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Abstract

Polydicyclopentadiene (PDCPD) is an engineering plastic produced through the ring-opening
metathesis polymerization (ROMP) of dicyclopentadiene (DCPD), a petrochemical waste product.
Owing to its high glass transition temperature, high storage modulus, high tensile strength, and
general robustness to chemical or physical attack, PDCPD has enjoyed commercial use for making
body panels for automobiles and heavy machinery. However, PDCPD is a simple polyolefin
composed of only hydrogen and carbon atoms; it is thus low surface energy and not chemically
tunable. The low surface energy also makes the application of paints and adhesives challenging.

Herein I describe a ketone-functionalized derivative of dicyclopentadiene (oxaDCPD). When
polymerized oxaPDCPD displays a unique non-canonical hydrogen bond between the ketone and
an adjacent vinyl hydrogen within the polymer. Partly as a result of this interaction, the thermoset
polymer has an increased glass transition temperature, storage modulus, Young’s modulus,
compression strength, and surface functionality compared to the native material. I also describe
the copolymerization of dicyclopentadiene with the novel oxa-dicyclopentadiene monomer to
produce copolymers. These copolymers display remarkably tunable (and improved) mechanical
and thermal properties. Additionally, the copolymers have improved surface functionality and
display resistance to oxidative embrittlement.

Many thermosets—including PDCPD and oxaPDCPD—are produced in a process called
reaction injection molding (RIM) wherein neat monomer is directly transformed to solid polymer
using a catalyst. In these polymerizations the crosslinks between the polymer chains form
alongside the polymer, rapidly forming a solid. It is therefore challenging to study these kinds of

processes. | have developed a method suitable for laboratory-scale studies of these reactions. This
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method is high-throughput and low cost. Remarkably, not only can various initiators be compared
but the mechanical and thermal properties of the final material can be generally predicted.
Finally, despite PDCPD’s industrial niche remaining in the body panel market for decades there
is a large volume of high-impact research dedicated to it. As part of a Natural Sciences and
Engineering Research Council of Canada (NSERC) Lab to Market (L2M) Grant I conducted
stakeholder interviews to determine industry pain points and determine a path towards

commercialization of new PDCPD technologies.

v



Table of Contents

SUPETVISOTY COMIMITIEE ....eeeiuviieiiieeeiieeeieeesieeesteeesteeeseaeeesseesseeesseeessseessseeessseeessseeesssesessseesnsses i
PN 1 2T OO OO P PO SOPRRURRRPO i1
TADIE OF CONLENLS ...ttt ettt ettt e bt e et et esabe e bt e enbeenbeeenbeenaeeenne v
LSt OF FAGUIES ...ttt ettt ettt ettt e et e e b e et e easeesaeesbeensaeensaensseenseenseas vii
LSt OF TADIES ...ttt ettt ettt ettt et h ettt beeaees Xi
LSt Of ADDIEVIATIONS. ....eevieiieiieeiieiteete ettt ettt sttt ettt ettt e b e bt et esbe e b eaee e xii
ACKNOWIEAZEMENLS.......tiiiiieiiiiiie ettt ettt ettt e st e e b e et eebeestaeesbeessaeenseesseeenseensnes XV
Chapter 1: INrOQUCTION .......iiiiiieciieetee ettt e e et e e et e e saeeesabeeessseeesaseeesseeennseeesseeennns 1
1.1. Thermosetting MateTials ..........cccueeiiiiiiiiiieiii ettt et 1
1.2. An Introduction to Polydicyclopentadiene..............cccceeviiiiiiiiiiiniiiiiiieeceee e 9
1.3. Synthetic Strategies for Functionalizing DCPD MoONOmers ........c..ccccceeeverieneeneeniennenne. 14
1.4, DiSSertation SUMIMATIY ..........cceieeiiieriierieeiieeteesteesteesseesseesseesseesseeesseesssesseesssessseessseesseens 28
L5, RETETEICES ...ttt ettt ettt e bt e et e nbeenaneens 30
Chapter 2: A Single-Atom Upgrade to Polydicyclopentadiene .............ccceeeveerieeiieniienieenneennnens 43
2.0. CONLITDULIONS ...ttt ettt ettt ettt et et e se e e bt es b e eaeesbeenbesaeesbeenbeeneenbeensesneenee 43
B BN o1 ¢ ot OO TUUPRRSRPRP 44
B 115 (0T L To 103 4 OO PSR UURTSOPRPI 44
2.3. Results and DiISCUSSION.........ieiuiiiiieiieiiieeiie ettt ettt ettt e sttt eebeesteesbeesaeesnbeesseesseens 49
2.4, CONCIUSIONS ...ttt ettt ettt ettt e et e bt e st e bt e e bt e seteeabeesbeeenbeenseeenbeenseesnseenseesnseans 64
2.5, MEROAS ...ttt ettt ettt be et e et e e teeeateens 65
2.0, RETETEICES .....eeieeeiiieieeee ettt et e sb e ettt st e sbe e et e e sbeesareens 81
Chapter 3: Toughened Polydicyclopentadiene Copolymers by Dicyclopentadienone Monomer
317005010 1 10 ) H TSRS 92
3.0, CONIIDULIONS ....eiutieiie ettt ettt ettt esb e st e s bt e et e sbee et e enbaeeaee 92
3L ADSETACT ...ttt ettt ettt et e e naee e 93
3.2, TEOAUCTION ...ttt ettt et e et e s et e et e s e e enbeessaeenbeenaeeenne 93
3.3. Results and DISCUSSION......cc.eeruiiiiriiiiieiieritete ettt ettt st 98
3.4, CONCIUSION. ...ttt ettt et b et e e s bt et ea e ebt e beeaeesaeenbeennens 107
3.5 METROMAS ...ttt sttt et 108
3.6, RETETEICES ...ttt ettt ettt et e bt ene s 114
Chapter 4: A Straightforward and Rapid Method to Assess ROMP Performance in Neat
ThermOSEttiNG RESINS. ....ccccuiiiiiiieiiie ettt eriee et et rte e et e e e ee e e e teeesseaeeessaeessseeesnseeesnseeensseens 119



0. CONITIDULIONS ettt e e e et e e e e e e e et e e e e e e e e e e ee e aaeeeeeeeeea i aaaeeeeeeeeeaanaaaaaeeas 119

A1 ADSITACE ..ttt ettt et ettt e sat e et e et e e b e naeas 120
4.2, INETOAUCTION ...ttt ettt ettt et e eae e et e s it e et e e s abeembeesseeenbeesaeeenneennees 120
4.3. Results and DiSCUSSION.......cccuiriiriieriirieriieieet ettt sttt sttt et beeeesenesbeenneas 124
4.4, CONCIUSION. ..c..eiiiiieieeitet ettt ettt et be et st e sttt e bt e nbeebesetenbeeneens 136
4.5, METROAS ...ttt sttt et a et st e bt et 137
4.6 RETETEICES ...cuveiieniieieeitet ettt ettt et sttt et e bt et satenbe et 147
Chapter 5: Do Research Outcomes in Materials Science have Real World Benefits? ............... 154
5.0. CONIIIDULIONS ...ttt ettt ettt e et eesbt e et e e bt e sabeesbeeenbeesseesaneens 154
R RN o1 1 2T USRS URRRPSURRRIPIO 155
5.2, INEEOAUCTION ...ttt ettt et e et e bt e et esseeeabeesaeeenneesseesaneens 155
5.3. Results and DISCUSSION.......cc.eeruiiiirieiieieeiierieeie ettt sttt et et e e seeenaeenneas 157
5.4, CONCIUSIONS ...ttt ettt ettt ettt s b ettt e s bt e e e et e sbee bt enteebeenteeneeseeenbeansens 162
5.5 IMETROMAS ...ttt ettt saeenae et 163
5.6, RETEIEICES ...ttt ettt st ettt e bt naees 164
Chapter 6: Summary and Future WOrk ..........cccooiiiiiiniiiiieeecceeeseeeee 171
6. 1. SUITIMATY ..ottt ettt ettt et st e b e st e b san e e beesaneenanes 171
6.2, FULUTE WOTK ...ttt ettt ettt et aee e eees 172
0.3, CONCIUSION. ...ttt ettt et ettt e et e bt e et e e seeeabeeeseeenbeenseesaseesseeenseenenas 176
0.4 RETETEICES ..ottt st ettt e sb e st e e e e e e 178
Appendix A: Supplemental Spectra, Plots, Figures and Tables for Chapter 2.............ccccceneeene. 181
Appendix B: Supplemental Spectra, Plots, Figures and Tables for Chapter 3.............ccocceneeene 239
Appendix C: Supplemental Spectra, Plots, Figures and Tables for Chapter 4..............cccceueeee. 274
Appendix D: Interview Scripts for Chapter S..........oooiiiiiiiiiiieeiieceece e 346

Vi



List of Figures

Figure 1.1. A: Deoxyribonucleic acid (DNA) is an example of a natural polymer found in living
things. B: Styrene-butadiene rubber is an example of a synthetic polymer found in car tires. The
ratio of styrene:butadiene controls performance attributes such as durability, rolling resistance
and Wet/COLd WEANET GIIP. .eiiiiiiiiiie ettt et ste e e s e e e ar e e esseeenseeennseeenens 1

Figure 1.2. A: Linear low-density polyethylene (LLDPE) is a thermoplastic used here to make
tubing. LLDPE tubing is suitable for low-temperature applications such as a water purifier or a
fish tank. B: Crosslinked polyethylene (PEX) is a thermoset variation of high-density
polyetheylene used here to make tubing. PEX tubing is suitable for applications with high-
temperatures such as in heated floors or for a household hotwater tank. ..........cccccoceviiiinincnnen. 2

Figure 1.3. Examples of thermosets A: Epoxy carbon-fiber-wood layup in a ski. B: Polyester
resin on a sailboat. C: Household silicon caulk. D: Airplane wings are now being made from
composites utilizing thermosetting resins instead of aluminum. E: Acrylonitrile-butadiene-
styrene is used on consumer electronics and household electrical boxes. ..........ccceevvieciieriieneenen. 5

Figure 1.4. Block diagram of compression molding system. Inset: Radical crosslinking of a
polyester derived from the condensation of fumaric acid and glycol utilizing an organic peroxide
(benzoyl peroxide) and SEYTENE. .......ccuieriiiiiieiieeie ettt sttt et 7

Figure 1.5. Block diagram of a reaction injection molding system. Inset: Ring-opening
metathesis polymerization (ROMP) of polydicyclopentadiene and associated crosslinks formed
during the eXOthermiC TEACTION. ......eciiiiiiieiiieiie ettt sttt e s eesaee e 9

Figure 1.6. Mechanism of ring-opening metathesis polymerization of polydicyclopentadiene and
associated crosslinking pathways driven by the heat released. Inset: Norbornene, and the

norbornene type alkene on DCPD. .........cociiiiiiiiiiiiiie s 11
Figure 1.7. Strategy for functionalized DCPD. The norbornene ring must be preserved to drive

ROMP and crosslinking during RIM. .........ccociiiiiniiiiiiiiieeeeeeec e 13
Figure 1.8. Synthetic routes to functionalized PDCPD by the Xu and Lemcoff groups. ............ 14

Figure 1.9. A: ROMP of Acetoxy-PDCPD using Grubbs 1% Generation catalyst to yield linear
polymer. B: Heterolytic cleavage of acetoxy-PDCPD. C: Grubbs 1% Generation Catalyst D:
Thermogravimetric analysis of Acetoxy-PDCPD showing two-stage decomposition. Adapted
with permission from the Hiterature. ................ccocoiiiiiiieceeeeeeeee e 16

Figure 1.10. A: Catalysts used by the Lemcoff group to produce crosslinked functionalized

PDCPD. B: Functionalized crosslinked PDCPD. ........c.cccoooiiiiiiiiiiiieeeeeeeeeee e 17
Figure 1.11. Synthesis of f/DCPD through the Diels-Alder reaction of carboxylated
cyclopentadiene (CP) and CP. Adapted with permission from the literature.?*............................ 20

Figure 1.12. Removal of undesired regioisomers by conjugate addition of diamine followed by
aqueous workup. Adapted with permission from the literature.?* ...............cccooevvveveviivveeeeeenennnns 21

vii



Figure 1.13. Synthesis and purification of linear fPDCPD. Inset: Control over the surface energy
of the polymer exerted via the installed methyl ester functional group. Adapted with permission

O the TIEETAULE. 1824 oot e e e e e e e e e e e e s e e e e e easesenses e s eeseeseeaseesensesennn 22

Figure 1.14. Synthesis of crosslinked fPDCPD via reaction injection molding. ............c.ccu..... 23

Figure 1.15. A: Smart surface enabled by crosslinked /PDCPD loaded with drug. Drug release
and activation initiated by endogenous bacterial enzyme. B: Cell surface adhesion controlled by
adaptation of crosslinked /PDCPD. Adapted with permission from the literature.s.................... 25

Figure 1.16. Synthesis of oxaDCPD monomer, an enone functionalized DCPD. ....................... 26

Figure 2.1. Polydicyclopentadiene manufacturing, previous approaches to functionalized forms
of PDCPD, and the current work describing an upgraded form of functionalized PDCPD. See
Figure A46 in Appendix A for structures of likely crosslink motifs present within the various
CULEA PTOAUCES. ...evieuiieeiiietie ettt ettt e et e et eete e bt e ebe e seeeabeesseeesseesaeensaesseasseesseensaessesnseenssesnseens 46

Figure 2.2. Synthesis of the oxaDCPD monomer. The inset photo shows a batch of endo-4m,
which is isolated by distillation as a white solid with no significant odor. exo-4m is isolated as a
LIQUEAL ettt bbbttt h bbb 50

Figure 2.3. Polymerization of endo-4m to generate a soluble linear polymer. The * symbol
indicates residual protonated solvent present in the CD,Clo. The # symbol indicates a small peak
at ca. 7.2 ppm that is assigned to the phenyl group transferred from the Grubbs catalyst to the
growing polymer chain. For discussion of splitting associated with the H proton, see below. .. 51

Figure 2.4. Reaction injection molding of oxaPDCPD. A: laboratory-scale RIM apparatus
consisting of shaped aluminum blocks that can be clamped together to form a mold. B:
assembled mold, with sprue holes for injection of resin. C: ‘dogbone’ shaped oxaPDCPD bars for
tensile testing. D: oxaPDCPD disk for impact testing. E: oxaPDCPD bars for DMTA analysis. 53

Figure 2.5. Swelling of PDCPD (black) and oxaPDCPD (blue) in polar and non-polar solvents.

....................................................................................................................................................... 55
Figure 2.6. Lowest energy head-to-tail all-trans oxaPDCPD structure obtained from DFT
simulations (panel A). Panel B shows the same structure as that in panel A, with all but the
hydrogen-bonded monomers removed from the image. The distances (in A) between the B-
hydrogen of the vinyl group and the ketone oxygen are shown. Key: C = gray, H = white, O =
red. Hydrogen bonding interactions are shown with dashed lines............ccccoccvvevciiiniieiniienniene 58

Figure 2.7. Quantitative determination of vinyl C—H---O=C hydrogen-bonding enthalpy by QM

simulation (MO6-2X /Aef2-TZVPP). ...coorrreiieeeee et e 59
Figure 2.8. Comparison of calculated and experimental 1H NMR spectra for oxaPDCPD,

indicating the presence of vinyl C—H---O=C hydrogen bonds within the material..................... 60
Figure 2.9. Synthesis of a reduced polymer control. ...........ccceveiiiieiiieeiieece e 60

Figure 3.1. Recent copolymerization strategies for PDCPD. A: Degradable thermosets via
copolymerization with cleavable silyl ethers. B: Copolymerization of functional DCPD based
monomers leading to tunable PDCPD materials. C: Copolymerization of fDCPD and DCPD

viii



resulting in materials with adaptable and functional surfaces. D: This work, copolymerization of
0xaDCPD and DCPD producing materials with enhanced mechanical properties. ..................... 95

Figure 3.2. A: Synthesis of polydicyclopentadiene controls using Grubbs second generation
initiator. B: Synthesis of 0xaDCPD-co-DCPD copolymers. .........cccccuveeviieinieeeeiie e eiee e 98

Figure 3.3. A: ATIR spectra of a type polymers after heating during DMTA. B: ATIR spectra of
b type polymers after heating during DMTA. .........cooiiiiiieeee e 100

Figure 3.4. Mechanical properties of copolymers and corresponding PDCPD controls. A:
Young’s modulus. B: Ultimate tensile strength. C: Storage modulus. D: Loss modulus. .......... 102

Figure 3.5. A: Tensile plots demonstrating the increased toughness of copolymers. B: Modulus
of toughness of copolymers and corresponding PDCPD controls..........cccceeeevienieninnienieneennens 104

Figure 3.6. A: Cartoon depictions of PDCPD and oxaPDCPD. B: non-canonical hydrogen
bonding in regions containing high concentrations of 0xaDCPD. ........cccccceviiniiiinieninnienenne. 105

Figure 3.7. Glass transition temperatures of copolymers and corresponding PDCPD controls
derived from the peak of the loss factor from DMTA experiments. ..........cccceeveereereenierieneennens 106

Figure 4.1. A: Ring strain contained in the norbornene fragment of various monomers generates
heat during ROMP, which drives RIM. B: Various crosslinking motifs of PDCPD driven by the
exothermic polymerization. Note that the crosslinks are drawn on a single fragment for
illustrative purposes only. The typical crosslinking density of PDCPD is ~10%. ........cc.ccouc.... 121

Figure 4.2. A: Structurally diverse chemical structures of ruthenium initiators utilized in this
study. B: Monomers used to make up resins a—d. C: General ROMP reaction...........cc.ccueu.e.e. 125

Figure 4.3. A: Block diagram of a reaction injection molding system. B: Simulated reaction
injection molding setup for high-throughput laboratory testing. C: Representative thermograms
obtained from datalogger. Thermogram obtained with resin b and 0.005 mol% initiator.......... 127

Figure 4.4. Peak temperatures achieved during simulated RIM by various initiators in different
resin types at 90°C. Reactions that failed to produce exotherms above 90°C (black line) did not
exceed the bath temperature. See Figure C22—C32 for complete thermograms of each catalyst
and resin combination, and of ¢ at 0.005 mol% and controls.. ............ccoeevvieiieiiiieececiiee e 129

Figure 4.5. A: Proposed chelation and inhibition caused by inclusion of oxygen in DCPD
monomers. B: Non-canonical hydrogen bonding between a lone pair on the carbonyl and the beta
hydrogen of an adjacent enone. Both inter- and intra-chain interactions are believed to occur. 130

Figure 4.6. Smoke times at 90°C achieved during simulated RIM by various initiators in
different resin types. Reactions that failed to produce distinct, exotherms are shown as *. Smoke
times at 90°C (SMTgg) were approximated as the time from the start of the thermogram to peak
of the exotherm. See Figure C22-C32 for complete thermograms of each catalyst and resin
combination, and of ¢ at 0.005 mol% and controlS...........cooooviiiiiiiiiiiiiiiie 132

Figure 4.7. A: Tpk vs T of resin a, with a Spearman’s rank correlation coefficient (p) = 0.90. B:
Tok vs Tgof resin b, p=10.68. C: Tpk vs Tg of resin ¢, p=0.95. D: Tpk vs Tgof resin d, p = 0.87.



Figure 4.8. Vickers Hardness (VH) in MPa A: Tk vs VH of resin a, p = 0.6. B: T,k vs VH of

resinb, p=0.2. C: Tyx vs VH of resin ¢, p=0.9. D: Tpx vs VHof resind, p=0.77.................. 136
Figure 5.1. Select areas of academic research into PDCPD. ..........cccccooviiiiiiiecciieee e, 156
Figure 5.2. Breakdown of participants from broadly defined customer and industry segments.
..................................................................................................................................................... 158
Figure 5.3. Responses to our hypothesis. Positive responses are shown in green, negative
responses are shown in red. Interviews that did not specifically comment on a hypothesis are
SHOWIL TN @Y. ..evieeeieeiiieiie ettt ettt ettt e et e e tee s abe e seeesbeenseesabeesaeesbeesaesnsaenseeenseeseas 160

Figure 5.4. Stakeholder responses to questions regarding the application of PDCPD to high-
performance applications. Positive responses are shown in green, negative responses are shown
in red. Interviews that did not specifically comment on a hypothesis are shown in grey........... 161

Figure 6.1. A: Different failure modes of the short beam shear test. B: Cartoon of the single fiber
(or microfiber bundle) tESt SETUP. ....eevviiriieriieiie ettt ettt ebe et e e e saeeenseeneeas 174

Figure 6.2. A: Examples of different photochemistry setups and a comparison between coaxial
flow and slug/segmented flow. B: Beers Law, which describes the relationship between path
length and absorbance. C: The OctoColor photoreactor. Adapted with permission from the
HETAtULE. 1Lttt eeees 176



List of Tables
Table 2.1. Mechanical properties for oxaPDCD vs. PDCPD“...........cccooiiiiiiiiiii e 54
Table 2.2. GPC data for formation of linear polymers from 4m or Sm®................coooiiii. . 62

Table 2.3. Calculated distance between crosslinks for reaction-injected polymers prepared from
4m, Sm, O L 63

xi



°C
3C NMR
13C SSNMR

'"H NMR
ACPs
app
ATIR
BHG

br
CAAC
CP

CRN

ENB
EPA

EVE
/DCPD
fPDCPD
FTIR
GCl1
GC2

List of Abbreviations

Degrees Celsius
Carbon 13 nuclear magnetic resonance spectroscopy
Carbon 13 solid state nuclear magnetic resonance spectroscopy

Proton nuclear magnetic resonance spectroscopy
Atom-centered potentials

Apparent

Attenuated total reflectance infrared spectroscopy
Bertrand-Hoveyda-Grubbs based initiator
Broad

Cyclic alkyl amino carbene
Cyclopentadiene

Composite research network

Cyclohexane

Doublet

Dichloromethane

Dicyclopentadiene

Doublet of doublets

Doublet of doublets of doublets

Doublet of doublets of doublets of doublets
Density functional theory

Dimethyl sulfoxide

Dynamic mechanical thermal analysis
Deoxyribonucleic acid

Doublet of quartets

Differential scanning calorimetry

Doublet of triplets

Doublet of triplet of doublets

Young's modulus

Storage modulus

Minimum storage modulus

Loss modulus

Ethylidene norbornene

Environmental Protection Agency

Ethyl vinyl ether

1% generation ester functionalized dicyclopentadiene

1% generation ester functionalized polydicyclopentadiene
Fourier transform infrared spectroscopy

Grubbs 1% generation catalyst

Grubbs 2" generation catalyst

xii



GC3
GPC
HRMS
IDEaS
ILSS
L2M
LLDPE
LMR
m

m.p.
Mc

MD

M,

Mw
NHC
NMR
NSERC
OAc
OBz
OMe
OOc
OPr
oxaDCPD

0xaDCPDyq
oxaPDCPD
oxaRD

p

PDCPD
PEX

ppb

ppm

q

qd

QM

quint

RIM
ROMP

SBR
sept
sext

Grubbs 3™ generation catalyst

Gel permeation chromatography

High resolution mass spectrometry

Innovation for Defence Excellence and Security grant
Interlaminar shear strength

Lab to market grant

Linear low-density polyethylene

Liquid molding resin

Multiplet

Melting point

Molecular weight between crosslinks

Molecular dynamics

Number average molecular weight

Weight average molecular weight

N-heterocyclic carbene

Nuclear magnetic resonance

Natural Sciences and Engineering Council of Canada
Acetoxy functional group

Benzoyl functional group

Methoxy functional group

Oxtoxy functional group

Propoxy functional group

2" generation ketone functionalized dicyclopentadiene

2" generation ketone functionalized dicyclopentadiene reduced
2" generation ketone functionalized polydicyclopentadiene

2" generation ketone functionalized dicyclopentadiene reduced
Pentet

Polydicyclopentadiene

Crosslinked polyetheylene

Parts per billion

parts per million

Quartet

Quartet of doublets

Quantum mechanics

Quintet

Reaction injection molding

Ring-opening metathesis polymerization

Singlet

Styrene-butadiene rubber

Septet

Sextet

Xiii



SMC
SMT

SMToo
SRu

TBP
td

TGA
THF

TPP
UBCO
Uuv
VH
X-ray

G/
G/

G/

Sheet molding compound
Smoke time

Smoke time at 90°C

Sulfur chelating ruthenium catalyst
Triplet

Tri-n-butyl phosphite

Triplet of doublets

Glass transition temperature
Thermogravimetric analysis
Tetrahydrofuran

Peak temperature of thermogram
Tetraphenyl porphyrin

University of British Columbia Okanagen campus
Ultra-violet

Vickers hardness

Unknown ray

Angle in degrees

Surface tension
Surface tension dispersive

Surface tension polar

X1V



Acknowledgements

I would like to begin by thanking my committee members, Dr. David Leitch and Dr. Chris
Dennison for their time, support and efforts in the creation of this dissertation.

I would also like to thank my supervisor, Dr. Jeremy Wulff. This dissertation would not have
been possible without you. Thank you for your endless enthusiasm in my projects and ideas, I can’t
say enough how much your excitement for science inspired me throughout my PhD journey. Thank
you for the thousands of hours of editing and support, impromptu meetings to troubleshoot many
problems and to celebrate little wins. Thank you for trusting me to lead in my projects and take
the onus with collaborators. I am so very thankful for the mentorship and leadership opportunities
I have had in your research group.

I have also had the privilege to work side by side with many amazing people throughout my
PhD. I would like to thank Dr. Stefania Musolino, Jon Sader and Dr. Rashid Nazir for countless
hours of company, many more questions answered, and tireless support through my entire PhD. I
would also like to thank the present and past Wulff Group and Xlynx members who have made
the office and lab space a supportive, welcoming environment, and much joy to my life over the
last four years: Dr. Tong Li, Dr. Liting Bi, Dr. Derek Blevins, Dr. Pothana Gandhi Nellepalli,
Austin Burman, Lily Pestereva, Lorenzo Michelini, Dr. Sun Kly, Nora Struchtrup, Adam Sylvain-
Stewart, Dr. Miranda Baran, Cole Brawner, Madisen MacFarlane, Spencer Petras, Huyen Tran,
Julia Levy, Tanya Slaney, Zoe McGhan, Luca Swainson, and Lucas Luciano.

I have also had the privilege of incredible collaborations throughout my PhD, I would like to
thank Professor Abbas Milani, Dr. Tina Olfatbakhsh, Dr. Mahshid Mahbod, Olivia Margoto,

Professor Gino DiLabio, Dr. Monir Anvari, Ryan Mandau, Professor Marc Mauduit, Dylan

XV



Bouetard, Jakub Talcik, Dr. Antonio Del Vecchio, Fanny Morvan, and Thierry Roisnel. This
dissertation would not have happened without your contributions.

I would also like to give special thanks to Kody Matthews, Chris Secord and Sean Adams for
making my project come to life; it would not have been possible without your support.

Thank you to Dr. Michelle Mills for many conversations, support, advice, and laughter over
many hours of teaching. In addition, thank you to Dr. Peter Marrs, and Dr. Kelli Fawks. I would
also like to thank Chris Barr for many conversations and teaching me about NMR. I would also
like to thank Alex Wlasenko for his support and training on many experiments.

A special thank you to my friends and colleagues in the department of which there are too many
to name for your support, and camaraderie over the years.

Thank you to my mentors at the University of Calgary, Dr. Simon Trudel, Dr. Greg Welch, Dr.
Max Anikovskiy, Dr. Viola Birss, Dr. Josh Koenig, Dr. Katelynn Daley, Dr. Martin Schoen, Dr.
Nick Randell, and Dr. Oliver Calderon, I would not be the scientist I am today without the guidance
I have received from each of you.

I would also like to thank my close friends Becca Smith, Mike Hudson, Tanner Owca, Bryce
Molder, Faelen Prentice, Stef Melon, and Brandon MacMullin for many thousands of kilometers,
and hundreds of thousands of vertical meters walked, run, biked, skied, and trudged across the
country. This kept me sane, and I can’t thank each of you enough. To my best friend and partner,
Rachel, thank you for your unconditional love and support, and for always being an island of calm.

Finally, to my parents and family, thank you for your patience and believing in me. I couldn’t

have done it without your love and support.

Xvi



Chapter 1: Introduction

1.1. Thermosetting Materials

Polymers are large macromolecules composed of long, entangled chains made of repeating
covalently bonded subunits called monomers."?> Polymers can be natural—like our DNA—or

synthetic, such as styrene-butadiene rubber (SBR) or polyethylene (Figure 1.1).!

o) 2 Par

Styrene-butadiene
rubber
(SBR)

Deoxyribonucleic acid
(DNA)

Figure 1.1. A: Deoxyribonucleic acid (DNA) is an example of a natural polymer found in living
things. B: Styrene-butadiene rubber is an example of a synthetic polymer found in car tires. The
ratio of styrene:butadiene controls performance attributes such as durability, rolling resistance and

wet/cold weather grip.

The length of the polymer chains heavily dictates the resulting polymer properties, as long chains
lead to more entanglements, allowing the material to resist stress.”> These entanglements
contribute heavily to the mechanical and thermal properties of the material. The diversity of
polymer building blocks, along with synthetic control over chain length, allow polymers to have
diverse properties. Low-cost monomers, which are generally byproducts of the petrochemical
industry, have led to the ubiquitous incorporation of polymeric materials in society."*>® In

comparison to other materials, such as metals, polymers can be processed at relatively low

temperatures—150-300°C vs >700°C for metals—this results in a relatively low energy cost for



their manufacturing.!? The ease of manufacturing has been a substantial contributing factor in their

adoption.

A B
Heat can overcome R = CH3(CH>),
inter-molecular interactions n=3,57

Heating will not

sum of intermolecular interactions
break covalent bonds

and entanglements
along chain provide structure

Thermoset
PEX tubing

Thermoplastic
LLDPE tubing

Figure 1.2. A: Linear low-density polyethylene (LLDPE) is a thermoplastic used here to make
tubing. LLDPE tubing is suitable for low-temperature applications such as a water purifier or a
fish tank. B: Crosslinked polyethylene (PEX) is a thermoset variation of high-density
polyetheylene used here to make tubing. PEX tubing is suitable for applications with high-

temperatures such as in heated floors or for a household hotwater tank.

