengths as determined by lap shear tests.

A or Force
A

High Molecular Weight High Molecular Weight Low Molecular Weight

Material with Adhesive Material Non-Adhesive Material
Broken Network

U

UV Responsive Monomer Urethane Triggered
- Unit 7 Backbone ® Linker ° pu

Scheme 6.3 Schematic showing the proposed depolymerisation on exposure to UV light resulting in
debonding of the adhesive, and the additional rebondable nature of the adhesive in response to

temperature.
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6.2. Results and Discussion
6.2.1. Synthesis of UV Responsive Degradable Group

The UV degradable group 6.10 reported by Shabat and co-workers used a N,N-
dimethyleneurethane linker between the core cresol (2.5) group and ONB 6.2. This was
synthesised from the carbonate 6.8 and Boc-protected amine 6.6. However, as the proposed
UVDU 6.1 used an ester linkage between the cresol 2.5 and ONB 6.2, a new synthetic approach
had to be taken. Forming benzyl ethers have been reported from different starting materials,
with the phenol and benzyl bromide being used the most frequently.!*!"2° Benzyl ethers can
be synthesised directly from the phenol and benzyl alcohol, but require toxic catalysts and hence
were not attempted.?!?? Prior to synthesising the UVDU 6.1, the benzyl bromide 6.12 had to
synthesised. Fortunately, the bromide 6.12 has been previously reported using phosphorous
bromide in chloroform (Scheme 6.4).2* The bromide 6.12 was obtained as a yellow powder

without the need of purification with 82 % yields.

HO Br:
NO:  pgr,, cHCl, NO,
_—
0,
MeO 0°C,0.5h MeO
82 %
OMe OMe
6.2 6.12

Scheme 6.4 Synthesis of the brominated ONB 6.12.

With the synthesis of the benzyl bromide 6.12 complete, attention moved towards synthesising
the UVDU. To avoid unwanted reactions occurring, the fert-butyldimethylsilyl (TBDMS)
protected cresol 6.13 was synthesised first,!> before reacting with the benzyl bromide 6.12
(Scheme 6.5) achieving the TBDMS-protected UVDU 6.14 in 32 % yield (1.45 g). Attempting
to remove the TBDMS protecting groups with either amberlyst-15 as Shabat had reported,' or
with TBAF resulted in the breakdown of the compound.
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Br
NO;
MeO

TBDMSCI, OMe
Imidazole 6.12
HO. OH DMF, 0 °C, TBDMSO OTBDMS K,CO3, 18-crown-6
2h,8 % Acetone, 70 °C, 48 h
OH OH 32%
2.5 6.13
TBDMSO OTBDMS  Amberlys 15, MeOH  HO OH
or TBAF, THF
—_——
NO, NO,
MeO MeO
OMe OMe
6.14 6.1

Scheme 6.5 Unsuccessful synthesis of the UVDU 6.1 using a TBDMS-protected cresol 6.13.

Therefore, the next attempts at synthesising the UVDU 6.1 were carried out from the
commercially available cresol 2.5 and reacting it with the benzyl bromide 6.12 under different

0,2+% whereas benzyl

conditions (Table 6.1). The pKa of the phenols are approximately 1
alcohols pK, are approximately 15.2° Potassium and caesium carbonates were chosen as the

base as their pK,’s are approximately 10,2 resulting in deprotonation of the phenol only.

Reaction time | Temperature Yield of
Reagents Solvent P u UVDU 6.1
(hours) O o
(%)
18-crown-6,

K>COs Acetone 48 70 0

K>COs Acetone 48 70 0

K2COs3 Acetone 48 25 10

Cs2CO3 Acetone 48 25 13

Cs2C0Os MeCN 48 25 32

Cs2COs3 MeCN 2 25 68

Table 6.1 Reaction conditions used to optimise the synthesis of the UVDU 6.1. Solvents were
anhydrous prior to use. Carbonates were dried at 110 °C for 24 hours prior to use.

It was found through the series of different reactions that the optimal reaction conditions to
produce the UVDU 6.1 were using anhydrous acetonitrile with addition of dried caesium
carbonate, and stirring for 2 hours at 25 °C. After this duration, the salts were filtered off, and

the solvent was removed to give the yellow crude product, which was triturated with cooled
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(0 -5 °C) chloroform to afford the UVDU 6.3 in respectable 68 % yields (6.00 g) as yellow
powder (Scheme 6.6). The UVDU 6.3 was characterised by 'H NMR spectroscopy (Figure 6.2).
The upfield shift for the methylene protons from 4.9 ppm for the benzyl bromide 6.2 to 5.4 ppm
for the UVDU indicates formation of the desired ether link.

Br.

HO. OH
NO; Cs,C0;, MeCN o
_—
HO OH o
oo 25°C, 2 h NO,
68 %
OH OMe
MeO’
2.5 6.2 e
UVDU 6.1

Scheme 6.6 Synthesis of the UVDU 6.1.
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Figure 6.2 'H NMR spectrum of the UVDU 6.1 (CDCl;, 400 MHz). See Appendix A.6. for full
spectrum.

6.2.2. Model Compound Synthesis and Degradation Studies

To determine if the UVDU 6.1 would breakdown with UV light, a model compound 6.15 was
synthesised by reacting phenyl isocyanate with UVDU in THF (Scheme 6.7). The model
compound 6.15 was afforded as a pale brown powder in 72 % yield. The model compound 6.15
did not dissolve in chloroform and hence was characterised by '"H NMR spectroscopy in
DMSO-ds (Figure 6.3). A shift in the methylene resonances of UVDU 6.1 from 4.5 ppm to 5.2

ppm, and the appearance of a broad resonance at 9.7 ppm indicated the formation of the desired

urethane.
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—_—
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NO,
MeO
OMe

6.1
Scheme 6.7 Synthesis of the UV responsive model compound 6.15.
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Figure 6.3 'H NMR spectra of the model compound 6.15 in comparison to the UVDU 6.1. (DMSO-ds,
400 MHz). See Appendix A.7. for full spectrum.

The mechanism of degradation of ONB’s has been known since its introduction in 1966 by
Barltrop and co-workers,'* who showed that the ONB breaks down to a nitroso-aldehyde 1.53
with the release of a hydroxyl anion (Chapter 1, Scheme 1.9). The same degradation pathway

is possible in this model system (Scheme 6.8).
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Scheme 6.8 Proposed mechanism of degradation of the UV responsive model compound 6.15.

For degradation studies, UV/visible spectroscopy was initially employed to determine if
degradation was occurring. The absorption spectra were carried out at two concentrations: (A)
10 pg/mL and (B) 1 pg/mL in acetonitrile; the spectra obtained are shown in Figure 6.4.

Samples were irradiated with a 36 W UV lamp in a quartz cuvette for up to 120 minutes.

