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Abstract

COz-switchable materials use G@s t he trigger to induce a change
physiochemical properties. The mechanism of switching, in most cases, is the reversible protonation of
tertiary amines in aqueous solution in the presence afll@Onot in its absenc&his type ofstimuli-
responsive materigis attractivesince the trigger C£s a benign and netoxic gas The application of
COez-switchable materials could be well suited to binder polymers in various coating formulations, such as
the preparation of polymer latex In addition, he environmental impact dhese polymers could be
reducedand the sustainability improveas fatty acids from renewable sources are used as the precursors
for polymer synthesis.To convert natural fatty acids to polymers, two steps were followed:

1) functionalization of fatty acid with-Bydroxyethylmethacrylate (HEMA); 2) free radical polymerization

of the biecbased monomers usiragoisobutyronitrile AIBN) or benzoyl peroxide BPO). A series of
homopolymers and copolymers were synthesized by varying two main factarsntbat of the bidased
material present in the polymand theratio of alkyl to tertiary amine containing monome@QO;-
switchable monomers, derived from lauridasieic acid, were synthesized and polymerized individually

or jointly with 2-(dimethylamino)ethyl methacrylat® MAEMA ) to prepare C@responsive polymer3.o
incorporate tertiary aminds fatty acids, two synthetic strategies were used: 1) halogenatiomed by
substitution with an amine; 2) epoxidation of unsaturated C=C, followed by ring opening with an amine.
H NMR, *C NMR, FTIR, GPC and mass spectroscopy were used to characterize the novel monomers and
polymers. The C@responsiveness dhe various polymers was tested by electrical conductivity and

'H NMR spectroscopy. The thermal behavior of the synthegipdégimers was studied by differential
scanning calorimetry (DSC) and thermogravimetric analysis (TGA). The newly syethesipolymer
poly(N,N-dimethylaminoethyl methacrylateo-2-(methacryloloxy)ethyl dodecanoatg)(DMAEMA -co-

MAED)) exhibited a change in its physical and chemical properties when exposed ia &queous

solution.



Co-Authorship

The bulk of the research waonducted independently under the supervision of Prof. Philip G. Jessop, Prof.
Michael F. Cunningham, and Dr. Tobias Robert. The editing and revision of this thesis was conducted
under the supervision of Prof. Jessop and Prof. Cunningham. The syrgbktimties employed in this

thesis were developed in collaboration with Prof. Jessop, Prof. Cunningham, and Dr. Tobias.



Acknowledgements

This acknowledgement section fails to capture the immense gratitude | feel. Words can never adequately

express how mudhrappreciate this journey and the wonderful people that have walked this path with me.

I am incredibly humbled and grateful.

First and foremost, my sincere gratitude to sapervisor,Prof. Philip Jessopvhom | regard so
highly. Your excellent reputation precedes you. Your dedication to green chemistry and yonravés
world renownedAfter joining your team and being taught, supervised, and mentored by you, one can
discover yourextraordinarypersonality. Youiincredible mind andntelligence still amaze me, but more
importantly, despite all your accomplishments, you hawawvavering humilityand kindnessYour
approachability made it easy to discuss not only chemistry but life matters. Despite your busy schedule,
you always made thime to ensure the wellbeing of your studeimsu have been a menta paragon
someone that unceasinghspires meThank you for believing in mand giving me a place in the Jessop
Groupwhen | didnét believe in myself.

Thank you to my ceupervisorProf. Michael Cunninghanwhose work, and expertisave been
instrumental in my success. Yioapparent passion for teaching, research, and benevolence towards your
studentdas kept me insged throughout myourney. You have the extraordinary ability to uplift, energize
and reassura distressed student. Your kindness, intellectual guidance, and encouragements will never be
forgotten.

Dr. TobiasRobert far away and yet so close with atant guidancelhank you for the countless
hours you spent reading my proposals and monthly repants truly grateful for your helpful comments,
suggestions, andupport throughout thigroject. My only regret is not having been able to travel to
Germany and meet you in person. Perhaps, and | sincerely hope, in the post pandemic world, our paths may

Cross again.



Special thanks t@rof. Anne Petitjearf o r supporting my entire acad
University. | still remember our first meetintpere | was in your office, very intimidated by the idea of
starting a new bYoudrestednme dvith sicina warm evetdorset Yoyr calmgamtie
nature reassured me. Later in my studies, you supported my NBER& application and granted me a
rare opportunity as an undergrad to do research with the Jessop Group. Prof. Petjeiare resterai
éternellement reconnaissante.

Dr. Ross Jasenvan Vuurenthe firstsupervisoll ever had working as a lab researcied one of
the reasons | continued my studies in this fi¥lou are an icon of integrity and professionalism, as well as
an exceptional mentoY.our impeccable writing has beertrae inspiration and a standard of perfection.

Dr. Igor Kozin,you have played an important role in my decision to punsgteer education. You
believed in me, took the time to discuss my careers goals and interests and supp@qedicayon to
gradwate studies.

My heartfelt gratitude to my i ncr,8adahHBlis,ygort al ent
Tadeu da Cunha, Daniel Barker, Hailey Poole, Bailey Smith, Devni Elamaldeniya, Matthew Sanger,
Vanessa da Silva Saab Liberato, Sophia Botsieiedeh Ramezani, Connor SanderdGuilherme Vilela
Ther assistance, cooperation and exigenvere essential in the completion of my lab wokkspecial
thanks taJaddie Hdfor always being willing to share your knowledge about polymers and coatidghe
many hours you spent guiding me in this project.

Much of the experimental work would not have been completed without the assistBmc¥iof
Zhang Thank youfor tirelessly running all my samples on the GR@ur exceptional support and your
erndless patiencare remarkable.

Thank you to tweefficient, dedicated, anamazing administrative assistaniessica Brightyou
must have organized and scheduled at least a hundred meetings for me. | am quite certain the whole system
would collapse without youElisa Bulak thank you for all the time you booked room 517 for me, keeping

me organized with all the mandatory training and replacing my access card on numerous occasions.



My most heartfelt thank you to the institution itse@uean 6 s U n,ifor giving ime the
opportunity to meet some of the brightest scholars, some of the best &iatfds the preciousnemories
over the years

I would like to recognize theCentre for Innovation and Research on Carbon Utilization in
Industiial TechnologiegCIRCUIT), theNatural Sciences and Engineering Research Council of Canada
(NSERC)andiQueends Uni ver s fotfiganciarsapdomdithenadalishwork possible.

To my soulmatdBalveen Choprghank you for your selflessness, your commitment and dedication

towards my dream&hank you for your emotional support and for being such a great fiienck BN 6 Y

U 6 (®hanyavaad mere mjtr

Last, but definitely not the least, | am greatly inddbie my beautiful mothedahnabi Lebrun
Thank you forall your sacrificespatience, and devotiolou stood beside me through times of uncertainty
and despair when higher education seemed unattainable, an ephemeraldreapour tout ton aide, ma

bdle maman!



Table of Contents

Y 01 1 T RSOSSN I
(70 011 a1 €] 1 o PP PP P P PRSP ji
F ol 0 11T/ [=To [0 T=T 1= £ PP iii
IS o o T =S UURUURRRSP X
LISt Of SCNEMIES......eiiiiiiiii et e e e e e s s bbb e ens bbb et e e e e e e e e e enabeeeeean Xviii
[ 0 1=V 1= PP PRPRR PRI XX
IS Ao =T [ = 110 = XXii
LiSt Of ADDIEeVIAtIONS. .......eiiiiiiie e eeenr e e e e e e e e e e e Xxiii
(O gF=T o1 (= g I T a1 oo 11 T3 T o USSR 1
O RO YT QT TP PPEPR 1
2 o o TT=Tod a0 - | PPt 3
1.3 TRESIS OrQanIZATION. ... ...uuiiieiiieeeeiieiiceee ettt e s e e e e e e e e e e e e s e e e reeeeeas 5
R = (=T = o PP 7
Chapter 2 LILErAtUIE REVIEW........coiiiiiiiiiee et eeett e e e e e ettt e s eeemt et e e e e e s s e e e e e s emme e e e e e e e e nannes 9
2.1The Historical Development of Polymers as Binder Agents in Coatings..............ccccceeee.. 9
2.1.1 EarlywaterbasedBinders (2500 BG 14th CENTUIY)......ccoeeiiiiiiiiiiiiiiiceeeeeeee e 10
2.1.2 TheFirst Oil-basedBinders (L14471900)........ccuiiiiumrririiiiiieeneeee e e 10
2.1.3TheFirst SyntheticBinders (early 100) .........coouiiiiiiiiiiiii e 12

2.1.4 Late 2t Century to 2¥CenturyBinder POIYMErS..........cccccveiieiieiiieeeee e 16

2.2 BiODaSEAPOIYMEIS. .....ciiiiiiiiiieee ettt e e 17
2.3 COreSPONSIVEPOIYIMEIS ..ottt e e e e s e e e e e e e s e e e e e e e e e aeesaaesssebrsrenneeeeas 19

A AV 1 (=T o o F= 11T @0 T 1] [0 F- P 21

FZ o R < {1 11T o RSP SOS PRI 21
2.4.2 Composition oVaterDasedCoatingsS. .....cccoeeeeeiiiiiiii e i i e rrrree e 22
2.4.3 Overcomin@hallengesvith WaterbasedCoatings..........c.ocvvvveviveviiiieene e, 24

2.5 Synthesizing1onomersrom Fatty ACIAS. ........u i e eeee s 30
AT RS (= Te | o g = (=] ] 0F= 4[] o 32
2.5.2NUCIEOPNIICACYIALION. ... e e e e e e e e e e e e e e e eaeeeeeeeenaees 33
2.5.3 GlycidylMethacrylateESerifICAtION......... .. 34

2.6 Designing C@responsiveBio-basedPOlYMEIS.......cccoooiiiiiiiii e eeee s 35
2.6.1 FredradicalCopolymerization with a C@responsivéMilonomer.................c.ccceeeeeveeeee 35
2.6.2 Synthesis dfertiary AminesContainingFatty ACIAS...........coooviiiriiiiiiieeeiieeee e 38

Vi



B A = =Y (=] (= [0 41

Chapter 3CopolymersSynthesized from a C&responsivévionomer and 8io-basedMionomer.....51
B TRt I 1] 1 = Lo APPSR 51
G 3072 | 1 0 T ¥ T4 1 0] o VP 52
3.3 Experimental Methods and Materials. ... 56

TR I I V= 1= oL PP PO PP PPPPPRRPPR. 56
3.3.2 Characterization MethOdS..........ccuuiiiiiiiiereriie e e 56
3.3.3 Synthesis of Bidased MONOMELS.......ccooiiiiiiiiiii i erer e e e 58
3.3.3.1 Synthesis of MAED via Steglich Esterification.............ccccoeoiiiiccceiveiiieeieennnen, B8
3.3.3.2 Synthesis of HMPD via Glycidylethacrylate Esterificatian............................. 60
3.3.3.3 Synthesis of DMA via AcylatiQn................ccoooiiiiieeeicccccccccccee e 60

3.3.4 Synthesis of Bibased POIYMEIS............oovviiiiiiiiiieee e 61
3.3.4.1Synthesis oHomopolymer PMAED.............iiiiieee e 61
3.3.4.2 Synthesis of Homopolymer pHMPD...........cccoooiiiiiiiieeeeeereeveeen 62
3.3.4.3 Synthesis of Copolymer p(DMAEMBO-HMPD)..........ccovvviiiiiiiiiiiiiceen e 63
3.3.44 Synthesis of Copolymer p(DMAEMABO-MAED) .........covviiiiiiiiiiiieeniiieee 65