Broadly, polymer materials can be categorized as either thermosets or thermoplastics (Figure
1.2).1289 Thermoplastic materials rely solely on chain entanglements and intermolecular
interactions between the chains to resist stresses.!®® Thermosets have—in addition to chain
entanglements and intermolecular interactions—covalent bonds between chains called crosslinks,
leading to enhanced thermal and mechanical properties.'>!%!! Most of the polymer materials used
today are thermoplastic materials. As thermoplastics do not have crosslinks between polymer
chains, these types of materials can be melted at high enough temperatures, which allows for them

to be reprocessed into new shapes and recycled (Figure 1.2).1:%>!2 Sadly, less than 10-20% of all

2



plastic sent for recycling is recycled.>’® Often the recycled plastic has reduced mechanical
properties due to chain fragmentation that occurs during the recycling process, this significantly
limits the utility of the recycled material.>®!* In addition, the reduced thermal and mechanical
properties of thermoplastic materials limit the scope of applications they are applicable for.®’

Thermosets generally have much higher resistance to temperature, as the crosslinks resist chain
flow when the polymer would otherwise melt.!>%!* In the same vein, the glass transition
temperature—the temperature at which the material transitions from a hard glass-like state to a
rubbery one—is also generally higher for thermosets than thermoplastics.””!> Thermosets often
have substantially higher impact resistance, as well as improved resistance to chemical corrosion,
electrical discharge, and biological degradation.®!> They have increased mechanical properties
including toughness, stiffness, and tensile strength, among others.®!"!> Importantly, resistance to
creep—the slow deformation of a material under load—is also reduced as compared to
thermoplastics. These benefits do come at the cost of recycling as the matrix of interconnected
chains prevent the material from melting and being reformed. However, owing to their increased
durability the service life can be much longer.®!'*

The crosslinked matrix of thermosets makes them insoluble, this makes it hard to perform precise
structural characterization on thermosets with traditional solution state techniques.'® This excludes
common polymer characterization techniques such as gel permeation chromatography and solution
state proton nuclear magnetic resonance spectroscopy ('H NMR). However, most other standard
techniques for characterization of polymers are applicable. Infrared spectroscopy can be used to
probe the surface chemistry and reveal information about the functional groups present on the
surface.!! Solid state carbon 13 nuclear magnetic resonance spectroscopy ('*C SSNMR) can be

used to assess for changes to the backbone of the material."'® While most polymers are not fully



crystalline, X-ray diffraction can be used to measure the repeating periodicity of the material and
to characterize regions of the semicrystalline materials."!” By far one of the most used polymer
characterization tools for thermosets is differential scanning calorimetry (DSC). DSC is used to
measure the glass transition temperature of the material.!">!!%!® DSC may also be used to
determine the melting point of crystalline regions in the polymer, and by extension the crystallinity
of the material."!° The glass transition temperature of polymer materials is especially informative
as it is directly correlated to the strength of the interactions between polymer chains, such as
crosslink density, and can thus predict the mechanical properties.!>!%? Thermogravimetric
analysis (TGA) may also be used to thermally characterize polymers. TGA can determine the
maximum service temperature of a material by identifying the thermal stability of the material.'-?
The char yield, or the mass remaining in the TGA pan after analysis may also be used to determine
the effectiveness of additives like flame retardants.!*?!"2 Finally, the mechanical properties of
polymers may be directly measured through a plethora of tests. Tensile testing allows for the
determination of the Young’s modulus, yield strength, ultimate tensile strength, ductility, and
toughness.” Dynamic mechanical thermal analysis (DMTA) can give insight into the viscoelastic
properties of polymeric materials, such as the storage modulus (E’), loss modulus (E”), and loss
factor.*?* In addition, DMTA can also be used to determine the glass transition temperature (often
with greater precision than DSC) as well as the response of the material at different frequencies of
strain.!»20:226 Most mechanical tests require the ability to produce many, large, regular
dimensioned samples that are disposable, which can greatly limit the accessibility of such tests in

the academic laboratory.



Applications
of
Thermosets

Figure 1.3. Examples of thermosets A: Epoxy carbon-fiber-wood layup in a ski. B: Polyester resin
on a sailboat. C: Household silicon caulk. D: Airplane wings are now being made from composites
utilizing thermosetting resins instead of aluminum. E: Acrylonitrile-butadiene-styrene is used on

consumer electronics and household electrical boxes.

Due to their enhanced mechanical and thermal properties, thermosets are an indispensable
component of modern infrastructure.®?”?® Thermosets are often found in the aerospace industry
due to their high strength:weight ratio and good mechanical performance under constant loads and
heat (Figure 1.3D).273! This is often further enhanced by utilizing composite materials, wherein
the thermoset is used as a matrix to surround reinforcing materials, often glass fibers or carbon
fibers which greatly enhances the materials’ properties through load sharing between matrix and

fiber (Figure 1.3A).2°32 Thermosets are also utilized in the marine, and automotive sectors where
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they are useful for their impact and corrosion resistance (Figure 1.3B).33-* Another application is
on medical devices like implants, where biological, or general degradation could be extremely
harmful to the patient.>>*® Thermosets are also found in many other industries like construction
and semiconductor/electronics (Figure 1.3C and E).?”-*8

Thermosets may be shaped into useful parts in a variety of ways. However, they must be shaped
before the crosslinks are developed and in general, may only be shaped once.'**® Many thermosets
are first manufactured as telechelic polymers, then cured (crosslinked) in place (like caulk
Figurel.3C) or in a mold.*® To this end, many techniques have been developed. Compression
molding is a widely employed example of this technique that cures already formed polymer chains
(Figure 1.4). In compression molding, the polymer to be molded is placed in a heated open-face
mold. A top section of mold is then used to apply pressure to the material, forcing it to fill the mold
cavity, heat and pressure are applied until the polymer is cured. A classic example of this is
vulcanization which is the curing of tire rubbers like SBR. This is applied on huge scale worldwide,
for the production of tires and other rubber goods like seals and hoses.*>*! In vulcanization, rubber
(poly(butadiene) poly(isoprene), or SBR is pressed into shape and heated in the presence
polymeric sulfur, an accelerant (mercaptans) and activator (metal salt, commonly zinc).**° This
crosslinks the rubber chains together resulting in a product with significantly enhanced wear
resistance.*>* Another common use of compression molding is for sheet molding compound

(SMC). SMC consists of rolls of thermosetting resin impregnated with reinforcing fibers. 44’
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Figure 1.4. Block diagram of compression molding system. Inset: Radical crosslinking of a
polyester derived from the condensation of fumaric acid and glycol utilizing an organic peroxide

(benzoyl peroxide) and styrene.

The most common combination is unsaturated polyester resin and glass fibers (Figure 1.4).%
Epoxies and other ester resins are also common, as is carbon fiber.*®*” The roll of material is
unrolled into a mold, the desired part is stamped, and the polyester resin is cured through
compression molding. Other examples of this include household two-part epoxy resins, wherein
epoxy-containing telechelic polymers are crosslinked by a hardener. The hardener is often an
oligoamine but in principle can contain any nucleophilic functional group, like a thiol or alcohol.!

The number of reactive end groups, as well as the type of end group can be used to control the



speed of the curing reaction and the subsequent mechan ical and thermal properties of the final
material.!

Thermosets may also be made directly from the monomer. Reaction injection molding (RIM) is
an example of this technique (Figure 1.5). In traditional injection molding used for thermoplastics,
the polymers are heated above their melting temperature then forced into a mold under intense
pressure to achieve the desired shape. While thermoplastic polymers are malleable when molten,
they are still very viscous. As such injection molding machines are large and the machines and
molds are often very expensive owing to having to deliver and withstand high clamping forces,
often in the tons. RIM has two key differences. The low viscosity of many types of thermoset
precursors (resins) means that significantly reduced pressures can be used. Secondly, the
monomeric resins must react to form the polymer and simultaneously, cure and form crosslinks as
shown in Figure 1.5. One advantage is reduced pressures meaning that molds can be made from
far more economical materials such as aluminum or even wood for small batches and/or testing.®
But most of the advantages are based on the resin that is used. RIM is commonly used for

polyurethane, but is also used for polyesters and polydicyclopentadiene (PDCPD).54
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Figure 1.5. Block diagram of a reaction injection molding system. Inset: Ring-opening metathesis
polymerization (ROMP) of polydicyclopentadiene and associated crosslinks formed during the
exothermic reaction.
1.2. An Introduction to Polydicyclopentadiene

Polydicyclopentadiene (PDCPD) is a thermosetting engineering plastic made from the
petrochemical waste product dicyclopentadiene (DCPD). DCPD is produced as a byproduct during
the steam cracking of heavy hydrocarbons, like naphtha, to produce ethylene. PDCPD is more
commonly known by the various trade names form the companies that produce it, such as
Metton®, Telene® or Pentam®.° It was invented in the 1970s at the B.F. Goodrich Company,
wherein DCPD was copolymerized with cyclopentene using tungsten to produce a linear
polymer.** This was quickly improved upon in the early 80’s by the Hercules Company which

filed several patents for PDCPD. These patents focused heavily on the reaction injection moldable
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thermoset as opposed to the linear polymer.’°>* This resulted in a brief patent war between the
two companies, with the Hercules company ultimately being victorious. Both systems rely upon a
similar two-part catalyst system: a tungsten precatalyst, which is inactive to metathesis and thus
ROMP, and an activator that transforms the inactive tungsten catalyst into a center for metathesis.
Typically, the tungsten precatalyst is either a mixture of tungsten hexachloride WClg and tungsten
oxytetrachloride (WOCls), or simply WCls mixed with an alcohol, preferably phenol.>® For the
activator many different alkyl tin or aluminum species will work, but the preferred activator is
diethylaluminum chloride (Et2AIC1).54% All of these compounds readily dissolve in the DCPD
monomer and are inactive towards it until combined. This enables reaction injection molding of
the material, wherein the resin can be easily sold as two separate mixtures of DCPD “A” and “B”.
These are shipped in airtight drums under a blanket of nitrogen. In a mixing head the two
components are forced together and injected into the mold wherein the catalyst rapidly activates
resulting in the simultaneous polymerization and curing (crosslinking) of the material (Figure 1.6).
The commercial catalyst system is highly intolerant of moisture necessitating the tanks, tools, and
molds to be kept under a blanket of nitrogen gas. It also precludes the use of polar additives, which
will similarly deactivate the catalyst system. In part this sensitivity has also prevented the
development of PDCPD composites, as the microscopic moisture content of the glass fibers can
also kill the catalyst. This system was commercialized as Metton® liquid molding resin (LMR).>*
B.F. Goodrich Company developed a very similar molybdenum based system, which has since
been well developed by RimTec and commercialized as Telene® or Pentam®.° Telene®, Pentam®
and Metton® are still produced today and used to make body panels for transport trucks, tractors

and industrial equipment. The Telene® brand has now expanded to include catalysts based on
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ruthenium and tungsten, as well as the original molybdenum-based systems. VIPO has also

produced a new type of PDCPD called NexTene®.

Norbornene DCPD

@ Norbornene
strained alkene

olefin addition '
crosslinks —— !

R
M=/

\(

R R
Mﬂ cross
ROMP :
M = Ru, W, Mo &l
M

e

A
linking

secondary
metathesis crosslinks

backbone olefin
addition crosslinks

exothermic release of ring strain drives
polymerization and crosslinking

Figure 1.6. Mechanism of ring-opening metathesis polymerization of polydicyclopentadiene and
associated crosslinking pathways driven by the heat released. Inset: Norbornene, and the

norbornene type alkene on DCPD.

Regardless of the catalyst system used to produced PDCPD, the material has a high glass
transition temperature (7, ~160°C), high storage modulus (E’, ~1 GPa), high impact strength, low
density (1.03 g/cm®) and good chemical resistance.®*>3-¢ PDCPD is light, tough, and retains those
properties even when exposed to harsh chemicals or high or low temperatures.®*® Manufacturing
of PDCPD parts industrially is done exclusively through reaction injection molding (RIM).5° As
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the DCPD resin(s) is low viscosity, the RIM process can be low pressure, and molds may be made
easily from aluminum or even wood for very small batches and/or testing.® In comparison to
traditional injection molding, this dramatically reduces tooling and operation startup costs for
manufactures.® Additionally, because the resin flows so easily, the RIM process can accommodate
complex parts with variable thicknesses and geometries, and these parts may be very large. As the
reaction is highly exothermic, only a small amount of heat is necessary to initiate the reaction,
substantially reducing the energy cost associated with manufacturing large parts. RIM is both high
throughput and low cost.®

However, despite its valuable mechanical and thermal properties, as well as waste diversion and
low energy manufacturing, PDCPD is not without its faults. As the crosslinking and
polymerization reaction are competitive during RIM, unreacted monomer may remain trapped
within finished material, resulting in a persistent and unpleasant odor which is perceptible at 3—5
ppb.5>7 As the polymer consists only of carbon and hydrogen atoms, it lacks any sort of polar
chemical functionality. This makes PDCPD not chemically tunable and results in a low surface
energy upon initial preparation. This low surface energy is a principal concern in industry, as
without a separate surface oxidation step, paints and adhesives may not adhere to the surface. This
can bottleneck the otherwise rapid RIM process.® The low polarity of the matrix also results in
poor compatibility with commercial fiber reinforcements with typical (polar) sizing for epoxy and
polyester based resin systems.®*? Additionally, as with other thermosets, the covalent crosslink

matrix in the material prevents melting and reformation in traditional recycling processes.'#3?
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Figure 1.7. Strategy for functionalized DCPD. The norbornene ring must be preserved to drive

ROMP and crosslinking during RIM.

By adding a functional group to dicyclopentadiene, most of these issues can be resolved. At first
this may appear straightforward, as DCPD contains two alkene functional groups (Figure 1.7).
However, addition of functionality is not trivial, as one of these alkenes is a norbornene alkene
and it must not be synthetically edited, as its significant ring strain is what drives the exothermic
polymerization reaction.®?%>>7 This ring strain also makes the norbornene alkene the likely target
of any attempts to functionalize the monomer. The preservation of this strained alkene is thus a
key design principle in any functional DCPD monomer.!'82%7% To this end, the desired
regioselectivity for functionalization of the unstrained cyclopentene alkene has been achieved in

the literature previous to this dissertation through two methods.
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1.3. Synthetic Strategies for Functionalizing DCPD Monomers

Including the work in this dissertation, there are now three synthetic strategies for making
functionalized DCPD monomers in the literature that can deliver a functional group to the

unstrained alkene. The previously disclosed methods are described herein.

Xu's work
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Figure 1.8. Synthetic routes to functionalized PDCPD by the Xu and Lemcoff groups.

The first strategy developed exploited the facile allylic oxidation of DCPD and was used by the
Xu and Lemcoff groups to synthesize the first functionalized PDCPD (Figure 1.8).2%°7-¢! Owing
to the increase in vapor pressure due to the inclusion of the oxygen heteroatom, the monomers
synthesized by Xu and Lemcoff do not possess the acrid odor of DCPD. In the approach utilized
by the Xu group, DCPD is oxidized using selenium dioxide in the presence of acetic acid which

results in the formation of acetoxy-DCPD monomer. This monomer was polymerized using the
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Grubbs first-generation catalyst in solution to make a linear acetoxy- PDCPD.’® The thermal
properties of this material were investigated using differential scanning calorimetry and thermal
gravimetric analysis.’® This revealed a glass transition temperature of 136—159°C for the linear
material, substantially higher than the ~53°C reported for unfunctionalized linear PDCPD.>%¢2 This
is a high 75 for a linear polymer—similar to that of the crosslinked materials studied by Lemcoff—
and suggests that this linear material undergoes crosslinking during the T, measurement.'®8
Thermal crosslinking is reported to happen with other linear functionalized PDCPDs.!'!!® The
linear acetoxy-PDCPD was also shown to have poor thermal stability compared to that of the
native material with a two-step decomposition observed upon heating above ~220°C (~400°C for

the native material) (Figure 1.9).°%% Presumably, the presence of the allylic functional group leads

to heterolytic cleavage and a resonance stabilized cation leading to the first thermal decomposition.
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Figure 1.9. A: ROMP of Acetoxy-PDCPD using Grubbs 1% Generation catalyst to yield linear
polymer. B: Heterolytic cleavage of acetoxy-PDCPD. C: Grubbs 1% Generation Catalyst D:
Thermogravimetric analysis of Acetoxy-PDCPD showing two-stage decomposition. Adapted with

permission from the literature.’®
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While there are several other academic works that focus on the production of linear
polydicyclopentadiene—including the first PDCPD patent—the general PDCPD industry is
overwhelmingly only interested in the reaction injection molded thermoset.®*>* The Lemcoff
group has expanded on the original synthesis of the acetoxy-DCPD, synthesizing additional
derivatives. In addition, they produced crosslinked macroscale-samples through lab-scale reaction
injection molding.>” These derivatives are synthesized utilizing the same basic selenium oxide
mediated oxidation utilized by Xu, and structural diversity was achieved by varying the
electrophile (Figure 1.8). These derivatives include alcohol (OH), acetoxy (OAc), benzoyl (OBz),

methoxy (OMe), propoxy (OPr), and octoxy (OOc) functionalized DCPD.’

< : ; ROMP (A, or hv)‘
GC2, BHG, SRu
R Y

+ Tuneable properties
+ Odorless
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R = OH, OAc, OBz,
- low T, (vs PDCPD) OCHjs, OPr, 00c

Figure 1.10. A: Catalysts used by the Lemcoff group to produce crosslinked functionalized

PDCPD. B: Functionalized crosslinked PDCPD.
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These functionalized DCPD monomers all undergo neat polymerization in the presence of the
Grubbs second generation catalyst and the reactions yielded solid glassy macromolecules as the
products. The single exception was the OBz-DCPD which required the use of a sulfur-chelated
ruthenium catalyst due to its high melting point of 70°C (Figure 1.10). This necessitated a more
latent catalyst to control reactivity during the molding process resulting in a rubbery solid. All
products possessed decomposition temperatures slightly higher than Xu’s acetoxy-PDCPD at
~250°C but share in the same two-step decomposition process characteristic of the allylic
functional group. In contrast to Xu’s work, the Lemcoff group reported substantially lower glass
transition temperatures for their functionalized PDCPDs, with the highest reported temperature for
the OH-PDCPD being ~110°C. This is interesting as the crosslinked materials should have
significantly higher glass transition temperatures owing to the immobilization of the polymer
chains in the material due to the covalent bonds.!*! It is possible that this discrepancy is due to
differences in the measurement protocol or spontaneous thermal crosslinking of Xu’s linear
material during heating in the DSC measurement.'® It is also possible that the inclusion of the low
boiling solvent dichloromethane (DCM) in Lemcoff’s process caused the formation of bubbles as
the solvent boiled during the molding process.** These bubbles could adversely affect the
mechanical and thermal properties of the material. Further efforts to derivatize these functional
monomers were conducted in a follow-up, study wherein three ruthenium-based initiators were
utilized to create reaction injection molded products.?® The Grubbs 2" generation initiator (GC2),
a cyclic alkyl amino carbene containing Bertrand-Hoveyda-Grubbs based initiator (BHG) and a
sulfur chelated benzylidene-based ruthenium catalyst (SRu) were used to polymerize the alcohol
(OH), acetoxy (OAc) and propoxy (OPr) functionalized DCPD (Figure 1.10). Both GC2 and BHG

were shown to be able to completely cure these functionalized monomers in under an hour at 90°C,
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but the latent SRu required up to 5 hours.?® It was also possible to polymerize these monomers
using SRu and ultraviolet light, though this required 24 hours of irradiation. This study showed
that the color of the resulting material was correlated with initiator loading, with a lower loading
corresponding to a darker color. The authors also showed that the presence of the functionalizing
substituents significantly hinders the ROMP reactions.

Investigation of the thermal properties of these materials using dynamic mechanical thermal
analysis (DMTA) revealed that by varying the initiator loading and type of initiator the properties
of the functionalized PDCPD could be tuned. A maximum glass transition temperature of 140°C
was observed for the OH-PDCPD, while OPr-PDCPDs displayed the lowest glass transition
temperatures. Polymers made with photo-activation displayed the lowest glass transition
temperatures of all materials tested. The authors showed that the size of the substituent installed
in the allylic position played a significant role in determining the glass transition temperature.?® In
the allylic position, large substituents substantially increase the degrees of freedom experienced
by the polymer chain and subsequently reduce the glass transition temperature. It was found that
by combining OH-DCPD and OPr-DCPD and polymerizing, the resulting glass transition
temperature was higher for the copolymers as compared to the neat polymers of either monomer.?°

The materials reported by Xu and Lemcoff demonstrate the feasibility of functionalized
monomers as a strategy to solve the problems associated with PDCPD. The functionalization of
the DCPD monomer by targeting the cyclopentene alkene preserves the strained norbornene alkene
for ROMP, and the addition of the polar functional group increases the glass transition
temperature. Additionally, the reduced vapor pressure eliminates the odor of the monomer.

However, this strategy significantly impairs the thermal stability of functionalized PDCPD. It also
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relies upon a synthesis that utilizes stoichiometric quantities of toxic material, which makes it
challenging to scale to industrial quantities, even as a comonomer.%> ¢’

The second strategy for functionalizing PDCPD through the polymerization of a functional
monomer was developed by Drs. Jun Chen, Tyler Cuthbert and Tong Li in the Wulff research
group.'®18:246869 They reported an ester-functionalized DCPD monomer (fDCPD). fDCPD was
discovered during work with bis-carboxylated DCPD, known as Thiele’s ester.”%7> The Thiele’s

ester is not polymerizable because one of the carboxyl groups is attached to the norbornene alkene

which prevents its metathesis.
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Figure 1.11. Synthesis of fDCPD through the Diels-Alder reaction of carboxylated

cyclopentadiene (CP) and CP. Adapted with permission from the literature.*

To synthesize fDCPD, DCPD is first cracked producing cyclopentadiene, sodium hydride is then

used to synthesize the sodium cyclopentadiene. The anion is subsequently reacted with the
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electrophile dimethyl carbonate and quenched, yielding carboxylated cyclopentadiene. This
carboxylated cyclopentadiene then undergoes a Diels-Alder reaction with cyclopentadiene
producing fDCPD as mixture of isomers.'®?* fDCPD and unreactive regioisomers could easily be
isolated through column chromatography on a multi-gram scale (Figure 1.11). fDCPD could then
be selectively polymerized with the GC2 initiator in the presence of the regioisomer. The resulting
linear polymer could then be precipitated away from the regioisomers.'®

Further work enabled fDCPD to be isolated as the sole product of a refined purification strategy.
First, the homodimerization products (Theile’s ester and DCPD) could be removed by aqueous
extraction with hexanes and gentle distillation, respectively. The difference in reactivity between
/DCPD and the remaining regioisomer allowed for the conjugate addition of a diamine to the
regioisomer, enabling its removal through another aqueous extraction (Figure 1.12). Any
remaining impurities could be removed with column chromatography. This synthetic route was

refined such that over 100 g could be produced in a single batch.?*

removed via
chromatograph
removed
via
/DCPD  Regioisomer D workup /DCPD

Figure 1.12. Removal of undesired regioisomers by conjugate addition of diamine followed by

aqueous workup. Adapted with permission from the literature.?*

Owing to the inclusion of the ester functional group, this monomer has a pleasant fruity odor

instead of the unpleasant acrid odor associated with DCPD. When polymerized as a linear polymer
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and subsequently thermally cured, fPDCPD had the highest glass transition temperature reported

for a PDCPD—172°C—but has since been eclipsed by the next generation of functionalized

PDCPD, polydicyclopentadienone (oxaPDCPD, Chapter 2).!*
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Figure 1.13. Synthesis and purification of linear f/PDCPD. Inset: Control over the surface energy

of the polymer exerted via the installed methyl ester functional group. Adapted with permission

from the literature.

18,24

In addition, the linear polymer could be spin-cast onto a surface and then thermally cured. Then

the surface of fPDCPD could be tuned through the saponification and/or the hydrolysis of the ester

functional group, enabling dramatic changes in surface energy (Figure 1.13).'® Importantly, the

installation of the ester functional group with a sp>-sp®> C-C bond removes thermal liability, and

fPDCPD matches the thermal stability of PDCPD. The controllable thermal crosslinking of the

linear fPDCPD enabled the precise determination of the structure of the polymer and the associated

22



mechanism of crosslinking.!'® This was accomplished using FTIR, Raman and solid-state 3*C NMR

studies using deuterated versions of the linear fPDCPD. !¢ This work showed that head-to-tail olefin

addition reactions around the installed ester were the principal crosslinking mechanism.'¢

Backbone olefin addition crosslinks and associated oxidative crosslinking were also shown to be

a factors.'®"?
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Figure 1.14. Synthesis of crosslinked fPDCPD via reaction injection molding.

/DCPD was also amenable to reaction injection molding. The reaction injection molding
derivative of fPDCPD displayed an identical glass transition temperature to the cured linear

polymer (Figure 1.14).2*

Dynamic mechanical thermal analysis showed a comparable storage
modulus and hardness to regular PDCPD.** Vickers microhardness measurements showed
/PDCPD had a superior hardness to PDCPD.** fPDCPD has mechanically similar properties to
PDCPD but is thermally superior, has an inoffensive odor and offers tunability. More importantly,
it has been shown that copolymers produced from mixtures of fDCPD and DCPD maintain good
mechanical properties and thermal stability while retaining the ability to have a modified surface.®
The surface of fPDCPD—in addition to the aforementioned surface energy tuning through

saponification and/or hydrolysis—can be further functionalized with dyes or drugs to create a truly

functional polymer.!®® Utilizing the controllable crosslinking through the ester, it was shown that

23



fPDCPD could be covalently attached to a glass surface. The surface-bound polymer could then
be saponified and could support a variety of moieties for making smart surfaces (Figure 1.15). The
surface was shown to be capable of housing the antibiotic chloramphenicol, which imbued the
surface with antimicrobial properties towards E. coli bacteria (Figure 1.15A).°% Alternatively, the
attachment of cyclic arginine-glycine-aspartate (RGD) peptide, supported the growth of HeLa cells

better then commercially available plasma treated tissue culture plates (Figure 1.15B).%
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Figure 1.15. A: Smart surface enabled by crosslinked fPDCPD loaded with drug. Drug release and
activation initiated by endogenous bacterial enzyme. B: Cell surface adhesion controlled by

adaptation of crosslinked fPDCPD. Adapted with permission from the literature.®®
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This work demonstrates that with judicious selection of the functional group, its linkage, and
position it is possible to incorporate functionality into PDCPD through the monomer without
introducing thermal liabilities. Li e al. have also shown that this functionality can be exploited to
produce a functional polymer, significantly improving the potential impact of PDCPD beyond that
of just an engineering plastic. Further, they were able to show that these benefits could be conferred
without disrupting the mechanical and thermal properties of the material. Additionally, copolymers
would retain these functional properties while using significantly less of the potentially expensive
/DCPD monomer.

Both strategies highlight the potential of functionalized DCPD monomers to produce upgraded,
functional PDCPD. However, both have significant limitations that could be improved upon.
Production is a key issue, as these methods struggle with atom economy. Xu and Lemcoff’s
approach require stoichiometric reagents while the route pioneered by Chen et al. produces many
coproducts. This not only reduces atom economy—though, since the Diels-Alder reaction is
reversible, in theory this method could be made to be highly atom economical—it adds significant

complexity through purification, which would hinder industry adoption.

air, hv
meso-TPP
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DCM, RT

L
-
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/!
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Sh )

Figure 1.16. Synthesis of oxaDCPD monomer, an enone functionalized DCPD.
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Recognizing that the Diels-Alder approach will always require some substantial purification, we
pivoted to directly functionalizing DCPD. The allylic position of the cyclopentene can also be
oxidized photochemically, producing an enone (Figure 1.16). This enone has been known for some
time and used in other syntheses, but it had never been polymerized prior to the work described in
this dissertation.”*”> The installation of the enone adjusts the overall electronics of the molecule,
making the unstrained alkene electrophilic (Figure 1.16). The enone-functionalized DCPD
(oxaDCPD) can be synthesized directly through a photooxidation using air (oxygen) as the oxidant
and a low loading (0.002 mol%) of a commercial photosensitizer. This avoids the use of
stoichiometric selenium as an oxidant.”># The study of this remarkable molecule is the subject of
the third method for functionalizing PDCPD through the use of functional monomers and is the

subject of this dissertation.
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1.4. Dissertation Summary

In Chapter 2, I first developed a large scale photoreactor in tandem with the University of
Victoria glass blower Sean Adams and machinists Chris Secord and Kody Matthews. This enables
the synthesis of oxaDCPD to be scaled from 3 to 300 g! I also establish that oxaDCPD can be
easily purified using vacuum distillation, an industrially relevant purification method. I then
created a lab scale reaction injection molding protocol, which allowed me to directly produce
macroscale samples for tensile testing (dogbones), dynamic mechanical thermal analysis
(rectangles) and compression testing (cylinders). In collaboration with the Milani research group
at the University of British Columbia Okanagan (UBCO), we were able to do complete mechanical
and thermal characterization of oxaPDCPD using those samples. We show that oxaPDCPD has
superior mechanical and thermal properties when compared to regular PDCPD. Computational
chemistry performed by our collaborators in the DiLabio research group at UBCO show that the
source of these remarkable improvements in properties is, in part, due to the presence of a non-
canonical hydrogen bond between the enone and the beta-hydrogen of an adjacent enone. In
addition to the reaction injection molded polymer, I show that oxaPDCPD can be made in a linear
fashion as well.

In Chapter 3, I showed that the benefits of oxaPDCPD can be realized through the synthesis of
copolymers. I synthesized five different copolymers consisting of varying amounts of oxaDCPD
and DCPD monomers through reaction injection molding. In addition, I made another five
copolymers that incorporated ethylidene norbornene, a common additive to PDCPD formulations
in academia. In this study, I reaction injected molded rectangular plaques of material and the
samples required for mechanical and thermal testing were cut by the University of Victoria Science
machine shop. Using these I explored the mechanical and thermal properties of the copolymers

through tensile testing, dynamic mechanical thermal analysis and differential scanning
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calorimetry. Using these techniques, I demonstrate that copolymerization could be useful for
tuning the mechanical properties of PDCPD-based materials as well as improving the surface
energy, and thus adhesion to paints and bonding agents.