A B 2.4 -
—0 min —0 min
12 —35 mins 27 —30 min
—10 mins
] —60 mins
3 15 mins 3 1.6
c . = 90 mi
808 —20 mins P 120mmAs
2 —25 mins 2 mins
2 —30 mins 2 08
0.4 |
0.4 1
0 T T T T T T | 0 r : v : . \
250 300 350 400 450 500 550 600 650 200 220 240 260 280 300 320
Wavelength (nm) Wavelength (nm)

Figure 6.4 UV/visible spectroscopic analysis of the model compound 6.15 at (A) 10 ug/mL and (B)
1 ug/mlL after irradiating with a 36 W UV lamp.
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Analysis of the UV/visible spectra at 10 pg/mL (Figure 6.4a) showed a rapid decrease in
absorbance at 365 nm after 5 minutes indicating rapid cleavage of the ONB group in the UVDU
6.1. Thereafter, the absorbance at 365 nm decreased slowly. At lower concentrations (Figure
6.4b), the spectra showed that self-immolative breakdown of the model compound was
occurring with loss of the absorbance at 236 nm indicative of the phenyl groups of the UVDU
6.1. An increase in absorbance at 251 nm indicated the release of the aniline 2.11 leaving group

as the degradation time increased.

To further investigate that the mechanism of breakdown of the UVDU 6.1, 'H NMR
spectroscopy was carried out (Figure 6.5) on the model compound 6.15 dissolved in acetonitrile,
which was irradiated with UV light through a quartz NMR tube. A decrease in intensity of the
benzyl ether of the ONB (pink) at 5.4 ppm and the methylene groups of the core cresol (yellow)
at 5.2 ppm showed both cleavage of the ONB and self-immolative breakdown of the core group.
The appearance of a broad resonance at 7.9 ppm indicated the appearance of an aldehyde 6.12.
Finally, loss of the broad urethane resonance at 7.7 ppm and shifts in the aromatic region
showed release of the phenyl carbamic acid 6.14 which rapidly breaks down to aniline 6.16 as

observed during degradation of the fluoride responsive model compound 2.7 in Chapter 2.
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Figure 6.5 'H NMR spectra showing the degradation of the model compound 6.15 with UV light.
(CD3CN, 400 MHz).

The model compound degradation experiments demonstrated the UV responsive nature of the

novel UVDU 6.1, and attention moved to implementing it into a polymer backbone.
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6.2.3. Synthesis of UV Responsive Polyurethane

With the synthesis and mechanism of degradation determined, the UVDU 6.1 was incorporated
into a polyurethane (PU) backbone in similar fashion to the synthesis of polymer 2.21 (Chapter
2). For polymer 2.21, the fluoride degradable group 2.6 was added to the prepolymer 2.20 at
100 °C and stirred for 1 hour until it solidified. This was possible as the fluoride responsive
degradable group 2.21 melted at ca. 94 °C. However, DSC reported a melt at 198 °C for UVDU
6.1.

Nevertheless, the first attempt at synthesising a UV responsive polymer was carried out using
the similar conditions as polymer 2.21 to determine if the UVDU would “dissolve” into the
prepolymer to allow for a reaction to occur; rather than acting through the melt of UVDU. The
prepolymer 2.20 was prepared from Krasol HLBH-P 2000 (Krasol) 2.18 and 4,4’-methylene
diphenyl diisocyanate (4,4’-MDI) 6.18 (Scheme 6.9). The UVDU 6.1 was added to the
prepolymer 2.20 at 110 °C and allowed to stir for 1 hour. The mixture did not solidify after this
period, and after cooling, the mixture visibly showed small aggregates of yellow powder

indicating that the UVDU 6.1 did not react with the prepolymer.

Therefore, the reaction was modified with the addition of THF to the prepolymer 2.20 at room
temperature followed by the addition of the UVDU 6.1 before refluxing for 24 hours. 'H NMR
spectroscopic analysis of the crude mixture showed no change to the UVDU resonances after

either 24 hours or 48 hours thereafter.

Hence, the reaction procedure was further changed. Dibutyltin dilaurate (DBTDL), a catalyst
used in the synthesis of many polyurethanes,?” was added to the mixture of prepolymer 2.20
and UVDU 6.1 in THF at room temperature before being held under reflux for 1 hour. 'H NMR
spectroscopic analysis of the crude mixture showed a shift in resonance from 4.7 ppm to 5.2
ppm of the methylene protons indicative of the formation of a urethane linkage between the
UVDU and prepolymer. However, the majority (>80 %) of the UVDU was still unreacted. The
reaction was left under reflux for 18 hours, after which no resonance was detected for any
unreacted UVDU, and hence the reaction was cooled to room temperature. Slow precipitation
into methanol was required to remove any metal salts, before drying to afford polymer 6.20 in

86 % yield (Scheme 6.9).
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Scheme 6.9 Synthesis of the UV responsive polymer 6.20.
Characterisation by "H NMR spectroscopy showed a downfield shift in resonance for Ha from
4.7 ppm to 5.2 ppm. A low intensity resonance at 4.7 ppm for Hg indicated terminal UVDU
groups at the ends of the polymer chain. A broad resonance was observed at 6.5 ppm indicating
the presence of urethane N-H group. Integral analysis of the Krasol methylene resonance and
MDI methylene resonance indicated that chain extension of the prepolymer backbone was
g = 2. GPC analysis of polymer 6.20 showed a broad monomodal dispersion with M, 21
kgmol!, My 96 kgmol! and P 4.60, indicating chain extension had occurred between the

prepolymer 6.19 and UVDU 6.3, with s = 9 — 10 repeat units.

The thermal properties of polymer 6.20 were determined by DSC and thermogravimetric
analysis (TGA) followed by rheological analysis. TGA of the polymer 6.20 showed initial onset
degradation at 185 °C, with rapid degradation occurring at 230 °C (Figure 6.6a). The DSC of
polymer 6.20 revealed no characteristic melting or crystallisation transitions, in similar fashion
to polymer 2.21 (Chapter 2), indicating an amorphous material. The glass transition temperature
(T,) was observed at ca. -46 °C (Figure 6.6b), which is the same as the starting Krasol 2.18 (7,
ca. -46 °C), and indicative of a phase separated material. The 7, of polymer 6.20 did not change

over three heat/cool cycles, showing that the material has thermo-reversible properties.
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Figure 6.6 (A) The TGA and (B) DSC thermograms of polymer 6.20.

Polymer 6.20 was subjected to rheological analysis between 80 °C and 180 °C (Figure 6.7). In
comparison to the polymers synthesised in Chapters 2 and 3, polymer 6.20 does not show a
viscoelastic transition point where G’” > G’, indicating the material does not flow below its

degradation temperature.
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Figure 6.7 Rheological analysis of the polymer 6.20 during a heat-cool cycle.

With the synthesis and thermal properties of polymer 6.20 determined, the material was taken

forward for degradation studies under UV light in the solution and solid states.
6.2.4. Solution State UV Depolymerisation Studies

To determine how polymer 6.20 responds to UV light (365 nm), solution state degradation
studies were initially carried out using '"H NMR spectroscopy (Figure 6.8) followed by GPC
analysis (Figure 6.9 and Table 6.2).