3.4 RESUIS ANd DISCUSSION......ceiiieiiiieiieeeiiieeesasssaaseaaassaaseesssesssmamseeeeaeeessesssaesssssnssrnnnesaaeeeeens 66
3.4.1 MONOMET SCrEENING TESIS . .uiiiiiieiiiiiiitittieee et e e e e e e e s rnnes e e e e e e e e e e e nnnnneeeean 66
3.4.2 Characterization of Bibased COPOIYMEIS..........ccooiiiiiiiiiiieeeiieee e 69
3.4.2.1 p(DMAEMACO-HMPD) .....coouiuiieieeeiieeeeeeeeeeeeeeeesesenes s vensas e 69
3.4.2.2 P(DMAEMACOMAED) .....coouiuireieeeeeeeeeeeeeeee e en s s s s e 72
3.4.3 Physical and Chemical Properties............oocuuiiiiiieeeiiiieeeee e 81
3.4.3.1 CQresponsiveness MEASUIEMENLS. .........cuuvvririiiieeeeeeee e e e e s e eeeree e 84
3.4.3.2 Thermal ANAIYSIS........uuuuiiuiiiiiiiiiiee e e 87
BT T G I X | =] T o SO PRRPRERPPR 91
3.4.3.4 Coating APPEATANCE.........cceieii i eeee e mmme e e e e e e e e e e e e e e e e e e e e e e e e aean 94
3.4.3.5 Resistance to OrganiC SOIVENLS..............oooiiiiiiceci e 95
3.4.3.6 Resistance to AQUEOUS SOIVENL...........ooiiiiiiii e 96
T 3G T ) Y/o | 0] o] g To] o] [ox | Y 97

G 3E O0] o od 111 o o L= SR 101
I L= (=T 1] Lo S 102

Chapter 4CO,-responsive Bidbased Homopolymers Derived from Oleic Acid................uuee.... 108
Y 013 = T 108
20 | 11 o o [V Tod 1T} o PSSP 109



4.3 Experimental Methods and Materials..............ooo e 111

R Ft 1Y = (= 4 =SSR 111

4.3.2 Characterization Methads...........cooooiiiiii e e e e e e e 112

4.3.3 Synthesis dlomopolymer pDEAMAEQ...........oouiiiiiiiiiiemiee e e 113
4.3.3.1Step 1 Synthesis of Monomer MAEQ...........ooiiiiiiiiiiimmmieee e 113
4.3.3.2Step 2 Synthesis oHomopolymer pMAEOQ..........ccoooeiiiiiiiiii v, 114
4.3.3.3Step 3 Synthesis oEpoxidized pMAEQ.............ooovviiiviiiiiieeeiie e, 115
4.3.3.4Step 4 Synthesis OPDEAMAEOQ ..........ociviiiiiiiirree e e e eeeeeannns 116

4.4 ReSUILS aNnd DiSCUSSION. ... .uutieiiiiieeeeiiiiimeee sttt e e e e e e e s s smnns s s sbbbaeeeeaee e e e s s s mnnsssnnnes 118

4.4.1Method 1 Reaction Performed in Neat at 1ZD............cvvveiiiiieeeniicme e 118

4.4.2Method 2 Reaction Performed in Acetonitrile at 85 .........ccovveeiiiiiiiiiiiieeniiieeeeeennn 122

4.4.3Method 3 Reaction Performed at @D °C inToluene............cccvveeeeeeeiiiiccee e 124

4.4, 4C O, TESPONSIVENESS. ..uvvtrrrrrirurriurninrrimmnreeeaeeeaaaaaaataaaeeeeesimaassannsaansaanan o o————eees 128

4.5 CONCIUSIONS. ...ttt e e e e eee et e e e e e e e s s ne e ee e et e e e e e e e s sanss s nnes s s beseeeeeeeeeesannnns 129
] = (=] €= g o] == 129
Chapter SCopolymer Synthesized from a g€sponsive Monomer and a g@sponsive Bidased
Lo g ToT o ¢ =T PP RT 133
L0t A o 1] 1 = Lo A PSSP PPPPSPPPPPP 133
L0220 111 {0 T [T £ o SRR 134
5.3 Experimental Methods and Materials. ... 136

TR TRt Y oY = 4 = L= SRR 136

5.3.2 Characterization MethOdS..........uuuuuuiiiiie e eeee e 136

5.3.3.Synthesis of Copolymers p(DMAEM&o-DMAMAEO) and p(DMAEMA-co-

[ A Y T ) OSSP 137
5.3.3.1Step 1 Synthesis of Halogenated Fatty ACIAS.........ccccoveeiiiiiiicccieiieeeeeeeeeee, 137
5.3.3.2S5tep 2Synthesis of Halogenated Monomer (MAEBOD/ MAEIQD)................ 140
5.3.3.3Step 3 The AttemptedSynthesis ofTertiary Amine Containing Monomers
(DMAMAEQ / DEAMAEQ) ... .ttt ettt e ea e e smnnsaee e e e nnaeeeeannnneeeas 142

5.4 ReSUltS and DISCUSSION.........eiiiiiiiiiiiiiiieieee et e e e eeeeie e mmme e e e e 143

5.4.1Method 1 Reaction Performed with MAEBOD, DMA and ZnGit B °C.................. 144

5.4.2Method 2 Reaction Performed with MAEBOD, DMA and ZnG@lt 65°C.................. 145

5.4.3Method 3 Reaction Performed with MAEBOD, DMA and ZnG@lt 80°C.................. 148

5.4.4Method 4 Reaction performed with MAEIOD, DEA and Zn@t 55°C..................... 149

LR 0] o o3 113 o o L= PSP 150



D B REIEIENCES. ... ettt e et ettt e ettt e et e ranmt e e e e e e e e e e e enaaens 151

Chapter 6 Conclusions and FUtUure WQILK.............oooimmmiiiieee e eeme e 153
6.1 SErALEQY L...oeeeeeeeiiiiiieiiiei e e e e e e e e e e e e e e e e e e e e eree e mmmr e e e e e e e e e e e e e e e e e e e e e e e e s 153
6.2 SIALEOWR ... iiiiiiiii ittt ee e e e nr e e e e e e e e e e e e aeaeaeaaean 156
LSRG IR 1 =1 (=T 0 )V T PP 164
6.4 FINAI REMAIKS.....cciiiiiiiiiiiiit ittt ettt e e s bbbttt e s emmt e e e e e e e s a st rneeees 166
6.4 RETEIEINCES. ..ottt e e e e e e s rmmee bbb e e e e e e e n 166

Appendix A Supporting Information for Chapter.3..............ooooiiiiirccimemr e 169

Appendix B Supporting Information for Chapter.4...............cooo e 204

Appendix C Supporting Information for Chapter.b.............eevveiiiiice e, 209



List of Figures

List of Figures of Chapter 1
Figure 1.1.Plastic production (include thermoplastics, polyurethanes, thermosets, adhesives, coatings,

sealantsandpolypropylendibers) from 19562017 (Nova Institut 2019)..........c.covvvvvvvvvvviieeeniennnn. 2
Figure 1.2. Shares of the produced Hiased polymers in different market segments in 2019 antl 202

List of Figures of Chapter 2

Figure 2.1.The timeline representing the main events in the evolution of polymers as binder agents in

COALING TOIMMUIATIONS. ...t rmm et e e e e e e s e mn et r e e e e e e e e e e anne 9.
Figure 2.2.The chemical structure of natural gelatin................c.oeviiiieeeiii e 10
Figure 2.3 The DielsAlder reaction occurring during the bodyingvagetable oils..................... 11

Figure24.Ch e mi c al structures of alkyd resin derived

combination of these acids depending on the oil chosen (stearic acid, palmitic acid, oleic acid, linoleic

= oo I 1T aTo] (=T T Todi=Tod [ N PP USRPRR 12
Figure 2.5.The synthetic route of alkyd polymer reSinS........cccccceeiiiiiiiiccneeeeeeeeeeeeeeeeeeeee e, 13
Figure 2.6.The synthesis of epoxydiane polymer from epichlorohydrin and bispt#enal........... 14
Figure 2.7. The condensation reaction for the formation of phdawhaldehyddPF)polymer....... 15
Figure 2.8.The chemical structure of polyurea and polyurethane..........cccccoeeeiicceeieniinnnnnnnnn, 15
Figure 2.9 The classification of BIOPOIYMELS.........uuuiiiiiiiiee e 18

Figure 2.1Q Schematic representation of g@sponsive polymer containing tertiary amine groups in
carbonated water. The polymer exhibits wamflicting properties: a neionic form when the C®
responsive moiety is neutral and an ionic form where thgr€§ponsive moiety is protonated...21
Figure 2.11 The pie charts demonstrating the typical composition of different types ofbested
paints(left) and watethased INKS (MGNT)........ooiiiiiii e 23
Figure 2.12 The stabilization of black ink in waterborne syssamiere the binder polymer is
dissolved (left) and diSperd@right) iN WALEE ............cooiiiiiiiiiiiiieee e e 23



Figure 2.13.Schematic of liquid coating on solid surfaGoodwetting is achieved whesurface

tension of thdiquid coating is below th surface energyf the substrate (top). Poor wetting occurs
when the liquid coating surface tension is above that of the sul{tedd®)................oooeeevriienn 26
Figure 2.14 The reaction scheme of aniomieg-opening polymerization of glycidol usinghutanol

................................................................................................................................................. 27
Figure 2.15 The process ddeflocculation of pigments partiesin solution with the aid of a

(o 1Sy o =T (=TT o = To = o ) 27
Figure 2.16 The energy diagram giigmentparticles in solution in metastable, unstable, and stable
] = L PSP U U PP TTTUPPRPTTRRRPRN 28
Figure 2.17 Common crosslinkers and their mechanism of action.....................ccecoiiiiiiiiinnns 29

Figure 2.18 Polymer synthesis by free radical polymerization of DAA and AEMA to generate a
watersoluble copolymer p(DAAO-AEMA). The copolymer undergoes rapid oxidative crosslinking
when catechol groups on DAA react with amines from AEMA..........cccccvviiimme e, 30
Figure 2.19 Common monomers used to synthesize polymers binder for-baged coatings......31
Figure 2.20.The reaction mechanism of tBéeglich esterification. A carboxylic acid (1) reacts with
an alcohol (6) t0 Create @ NEW ESTEI (7). .. cuuuii it eeeeie e e e e eeeer e e e e e e e en 33
Figure 2.21 The reaction mechanism of acyl substitution by nucleophilic ade#lianination........ 34
Figure 2.22.The reaction mechanism of glycidyl methgate esterification...................cceevvveeee. 35
Figure 2.23 Theillustrationof free radical polymerization Steps...........cccccevvrriimmmrniiniiiieeeeeenn 36
Figure 2.24.Azoisobutyronitrile(AIBN) initiator forming nitrile stabilized alkyl radical (top) and
benzoyl peroxide (BPO) initiator forming alkoxyl radicals (DOttom).............c..vvveiiiieeeiieeeeeeee 37
Figure 2.25.The synthetic routes use to functionalized fatty acids into ar€€ponsive fatty acid38
Figure 2.26. The reaction mechanism of the Prileshajev epoxidation of an alkene................. 39
Figure 2.27 The proposed mechanism of the epoxide ring opening catalyzed by.ZnCl.........40