In Chapter 4, I developed a low-cost, high-throughput technique for the laboratory, in order to
benchmark catalysts to produce PDCPD and oxaPDCPD. I tested ten different initiators, three of
which are commercially available. The seven other initiators where prepared by our collaborators
in the Mauduit Group at the University of Rennes. Using the technique I screened forty different
initiator/resin combinations in total and show a general structure—function relationships between
the ruthenium initiators and the peak temperature of the reaction injection molding process.
Furthermore, I was able to demonstrate that this technique can be used to predict the thermal and
mechanical properties of materials simply by observing the peak temperature of the reaction.

Finally, in Chapter 5, I investigated the commercial viability of oxaPDCPD during a Natural
Sciences and Engineering Research Council of Canada (NSERC) Lab-to-Market (L2M) program
at Toronto Metropolitan University. I conducted primary market research in the form of 15
stakeholder interviews to collect qualitative data on the perception of the PDCPD industry to new
innovations. I investigated what industry perceives to be the issues associated with PDCPD and
identified targetable markets and pain points of the industry that can be addressed by both

0xaDCPD and future academic work.
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Chapter 2: A Single-Atom Upgrade to Polydicyclopentadiene
Adapted with permission from Macromolecules 2023, 56, 4, 1592—1600 Copyright 2023

American Chemical Society.
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2.1. Abstract:

Chemical crosslinks within polymers increase mechanical strength and rigidity. Such crosslinks
can either be irreversible (e.g. those derived from carbon—carbon bonds) or reversible (e.g. those
that depend on X—H:--O hydrogen bonds). Here we describe a ketone-functionalized derivative of
polydicyclopentadiene that establishes an unprecedented network of vinyl C—H---O hydrogen
bonds within the polymer. The resulting thermoset displays a significantly increased glass
transition temperature relative to the unfunctionalized polymer, together with enhancements to
storage modulus, Young’s modulus, and compression strength.

2.2. Introduction:

Polydicyclopentadiene (PDCPD; 1p,c) is a tough, highly crosslinked thermoset polymer that is
used industrially to make body panels for heavy-duty trucks and construction vehicles.!> Much of
PDCPD’s utility can be traced to its high storage modulus (ca. 1 GPa), excellent thermal stability
(up to ca. 380 °C) and good tensile strength (ca. 40 MPa), together with a high glass transition
temperature (ca. 160 °C)* that is correlated with a good performance at both high and low operating
temperatures. Nonetheless, PDCPD has certain disadvantages that have restricted its broader
application in society. These include a low surface energy when freshly prepared—making it
difficult to apply paints or coatings without a surface-oxidation step—together with a lack of
chemical tunability, and a lack of recyclability without the incorporation of specifically designed
cleavable units within the polymer chain.*> Moreover, the final polymer material is often plagued
by a persistent, unpleasant odor (owing to residual dicyclopentadiene monomer)*® and the low
intrinsic polarity makes it a challenge to manufacture fiber-reinforced composites using PDCPD
as a matrix.”*8
In principle, many of these disadvantages could be solved by adding a functional group to the

dicyclopentadiene monomer (1m; DCPD). Doing so would reduce or eliminate odor (thanks to a
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reduced vapor pressure), and would increase surface energy while potentially installing functional
group ‘handles’ that could be leveraged for chemical recycling strategies. In addition, the presence
of surface functional groups could allow one to conveniently attach sensors, dyes, or bioactive
elements.” However, because the DCPD monomer is itself a Diels—Alder homodimer of
cyclopentadiene, it is challenging to add functionality in such a way that the strained norbornene

double bond—which is required for polymerization—is unaffected.
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Figure 2.1. Polydicyclopentadiene manufacturing, previous approaches to functionalized forms of
PDCPD, and the current work describing an upgraded form of functionalized PDCPD. See Figure
A46 in Appendix A for structures of likely crosslink motifs present within the various cured

products.
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To date, two general strategies have emerged to permit functionalization of the DCPD monomer,
in such a way that polymerization is still maintained, and a functionalized polymer product is
produced. In the first of these strategies, the Xu'® and Lemcoff®!! groups separately reported the

12714 ysing stoichiometric quantities of toxic selenium

allylic oxidation of dicyclopentadiene
dioxide.!>!® The resulting allylic alcohol (2m, Figure 2.1) could be further functionalized by
esterification or etherification, after which polymerization afforded the desired functionalized
material (2p and 2p,c). Unfortunately the presence of allylic alcohol or allylic ester/ether groups
within the final product allows for facile heterolytic bond cleavage at elevated temperatures, which
leads polymers 2p.c to exhibit step-function decomposition above ca. 220 °C.° Additionally,
polymers manufactured from 2m generally exhibit glass transition temperatures of <100 °C.%!!
Our lab took a different approach, adding a functional group (a C-linked methyl ester) through
a strong sp’—sp” linkage at the less-strained alkene of the monomer (3m, Figure 2.1).!72° This
yielded a polymer product (3p and 3p,c) with superior properties, in which the 7, storage modulus,
and thermal stability were all broadly equivalent to those of the parent PDCPD, but where the

17-19 and

surface energy could be readily tuned (or even patterned) through surface saponification,
where dyes or drug molecules could be attached through esterification or amidation protocols.’
Unfortunately, while 3p, (which could be readily manufactured through reaction-injection
molding, akin to PDCPD itself) had many desirable features, the requisite ester-containing
monomer was somewhat challenging to synthesize on >100-gram scale, since its production
through the partially selective Diels-Alder reaction of cyclopentadiene and carboxylated

cyclopentadiene necessarily led to a mixture of regioisomers, only one of which was a substrate

for metathesis polymerization.
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Seeking to combine the positive attributes of 2 (easy monomer synthesis) and 3 (desirable
polymer properties), while eliminating the disadvantages noted above (e.g. the use of toxic
oxidants or the need to purify away regioisomers at the monomer stage), we were attracted to the
possibility of polymerizing dicyclopentadien-1-one (oxaDCPD; 4m). Ketone 4m has long been
known (in both endo and exo diastereomeric forms) as an intermediate in complex-molecule
synthesis,?!° but its polymerization by ring-opening metathesis polymerization (ROMP) methods
has not previously been described.>'* Compellingly, the 1-step oxidation®* of DCPD (1m) to 4m
has been reported previously under photocatalytic conditions, and is known to afford only a single

regioisomer of the target compound, in good yield.?**3

If this reaction could be adapted toward
large-scale production, it could provide an attractive monomer synthesis that is both economically
and environmentally sustainable. Moreover, if polymerization of 4m were to proceed similarly to
the previously known functionalized monomers 2m and 3m, this could afford a novel functionalized
polydicyclopentadiene (4p and/or 4p,c) that has a somewhat increased surface energy relative to the
parent PDCPD (due to the polar ketone group), while also encoding a useful synthetic handle for
further derivatization and avoiding the labile allylic alcohol (or allylic ester) functionality that
limited the high-temperature performance and 7 in polymer 2p).

Here we describe an optimized method for producing monomer 4m, its successful polymerization
to afford functionalized linear (4p) and crosslinked (4p,) polymer materials, and a detailed
assessment of the mechanical properties of macro-scale objects made using reaction-injection
molding. Remarkably, we find that not only does 4p,c meet the standard for thermal stability set by
the parent DCPD (1p,), it significantly exceeds DCPD’s benchmarks in 7, storage modulus,

Young’s modulus, tensile strength, and compression strength. Computational modeling (using

both molecular mechanics and DFT methods), together with control experiments carried out on a
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partially hydrogenated version of 4p, reveals that the enhancement of material properties is due to
both dipolar effects (owing to the introduction of the ketone) and to the presence of an unexpected
vinyl C—H---O hydrogen bond. While several examples of these types of noncanonical hydrogen
bonds are known in small-molecule systems due to the pioneering work of June Sutor,*7 we
believe this to be the first observation of a vinyl C—H---O hydrogen bond serving as a reversible
inter-chain crosslink within a polymeric material.
2.3. Results and Discussion

Monomer 4m (0xaDCPD) was synthesized in one step from dicyclopentadiene (1m), using 0.01
mol% of a commercially available photocatalyst (meso-tetraphenylporphyrin), and employing air
as the stoichiometric oxidant (Figure 2.2). Other groups have described the photocatalytic

production of 4m from DCPD but have always used oxygen gas as the oxidant;>*3%43

optimization
of the reaction toward the use of air in place of Oz was done with the goal of improving scalability
and operator safety. While the synthesis of 4m proceeded smoothly and in near-quantitative
conversion on 10-gram scale using optimized conditions (resulting in a 73% isolated yield), the
reaction rate decreased substantially on larger scale due to the inability of light to penetrate into
the dark-colored reaction mixture. Fortunately, this limitation could be partially resolved by using
a simple custom-built photochemical reactor (refer to the methods (section 2.5) for details) that
placed a 500W halogen light source inside a SL reaction flask. Using this improved reactor design,
>165g (50% isolated yield) of endo-4m can be produced in a single batch from 300g of endo-DCPD
(following 27 days irradiation), and >1kg has been synthesized to date. The reaction also proceeds
efficiently to produce exo-4m from the corresponding exo-DCPD. Conveniently, both the endo-
and exo-forms of monomer 4m can be purified by vacuum distillation; endo-4m is obtained as white

crystalline solid (m.p. = 54-59 °C), while exo-4m is a liquid at room temperature. Neither

diastereomeric form has any appreciable odor.
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Figure 2.2. Synthesis of the oxaDCPD monomer. The inset photo shows a batch of endo-4m, which

is isolated by distillation as a white solid with no significant odor. exo-4m is isolated as a liquid.

Treatment of a THF solution of endo- or exo-4m with the second- or third-generation Grubbs
catalyst (at concentrations down to 0.5 mol%) afforded a linear polymer (4p) that was soluble in
halogenated solvents (Figure 2.3), facilitating characterization by solution-state NMR. Spectral
data were largely as expected, except for a surprising degree of splitting observed in the signal
associated with the B-hydrogen of the enone motif. (See below for further discussion of this

feature).

50



H" HF H°
Grubbs Il or insoluble
endo-4;, Grubbs Ill catalyst - y A _ crosslinked
THF oxaPDCPD
0\ ~HA HF (4pc)
H ﬂ
E+Z (4p)

HB HC 3

HA / HO HE HG KM
N
H#
/ J\ A M

80 75 70 65 6.0 55 50 45 40 35 30 25 20 15 1.0 ppm

Figure 2.3. Polymerization of endo-4m to generate a soluble linear polymer. The * symbol
indicates residual protonated solvent present in the CD>Cl,. The # symbol indicates a small peak
at ca. 7.2 ppm that is assigned to the phenyl group transferred from the Grubbs catalyst to the

growing polymer chain. For discussion of splitting associated with the H” proton, see below.

The linear polymer could be thermally cured to initiate crosslinking, resulting in the formation
of an insoluble thermoset material (4p,c). Following the crosslinking process by IR spectroscopy
revealed changes in the carbonyl stretch (Figure A21), which were consistent with (but do not
conclusively prove) a principal crosslinking mechanism in which the pendent enone motif
undergoes self-initiated radical polymerization—akin to the crosslinking mechanism established
for ester-containing polymer 3p.'8 However, the absence of additional peaks in the solid-state '3C
NMR spectrum of thermally cured 4p (in contrast to what was observed in earlier work with 3p)

indicated that the density of covalent crosslinks within the material was substantially lower than
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what had previously been observed upon treating 3p under identical conditions. Indeed, while some
covalent crosslinks are certainly formed upon thermal curing (refer to Figure A46 for crosslink
structures), the density of these crosslinks must be less than the detection limit of the solid-state
NMR experiment (ca. 10%). Neither IR nor NMR spectroscopy suggested any evidence of
metathesis crosslinks, which was consistent with expectation.

While the initial production of a soluble linear polymer is convenient from a characterization
perspective, industrial production of PDCPD is almost exclusively performed by reaction injection
molding (RIM) methods. We therefore investigated the direct conversion of 4m to 4pc in
laboratory-scale!® RIM assemblies (Figure 2.4). To this end, molten endo-4m was combined with
the Grubbs 2™ generation catalyst (0.05 mol%) and a thermally labile metathesis inhibitor (BuO3P;
0.1 mol%). After sonication to obtain a homogenous resin, the mixture was injected into an
aluminum mold preheated to ca. 45 °C. The assembled mold was then transferred to a 110 °C oven
for 40 minutes to initiate polymerization and simultaneous thermal crosslinking, resulting in the
production of regular-dimensioned macro-scale crosslinked oxaPDCPD objects suitable for
mechanical testing. Control samples of PDCPD were prepared using endo-dicyclopentadiene
monomer (Im) containing 5% ethylidene norbornene (ENB) to facilitate injection of the DCPD
resin into the mold. A copolymer was also prepared, from a 1:1 mixture (by weight) mixture of

endo-4m:1m.
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Figure 2.4. Reaction injection molding of oxaPDCPD. A: laboratory-scale RIM apparatus
consisting of shaped aluminum blocks that can be clamped together to form a mold. B: assembled
mold, with sprue holes for injection of resin. C: ‘dogbone’ shaped oxaPDCPD bars for tensile

testing. D: oxaPDCPD disk for impact testing. E: oxaPDCPD bars for DMTA analysis.

As anticipated, consistently lower water contact angles (®c,1.0) were measured at the surfaces
of the oxaPDCPD samples, as well as of the poly(1m-co-4m) copolymer, relative to the parent
PDCPD material (Table 2.1). However, the difference in surface polarity was modest, and no
statistically significant differences in overall surface energy were found when two-solvent contact
angle studies were performed. In part this is likely due to the known surface oxidation of
polydicyclopentadiene materials, which presumably raises the surface energy of all samples tested
here, but possibly not at an equivalent rate. Additionally, packing effects may result in the localized

concentration of ketone functional groups within 4p,c being different at the surface than within the

bulk.?®
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Table 2.1. Mechanical properties for oxaPDCD vs. PDCPD*.

property
Bc.H,0
tensile strength

strain at break

Young’s modulus

storage modulus

compression
strength

Tg (DMTA)

PDCPDP

108.2 £ 1.7°
39.8 + 1.8 MPa
7.2+21.7%

1.22 + 0.02 GPa
1005 + 81 MPa

56 = 7 MPa

175.5+4.7°C

oxaPDCPD¢

94.1 +2.6°

53.5 + 2.3 MPa

4.6 +1.2%

1.47 £ 0.14 GPa

1601 + 152 MPa

70 £ 3 MPa

208.9+8.7°C

poly(1m-co-4m)d
941+1.7°

49.1 £+ 7.9 MPa
1.9+0.2%

3.62 £ 0.27 GPa
1247 + 33 MPa

64 £ 7 MPa

180.0+11.2°C

“All samples were prepared by reaction injection molding. Water contact angles are reported as
the average measurement = standard error across 3 independently prepared samples, assessing left
and right contact angles for at least 15 total droplets. All other values are reported as average +
standard deviation. *Generated from 0.95:0.05 1m:ENB. ‘Generated from endo-4m. ‘Generated

from 0.50:0.50 endo-4m:1m.

To probe deeper into the polarity differences of the bulk materials, therefore, we conducted
swelling experiments upon PCPD and oxaPDCPD samples, using both a polar and nonpolar
solvent (methanol and toluene, respectively). As illustrated in Figure 2.5, we observed a dramatic
difference between the two polymer materials. PDCPD samples swelled rapidly in toluene, but did
not absorb any amount of methanol. By contrast, oxaPDCPD samples took up relatively small
amounts of toluene, but exhibited significant swelling in methanol. These data provide conclusive
evidence for increased polarity within the polymer matrix, resulting from incorporation of the

ketone functional group.
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Figure 2.5. Swelling of PDCPD (black) and oxaPDCPD (blue) in polar and non-polar solvents.
#: The PDCPD samples softened so much that they began to shed material after 2 days in toluene.
No material loss was observed for the other samples. Error bars indicate standard deviation across

3 replicates.

Turning our attention toward mechanical assessment of the two materials, we were surprised to
find that reaction injection molded oxaPDCPD displayed a significantly increased tensile strength,
Young’s modulus, storage modulus, and glass transition temperature (7) compared with the
PDCPD controls (Table 2.1). In fact, the measured 7 for oxaPDCPD (209 °C) is the highest
reported for any freshly prepared polydicyclopentadiene. The increase in storage modulus
(measured by dynamic mechanical thermal analysis; DMTA) was equally notable—whereas the
earlier ester-functionalized polydicyclopentadiene, 3p,c, had a storage modulus that was identical
(within experimental error) to that of the parent polydicyclopentadiene (1p,), polymer 4p.
exhibited a storage modulus that was over 50% higher. This was accompanied by a >30% increase
in tensile strength and a 25% increase in compression strength.

The remarkable increase in 7y and stiffness, together with the increase in both tensile and
compressive strengths, was accompanied by a decrease in the ductility, as assessed by the degree
of elongation at break. This suggested that oxaPDPCD might be more brittle than PDCPD, a
hypothesis that was confirmed by drop-tower tests that resulted in sample fracture for oxaPDCPD
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samples but plastic deformation for equivalently prepared PDCPD samples (Figure A47). Samples
prepared from the copolymer—despite displaying a very short elongation at break in tensile testing
(Table 2.1)—generally exhibited superior performance in drop-tower damage assessments, and
were better able to dissipate energy throughout the polymer matrix (Figure A48). Interestingly, the
copolymer also displayed a significantly higher Young’s modulus (3.62 GPa) than either
homopolymer (1.22 GPa and 1.47 GPa for PDCPD and oxaPDCPD, respectively), despite
possessing a storage modulus, tensile strength, and compression strength that fall midway between
the values for each homopolymer. The different performance of the copolymer (relative to the two
homopolymers) in different experiments likely originates from the fact that monomer 4m
polymerizes more slowly than 1m (see Chapter 4), resulting in the production of poly(1m-co-4m) as
a gradient copolymer. This may distribute ketone groups unevenly throughout the polymer matrix,
making it especially likely to perform differently in response to mechanical measurements
conducted at different strain rates. Building upon the hypothesis that the copolymer would perform
best in high strain rate experiments, we conducted preliminary live-fire ballistics testing on plaques
generated from either PDCPD or the poly(1m-co-4m) copolymer. These revealed significantly
better performance for the copolymer, in the ability to stop the penetration of fragment simulating
projectiles (FSPs) through the plaque (Figure A51).

Taken together, the increased strength and stiffness, increased brittleness (for the homopolymer)
and increased glass transition temperature are all consistent with an increase to the effective
crosslinking density within 4p,c, compared with the parent PDCPD. However, the solid-state NMR
experiments discussed above indicate a modest density of covalent crosslinks within oxaPDCPD.

To resolve the apparent conflict between the observation that cured oxaPDPCD functioned like

a densely crosslinked material despite evidently a possessing a lower chemical crosslink density
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than previously studied forms of functionalized polydicyclopentadiene,'® we initially conducted a
series of molecular dynamics (MD) simulations using PDCPD and oxaPDCPD oligomers (each of
which was 20 residues in length for linear polymers, and 40 or 80 residues after crosslinking). We
found that the MD calculations appropriately recapitulated in silico key experimental observations.
Specifically, the 7, and Young’s modulus were both found to increase in moving from PDCPD to
0xaPDCPD, in both the linear and crosslinked polymer models. Analysis of the MD data suggested
that the enhancements of 7, and Young’s modulus arise from increases in dipolar, electrostatic,
and van der Waals interactions in oxaPDCPD compared to PDCPD. To provide further insight into
the relationship between electronic structure and mechanical properties, we turned to quantum
mechanical simulations.

Four oligomers consisting of 6 residues of oxaPDCPD were modeled using CAM-B3LYP/6-
31G(d) augmented by atom-centered potentials (ACPs) designed to mitigate the effects of basis
set incompleteness.***’ These include two molecules in which the dicyclopentadieneone residues
were connected in head-to-tail fashion down the polymer chain, and two molecules in which the
residues were connected head-to-head. For each of these possible regiochemical outcomes, one
oligomer was modeled using all-trans backbone alkenes, while one was modeled using all-cis
backbone alkenes. Across the series of four molecules, the head-to-tail all-trans oligomer was the
most energetically stable structure, while the head-to-head all-trans isomer was predicted to be 1.6
kcal/mol higher in energy. The two all-cis structures were predicted to be more than 11 kcal/mol
above the lowest energy oligomer. Most significantly, in the two head-to-tail oligomers, we found
close contacts between two ketones from two separate dicyclopentadiene residues and two B-
hydrogen atoms associated with the enone motifs of two other dicyclopentadiene residues. One

such close contact was found in the head-to-head trans oligomer. The vinyl C—H:--O contacts
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determined from the QM calculations are well within the range expected for this type of hydrogen

bond.*® Figure 2.6 highlights these interactions in the lowest energy oligomer.
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Figure 2.6. Lowest energy head-to-tail all-trans oxaPDCPD structure obtained from DFT
simulations (panel A). Panel B shows the same structure as that in panel A, with all but the
hydrogen-bonded monomers removed from the image. The distances (in A) between the B-
hydrogen of the vinyl group and the ketone oxygen are shown. Key: C = gray, H = white, O = red.

Hydrogen bonding interactions are shown with dashed lines.

To determine the energetics associated with the interaction, the monomer moieties associated
with the C—H---O separation of ca. 2.40 A were extracted from the modeled oligomer, and their
ethylene groups were replaced with hydrogen atoms. The energy of the system was computed
using M06-2X/def2-TZVPP,*-° and then was calculated again with the fragments separated by
20 A. The resulting energy difference of 2.3 kcal/mol (Figure 2.7) is well within the range expected

for vinyl C-H---O hydrogen bonds,*® and indicates a strongly stabilizing interaction.
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Figure 2.7. Quantitative determination of vinyl C—H:--O=C hydrogen-bonding enthalpy by QM

simulation (M06-2X /def2-TZVPP).

The vinyl C—H---O interactions resulted in a significant deshielding effect for the enone B3-
hydrogen, as determined by the calculated 'H NMR spectrum (B3LYP/def2QZVPP//CAM-
B3LYP/6-31G(d)-ACP)*!52 depicted in Figure 2.8 for the all-trans head-to-tail linked
oxaPDCPD hexamer. Compellingly, a qualitatively similar pattern of splitting in the signal
corresponding to the enone B-hydrogen was observed in the experimental 'H NMR spectrum of
linear oxaPDCPD, in both polar (DMSO-ds) and non-polar (CD,Cl> and CDCI3) solvents (Figure
2.8). The excellent agreement between calculated and experimental NMR spectra shown in Figure
2.8 provides strong evidence for the validity of the vinyl C—H:--O=C hydrogen-bonding

interaction within oxaPDCPD.

59



Calculated *H NMR
Chemical Shifts: C.H

I

p |

¢ |

in DMSO: ¥_*__ Y

H NMR
in CD,Cl,:

85 80 75 70 65 6.0ppm

Figure 2.8. Comparison of calculated and experimental 1TH NMR spectra for oxaPDCPD,

indicating the presence of vinyl C—H:--O=C hydrogen bonds within the material.

The presence of polar functional groups is known to affect mechanical properties and increase
glass transition temperatures for many types of polymer materials.** In order to separately consider
the polar effects resulting from installation of the ketone with any effects that are specific to the
vinyl C—H hydrogen bond, we prepared a control polymer in which the ketone was maintained but
the conjugated alkene was removed. As shown in Figure 2.9, the control polymer (oxaPDCPDrp;
S5p) was efficiently synthesized through regioselective zinc-promoted reduction of the enone
)

monomer (4m)** followed by polymerization with the Grubbs 2" or 3™ generation catalyst.

Grubbs Il or
Zn Grubbs IIl catalyst
EtOH, ACOH %) THE -
o) % o o)

endo-4,, endo-5,, oxaPDCPDgp (5p)

Figure 2.9. Synthesis of a reduced polymer control.
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Interestingly, we found that while endo-5m could be polymerized with the Grubbs 3™ generation
catalyst to give linear polymer (5p) with number average molecular weight values (M) that agreed
relatively well with predicted molecular weights (calculated from the loading of the initiator), in
all cases endo-4m polymerized to give linear 4p that had approximately double this molecular
weight (Table 2.2). While this could potentially be due to partial catalyst inactivation by enone 4m,
the apparent doubling of M, for a given initiator loading suggests the possibility that the enone-
containing polymer may be undergoing a selective post-polymerization ligation event, in which
the terminal enone residues can facilitate a specific dimerization reaction (see Figure A52 for one
possible mechanism that would support the observed doubling of molecular weight). The Novak
group has previously noted molecular weight doublings in a related polymer system, and has
likewise proposed that chain-end dimerization may occur once reactive monomer is depleted from
the system.3? As expected based upon literature precedent,*> polymerizations with the Grubbs 2™
generation catalyst were less-well controlled due to slow initiation, resulting in higher molecular

weights, higher polydispersity, and poorer correlation of M, with the substrate/initiator ratio.
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Table 2.2. GPC data for formation of linear polymers from 4m or Sm®.

predicted experimental
monomer [initiator] M (kDa) Mi(kDa) Muw/Mn
Sm 2.33 mol% 6.4 7.6 1.23
Sm 1.13 mol% 13.2 17.8 1.33
Sm 0.60 mol% 24.6 32.7 1.52
4m 2.33 mol% 6.3 14.6 1.82
4m 1.17 mol% 12.6 38.7 1.66
4m 0.58 mol% 25.1 65.0 1.84

“All samples were polymerized using 3™ generation Grubbs catalyst. My and My values were
measured using a GPC instrument calibrated with polystyrene standards. For polymerization data

collected using 2" generation Grubbs catalyst, refer to Table Al.

We next prepared a series of reaction-injection molded polymer samples from monomers 4m,
S5m, and 1m (with or without ENB, as required for formulation of the sample), and calculated the
approximate molecular weight between crosslinks (M.), using the storage modulus of the rubbery
region of the DMTA curve and the theory of rubber elasticity.>® As shown in Table 2.3, we found
a low effective M. in the oxaPDCPD samples (1270 g/mol; equivalent to ca. 8.7 monomer units),
compared with the M. in the parent PDCPD material (1914 g/mol; equivalent to ca. 14.5 monomer
units). This observation indicates that although the density of covalent crosslinks in oxaPDCPD is
lower than that in PDCPD (established earlier by NMR), the effective crosslink density is higher—
consistent with the mechanical results discussed above. By comparison, the M. in oxaPDCPDrp
is much longer (3187 g/mol; equivalent to a spacing of ca. 21.5 monomer units). This confirms
that the ketone itself is insufficient to provide a high effective crosslink density. These data suggest
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that above the glass transition temperature, the vinyl C—H---O=C hydrogen bond plays at least

some role in dictating the physicochemical properties of the material.”’

As expected, high-
temperature aging of oxaPDCDP introduced additional covalent crosslinks into the material,

further reducing the M...

Table 2.3. Calculated distance between crosslinks for reaction-injected polymers prepared from

4m, 5m, or 1%
polymer M. (Da)
PDCPD’? 1914 + 159
oxaPDCPD® 1270 + 111
poly(1m-co-4m)” 1302 + 47
0xaPDCPDgp® 3187 + 823
poly(4m-co-ENBY 1975 + 122
aged oxaPDCPD# 110

“All samples were prepared by reaction injection molding. Unless otherwise indicated, data are
reported as the average measurement + standard error across 3 independently prepared samples.
bGenerated from 0.95:0.05 1m:ENB. “Generated from endo-4m. “Generated from 0.50:0.50 endo-
4m:1m. “Generated from 0.80:0.20 Sm:ENB./Generated from 0.80:0.20 4m:ENB. ¥Measurement of

a single sample of oxaPDCPD after ageing 104 days at 120 °C.

Mechanical measurements made below the 7§ told a different story. Despite being prepared with
20% ENB, the storage modulus for oxaPDCPDgrp was 1277 + 20 MPa (within experimental error
of the 1197 = 80 MPa for oxaPDCPD prepared using the equivalent amount of ENB), while the
glass transition temperature (measured by DMTA) was 178 £+ 14 °C (within experimental error of
the 173 &+ 2 °C for oxaPDCPD prepared using the equivalent amount of ENB). These data indicate
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that below the Ty it is polar effects from the ketone (e.g. dipole—dipole interactions and induced
dipole interactions), rather than the vinyl C—H---O=C hydrogen bond, which contribute the
greatest amount to certain properties of the material.

2.4. Conclusions

Dicyclopentadien-1-one is readily accessible from dicyclopentadiene, in a single-step
photocatalytic transformation that can be carried out using sparged air as the stoichiometric
oxidant. The product, a white crystalline solid that can be easily isolated on large scale by
distillation, functions as a useful monomer in ring-opening metathesis polymerizations. These
reactions can either be carried out in solvent (in which case a soluble linear polymer can be readily
isolated) or else in a reaction-injection molding setup. The latter protocol affords regular-
dimensioned thermoset objects that display a significantly enhanced 7, storage modulus, tensile
strength, and compression strength, relative to the properties of the parent dicyclopentadiene
material. While some degree of ductility is sacrificed in the ketone-containing homopolymer,
copolymerization with unfunctionalized dicyclopentadiene affords a material with good damage
resistance properties, especially in high strain rate measurements; further assessment of
poly(1m-co-4m) materials are underway.

From a structural perspective, several lines of experimental and computational evidence indicate
that the thermoset material produced from dicyclopentadien-1-one encodes three separate types of
inter-chain interactions: (1) covalent crosslinks that most likely arise from olefin-addition
polymerizations across the embedded enone motif (as previously observed for an analagous a,3-
unsaturated ester-containing polymer, which forms these types of crosslinks in greater density'®);
(2) an unexpected network of vinyl C—H:--O=C hydrogen bonds; and (3) dipole—dipole
interactions resulting from the ketone groups. Control experiments with a selectively hydrogenated

polymer that retains the ketone but that cannot participate in vinyl C—H:--O=C hydrogen bonding
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suggest that dipole—dipole forces are particularly important in establishing the high 7 and high

storage modulus found within crosslinked poly(dicyclopentadien-1-one).