For 'H NMR spectroscopic analysis, polymer 6.20 dissolved in CDCl; was irradiated over
different time periods with a 36 W UV lamp through a quartz glass NMR tube. Gradual loss of
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the resonance at 5.2 ppm and 5.4 ppm indicated breakdown of the UVDU group within the PU
backbone. Sharpening of the resonance at 6.5 ppm indicated loss of one of the N-H urethane
moieties closest to the UVDU in the PU backbone. Finally, the presence of the released
aldehyde at 8.0 ppm further proves degradation of the UVDU and hence polymer 6.20 (Scheme
6.10).
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Scheme 6.10 Degradation products after treatment of the UV responsive adhesive 6.20.
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Figure 6.8 'H NMR spectroscopic analysis showing the degradation of polymer 6.20 with UV light.
(CDCls, 400 MHz).
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GPC analysis was carried in THF (Figure 6.9a), after the sample had been irradiated in a quartz
cuvette. The A plot of Mn and Mw as a function of degradation time are shown in Figure 6.9b.
From the GPC results, depolymerisation of the PU 6.20 started occurring in the first 5 minutes
with a drop in M, from 21 kgmol™ to 18 kgmol™'. Thereafter, the rate of depolymerisation in
the first 30 minutes started to slow down, going down to My 15 kgmol™! before nearly plateauing
near 2 hours at My, of 14 kgmol™'. Both M, and My, show the similar trends over time, with GPC
eluograms shifting to longer retention times as degradation times increase. Furthermore, as
degradation time increases, the peak maxima observed at 15.5 minutes increased corresponding
to the appearance of the degraded polymeric material.
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Figure 6.9 (A) GPC eluograms of the UV responsive polymer 6.20 after UV treatment. (B) The change
in averaged molecular weight calculated from the GPC eluograms against time. (THF, PS standards).

Degradation time (min) M M D

0 (untreated) 21000 96000 4.60

5 18000 70800 3.86

10 17600 65000 3.71

15 16000 56000 3.43

20 16000 56500 3.45

25 15700 52000 3.30

30 15800 52000 3.27

60 15000 46000 3.05

120 14000 40000 2.79

Table 6.2 Averaged molecular weight estimation from the GPC eluograms for polymer 6.20 before
and after UV irradiation treatment. (THF, PS Standards).
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6.2.5. Solid state mechanical testing

Attention moved towards mechanical testing of a homogeneous polymer film cast from THF.
From a film (15 % 15 cm) with an average thickness of 336 um, four pieces of 4 x 5 cm were
irradiated for up to 10 minutes with a 200 W fibre optic UV lamp source (Omnicure S2000)
fitted with a 365 — 500 nm filter (Figure 6.10a) (carried out by J. Godleman at Domino Printing
Sciences). A higher powered light source than was used in the solution state studies was used
in an effort to increase the rate of depolymerisation within the solid film. Polymer films were
irradiated on both front and reverse sides of the film to increase penetration of UV light and to

maximise degradation throughout the film.

0 mins (Pristine) 1 min 5 mins 10 mins

Figure 6.10 (A) Fibre optic UV light source used for solid state degradation studies on (B) polymer
films over different degradation periods.

Visually, as the degradation time increases, the polymer shows begins to turn red, even after
1 minute of UV irradiation. The material also feels less tacky with increased irradiation, which
is an encouraging result for a debondable adhesive. From the four film pieces, five strips (4.0 x
0.5 cm) were cut and mechanical stress-strain experiments were carried out. The stress-strain
graphs are shown in Figure 6.11, with mechanical properties detailed in Table 6.3. The graph
clearly shows that UV irradiation has very little effect on the mechanical properties of polymer

6.20, with all five strips of each degraded film showing similar trends.

Degradation Tensile Modulus | Ultimate Tensile Modulus of
time (min) (MPa) Strength (MPa) | Toughness (MJ m?)
0 (untreated) 5.01 (0.33) 6.66 (0.22) 17 (2.7)
1 5.01 (0.32) 7.26 (0.35) 21 (2.0)
5 4.71 (0.24) 7.75 (0.36) 19 (1.3)
10 5.23 (0.11) 7.73 (0.19) 18 (1.3)

Table 6.3 Mean (n = 5) mechanical properties of the polymer 6.20 before and after irradiation with
UV light. Standard deviations are shown in brackets.
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Figure 6.11 Stress-strain curves for five samples of each UV irradiated sample of polymer 6.20.

This was believed to be a result improper degradation occurring throughout the film, with UV
light only acting on the surface of the film (Figure 6.12). Thinner films could provide better
strength loss results after degradation. However, the hydrogenated polybutadiene based UV
responsive PU 6.20 forms weak films (ca. 80-90 pm) which tear when peeled from the PTFE

casting plate.

Figure 6.12 Improper degradation of the UV responsive film as a result of poor penetration of UV
light into the bulk of the film.

To determine the extent of degradation on the films, GPC analysis was carried out. On
preparation of the samples in THF, some of the material did not dissolve and therefore the data
does not represent the whole sample. The GPC eluograms in Figure 6.13 show the results for

the material that did dissolve.
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Figure 6.13 GPC eluograms for the solid-state degradation samples of polymer 6.20. (THF, PS

standards).
Ma Mw D
0 min (Pristine) 21000 96000 4.60
1 minute 19000 90000 4.68
5 minutes 16000 57000 3.30
10 minutes 17000 94000 5.31

Table 6.4 Molecular weight estimations from the GPC eluograms of the solid-state degraded
films of polymer 6.20. (THF, PS standards).

GPC analysis showed very little change in molecular weight for the degraded samples, which
suggests that the UV light has very little effect on the degradation of the solid-state samples.
However, a colour change is seen after degradation; which also occurred with the model
compound samples during the UV/visible spectroscopic analysis. Inspection of the insoluble
parts of the samples revealed that the darker part to the film did not dissolve. This suggests that
a secondary reaction (e.g. a crosslinking reaction) may be occurring. The use of a UV light to
photo-cure an adhesive has been known for decades, especially with polyurethanes.?®% It is
also possible that the red colour appearing after degradation is blocking UV light passing
through the material, and hence degradation would only be occurring at the surface of the film.
Thinner films may provide the degradation results wanted. In an attempt to cast thinner films
(ca. < 100 nm), the film tore while peeling away from the PTFE mould and hence could not be

tested.
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Nevertheless, a small drop in molecular weight and loss in tackiness of the samples after UV
irradiation in the solid state was a positive result. Therefore, attention moved towards testing

the adhesive properties of polymer 6.20, before and after degradation.
6.2.6. Adhesion Testing

For adhesive testing, pieces of polymer 12 x 25 mm in dimension were cut from the pristine
film and adhered between two glass (soda-lime) slides. The pieces were clamped and placed in
an oven at 120 °C for 8 hours. After cooling, samples were then irradiated on both sides for the
same durations used in the mechanical tests in Section 6.2.5. (Figure 6.14). Lap shear adhesion
tests were carried out on the specimens to determine their adhesive strengths, with the results

shown in Figure 6.15.