List of Figures of Chapter 3

Figure 3.1.The % protonation of a base having differendiplalues as a function of concentration.
The dashed lines represent the % protonation under air (Roa@@the solid lines represent the %
protonation under C£at 25°C and 0.1 MPa ChO.........ovvuviiiiiiiiiiiiiiimmneeeeeeeeeeeaeeeaaeeaaeessanesennnnnnnns 54
Figure 3.2.The chemical structure of polymeric amine p(MNlixhethylaminoethyl methacrylate)
(PDMAEMAD. ...ttt eeaes e e ettt ettt seees s s es s s s s ee st st st et enne s s e s eeeenes s s s s s ssanmneens 55
Figure 3.3.The structure of the bibased monomers (HMPD, MAED, DMA) synthesized from lauric
= oo USSR 66

Xi



Figure 3.4.The'H NMR spectrum (400 MHz, CDg)lof DMA 1) before water submersion 2) after

water SUDMErSION fOr 24.N......e et e e 68

Figure 3.5.1llustration of transesterification reaction between the ester and hydroxyl groups leading to
03 €0 1S 1 ] 5SRO 71

Figure 3.6.The chemical structure p{DMAEMA -co-HMPD) and p(DMAEMAco-MAED). The

ester andOH groups on p(DMAEMAco-HMPD) can undergo transesterification between the side
chains leading to crodmks. p(DMAEMA-co-MAED) is lacking-OH groups preventing

transesterification reactions betwee side chains..............oooiviiiiiieecreeeee L 2
Figure 3.7.'H NMR spectrum (400 MHz, CDg)lof 1) pPDMAEMA, 2) p(DMAEMA ss-cO-MAED 1)
3) P(DMAEMA7G-COMAEDS0) ..cuttteieeeeiiiiee e e eiitieeeea e e e sstaea e e s ansttaee e s menssseeeessnssneaeeesnsseesemmneeansenes 75
Figure 3.8.Representation of m and r triads within polymer chains...................coieeeiiiinnnnnd 76
Figure 3.9.'H NMR spectra ofhe methyl region ofotacticrich (top) pPDMAEMA and atactic

(OB LY N 3 VAN oT0] 1 (o] 1 1) IS USSP 77
Figure 3.10.SuperimposetH NMR spectra400 MHz, CDC}) of A) DMAEMA, B) MAED C)
crude polymerization mixture containing both copolymer and unreacted monomers.............. 78
Figure 3.11.*H NMR spectrum (400 MHz, CDg)lof p(DMAEMAss-co-MAED11) and the peaks of
interest for determining the COMPOSITION...........uuiiiiiiiie e 80
Figure 3.12.'H NMR spectrum (400 MHz, CDg)l of p(DMAEMA70-co-MAED30) and the peaks of
interest for determining the COMPOSITION..........coiiiiiiiiiii e 81

Figure 3.13.The various physical and chemical properties tested and the corresponding sed@i®ns.
Figure 3.14.The substrates used in this study, from left to right: aluminum metal sheets, paper, and
ANNEAIEA GIASS . ... eeeiiiie ettt et e oot eert et e e e e e e e e s s b bbb et e emenr ettt e e e e e e e e e e e e ennnr s 84
Figure 3.15. 'H NMR spectrum (400 MHz) of A) p(DMAEM&-co-MAED:1) in DO, B)

p(DMAEMA go-co-MAED11) in D,O with CGs, C) p(DMAEMA7o-co-MAED3) in DO, and D)

P(DMAEMA 70-CO-MAED30) iN D20 With CQh.eveiiiiiiie e eeeiiee e 85
Figure 3.16.Conductivity plot of A) p(DMAEMAss-co-MAED1,) in carbonated watemd B)
(o= g aTo] 4 F= 1 =10 IRV 1= RSO RERPPR 86

Figure 3.17.Conductivity plot of 1 wt% p(DMAEMAs-co-MAED11) in water. The dashed line

indicates the time when G@as replaced by Njas. The image on the right represents the appearance

of the solution (1) with C& and (2)WIthOUt CQ.........oooiiiiiii e 87
Figure 3.18.The thermogravimetric analysis of pPDMAEMA (blue curve), p(DMAEMA&0-
MAED ;1) (red curve) and p(DMAEMA-CO-MAED30) (green CUrve)...........oovvvvveeieiiiiieeeeenees 88

Xli



Figure 3.19.The first derivative of the weight loss curve of polymers: pDMAEMA (blue curve),
p(DMAEMA ss-cO-MAED 1) (red curve) and p(DMAEM#A-co-MAED3) (green curve), highlighting
the peak of the first derivative {)T(indicates point of greatest change in weigh$)os.................. 89
Figure 3.20.lllustration of the adhesion mode of failure of pMAED on aluminum substrate....93
Figure 3.21.Solution of 13 wt% p(DMAEMAs-co-MAED11) in carbonated water coated on

microscopic glass slide (50 um thick) A) immediately after coatingtBj drying for 24 h in open

Figure 3.22.Solvent Rub Test using THF, toluene and isopropanol solvents on paper coated with A)
30 wt% of pDMAEMA in carbonated water, B) 20 wt% pMAED in toluene. C) 13 wt% p(DMAEMA
CO-MAED) in carbonated WALEH............coiiiiiiiii e s s e e e e ee e ee e reene e eas 96
Figure 3.23.Images from the immersion test ASTMD 870. The coated A) glass substrates, B)
aluminum substrates are submerged in water below the dashed line. The substrates are coated with
three type of polymer solutions: pPDMAEMA, pMAED and p(DMAENMYXco-MAED:1). Only

pPMAED remained attached to the substrates after the immersion teStu........ccccvvvvvieeneeeeeenen.n. 97
Figure 3.24.The water contact angle (WCA) test on three substrates: aluminum, paper, and glass,
coated with A) pPDMAEMA, B) p(DMAEMAg-co-MAED 1) and C) pMAED..........ccccccovvviiiivinnnn. 98
Figure 3.2%5. Water contact angle measurements on coated aluminum, glass and paper. The error bars
represent the SDS Of MEASUINEMENTS........uuiiiiieiiiiiiceer ettt e e e ee e e e e e e e nineeaas 99
Figure 3.26.lllustrations of WCA test on paper substrate. Wetting of the paper occurs with substrates
coated with pDMAEMA (top sample) and p(DMAEMAco-MAED 1) (middle sample). pMAED

(bottom sample) is a hydrophobic coating; no wetting is observed.........ccccvvvvvvieeeeeiieeeeennnn, 100
Figure 3.27.The plot of contact angle as a function of time for the WCA test on paper substrates
coated with A) pDMAEMA, B) p(DMAEMAg-COMAED11). .....oveveveeeeeeeececeees e, 101

List of Figures of Chapter 4

Figure 4.1.The structure ofommonmonomers usetb synthesize stimuliesponsive honpmolymer,
adapted from HBL Al.........oooooiiiie e e e 109
Figure 4.2. The synthetic routes to homopolymer pDEAMAEO from oleic acid. The final polymer
product is expected to produce a 50:50 mixture of ISOMEIS.........uuuuurimmiiiccceeeiieeeeeeeeeeeeee e 111
Figure 4.3. The appearance of epoxidized pMAEO (left) and pDEAMAEO (right). Homopolymer
pDEAMAEO was synthesized using method 1 (neat,’C)0The darkening of the polymer reflects

the OXIdAtioN Of the AN ... e et e e et eemee e e eenns 119

Xiii



Figure 4.4.Formation ofN,N-diethylhydroxyamine(1) and NethylethanimineZ2) from the oxidation

of secondary aminé\dapted from Slaglet al.................ccuimiiiiieee e 119
Figure 4.5 The!H NMR spectrum (400 MHz, CDg)lof pPDEAMAEO obtained from method 1121
Figure 4.6. *H NMR spectrum (400 MHz, CDg)lof 2-diethylaminoethanol...............ccccccceeueee 121
Figure 4.7. The'H NMR spectrum (400 MHz, CDg)lof pPDEAMAEO from method 2............... 122

Figure 4.8 The product of epoxide ring opening with nucleophilic hydroxide and diethylamine

producing dihydroxyl (1) and diethylamino group (2heTsubsequent elimination reaction would

yield products 37. Ha and Hb are nonequivalent protons.............ccccoevvvvieeeviiiiciiiesceee e 123
Figure 4.9The!H NMR spectrum (400 MHz, CDg)lof pPDEAMAEO from method 3................ 125
Figure 4.10.The outer and inner ester groups present in pPDEAMAEOQ..................c e, 126
Figure 4.11TheH NMR spectrum of PHEMA .........c.vei ittt sereeae e 127

Figure 4.12.'H NMR spectrum (400 MHz, D) of A) pPDEAMAEO in D;O, B) pPDEAMAEO in
D0 after bubbling C@for 1 h. The image on the right represents the appearance of the 1 wt% of
pDEAMAEO in water (A) without CQ(B) With COp......coooviiiiiiiiiiiiiii e 128

List of Figures of Chapter 5

Figure 5.1 The synthetic routes of copolymers p(DMAEM& DMAMAEQ) and p(DMAEMA-co-
DEAMAEOQ) from oleic acid. The final polymer is expected to produce a 50:50 mixture of isomers

Figure 5.3The'H NMR spectrum (400 MHz, CDg)lof DMAMAEO obtained fom method 1...145
Figure 5.4The'H NMR spectrum (400 MHz, CDg)lof crudeDMAMAEO obtained from method 2.

............................................................................................................................................... 146
Figure 5.5.The structure of the products resulting from the hydrolysis of the inner ester group of
DN Y A = PSSR 147

Figure 5.6.The'H NMR spectrum (400 MHz, CD@)l of DMAMAEOQ obtained from method.3.148
Figure 5.7 The'H NMR spectrum (400 MHz, CDg)lof DEAMAEO obtained from method 4...150

List of Figures of Chapter 6

Figure 6.1.Proposed alternative synthetic route for pPDEAMAEO and fossdeecomplications. 158

Xiv



Figure 6.2.The chemical structure of homopolymers pHM&m pDEAMAEO and the number of
carbons separating the hydroxyl and ester functional group on the polymer side chain....... 159
Figure 6.3 Alternative synthetic route using polyunsaturated fatty-deidved homopolymer......160
Figure 6.4.The structure of (1)isesr b i d e mo n o-methylgneodutyeolactopne2and ()N
AIKYIEBCONIMIAES . et eeer et e e e e e e s e seees e e e e e e e e e s e nnnneene s 161
Figure 6.5.Alternative synthetic routes employed to add a tertiary amine on the fatty acid chain.
Pathway 1) epoxidation followed by ring opening, Pathway 2) halogeniatiowed by nucleophilic
substitution, Pathway 3) hydroformylation followed by reductive amination and, Pathwag 4) S

substitution with sodium azide followed by hydrogenolysis...............ccccoiiiiccciiiii 163

List of Figures of Appendix A

Figure A.1.H NMR spectrum (400AHz, CDCE) of lauric acid...........c.cceevvreeerverioeeereee e, 169
Figure A.2.™H NMR spectrum (400 MHz, CDQIOf HEMA .........c..oooiieeeiee e 170
Figure A.3.H NMR spectrum (400 MHz, CDEIOf DMAP ........cceiiieiieaieesieeme e seeaiae e 170
Figure A.4.H NMR spectrum (400 MHz, CDEIOf DCC........ccoeeiieeiiieaieeseeneeeseeeseeanieesneeens 171
Figure A.5. 'H NMR spectrum (400 MHz) in CDght 25°C of monomer MAED....................... 172
Figure A.6.°C {*H} NMR spectrum (400 MHz) in CDGlat 25°C of monomer MAED.............. 173
Figure A.7. FTIR spectra o#) lauric acid,b) monomer MAED. The carbonyl peak of lauric acid is
found at 1701 crhand the carbonyl of MAED ifound at 1722 CM..........ccoeeeeieeiiee e 174
Figure A.8. Positive ion mode ESI mass spectra of monomer MAED (MW 312.45).............. 175
Figure A.9.H NMR spectrum (400 MHz, CDg)lof glycidyl methacrylate..............cccocveivveaens 176
Figure A10.'H NMR spectrum (400 MHz, CDg)lof 2-methylimidazole................ccccccvevvreamne.. 176
Figure A.11.H NMR spectrum (400 MHz) in CDght 25°C of monomer HMPD.................... 177
Figure A.12.'H NMR spectrum(400 MHz, CDCY4) of methacryloyl chloridePeaks of methacryloyl
chloride are highlighted in tan color and the peaks of thedare highlighted in blue............... 178
Figure A13.H NMR spectrum (400 MHz, CD@)lof triethylamine.............ccocveeeveeeiieeeeeeennenn 179
Figure A.14.The products of the hydrolysis of DMA monomer: (1) dodecanoic acid and (2)