2.5. Methods

All commercial materials were used as received. THF was dried in a sodium-benzophenone still
under a nitrogen atmosphere. Grubbs 3™ generation catalyst was synthesized from Grubbs 2"
generation catalyst >98% by NMR from Chem-Impex using pyridine according to the literature.’®
Spectroscopy

'H and *C NMR spectra were obtained using a Bruker AVANCE 300 (300.27 MHz for 'H,
75.51 MHz for '3C) or a Bruker AVANCE NEO 500 (500.27 MHz for 'H, 125.81 MHz for *C).
Variable temperature 'H NMR was done on a Bruker AVANCE 360 (360.28 MHz for 'H). Solid
state cross-polarization and magic angle spinning *C NMR was done at Simon Fraser University
using a Bruker AVANCE 111 400 (100.62 MHz for '3C). Data were processed using MestReNova.
Singlet = s, d = doublet, t = triplet, br = broad, app = apparent. In 3C NMR of polymers shift
ranges are given where identical carbons are in different environments. IR spectra were recorded
using a Perkin-Elmer Spectrum Two FT-IR spectrometer with ATIR attachment. Samples were
measured as solids or by drop casting from deuterated chloroform or dichloromethane.
Thermal analysis

Differential scanning calorimetry samples were run on a TA instruments DSC25 using TZero
aluminum DSC pans with hermetic lid. A pin hole was added for solid samples using the tip of a
21 ' gauge needle. An empty TZero aluminum DSC pan with TZero aluminum hermetic lid and
pin hole was used as a reference. Samples were measured from -50°C to 250°C for two complete
heating and cooling cycles at 10°C per minute. Thermogravimetric analysis was done at Simon
Fraser University on a Shimadzu TGA-50 or on a TA instruments SDT Q600. Samples were run

at 2 or 5°C a minute to 700°C under a nitrogen atmosphere.
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Mechanical testing

Dynamic mechanical thermal analysis was done on an Anton Paar Modular Compact Rheometer
302 fitted with an Anton Paar SRF-12 geometry and CTD 600 oven. Samples were measured
through 25-250°C using a logarithmic strain of 0.01-0.1% at 1 Hz and a normal force of 0.1 N.
Regular dimensioned 20 x 8 x 4.75 mm (Length x Height) bar type samples were obtained via
reaction injection molding. Glass transition temperatures were obtained from the peak of the loss
factor and storage modulus from the first point taken in a run. The distance between crosslinks was
calculated using equation 1.°° T is the temperature of the minimum storage modulus, E'n is the
minimum storage modulus, p is the measured density, R is the universal gas constant, and Mc is

the molecular weight between crosslinks.
Equation 1: M, = %
Tensile and compression tests were performed at University of British Columbia, Composite
Research Network (CRN) lab using Dual Column Load Frame Instron machine model 5969.
Regular dimensioned ASTM Type V dog bone samples produced via reaction injection molding
were used for the tensile test. The ends of the samples were fixed between the grips and subjected
to a loading rate of 5 mm/min. Regular dimensioned 5 x 4.75 mm (Diameter x Height) cylinder
type samples were used for compression testing and were obtained via reaction injection molding.
The cylindrical sample was put between the load cells and a loading rate of 5 mm/min was applied
to the sample by the upper load cell. Force-displacement curves were obtained in both tests and

converted to stress-strain curves. The stress is defined as the force on the cross-section area of the

sample while strain represents the displacement to the initial length of the specimen.
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Gel permeation chromatography

Gel permeation chromatography was run on a Malvern Viscotek TDAmax fitted with a Malvern
viscotek TDA refractive index detector. GPC grade THF with 0.1 wt% tetrabutylammonium
bromide was used as an eluent at a flow rate of 1 mL/min. A polystyrene standard curve was used
to calibrate the runs. Samples were dissolved in HPLC grade THF to 1 mg/mL and filtered with
0.45 um PTFE prior to analysis.
Melting points

Melting points were taken on either an SRS digimelt or a Gallenkamp melting point apparatus.

Contact angle measurements

Contact angle measurements were obtained on a Holomarc Contact Angle Meter. 2 puL droplets
were placed on a treated substrate using a mechanical dispenser. Images were taken using CMOS
sensor. Substrates were polished with 220 grit sandpaper, washed with water and ethanol, then
dried at 110°C overnight. Water was used as the polar liquid and diiodo methane was used as the
purely dispersive liquid. Surface energies were calculated using the Fowkes Model and equations
2 and 3.%°°%! o; is the surface tension of diiodomethane or water. 6/ and o/° are the polar and
dispersive components the surface tension respectively of either diiodomethane or water. o~ and
o,° are the polar and dispersive components respectively of the surface energy of the solid. o is
the surface energy of the solid. 0 is the measured contact angle. o, is calculated using the contact
angle 0 obtained using diiodomethane and equation 2. o," is then used along with the contact angle
0 obtained using water and equation 2 to obtain o,". The sum of the dispersive and polar

components of the surface energy is the total surface energy.

Equation 2: 0.50;(1 + cos@) = \/oPa? + /o] P

Equation 3: o5 = ® + of
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Table S2.1. Table of contact angle parameters.

Symbol Diiodomethane Value (mN/m)
ol surface tension polar 0

oP surface tension dispersive | 50.8

al surface tension 50.8

Symbol Water Value (mN/m)
ol surface tension polar 51.0

oP surface tension dispersive | 21.8

al surface tension 72.8

0 contact angle measured

Swelling Experiments

Swelling experiments were performed using regular dimensioned 4.75 x 10 mm (height x
diameter) disk samples. Samples were subjected to high vacuum at 0.15 mm Hg for 6 hours prior
to weighing, weighed then submerged in 10 mL of either methanol or toluene in a sealed vial.
After the desired interval, samples were removed from the solvent, gently dabbed dry and weighed.

Samples were then placed back into the solvent.
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Large Scale Photoreactor

Flange to open reactor

Double walled immersion bulb

Gas sparger

Light source: 500 W broad spectrum bulb

This 5-liter photoreactor was built at the University of Victoria glass shop by scientific
glassblower Sean Adams. The reactor flask is fitted with a double walled immersion well. This
houses a 500-watt broad spectrum sunlite P28s BASE 120 V light bulb centered in the reactants
using an aluminum jig heatsink, made by the Science Machine Shop at the University of Victoria.
Water from a chiller is pumped through the immersion well removing heat generated by the light
source. Additional air cooling was also utilized by blowing a stream of air into the well with the
light bulb. This setup offers substantially better photon penetration through the reactants as
compared to external lights. Additionally, this reactor significantly reduces solvent consumption

through evaporation and maintained the reaction at a constant temperature.
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Classical Molecular Mechanics Simulations

For PDCPD simulations, the bulk material was represented by 375 linear 20-mer chains in the
all-trans configuration. Crosslinked structures were prepared by covalently bonding one central
site of a 20-mer with the end site of a second molecule, resulting in a molecular structure with 40
segments. The constituent components of each system are schematically shown in Table A7.

CHARMM force field parameters were used and simulations were performed using LAMMPS
[LAMMPS - a flexible simulation tool for particle-based materials modeling at the atomic, meso,
and continuum scales.®>% Equilibrations were carried out by subjecting the structures to up to 10
ns NPT run, using the Nosé-Hoover barostat and thermostat. Integration of equations of motion
was done by Velocity Verlet algorithm using timestep of 0.5 fs, and van der Waals and electrostatic
non-bonded interactions were explicitly accounted within a cut-off distance of 12 A. Lennard-

Jones parameters between pairs of unlike atoms were evaluated by the arithmetic mixing rule:

_ 0yt 05
0ij = T

&) = \J€ii8;

Beyond the cut-off distance, long-range electrostatic interactions were calculated using the
particle-particle particle-mesh. Analysis of raw data was performed by MATLAB [MATLAB and
Statistics Toolbox Release 2016a, The MathWorks, Inc., Natick, Massachusetts, United States]
and, OVITO software was used for visualization of the calculated trajectories.®*

1) Glass Transition Temperature

To evaluate glass transition temperature (7g), changes in density with temperature were
determined by equilibrating the periodic system for 8-to-15-million-time steps over the
temperature range of 250 to 600 K. The T; values were determined by identifying the change in

slope in the density-temperature plots. The increase in 7g of the crosslinked structures as compared
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to their linear counterparts is an indication of the increased rigidity in the branched molecules. The
spatial constraints caused by cross linking hinder mobility of the molecules, resulting in
transforming to the glassy state at higher temperatures.

i1) Young’s Modulus

Response of the system to external forces was quantified by Young’s modulus (E), calculated as
the initial slope of stress-strain curves.

The applied strain rate would determine the dynamic elongation of the simulation box along a
pre-defined direction. The stress along a particular direction (the x-axis in this work), was calculate
as the sum of x component of the forces exerted on every particle present in the system.

The stress response is dependent on the applied strain rate. For all calculations herein, the rate
of 8 10° s™! was used, as this value yielded the closest Young’s Modulus to experimental values
presented in the literature for crosslinked PDCPD (viz. 1.7 GPa).%®

ii1) Molecular Interactions

Analysis of the dipolar, electrostatic, and van der Waals interactions in the oxa-modified PDCPD
structures provide insight into the origin of the changes in 7 and Young’s modulus, see Table A9.
Hydrogen-bonding interactions were estimated by evaluating the average strength of interactions
between ring ethylene hydrogen atoms and the ketone oxygen atoms, see Table A11.

Quantum Mechanical Calculations

All structures subjected to QM simulations underwent conformer searching to determine their
lowest energy structures. The molecules contain several rotatable bonds and, in some cases, the
possibility of intramolecular hydrogen bonding. This requires a careful examination of the
conformational space of each structure. For this task, the genetic algorithm module implemented

in Open Babel was employed.®® The approach generates a collection of low-energy conformers
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optimized and ranked by MMFF944 force field energies.®® The energies of the most stable
conformers for each structure emerging from the genetic search (up to 30 conformers in most
cases) were then determined using a single-point quantum mechanical calculation at the CAM-
B3LYP-D3(BJ) /6-31G(d)-BSIP2 level of theory. CAM-B3LYP was chosen because the
functional displays low delocalization error, a deficiency in DFT that often leads to poorly
predicted properties (including barrier heights); D3(BJ) is a semiempirical correction for
dispersion employed because dispersion physics is absent from most density functionals; 6-31G(d)
is a Gaussian basis set employing two functions per occupied orbital and was chosen to maximize
the throughput of the calculations; and, BSIP2 are basis set incompleteness potentials developed
to mitigate the errors arising from the use of incomplete basis sets (such as that employed in the
present work).*47-6768 A1l QM calculations utilized the Gaussian 16 program package.®

QM simulations were performed on hexamers of oxaDCPD. To understand the energetics
associated with different primary polymerization outcomes, calculations were performed on four
types of structures: all cis head-to-tail, all cis head-to-head, all ¢rans head-to-tail, and all trans
head-to-head. These structure types are illustrated in Figure A45. In all cases, endo monomers
were used. QM simulations of the nuclear magnetic resonance (NMR) using the gauge-invariant
atomic orbital approach and B3LYP/def2QZVPP.70-31:52
Energetics of structure arising from different primary polymerization outcomes

In Table A12 are collected the relative energies associated with the four types of structures
arising from different primary polymerization outcomes — see text for additional information.

The ordering of trans vs. cis structures can be rationalized on the basis of steric arguments, that
is, the cis species are expected to contain more repulsive contacts than trans species. The lower

energies of the head-to-tail species compared to their head-to-head analogs can be understood on
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the basis of favourable electrostatic interactions between the ketone oxygen and the hydrogen on
the beta ethylene carbon in the cyclopentene ring moieties. In 1, there are two such close contacts
with C=0-H-C= separations of 2.40 and 2.57 A. (A third interaction involving a terminal ethylene
group and a C=0 group (2.70 A separation) is also present.) 2 has a single close contact (2.52 A)
of a similar kind, 3 has two close contacts similar to 1, and 4 appears to have no close contacts
involving C=0""H-C= moieties.

Only a small amount of energy, 13.1 kcal/mol, separates structures 1 to 4, and this translates into
2.2 kcal/mol per monomer. This suggests that it is energetically feasible that the structures obtained
from primary polymerization of oxaDCPD will be highly heterogeneous. It is reasonable to
assume, based on the relative energies, that “trans, head-to-tail” and “frans, head-to-head” will be
the most common structural motifs, with relatively fewer occurrences of the “all cis” structures
being present in a given polymer molecule.

To explore the nature of the C=0H-C= interactions further, the monomer moieties associated
with the C=0-H-C= separation of 2.40 A were extracted from 1 and their ethylene groups replaced
with H atoms. The energies of the structure was computed using M06-2X/def2TZVPP and again
with the fragments separated by 20 A.>° The resulting energy difference of 2.3 kcal/mol suggests
that these types of C=0'~H-C= interactions are stabilizing. An analysis of the electrostatics support
the suggestion, with the partial charges of +0.07 and -0.39 electrons on the H and O atoms,

respectively. Some component of the interactions may also involve favourable orbital overlaps.
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Synthesis of Monomers
Large Scale Synthesis of Dicyclopentadienone (oxaDCPD, 4m)

Air, hv

Y

meso-TPP
Py.
DMAP
acetic anhydride
DCM

meso-Tetraphenylporphyrin (meso-TPP; 171 mg; 0.28 mmol; 0.012 mol%) and DMAP (5.5812
g; 45.68 mmol) were dissolved in DCM (2.2 L). Acetic anhydride (230 mL; 2.43 mol), pyridine
(94 mL; 1.16 mol) and dicyclopentadiene (DCPD; 300.36 g; 2.27 mol) were subsequently added.
The mixture was irradiated in a 5 L photoreactor using a Boryli BTL P28S 500W halogen bulb
contained in a cold finger. The mixture was sparged with air and reacted for 27 days. The reaction
mixture was washed with 2 M HCI and then with saturated sodium bicarbonate. The aqueous
extracts were back extracted with DCM. All DCM fractions were combined and concentrated in
vacuo yielding a black oil. The crude reaction mixture was adhered to a silica gel plug and washed
with hexanes then eluted with 3:1 hexane to ethyl acetate. The resulting concentrate was then
purified via vacuum distillation (70°C at 0.15 mmHg) in a 90°C water bath yielding 167.54 g (50%
yield) of oxaDCPD as a white crystalline solid. Identical protocols were used for endo- and exo-
4m. endo-1-dicyclopentadienone (endo-4m): Yield: up to 51% on 300 g scale; up to 72.6% on 10 g
scale. Physical State: White, large crystals, melting point: 53.9-59.3°C. 'H NMR (300.27 MHz,
Chloroform-d) 6 7.38 (dd, J=5.8, 2.6 Hz, 1H), 5.98 — 5.92 (m, 2H), 5.78 (dd, /= 5.4, 2.9 Hz, 1H)
3.45 -3.39 (m, 1H), 3.22 (br s, 1H), 2.97 (app s, 1H), 2.80 (app t, J = 5.1 Hz, 1H), 1.76 (dd, J =
8.4, 1.0 Hz, 1H), 1.63 (d, J = 8.5 Hz, 1H). >*C NMR (125.81 MHz, Chloroform-d) & 209.12,
163.79, 135.93, 131.76, 131.52, 51.84, 49.29, 47.36, 44.17, 43.28. exo-1-dicyclopentadienone

(exo-4m) Physical State: Colorless oil. "H NMR (300.27 MHz, Chloroform-d) § 7.56 (dd, J = 5.7,
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2.6 Hz, 1H), 6.31 — 6.25 (m, 2H), 6.21 (dd, J= 5.7, 3.0 Hz, 1H) 2.93 (app s, 1H), 2.89 — 2.84 (m,
1H), 2.72 (app s, 1H), 2.27 (dt, J= 5.0, 1.4 Hz, 1H), 1.41 (dt, J=9.4, 1.5 Hz, 1H), 1.32 — 1.27 (m,
1H).

Synthesis of Dicyclopentaenone (oxaRD, 5m)

Activated Zinc
1:1 EtOH:AcOH
Ar. atm.
(0] Reflux o

Zinc dust (21.0197 g; 0.3215 mol) was activated in ethanol (50 mL) with a crystal of iodine

under an argon atmosphere with vigorous stirring for 1 hour. Endo-oxaDCPD (6.7025 g; 0.046
mol) and acetic acid (50 mL) were then added, and the mixture was refluxed under argon for 24
hours. The mixture was cooled and filtered through a celite plug and the solvent was removed in
vacuo obtaining a red oil. The oil was dissolved in DCM and washed with a saturated sodium
bicarbonate solution. The organic extracts were purified by flash-column chromatography, using
9:1 hexanes : ethyl acetate then concentrated in vacuo to obtain 3.57 g (52% yield) of white solid.
Yield: 52%. Physical State: White crystals, melting point: 95-96°C. 'H NMR (300.27 MHz,
Chloroform-d) 6 6.22 (dd, J=5.8, 2.8 Hz, 1H), 6.11 (dd, J=5.7, 2.9 Hz, 1H), 3.22 — 3.17 (m, 1H)
3.00 (app s, 1H), 2.99 —2.92 (m, 1H), 2.85 (ddd, J=9.1, 4.6, 1.2 Hz, 1H), 2.19 — 1.92 (m, 3H),
1.60 — 1.48 (m, 2H), 1.42 (app d, J = 8.3, 1H). *C NMR (75.51 MHz, Chloroform-d) & 222.50,

136.29, 134.88, 54.45, 52.39, 47.60, 47.15, 41.34, 40.69, 22.79.
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Synthesis of Linear Polymers

Synthesis of Linear polymer (oxaPDCPD, 4;) (GC3)

) Ph

GC3
dry THF
0 Ar. atm. (o)

Dry THF (5 mL) was added to Grubbs 3™ generation catalyst (11.5 mg; 0.016 mmol), under an
argon atmosphere in flame dried glass. A standard solution of oxaDCPD was prepared by adding
dry THF (20 mL) to oxaDCPD (400 mg; 2.74 mmol) under an argon atmosphere. 5 mL of this
solution was then injected into the catalyst solution. After 60 minutes ethyl vinyl ether (1 mL, 10.5
mmol) was injected, and the solution was stirred for 10 minutes. The resulting polymer was
precipitated in methanol (45 mL) and isolated via centrifugation at 3270 x g for 30 minutes. poly-
endo-dicyclopentadienone (endo-4,): Yield: 90% Physical State: light brown, solid. 'H NMR
(300.27 MHz, Methylene Chloride-d>) 6 8.01 — 7.47 (m, 1H), 6.22 (brs, 1H), 5.71 — 5.33 (m, 2H),
3.46 (brs, 1H), 3.11 (br s, 1H), 2.76 (br s, 2H), 1.68 (br s, 1H), 1.28 (br s, 1H). *C NMR (75.51
MHz, Methylene Chloride-d>) 6 210.39 — 209.37, 166.12 — 164.44, 137.71 — 136.61, 132.35 —
129.25, 53.70 — 52.77, 45.61 — 44.52, 41.24 — 39.80, 38.85 — 35.25.

Synthesis of Linear polymer (oxaPDCPD) (GC2)

- Ph

GC2
dry THF
(o) Ar. atm. (o)

Dry THF (5 mL) was added to Grubbs 2" generation catalyst (11.5 mg; 0.014 mmol), under an
argon atmosphere in flame dried glass. A standard solution of oxaDCPD was prepared by adding
dry THF (20 mL) to oxaDCPD (400 mg; 2.74 mmol) under an argon atmosphere. 5 mL of this
solution was then injected into the catalyst solution. After 60 minutes ethyl vinyl ether (1 mL, 10.5
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mmol) was injected, and the solution was stirred for 10 minutes. The resulting polymer was
precipitated in methanol (45 mL) and isolated via centrifugation at 3270 x g for 30 minutes. poly-
endo-dicyclopentadienone (endo-4,): 'H NMR (500.27 MHz, Methylene Chloride-d>) § 8.00 —
7.48 (m, 1H), 6.30 — 6.10 (m, 1H), 5.72 — 5.33 (m, 2H), 3.60 — 3.36 (m, 1H), 3.12 (br s, 1H), 2.76
(brs, 2H), 1.69 (br s, 1H), 1.28 (br s, 1H). Solid State '3C NMR (100.62 MHz) § 208.99, 165.26,
137.04, 131.67, 53.12, 44.37, 40.54. poly-exo-dicyclopentadienone (exo-4,): Physical State: light
brown, solid. '"H NMR (300.27 MHz, Methylene Chloride-d2) & 8.02 — 7.42 (m, 1H), 5.89 (br's,
1H), 5.74 — 5.33 (m, 2H), 3.13 (br s, 1H), 2.97 — 1.89 (m, 4H), 1.58 (br s, 2H).

Synthesis of Linear polymer (oxaPDCPDrbp 5p)

) Ph

GC3
dry THF
o) Ar. atm. (o)

Dry THF (5 mL) was added to Grubbs 3" generation catalyst (11.6 mg; 0.016 mmol), under an
argon atmosphere in flame dried glass. A standard solution of oxaRD was prepared by adding dry
THF (20 mL) to oxaRD (400 mg; 2.70 mmol) under an argon atmosphere. 5 mL of this solution
was then injected into the catalyst solution. After 60 minutes ethyl vinyl ether (1 mL, 10.5 mmol)
was injected, and the solution was stirred for 10 minutes. The resulting polymer was precipitated
in methanol (45 mL) and isolated via centrifugation at 3270 x g for 30 minutes. poly-endo-
dicyclopentaenone (endo-5,): Yield: 71%. Physical State: light brown, solid. '"H NMR (300.27
MHz, Chloroform-d) & 5.62 — 5.18 (m, 2H), 3.27 — 2.59 (m, 4H), 2.25 — 1.62 (m, 5 H), 1.39 (brs,
1H). 3C NMR (125.81 MHz, Methylene Chloride-d>) § 221.14 —219.81, 132.76 — 129.49, 56.73

—55.60,47.50 —45.26,42.25 - 40.13, 39.64 — 37.28, 23.33 — 22.80.
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Reaction Injection Molding
Reaction injection molding of dicyclopentadiene (5:95 ENB:DCPD)

DCPD (95.15 g; 0.72 mol) was melted at 30°C and ethylidene norbornene (ENB; 5.05 g; 0.042
mol) was added to obtain a liquid 95% DCPD, 5% ENB solution. Tri-n-butyl phosphite inhibitor
(3.1 mg; 0.012 mmol; 2 eq vs GC2) was mixed into a 7.0060 g aliquot of this solution. Grubbs 2"
generation catalyst (GC2; 4.8 mg; 0.0058 mmol; ~0.01 mol%) was then added. The mixture was
sonicated to obtain a homogenous resin. The resin was injected with a plastic syringe into an
aluminum mold. Alternatively, a light vacuum was applied to the aluminum mold and resin was
pulled through the mold. The mold was transferred to a 110°C oven and allowed to cure for 40
minutes.

Reaction injection molding of dicyclopentadienone (oxaDCPD)

Endo-0xaDCPD (2.0002 g; 13.68 mmol) was melted at 60°C and combined with tri-n-butyl
phosphite inhibitor (3.2 mg; 0.013 mmol; 2 eq vs GC2). Grubbs 2™ generation catalyst (GC2; 5.4
mg; 0.0064 mmol; ~0.05 mol%) was then added. The mixture was sonicated in a warm bath to
obtain a homogenous resin. The resin was then injected with a plastic syringe into a preheated
aluminum mold. Alternatively, a light vacuum was applied to the aluminum mold and resin was
pulled through the mold. The mold was transferred to a 110°C oven and allowed to cure for 40

minutes.
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Reaction injection molding of dicyclopentadienone and dicyclopentadiene copolymers
(1:1 PDCPD:oxaDCPD)

A 1:1 ratio of oxaDCPD (1.0269 g; 7.02 mmol) and DCPD (1.0021 g; 7.58 mmol) by weight
were melted together at 60°C. Tri-n-butyl phosphite inhibitor (6.1 mg; 0.024 mmol; 2 eq vs GC2)
was mixed into the liquid endo-oxaDCPD/DCPD. Grubbs 2" generation catalyst (GC2; 6.2 mg;
0.0073 mmol; ~0.05 mol%) was then added. The mixture was sonicated in a warm bath to obtain
a homogenous resin. The resin was then injected with a plastic syringe into a preheated aluminum
mold. Alternatively, a light vacuum was applied to the aluminum mold and resin was pulled
through the mold. The mold was transferred to a 110°C oven and allowed to cure for 40 minutes.
Reaction injection molding of dicyclopentadienone with ENB (2:8 ENB:oxaDCPD)

An 80:20 ratio of oxaDCPD (2.0017 g; 13.69 mmol) and ethylidene norbornene (0.5157 g; 4.29
mmol) by weight were melted together at 60°C. Tri-n-butyl phosphite inhibitor (5.2 mg; 0.021
mmol; 2 eq vs GC2) was mixed into the liquid endo-oxaDCPD/ENB. Grubbs 2™ generation
catalyst (GC2; 7.9 mg; 0.0093 mmol; ~0.05 mol%) was then added. The mixture was sonicated to
obtain a homogenous resin. The resin was then injected with a plastic syringe into an aluminum
mold. Alternatively, a light vacuum was applied to the aluminum mold and resin was pulled
through the mold. The mold was transferred to a 110°C oven and allowed to cure for 40 minutes.
Reaction injection molding of dicyclopentaenone with ENB (2:8 ENB:oxaRD)

An 80:20 ratio of oxaRD (1.5840 g; 10.69 mmol) and ethylidene norbornene (0.4053 g; 3.37
mmol) by weight were melted together at 90°C. Tri-n-butyl phosphite inhibitor (3.5 mg; 0.014
mmol; 2 eq vs GC2) was mixed into the liquid endo-oxaRD/ENB. Grubbs 2" generation catalyst
(6.4 mg; 0.0075 mmol; ~0.05 mol%) was then added. The mixture was sonicated to obtain a

homogenous resin. The resin was then injected with a plastic syringe into an aluminum mold.
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Alternatively, a light vacuum was applied to the aluminum mold and resin was pulled through the

mold. The mold was transferred to a 110°C oven and allowed to cure for 40 minutes.
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Chapter 3: Toughened Polydicyclopentadiene Copolymers by
Dicyclopentadienone Monomer Incorporation

Benjamin Godwin*, Adam Sylvain-Stewart, and Jeremy E. Wulff*

3.0. Contributions

Synthetic work, sample preparation, tensile testing, differential scanning calorimetry,
thermogravimetric analysis and 'H and '*C solution NMR was performed by Benjamin Godwin.
Dynamic mechanical thermal analysis, swelling, and IR spectroscopy was performed by Adam
Sylvain-Stewart and Benjamin Godwin. The photoreactor was built by Sean Adams, Kody
Matthews and Chris Secord at the University of Victoria. Chris Secord and Kody Matthews cut

samples.
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3.1. Abstract

Engineering plastics are a class of polymer materials with enhanced mechanical and thermal
properties. Polydicyclopentadiene (PDCPD) is an emerging example of this class of material
derived from petrochemical waste. Herein, we describe the copolymerization of dicyclopentadiene
with novel oxa-dicyclopentadiene monomer to produce mechanically and thermally superior
PDCPD based materials. We also improve surface functionality and resistance to oxidative
embrittlement, two major barriers to further adoption of this material.

3.2. Introduction

Polydicyclopentadiene (PDCPD) is a thermosetting polymer derived from the ring opening
metathesis polymerization (ROMP) of dicyclopentadiene (DCPD).!> PDCPD has significant
commercial value owing to its excellent mechanical and thermal properties. It is particularly
favored for its impact resistance at both high and low temperatures.>* It also benefits from a
reduced carbon footprint, since DCPD is readily available as waste from the C5 faction of
petroleum distillates (where it results from the spontaneous dimerization of cyclopentadiene,
following distillation) and as the byproduct of steam cracking of heavy distillates to make
ethylene.! Additionally, due to the energy contained in the strained norbornene ring of the
monomer, the polymerization—and therefore the manufacturing—of PDCPD parts uses
substantially less energy than other types of plastics such as polyethylene which requires a high
temperature melt before injection molding in expensive high-pressure molds.>>-¢

Manufacturing of PDCPD is done through reaction injection molding (RIM).? In RIM a resin
(mixture of catalyst, monomer(s), inhibitors, additives) is injected into a mold and heated to a
moderate temperature.? This initial heating prompts the extremely exothermic ROMP reaction
with temperatures often exceeding 200°C spontaneously.>>¢ This process requires low pressure

molds and little energy input compared to that of typical injection molding, which dramatically
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reduces tooling and energy costs associated with production.? The utility of RIM is a major
advantage of PDCPD. RIM is high throughput (a typical cycle takes less than 5 minutes), and very
large parts (up to 100 kg) can be made very quickly.? Complex geometries are easily incorporated
owing to the low viscosity of the resin.? Recent advances by the Moore group have also shown
that the energy required for PDCPD molding can be lowered even further using frontal
polymerization, wherein only a small amount of initial heat is required to start the polymerization
reaction.>® The exotherm of the ROMP reaction maintains the heat required for continued
polymerization and curing of the final product.>

While PDCPD has many good qualities, it has poor end-of-life utility owing to the
crosslinked matrix that is required for its desirable mechanical and thermal properties.'>%1°
Crosslinked thermosets do not melt, and therefore it is not possible to recycle the material using
typical methods.!" In addition to its lack of end-of-life utility, PDCPD has several other
disadvantages that restrict its wider adoption. As the crosslinking and polymerization reactions
occur simultaneously, monomer can be trapped in the polymer matrix leading to an unpleasant
acrid odor (perceptible at 3—5 ppb).>!> Additionally, due to the lack of hetero-atom inclusion,
PDCPD is not chemically tunable and has a low surface energy when it is freshly prepared.? The
low surface energy precludes the use of paints and adhesives without a surface oxidation step.
Waiting for the polymer to oxidize bottlenecks the otherwise rapid RIM process.? The low polarity

of the matrix also results in low interfacial adhesion with commercially available fiber

reinforcements with typical (polar) sizing geared towards epoxy and polyester resin systems.>!?
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Figure 3.1. Recent copolymerization strategies for PDCPD. A: Degradable thermosets via
copolymerization with cleavable silyl ethers. B: Copolymerization of functional DCPD based
monomers leading to tunable PDCPD materials. C: Copolymerization of fDCPD and DCPD
resulting in materials with adaptable and functional surfaces. D: This work, copolymerization of

0xaDCPD and DCPD producing materials with enhanced mechanical properties.