0 mins

(Pristine) 1 min 5 mins 10 mins

Figure 6.14 Photographs of the lap shear samples bonded to glass after set periods of degradation
time with a 200 W fibre optic UV light source.
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Figure 6.15 Lap shear testing of polymer 6.20 before and after degradation with a 200 W fibre optic
UV light source. Errors were calculated from the standard deviation (n = 5).
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Comparison of the dimensions of the untreated adhesive film and the thickness of the lap shear
sample between the two glass slides decreases from the original film thickness (ca. 335 nm) to
approximately 100 nm. Even though the material showed no viscoelastic transition by rheology
(Figure 6.8), the polymer is still above its Ty (ca. -46 °C) and will still flow at temperatures
when compressed. Visual inspection of the lap shear samples also developed a red colour after
UV irradiation indicating a reaction had occurred through the glass slides. The samples also
showed adhesion failure between the adhesive material and glass substrate with both the 5 and
10 minute degraded samples with the latter showing more prominent adhesive failure. Lap shear
adhesion studies showed little to no change in adhesive strength after 1 minute of UV
irradiation. However, after 5 minutes of UV irradiation, the adhesive strength dropped by 86 %
(0.43 MPa to 0.06 MPa). The samples irradiated for 10 minutes showed a slightly lower drop
in adhesive strength at 67 % decrease, which maybe evidence for any secondary crosslinked

reactions occurring.

To study the depolymerisation of the PU 6.20 when used as an adhesive, infrared (IR)
spectroscopy carried out (Figure 6.16) on polymer samples scratched off the glass slides. As
the Krasol backbone is not affected by UV irradiation and is mainly C-H bonds, the spectra
were normalised to at 2920 cm™'. In conjunction with the lap shear adhesion tests, very little
change is detected between the untreated sample (0 mins) and the sample irradiated for 1
minutes. Analysis of the IR spectra showed a decrease in absorbance at 1707 cm™, indicative
of loss of urethane moieties. Complete loss of absorbance is not seen as the urethane moieties
between the Krasol backbone and diisocyanate linker would not be affected by degradation
(Chapter 2, Scheme 2.8). A decrease in absorbance at 1520 cm™! shows loss of N-O groups,>°
indicative of breakdown of the ONB group of the UVDU within the PU backbone.
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Figure 6.16 Infrared spectroscopic analysis of polymer 6.20 from the lap shear samples before and

after degradation. Spectra have been normalised to at 2920 cm’™.

Further analysis of the UV degraded lap shear specimens was carried out using GPC. The
polymer was scratched off the glass slides and dissolved in THF for analysis. Similarly to the
material analysed during mechanical testing, the samples showed poor dissolution in THF, even
after gentle heating or stirring overnight. However, the soluble fraction was submitted for GPC
analysis and the GPC eluograms are shown in Figure 6.17, with molecular weight data provided
in Table 6.4. The GPC analysis shows that the samples that were irradiated with UV light
degraded, with drops in My from 21 kgmol™! to ca. 8 kgmol!. The multimodal nature of the
eluogram indicated that the PU degrades uniformly no matter the extent of chain extension (see
Chapter 3, section 3.2.1), with the last peak appearing at 16 minutes showing similar retentions
times to the Krasol starting material (2.18). However, GPC analysis of the lap shear sample that
was not irradiated and irradiated for 1 minute also exhibited the same drop in molecular weight,

even though lap shear adhesion tests and IR spectroscopy showed very little change.
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Figure 6.17 GPC eluograms of the lap shear samples after degradation with a 200 W UV light source.
Samples were compared to Krasol 6.17. (THF, PS standards).

Mn Mw D
0 min (Untreated) 21000 96000 4.60
0 minutes 9000 19000 2.10
1 minute 8800 17000 1.94
5 minutes 8000 15500 1.95
10 minutes 8700 17600 2.03
Krasol HLBH-P 2000 3400 3700 1.10

Table 6.5 Molecular weight estimations from the GPC eluograms of the lap shear adhesion samples.
(THF, PS standards).

In comparison to the polymers in Chapters 2 — 5, the chemoresponsive adhesives showed
breakdown and hence loss of adhesion as a result of treatment with fluoride ions only. With this
UV responsive polymer, the material possibly breaks down with heat prior to irradiating with
UV light. To determine if heating was causing additional breakdown of the PU, untreated PU
6.20 was placed into an oven at 120 °C for 8 hours. GPC analysis was carried out on the sample,
which showed the same decrease in molecular weight (My 17 kgmol!, M, 8 kgmol ™! and D 2.1).
This result thereby proves that the adhesive is not thermally stable at this temperature over this
time period. However, the polymer may be stable at lower temperatures and/or over shorter
time durations. Nevertheless, the polymer films exhibited reduced tackiness and lap shear
adhesion studies demonstrated that the polymer loses adhesive strength (86 %) when irradiated

with UV light for 5 minutes. Hence, further optimisation of the bonding conditions is required.
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6.3. Conclusions

In this chapter the synthesis of a novel UV degradable unit was reported that required only three
synthetic steps using simple purification procedures with overall yields at 56 %. The UV
degradable unit was first incorporated into a model bisurethane compound. UV/visible and 'H
NMR spectroscopic analysis both presented rapid degradation (>5 minutes) when irradiated
witha 36 W UV light source. When incorporated into the backbone of a polyurethane as a chain
extender, the degradation characteristics of this material was first analysed by 'H NMR
spectroscopy resulting in degradation of the degradable unit within 120 minutes. GPC analysis
of the polymer after UV irradiation exhibited a drop in molecular weight by 33 % (from 21
kgmol™! to 14 kgmol™') after the same time periods. During solid state degradation studies with
a 200 W UV light source, the material displayed no weakening in mechanical strength
determined by stress-strain analysis. Furthermore, when used as a hot-melt adhesive, the
adhesive showed breakdown by thermal stimuli which was analysed by GPC (from 21 kgmol™!
to 8 kgmol'). However, irradiating the thermally degraded adhesive further decreased the

adhesives strength by 86 % after 5 minutes irradiation.
6.4. Experimental Procedures
6.4.1. Characterisation

Characterisation was carried out as reported in Chapter 2, page 55. Characterisation specific to

this chapter are reported below.

Rheological assessment was conducted using an Anton Paar Physica MCR 301 rheometer with
a parallel plate oscillatory shear set-up. Circular samples of 8§ mm diameter (0.33 mm average
thickness) were cut from the polymer film using a steel punch cutter. For the single frequency
temperature sweep, samples were placed into the rheometer and initialised at 150 °C and then
subjected to temperature ramp cycle at a rate of 2 °C/min down to 25 °C and back up at the
same rate to 150 °C. This cycle was repeated two more times to assess repeatability and any
changes in properties. The frequency of oscillation was set to 5 Hz, and the shear strain
amplitude to 0.1%. Dynamic shear moduli (G’, G’”) were recorded to characterise the material.

The data was analysed using MATLAB R2017a.

Lap shear tests were carried out using soda lime glass microscope slides (26 mm x 76 mm X 1

mm) which were washed with methanol prior to use. Film samples (26 mm x 12 mm) were
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placed on the edge of the sample and sandwiched with another glass slide. The two slides were

clamped together and adhered at 120 °C for 18 hours.
6.4.2. Synthesis of 4,5-dimethoxy-2-nitrobenzyl bromide 6.6

To a solution of 4,5-dimethoxy-2-nitrobenzyl alcohol (10.0 g, 46.91 mmol) in anhydrous
chloroform (200 mL, distilled over CaH>) at 0 °C was added potassium bromide (2.88 mL,
93.81 mmol) dropwise under inert atmosphere. The mixture was stirred for 30 minutes, before
allowing to equilibrate to ambient conditions. The mixture was washed with cool water (2 x
200 mL), and the organic solution was dried over MgSO4 before concentrating in vacuo to
afford a yellow powder (10.7 g, 82 %). m.p. (DSC) = 145 °C vmax (thin film, cm™) 2969, 2935,
2841, 1520, 1511, 1270, 796, 607. du (400 MHz, CDCl3, ppm) 7.68 (s, 1H, Ar-H), 6.95 (s, 1H,
Ar-H), 4.88 (s, 2H, Ar-CH»), 3.99 (d, J = 14.5 Hz, 6H, Ar-OCH3). d6c (100 MHz, CDCl3, ppm)
153.2, 148.9, 140.2, 127.5, 113.6, 108.5, 56.6, 30.1. m/z found 300.0239 (CoH10NO2BrNa),
calc. 299.0758 (CoH1oNO2BrNa).