0 T=1 = T Y] o= T [ 180
Figure A.15. IH NMR spectrum(400 MHz) in CDC} at 25°C of monomer DMA....................... 181
Figure A.16.TheH NMR spectrum (400 MHz, CDg)lof homopolymer pMAED..................... 182
Figure A.17.GPC traces for homopolymer pPMAED..........ccoooiiiiiiii e 183
Figure A.18.StackedH NMR spectrum (400 MHz, CDg)lof A) monomer MAED, B) polyrar
PMAED, C) crude polymerization mixture (monomer + pPolyMEr)..........cccuuvveeieiieeeseeeeeeninnes 184

XV



Figure A.19. 'H NMR spectrum(400 MHz, CDC}) of the crude polymerization mixture of pMAED.
The peaks labelleH, andH, correspond to thellkene peakmonomer) and the methylene peak

(POIYMET), TESPECHVEIY. ...ttt e e e e e e e e e e e eeeas 185
Figure A.20.The solidstate!*C{*H} NMR spectrum (CP/MAS) of homopolymer pHMPD......186
Figure A.21.FTIR spectrum (DRIFTS) of homopolymer pHMPD.............cccooiiiiimmmniiiiieeeee. 187
Figure A.22.The FTIR spectrum of A) pHMPD and B(DMAEMA -co-HMPD) with initial
monomer feed mole ratio of 5:1 [DMAEMA: HMPDY].......ccccoiiiiiiiiiiiiieeeeeeeeeeeeeeeeveeveeen 188
Figure A.23.The solidstate®>*C{H} NMR (CP/MAS) spectrum of p(DMAEMAco-HMPD) with
initial monomer feed mole ratio of 5:1 [DMAEMA: HMPD]............ooi e 189
Figure A.24.GPC traces fop(DMAEMA s-co-MAED 1) reported as A) PMMA, B) PS equivalents
............................................................................................................................................... 190
Figure A.25.H NMR spectrum (400 MHz, CDg)lof the crude polymerization mixture containing
both copolymer (p(DMAEMAg-co-MAED 1)) and unreacted MONOMErS........ccceeeeeieeeeeeesicmeen. 192
Figure A.26.H NMR spectrum (80 MHz, CDC}) of the crude polymerization mixture containing
both copolymer (p(DMAEMAg-co-MAED30)) and unreacted MONOMELS........ccoevveeeeeeieeesicceenn. 193
Figure A.27. Differential scanning calorimetry (DSCurvesfor pMAED...........ccccccoiiiiiiiiiennnnns 195

Figure A.28.DDifferential scanningalorimetry (DSC) curves for p(DMAEM#-co-MAED 13)....... 195
Figure A.29.Differential scanning calorimetry (DSC) curves for p(DMAEMAG-MAED3y)....... 196

Figure A.30. X-CUt tape teSt IEJENA. .......ceiiiiiiiiiii e e eeens 197
Figure A.31. ANOVA test of the three trials (3 X 10 replicates) for pPDMAEMA coated on aluminium
RS 01 = L= 198
Figure A.32. ANOVA test of the three trials (3 X 10 replicates) for pPDMAEMA coated on glass
S 01 = L= PSR PRP 198
Figure A.33. ANOVA test of the three trials (3 X I@plicates) for pPDMAEMA coated on paper
LTI 013 (= L= PSR PPRRR 199
Figure A.34. ANOVA test of the three trials (3 X 10 replicates) for p(DMAEMAO-MAED11)
coated on aluminium SUDSIIALE...........coiiiiiiiii e e e e e e e e s enese e 199
Figure A.35. ANOVA test of the three trials (3 X 10 replicates) for p(DMAEMAO-MAED1,)
coated 0N glass SUDSIIALE. ........cooi i e e e e e e e e e e e e e e e e e e e e e e e eeeerenennnnnnnnnanas 200
Figure A.36. ANOVA test of the three trials (3 X 10 replicates) for p(DMAEMAO-MAED1,)
coated 0N PAPEr SUDSITALE. .......oiiiiiiiiieeeee et e e e 200
Figure A.37. ANOVA test of the three trials (3 X 10 replicates) for pMAED coated on alumini

RS 015 1= L 201

XVi



Figure A.38. ANOVA test of the three trials (3 X 10 replicates) for pMAED coated on glass substrate.

Figure A.39. ANOVA test of the three trials (3 X 10 replicates) for pMAED coated on paper
RS 0L = L 202
Figure A.40.A) The p(DMAEMA7-co-MAED?3¢) crushed into a fine powder, B) the laboratory

apparatus consisting of Schlenk tube with a nitrogen purging tube..................ccceeeiinnnnnnns 203

List of Figures of Appendix B

Figure B.1.*H NMR spectrum (400 MHz, CD@)lof monomer MAEO............cccceeeevveeeevieenenne, 204
Figure B.2.*H NMR spectrum (400 MHz, CD@)I of PMAEQ. .........cccovveeireeeerer e 205
Figure B.3.*H NMR spectrum(400 MHz, CDCH}) of epoxidized MAEO............cccveeeevveeecrriennnns 206
Figure B.4. Differential scanning calorimetry (DS@urvesfor epoxidized pMAEQ.................... 207
Figure B.5. FTIR (KBr, DRIFTS) spectrum of pPDEAMAEO (obtainé@m method 3)............... 208

List of Figures of AppendixC

Figure C.1. A) *H NMR (400 MHz, CDCJ) of A) oleic acid, B) 9romooctadecanoic acid.......210

Figure C.2. 'H NMR (400 MHz, CDCJ) of %-iodooctadecanoic acid..............ccceeveerrvracenrernne. 211
Figure C.3.1H NMR (400 MHz, CDCJ) of 2-(methacryloyloxy)ethyl ©romooctadecanoate

(VY =1=70] o) TR 212
Figure C.4.'H NMR (400 MHz, CDCJ) of 2-(methacryloyloxy)ethyl dodooctadecanoate
(AN 11 ] ) TSRS 213
Figure C.5.FTIR spectrum (DRIFTS) Of MAEBOD..........ccccooiiiiiiiii it eee s 214
Figure C.6. °C {H} NMR (400 MHz, CDC}) spectrum of monomer MAEBOD........................ 215
Figure C.7.Positive ion mode ESI mass spectra of monomer MAEBOD (MW 4Y5.51.......... 216

XVii



List of Schemes

List of Schemes of Chapte

Scheme 3.1Reaction scheme of the available synthetic routes for providing suitakbeséal
monomer for radical polymerization through reactive double bonds. Lauric acid 1 can be converted to:

monomer 2 by acylation reaction, monomer 3 by glycidyl methacrylate esterification reaction, or

Scheme 3.2The synthetic route of-@methacryloloxy)ethyl dodecanoate (MAED) via Steglich

LSS (] 1 To%= L1 [0 o TP EUURRUP 59
Scheme 3.3The synthetic route of-Bydroxy-3-(methacryloyloxy)propyl dodecanoate (HMPD) via
glycidyl methacrylate @SterifiCatiON............c..uuiiiiiii e 60
Scheme 3.4The synthetic route of decanoic methacrylic anhydride (DMA) via acylation........ 61
Scheme 3.5The synthetic route of homopolymer poly({®ethacryloloxy)ethyl dodecanoate)
(PMAED) via free radical POlYMETiZAtION. ..........euiiiiiiiiiieerni e eees e 62
Scheme 3.6The synthetic route dfomopolymer zhydroxy-3-(methacryloyloxy)propyl dodecanoate
(PHMPD) via free radical POIYMENZALION............ooiiiiiiiiii e 63
Scheme 3.7The synthetic route of copolymer p(DMAEM#&o-HMPD) via free radical
01011V 4 TS - [0 64
Scheme 3.8The synthetic route of copolymer p(DMAEMco-MAED) via free radical

(0101 42T g4 i o] o T 65

List of Schemes of Chapte#d

Scheme 41 The synthetic routto 2-(methacryloyloxy)ethyl oleate (MAEOQ) via Steglich

LY (< g Tox=11[0] n NPT 114

Scheme 4.2The synthetic route tbhomopolymer poly(dmethacryloyloxy)ethyl oleate) (pPMAEQ)

via free radical POlYMEriZatiOn ... .....cooie i e e e e e e e e e e e e e e e e e e e e e e eeeeneeanes 115
Scheme 4.3 he synthetic route to epoxidized pMAEO (Epox.pMAEQ).............ceoviiiiiiieecnnnns 116
Scheme 4.4The synthetic route of poly{@nethacryloyloxy)ethyb-(diethylamino)10-

octadecanoate) (PDEAMAEQ)...... .. it e ettt ettt e eeeea e 117

Xviii



List of Schemes of Chapter 5

Scheme 5.The synthetic route of(20)}bromooctadecanoic acidixed isomerdy HBr addition 138
Scheme 5.5ynthetic route of @0)iodooctadecanoic acitiixed isomerdy I,/HzPO; addition...140
Scheme 5.3 he synthetic route of monomergraethacryloyloxy)ethyb-bromooctadecanoate
(MAEBOD) and 2(methacryloyloxy)ethyl 9odooctadecanoate (MAEIOD) by Steglich

LTS (=11 o%= 11 ] 1RO PPPPPR 141
Scheme 5.4he synthetic route of-g@nethacryloyloxy)ethyl gdimethylamino)octadecanoate
(DMAMAEO) and 2(methacryloyloxy)ethyl 9diethylamino)octadecanoate (DEAMAEOQO) added by

nucleophilic sUbSLItUtION rEACHIONND). .....cevviiiiiieiieeeeeeerr e e eeee s 142

XiX



List of Tables

List of Table of Chapter 1

Table 1.1 The work packages and milestone planning-{ig) for the joint research project between

Fraunhofer WKland QuEn 6 s U NV Bl Sl b Yo 4.