In previous work, we and others have shown that many of these disadvantages can be solved
by incorporating various functional groups.'*!*17 Incorporation of functional groups reduces the
vapor pressure or imparts pleasant odors to the monomer.'>!”!8 The polarity of these included

functional groups lead to increased water contact angles and thus greater surface energy upon fresh
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preparation.'>!%1718  Additionally, these functional monomers lead to enhanced or tunable
mechanical properties.'®'® The challenge and practicality of the installation of such functional
groups ranges greatly, but in general leads to a monomer that is significantly more laborious and
thus expensive to produce. Copolymerization has arisen as a suitable strategy to combat these and
the other aforementioned issues.

The Johnson and Moore groups have shown that the inclusion of small amounts of silyl ether
species into DCPD resins leads to thermosets that can be degraded into reuseable oligomers
(Figure 3.1A).%!° The Xu and the Lemcoff groups each reported the selenium dioxide oxidation of
DCPD. This preparation is simple to carry out but requires the use of stoichiometric selenium
dioxide which has been shown to be toxic. More importantly, the atom economy of this method is
poor and not practical for industrial purposes.'>!> Nevertheless, the allylic alcohol product can
derivatized through esterification or etherification, leading to a diverse range of monomers which
all undergo polymerization in the presence of the Grubbs 1% and 2™ generation initiators.!%!%16
However the resulting polymers and copolymers all suffer from the thermal liability of allylic
functional groups. This leads to facile two-step decomposition above 200 °C observed via TGA.
Furthermore, these polymers also display glass transition temperatures of <100 °C, which is not
practical for current applications of PDCPD.

Our group has now pioneered two different approaches to functionalizing DCPD.!”!® The
first-generation, ester-functionalized DCPD (fDCPD) utilized a vinyl ester formed through the
Diels—Alder reaction of cyclopentadiene and carboxylated cyclopentadiene.'®!” This monomer
produced a glassy polymer through reaction injection molding that had similar mechanical and
thermal properties to native PDCPD but with the benefit of a fruity ester odor, tunable surface

energy, and facile functionalization.!*!®2° However, significant (1 mol%) quantities of initiator
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and substantial reaction time were required for polymerization. The production of the fDCPD
monomer through the Diels—Alder reaction is also not atom economical.

Inspired by the ease of the Xu and Lemcoff approach, we were able to synthesize a much
improved second-generation /DCPD (oxaDCPD).!” OxaDCPD is readily synthesized on large
(>200 g per batch) scale in the laboratory, and is purified using industrially relevant methods
(distillation). We have also shown that oxaDCPD yields a glassy polymer through reaction
injection molding, using modest (0.05 mol%) initiator loadings, and that this glassy polymer
exceeds the benchmark mechanical and thermal properties set by the parent PDCPD.!” Regarding
the cost of production, however, oxaDCPD needs to be generated in a separate step, which
necessarily increases its cost (and that of the corresponding homopolymer) relative to that of
unfunctionalized DCPD (which is a petrochemical waste material). To benefit from the remarkable
properties of oxaDCPD at a practical cost, we synthesized a series of oxaDCPD-co-DCPD
copolymers. We aimed to find the minimal required amount of 0xaDCPD needed to engender an
improvement in thermal and/or mechanical properties.

Here we show the synthesis of eight different oxaDCPD-containing materials and
corresponding controls, ranging from pure DCPD, to 40% oxaDCPD content. We also explore the
effects of adding ethylidene norbornene (ENB), a commonly employed comonomer in academic
research of PDCPD.>%?! We assessed each material’s tensile strength, toughness, Young’s
modulus, storage modulus, glass transition temperature and thermal stability through the use of

macro-scale regular dimensioned samples accessed through reaction injection molding.
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3.3. Results and Discussion

A 0:100 = a
ENB:DCPD

0.01 mol % GC2

10-40% 60-90% Ph

60-90%

10-40%

DCPD
5:95=b
. ENB:DCPD
0.01 mol % GC2
ENB DCPD
5:95 by weight
solution
B 90:10 =1a
80:20 = 2a
70:30 = 3a
60:40 = 4a
N DCPD:oxaDCPD
001mol%Gc2 O
(0]
DCPD oxaDCPD
90:10 = 1b
80:20 = 2b
70:30 = 3b
60:40 = 4b
DCPD sol:oxaDCPD
+ + >
0.01 mol % GC2
(0]
ENB DCPD oxaDCPD
5:95 by weight
solution

Figure 3.2. A: Synthesis of polydicyclopentadiene controls using Grubbs second generation

initiator. B: Synthesis of oxaDCPD-co-DCPD copolymers.

Copolymers were produced via reaction injection molding, which is industrially relevant for

PDCPD based materials.!*?> We produced two different types of PDCPD-co-oxaDCPD

copolymers and their respective PDCPD controls: in type a copolymers pure DCPD was used as
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the comonomer, in type b copolymers a 95:5 solution of DCPD:ENB was used (Figure 3.2). This
solution is commonly employed in the existing academic literature as a surrogate to DCPD. The
addition of ENB depresses the melting point of DCPD (32.5 °C) below room temperature, making
it easier to solubilize catalysts and inhibitors, and to enable simple laboratory reaction injection
molding by preventing solidification of the resin during injection into a mold. Reaction injection
molding of PDCPD control samples was initiated by adding Grubbs second-generation catalyst
(GC2, 0.01 mol%) to a molten combination of monomers as shown in Figure 3.2A. Similarly,
copolymers of DCPD, ENB, and oxaDCPD were made by combining various amounts of the
different monomers by weight in the amounts shown in Figure 3.2B. Additional details are
available in section 3.5.

In previous work we directly formed appropriately shaped samples for mechanical testing
through RIM. However, due to the limitations of lab-scale reaction injection molding, this often
leaves voids or other imperfections which leave many samples unusable. To remedy this, we
produced rectangular, regular-dimensioned plaques that were then cut by the University of Victoria
Science Machine Shop into the desired samples. The advantage to this is two-fold. It avoids
wasting novel material on defective samples, and all samples are produced identically without any

inconsistencies in surface- or edge-smoothness.
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Figure 3.3. A: ATIR spectra of a type polymers after heating during DMTA. B: ATIR spectra of

b type polymers after heating during DMTA.

Infrared spectroscopy of the freshly exposed surface of the reaction injection molded
materials showed an increasing intensity of carbonyl stretch at ca. 1707 cm™ in copolymers with
increasing oxaDCPD content (Figures B4 and B7). There did not appear to be a difference in the
presence of surface functionality between the a or b stream of copolymers. As expected, the freshly
exposed surface of both PDCPD controls did not show any signals in the 3000-3300 cm™! or ~1700
cm’! regions, corresponding to hydroxyl or carbonyl functional groups. By contrast, samples
exposed to air for greater than 24 hours after manufacturing showed both hydroxyl and carbonyl
surface functionality (Figure B3 and B6). After heating during dynamic mechanical thermal
analysis (DMTA, see the methods (section 3.5) for a detailed description of the heat treatment),
PDCPD homopolymer samples showed higher intensities of hydroxyl surface functionality than

did unheated PDCPD samples (Figure 3.3A and B). Interestingly, however, copolymers with
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higher oxaDCPD content were able to resist the formation of surface hydroxyl groups, resulting in
lower intensities of hydroxyl functionality.

The lack of surface functionality for freshly prepared PDCPD surfaces and over-oxidation
upon exposure to air (resulting in autoxidation) are both major problems industrially.? Parts must
be left to oxidize before painting or bonding can be done as lack of surface energy prevents these
adhesives from sticking.? On the other hand, too much surface oxidation leads to oxidative
embrittlement and reduces impact resistance, one of PDCPD’s most prized characteristics.?* The
resistance of the copolymers to thermally induced oxidative embrittlement, while simultaneously
presenting a controllably functionalized surface could be very advantageous to industry, offering
decreased production times and tougher materials.

Both classes of copolymers and control PDCPD polymers swell dramatically (~200% of
initial mass) in toluene, and all materials started to experience mass loss after 2 days of solvent
exposure. The incorporation of polar oxaDCPD monomer into the copolymers did not seem to
significantly increase the uptake of methanol as compared to neat samples of oxaDCPD prepared

in previous work.!”
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Figure 3.4. Mechanical properties of copolymers and corresponding PDCPD controls. A: Young’s

modulus. B: Ultimate tensile strength. C: Storage modulus. D: Loss modulus.

Data for panels A and B were obtained using ASTM d638 type V dogbone samples. Data for

panels C and D were obtained using 25 x 10 x 3 mm bar samples. Error bars represent standard

deviation of at least n = 3 replicates.
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We interrogated the mechanical properties of the materials using dynamic mechanical thermal
analysis (DMTA), and tensile testing. Young’s modulus, ultimate tensile strength and toughness
were assessed through tensile testing. The results are summarized in Figure 3.4A and 3.4B and
Table B2. The increase in Young’s modulus was consistently higher in type b samples and was
highest overall for 1b. The ultimate tensile strength of type b copolymers fluctuated greatly with
increasing volume fraction of oxaDCPD. Similarly, type a copolymers also fluctuated with
oxaDCPD content, with 1a having the highest ultimate tensile strength of type a polymers.
Modulus of toughness was calculated from the area under the curve of the tensile stress-strain
curve (Figure 3.5). All type b samples except for 4b had increased modulus of toughness than the
native b polymer. Copolymers 1b and 3b showed the greatest increases in modulus of toughness.
Samples 1a, and 4a had similar modulus of toughness as the type a homopolymer, whilst 2a and

3a exhibited lower toughness.
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represent standard deviation of n = 3 for all samples.

The nonmonotonic differences between each copolymer and the variability in toughness may
arise from the fact that the oxaDCPD monomer polymerizes more slowly than the native DCPD
monomer (see Chapter 4). The reduction in reactivity is likely caused by temporary inhibition of
the metathesis catalyst through the formation of a known oxygen chelate species.>** This in turn
may lead to the generation of a gradient copolymer wherein the concentration of ketones
throughout the polymer is not uniform. Therefore, regions of the material may have higher
concentrations of crosslinking density through the non-canonical hydrogen bonding interaction

between the ketone and beta-hydrogen (Figure 3.6).!7228 The size and morphology of these zones
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likely also fluctuates with the volume fraction of oxaDCPD added through concentration

dependent aggregation, crystallization and packing effects.

A

enhanced
rosslinking

non-canonical hydrogen bond

Figure 3.6. A: Cartoon depictions of PDCPD and oxaPDCPD. B: non-canonical hydrogen bonding

in regions containing high concentrations of oxaDCPD.

The storage modulus and loss modulus were obtained via DMTA. The results are
summarized in Figure 3.4C and 3.4D and Table B2. The storage modulus increased with the
addition oxaDCPD content for both type a and type b copolymers. The exception being 1b which
saw a decrease in storage modulus. The loss modulus also followed a similar trend, increasing in

a linear fashion from oxaDCPD fractions of 10% onward, except for 4b which saw a sharp drop
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in loss modulus. Interestingly, 1a and 1b did not show substantive increases in loss modulus like
all other measured mechanical parameters. Instead, 1a and 1b had similar values of loss modulus
compared to the native polymers a and b respectively. The maintenance and increase of the storage
modulus in both classes of copolymers is of great significance, since PDCPD is an engineering
plastic.>* The ability to increase and tune both the stiffness and dampness of the material could be
valuable when designing automative parts. By adding small amounts of oxaDCPD we can access
a material that is stronger, stiffer, damper, and tougher than regular PDCPD. This could offer
significant advantages, allowing automotive parts to be thinner and lighter—improving fuel

economy while maintaining the required strength.
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Figure 3.7. Glass transition temperatures of copolymers and corresponding PDCPD controls
derived from the peak of the loss factor from DMTA experiments.

Error bars represent standard deviation of n = 3 for all samples.
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We investigated the thermal properties of the new materials via DMTA, differential scanning
calorimetry (DSC), and thermogravimetric analysis (TGA). The glass transition temperatures (7)
were derived from the peak of the loss factor obtained through DMTA and further supported by
DSC. The results are summarized in Figure 3.7, Table B1, and Figures B9—11, and B32 see the
methods (section 3.5) for detailed experimental parameters. The 7, of copolymer 1a was the
highest of the copolymers, and was comparable to polymer a: 186.0°C vs 186.1°C. The T of 2a
was the lowest of all copolymers studied at 106.1 + 0.4 °C. The type b samples were similar with
an increase in 7 for sample 1b and then a substantial depression of the 7, for sample 2b and 3b.
In contrast to 4a which had a depressed 7 of 129.7°C, sample 4b had the highest 7 of type b
samples at 182.1°C. This is possibly due to ENB acting as a chain extender reducing the
crosslinking density in the b type homopolymer.!”?° This results in a lowered T, value as
compared to the a type homopolymer. Once oxaDCPD is added, however, this increased chain
flexibility enables ketone residues to form a greater number of crosslinks through non-canonical
hydrogen bonding as compared to samples without ENB, leading to the observed increased 7.
Thermogravimetric analysis of samples a, b, 1a, 1b, 2b, 3a, 3b, and 4b, showed <10% mass loss
up to 400 °C, indicated no thermal liabilities are introduced during the copolymerization process.
Sample 4b showed a small mass reduction at 300°C, probably due to loss of low molecular weight
oligomers, but did not degrade beyond 15% mass loss before 400°C.

3.4. Conclusion

We manufactured eight novel PDPCD based copolymers using reaction injection molding,
utilizing the easily accessible and scalable functional DCPD monomer oxaDCPD. We have shown
that the addition of a small amount of this material to DCPD-based resins has a remarkable effect
on the mechanical, chemical, and thermal properties on the resulting materials. We show that the

tensile strength, Young’s modulus, storage modulus, loss modulus, toughness, and glass transition
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temperature can all be improved and/or tuned by utilizing oxaDCPD as a comonomer. We also
show that resistance to surface autoxidation can be limited by the incorporation of 0oxaDCPD into
the material. Additionally, the surface of freshly prepared material is already functionalized with
polar ketone groups, enabling the potential for faster workflow and production. All of these
properties are core to PDCPD’s use as an engineering plastic on heavy machinery, and as a
structural material.>*!3 The ability to improve these properties enables less material to be used to
fulfill existing uses and may lead to further applications in niche markets like the aerospace

industry that demand significantly more from materials.>*!3

3.5. Methods

Materials

All commercial materials were used as received. Dicyclopentadiene (DCPD), 5-ethylidene-2-
norbornene (ENB), and 4-dimethylaminopyridine were obtained from Millipore Sigma.
Dichloromethane, pyridine, and acetic anhydride were obtained from Fisher Scientific. Meso-
tetraphenylporphyrin was obtained for AK scientific. Tri-n-butyl-phosphite (TBP) was obtained
from Alfa Aesar. Grubbs second generation catalyst (GC2) was obtained from Chem-Impex.
Spectroscopy

'H and '*C NMR spectra were obtained using a Bruker AVANCE 300 (300.27 MHz for 'H,
75.51 MHz for '3C) or a Bruker AVANCE NEO 500 (500.27 MHz for 'H, 125.81 MHz for *C).
Data were processed using MestReNova. Singlet = s, d = doublet, t = triplet, br = broad, app =
apparent. IR spectra were recorded using an Agilent Cary 630 FTIR spectrometer with diamond
ATIR attachment. Samples were measured as solids and pressed into the crystal using the supplied

press.

108



Thermal analysis

Differential scanning calorimetry samples were run on a TA instruments DSC25 using TZero
aluminum DSC pans with hermetic lid. A pin hole was added for solid samples using the tip of a
21 ' gauge needle. An empty TZero aluminum DSC pan with TZero aluminum hermetic lid and
pin hole was used as a reference. Samples were measured from 40°C to 250°C then cooled to —30
°C at 20 °C/min to erase thermal history then ramped at 10 °C/min from —30 °C to 250 °C. The T}
was obtained from the second trace. Thermogravimetric analysis was done on a TA instruments
SDT Q600. Samples were heated at 20 °C per minute to a maximum temperature of 600°C, under
a nitrogen atmosphere.
Mechanical testing

Dynamic mechanical thermal analysis was done on an Anton Paar Modular Compact Rheometer
302 fitted with an Anton Paar SRF-12 geometry and CTD 600 oven. Samples were measured
through 25-7; + 40 °C or 250 °C using a logarithmic strain of 0.01-0.1% at 1 Hz and a normal
force of —0.1 N. Regular dimensioned 25 x 10 x 3 mm (Length x width x height) bar type samples
were machined by the University of Victoria Science Machine Shop from reaction injection
molded rectangular plaques. Glass transition temperatures were obtained from the peak of the loss
factor and storage modulus at 25 °C or the closest next point. Tensile testing was performed using
an Admet MtestQuattro machine. ASTM Type V dog bone samples were machined by the
University of Victoria Science Machine Shop from reaction injection molded rectangular plaques.
The ends of the samples were fixed between the grips and subjected to a loading rate of 10
mm/min. Force-displacement curves were obtained and converted to stress-strain curves. Stress is
defined as the force on the cross-section area of the sample while strain represents the displacement

to the initial length of the specimen. Strain was obtained as recorded from the instrument. Young’s
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modulus was obtained from the slope of the linear region of the stress—strain curve. Modulus of
toughness was determined as the area under the stress—strain curve. Ultimate tensile strength was
determined from the maximum of the stress—strain curve.
Melting points

Melting points were taken on an SRS digimelt and a Gallenkamp melting point apparatus.
Swelling Experiments

Swelling experiments were performed by subjecting polymer chunks to high vacuum at 0.15
mmHg for 2 hours prior to weighing. Samples were weighed then submerged in 10 mL of either
methanol or toluene in a sealed vial. After the desired interval, samples were removed from the

solvent, dabbed dry and weighed. Samples were then placed back into the solvent.
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Air, hv

meso-TPP
Py.
DMAP
acetic anhydride
DCM

This compound was prepared as described in the literature.!”

MP: 54-59 °C. '"H NMR (300.27 MHz, Chloroform-d) & 7.38 (dd, J = 5.8, 2.6 Hz, 1H), 5.98 —
5.92 (m, 2H), 5.78 (dd, J=5.4, 2.9 Hz, 1H) 3.45 — 3.39 (m, 1H), 3.22 (br s, 1H), 2.97 (app s, 1H),
2.80 (appt,J=5.1, 1H), 1.76 (dd, J= 8.4, 1.0 Hz, 1H), 1.63 (d, J= 8.5 Hz, 1H). 3C NMR (125.81
MHz, Chloroform-d) 6 209.12, 163.79, 135.93, 131.76, 131.52, 51.84, 49.29, 47.36, 44.17, 43.28.

General reaction injection molding protocol

T —
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'/ Pop plate

Monomer(s) were melted together at ~60°C and Tri-n-butyl-phosphite inhibitor was mixed into
the liquid monomers. Grubbs 2™ generation catalyst was then added, and the mixture was

sonicated to obtain a homogenous resin. The resin was poured into an aluminum 3 piece mold
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through a plastic syringe until resin flowed back out through both sprue holes. The mold was
tapped, tilted, and rotated from side to side and end to end to ensure the removal of all air bubbles.
The mold was transferred to a 110°C oven and allowed to cure for 40 minutes.

a-Type reaction injection molding protocol

0:100 = a
ENB:DCPD

0.01 mol % GC2

DCPD

90:10 = 1a
80:20 = 2a 10-40% 60-90%
70:30 = 3a
60:40 = 4a
DCPD:oxaDCPD
0.01 mol % GC2

o
DCPD oxaDCPD

OxaDCPD (14.4091 g; 0.098 mol) and dicyclopentadiene (DCPD; 21.6284 g; 0.20 mol) were
melted together until liquid. Tri-n-butyl-phosphite (15.6 mg; 0.062 mmol) was mixed in as an
inhibitor. Grubbs 2" generation catalyst (GC2; 22.0 mg; 0.026 mmol; ~0.01 mol%) was then
added. The mixture was sonicated to obtain ~36 g of homogenous resin, 40% oxaDCPD by weight.
This procedure was repeated for all weight fractions of 0, 10, 20, and 30 weight % of oxaDCPD.
The resin was then injected through the barrel of a plastic syringe into a preheated (50 °C)
aluminum mold until resin emerged from the opposite sprue hole. The mold was then tilted and
tapped to ensure the removal of all air bubbles. The mold was transferred to a 110°C oven and

allowed to cure for 40 minutes.
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b-Type reaction injection molding protocol

5:95=b
, ENB:DCPD X Ph
0.01mol% GC2

ENB DCPD
5:95 by weight
solution
90:10 =1b
80:20 = 2b
70:30 = 3b \
60:40 = 4b 10-40% 60-90%
DCPD sol:oxaDCPD
+ + >
0.01 mol % GC2
(0]
ENB DCPD oxaDCPD
5:95 by weight

solution

DCPD (151.44 g; 1.14 mol) was melted and ethylidene norbornene (ENB; 7.97 g; 0.066 mol)
was added to obtain a liquid 95% DCPD, 5% ENB solution by weight. OxaDCPD (14.4159 g;
0.098 mol) was melted and added to a 21.6176 g aliquot of this solution. Tri-n-butyl-phosphite
(17.5 mg; 0.069 mmol) was mixed in as an inhibitor. Grubbs 2" generation catalyst (GC2; 21.5
mg; 0.025 mmol; ~0.01 mol%) was then added. The mixture was sonicated to obtain 36 g of
homogenous 40% oxaDCPD by weight resin. This procedure was repeated for all weight fractions
of 0, 10, 20, and 30 weight % of oxaDCPD. The resin was then injected through the barrel of a
plastic syringe into an aluminum mold until resin emerged from the opposite sprue hole. The mold
was then tilted and tapped to ensure the removal of all air bubbles. The mold was transferred to a

110°C oven and allowed to cure for 40 minutes.
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Chapter 4: A Straightforward and Rapid Method to Assess ROMP
Performance in Neat Thermosetting Resins

Benjamin Godwin', Dylan Bouetard’, Jakub Talcik’, Antonio Del Vecchio®, Fanny Morvan?,
Thierry Roisnel’, Marc Mauduit** and Jeremy Wulff*!
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synthesized and characterized by Dylan Bouetard at the University of Rennes under the
supervision of Prof. Marc Mauduit. Monomer synthesis, sample preparation, IR spectroscopy,
thermogravimetric analysis, differential scanning calorimetry, thermograms, and characterization
of reaction products were performed by Benjamin Godwin. Hardness testing was performed by
Ryan Mandau at the University of British Columbia, Okanagen Campus Survive and Thrive
Applied Research laboratory. The photoreactor was built by Sean Adams, Kody Matthews and
Chris Secord at the University of Victoria. Sample cutting was performed by Benjamin Godwin

with assistance from Chris Secord.
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4.1. Abstract
Polydicyclopentadiene (PDCPD) is a thermosetting material used to produce body panels for

industrial equipment and vehicles. PDCPD and other important thermosets are produced by direct
transformation of neat monomer (dicyclopentadiene) to solid polymer using a catalyst in a process
called reaction injection molding. As the polymerization and crosslinking are competitive the
polymerization process is therefore inherently challenging to study. In this work we develop a
laboratory-scale method that is high-throughput and low cost, and which enables the comparison
of initiators for ring opening metathesis polymerization. Additionally, the method enables the
prediction of both the mechanical and thermal properties of the final material.
4.2. Introduction

Polydicyclopentadiene (PDCPD) is an advanced engineering plastic that is commonly used in
the automotive and construction industries.!* Large and complex PDCPD parts are produced using
a process called reaction injection molding (RIM). In RIM, a one- or two-part resin consisting of
dicyclopentadiene (DCPD) monomer, various fillers (such as carbon black), additives (fire
suppressants), and catalyst (or cocatalysts) are injected into a low-pressure mold, commonly made
from aluminum, which is maintained at a moderate temperature (typically 70-100°C).! Upon
contact with the warm mold a highly exothermic ring opening metathesis polymerization (ROMP)
reaction occurs, forming the polymer and crosslinking it simultaneously in seconds (Figure 4.1).>
7 This exotherm commonly reaches temperature of 200°C or more. The entire RIM cycle including

injection, polymerization, and demolding typically takes around five minutes.'
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Figure 4.1. A: Ring strain contained in the norbornene fragment of various monomers generates

heat during ROMP, which drives RIM. B: Various crosslinking motifs of PDCPD driven by the
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exothermic polymerization. Note that the crosslinks are drawn on a single fragment for illustrative

purposes only. The typical crosslinking density of PDCPD is ~10%.

Using RIM, large parts (up to 100 kg) with varying thicknesses or geometries can be made easily
and quickly. RIM is also environmentally advantageous, since its quick cycle times and low input
temperatures significantly reduce energy consumption compared to other thermosets that require
high-temperature curing.! The mechanical and thermal properties of these parts and therefore the
utility is heavily dictated by the catalyst system used.® Indeed, the only major difference between
most commercial PDCPD is the catalyst system used, with tungsten and molybdenum systems
both in wide use.*® Ruthenium-based systems are also becoming more common, thanks to
significant research and development in the academic world.>3 10

Despite PDCPD’s widespread use in the automotive and construction sectors, the material has
struggled to breakout into new markets.! This is due to several key disadvantages mainly tied to
its lack of surface functionality.!!"!* PDCPD like most thermosets is not recyclable, though since
the DCPD monomer is a waste from the petrochemical industry, the polymer can be considered an
upcycled product even in its virgin form. The monomer is very odorous, and since polymerization
and crosslinking occur simultaneously any unreacted monomer ends up trapped in the polymer
matrix, giving the final product an unpleasant and persistent odor."'* PDCPD has no chemical
tunability and further, a very low surface energy. This low surface energy leads to a substantial
bottleneck in the manufacturing process, as manufacturers must wait for parts to autoxidize prior
to painting and bonding.! To address this, we and others have synthesized several functionalized
DCPD derivatives.>!” Our second-generation monomer, oxaDCPD, has proven amenable to

scale-up in the laboratory and the resulting polymer (oxaPDCPD) possesses excellent thermal and

mechanical properties that surpass those of regular PDCPD." In addition, oxaPDCPD has an
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immediately functionalized surface owing to the incorporation of a ketone functional group.'
However, this derivative and our previous generation ester-functionalized DCPD both show
reduced reactivity with the Grubbs second-generation initiator (GC2, 1).!%!” We therefore desired
to seek out a more productive catalyst.

This is not, however, straightforward. The desired product, a glassy macromolecule, is
completely insoluble in all solvents and is particularly prized for its resistance to chemical attack—
making characterization methods suitable for soluble materials impractical.®!>2*2! Soluble linear
and/or nearly linear polymerizations of DCPD with a variety of catalysts are known to proceed in
solution and are characterizable using conventional methods such as '"H NMR spectroscopy and
gel permeation chromatography (GPC). However, these solution state reactions are significantly
slower, taking the better part of an hour, and are conducted at low temperatures and low
concentrations as compared to RIM reactions.!!"'*222* These in solution reactions give products
whose mechanical and thermal properties do not reflect the those of the material made through the
neat reaction. Conventional methods for studying and comparing catalysts such as 'H NMR based
kinetics therefore do not reflect those occurring during commercial reaction injection molding and
must be considered fraught with assumptions.?!

This is recognized by industry, and commercially catalyst systems for RIM of PDCPD are tested
using thermograms, wherein a some resin is dispensed from the injector, and its reactivity is
tracked as a function of time, temperature, and sometimes viscosity.! We were interested if this
technique could be easily adapted to be rapid and lab-scale. Here we show a simple and rapid
method for benchmarking ROMP catalysts and predicting their material properties in DCPD-based

resin systems in the laboratory. We also show that the peak temperature obtained during the
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thermogram can be correlated to the glass transition temperature and mechanical properties of the
resulting material.
4.3. Results and Discussion

We tested three commercially available ruthenium initiators (Figure 4.2A, 1-3): the second and
third generation Grubbs catalysts (1 and 2) which are based on N-heterocyclic carbene (NHC)
ligands with N-mesityl substituents, and the first generation Hoveyda catalyst (3) which contains
a tricyclohexylphosphine ligand. We also tested seven prepared ruthenium initiators (Figure 4.2A,
4-10). Initiator S is a 3:7 ratio of bis-unsaturated unsymmetrical (u2)-NHC Ru-indenylidene and
tricyclohexylphosphine/(u2)-NHC Ru-indenylidene while initiator 4, 6-10 contain cyclic alkyl
amino carbenes (CAAC) ligands with various substituents.?>2° All initiators were then tested with
four unique monomer resins (Figure 4.2B, a—d), successfully manufacturing a total of thirty-one

novel materials of a possible forty-four.

124



A Catalyst Structures /—\ /—\
Mes Cy
[\ /o Ph T Ph

Mes/NTN\Mes Mes/NTN\Mes PCy, ‘ Ry _Ru‘
Ph/_ Ph/_ ' ’ PCys

PCy; Py
1 2

B Monomers & Monomer Solutions :C ROMP
Type A Type B Type C Type D ' Ru (1-10)
5 Resin __ 0.005-0.02 mol%
100 % 95 % 100 % 45% | PhCy
/"L,L o '
5% 50 % \ | l
of.
' R
O
% by weight 5% : el

Figure 4.2. A: Structurally diverse chemical structures of ruthenium initiators utilized in this

study. B: Monomers used to make up resins a—d. C: General ROMP reaction.

We compared initiators by simulating RIM with common laboratory equipment (Figure 4.3).