6.4.3. Synthesis of UVDU 6.3

To a solution of 2,6-bis(hydroxymethyl)-p-cresol (4.06 g, 24.15 mmol) in acetonitrile (200 mL)
was added Cs>COs (8.00 g, 28.98 mmol) and stirred under inert conditions. Upon colour change
from orange to brown (ca. 10 minutes), 4,5-dimethoxy-2-nitrobenzyl bromide was added and
stirred for 2 hours at 25 °C. The mixture was filtered, and the solute was concentrated in vacuo
to afford a yellow powder, which was triturated with chloroform (3 x 50 mL) and allowed to
dry under vacuum to afford a yellow powder (6.00 g, 68 %). m.p. (DSC) = 195 °C vmax (thin
film, cm™) 8, 2933, 2842, 1615, 1578, 1521, 1272, 797, 605. &u (400 MHz, DMSO-ds, ppm)
7.73 (m, 1H, Ar-H), 7.56 (m, 1H, Ar-H), 7.16 (m, 2H, Ar-H), 5.20 (s, 2H, Ar-CHz-O-Ar), 5.07
—5.04 (m, 2H, Ar-CH»-OH), 4.48 — 4.47 (m, 4H, Ar-CH2-OH), 3.94 (s, 3H, Ar-OCH3), 3.89 (s,
3H, Ar-OCHs), 2.29 (s, 3H, Ar-CHs). 6c (100 MHz, DMSO-ds, ppm) 153.5, 151.1, 147.5,
138.6, 134.7, 132.9, 129.1, 128.1, 109,8, 107.9, 72.1, 58.1, 56.2, 56.1, 20.7. m/z found
386.1201 (Ci18H21NO7Na), calc. 386.3558 (Ci1sH21NO7Na).

6.4.4. Synthesis of UV responsive model compound 6.7

To a solution of UVDU (0.50 g, 1.38 mmol) and 4-dimethylaminopyridine (0.017 g, 0.138
mmol) in anhydrous tetrahydrofuran (10 mL) was added phenyl isocyanate (0.38 mL, 3.44
mmol) dropwise at room temperature. The mixture was allowed to stir at room temperature for

18 hours, before being diluted with ethyl acetate (20 mL). The mixture was washed with
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saturated NH4Cl solution (2 x 20 mL) and brine solution (2 x 20 mL) before drying over
MgSO4. The mixture was concentrated in vacuo to afford the crude material, which was purified
by column chromatography eluting in 30 % ethyl acetate in hexanes over silica to afford a
brown powder (596 mg, 72 %). m.p. (DSC) = 211 °C Vmax (thin film, cm™) 3285, 2953, 1698,
1601, 1526, 1278, 1221, 1063, 754. ou (400 MHz, DMSO-ds, ppm) 9.65 (s, 2H, N-H), 7.61 (m,
1H, Ar-H), 7.52 (m, 1H, Ar-H), 7.38 — 7.33 (m, 4H + 2H, Ar-H), 7.26-7.22 (m, 4H, Ar-H), 6.99
—6.95 (m, 2H, Ar-H), 5.33 (s, 2H, Ar-CHz-O-Ar), 5.18 (s, 4H, Ar-CH-O-C(0)), 3.86 (s, 3H,
Ar-OCH3), 3.76 (s, 3H, Ar-OCH3), 2.32 (s, 3H, Ar-CHz). dc (100 MHz, DMSO-ds, ppm) 153.5,
153.1, 147.5, 138.9, 138.4, 133.9, 131.1, 129.8, 128.7, 128.6, 128.5, 122.4, 118.1, 109.5, 107.9,
73.0, 61.3, 559, 5558, 20.4. m/z found 624.1954 (Cs2H31N30O9Na), calc. 624.1958
(C32H31N309Na).

6.4.5. Synthesis of UV responsive polymer 6.20

4,4’-methylene bis(phenyl isocyanate) (1.51 g, 6.04 mmol) was added to Krasol HLBH P-2000
(6.36 g, 3.03 mmol) at 80 °C under nitrogen and stirred for 3 hours. Anhydrous THF (70 mL)
was added to the pre-polymer before cooling to room temperature. UVDU 6.7 (1.10 g, 3.03
mmol) was added to the mixture prior to addition of dibutyltin dilaurate (0.19 mg, 0.30 mmol).
The mixture was refluxed for 18 hours, before cooling to room temperature. The mixture was
slowly precipitated into methanol from THF twice. The precipitate was dissolved in THF,
before drying in vacuo to afford pure polymer (7.7 g, 86 %). The polymer was cast into a 15 x
15 cm film from THF using the same methods described in Chapter 2, page 55. Vimax (thin film,
cm™') 3334, 2959, 2919, 2853, 1710, 1598, 1524, 1378, 1221, 1069, 763. &1 (400 MHz, CDCl5,
ppm) (n = number of chain extension) 7.60 — 7.58 (m, 1H,), 7.35 — 6.86 (m, 8H,+ 2H,+ 1H,),
6.59 — 6.41 (m, 4Hn), 5.44 (m, 2H.), 5.21 (m, 4Hx), 4.77 — 4.63 (m, 1Hx), 4.22 —4.10 (m, 8Hx),
4.00 (m, 4H,), 3.92 — 3.74 (m, 6H, + 6H,), 2.40 — 1.80 (m, 20H,), 1.74 — 0.55 (m, 700H,). d¢
(100 MHz, CDCI3, ppm) 153.7, 129.4, 38.9, 36.1, 33.4, 30.7, 30.2, 29.8, 26.7, 25.9, 10.9, 10.7.
GPC (THF/BHT 250 ppm) My, 96000, My, 21000, D 4.60. DSC T, = -46.0 °C.
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Chapter 7

Conclusions and Future Work

7.1. Conclusions

Stimuli responsive debond-on-demand adhesives is a growing field of research with advances
in these materials transitioning towards industrial situations. Within this study, new chemical,

thermal and UV responsive adhesives have been designed and developed.

Chapter 2 described the design and synthesis of a fluoride responsive degradable unit!? which
was incorporated into a polyurethane backbone resulting in the production a new hot-melt
adhesive. Solution state degradation studies showed rapid (<1 minute) depolymerisation of the
polyurethane material by '"H NMR spectroscopy. GPC analysis displayed a reduction in
molecular weight by 76 % (from 26.1 kgmol! to 6.2 kgmol') when treated with tetra-
butylammonium fluoride (TBAF). Using mechanical stress-strain testing on a polymeric film,
the material shows a 91 % loss in toughness (27 MJ m™ to 2 MJ m>) when treated with a
fluoride source for 30 minutes. Butt-tensile adhesion testing demonstrated loss in adhesive
strength by 34 % after 3 hours of degradation. Lap shear adhesion testing revealed that the
material was able to bond to wood, metal and glass materials. Utilising the urethanes as
supramolecular hydrogen bonding motifs, the polyurethane acts as a traditional thermoplastic
and could be used a thermally reversible adhesive showing no loss in adhesive strength over

four debond-rebond cycles.