List of Table of Chapter 2

Table 2.1 Overview of different type of adhesioechnologies and mechanisms of hardening..22
Table 2.2 Monomer types and their contributing properties in the final coating...................... 31

List of Table of Chapter 3

Table 3.1.Experimental conditions for copolymer p(DMAEM#o-HMPD) with 1 mol% AIBN for 6
TP EPPPP PPN 65
Table 3.2.The physical characteristics of copolymer p(DMAEMA&HMPD) synthesized

from 1:1 monomer mol ratio [ DMAEMAJ] [HMPD]o using different wt.%of solvent......... 70

Table 3.3.The experimental details and summary of the synthesized copolymers

p(DMAEMA -co-MAED) using 1 mol% of AIBN (relative to monomer moles)...............73
Table 3.4 The polymer solutions used in the physical and chemical propessid@gg.................... 83
Table 3.5.Thermal properties (determined by TGA and DSC) of polymers........cccceeeeeeeiieeeeen. 91

Table3&6 The summary of the pol ymer.bs..s.0l.Ut.9n and
Table 3.7.Polymer solutions used for solvent rub test ASTM D4752..............cooooiiiiieeeeeeeeee, 95
Table 3.8.Summary of vater contact angles of three different polymer solutions on aluminum, glass,

o lo [ o= T o=y U] 0] = = 99

List of Tables of Chapter 4

Table 4.1The experimental conditions for the synthesis of pPDEAMAEQ..........ccccccccoviiiennnnnne 117
Table 4.2. The predictedH NMR peaks for the productibtained from thepoxide ring opening with
nucleophilic hydroxider diethylaminefollowed bydehydration............cccoooeeeiiiiiiiccceeiieeveeeeee, 124

XX



Table 4.3The calculated percent conversion of epoxidized pMAEO into pDEAMAEQ.......... 126

List of Tables of Chapter 5

Table 5.1The experimental conditions for the synthesis of DMAMAEO/DEAMAEQ..143

Table 52 The calculateghercentconversion of MAEBOD intdMAMAEO. ............cccceeeeie. 146
Table 5.3The theoretical (assuming no hydrolysis) and experimental integral ratio of 1H NMR peaks.
............................................................................................................................................... 147

List of Table of Chapter 6

Table 6.1The nitrogerto-carbon ratio (N:C) of the polymer's side chains......................cc...... 164

XXi



List of Equations

List of Equations of Chapter 2

[STo[VE=Y 1o ] o 22 A oW T s To o SN =T U= 1 (oo P 24
Equation 2.2Spreading COEffiICIENL...........ccoooi it e e e e e e e e e e e e aeees 25
Equation 2.3Rate of polymerization..............couviiiiiiiiiieeeie e 27
Equation 2.4Mayo-LEeWIS EQUALION..........ccceieiiiii it mrne e e e e e e e e e aaeeaaaeeeeeeeeaeenes 37

List of Equations of Chapter 3

Equation 3.1Percent conversion (NIMR)........oooiiiiiiiiiiee et rmmme e 79
Equation 3.2Percent conversion (gravimetric analySiS)...........coccuvrriiiiieemieeeee e 79
Equation 3.3Composition of copolymer (BMAEMA) .........uuiiiiiiiiiiiiiiiieeee e 79
Equation 3.4Density Of POIYMEr SOIULION.........cc.uviiiiiiiiie e 83
Equation 3.5ViSCOSItY OF IQUIT.........cciiiiiiiiiiiiii e 83
EQUAtION 3.6 F0X EQUALIOMN ......ceiiiiiiiiiiite et ieee et e e e e e et e s eser e e e e e e e e e s b e e e e e s emmmreeeeeeeaannes 920

List of Equations of Appendix A

Equation A.1 Monomer conversion (NMR)..........oooiiiiiiiiiiiieei e 183

XXIi



List of Abbreviations

M] Concentration monomers

IMA Concentration of the growing chains
BC NMR Carbon13 nuclear magnetic resonance
H NMR Proton nuclear magnetic resonance
AEMA Aminoethylmethacrylamid

AIBN Azoisobutyronitrile

ANOVA Analysis of variance

ATR-IR Attenuated Total Reflectance infrared spectroscopy
BHT Butylated hydroxytoluene

Bio-PBS Bio-based poly(butylene succinate)
BPA Bisphenol A

BPG Branched polyglycerol

BPO Benzoyl peroxide

CDCk Deuterated chloroform

CEPA Canadian Bvironmental Protection Act
CO: Carbon dioxide

CPCA Canadian Paint and Coatings Association
CP-MAS Crosspolarization magic angle spinning
Cps Centipoise

n Dispersity

DAA-p Dopamine acrylamide

DCC Dicyclohexylcarbodiimide

DCM Dichloromethane

XXiii



DCU
DEAMAEO
DIC

DMA
DMAEMA
DMAMAEO
DMAP
DOPA
DRIFTS
DSC

EDC

EPA
epox.pMAEO
FTIR

GMA

GPC
HEMA
HESI
HMPD

kDa
MAEBOD
MAED
MAEIOD
MAEO
MEHQ

MEK

Dicyclohexylurea

2-(Methacryloyloxy)ethyl 9diethylamino)octadecanoate
N 6 ,-DNisopropylcarbodiimide

Decanoic methacrylic anhydride
N,N-(Dimethylamino)ethyl methaylate
2-(Methacryloyloxy)ethyl Qdimethylaminopctadecenoate
4-Dimethylaminopyridine

Dihydroxyphenylalanine

Diffuse reflectance infrared Fourier transform spectroscopy
Differential scanningalorimetry
1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide
Environmental Protection Agency

Epoxidized ply(2-(methacryloyloxy)ethyl oleate)
Fouriertransform infrared spectroscopy

Glycidyl methacrylate

Gel permeation chromatography

2-Hydroxyethyl methacrylate

Heated electrospray ionization
2-Hydroxy-3-(methacryloyloxy)propyl dodecanoate
Kilodaltons

2-(Methacryloyloxy)ethyl Sbromooctadea@oate
2-(Methacryloloxy)ethyl dodecanoate
2-(Methacryloyloxy)ethyl Sodooctadecanoate
2-(Methacryloyloxy)ethyl oleate

Monomethyl ether hydroguinone

Methyl ethyl ketone
XXV



MFFT
mm
mM
MvaeD
MaiN
Mbioxane
Mhn
MPa
MS

Mw
N-oxide

p(DMAEMA -co-HMPD)

p(DMAEMA -co-MAED)

PBS

PCL
pDEAEMA
pDEAMAEO
pDMAEMA
pDPAEMA
PF

PHA
pHEMA
pHMPD

PKa

Minimum film -formation temperature

Isotactic

Milimolar

Mass of MAED

Mass of AIBN

Mass of dioxane

Number average molecular weight

Megapascal

Mass spectrometer

Weight averagenolecular weight

Amine-oxide

Poly(N,N-dimethylaminoethyl methacrylat-2-ydroxy-3-
(methacryloyloxy)propyl dodecanoate
Poly(N,N-dimethylaminoethyl methacrylat-2-
(methacryloloxy)ethyl dodecanoate
Polybutylene succinate

Polycaprolactone

Poly(2-(Diethylamino)ethyl methacrylate

Po | ynethacryloyloxy)ethyB-(diethylamino)10-octadecanoate)

Poly(N,N-dimethylaminoethyl methacrylate
Poly((diisopropylamino)ethyl methacrylgte
Phenolformaldehyde

Polyhydroxyalkanoate

Poly(2-hydroxyethyl methacrylate)
Poly(2-Hydroxy-3-(methacryloyloxy)propyl dodecanoate

Acid dissociation constant
XXV



pKan pKa of conjugated acid

PLA Polylactic acid

pMAED Poly(2-(methacryloloxy)ethyl dodecanoate)
pPMAEO Poly(2-(methacryloyloxy)ethyl oleate)
pMEMA Poly(methyl methacrylate)

PMMA Poly(methylmethacrylate)

PS Polystyrene

p-TsOH p-Toluenesulfonic acid

PUD Polyurethane dispersions

rm Heterotactic

Rp Rate of polymerization

rr Syndiotactic

RT Room temperature

S Spreading coefficient

S.E.M. Standard error of theean

Sl Nucleophilic substitution (unimoleculaate determining step)
SN2 Nucleophilic substitution (second ordate determining step)
TGA Thermogravimetric analysis

THF Tetrahydrofuran

VOC Volatile Organic Compound

W Work (energy)

W, Mass of standard vessel

WS> Mass of the vessel

W3 Mass of the vessel + water

Wa Weight fraction of monomer unit A

Ws Weight fraction of monomer unit B

XXVI



WCA
WCC
WKI

Wt%

To1

To2

PA

Water contact angle

World Coating Council

Wilhelm-Klauditz-Institut

Weight percent

Density of water at RT

Density of the polymer solution

Viscosity of water at RT

Viscosity of the polymer solution

Time for water to travel through capillary tube
Time for polymer solution to travel through capillary tube
Interfacialtensionbetweersolid-liquid interface
Surfacetensionof theliquid

Surfacetensionof thesolid surface

Rate constant

Reactivity raios

Glass transition temperature

Glass transition temperature of the copolymer
Glass transition temperature of homopolymer A
Glass transition temperature of homopolymer B
Onset temperature

First onsetemperature

Second onset temperature

Peak temperature

Surface tension (force/length = energy/area)

Change in interfacial area

XXVii



€m

Micrometer

Y o u napritast angd

XXViii



Chapter 1

|l ntroducti on

1.1 Overview

Polymes are used in large quantities for a myriad of applications and conveniences in our daily
lives, including protective coatingandadhesivesMost of these polymeric materials are still derived from
petrochemical$eedstocks In many applications wherdesepolymers are utilized, they are desigred
be very durald, whichcauses difficulty in reusing and recycling both the polwaadthecoated products.
Furthermore, the biadradability of these polymers is generally low, exacerbating the global waste
problem. However, in recent years there has been a tremendous increase in research and publications in the
field of bio-based and biodegradable polymers. Accordingtoareegntaor t publ i shed by Ge]l
Institute, in 2019 the total production of Hiased polymers reached 3.8 million tons a year, representing
roughly one percent of the total polymer production worldwklgure 1.1% The report predicts that the
total global production of bibased polymers will continue to grow to about four percent by 2623.
based polymers still represent a very small portion of the total market share of polymers, however the

production of biebased materials continues to grow steadily duest® emerging technologiés.



Plastics production from 1950 to 2018
Bio-based worldwide 3.5 million t
50 Fossil-based worldwide 359 million t
incl. Europe (EU28 + NO/CH) 62 million t
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All figures available at Includes thermoplastics, polyurethanes, thermosets, elastomers, adhesives, Data sources: PlasticsEurope, ﬁ
www.bio-based.eu/markets coatings and sealants and PP-fibres. Not included PET-, PA-, and polyacryl-fibres. Gonsultic and nova-Institute © -Institute.eu | 2020

Figure 1.1.Plastic production (include thermoplastics, polyurethanes, thermosets, adhesivegscoal
sealantsandpolypropylendibers) from 19562017 (Nova Institut 2019)Reprinted from Chinthapalli et

al?

Bio-based polymers can be used in a wide range of sectors, such as food packaging, construction, transport,
cosmetics, textiles, electronics, agriculture, medical and pharmacé@igakntly, the largest segment of

industry using biebased polymers is the textile industiigure 1.2}

Shares of the produced bio-based polymers
in different market segments in 2019 and 2024

3% 3%

39 3% 3% I Textiles (incl. woven, non-woven and fibres)
0

3%
I Automotive and transports
I Building and construction
- Consumer goods (coffee capsules, cutlery etc.)
- Packaging - flexible
I Packaging - rigid (incl. food serviceware)

U0 Etectrics and electronics (incl. casing)
I Agriculture and horticulture

15% B Functi ives, coatings, ics etc.)
Others

13% 13%

Al figures available at www.bio-based.ewmarkets ° ﬁ-lnsﬁm&w 12020

Figure 1.2. Shares of the produced Hiased polymers in different market segments in 2019 andl 2(
Reprinted fromAeschelmann et &l.