We opted to use an oil bath heated to 90°C combined with a glass vial to act as a preheated mold.
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The vial containing the liquified monomers was rapidly inserted into the oil bath once the catalyst
was injected and well mixed to simulate the rapid injection of a live resin into a mold. The
subsequent reaction was monitored using a thermocouple inserted in the vial and coupled to a low-
cost datalogger. Rapid mixing of the catalyst into the resin mixture was facilitated by utilizing
phenyl cyclohexane to dissolve the catalyst beforehand. This allowed for quick and repeatable
dosing, and it has been previously shown to be an acceptable additive for the neat polymerization

of DCPD with a wide range of ruthenium-based catalysts.®
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Figure 4.3. A: Block diagram of a reaction injection molding system. B: Simulated reaction
injection molding setup for high-throughput laboratory testing. C: Representative thermograms

obtained from datalogger. Thermograms obtained with resin b and 0.005 mol% initiator.
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In contrast to previous work done on neat thermosetting systems — including prior research
from our own group — we elected not to use inhibitors in our resin compositions.®!%-!
We began by testing initiators 1-10 at loadings of 0.005 mol% in resins a and b. These experiments
showed large variations in peak temperature (7,k) as shown in Figure 4.4. The highest Tk of all
initiators tested was observed for initiator 5 in resin b. Initiator 1 generated consistent, high 7k
values for all resin systems used. Interestingly in resin a initiator 5 was outperformed by initiators
1, 6 and 7 which had all produced higher T,k values. We noted that for the CAAC based initiators
(4, 6-10) as the steric bulk of the substituents on the CAAC ligand decreased, the reactivity of the
initiators generally increased. Notably, initiators 8 and 9 both reacted nearly instantaneously with
resins a and b (see Figure C29, C30), producing depressed 7pk values as the catalyst solution did
not have time to fully mix with the monomer resin. As the initiator reacted with less resin than was
available due to the speed of initiation, these 7,k values reflect a lower reaction scale than was
intended and are thus suppressed. Similarly, initiator 2 (Grubbs 3™ generation catalyst), widely
known for fast-initiating catalysis, also reacted nearly instantly, but owing to the decreased
viscosity of resin b, was able to fully mix in this resin.’® In contrast, initiator 4, which only

produced a polymeric gel with resins a and b, with its rigid and bulky adamantane substitutes never

exceeded the bath temperature.
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Figure 4.4. Peak temperatures achieved during simulated RIM by various initiators in different
resin types at 90°C. Reactions that failed to produce exotherms above 90°C (black line) did not
exceed the bath temperature. See Figure C22—C32 for complete thermograms of each catalyst and
resin combination, and of ¢ at 0.005 mol% and controls. Error bars represent standard deviation of

n = 3 replicates.

Resin ¢ was also tested at 0.005 mol% loading initially. However, the peak temperature was
consistently that of the bath temperature and no glassy products were observed for any of the
initiators used (see Figure 4.3C, (black trace) and Figures C16, C21, C23 and C24). We therefore

opted to increase the catalyst loading to 0.02 mol% which resulted in the observation of satisfactory
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exotherms (see Figure 4.4 and Figures C27 and C31). We also prepared a mixed resin (d)
consisting of 5% ethylidene norbornene (ENB), 45% DCPD, and 50% oxaDCPD by weight which
also produced satisfactory exotherms at 0.02 mol% loading (see Figure 4.4 and Figures C28 and
C32). It is important to note that the most active initiator is not necessarily the best for RIM. If the
reaction occurs too quickly the resin will not completely fill the mold, and the part will be
defective. To this end, the particularly reactive initiators 2 and 8—which are not suitable for RIM
with resins a and b—synergize well with the inhibitory effect of oxaDCPD-containing resins ¢
and d, leading to significantly higher 7px values. Unsurprisingly, initiators that showed latent
activity with resins a and b did not work at all with resins ¢ and d. This is presumably due to

chelation and inhibition of the catalyst by the carbonyl (Figure 4.5A).%!

non-canonical
hydrogen bond
crosslink

Figure 4.5. A: Proposed chelation and inhibition caused by inclusion of oxygen in DCPD
monomers. B: Non-canonical hydrogen bonding between a lone pair on the carbonyl and the beta

hydrogen of an adjacent enone. Both inter- and intra-chain interactions are believed to occur.
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The carbene fragment type of the initiator did not seem to affect 7pk. Benzylidene, benzylidene
chelates and indenylidene carbene based initiators were all shown to be capable of producing high

Tyk values; however, the worst-performing initiators were based on benzylidene chelates.

Smoke time (SMT) is a parameter used in industry to verify reactivity and useability of resins.
It is defined as the time between the completion of resin injection and the appearance of smoke
(generated by the heat of the exotherm) at a specified temperature.! This differs from the
commonly measured pot-life—which is similar to the ETA-1000 (time taken to reach a viscosity
of 1000 mPa.s) value measured in industry—which measures the amount of time required to
critical chain entanglement wherein the resin will not flow. 319202132 Op the other hand, SMTog
measures the time required to complete the exothermic reaction.! We approximated the smoke
time of the various resin and catalysts combinations at 90°C (SMTyo) as the time from the start of
the thermogram to the peak of the exotherm (Figure 4.3C). The observed smoke times are shown

in Figure 4.6.

131



360 —

[ a (0.005 mol%)
1 b(0.005 mol%)
T c (0.02 mol%)
[_1d (0.02 mol%)
300 —
T
240 —
0
pY .
£
[
o 180 —
v
]
=
& o
120 —
60 —
*%*k k% n3 %
0 - I

1 2 3 4 5 6 7 8 9 10
Catalyst

Figure 4.6. Smoke times at 90°C achieved during simulated RIM by various initiators in different
resin types. Reactions that failed to produce distinct, exotherms are shown as *. Smoke times at
90°C (SMTyo) were approximated as the time from the start of the thermogram to peak of the
exotherm. See Figure C22—-C32 for complete thermograms of each catalyst and resin combination,

and of ¢ at 0.005 mol% and controls. Error bars represent standard deviation of n = 3 replicates.

In general, the presence of a benzylidene chelate type carbene resulted in a longer SMToo.
However, the shortest observed SMToo was observed with initiator 8 in resins a and b followed by
the fast initiating 2. There was no well-defined correlation between Tpk and SMToo. For example,

initiators 6 and 7 both produced similar 7pk values to initiators 1 and 5 in resin a and b but the
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former had much longer SMTyo values. Interestingly, with resins ¢ and d SMTyy increased
disproportionally for initiators with benzylidene chelate based carbenes as compared to those with
indenylidene or non-chelating benzylidene. This is likely due to the replacement of a ligand
(phosphine or pyridine) capable of reversibly interacting with the catalyst by the chelating oxygen
on the benzylidene fragment, thus making the active catalyst more prone to chelation by the
carbonyl containing substrate in resins ¢ and b. As in previous reports, the indenylidene based
initiator (5) required longer heating, and thus had a longer SMTog then the comparable benzylidene

based initiator (1).2

To investigate the quality of our materials, we performed differential scanning calorimetry to
assess the glass transition temperature (7). A sharp exotherm is consistent with a high 7}, value.
This steep exotherm is correlated with a consistent temperature of catalysis and with competitive
crosslinking and polymerization, which ensures complete curing of the polymer matrix.® As shown
in Figure 4.7, we observe strong a monotonic relationship between the 7,k and the 7 of the material
produced. This is true regardless of the reaction time, as even in the case of initiators 3 and 4 where
the reactions were allowed to run for a full 5 minutes—as opposed to initiators that quickly
produced sharp exotherms such as 1 and 5 where the total reaction time was ca. 2 minutes—the 7
values are markedly lower. See the SI for full experimental parameters and reaction cutoffs.
Initiator 1 produced the highest 7§ values for resin a while also recording the highest 7pk. In resin
b, initiator 5 produced the highest exotherm by a small margin and the resulting 7§ is also the
highest. In catalytic systems utilizing resin d, initiators 1, 2, 5 and 8 all produced similar 7k values,

however the T values are scattered.
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Figure 4.7. A: Tk vs T of resin a, with a Spearman’s rank correlation coefficient (p) = 0.90. B:

Tok vs Tgof resin b, p = 0.68. C: Tpk vs Tg of resin ¢, p=0.95. D: Tpk vs Tgofresind, p=0.87. Tg

values shown for n =1 of initiator/resin combinations that produced material suitable for analysis.

It is likely that the catalyst also plays a role in determining the specific properties of the material,

perhaps by dictating polymer microstructure. Materials made using resin ¢ and to some extent resin

d displayed higher T values relative to 7pk than resin a and b. This is likely due to the presence of

inter- and intra-molecular non-canonical hydrogen bonding interactions between B-hydrogen and
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carbonyl of an adjacent residue (Figure 4.5B), as well as other polar interactions such as dipole-
dipole and dipole-induced dipole interactions.'®**> The presence of these extra pseudo-crosslinks
and strong molecular forces give ¢ and b resin based materials makes up for a lower covalent
crosslink density caused by lower Tpk values.

The mechanical properties of a material are directly related to its 7. To show this we assessed
the mechanical properties of our materials using Vickers Hardness (VH) testing. Hardness testing
is an advantageous mechanical test for small scale laboratory measurements as it can be performed
quickly using a very small amount of material. Additionally, no special sample geometry is
required, and the test is non-destructive.’® Further, as hardness is a measure of a materials
resistance to plastic deformation as is tensile strength, the tensile strength may be estimated (Table
C7).253% Some reactions that produced samples that were suitable for analysis by DSC—such as
those produced by initiators 3 and 9 in resins a and b— produced materials that were too rubbery
to test using Vickers Hardness and are thus excluded from this analysis. Material S¢ was too
rubbery for the VH test and materials 3d, 6d, and 7d were likewise too soft to provide quality data.
Figure 4.8 shows the results of the VH testing displayed in MPa (see Table C5 for HV1 values).
A strong monotonic relationship was observed between 7,k and the hardness of the material made
from resins a, ¢, and d. For resin b the relationship was weaker, but there was still a positive
correlation between 7Tpk and hardness. Materials made from resin ¢ had generally lower hardness
values, while resins a, b, and d were quite similar. It is likely that the hardness measurements were

adversely affected by the inclusion of phenyl cyclohexane as a solubilizing agent for the catalyst.
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Figure 4.8. Vickers Hardness (VH) in MPa A: Tk vs VH of resin a, p = 0.6. B: Tk vs VH of resin
b, p=0.2. C: Tpx vs VH of resin ¢, p = 0.9. D: Ty vs VH of resin d, p = 0.77. VH values shown
for n = 3 of initiator/resin combinations that produced material suitable for analysis.
4.4. Conclusion

We have developed a simple and rapid method for screening ROMP initiators in neat
thermosetting resins. Using this method, we screened forty-four different resin and initiator
combinations. Remarkably, the glass transition temperatures and by extension mechanical

properties are generally predicted by the peak temperature reached during the model RIM reaction.
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This work will allow researchers to quickly and cheaply screen metathesis catalysts and resins to

develop robust thermosetting materials.

4.5. Methods

Materials

Unless indicated otherwise, all reactions were performed under inert atmosphere using Schlenk
line techniques. Reactions at elevated temperature were maintained by thermostatically controlled
oil-bath. Tetrahydrofuran, toluene, dichloromethane, and diethyl ether were purified using
MBraun MB-SPS-5 Solvent Purification System for the synthesis of initiators. Other solvents used
for the synthesis of initiators were distilled over Sodium/Benzophenone or Calcium hydride. Silica
gel chromatography was performed with Sigma-Aldrich’s silica gel high-purity grade, pore size
60 A, 230-400 mesh particle size, 40-63 um particle size. Reactions were monitored by thin-layer
chromatography carried out on silica gel plates (60F254) using UV light as visualizing agent and
by staining with KMnOs. Initiator 1 was obtained from Chem-Impex. Initiator 3 was obtained from
Catapower.
Spectroscopy

'H, and "*C NMR spectra were aquired using a 300, 400, and 500 MHz Bruker instruments 'H
(300.27 MHz), '3C (75.51 MHz) or 'H (400 MHz), '3C (101 MHz), or 'H (500.27 MHz), '3C
(125.81 MHz). '°F, *'P, and ''B NMR spectra were acquired on a 400 MHz Bruker instrument, '°F
(376 MHz), 3'P (162 MHz), ''B (128 MHz). Data were processed using MestReNova. Chemicals
shifts were reported relative to residual solvent peaks (CDCls = 7.26 ppm for 'H and 77.2 ppm for
13C; CD2Cl = 5.32 ppm for 'H and 53.84 ppm for 1*C); '°F chemical shifts are reported with CFCls
(8 = 0.0 ppm) as the internal standard; 3'P chemical shifts are reported with H;PO4 (8 = 0.0 ppm)
as the internal standard; !'B chemical shifts are reported with BF3.Et,0 (8 = 0.0 ppm) as the internal

standard. Coupling constants are reported in Hertz (Hz). Abbreviations are used as follows: s =
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singlet, d = doublet, t = triplet, q = quartet, p = pentuplet, quint = quintet, sext = sextet, sept =
septet, h = heptet, m = multiplet, dd = doublet of doublets, ddd = doublet of doublets of doublets,
dddd = doublet of doublets of doublets of doublets dt = doublet of triplets, dq = doublet of quartets,
td = triplet of doublet, dtd = doublet of triplet of doublets, pd = pentuplet of doublets, qd = quartet
of doublets, br = broad, app = apparent. Mass spectrometric analyses were performed at Centre
Régional de Mesures Physiques de 1’Ouest. IR spectra were recorded using an Agilent Cary 630
FTIR spectrometer with diamond ATIR attachment. Samples were measured as solids and pressed
into the crystal using the supplied press.
Melting point

Melting points were taken on an SRS digimelt melting point apparatus.
Thermal Characterization

Differential scanning calorimetry samples were run on a TA instruments DSC25 using TZero
aluminum DSC pans with hermetic lid. A pin-hole was added for solid samples using the tip of a
21 ' gauge needle. An empty TZero aluminum DSC pan with TZero aluminum hermetic lid and
pin hole was used as a reference. Samples were measured from 40°C to 250°C then cooled to —50
°C at 20 °C/min to erase thermal history then ramped at 10 °C/min from —30 °C to 250 °C. The T}
was obtained from the second trace. Thermogravimetric analysis was done on a TA instruments
SDT Q600. Samples were heated at 20 °C per minute to a maximum temperature of 600°C, under

a nitrogen atmosphere.
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Mechanical testing

Vickers microhardness testing was performed using a Buehler Wilson VH 3100 instrument with
a Vickers diamond-shaped indenter using a dwell time of 10 seconds and a 1 kg load.
Thermograms

Thermograms were recorded using a 373 K/J Thermometer Data Logger PB01-0043 and utilized
the provided EnviromentalTester PC interface software and disposable k-type thermocouples.
Data were subsequently processed using Excel.

Crystallography

Data were collected on a D8 Venture (Bruker-AXS) diffractometer equipped with a CMOS-
PHOTON 70 detector using Mo-K, radiation (0.71073 A) at T =150 K.

Crystal structure was solved by dual-space algorithm using SHELXT program*’, and then
refined with full-matrix least-squares methods based on F?> (SHELXL program*’). All non-
Hydrogen atoms were refined with anisotropic atomic displacement parameters. H atoms were
finally included in their calculated positions and treated as riding on their parent atom with
constrained thermal parameters. A final refinement on F* with 7260 unique intensities and 393
parameters converged at ®R(F?) = 0.2075 (RF = 0.0723) for 6064 observed reflections with I >
20(D).

The CIF files of 4 have been deposited with CCDC numbers: 237148.

Resin Formulations Catalyst Stock Solution, and Thermogram Sample Preparation

Resin compositions are described in Table S4.2. Type-a resin used dicyclopentadiene (DCPD)
as received from Millipore Sigma. Type-b resin was prepared by melting 95.0674 g (0.7191 mol)
DCPD and adding 5.0040 g (0.0416 mol) ethylidene norbornene (ENB). Type-c resin used neat

oxaDCPD as synthesized under “synthesis of monomer”.!” Type-d resin was prepared by melting
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48.6321 g (0.3678 mol) DCPD and 54.0232 g (0.3695 mol) oxaDCPD together, and then adding
5.4070 g (0.0449 mol) ENB. Samples for thermograms were prepared by adding 3 g of resin a, b,
c or d (Table S4.2) to a 1-dram glass snap cap vial.

Catalyst stock solutions were prepared such that the amount of catalyst delivered in 70 pL of
stock solution was 0.005 mol% (resin-a, b) or 0.02 mol% (resin-c, d) relative to 3 g of the
respective monomer. Catalyst (masses described in Table S4.3) was added to a 1-dram glass vial
and sonicated to dissolution in the corresponding amount of phenyl cyclohexane (PhCy) (volume
described in Table S4.3). Stock solutions were used immediately upon preparation.

Thermograms

Ambient / g '
and %
bath thermocouples F oG

Resin thermocouple

3 g sample of resin

Oi1l bath heated to 90°C

An oil bath was preheated to 90 °C for catalysts 1-10. To ensure rapid mixing of the catalysts,
the resins were melted into a liquid prior to initiating the measurement. Type-a resins were heated
to 40 °C to melt the monomer. Type-b resins required no initial heating. Type-c resins were heated

to 70 °C to melt the monomer. Type-d resins were heated to 30 °C to melt the monomer mixture.
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A k-type thermocouple was then inserted into a 1-dram vial containing 3 g of melted resin. An
Eppendorf pipette was then used to inject 70 puL of resin, and the tip was used to vigorously stir
the vial for 3 seconds. The vial, now containing the active resin and thermocouple, was then rapidly
lowered into the hot oil bath. The reaction temperature was monitored and logged using the 373
K/J thermometer data logger and EnviromentalTester PC interface. The vial was removed from
the bath after it had cooled 20 °C from its peak temperature or after 5 minutes, whichever occurred
first. The vial and contents were allowed to cool by standing, after which the outside of the vial
was wiped to remove residual oil, and the sample was cataloged for analysis.

Table S4.1. Catalyst numbers, names, and corresponding molar mass.

Catalyst number Catalyst name Molar mass
1 Grubbs Catalyst 2nd Generation 848.98
2 Grubbs Catalyst 3rd Generation 727.76
3 Hoveyda-Grubbs Catalyst 1st 600.61

Generation
4 FMO-316 703.75
5 Ratio Mono/BisIMesC6 7/3 907.744
6 DYB-749 667.72
7 DYB-751 645.71
8 DYB-753 639.67
9 DYB-755 639.67
10 DYB-761 645.71

Table S4.2. Resin formulations used for catalyst testing.

Resin type DCPD (% mass) ENB (% mass) oxaDCPD (% mass)
a 100 0 0
b 95 5 0
c 0 0 100
d 45 5 0
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Table S4.3. Sample of masses of catalysts used for each resin. Amount of phenyl cyclohexane

(PhCy) used to make the stock solution is given in uL in brackets.

Catalyst Mass of Mass of Mass of Mass of Mass of
Catalyst (mg) | Catalyst (mg) | Catalyst (mg) | Catalyst (mg) | Catalyst (mQ)
(Volume of (Volume of (Volume of (Volume of (Volume of
PhCy (uL)) for | PhCy (uL)) for | PhCy (uL)) for | PhCy (uL)) for | PhCy (uL)) for
type-a [0.005 | type-b [0.005 | type-c [0.005 type-c [0.02 type-d [0.02
mol%] mol%)] mol%] mol%] mol%)]
1 9.7 (700) 9.7 (700) 4.4 (350) 17.6 (350) 18.2 (350)
2 4.2 (350) 4.1 (350) 3.7 (350) 15.3 (350) 15.9 (350)
3 3.3(350) 6.9 (700) 3.6 (350) 12.3 (350) 12.8 (350)
4 4.1 (350) 4.0 (350) 3.6 (350) 14.1 (350) 15.0 (350)
5 5.3 (350) 5.2 (350) 4.7 (350) 18.6 (350) 20.0 (350)
6 3.9 (350) 3.8 (350) 3.5 (350) 13.4 (350) 14.9 (350)
7 3.8 (350) 3.7 (350) 3.4 (350) 13.4 (350) 14.0 (350)
8 3.5 (350) 3.6 (350) 3.1 (350) 13.2 (350) 14.0 (350)
9 3.6 (350) 3.6 (350) 3.2 (350) 13.4 (350) 13.5 (350)
10 3.8 (350) 3.7 (350) 3.3 (350) 13.2 (350) 13.8 (350)

Synthesis of Monomer

Air, hv

Y

meso-TPP
Py.
DMAP

acetic anhydride

DCM

OxaDCPD was prepared as described in the literature.!® For catalyst testing, 89.37 g (0.61 mol)

oxaDCPD was dissolved in 190 mL of pentane. After 24 hours at —20°C, 70.18 g (0.48 mol)

oxaDCPD was isolated via vacuum filtration as a white crystalline solid (79% recrystallized yield).

MP: 54-59 °C. 'H NMR (300.27 MHz, Chloroform-d) § 7.38 (dd, J=5.8, 2.6 Hz, 1H), 5.98 — 5.92

(m, 2H), 5.78 (dd, J=5.4,2.9 Hz, 1H) 3.45 - 3.39 (m, 1H), 3.22 (br s, 1H), 2.97 (app s, 1H), 2.80

(app t,J=5.1, 1H), 1.76 (dd, J = 8.4, 1.0 Hz, 1H), 1.63 (d, J = 8.5 Hz, 1H). 3C NMR (125.81

MHz, Chloroform-d) § 209.12, 163.79, 135.93, 131.76, 131.52, 51.84, 49.29, 47.36, 44.17, 43.28.
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Synthesis of CAAC Precursors

@ BF4 @ BF4 @ BF4
CAAC-a CAAC-b CAAC-c
b( @\ ° ﬁ
@ BF4 ©BF, ©BF,
CAAC-d CAAC-e CAAC-f

CAAC-a,*' b,* ¢,*? and d,?’ are known compounds. CAAC-e and f were synthesized according
to literature procedures.**** Prior to use, CAAC salts were dried under high vacuum at 90°C
overnight and stored in a glove box.

CAAC-e was synthesized from the cyclooctanecarbaldehyde and 2-

@

N

@\ isopropyl-6-methylaniline according to the literature procedure (method
OBF,

Chemical Formula: C3HseBF,N  B) and obtained as a white powder with an overall yield of 7%.*
Molecular Weight: 413,35

'H NMR (400 MHz, CDCl3): 8 (ppm) = 9.00 (s, 1H), 7.41 (t, J = 7.7 Hz,
1H), 7.30 (dd, J = 8.0, 1.5 Hz, 1H), 7.21 (dd, ] = 7.7, 1.4 Hz, 1H), 2.62 (hept, J = 6.7 Hz, 1H), 2.45
_2.42 (m, 1H), 2.37 — 2.33 (m, 1H), 2.28 (s, 3H), 2.23 — 2.12 (m, 1H), 1.87 (qd, J = 9.5, 5.9 Hz,
4H), 175 — 1.57 (m, 6H), 1.62 — 151 (m, 9H), 1.33 (d, J = 6.7 Hz, 3H), 1.09 (d, J = 6.8 Hz, 3H).
3C NMR (101 MHz, CDCls): & (ppm) = 191.3, 144.6, 133.9, 131.4, 130.8, 130.2, 125.0, 83.5,
55.5,46.9,34.0,32.7,29.7,29.2,28.2,27.7,27.6,26.0, 24.3,22.4,22.3,22.0, 19.5. ’F NMR (376
MHz, CDCl;): § (ppm) = -151.8, -151.9. ''B NMR (128 MHz, CDCIl3): é (ppm) = -1.07. HRMS

(ESI) for C23 H3s N (M"): calc.: 326.28423, found: 326.2840 (1 ppm).
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ﬁ CAAC-f was synthesized from the 2,2-diphenylacetaldehyde and the
Ph
NS

®
@/ N I-adamantylamine according to the literature procedure and obtained as
BF,

Chemical Formula: CogH34BFsN  a white powder with an overall yield of 41%.**

Molecular Weight: 471,39
"H NMR (400 MHz, CD,Cl,): & (ppm) = & 9.48 (s, 1H), 7.45 — 7.40 (m, 4H), 7.36 — 7.32 (m, 2H),
7.29 —7.25 (m, 4H), 3.08 (s, 2H), 2.33 (s, 9H), 1.77 (m, 6H), 1.71 (s, 6H).
3C NMR (101 MHz, CD,Cl): & (ppm) = 181.2, 140.7, 130.2, 128.9, 127.2, 83.1, 72.0, 60.5, 52.4,
43.2, 35.1, 30.5, 29.4. 'F NMR (376 MHz, CD2Cl,): § (ppm) = -151.3, -151.4. '"B NMR (128
MHz, CD>Cl): 8 (ppm) = -1.00. HRMS (ESI) for C2s H3zs N (M™): calc.: 384.26858, found:

384.2684 (0 ppm).
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General Procedure for the Synthesis of CAAC-Ruthenium Complexes

Complexes 2,°° 5,26, 7, 8* and 9%° were synthesized according to the literature conditions.

Y

N-
1) KHMDS (1.7 equiv.), N RS R3
--Ry THF, rt, 5 min
’ N CI/
/®\R3

“_.R; O 2) HG-I (1.0 equiv.), rt CI,R:U—
BF, |
o)
CAAC iPr/
(1.5 equiv.)

In a glovebox, CAAC salt (1.5 equiv.) and KHMDS (1.6 or 1.7 equiv.) were dissolved in
dry/degassed solvent (0.067 or 0.1 M). The mixture was stirred at room temperature for 5 minutes.
After this time, Hoveyda-Grubbs I complex (1.0 equiv.) was added and the resulting solution was
stirred at rt the indicated time in the glovebox. THF was removed under reduced pressure and the
crude product was purified by column chromatography (eluent toluene). The obtained solid was
dissolved in a minimum amount of dichloromethane and precipitated in pentane.

The general procedure for ruthenium complex synthesis was

@N :hh followed using CAAC-f (177 mg, 0.375 mmol, 1.5 equiv.),
CCI:I,/REU— potassium bis(trimethylsilyl)amide, (80 mg, 0.40 mmol, 1.6
iPr/é:@ equiv.), Hoveyda-Grubbs I complex (150 mg, 0.25 mmol, 1
Chem,\i,,coall;&rar?Kj,{,ae:igﬁg:i‘gg |722‘ ORu equiv.) and toluene (2.5 mL). The reaction was stirred 16 hours

at room temperature. The desired ruthenium-complex 4 (98 mg, 0.14 mmol, 56% yield) was
obtained as a green solid.
"H NMR (400 MHz, CDCls): & (ppm) = 17.97 (d, ] = 0.8 Hz, 1H), 7.74 — 7.66 (m, 4H), 7.50 (ddd,

J=8.4,72, 1.8 Hz, 1H), 7.29 — 7.26 (m, 3H), 7.25- 7.19 (m, 3H), 6.93 (d, J = 8.5 Hz, 1H), 6.84
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—6.70 (m, 2H), 5.07 (p, J = 6.1 Hz, 1H), 3.11 (s, 6H), 2.77 (s, 2H), 2.45 (s, 3H), 2.04 (d, ] = 12.3
Hz, 3H), 1.79 (d, J = 12.3 Hz, 3H), 1.69 (d, ] = 6.2 Hz, 6H), 1.45 (s, 6H). '*C NMR (101 MHz,
CDCl3): 6 (ppm) = 314.9 - 314.6 (1C), 268.2, 153.8, 146.3, 143.9, 132.3, 130.1, 127.8, 126.7,
124.4,121.9,113.4,74.6, 74.2,72.2, 66.1, 60.7, 43.7, 35.7, 31.9, 31.0, 22.6. HRMS (ESI) for Csg
Has N O 33Cl, '2Ru (M™): calc.: 703.19162, found: 703.1918 (0 ppm). X-ray diffraction: Crystals
of the complex were grown by slow diffusion of n-hexane into dichloromethane.

The general procedure for ruthenium complex synthesis was

N o followed using CAAC-e (186 mg, 0.45 mmol, 1.5 equiv.),
Cl,

- Ru= potassium bis(trimethylsilyl)amide, (102 mg, 0.51 mmol, 1.7
”P/Oi@ equiv.), Hoveyda-Grubbs I complex (180 mg, 0.30 mmol, 1.0

Chemical Formula: C33H,;7CI,NORu - equiv.) and THF (4.5 mL). The reaction was stirred 18 hours at
Molecular Weight: 645,71

room temperature. The desired ruthenium-complex (123 mg,
0.19 mmol, 63% yield) 10 was obtained as a green solid.
'"H NMR (400 MHz, CD,Cl,): § (ppm) = 16.45 (s, 1H), 7.62 — 7.44 (m, 3H), 7.29 (dd, ] = 7.4, 1.7
Hz, 1H), 6.99 (d, J = 8.4 Hz, 1H), 6.90 (t, J = 7.4 Hz, 1H), 6.83 (dd, J = 7.6, 1.8 Hz, 1H), 5.18 —
5.04 (m, 1H), 3.16 (tdd, J = 15.0, 9.6, 2.1 Hz, 2H), 2.97 — 2.86 (m, 1H), 2.45 — 2.35 (m, 1H), 2.33
—2.25 (m, 1H), 2.25 — 2.17 (m, 5H), 2.15 — 2.04 (m, 2H), 2.00 — 1.75 (m, 6H), 1.74 — 1.62 (m,
8H), 1.36 (s, 3H), 1.30 — 1.28 (m, 6H), 0.67 (d, ] = 6.3 Hz, 3H). 3C NMR (101 MHz, CD,Cl): §
(ppm) = 302.0 - 301.9 (1C), 268.0, 152.6, 148.7, 144.4, 139.3, 138.3, 131.4, 130.0, 129.4, 126.1,
124.4,122.3,113.7,77.9, 74.9, 66.5, 46.7, 33.5, 32.6, 30.1, 29.2, 29.0, 28.8, 28.7, 27.0, 26.8, 26.5,

25.5, 24.3, 22.6, 22.4, 21.7. HRMS (ESI) for C33 Hs7 N O **Cl> '®Ru (M"): calc.: 645.20727,

found: 645.2077 (1 ppm).
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Chapter 5: Do Research Outcomes in Materials Science have Real World
Benefits?

Benjamin Godwin, Kate Withers Hess, Wesley Kosiba, and Jeremy Wulff
This market research study was conducted at the University of Toronto Metropolitan
University as part of a Natural Sciences and Engineering Research Council of Canada Lab to

Market grant.