The fluoride responsive degradable unit (2.6) was then incorporated into polyurethanes with
carrying chemical structures to determine if the thermal and/or adhesive properties could be
improved (Chapter 3). Two series of polymers were developed, the first containing different
diisocyanate residues and the second containing different polyols. Rheological analysis showed
the first series of polymers with aliphatic diisocyanate linkers exhibited a low (ca. 28 °C)
viscoelastic transition temperature. The second series of polyurethanes, one of which contained
a polyester based polyol, exhibited a viscoelastic temperature at 49 °C, significantly less than
the original polymer (2.21 at 129 °C). To improve the understanding of the morphology of the
materials, SAXS and WAXS analysis was carried out at the Alba Synchrotron, which showed
the thermoreversible nature of the supramolecular interactions. The second series of polymers

were able to form self-supporting films, whereas the first series did not. When mechanical
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stress-strain testing was carried out, the polyester based material displayed a 74 % decrease in
toughness (27 MJ m™ to 7 MJ m™) after 30 minutes in contact with fluoride ions. Butt-tensile
adhesive testing showed that the polymers exhibited approximately a 30 % loss in adhesive
strength after 3 hours of degradation time. The polyester based adhesive also demonstrated
strong adhesion (0.9 MPa) after 30 minutes at 60 °C; whereas, the original adhesive required
much longer times (18 hours) to achieve the same adhesive strength. This low temperature hot-

melt adhesive also exhibited thermoreversibility through four debond-rebond cycles.

To further increase the adhesive strength of the fluoride responsive adhesive, a new crosslinking
group was designed (Chapter 4). Model compound studies revealed rapid degradation with a
fluoride source as measured by 'H NMR spectroscopic analysis. When reacted with a
diisocyanate prepolymer, a crosslinked material was formed that did not dissolve in range of
solvents or flow at high temperatures. Consequently, solvent and hot-melt cast films could not
be produced, and adhesion had to be studied by a new method of a hot-melt reactive adhesive;
where the adhesive was prepared in situ on the substrate before heat curing at 110 °C. Under
lap shear testing conditions, the crosslinked adhesive showed a 28 % increase in strength over
the linear polymeric adhesives. Degradation studies were carried out by soaking the lap shear
samples in 0.025 M TBAF solution for 3 hours, which resulted in a weakening in adhesive
strength of 55 %, a much a greater loss in strength than the linear chain extended materials

showed (33 %).

The fluoride responsive crosslinking group was also used as a core in efforts to make star shaped
polymers by the ring opening polymerisation of g-caprolactone (Chapter 5). However, GPC
analysis showed that transesterification had occurred resulting in a branched polymer, as proven
by the higher than expected molecular weight (16.7 kgmol!, predicted 3.7 kgmol™).
Nevertheless, 'H NMR spectroscopy showed the polymer had terminal hydroxyl groups, and
GPC analysis resulted in a reduction of molecular weight from 16.7 kgmol™! to 6 kgmol™! after
treatment with TBAF. The powdered polymer exhibited a melting point of 49 °C. Reactions of
the polyester with an aromatic diisocyanate at 60 °C produced a crosslinked material.
Comparison of lap shear adhesion test results for the crosslinked material showed only a 12 %
increase in adhesive strength over the branched polymer (3.45 MPa to 3.85 MPa). This
difference may be accounted for by the poor flow of material at this bonding temperatures.
Degradation studies on the adhesive resulted in a 23 % weakening in adhesive strength after 3
hours. Although the material did not show as great adhesion properties as the previous

crosslinked material 4.14 (Chapter 4), there are many aspects of the structure that could be
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changed to further increase the materials mechanical and adhesive properties. The main
advantage to this adhesive material over the crosslinked material in Chapter 3 is that the
polyester based star polymer can be stored for long durations without degradation occurring;

whereas, an isocyanate prepolymer will slowly degrade on contact with moisture.

In Chapter 6, a novel UV responsive degradable unit (6.1) was designed and developed. The
UV degradable unit was synthesised successfully using only three steps in comparison to the
seven steps required for UV responsive group 6.10 reported by Shabat and co-workers.?
Degradation studies were carried on a model compound by 'H NMR and UV/visible
spectroscopic analysis. Both methods showed degradation of the UV responsive group within
5 minutes of irradiation with a 36 W UV light source. The UV responsive group was then
incorporated into a polyurethane backbone. '"H NMR spectroscopy and GPC analysis showed
breakdown of the polyurethane within 2 hours; with the later presenting a reduction in
molecular weight from 21 kgmol™! to 14 kgmol™!. The polyurethane was cast into a homogenous
film, which was irradiated with a 200 W UV light source. Disappointingly, tensile stress-strain
tests did not reveal any dramatic changes in the material properties, even though the polymer
changed colour (yellow to red) and was less tacky when touched. This result was thought to be
a result of the thickness of the film and the UV light was only degrading the surface of the film,
and a thinner film may provide the loss in mechanical strength after UV irradiation. Lap shear
adhesion tests were also carried out, with adhesion carried out at 120 °C for 8 hours. The
samples were irradiated with UV light (200 W) before testing. Samples that were irradiated for
1 minute did not change in terms of adhesive strength. However, when irradiated with UV light
for 5 minutes, the samples exhibited a decrease in adhesive strength by 86 % (0.43 MPa to 0.06
MPa). Further analysis by IR spectroscopy presented a reduction in intensity of the signals for
urethane and nitro groups consistent with the expected degradation path of the UV responsive
PU. GPC analysis showed a significant decrease in molecular weight to ca. 8 kgmol™.
Unfortunately, the 1 minute UV irradiated sample (which did not change in strength) also
showed similar molecular weights indicating that initial degradation was a result heat curing
the adhesive. Nevertheless, the polymer displayed an 86 % reduction in adhesive strength after
5 minutes. Therefore, further optimisation would be required with this polymer to ensure that

degradation is solely caused by UV irradiation.

Finally, to show the commercial aspect of the adhesives designed and produced in this thesis,
the strength of reported adhesives is detailed in Table 7.1 and compared to the materials

produced during this work. However, an important note to make is that not all adhesive
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strengths detailed in Table 7.1 come from the same adhesive test method and hence the strengths

of the adhesives cannot be compared completely.

Adhesive Type Adhesive Bond Strength (MPa) Reference
5 — 8 (LSS — Glass fibre resin) 47
15.1 (LSS — Aluminium)
2—11 (LSS - Aluminium)
8 — 35 (LSS - Titanium)
Hot melt adhesives: film adhesives 0.52 (LSS — Aluminium) 8

Reactive Adhesives

Hot melt adhesives: hot glue gun
0.82 (LSS — glass)
adhesives

Solvent based adhesives 10 — 11 (LSS — aluminium) 10
1.75 N/mm (PTS — tape to steel) 1
0.17 (LSS — Duct tape)

Pressure-sensitive adhesives

14.64
Thesis — Reactive Adhesives Chapters 4
(LSS — Aluminium)
Chapter 2
Thesis — Hot Melt Film adhesives 2.86 —11.41 (LSS — Aluminium) 43
an

Table 7.1 Comparison of reported adhesives and the adhesives produced in this thesis. The adhesive
test method and substrate material are detailed in brackets. (Abbreviations — LSS: lap shear strength,

PTS: peel test strength).