To address these challenge focus of this thesis is dhe development of a novel type of hio
based polymer resin for kiaus binder applications, which can be manipulated reversibly from a-water
soluble (hydrophilic) to wateinsoluble (hydrophobic) formrhis will allow for the synthesis of water
soluble formulations to become watasoluble after application to a sulze.This type of binder polymer
couldhave a great commercial potentialitasan overcome the drawbacks of solvbased systems (high
VOC content fire hazard, hazardous organic solvents). Furthermore, the possibility to switch the water
solubility of the binderpolymer will facilitate the development of new methods to remove and recycle
materials of this type in an environmentally benign fashioraddition, nstead of using petrochemical
starting naterials, biederived sources such as abundant vedgtabls are used.Vegetable oils are
renewable resources that are produced in considerable amounts in @adaather parts of the world
These oils are readily used industrially as starting materials in the synthesis of materialsistetyasts

and lubricants.

The materials describefr this masterproject are inspired by G&esponsive materials like
polymers, surfactants and solvents which have been deveilogbd group of Prof. Philip Jessép?
However, to the best of our knowledge, no&&@itchablebio-based polymer resins have been synthesized
so far.In addition, only little work has been undertaken to synthesize switchable materials from renewable

resources.

1.2 Project Goals

This project is a joint research endeavor betwierFraunhofer Institutdor Wood Research
Wilhelm-KlauditzInstitut WKI)i n Ger many and QheedlabdraiondinFraunbafes i t vy .
WK | and Queenbds University wild/l |l ead to cooperati
both partners to obtain insightsdacreate innovative technologid®oth institutions have complementary
portfolios in the field of green chemistry, working towards developing sustainable techno@gies.

scientific level, this project is expected to provide important insights regatitengwitchable polymer



resins synthesized from renewable sosirttewill therefore lay the foundatiofor future projects in this
field with different potential applicationg able 1.1 showthe division of work for each partners and the
milestonesforths j oi nt project. For the first two years o

the synthesis of C&responsive polyacrylates a well as evaluating the properties of the new materials.

Table 1.1 The work packages and milestone planning (B) for the joint research project between

Fraunhofer WKI and Queends University.
WP  Work packages Partner|Year 1 Year 2 Year 3
1 Synthesis of biebased CQ-switchable polymeric
resins from vegetable oils
. . . WKI
1.1 |Synthesis of C@switchable vegetable oils
Qu e g
. . WKI M1
1.2 |Synthesis of C@switchable polyols from vegetable ¢ Qu e e
13 Synthesis of C@switchable polyester acrylates from WKI
" \veg. oils Qu e € .
14 Synthesis of C@switchable polyurethane dispersion WKI M2
" |(PUDs) Qu e ¢
Synthesis of polyacrylates with GOwitchable WKI
15 .
hydrophobicity Qu e
. . . WKI
2 |Evaluation of the COz-switchable properties
Qu e ¢
. . . . WKI M4
3 [Formulation and application of basic coatings (WKI Que e
4 |Recycling and degradability test
. WKI
4.1 |Recycling of polyurethanes and polyacrylates Qued
. . . WKI
4.2 |Selective degradation of cresked polyestefacrylate Qu e e
. o WKI
5 |Project coordination and management
Qu e g

M1: First examples of C&switchable vegetable oils and polyols have been synthesized (12 months)

M2: First CQ-switchable Pldispersions and polyacrylates have been realized (18 months)

M3: At least 2 different types ahaterials synthesized in the project can be reversibly triggered byl8@nonths)
M4: First basic coatings of the G@witchable polymers can be formulated and applied (24 months)

M5: Recycling and/or degradation studies have been conducted widstbiee of the coating materials (30
months)



The research project can be broken down into main objectivespgeittives and activities as follows:
General objective:
1 Synthesize C@responsive polymers from renewable sources as binder agents in cdabimgs,
the laboratory to the industrial scale.
Subobjectives:
Synthesize and characterize a series of monomers from renewable sources (vegetable oils).
Prepare and characterize a series of-@&Sponsive homeand cepolymers.

Measure the C@responsiveass in agueous solution of each polymer.
Test the physical and chemical properties of the most effectiveddPonsive polymers.

= =4 =4 =9

Activities:

Synthesis of monomers from precursors (oleic acid, lauric acid).

Full characterization of the novel monometd MR, *C NMR, mass spectroscopyotuiier
transform infrared spectroscof§TIR)).

Synthesis of polymers with tertiary amines groups incorporated in the polymer side chain.
Characterization of novel polymer$4(NMR, 3C NMR, gel permeatiochromatography (GPC),
Fouriertransform infrared spectroscofiyTIR)).

1 Analysis of the C@responsiveness of the polymers using NMR analysis and conductivities
measurements.

Preparation of polymer solutions to be used as basic coatings.

Calculate the viscosity of the polymer solutions using a viscometer.

Study the thermal stability of the polymers by thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC).

Calculate the work of adhesion using standard test ASTM®.33

Explore the appearance of dried and cured polymer coatings.

Study the resistance of the polymer coating to organic solvents using standard test ASTM D4752.
Study the resistance of the polymer coating to water using standard test ASTM D870.

Calculate tle water contact angle (WCA) of various substrates (glass, aluminum, paper) coated
with polymer solutions.

=A =

=A =4 =4 = =4

= =4 =8 -8 =9

1.3 Thesis Organization

This research project explorddree main strategies to synthesize .€€sponsive bidbased
polymers as illustrated iRigure 1.3 To investiga¢ the properties of the novel materials designed in this
project, a series giolymerswere synthesized by varyingvbo main factors: theontent of the bidased

material present in the polymandthe ratio of alkyl to tertiaryamine containing monomersor each new

5



design, thephysical and chemical propertiegere investigated to understand the aspects of polymer
chemistry able to givalesiredperformance In the first strategy, a fatty acaterived monomer was
copolymerized wh a CQ-responsive monomer. The second strategy explored adding thee§ponsive
moiety (tertiary amine) directly onto the fatty acldrived monomer. The final strategy incorporated both
strategy one and two; meaning that a copolymer was synthesimadvio monomers, both containing a

CO,-responsive moiety.

Legend

= Bio-based monomer

/‘/\‘ = CO,-responsive moiety

Strategy 1 Strategy 2 Strategy 3

Figure 1.3.lllustration of the 3 main strategies used to synthesizedr€ponsive bidhased polymers.

This thesisis organized and divided based on the aforementioned strategiesrasists ofsix

chapters outlined dsllows:

Chapter 1is presented here and introduces the research motivétierthesis outline, and tlggeneral

objectives of thisnasterthesis

Chapter 2 providesthe relevant background @&0O,- responsive polymers, bisased polymers for binder
applications as well as techniques uster modify bio-based starting reagents into monomers. Finally,

synthetic strategies to make Hased C@responsivgolymers are discussed.



Chapter 3 discusses the firsstrategy (Figure 1.3) usetb synthesize bidbased C@responsive
copolymers. This strategy explores synthesizing varioubdsed monomers (DMA, MAED, HMPD)
from lauric acid. To create the G@sponsive copolymers, the liwonomers were copolymerized with a

CO,-responive monomer (DMAEMA).

Chapter 4 covers the secorgtrategy (Figure 1.3) used synthesize bitvased C@responsive polymers.
For this strategy, a tertiary amine (&@sponsivanoiety) was incorporated directly into the Hiased

monomers derived from oleic acid.

Chapter 5 details the synthesis of bliased C@responsive monomers basedstrategy 3 (Figure 1.3).
The copolymers were synthesized from alsed monomer derivdtbm oleic acid and containing a

tertiary amine and a G@esponsive monomer (DMAEMA).

Chapter 6 presents a summary and highlights of this master research and offers recommendations for future
work suggesting different approaches to modify-tdised reagnts into monomers and then synthesize

CO»-responsive copolymers with high content of-based materials.
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Chapter 2

Literature Review

2.1 The Historical Development of Polymers as Binder Agents in Coatings

This sectiondiscusses thevolution of polymes used as binder agents in coating formulations
throughout historyExploring the hétoric events that have contributed to the design of polymer binders can
help us understand tloeirrent challengefaced by the polymer industry as well as the direction we can
pursue for the futurd=igure 2.1shows a timelinef the major historical events in the evolution of polymer

binders.

Evolution of polymer binders

2500 BC 1987
First water- ) 1500 _ 1937 1970 Formaldehyde 2010
basa(li binder Fus:J jsny::letlc Polyurea/ Oil crisis “labe_llad asu Banon
polymer 1 polyurethane carcmogen BPA
., vV UV
‘ 2500 BC 1447 1900 1914 1937 1939 1970 1987 1999 2010 Today
. A "0\\\ /A\
/ , r \ P . y N\
4 2 3 = 4 p 1L
1447 o LA 1999 — —
First oil-based U::?;:::d Epoxy resin CCME Today and the future
binder polymer resin Develog of new binder polymers

and technologies (bio-based polymers,
sustainable materials, recyclable and
biodegradable products, water-based
coatings, UV curing coatings, etc.)

Figure 2.1.The timeline representing the main events in the evolution of polymers as binder agents in co
formulations.



2.1.1Early Water-basedBinders (2500BC i 14" century)

The first inks were invented in 250BBC and were madeprimarily of lampblack and gelatih
Lampblack is a black pigment acquired from the soot of burning pine trees and gelatin is a water soluble
protein polymemextractedrom donkeyskins! The chemical structure of gelatin is showrFigure 2.2
Both ingredients were mixed to form a solid block that was later diluted with teatezate the black inks
These early inks were very permanent when used on absorbent materials, buabearbant materig|
they could be easily renved by rubbing the surfagéIn the hird centuryBC, the art offabric painting
using watetbased inksdbecame populain Chin&, andin the first century, printing on paper became a
common practicé

In the early printing days, the alphaleters werecarvedinto woodernblock stampsThe stamps
would besoaked in watebased inksaind therpressecn a sheet of papéPrinting was almost entirely

done using this tectiquethroughout most of the eartd™ century®

AAPN — HC -——l‘~\ —C ¢ —N
" ] \

Figure 2.2.The chemical structure of natural gelafeprinted from Hayeeye et4l.

2.1.2The First Oil-basedBinders (1447%1900)

In 1447, Gutenberg invented the printing prebsch usednetalblocksinstead of wooden blocks
for the alphabeletters® This led to major changeo the inkformulationsbecause watdrased ink were
not suitabl e f or Clhefleidiatre of &ater rpearnt that thenirkk womidd &dkese

appropriatelyto the metahlphabet stampsTo fix this issue, watewvasreplaced by vegetable oil (linseed
10



or walnut oil) creating oibased ink formula Unlike the wateibased inks, the elbased inks could easily
be transferred from the mesthmps to th@aper withoutreating drips andmudgesThe discovery that
various vegetable oils could be heated and doddrm resistant coating®d to profound changes in the
design of binder polymer8y the beginning of the ¥7century waterbasedprinting inkswere obsolete
andreplaced byil-based ink$

The process of heating vegetable édsform a hard coatings calledbodying of oil’ At high
temperaturs of approximately230 °C, the double bonds in an unsaturated oil can migrate and rearrange
along thealkyl chain/ Once aconjugated diene and a double bond are at proxinniy closure vidDiels-
Alder reaction occw forming a sixmembered ring (Figure 2.3)As more glyceridesundergovinyl

polymerizatia, the viscosity of the oil increases as a result obthieodyingprocess’

R R +
R
R R
R
R R R R R

Figure 2.3 The DielsAlder reaction occurring during the bodying of vegetable ditkapted fromLeach,
R. & Pierce, R

Gutenber§ svention was revolutionaryinstead of taking a month to produce a single printed

book using traditional watebased inks500 copies could be printed in a week ugimg printing pres&
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Gutenbergbs ink formula @dymersdommnated thp inkgnmaket forsovea nd 0 i

300 years until the early 1900s where fodsitived synthetic binders made itherrivals.