5.0. Contributions

Stakeholder interviews, script drafts and data analysis were done by Benjamin Godwin.
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5.1. Abstract
Polydicyclopentadiene (PDCPD) is an industrially relevant engineering plastic made through

ring-opening metathesis polymerization. Despite being a niche material largely relegated to the
production of body panels, there has been a spate of high-impact research into
polydicyclopentadiene (PDCPD). In this study, we investigate the unmet needs of the PDCPD
industry and the most likely path to commercialization for new PDCPD technologies.
5.2. Introduction

Polydicyclopentadiene (PDCPD) is a lightweight thermoset material with excellent mechanical
and thermal properties produced through reaction injection molding (RIM). PDCPD is used
industrially to make body panels for the auto sector primarily for heavy duty vehicles such as
construction or agricultural equipment.! However, the broader application of PDCPD across
industry, particularly in aerospace where other thermosets are widely used, has largely been
limited. There has been substantial research investment into PDCPD (Figure 5.1). PDCPD has
been investigated for its ballistic performance by both the Canadian—by us, as part of an
Innovation for Defence and Excellence and Security (IDEaS) program—and American
militaries.” ® Significant efforts have been made to upgrade its mechanical and thermal properties
through a variety of different strategies, such as copolymerization.”!! Functionalized PDCPD
materials have also been developed to improve the mechanical and thermal properties, or allow
PDCPD to be a functional material with tunable properties and active surface control.®!2-1¢
Research has shown that frontal ring opening polymerization reactions can be used to produce
large PDCPD parts from a point heat source, significantly reducing the energy required for

manufacturing.!”2°
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Figure 5.1. Select areas of academic research into PDCPD.

PDCPD can be made into a recyclable thermoset, through the incorporation of dynamic
boronic ester bonds, or through the installation of cleavable silyl ether.?!>* There is ongoing
work to show that with simple chemical modifications glass and carbon fibers can be used to
make impressive composite materials.?> Despite this work there has been little deviation from the
status quo in the PDCPD industry, with body panels for the auto industry continuing to dominate
the market.! We were interested in determining the commercial viability of our functionalized
PDCPD, polydicyclopentadienone (oxaPDCPD), and in determining firsthand what problems the
PDCPD industry is facing.!* Additionally, we were interested in what markets are most likely to

be the early adopters of new PDCPD technology. We participated in a Natural Sciences and
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Engineering Research Council of Canada (NSERC) Lab to Market (L2M) grant at the Toronto

Metropolitan University and conducted primary market research to assess this.

5.3. Results and Discussion

We initially hypothesized that the use of PDCPD was largely limited due to some inherent key
disadvantages. PDCPD lacks chemically modifiable groups (functional groups) on its surface,
which limits the tunability of its properties.'>!*!>1® Additionally, with ongoing advances in
technology towards functional materials, we thought that making smart, structural materials
through functional PDCPD polymers would be desirable.?®?” The lack of functional groups also
results in a low surface energy which makes the application of paints and adhesives challenging
without first preparing or aging the surface.”!*!*> We hypothesized that this would reduce
manufacturing times and be a key pain point that industry would want addressed.! Additionally,
the manufacturing of composite materials, which are heavily utilized in the aerospace industry, is
challenging since most fiber reinforcements are designed to work with polar, functional group-
decorated polymers such as epoxies and polyesters.’® 3> We anticipated that fiber reinforcement
would be desirable to industry. In the same vein, we thought that general improvements to both
mechanical strength and thermal properties would also be desired. PDCPD has a characteristic
unpleasant odor that results from unreacted monomer (dicyclopentadiene (DCPD)), which
prevents its use indoors, as this odor is perceptible at the ppb level."''® We thought that by
eliminating the odor, PDCPD could be expanded to interior applications instead of just exterior
body panels. Additionally, since thermosets in general are not recyclable and there is a trend
towards sustainable and circular economies in polymer and material science, we anticipated that

reducing the environmental impact of PDCPD would be desirable.>*3¢
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Primary market research was conducted in the form of fifteen stakeholder interviews as part of
the NSERC L2M grant at Toronto Metropolitan University. Stakeholder interviews were
conducted using scripts (see Appendix D) to ensure consistency. The interviews were
approximately 40 minutes long and notes were taken during each interview. Stakeholders were
contacted through email, phone, LinkedIn and in person. The data were then analyzed for
keywords and patterns. Market research insights were derived by filtering for the keywords. We
interviewed a diverse group of individuals from all aspects of the PDCPD industry, as well as

individuals adjacent to the PDCPD industry who may participate in the future (Figure 5.2).

Who did we talk to?

= Aerospace = Materials = PDCPD Consulting = Defense

Figure 5.2. Breakdown of participants from broadly defined customer and industry segments.

In our initial interviews, we found that the ability to successfully incorporate fiber
reinforcements into PDCPD or any material was the most important new development (Figure
5.3). It was of special importance that the materials be compatible with existing fiber

reinforcements, as opposed to fibers that were made compatible with the matrix. This was
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reinforced by conversations with the fiber industry; we were informed that there was not the
manufacturing bandwidth to make specialty fibers for niche materials. Multiple participants stated
that PDCPD composites, while costly, could do very well in high-performance materials markets
such as defence. We also found that in some marine markets, materials without fiber reinforcement
were automatically rejected due to durability concerns. Interestingly, most stakeholders did not
identify improved mechanical or thermal properties of the material as a desired improvement
(Figure 5.3). Though we did learn that the increase in mechanical strength of unreinforced material
would need to be approximately double the current value to be relevant, and if that were
achievable, it would be desired.

The odor of PDCPD was not a serious concern for most stakeholders. According to our
respondents, improvements in the polymerization process eliminate nearly all the odorous
monomer, and any odor that remains can be dealt with in a post-curing process. However, we did

learn that some stakeholders had lost customers owing to the reputation of the material for odor.
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Figure 5.3. Responses to our hypothesis. Positive responses are shown in green, negative
responses are shown in red. Interviews that did not specifically comment on a hypothesis are shown

in grey.

Stakeholders were interested in functionalized PDCPD. Stakeholders were focused on finding
methods to perform in-mold painting of the material, reduce workflow and protect the surface
(Figure 5.3). The desire to protect the surface was driven by two things, to stop the surface from
being contaminated during aging and/or prep for painting, and to protect the surface from extensive
oxidation. This oxidation can lead to a deterioration in material properties.>’” Some stakeholders
were also interested in precisely controlling the crosslinking reaction of the polymer.

Stakeholders were concerned about the environmental impact of PDCPD (Figure 5.3). The
inability to recycle the current material was cited as a major disadvantage. Participants expressed
concern about the toxicity of the monomer, especially in the European market. They also stated
that customers were starting to inquire more about the lifecycle of the material. The sentiment of

the participants was that there was not enough regulatory pressure to force the adoption of new
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changes yet. This suggests that a recyclable version of the thermoset may be able to make inroads
into the industry in the future.

It was frequently suggested by stakeholders that the defence and aerospace industries would be
interested in a high performance PDCPD (Figure 5.4). We therefore set out to do a second round
of interviews targeting the aerospace and defence industries, hoping that the demanding

applications of these industries would provide a possible path for commercialization.

mAccept mReject mNeutral
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Figure 5.4. Stakeholder responses to questions regarding the application of PDCPD to high-
performance applications. Positive responses are shown in green, negative responses are shown in

red. Interviews that did not specifically comment on a hypothesis are shown in grey.

We learned that there is an imminent need for modular armour that can be applied to vehicles.
Currently, ceramics are most often used due to their ability to stop projectiles. However, ceramic
armour has several limitations. It is very fragile and can be written off if mishandled or dropped.
Ceramic plates do not perform well against explosive threats, and this requires that the armour be

encapsulated. It was suggested to us that PDCPD may be a suitable matrix for this task owing to
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its high toughness. Another concern that was associated with current modular armour systems is
the reduction in mobility and speed of a vehicle due to the weight of current systems. Stakeholders
also expressed a need for more lighter systems to make it easier for technicians to handle the
armour, as well as increase the ease of transporting the armour to the operation zone.

Stakeholders involved in the personal armour space stated that there is room for innovation in
personal armour. Specifically, they mentioned combining the advantages of currently available
systems. For instance, ceramic armour is very light and able to withstand multiple strikes, while
steel plates are low-cost. Innovation in helmets was also discussed. Stakeholders suggested that
PDCPD fiber-reinforced helmets could outperform current offerings. However, they also
cautioned that helmets come with additional regulatory complexity—not only do they need to
protect against ballistic threats, but also from other brain injuries, which can easily arise from other
non-penetration-related factors, such as blasts, blunt impacts and rotational injuries—making this
a less attractive entry point to the market.3®° After speaking with stakeholders in the aerospace
industry, it quickly became clear that there would significant and expensive regulatory hurdles that
would prevent the early adoption of new materials from academia.
5.4. Conclusions

Through our primary market research, we found that fiber reinforcement is the most desired trait
in the PDCPD industry. We also found that increases in mechanical or thermal properties would
need to be rather large to be considered worthwhile adopting in the mainstream industry.
Interestingly, our hypothesis that the odor of the material was a significant problem proved to be
incorrect. Manufacturers of parts were, in general, open to improvements but those improvements
needed to fit into existing workflows. The most likely stakeholders to adopt new materials are
those that face significant risks and require high-performance, as they are the most interested in

incremental gains.
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5.5. Methods

Primary market research was conducted in the form of stakeholder interviews. Stakeholder
interviews were conducted using scripts. The interviews were approximately 40 minutes long and
notes were taken during the interview. Stakeholders were contacted through email, phone,
LinkedIn and in person. The data was then analyzed for key words and patterns. Market research

insights were made by filtering for the key words.
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Chapter 6: Summary and Future Work

6.1. Summary

In Chapter 2, we showed that it was possible to produce an upgraded DCPD monomer in a
single step by targeting the unstrained alkene using a photooxidation. We were also able to
demonstrate the scalability of this method, synthesizing and purifying oxaDCPD on a 2 mol scale.
Using a newly developed lab-scale reaction injection molding protocol, regular dimensioned
macroscale samples were produced for characterization. In partnership with the Milani Research
Group at the University of British Columbia Okanagan (UBCO), we performed a complete
mechanical and thermal characterization of oxaPDCPD using those samples. We discovered that
oxaPDCPD has enhanced mechanical and thermal properties as compared to regular PDCPD. An
additional partnership at UBCO with the computational DiLabio Research Group was able to show
that these enhancements were due, in part, to a non-canonical hydrogen bond between the enone
and the beta-hydrogen of an adjacent enone. We also produced and characterized a linear
oxaPDCPD.

Work in Chapter 3 demonstrated that copolymerization is a suitable strategy for the economic
incorporation of oxaDCPD into PDCPD workflows. This was done utilizing ten different
copolymers consisting of varying amounts of oxaDCPD, DCPD, and ethylidene norbornene
(ENB) monomers, made via reaction injection molding. We improved the method for
manufacturing regular dimensioned macroscale samples by reaction injection molding a
rectangular plaque of material and then cutting the required samples. This reduces defects and
waste. With these samples, we demonstrated that copolymerization is useful for tuning the
mechanical properties of PDCPD-based materials as well as improving the surface energy, and

thus adhesion to paints and bonding agents.
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Chapter 4 saw the development of a high-throughput technique for screening ring-opening
metathesis polymerization (ROMP) catalysts using a low-cost datalogger. A partnership with the
Mauduit Research Group at the University of Rennes provided seven prepared catalysts for
screening. Including commercial catalysts, we screened a total of forty different initiator and resin
combinations. We discovered general structure—function relationships between the ruthenium
initiators and the peak temperature achieved during the reaction. We also demonstrated that the
thermal and mechanical properties of materials could be predicted by the peak temperature.

Finally, in Chapter 5, we determined through 15 stakeholder interviews, that fiber
reinforcement was the most desired improvement to PDCPD in industry. Surprisingly, industry
was not very concerned about odor or improvements to thermal properties.

6.2. Future Work
6.2.1. Composite materials

As shown in Chapter 5, industry is predominantly interested in the development of fiber-
reinforced materials. Composite materials are an important class of materials owing to their low
weight and excellent mechanical properties. The incompatibility of non-polar PDCPD with
common polar fiber sizing (coating) excludes PDCPD from this large and expanding market due
to poor fiber adhesion.!? Matrix adhesion to the fibers could be dramatically improved by the
addition of the more polar oxaDCPD.

To explore PDCPD-based composites utilizing oxaDCPD, | suggest investigating a variety of
different glass fibers, natural fibers, and carbon fibers to determine which fiber type is most suited
for DCPD resin. Several different amounts of oxaDCPD should be selected to test the fibers with,
such as 0, 1, 2, 3, 5, 50 and 100% oxaDCPD. Once it is determined that oxaDCPD can
compatibilize the fibers, optimization should focus on the minimum amount of oxaDCPD required

to achieve optimal matrix adhesion.
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The interlaminar shear strength (ILSS)—the strength of the bond between the fiber and the
matrix of the composite—has major implications for the overall performance of the material.> A
stronger bond between fiber and matrix allows for load sharing, greatly increasing the durability
and mechanical strength.® Thus, evaluating the ILSS is a good place to start for evaluating the
composite materials. I propose two different strategies for evaluating the produced composites’
ILSS. The first is 3-point bending, as the sample can be easily made and tested in high throughput.
However, 3-point bending samples may not fail in a way that allows for the analysis of the ILSS
(Figure 6.1A). Instead, the samples may fail in a flexural failure, or more likely, a combination of
shear and flexural.®” This has the potential to make analysis challenging. Alternatively, the single
fiber pullout test can be used to isolate the adhesion of the matrix to the fiber (Figure 6.1B).8 The
samples required for this test are more challenging to produce and fragile as single fibers are easy
to break. Once broken, samples’ microstructure can be examined via scanning electron microscopy

to better understand the debonding mechanisms.
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Figure 6.1. A: Different failure modes of the short beam shear test. B: Cartoon of the single fiber

(or microfiber bundle) test setup.

This work would enable the production of low cost PDCPD composites with readily available
commercial fibers. Additionally, production of low-cost PDCPD-based composites that match the
stiffness of epoxy composites while vastly outperforming them at higher temperatures could have
huge implications in high-value markets such as the aerospace and defence industries.

6.2.2. Flow Chemistry

We have shown that batch production of oxaDCPD is amenable to large-scale for the laboratory;
however, it is unlikely that batch processes will work efficiently on the scale required for industry.
Batch processes are especially limited for photochemical reactions because photon penetration
drops drastically with volume (Figure 6.2A and B).>*' Similarly, gas mixing for the
photooxygenation also becomes an issue in large volumes.>** Flow chemistry is an attractive
alternative as it allows excellent light penetration, gas mixing, optimal heat management, and

scale-up (Figure 6.2C).% !
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Hermens et al. published a design for an easily assembled modular photochemical coaxial flow
reactor called the OctoColor (Figure 6.2C).1! Using this design as a base, it should be possible to
implement flow chemistry to produce oxaDCPD in the laboratory. The complexity of the coaxial
flow reactor could be reduced by utilizing segmented or slug flow. In these flow modes, “plugs”
of liquid and gas are alternated in the tubing (Figure 6.2A).%1012.14

Dichloromethane (DCM) is used as the solvent in this reaction as it stabilizes the lifetime of the
singlet oxygen.*>® However, the use of DCM as the reaction solvent should also be evaluated.
Recent research has pointed overwhelmingly to the harm that DCM can cause to both the
environment and to human health.”?® The use of DCM will also be heavily regulated going
forward due to the ban on its use by the United States Environmental Protection Agency.?° This
will likely make any new process using DCM unattractive to industrial adoption. Recent work has
pointed to the use of a mixture of methanol and DCM as an optimized solvent strategy for this
chemistry and should make a suitable starting point.?! The use of deuterated solvents has also been
shown to enhance singlet oxygen lifetimes.'® The successful implementation of flow chemistry
and elimination of DCM from the synthesis would be a substantial step forward towards

commercial viability for oxaDCPD.
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Figure 6.2. A: Examples of different photochemistry setups and a comparison between coaxial
flow and slug/segmented flow. B: Beers Law, which describes the relationship between path length
and absorbance. C: The OctoColor photoreactor. Adapted with permission from the literature.'!
6.3. Conclusion

In conclusion, the work described in this dissertation demonstrates a selective, single-step
method for functionalizing DCPD, and thus providing tractable access to functionalized PDCPD.

This method preserves the design rules—the glass transition temperature is maintained or
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improved, and the material is thermally stable—established in the first-generation functionalized
PDCPD strategy (fDCPD). In addition, this work highlights the large impacts small modifications
to molecular structures can have on material properties. I have also established a method for
benchmarking catalysts and predicting the properties of the resulting polymers. Finally, we have
laid out a roadmap of industrially relevant problems for future chemists interested in PDCPD to

tackle.
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Appendix A: Supplemental Spectra, Plots, Figures and Tables for Chapter 2
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Figure Al. "H NMR spectrum of endo-dicyclopentadienone (oxaDCPD) at 300.27 MHz in CDCl;.

Contains traces of exo-dicyclopentadienone.

181



BRRSA B

MR

Vo

293

gs8ur
e

623
6.22
621

i

Lo2-2

204-3

L0712
LoF~
L14-3

RRERRRRRNRRNGIYIARAAAARARRR

eded el el e e e

L13=

3.5 30

Figure A2. '"H NMR spectrum of exo-dicyclopentadienone at 300.27 MHz in CDCIs. Contains

traces of endo-dicyclopentadienone as well as other minor impurities resulting from the exo-DCPD

synthesis.

182



L L L L EEREEEEEER

3.3 8NN N0SS88ESESS88 R RNBRRARIAANARRYVVTES
BE R EIRR A nINnI35E88REEE

2

e ke

o -
T A o T
g3 g 2% N a8
8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 25 20 15 1.0 0.5 0.0
f1 (ppm)

Figure A3. '"H NMR spectrum of endo-dicyclopentaenone (oxaRD) at 300.27 MHz in CDCls.
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Figure A4. 3C NMR spectrum of endo-dicyclopentadienone (oxaDCPD) at 125.81 MHz in

CDCls.
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Figure A5. 3C NMR spectrum of endo-dicyclopentaenone (oxaRD) at 75.51 MHz in CDCls.
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Figure A6. DSC data for endo-dicyclopentadienone. The large endotherm at ca. 145 °C suggests

the occurrence of a retro-Diels—Alder reaction. The melting transition is visible at ca. 50 °C.
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Figure A7. DSC data for exo-dicyclopentadienone. The large endotherm at ca. 155 °C suggests

the occurrence of a refro-Diels—Alder reaction.
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Figure A8. TGA data for endo-dicyclopentadienone. The loss of material by ca. 135 °C likely

indicates a retro-Diels—Alder reaction that affords volatile sub-monomers.
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Figure A9. TGA data for exo-dicyclopentadienone. The loss of material by ca. 155 °C likely

indicates a retro-Diels—Alder reaction that affords volatile sub-monomers.
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Figure A10. 'H NMR spectrum of poly-endo-dicyclopentadienone (oxaPDCPD) at 300.27 MHz
in CD>Cly. Contains traces of THF (tetrahydrofuran) remaining from the synthesis. Synthesized

with GC3.
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Figure A11. 'H NMR spectrum of poly-endo-dicyclopentadienone (oxaPDCPD) at 500.27 MHz
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Figure A12. '"H NMR spectrum of poly-exo-dicyclopentadienone (exo-oxaPDCPD) at 300.27

MHz in CD>Cl,. Contains THF remaining from the synthesis. Synthesized with GC2.
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Figure A13. '"H NMR spectrum of poly-endo-dicyclopentaenone (oxaPDCPDgp) at 300.27 MHz

in CDCIs. Contains traces of THF remaining from the synthesis.
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Figure Al14. 3C NMR spectrum of poly-endo-dicyclopentadienone at 75.51 MHz in CD>Cl..

Contains traces of THF remaining from the synthesis. Synthesized with GC3.
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Figure A15. 3C NMR spectrum of poly-endo-dicyclopentaenone (oxaPDCPDgp) at 125.81 MHz

in CD2Cl,. Contains traces of THF remaining from the synthesis.
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Figure A16. Solid State cross-polarization and magic angle spinning *C NMR spectrum of poly-
endo-dicyclopentadienone (oxaPDCPD) at 100.62 MHz. Progressively crosslinked (bottom to top)

in a 110°C oven. Synthesized with GC2.
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Figure A17. Variable temperature 'H NMR spectrum of of poly-endo-dicyclopentadienone

(oxaPDCPD) at 360.28 MHz in CoDsOS (deuterated dimethyl sulfoxide). Synthesized with GC2.
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Figure A18. AT IR spectrum of endo-dicyclopentadienone (oxaDCPD) and poly-endo-

dicyclopentadienone (oxaPDCPD), synthesized with GC2.

198



@Ph
0

poly-oxaRD

oxaRD

I y T T J
4000 3500 3000 2500 2000 1 500 1 000 500

Wavenumber (cm’™)

Figure A19. AT IR spectrum of endo-dicyclopentaecnone (oxaRD) and poly-endo-

dicyclopentaenone (oxaPDCPDrp).
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Figure A20. AT IR spectrum of reaction injection molded poly-endo-dicyclopentadiene, freshly
prepared poly-endo-dicyclopentadiene, aged poly-endo-dicyclopentadienone and poly-endo-
dicyclopentadiene-co-dicyclopentadienone. The aged PDCPD sample has clearly undergone

surface oxidation, resulting in the appearance of O—H and C=0 stretches in the IR spectrum.
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Figure A21. AT IR spectrum of poly-endo-dicyclopentadienone (oxaPDCPD) progressively

crosslinked in a 110°C oven under argon. Synthesized with GC2.
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Figure A22. Four DMTA traces of reaction injection molded poly-endo-dicyclopentadiene (rim-

PDCPD).
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Figure A23. Three DMTA traces of reaction injection molded poly-endo-dicyclopentadienone

(rim-oxaPDCPD).

203



- N
(6)) o
o o
o o
| 1

Storage Modulus [MPa]
o
3
|

132 |-

88 -

44 L

Loss Modulus [MPa]

1.14 |-

0.76 -

Loss Factor

0.38 |-

0.00 |-

0 50 100 150 200 250
Temperature [°C]

Figure A24. Four DMTA traces of reaction injection molded poly-endo-dicyclopentadiene-co-

dicyclopentadienone (rim-PDCPD-co-0xaPDCPD).
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Figure A25. DMTA traces for reaction injection molded poly-endo-dicyclopentadienone rim-
oxaPDCPD /w 20% ENB) and poly-endo-dicyclopentaenone (rim-oxaPDCPDgrp /w 20% ENB).

There are three traces for each polymer.
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Figure A26. Stress-strain curves of ultimate tensile strength for reaction injection molded poly-
endo-dicyclopentadiene, poly-endo-dicyclopentadienone and poly-endo-dicyclopentadiene-co-

dicyclopentadienone, (rim-PDCPD, rim-oxaPDCPD, and rim-PDCPD-co-0xaPDCPD).
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Figure A27. Stress-strain curves of low strain rate compression strength for reaction injection

molded  poly-endo-dicyclopentadiene, poly-endo-dicyclopentadienone and  poly-endo-

dicyclopentadiene-co-dicyclopentadienone, (rim-PDCPD, rim-oxaPDCPD, and rim-PDCPD-co-

oxaPDCPD).
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Figure A28. Representative TGA trace of reaction injection molded poly-endo-dicyclopentadiene

(rim-PDCPD).
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Figure A29. Representative TGA trace of reaction injection molded poly-endo-

dicyclopentadienone (rim-oxaPDCPD).

209



0.6

E Midpoint type: Half height
- Midpoint: 143.96 °C

Midpoint type: Half height
Midpoint: 147.12 °C

0.2

— Ramp 10.00 °C/min to 250.00 °C
E — Ramp 10.00 °C/min to -50.00 °C
0.0 H — Ramp 10.00 °C/min to 250.00 °C
— Ramp 10.00 °C/min to -50.00 °C

Heat Flow (Normalized) Q (W/g)

Midpoint type: Half heig
Midpoint: 155.36 °C

-50 0 50 100 150 200 250

Exo Up Temperature T (°C)

Figure A30. Representative DSC traces of reaction injection molded poly-endo-dicyclopentadiene

(rim-PDCPD).
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Figure A32. Representative DSC traces of reaction injection molded poly-endo-

dicyclopentadiene-co-dicyclopentadienone (rim-PDCPD-co-oxaPDCPD).
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Figure A33. Representative DSC traces of reaction

dicyclopentaenone (rimoxaPDCPDrp /w 20% ENB).
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Figure A34. Representative DSC traces of reaction injection molded poly-endo-

dicyclopentadienone (rim-oxaPDCPD /w 20% ENB).
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Figure A3S5. Representative DSC traces for poly-endo-dicyclopentadienone (oxaPDCPD) /w 2.33

mol% GC3.
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Figure A36. Representative DSC traces for poly-endo-dicyclopentadienone (oxaPDCPD) /w 1.17

mol% GC3.
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Figure A37. Representative DSC traces for poly-endo-dicyclopentadienone (oxaPDCPD) /w 0.58

mol% GC3.

217



0.4
Midpoint type: Half height

Midpoint: 172.81 °C

Midpoint type: Half height
Midpoint: 173.65 °C

0.2
— Ramp 10.00 °C/min to 250.00 °C
— Ramp 10.00 °C/min to -50.00 °C
— Ramp 10.00 °C/min to 250.00 °C
— Ramp 10.00 °C/min to -50.00 °C

0.0 -

-0.2
Midpoint type: Half height

Midpoint: 178.51 °C

Heat Flow (Normalized) Q (W/g)

0.4

Midpoint type: Half height
Midpoint: 178.97 °C

-0.6 T I 7 T L T T T T T T —
-50 0 50 100 150 200 250

Exo Up Temperature T (°C)

Figure A38. Representative DSC traces for poly-endo-dicyclopentaecnone (0xaPDCPDrp) /w 2.33

mol% GC3.
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Figure A39. Representative DSC traces for poly-endo-dicyclopentaecnone (0xaPDCPDgrp) /w 1.13

mol% GC3.
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Figure A40. Representative DSC traces for poly-endo-dicyclopentaecnone (0xaPDCPDgrp) /w 0.60

mol% GC3.
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Figure A41. Calculated profile of the density versus temperature for a) linear 20-mer of PDCPD

and b) linear oxaPDCPD (i.e. non-crosslinked PDCPD and oxaPDCPD).
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Figure A42. Calculated profile of density and T of the system composed of crosslinked 40-mer

a) non-functionalized and b) oxa-type chains. (crosslinked PDCPD and oxaPDCPD).
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Figure A43. Calculated stress response of non-functionalized linear and oxa-linear PDCPD

structures at the strain rate of 8x10%s™! (at 298K).
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Figure A44. Calculated stress response of the crosslinked structures of PDCPD and oxaPDCPD

at the strain rate of 8x10%s™! (at 298K).
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Figure A45. The four types of structure arising from different primary polymerization outcomes

studied in this work.
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Figure A46. Potential crosslink motifs in polydicyclopentadiene based materials.

Unfunctionalized polydicyclopentadiene (1p.c) is known to contain at least some secondary
metathesis crosslinks when ruthenium catalysts are used for ROMP, but to contain mostly olefin
addition crosslinks when tungsten or molybdenum catalysts are employed. The metathesis
crosslinking pathway is disfavoured when electron-withdrawing groups are added to the unstrained
olefin of the monomer, such that covalent crosslinking in 3p. and 4p,c is believed to occur

exclusively through an olefin addition pathway.
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Figure A47. rim-oxaPDCPD and rim-PDCPD disks before and after a 2 kg weight with a 20°

semiconical punch was dropped upon them from a height of 1 m in a Gardner impact tester.
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Figure A48. rim-PDCPD (orange curves), rim-oxaPDCPD (blue curves), and rim-poly(1m-co-4m)
(green curves), tested for impact strength according to ASTM D7136. The samples were tested
using an Instron CEAST 9340 instrument equipped with a semi-spherical tip insert with a diameter
of 12.7 mm. Testing was carried out using three different impact energies (10, 20 and 32 J),
established by varying the drop weight between 3.3 and 10.3 kg, and varying the drop height
between 197 and 317 mm. The data indicate that at low and moderate impact energies, the

copolymer is capable of absorbing more energy than either of the two homopolymers. At the

highest impact energy, all three polymers behaved similarly.
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Figure A49. Physical appearance of the samples after impact testing according to ASTM 7136.
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Figure A50. High strain rate compression testing using a split-Hopkinson pressure bar system.
0xaPDCPD (blue curves) was found to absorb more energy than PDCPD (red curves). A striker

diameter of 1.5” was used, together with a testing pressure of 59 Pa.
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Figure AS51. rim-PDCPD and rim-PDCPD-co-0xaPDCPD 10 mm thick plaques after ballistic
testing using 17-grain projectiles loaded with 1.5 grains of Trailboss powder. The average
incoming velocity for all projectiles was 301 m/s. The average calibrated velocity reduction was
74% for PDCPD samples, and 93% for copolymer samples formulated with 1:1 oxaDPCD:DCPD.
Qualitatively, PDCPD plaques tended to show clean holes where projectiles had passed through,

while copolymer plaques were able to stop projectiles completely.
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Figure AS2. Proposed dimerization mechanism of linear oxaPDCPD chains produced in a living

polymerization reaction with Grubbs 3™ generation catalyst.
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Table Al.  GPC data for formation of linear polymers with Grubbs 3™ and 2"¢ generation
catalyst.”

Reaction M, (kDa) My (kDa) Mw/Mp Predicted M,

(kDa)

Oxa 2.33 mol% GC3 | 14.6 26.6 1.82 6.3

Oxa 1.17 mol% GC3 | 38.7 64.2 1.66 12.6

Oxa 0.58 mol% GC3 | 65.0 119.5 1.84 25.1

OxaRD 2.33 mol% 7.6 9.3 1.23 6.4

GC3

OxaRD 1.13 mol% 17.8 23.8 1.33 13.2

GC3

OxaRD 0.60 mol% 32.7 49.8 1.52 24.6

GC3

Oxa 1.98 mol% GC2 | 87.1 149.1 1.71 7.5

Oxa 1.02 mol% GC2 | 84.3 210.1 2.49 14.5

Oxa 0.46 mol% GC2 | 100.1 229.1 2.29 31.5

“Min and My, values were measured using a GPC instrument calibrated with polystyrene standards

Table A2.

endo-dicyclopentadienone

PDCPD, rim-oxaPDCPD and rim- PDCPD-co-0xaPDCPD).

and poly-endo-dicyclopentadiene-co-dicyclopentadienone

Mechanical data comparison of molded poly-endo-dicyclopentadiene and poly-

(rim-

Property PDCPD oxaPDCPD PDCPD-co-
oxaPDCPD

Young’s Modulus (GPa) 1.22 +0.02 1.47+0.14 3.62 +0.27

Ultimate Tensile Strength 39.8+1.8 535+23 49.1+7.9

(MPa)

Compression Strength (MPa) 56+7 70+ 3 64+7

Storage Modulus (MPa) 1005 + 81 1601 + 152 1247 + 33

Glass Transition Temperature | 175.5+4.7 208.9+8.7 180.0+11.2

(9]

Strain at Break (%) 72117 46+1.2 1.9+0.2

Table A3. Estimated distance between crosslinks of reaction injection molded polymers.
rim- aged rim- rim- rim-PDCPD- | rim- rim-
oxaPDCPD | oxaPDCPD? | PDCPD w/ | co- oxaPDCPDgp oxaPDCPD

5% ENB oxaPDCPD | w/ 20% ENB (20% ENB)
Mec 1270+ 111 | 110 1914 + 159 | 1302 + 47 3187 + 823 1975 + 122
(g/mol)

“Sample aged 104 days @120°C.
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Table A4. Hardness comparison between reaction injection molded poly-endo-

dicyclopentadiene and poly-endo-dicyclopentadienone (rim-PDCPD and rim-oxaPDCPD).