As detailed in Table 7.1, the range of adhesives produced in this thesis range from the weaker
hot melt adhesives to mid-range reactive adhesives. This, therefore, shows that these adhesives
would be suitable for the current adhesive market. Furthermore, the added functionality of
debonding on demand with an external stimulus provides a unique selling point for each of

these adhesives in the market.
7.2. Future Work

There are many future avenues of research that could be initiated within the field of debond-
on-demand adhesives. Within this study, we reported the use of two methods of initiating
degradation, chemical and photo-initiated degradation. Other stimuli that could be used to
initiate degradation include thermal stimuli (which was briefly mentioned in the Chapter 6),
and mechanical stimuli; both of which have been utilised in stimuli responsive debond-on-

demand adhesives.!>'* Specific areas of future work stemming from each chapter are discussed
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in the following sections. Thereafter, other future concepts relating to the work carried out in

this thesis are also discussed.
7.2.1. Changing the Structure of the Degradable group.

In Chapter 2, a fluoride responsive degradable unit 7.1 was incorporated into a polyurethane
backbone to form a hot-melt adhesive.? The material consists of three main parts: (i) the polyol
backbone, (ii) the diisocyanate linker and (iii) the degradable group. Varying the structure of
(1) and (i1) were further explored in Chapter 3. The chemical structure of the fluoride responsive
group 2.5, however, was not changed after this work was completed. The group relies on the
silyl protecting group for degradation with a fluoride source. The silyl protecting group is
attached to a bis-hydroxyl functionalised phenol (which was later changed to a tris-hydroxyl
functionalised phenol to induce crosslinking in Chapter 4). Alternative alcohol protective
groups could be used instead of the silyl group; many of which respond to different chemical
stimuli. Therefore, a series of polymeric adhesives could be designed which respond to different
chemical stimuli. For example, the methoxy protected degradable unit 2.16 was synthesised as
part of the selectivity tests of this study. Methyl ether protecting groups are labile to
nucleophiles such as thiols or Lewis acids such as tetra-methylsilyl iodide.!> The group was
incorporated into a polyurethane backbone; however, no degradations studies were not carried
out on the material. Another protecting group that was experimented on was acetyl protected

phenols 7.1 which has previously been synthesised in the laboratory for alternative projects.

26 2.16 71

Figure 7.1 Chemoresponsive degradable units designed as part of this study.

7.2.2. Alternative polyols and diisocyanate linkers

Chapter 3 investigated altering the chemical structure of the polyol backbone and diisocyanate
to improve the thermal and adhesive properties of the fluoride responsive adhesive. Changing
the diisocyanate improved the thermal properties but resulted in diminished adhesive
properties. However, other diisocyanates exist other than the three tested, and they may show

better adhesive results. For example, polymers utilising 2,4-toluenediisocyanate, 1,4-phenylene
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diisocyanate and 1,3-phenylene diisocyanate could provide interesting properties. Furthermore,

using ureas or isothiocyanates could provide different mechanical properties over urethanes.

The introduction of a polyester backbone afforded improved results for both thermal and
adhesive properties in contrast to the hydrogenated polybutadiene. Alternative polyester
systems could provide different thermal and mechanical properties for the adhesive. The use of
different polyols could also afford materials to better suite the needs of the end user. For
example, a polyethylene glycol or polyglycerol based polyols could provide water soluble

adhesives for biocompatible substrates or needs.

Copolymer systems could also provide different mechanical and thermal properties by altering
the phase separation within the polymeric network. Different ratios of the polyester and
polybutadiene polyols were mixed prior to adding the diisocyanate and bifunctional degradable
group 2.6. This resulted in block copolymers with both crystalline and amorphous regions

within the network.
7.2.3. Crosslinked Materials

The crosslinked adhesive polymers in Chapters 4 showed an increase in adhesive strengths
when compared to the linear polymeric adhesives developed in Chapters 2 and 3. Although
reacting the prepolymer and crosslinking group resulted in strong adhesion, a more user-
friendly method of adhesion would be to use hot-melt films like those produced in Chapters 2
and 3. The Stepanpol® based crosslinking polymer (CLP) 4.14 showed a melt at ca. 48 °C as
a result of the crystallites within the polymeric network. The material did not flow when
inverted but could be manipulated with a spatula. Therefore, in theory, if a film could be
produced, adhesion could be achieved through a hot melt with compression to provide a user-

friendly strong adhesive.
7.2.4. Star shaped polymers

The star shaped polymer design was a new approach to crosslinked stimuli responsive adhesives
described in Chapter 5. However, during the synthesis, the star polymers underwent
transesterification as determined by 'H NMR spectroscopy and GPC analysis. Therefore, initial
further work would be to optimise the reaction conditions to afford star shaped polymers

without transesterification occurring. For example, the reaction time could be reduced.

The other advantage of star shaped polymers over the polymers in Chapters 2 - 4 lies in the

modifications that could lead to a series of polymeric adhesives with different thermal and
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mechanical properties. The four different modifications that could be applied to star shaped
polymers to optimise the adhesive properties include: (i) altering the arm length of the star'® (ii)
using different esters or changing to amides or lactides;'®!” (iii) using different diisocyanates
to allow better phase separation (e.g. hexamethylene diisocyanate); and (iv) using dynamic
covalent bonding residues for crosslinking (Diels-Alder adducts or anthracene moieties).!32°
Each of these on its own are completely new projects and could provide very promising results.

Furthermore, linear materials could also be made using the bifunctional material as the core

group and incorporated into the star shaped materials.
7.2.5. UV responsive adhesives

The last project reported showed the design and synthesis of a UV responsive degradable unit
(Chapter 6). Model compound tests showed rapid degradation within five minutes.
Furthermore, the adhesive showed an 86 % decrease in adhesive strength after five minutes of
UV irradiation. However, the adhesive was not thermally stable under the tested conditions,
and the polyurethane broke down prior to UV testing. Therefore, the first step to counteract this
would be to lower the adhesion temperature and increase clamping pressure. Additionally, the
hydrogenated polybutadiene 2.21 could be changed for the polyester 3.2 which would introduce
a melting transition to the material. The polyester material 7.2 was synthesised with DSC
showing a melting temperature at 49 °C. Furthermore, polymer 7.2 forms self-supporting films

at ca. 80 um thick. Degradation studies are still to be carried out.
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Figure 7.2 The polyester based UV responsive polymer 7.2.

Another possible alternative to form UV responsive adhesives would be to form polyester diols

or even stars if the core group is changed to a trifunctionalised group.
7.2.6. Fluoride responsive Telechelic and Hyperbranched materials

Although crosslinking materials showed promising results with an increase in adhesive strength

over linear systems, self-supporting films could not be produced. One method to counter
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solubility issues was to develop hyperbranched materials with the trifunctional degradable
group 4.1 and supramolecular hydrogen bonding end groups. Three monofunctional fluoride
responsive groups were designed to be used as supramolecular end groups. The proposed
reaction scheme is outlined in Scheme 7.1.