2.1.3The First Synthetic Binders (early 1900)

In the 20" century, new chemical industries associated with cobatat petroleum hydrocarbdns
made possible the introduction of synthetic materfalganic solvents such as toluemed xylene were
obtained from coal tar and several fo$gitirocarbon chemicswere obtained from crude olWVith the
expansion of knowledge in synthetic chemistry a wave of new binder polymers such as unsaturated
polyester resins, epoxy resiphenol/formaldehyde resins and othenaykedtheir arrival. By the mie20"
century, the polymer industry was completely reliant on petrol@erived chemical® The next
paragraph provide a brief desription and timeline of the ost commonsynthetic binders produced
between 1914nd195Q
Unsaturated polyester resins

Unsaturated polyester resins (also called sotbased alkyd resins) were first introduced in 1914
and since then have bewdely used in coating formulationShese were mostly derived from natural
polyunsaturated oils and mixed with organic solvents such as xylertelaede!! Figure 2.4 showthe
chemical structuof a typical alkyd resin used in coatingsThey were made in a twtep process as

illustratedin Figure 2.5.

(0]

Jl\w)@

‘e

R

Alkyd resin

Figure 2.4.Chemical structureof alkydresid er i ved from various nat
combination of these acids depending on the oil ah¢stearic acid, palmitic acid, oleic acid, linoleic
acid, linolenic acid)
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Step 1. Synthesis of monoglyceride from glycerol and oil Step 2. Reaction between monoglyceride
and anhydride to form the alkyd polymer
R

o)

¥
A

0]
OH o \E
+
R o)
HO\)\/OH \C[)]/\ R
glycerol (2 moles) Triglyceride of a fatty acid (1 mol) Monoglyceride Phthalic anhydride
OH OH o) [e)
Hy 6
O\EO \)
R O\EO
Monoglyceride (3 moles) R

Figure 2.5.The synthetic route of alkyd polymer resin

Al kyd polymerdéds properties such as gloss reten
them ideal binder polymers in paints and ifkEhe natural vegetable oils previously used in coatings were

slowly being replaced by the newly formulated alkyd polymers.

13



Epoxyresin

Epoxy materiad werefirst used as polymeribindersin 1939whenthe DevoeReynolds company
synthesized mepoxydiane polymer as a bindagent'® Theseair-drying epoxy coatingweremade using
bisphenolA and epichlorohydritf and dissolved in a mixture of watendorganic solvergt!® This process

is illustratedin Figure 2.6

- RGP .
CI _—
% * (catalyst)
epichlorohydrin
bisphenol-A

OH OH NaOH

CI\)\/O O\)\/Cl >
(Stoichiometric quatity)

e} 0

LA __o. l ‘ o_ A+ NaCl o+ HO

Figure 2.6.The synthesis of epoxydiapelymer from epichlorohydrin and bisphesfl Adapted
from Gannon, J. A4

Phenotformaldehyde (PF) resin

In 1920, a new synthetic resinsed in ink formulations was dégned from phenol and
formaldehyde. When phenol and formaldehyde undergo a condensation reaction, the phenol molecules
become linked by methylene bridges forming tkderensional crosslinks netwodsillustrated inFigure
2.7 ¥ Thephenotformaldehyde PP resinwereinexpensive andayea hightemperature resistant coating
due to its internal crosslinking networkSince 1920a wide range of phendbrmaldehyde resins have

been synthesized and used in many figldkidinglacquers, paist inksanddyes?®
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OH OH OH H_ _H OH
H H . H H H C H
- +H,0
H H H H H H H H
H H H H
Figure 2.7.The condensation reaction for the formation of phdéowhaldehydgPF) polymer.
RAdaptedfrom Leite et af®
Polyurea/ polyurethane
The first polyurethane wadeveloped in 1930 and the first polyurea used in coating applisation
was discoveredin 1937 using hexand,6-diamine and hexanrg,6-diisocyanaté?® Their network is
composedf hard (isocgnatesNCO) and sfi (aliphatic polyols or polyamine OH/NiHgroups as shown

in Figure 2.8 Theyquickly became populan industrial applicationdue to their properties suchaater,

corrosion and abrasiaesistancg®

(0] O
0=C=N N=C=0 + H,N NH, —= /GR _R' :
SR SR \NH/U\NH \NHJkNH/)/
n
Isocyanate Prepolymer Polyamine Polyurea
Urethane Group
Polyol Diisocyanate (o] 0o

(o) 0 | ||
RY \ / : :
+ X z — o | $
Ho” oH T P \<O/R \;O/C\N;/R-\N/Cg\
Hi H

Figure 2.8.The chemical structure gblyurea and polyurethanBeprinted from Crescentini et dl.

15



2.1.4Late 20" Century to 21 Century Binder Polymers

The beginning of the 20century was heavily focused on economic growth thedlevelopment
of new technologiePespitetheexcellentperformance of synthetic binder polymers, several events forced
the industry to agpt new designs and modify their existing technoldgye negative impacts of industrial
processes on the environmentd human health reached Forexample c al | €
extensive research was conducted on some chemicals used heavily in polymer synthesis such as
formaldehydé and bisphenol ABPA).?2 In 1987,the U.S. Environmental Protection Agency (EPA)
classified formaldehyde as a probable human carcifdgen in 1999, he Canadian Environmental
Protection Act (CEPA) identified bisphenol A as a togithstancé? It would take aother decadéo
prohibit the use of PBAn baby products? In light of those eventshe polymer industy was obligedo
find alternative reagents for PBformaldehydeand other chemicals deemed dangerous for human health
Commonsolvents used in industrial processes and commercial gioeere also scrutinize&everal
studies confirmed that emissions from tihgamic solventpromotedsmog formatiorandincreasedhealth
risksin humans® In August 1999, the Government of Canada releasdéitieonmental Code of Practice
for the Redction of Volatile Organic Compounds (V€Emissions from the Commercial/Industrial
Printing Industryurging companies to reduce the content of VOCs in their pratfutsthe past few
decadesthe industry has progressed towards dexelopment of waterbasedas well as solventless
coatings

Another major trend in polymer design is the ongaiffgrts to replace petrolewnased polymers
with bio-based polymer®.Several events were resysible for initiating tis trend.The first defining event
was theoil crisis of 197Qthe price of crude oil saw a drastic increase cirega public awareness of the
overdependence on petroledhuring this tme, people grew concerns over oil supply believiveg crude
oil would eventuallydeplete Although this fear was mostly medidven,thiscreated the need fafternate
sourceof hydrocarbon®ther tharpetroleum Alongsidethe oil crisis,the second ecisive factor was the

growing public concernover waste accumulatiomollution and climate chang@° This lead to an
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exploration of -based polymers as potential replacemsrtpetroleurabased polymersincethey often

offer asmallerenvironmental footprint®

2.2 Bio-based Polymer

It is essential to take a moment to define some terminologies used throughout this research project.
The termbio-based polymers still relatively newand isoften confused witberms such aiodegradable
polymersor biopolymerst® The common perception is that polymers made from renewable materials are
always biodegradable; however, tliased polymers are not necessarily biodegradaBiepolymeris an
umbrella term that covers a rangé polymers, includingoio-based polymer® Figure 2.9 showshe

classifcation of biopolymers along with some examples of polymers in each category.
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Biopolymers

LNatural polymers ’ [ Polymers from W

natural monomers

~
/Carbohydrates\ a Proteins \ /Other organic 4 Inorganic \ /By biocatalysi?\ By synthesis

» cellulose * collagen biopolymers biopolymers * PHA (Bio-based

* hemicellulose » alginate * lignin * polyphosphates ¢ PHB polymers)

* chitin » gelatin * nucleic acids * PHBV * PLA

® agar e gluten * polyisoprene ® bio-PET

® carrageenan * casein ¢ condensed e bio-PP

e starch * zein tannins * bio-PBS

. . -

\ N soya / Y, Y, \ ) \ bio-PLC )

Figure 2.9.The classification of biopolymers

Categoryl) natural polymers

This first categorycontains the naturally derived polymeaxtiose polymeric material has been
extracted directly from biomass There are fourmajor sources ohatural polymers carbohydrates,
proteins organic biopolymers and inorganic biopolymédisere has been growing interests in using natural
polymersin medicine, givertheir biocompatibilitywith the human bod§?3® Synthetic polymers lack
certainbiological propertieshat canleadto adversesffectsin applications sch as prostheticand tissue
engineering?

Category?2) polymers from natural monomers

These polymers are derived from either biocatalysis or other synthetic methodsatsiragly
occurringmonomers. In biocatalysibacterial specieare used t@onvert carbon sources into a diverse
range of polymers including polysaccharides, polyesters, polyamides and polypho¥phates.

Polyhydroxyalkanoates (PHAsye a common example ofalyester produced hyacterid fermentation

usingcarbon sourcéeeds i.e.cellulose, vegetable oils, organic waste and fatty aéids.
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The second subcategory is the-besed polymers synthesized from natural monomers. In order to
be labelled as a bibased polymeait leasbneportion of the polymer must be produdeain a raw mateal
thatoriginated from biomass feedstotkThe other componesibf the polymer may still be produced from
fossilfuel based materigtoal, petroleum, natural gashale oils tar sands, and heavyls)i For example,
polylactic acid PLA) is a common polymer found in this category. PLAaibiodegradable polymer
containing a monomer (lactic acid¢rived fromarenewable soues®® Industrially, Bctic acid isoroduced
by the carbohydrate fermentatiohcorn starch or sugar caffeCommon polymers such aslybutylene
succinate(PBS), mwlycaprolactone(PCL) are also found in this categoryBS is a biodegradable
thermoplastic polyester synthesized through polycondensation of succinic acidddndahediol.Both
building bloks can be produced either from renewable feedstock such as glucose and sucrose via
fermentation or from petrolewinased feedstoskAs we discussed previouslgwareness to the harmful
effects of petrochemical derivedblgmershave led industries téind greener alternative® There are
several instares where synthetic naenewable polymers have been modified to a more environmentally
friendly version. For example, 2016,PTT MCC BioChem CaynthesizedBS from renewable sources
such as sugar cane and corn insteaalsofg petroleumbas&l monomers® PBS has traditionally been a
synthetic norrenewable polymer, howevelhis newversionis now called a biebased poly(butylene
succinate) (BiePBS)3®

The polymers synthesized in this research project are labeléatlagsed polymersince a portion
of the polymers is synthesizedrelitly from biomass feedstocks such as oleic acid and lauric acid.
However, some synthetic reagents are used during the chemical conversion process of these natural fatty

acids into C@responsive polymers.