Material Hardness (Vickers)
PDCPD 13.9+ 0.6
oxaPDCPD 166+1.1
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Table AS.

Masses  of

reaction

injection

molded

polydicyclopentadiene

and

polydicyclopetnadienone (rim-PDCPD and rim-oxaPDCPD) cylinders (4.73 x 9.96 mm) swollen

in methanol and toluene.

rim- rim- rim- rim- rim- rim-
oxaPDCPD | oxaPDCPD | oxaPDCPD | oxaPDCPD | oxaPDCPD | oxaPDCPD

Time (days) | Mass (g) Mass (g) Mass (g) Mass (g) Mass (g) Mass (g)
MeOH 1 MeOH 2 MeOH 3 Toluene 1 Toluene 2 Toluene 3

0 0.4262 0.4237 0.4276 0.4233 0.426 0.4303

1 0.6385 0.641 0.7215 0.5133 0.5186 0.5485

2 0.7569 0.7604 0.8813 0.5368 0.544 0.5969

3 0.8392 0.8365 0.9783 0.547 0.5539 0.6175

5 0.9324 0.9231 1.08 0.5538 0.5596 0.6331

7 0.9633 0.95 1.1132 0.552 0.5574 0.6359

9 0.9811 0.9669 1.1238 0.5493 0.5532 0.6354

12 0.9825 0.9752 1.1322 0.5464 0.5495 0.6349
rim-PDCPD | rim-PDCPD | rim-PDCPD | rim-PDCPD | rim-PDCPD | rim-PDCPD

Time (days) | Mass (g) Mass (g) Mass (g) Mass (g) Mass (g) Mass (g)
MeOH 1 MeOH 2 MeOH 3 Toluene 1 Toluene 2 Toluene 3

0 0.3706 0.3674 0.3661 0.3679 0.3712 0.3722

1 0.3708 0.3677 0.3673 1.058 1.0348 1.0505

2 0.371 0.3681 0.367 1.1248 1.1221 1.0915

4 0.3717 0.3678 0.3698 1.1041 1.0786 1.0364

6 0.3723 0.3691 0.3687 1.0808 1.0333 1.0112

8 0.3735 0.3706 0.3698 1.0443 0.9973 0.9833

11 0.3751 0.3723 0.3745 1.01 0.9803 0.9657

13 0.3759 0.3731 0.3745 0.9929 0.9683 0.9544
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Table A6.

Contact angles measured on reaction injection molded polymer samples.

H,0 rim-PDCPD +xPDCPD rim-oxaPDCPD :)')';'F',’DDgl':g'“'
average (°) 108.16 120.45 94.14 94.12

standard

deviation 6.53 12.20 11.25 6.51

n 15 19 19 15

standard error 1.7 2.8 2.6 1.7

CHals PDCPD vs. CH,l, PCR::IJZCPD VS. g)l(-la;IIZDCPD VS. or)l(r:;BDcCPIBD-co-
average (°) 48.13 47.87 47.35 35.48

standard

deviation 6.00 6.95 12.15 8.09

n 7 17 18 13

standard error 2.3 1.7 2.9 2.2

Table A7. Components of the systems under study (non-equilibrated structures)
# of . .
residue MW Fragment of the PDCPD struc_:ture (pre-equilibration
S schematic)
Non-
5 | functionalized 2,672
I 20
£
Oxa 2,952
e
(O]
E N
£ | Non-
9 | functionalized 40 5,346
o
8]
Table AS. Calculated Young’s modulus as the initial slope of the stress-strain curve.

PDCPD oxaPDCPD
Linear 1.46 £ 0.16 1.75+0.17
Crosslinked 1.48 £+ 0.16 1.88 £ 0.19
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Table A9.

PDCPC and 0xaPDCPD linear and crosslinked structures.

Comparison of the overall intermolecular interactions in

non-functionalized

Average Dipole

Electrostatic

van der Waals

(q-A) Interactions Interactions
(10° kcal/mol) (10° kcal/mol)
Linear PDCPD 0.29 0.52 0.75
oxaPDCPD 2.59 1.81 0.84
Crosslinked PDCPD 0.44 1.08 1.49
oxaPDCPD 3.77 3.54 1.68
Table A10. Comparison of the overall intermolecular interactions in non-functionalized

PDCPC and 0xaPDCPD linear and crosslinked structures.

Average Dipole

Electrostatic

van der Waals

(q-A) Interactions Interactions
(10° kcal/mol) (10° kcal/mol)
Linear PDCPD 0.29 0.52 0.75
oxaPDCPD 2.59 1.81 0.84
Crosslinked PDCPD 0.44 1.08 1.49
oxaPDCPD 3.77 3.54 1.68
Table A11.  Average interaction energies between ring ethylene hydrogen atoms and ketone

oxygen atoms (kcal/mol).

Intra-chain Inter-chain

Linear -1.23 0.0

Crosslinked -1.05 0.0
Table A12. Relative electronic energies (in kcal/mol) for different primary structures of
hexamers of oxaPDCPD.

Structure Relative Energy

All cis, head-to-head (D) 13.1

All cis, head-to-tail (© 11.0

All trans, head-to-head (B) 1.6

All trans, head-to-tail (A) 0
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Table A13. Tabulated thermal and mechanical data for reaction injection molded polymers.

Material Density | Tensile Strain | Young’s | Storage | Compression | Glass
(g/lcm?) | Strength | at Modulus | Modulus | Strength Transition
(MPa) Break | (GPa) (MPa) (MPa) Temperature
(%) DMTA (°C)
PDCPD 1.04 39.8+ 72+ | 122+ 1005 + 56 + 7 1755+ 4.7
1.8 1.7 0.02 81
oxaPDCPD 1.16 535+ 46+ |147+ 1601 + 70+3 208.9+8.7
2.3 1.2 0.14 152
Poly(1m-co- 1.04 49.1 + 19+ |3.62% 12472+ | 64+7 180.0 +11.2
4m) 7.9 0.2 0.27 32.9
oxaPDCD-co- | 1.09 N/A N/A N/A 1197 + N/A 173.2+1.7
ENB (20%) 80
oxaPDCPDgp- | 1.07 N/A N/A N/A 1277 + N/A 1779+ 13.6
co-ENB 20
(20%)
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Appendix B: Supplemental Spectra, Plots, Figures and Tables for Chapter 3
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Figure B1. '"H NMR spectrum for endo-dicyclopentadienone at 300.27 MHz in CDCl3. Contains

trace exo-dicyclopentadienone.
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Figure B2. '°C NMR spectrum for endo-dicyclopentadienone at 125.81 MHz in CDCls.
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Figure B3. AT-IR spectrum of a-type polymer and copolymers after exposure to air for greater

than 24 hours.
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Figure B4. AT-IR spectrum of freshly exposed surface of a-type polymer and copolymers.
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Figure BS. AT-IR spectrum of a-type polymer and copolymers after heating during DMTA.

243



f T T y T T T T T y T T T
4000 3500 3000 2500 2000 1500 1000

wavenumber (cm™)

Figure B6. AT-IR spectrum of b-type copolymers after exposure to air for greater than 24 hours.
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Figure B7. AT-IR spectrum of freshly exposed surface of b-type copolymers.
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Figure B8. AT-IR spectrum of b-type copolymers after heating during DMTA.
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Figure B9. Differential scanning calorimetry heating traces of a-type polymer and copolymers

from which glass transition temperatures were extracted.
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Figure B10. Differential scanning calorimetry heating traces of b-type copolymers from which

glass transition temperatures were extracted.
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Figure B11. Glass transition temperatures as determined by differential scanning calorimetry of

homopolymers and copolymers.
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Figure B12. Stress-strain curves of a-type polymer.
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Figure B13. Stress-strain curves of 1a-type copolymer.
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Figure B14. Stress-strain curves of 2a-type copolymer.
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Figure B15. Stress-strain curves of 3a-type copolymer.
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Figure B16. Stress-strain curves of 4a-type copolymer.
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Figure B17. Stress-strain curves of b-type copolymer.
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Figure B18. Stress-strain curves of 1b-type copolymer.
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Figure B19. Stress-strain curves of 2b-type copolymer.

257



100

75 -

=

o -—/
=

%, 504 —/
()]

o

oA

25

] n
o+

| | | | | | | | | I
00 01 02 03 04 05 06 07 08 09 10 11 12
Strain (¢)

Figure B20. Stress-strain curves of 3b-type copolymer.
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Figure B21. Stress-strain curves of 4b-type copolymer.
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Figure B22. DMTA traces of reaction injection molded a-type polymer.
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Figure B23. DMTA traces of reaction injection molded 1a-type copolymer.
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Figure B24. DMTA traces of reaction injection molded 2a-type copolymer.
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Figure B25. DMTA traces of reaction injection molded 3a-type copolymer.
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Figure B26. DMTA traces of reaction injection molded 4a-type copolymer.
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Figure B27. DMTA traces of reaction injection molded b-type copolymer.
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Figure B28. DMTA traces of reaction injection molded 1b-type copolymer.

266



2500 -

2000

1500 |-

1000 [

500 -

500 -

400 |-

300

200 -

Loss Modulus (MPa) Storage Modulus (MPa)

100 -

1.0 |-

08 |-

06 |-

04

Loss Factor

02

00 | chee——— s
0 25 50 75 100 125 150 175 200 225 250

Temperature (°C)

Figure B29. DMTA traces of reaction injection molded 2b-type copolymer.
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Figure B30. DMTA traces of reaction injection molded 3b-type copolymer.
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Figure B31. DMTA traces of reaction injection molded 4b-type copolymer.
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Figure B32. Swelling of a and b type polymers and copolymers in polar (methanol, black) and

nonpolar (toluene, red) solvents.
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Figure B33. Thermogravimetric analysis of copolymers. Complete mass loss starts at

approximately 450 °C.
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Figure B34. Proposed mechanism of autoxidative resistance.
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Table B1. Summary of thermal properties, and densities of polymers and copolymers.

Material Glass Transition Glass Transition Density

Temperature Temperature

(DMTA, °C) (DSC, °C)
a 186.1+ 0.8 167.28 1.07 £ 0.005
la 186.0 + 0.8 174.12 1.08 + 0.003
2a 106.1+0.4 124.84 1.10 £ 0.001
3a 131.4+ 25 128.26 1.12 + 0.016
4a 129.7+ 3.1 137.59 1.12 £ 0.012
b 173.4+3.0 161.96 1.06 + 0.007
1b 181.8+11.7 149.76 1.09 £ 0.015
2b 157.4+ 0.7 129.56 1.11 + 0.003
3b 140.0+ 8.9 147.91 1.11 + 0.008
4b 182.1+0.4 158.27 1.11 £ 0.001

Table B2. Summary of mechanical properties of polymers and copolymers.

Material Tensile Strain at Toughness | Young's Storage Loss
Strength Break (%) (MPa) Modulus Modulus Modulus
(Mpa) (GPa) (MPa)
a 64.4+0.8 |0.19+0.01 85+0.5 0.99 £+ 0.05 1929.8 + 49.3 184 +3.2
la 66.5+15 |0.20+0.04 9.1+24 0.97+£0.05 | 2082.6+72.9 195+1.3
2a 48.7+5.8 |0.13+0.04 41+13 1.27+0.1 2153.8+78.5 34.6+0.8
3a 51.8+1.7 | 0.08+0.02 26+0.8 1.29+0.03 | 2180.7+785 46.1+£0.2
4a 63.0+£1.3 | 0.21+0.02 8.2+0.8 0.91+0.04 |2170.8+132.8 |54.7+2.9
b 508+16 |0.19%0 7.3+0.3 0.83+0.03 | 2058.7+13.1 23.6+35
1b 77.3+7.0 |049+0.2 29.3+16.7 | 1.62+0.1 1975.9 £ 65.9 224+5.6
2b 51.6+3.6 |0.220.2 8.9+99 1.29+0.1 2146.8 + 27.8 36.3+1.0
3b 76.6+£59 |069+04 39.6+227 | 154+0.08 | 2137.9+54.2 47.1+1.8
4b 53.7+1.2 | 0.16+0.07 52+26 0.84+0.01 | 2330.4+76.9 302+15
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Appendix C: Supplemental Spectra, Plots, Figures and Tables for Chapter 4
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F000 1464.0
F000’ 1460.56
h,k, lmax 13,21,;25
Nref 7255

Tmin, Tmax 0.897,0.959
Tmin’ 0.840

b=16.4772(17)
beta=98.413(4)

Wavelength=0.71073

c=19.363(2)
gamma=90

Reported

3161.4(6)

P 21/c

-P 2ybc

C38 H45 C12 N O Ru
C38 H45 C12 N O Ru
703.72

1.479

4

0.698

1464.0

12,21,25
7260
0.740,0.959

Correction method= # Reported T Limits: Tmin=0.740 Tmax=0.959

AbsCorr = MULTI-SCAN

Data completeness= 1.001

R(reflections)= 0.0723( 6064)

S = 1.094 Npar= 393

Figure C1. X-ray crystal structure of complex 4.

Theta (max)= 27.499

wR2 (reflections)=
0.2167( 7260)
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Figure C2. '"H NMR spectrum of endo-dicyclopentadienone at 300.27 MHz in CDCls.
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Figure C3. °C NMR spectrum of endo-dicyclopentadienone at 125.81 MHz in CDCls.
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Figure C5. 3*C NMR of CAAC-e at 101 MHz in CDCls.
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Figure C6. ’F NMR of CAAC-e at 376 MHx in CDCls.
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Figure C7. ''B NMR of CAAC-e at 128 MHz in CDCls.
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Figure C9. °C NMR of CAAC-f at 101 MHz in CD>Cl.
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Figure C10. ’F NMR of CAAC-f at 376 MHz in CD>Cl.
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Figure C16. 'H NMR spectra for type-c resin treated with various initiators at 0.005 mol% catalyst
loading that failed to generate glassy polymer at 300.27 MHz in CDCIls. # corresponds to initiator

used.
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Figure C17. 'H NMR spectra for type-a resin treated with various initiators at 0.005 mol% catalyst
loading that failed to generate glassy polymer at 300.27 MHz in CDClIs. # corresponds to initiator

used.
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Figure C18. '"H NMR spectra for type-b resin treated with various initiators at 0.005 mol%
catalyst loading that failed to generate glassy polymer at 300.27 MHz in CDCls. # corresponds to

initiator used.

291



i ] A__Jb

L A

EE%EE

2 U

8:5 8:0 7j5 710 6?5 6?0 S:S 5?0 “4.(59"“) 4?0 315 JTD 2?5 ZTD XTS 1:0 OjS
Figure C19. 'H NMR spectra for type-c resin treated with various initiators at 0.02 mol% catalyst
loading that failed to generate glassy polymer at 300.27 MHz in CDCl;. # corresponds to initiator

used.
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Figure C20. '"H NMR spectra for type-d resin treated with various initiators at 0.02 mol% catalyst
loading that failed to generate glassy polymer at 300.27 MHz in CDCl;. # corresponds to initiator

used.
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Figure C21. Swelling of type-c resins treated with various initiators at 0.005 mol% loading in
dichloromethane (DCM). Ethyl vinyl ether (EVE) was added to the DCM in a 1:60 EVE:DCM to

prevent further solution state polymerization. # corresponds to initiator used.
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Figure C22. Thermograms of type-a, b, ¢, and d resins with no initiator addition.
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Figure C23. Thermograms of type-c resin treated with commercially available initiators at 0.005

mol% loading. All reactions failed to generate glassy polymer.
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Figure C24. Thermograms of type-c resin treated with prepared initiators at 0.005 mol% loading.

All reactions failed to generate glassy polymer.
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Figure C25. Thermograms of type-a resin treated with commercially available initiators at 0.005

mol% loading.
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Figure C26. Thermograms of type-b resin treated with commercially available initiators at 0.005

mol% loading.
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Figure C27. Thermograms of type-c resin treated with commercially available initiators at 0.02

mol% loading.

300



250 -

225 -
200 -
1754
O |
o 150
= ]
© 1254
8- B
€ 100
G} ]
|_
75 -
50 —_—1d
| —2d
25 - —3d
. 0.02 mol %
0 L] ' L ' L I L] I Ll I L) I L] l L) I
0 60 120 180 240 300 360 420 480
Time (s)

Figure C28. Thermograms of type-d resin treated with commercially available initiators at 0.02

mol% loading.
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Figure C29. Thermograms of type-a resin treated with prepared initiators at 0.005 mol% loading.
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Figure C30. Thermograms of type-b resin treated with prepared initiators at 0.005 mol% loading.
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Figure C31. Thermograms of type-c resin treated with prepared initiators at 0.02 mol% loading.
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Figure C32. Thermograms of type-d resin treated with prepared initiators at 0.02 mol% loading.
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Figure C33. DSC trace for material 1a.
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Figure C34. DSC trace for material 3a.
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Figure C35. DSC trace for material 4a.
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309



Ba-1-070524 20240507

0.5 4

0.0+

054

Heat Flow (Normalized) Q@ (Wig)

¢ -1.5 . T . T T T T T

Midpoint: 136.76 °C

Analysis: Glass transition

-50 0 50
Exo Up

Figure C37. DSC trace for material 6a.

T
100
Temperature T (°C)

T
150

T
200

250

310



7a-1-070524 20240507

1.0
0.5+
o
=S
o
i=1
@
N
‘é’ 0.0+
5]
z
=
o
i Midpoint: 128.94 °C
3
T
Analysis: Glass transition
0.5
-1.0 ! : ! T ! ! . T T T T
-50 Q 50 100 150 200

Figure C38. DSC trace for material 7a.

Temperature T (°C)

250

311



9a-1-070524 20240507

« 0.5
0.0
Analysis: Glass transition

=

% Midpoint: 126.82 °C

o

k=3

L)

N

g 0.5+

o

S

z \
@ |
[T

®

w

T

1.0 4
« 15 , , , ; . . . ; , , . ; , . , ’ : ' : ’ ' ' '
-50 a 50 100 150 200 250

Exo Up Temperature T (°C)

Figure C39. DSC trace for material 9a.
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Figure C40. DSC trace for material 10a.
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Figure C41. DSC trace for material 1b.
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Figure C42. DSC trace for material 2b.
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Figure C43. DSC trace for material 3b.
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Figure C46. DSC trace for material 6b.
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Figure C47. DSC trace for material 7b.
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Figure C50. DSC trace for material 1c.
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Figure C52. DSC trace for material Se.
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Figure C53. DSC trace for material 8c.
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Figure C54. DSC trace for material 9c.
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Figure C58. DSC trace for material 5d.
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Figure C59. DSC trace for material 6d.
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Figure C60. DSC trace for material 7d.
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Figure C62. DSC trace for material 9d.
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Figure C63. DSC trace for material 10d.
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Figure C65. Normalized ATR spectra of materials made with type-a resin.
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Figure C66. Normalized ATR spectra of materials made with type-b resin.
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Figure C67. Normalized ATR spectra of materials made with type-c resin.
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Figure C68. Normalized ATR spectra of materials made with type-d resin.
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Table C1. Observations of polymerizations after heating and cooling.

Catalyst Type-a Type-b (0.005 | Type-c Type-c (0.02 Type-d (0.02
(0.005 mol%) mol% (0.005 mol%) | mol%) mol%)
Observation Observation Observation | Observation Observation
1 Glassy polymer | Glassy polymer | Flaky white Glassy Glassy polymer
polymer and polymer, trace
solid monomer on
crystalline edges
monomer
2 Bits of polymer | Glassy polymer | Flaky white Glassy Glassy polymer
floating in polymer and polymer, trace
monomer/resin solid monomer on
crystalline edges
monomer
3 Nearly glassy Hard gel/rubber | Solid Solid crystalline | Nearly glassy
rubber crystalline monomer rubber
monomer
4 Very soft and Very soft and Solid Solid crystalline | Liquid
odorous gel odorous gel crystalline monomer Monomer
monomer
5 Glassy polymer | Glassy polymer | Solid Hard gel/rubber | Glassy polymer
crystalline
monomer
6 Glassy polymer | Glassy polymer | Solid Solid crystalline | Glassy polymer
crystalline monomer
monomer
7 Glassy polymer | Glassy polymer | Solid Solid crystalline | Glassy polymer
crystalline monomer
monomer
8 Bits of polymer | Bits of polymer | Solid Glassy polymer | Glassy polymer
floating in floating in liquid | crystalline
solidified resin resin monomer
9 Glassy polymer | Hard Flaky white Glassy polymer | Glassy polymer
gel/rubber, polymer and
odorous solid
crystalline
monomer
10 Glassy polymer | Glassy polymer | Solid Solid crystalline | Glassy polymer
crystalline monomer
monomer
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Table C2. Table of peak temperatures achieved.

Catalyst Peak Peak Peak Peak Peak
temperature of | temperature of | temperature | temperature of | temperature of
type-aresin type-b resin of type-c type-c resin type-d resin
(°C) at 0.005 (°C) at 0.005 resin (°C) at (°C) at 0.02 (°C) at 0.02
mol% mol% 0.005 mol% mol% mol%

1 192.6 + 15.7 194.1+14.8 93.6+1.1 174.1+15.6 168.9 + 20.1

2 99.5+ 33.7 136.2 + 30.4 98.3+1.6 140.6 + 27.4 171.7+21.3

3 127.0 + 18.2 101.7+5.0 96.9+1.0 912+1.2 97.3+1.82

4 91.8+0.2 925+04 934+14 91.2+0.7 89.5+22

5 168.1+4.3 194.9 + 27.7 89.9+1.0 109.5+6.1 159.1 + 20.9

6 168.6 + 12.2 161.8 + 28.9 94.7+0.5 88.6+1.0 99.7+44

7 175.8+18.4 183.8 + 14.8 93.3+0.8 87.6+0.5 110.2+8.6

8 89.5+0.5 86.6+1.4 96.8+1.1 111.7+ 2.7 176.5+7.5

9 113.3+12.9 100.7+ 2.8 103.4+2.6 1249+5.3 151.2+17.4

10 149.9+29 146.2 £ 10.1 97.4+1.9 89.5+1.2 121.4+11.4

Table C3. Table of smoke times achieved at 90°C
Catalyst | Smoke time of Smoke time of Smoke time of Smoke time of
type-aresin (s) at type-b resin (s) at type-c resin (s) at type-d resin (s) at
0.005 mol% 0.005 mol% 0.02 mol% 0.02 mol%

1 84 +15 85+10 635 84 +3

2 22+2 36 +39 93 +18 57+7

3 167 £ 44 283+ 7 N/A N/A

4 N/A N/A N/A N/A

5 131+9 135+2 196 £ 10 125+7

6 205+ 7 186+ 7 N/A N/A

7 243+ 10 243 £ 22 N/A N/A

8 14+3 31+19 282+1 135+2

9 77+14 87 +13 169 + 32 120+ 10

10 38+13 53+6 310+9 300 + 28
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Table C4. Table of glass transitions (7;) values.

Catalyst Ty of type-a (°C) Ty of type-b (°C) T4 of type-c (°C) Tg of type-d (°C)
1 156.41 142.25 140.58 151.07
2 | N/A 143.47 130.42 142.97
3 113.57 77.73 | N/A 70.86
4 82.42 86.69 | N/A N/A
5 134.14 145.07 117.62 101.24
6 136.76 143.58 | N/A 61.35
7 128.94 119.14 | N/A 69.05
8 | N/A N/A 134.14 88.22
9 126.82 124.04 123.78 83.73
10 127.88 122 | N/A 91.52
11 | N/A N/A N/A N/A
Table C5. Vickers microhardness values.
Catalyst Vickers Vickers Vickers Vickers

microhardness
of type-a (HV1)

microhardness
of type-b (HV1)

microhardness
of type-c (HV1)

microhardness
of type-d (HV1)

1 14.8 + 0.4 13.4+1.1 11.3+0.7 15.7+ 0.5
2 N/A 11.6 + 3 4.4+1.3 14.9 + 0.4
3 N/A N/A N/A N/A
4 N/A N/A N/A N/A
5 14.4+0.5 13.1+1.6 N/A 11.6 + 0.5
6 15.9+ 0.2 155+ 0.5 N/A N/A
7 15.8 + 0.6 14.3+ 0.6 N/A N/A
8 N/A N/A 8.9+1.2 11.4+ 1.4
9 N/A N/A 10.1+1.5 14.3+0.5
10 8.6 +2.8 13.1+2.5 N/A 49+3

344



Table C6. Vickers hardness expressed as modulus.

Catalyst

Vickers
microhardness
of type-a (MPa)

Vickers
microhardness
of type-b (MPa)

Vickers
microhardness
of type-c (MPa)

Vickers
microhardness
of type-d (MPa)

1 145.2+3.9 131.5+10.8 110.9+6.9 154.0+ 4.9

2 N/A 113.8+29.4 43.2+12.8 146.2+3.9

3 N/A N/A N/A N/A

4 N/A N/A N/A N/A

5 141.3+4.9 128.5 +15.7 N/A 113.8 £4.9

6 156.0 + 2.0 152.1+4.9 N/A N/A

7 155.0+5.9 140.3+5.9 N/A N/A

8 N/A N/A 87.3+11.8 111.8 £+ 13.7

9 N/A N/A 99.1+14.7 140.3 £ 4.9
10 84.4+27.5 128.5+24.5 N/A 48.1+29.4

Table C7. Approximated tensile strength.

Catalyst Tensile strength | Tensile strength | Tensile strength | Tensile strength

of type-a (MPa) of type-b (MPa) of type-c (MPa) of type-d (MPa)

1 48.4+1.3 43.8+105.9 37.0x23 51.339+1.6

2 N/A 37.9+288.7 14.4+4.3 48.723+1.3

3 N/A N/A N/A N/A

4 N/A N/A N/A N/A

5 47.1+1.6 42.8£154.0 N/A 37.932+1.6

6 51.993+0.7 50.7 £48.1 N/A N/A

7 51.7+£2.0 46.8 £ 57.7 N/A N/A

8 N/A N/A 29.1+£3.9 37.278 4.6

9 N/A N/A 33.0x4.9 46.761+1.6

10 28.1+9.2 42.8 £ 240.6 N/A 16.0+9.8
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Appendix D: Interview Scripts for Chapter 5

Sample Interview Script 1:

1.

14.
15.

16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.

Tell me about yourself and your company:
a. How long have you operated, size, location, how many centers, where are your
customers.
b. What is your role and what responsibilities do you have?
Have you worked with polydicyclopentadiene?
a. Ifyes how long,
b. If not what thermosetting materials do you work with?
What is your process for preparing to make a part?
a. How do you prepare your resin?
Why are you interested in crosslinking materials?
Is control over the crosslinking process advantageous
What about surface energy/ability to paint?
Material strength?
Do you use glass fibers in your manufacturing?
Do you paint or bond anything you make? What about your customers?

. Is sustainability important for you and/or your customers?

. What regulations and policies have recently affected your industry?
. Are their market sectors you would like to break into but cannot?

. What have you tried to do to improve your material?

a. strength/modulus?

b. fiber adhesion?

c. painting/bonding?
What is your experience with fire regulations in the automotive sector?
How much do you pay for:

a. DCPD

b. Catalyst
In a typical part, how much of the cost is catalyst compared to DCPD?
What are your tooling costs?
What was the last major change you made to your systems?
What do you consider when making a change to your resin system?
Where do you see the future of PDCPD?
What would you desire most to improve the workflow of making PDCPD parts?
Thank you so much for your time.
Is there anything else I should have asked you about?
Is there anyone else in your company that I should speak to?
If I have additional questions, would it be okay to follow up?
Who else should I be talking to!
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Sample interview script 2:

1.

b i RS

12.

13.
14.
15.
16.
17.
18.
19.

20.

21

22.
23.

24.
25.

Tell me about yourself and your organization:
a. How long have you operated, size, location, how many centers, where are your
customers.
What is your role and what responsibilities do you have?
Have you worked with polydicyclopentadiene? If yes how long, if not what thermosetting
materials do you work with?
What sort of armour are the armed forces looking to develop?
a. personal armour vs vehicle armour
What is this armour made of?
a. steel vs ceramic
Are you concerned with multi hit capabilities?
What do the (Canadian) forces look for in a helmet?
What are the cost concerns with implementing a new armour or helmet system?
What lifetime expectations does the army have of its armours?

. Are the armed forces concerned with the sustainability of its armour sourcing? lifecycle?
. Do you foresee any specific challenges with integrating a new armour system onto

personal, vehicles, helmets etc.
Besides ballistic performance is their other characteristics that are desired in armour
systems?
a. Soldier systems?
b. Vehicle armour
Material strength?
Do you use glass fibers in your manufacturing?
Do you paint or bond anything you make? what about your customers?
Is sustainability important for you and/or your customers?
What regulations and policies have recently affected your industry?
Are their market sectors you would like to break into but cannot?
How would a new armour system like a PDCPD integrate with existing systems and
allies?
What sort of liability concerns does DND have for various armours?

. How do you suggest I approach other DND associated manufactures like helmet makers

and body armour makers, can you put me in touch with anyone?

Is there anything else I should have asked you about?

How do you suggest I approach other DND associated manufactures like helmet makers
and body armour makers, can you put me in touch with anyone?

If I have additional questions, would it be okay to follow up?

Who else should I be talking to?
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