NV

Polyol Trifunctional
Group 80 °C

s, oL s
2 THF ’rP‘\'WJJW N g,
4

P MM NN i
o N

Monofunctional

Group "‘Nl,v 4; i i, vw.\‘;

( )
Trifunctional Group Monofunctional Groups
HO HO
OH

HO. OH OH
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~si”” j: ~si” j:

4.1 \_ 7.3 7.4 7.5 )

Scheme 7.1 Hyperbranched fluoride responsive polymer.
7.2.7. UV responsive Telechelic materials

Hayes and co-workers have developed a telechelic supramolecular polymer 7.6, which utilised
a nitro-methoxy functionalised dibenzylamine end group.?! The material showed some
interesting adhesive properties. These two functional groups were chosen to alter the electron
density around the aromatic diisocyanate linker to enhance m-stacking supramolecular
interactions. As o-nitrobenzyl (ONB) groups could be used for UV responsive materials, the
end group could be modified to include the ONB group as shown with polymer 7.7. UV
degradation of polymer 7.7 would result in cleavage of the ONB and alter the electron density

of the end group and hence alter the mechanical property of the polymeric material.
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Figure 7.3 A UV responsive telechelic supramolecular polymer 7.7 inspired by the supramolecular
polymer 7.6 developed by Hayes and co-workers.

7.2.8. Carbon based Composite Materials

An interesting idea was proposed during the course of this project which involved the use an
electrical current as a form of inducing heat within a thermally reversible adhesive material.*?
This theory was based on the fact that any material that is able to conduct electricity would
generate thermal energy. However, the materials developed in this project are insulators and do
not conduct electricity. Therefore, to increase conductivity of the polymers, carbon based
particles (graphite, carbon nanotubes and graphene) could be blended into the polymer. This

would lead to a series of electronically responsive adhesives.
7.2.9. Fluoride responsive light-melt debond-on-demand adhesives

Cray Valley, who kindly supplied the hydrogenated polybutadiene Krasol HLBH-P 2000 2.18
and HLBH-P 3000 3.1 polyols used in Chapters 2 and 3 of this project, also provided the
polybutadiene Krasol LBH-P 2000. This was used to synthesise polymer 7.8 (Figure 7.5) but

was not used for further testing.
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Figure 7.4 A polybutadiene based fluoride responsive adhesive that could be used for light-melt
curable adhesives.

152



Chapter 7 — Conclusion and Future Work

The material contains terminal alkene groups on the main chain of the polyurethane. Upon
irradiation of UV light, the material could crosslink with other chains in the network and thereby
increase the strength of the material. The material would still contain the fluoride responsive
units which will allow for the degradation of the polymeric network, and hence debond from
its substrates when used as an adhesive. Therefore, this material could be used as a UV curable

and fluoride degradable adhesive.
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Appendix

Chapter 3
A.1. 'H NMR Spectroscopy: Degradation Studies for Chapter 3
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Figure A1 'H NMR spectra showing (4) before and (B) afier degradation of polymer 3.5. (CDCl;, 400
MHz)
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Figure A2 'H NMR spectra showing (A) before and (B) afier degradation of polymer 3.6. (CDCl;, 400
MHz)
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Polymer 3.7
B

75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05
& (ppm)

Figure A3 'H NMR spectra showing (A) before and (B) afier degradation of polymer 3.7. (CDCl;, 400

MHz)
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Figure A4 'H NMR spectra showing (4) before and (B) afier degradation of polymer 3.8. (CDCl;, 400
MHz)
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A.2. GPC Peak Maxima Calculations for Chapter 3
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Figure A5 GPC eluogram of Polymer 2.21 after degradation, showing the region used to determine
the molecular weight of the peak maxima. (THF, PS standard).
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Figure A6 GPC eluogram of Polymer 3.5 after degradation, showing the region used to determine the
molecular weight of the peak maxima. (THF, PS standard).
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Figure A7 GPC eluogram of Polymer 3.6 after degradation, showing the region used to determine the
molecular weight of the peak maxima. (THF, PS standard)
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Polymer 3.7
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Figure A8 GPC eluogram of Polymer 3.7 after degradation, showing the region used to determine the
molecular weight of the peak maxima. (THF, PS standard).
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Figure A9 GPC eluogram of Polymer 3.8 after degradation, showing the region used to determine the
molecular weight of the peak maxima. (THF, PS standard).

A.3. Rheological Analysis Full Dataset

Temperature ramps used for rheometry analysis:

Polymer 2.21 - 40 °C - 140 °C
Polymer 3.5 - 10 °C—-60 °C
Polymer 3.6 - 10 °C—-50°C
Polymer 3.7 - 40 °C - 100 °C
Polymer 3.8 - 25°C-80°C
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Polymer 2.21
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Figure A10 Rheological Data from three heat-cool cycles for Polymer 2.21.
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Figure A1l Rheological Data from three heat-cool cycles for Polymer 3.5.
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Polymer 3.6
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Figure A12 Rheological Data from three heat-cool cycles for Polymer 3.6.
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Figure A13 Rheological Data from three heat-cool cycles for Polymer 3.7
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Polymer 3.8
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Figure A14 Rheological Data from three heat-cool cycles for Polymer 3.8.

A.4. Stress Strain Curves for Chapter 3
Polymer 2.21
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Figure A15 Five Stress-Strain curves of polymer 2.21 before (solid) and after (dashed) degradation in
IM TBAF/Acetone for 30 minutes.
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Polymer 3.7
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Figure A16 Five Stress-Strain curves of polymer 3.7 before (solid) and after (dashed) degradation in
1M TBAF/Acetone for 30 minutes.
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Figure A17 Five Stress-Strain curves of polymer 3.8 before (solid) and after (dashed) degradation in
1M TBAF/Acetonitrile for 30 minutes.
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A.5. Full DSC Thermograms
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Figure A18 DSC thermogram showing the three heat-cool cycles of polymer 2.21.
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Figure A19 DSC thermogram showing the three heat-cool cycles of polymer 3.5.
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Polymer 3.6
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Figure A20 DSC thermogram showing the three heat-cool cycles of polymer 3.6.

Polymer 3.7
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Figure A21 DSC thermogram showing the three heat-cool cycles of polymer 3.7.
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Polymer 3.8
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Figure A22 DSC thermogram showing the three heat-cool cycles of polymer 3.8.
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Chapter 6

A.6. Full 'TH NMR spectra for UVDU 6.1
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Figure A23 Full 'H NMR spectra for UVDU 6.1. (400 MHz, CDCl3)
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Figure A24 Full 'H NMR spectra for UVDU 6.1. (400 MHz, DMSO-ds)

8.0

165



Appendix

TETET
S68'C X
mmmv.NW
ommv.N

DMSO

602E'€ —

£SIT'G — —=

[TEE°6 — =

¢w¢a.o
mwmm.o
75869
L8TTL
T6ETL
€8SCL—

NNmm.nN
185€°L =
08LE°L \
0025°L
o

A.7. Full 'TH NMR spectrum of UV responsive model compound 6.10
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