2.3 COr-responsive Polymers

The technologyusedin this project is inspired by C&esponsive materials like polymers,
surfactants and hydrogels which have been developed over the last yearsesgeé#nelgroup of Philip

Jessop? 43 CO,-responsive polymers are a class of materials that can change their chemical and/or physical
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properties when exposed to a trigéfeAlthough several potential triggers could be used; S@eemed
the ideal trigger since it is benign, inexpensive and aburieMriten CQis dissolved in waterbicarbonate
ions and protons are formed shown in the chemical equation befSw:
60 00z O 000

A carbonated aqueous solutibas a pH of around 39 When tertiary amingare placed in
carbonated water, alkylammoniumgdrogen carbonatiens are formed since the nitrogen ttsawith the
protons in solution. Interestingly, these amines can react reversibly witin@Gl@ presence of wates
shown in the chemical equation belétv:

YO OO0 ™O0z YOO 000

Secondary and primary amines are avoided because they are converted to alkylammonium
carbamatdons in carbonated watavhich are not as easily reversible as alkyl ammoniumirdgen
carbonateons** Carbamate st can be easily avoided by selecting a tertiary athiaedoes not contain
any N-H bonds*

YOO 60 ™0z YOO YOOOU

This researchproject focuses orthe synthesis of different bibasedpolymersthat contain a
suitably basicnitrogencontaining building block. The nitrogen building blods the CQ-responsive
moiety imparting the switchable behavior tife polymer. When a C&esponsive polymer in agueous
solution is subjected to an ionizing trigger, such asd,@e polymer may switcteversiblybetween two
formshaving opposingroperties (hydrophilic to hydrophobic). €f@acts in the presence oéter forming
carbonicacid, which camprotonatebasic amine The carbonated solution can be purged with a neutral gas
(air orNy) or heated to remove the G@nd consequently cause the polymer to revert to a neutral form. A
norrionic polymer is generateghen the C@responsive moiety is neutral and an ionic polymer when the

COy-responsive moiety igrotonated (Figure 2.10).
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+CO,
-CO,
non-ionic/insoluble polymer lonic/soluble polymer

Ll polymer backbone
@ = neutral nitrogen containing building block
S T protonated nitrogen containing building block after treatment with CO,

Figure 2.10. Schematic representation of gf@sponsive polymer containing tertiary amine groug
carbonated water. Thmolymer exhibits two conflicting properties: a rimmic form when the C@responsive
moiety is neutral and an ionic form where the,@€sponsive moiety is protonated.

2.4. Waterbased Coatings

2.4.1 Definition

The novel polymers developed in this @ project are intended to be used in whtesred
coatings. Coatings can be classified based on their mechanisms of hardening as $hbler2ii?® Water

based coatings fall into treolution/dispersionsype, where the binder polymer adheres to the substrate

upon the gaporation of the solvert.
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Table 2.1.0verview of different type of adhesitechnologies and mechanisms of hardeffng.

Type Mechanism of hardening

Solution/dispersion Evaporation of solvent/water
Hotmelt Cooling

1-Component External impulse, i.e. water,

temperature, UV-light

2-Component Mixing of the components
Pressure sensitive Retain tackiness
adhesives

2.4.2 Composition of Waterbased Coatings

Most industrial coating formulationsontainfour basic components: pigments, bingelymers
solventsand additiveg® The pie charts irFigure 2.11 illustratehe typical composition of standard
commercial watebased paints and inks.

The binder polymexrepresent laout 30 % of the total coating formulation auldy a vital role in
the performance of the watbasedcoatings The polymer bindein coatingsis an essential component
used to impart adhesiobinds thepigmentto thesubstateandprovides a glossy fini& to thedried film*°
Binder plymers forwaterbased formulationsan be naturadr syntheticand they can be either suspended
or dissolved invater®® Figure 2.12 illustratethe differences between a solubilized binder polymer and a
suspended bindgrolymer in waterborne black inkR§In waterborne disgrsions, the binder polyneare
confined to a micelle, limitg its interactionswith the pigmentmolecules. In this system, the insoluble
polymer doesot contribute tahe wetting of the pigment®? The scattering of the pigment is therefore
achieved by dispersing agents (discussed in the next settRolymers used in dispersiaystemsare
typically long-chain polymers with a degree of polymerizatimiweernl 50000-200,000>2 Their role is to

provide viscosity, hardness, water resistance and widkefinal dried film 32
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In solubilized systemghedissolved bindepolymeas and pigmenmolecules are interacting and

musttherebre becompatible’® The degree of polymerizatidor dissolved binder polymeis typically

around 15 008? Therole of the dissolved polymes to increase th wettability of the pigmenprovide

color stability and resistance in the firalredfilm.

Water-based paints

Additives

o
=t Polymer binder

30%

| solvent
' 40%

Pigment
25%

Water-based inks

Additives
2%
‘ Polymer binder

M Polymer binder 30% ® Polymer binder

™ Pigment . m Pigment

| Solvent

m Solvent ' ) W Solvent
gl Pigment

Additives 18% j Additives

Figure 2.11 The pie charts demonstrating the typical composition of differens tfpeaterbasedpaints

(left) andwaterbasednks (right).

Waterborne system: Solubilized binder
electrostatic stabilization of the carbon
black pigments

Solubilized binder o

Waterborne system: Binder dispersion

W

& ionic or non-ionic additive
~/ binder with functional groups

Figure 2.12.The stabilization of black ink in waterborne syssammere the binder polymer is dissolved

g ionic or non-ionic additive

L emulsifier & binder (in micelle)

(left) and dspersd (right) in water Reprinted from Papasso, T.M.

In addition to the binder polymeasd solventthe other components of most coatings are pigments

and additives. iBments can be classified aisherorganic inorganicor hybrid Oxide compounds such as
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titanium dioxide and iron oxide are typical examples of inorganic pigm&dsganic pigments are
incorporated for their coloristic properties, theselude azopigments, polycyclic pigments, and
anthraquinone pigmentéHybrid pigments are relatively recent and they can be synthesized from chelation
between inorganic ions and organic compoua&snally, to target a specific application, additives such as
surfactants, dispersants, caian inhibitors, antmildew agents, crosslinkers and wetting agents are often

added.

2.4.3 Overcoming Challenges with Watebased Coatings

Waterbased coatings arepromisingsolution as water is inexpensive and an environmentally
friendly solvent®® however, there are a number of challenges faced when usingbasatst coatings. These
challenges are discussed belowwadl as possible solutions to overcome those problems.

Surface tension and wetting

The quality of a coating is determined in part by its ability to wet a sueféeetively to create an
even layer free of defects®® Advance contact angle measurement can be done to evaluate the wettability
of a coatingFor an ideal wettingthe contact angleetween the liquid coating and the substrate muasbe
low as possiblé&®

The relationship between the contact angle and the surface tension of the substrate, liquid coating

and substratéquid interfaceisgien by Youngbs equati on:

AT-6 —— (Equation 2.1)

where— s t he Y oung@§ sis tle curfacéenstonofathre golidesurface gubstratg [ is the
surfacetensionof the liquid (coating and| is the interfacialtensionbetweensolid-liquid interface

(coatingsubstratg
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An idealized coating will have a contact angle closestowith respect to the substrafes we can
infer from Youngbs equati on, delessiorcobthetlicuid coatingragdl € i s
the substrate.

The spreading coefficiei another calculation used to predict the probability to successfully wet
a surface based on the differences between the surface tensions. For example, the spreading coefficie

must be greater than zero for proper wetting to take plale.spreading coefficient is defined as:

Y U r [ (Equation 2.2)

where S is the spreading coefficientf ,[ are the surface tension at the solid, sttidid and liquid,
respectively.

A major difference betweesolventbased coatingand waterborne coatings is the high surface
tension of the liquid. Wetting of a surface happemly when the surface tension of the liquid is lower than
the surface energy of the stiiase (Figure 2.13%° The surface tension of solveln@sed coatirgjs generally
between 25 to 35N/m and highethan 50mN/m for waterbased coating®.Organic solvents have a
lower surface tension than water arashcontribue easy to the wetting of the pigment and polymer binder

onto a surface’
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GOOD WETTING Surface/'l"nsion <39 mN/m

SPREADING < TiQUID COATING Tin—> SPREADING
SOLID SUBSTRATE
Surface Energy =40 mN/m

Surface Tension >>40 mN/m

POOR WETTING .
@ b d
| COATING |

SOLID SUBSTRATE
Surface Energy =40 mN/m

Figure 2.13.Schematic of liquid coating on solid surfaGoodwetting is achieved whesurface tensior
of theliquid coating is below th surface energyf the substrate (top). Poor wetting occurs when the |
coating surface tension is above that of the subgtretew). Reprinted from Snyder, J. & Marcella’>P.

Wetting agents are common additives introduced to wateed coatings to overcome the problems
of poor wetting. Wetting agents are chemicals that can induce a physical change at the surface of a liquid;
more specifically, they aresed to lower the surfadensionof the aqueous phase to achieve good
wetting>°%° For example, dlek-Tryznowskaandlzdebskasynthesized a perforamce additive for water
based inks using layperbranched polyglycer@BPG) surfactant. Their polymer was synthesized ibg-r
opening polymerization of glycidol usingldutanol (Figure 2.14 The polymer contained a hydrophobic
butyl alkyl chainthat interactdwith the surface of the substrate and the hydrophilic hydroxyl end groups
made the polymer hydrophiliand compatible withwaterbased ink.5* The authors found that the BPG

enhanced the wettability, adhesion of the ink and doyresistancé!
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Figure 2.14.The reaction scheme of anionic ringening polymerization of glycidol usingtdutanol
Reprinted from Ramirez, J. & TumolvaST.

Dispersion

Dispersion of the pigment molecules in waterborne systenatsis more challenging than in
solventbased systenfd Pigmentparticles carinteract with one another by dipedipole interactions,
LondonVan der Waals attractiondiydrogen bonding or induced dipole interacti&hBispersantsare

often used to overcome the attractive forces between pigment molecules by preventing their agigregation

aqueousystens (Figure 2.5).%3

D?... 9 9
‘ > @ @ ‘

Flocculates

with dispersing agent

Figure 2.15.The process dleflocculation of pigments partiesin solution with the aid of a dispersing agen
Reprinted from Fuijitani,

The tendency of pigment particles to flocculate can be explairtedhirs of thermodynamics:
W = o9 L ®wA (Equation 2. 3)
where W is the work (energy) needed to increase the surface area between two phases (solvent and

pigment), o is tehd esnwrtfha cce etneemrsgiydmr(efagr cand @A i
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As seen from equation 2.3, the work (W) is pro
tension (92). FIl occul ation reduces t gamdenstable f aci a
systenf* As illustrated inFigure 2.5, themetastabletaterepresents a system where piigment particles
are dispersed, and y&main in a urfavorable thermodynamic stafeThe metastable state is maintained
by dispersants, which provide electrostatic and steric stabilization between pigmeégiartrder to

kinetically stabilize the metastable stéite

Energy content

i Unstable
deflocculated, non-stabilised
Activation energy

Metastable
deflocculated
stabilised

Stable
flocculated

»
Reaction coordinate

Figure 2.16.The energy diagram @igmentparticles in solution in metastable, unstable, and stable state
Reprinted from Miler, B.

Rheological properties

Another commorthallenge is to create a polymer binder thatiesgissolvel or disperseth water
andyetgenerate a watgesistant cured coatin@rosslinkes can be used tionprove the toughness, water
resistanceand enduranceof a waterbased coating® Some commonly used crosslinkéhsat have been
studied extensively in the literatuirclude polyaziridines, polycarbodiimides, polyisocyasatand silane

crosslinkers (Figure 27).57 Eachcrosslinker has it®wn mechanism of actionnitiated by heat, pH
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changes, pressure or radiatf8rizor example,te crosslinking in a polyaziridine systemingiated by a

charge in pH When this occurs, theziridine grougbecomes protonated and facilitstiee hydroxyl group

to open the aziridine threeembered ring resulting ira b-aminoester bontf. Alternatively,
polyisocyanateform crosslinks when exposed to high temperature. The isocyanate crosslinkers are usually
blocked by a specific molecule that dissociates at high temperature, triggering dirglreaction with a

hydroxyl groups®

0 0
S 0 00 NH,
Polyaziridine (PA) m Ay — A, /Y
0 0 0
Polycarbodiimide (PC) AN=C-NR + 00 B | 0
o NG/

Polyisocyanate (PI) /OH + 0=C=N\ 4 0 A4 NH [\
00
0
0 0
Silane crosslinking (ES) =S.0 + = S-0H > o 505
0 0

Figure 2.17.Common crosslinkers and their mechanism of acRaprinted from Harmsen et &l.

Other cosslinking technologies have been developed in recent years forhaatat systems. For
example\Yang et & used the crosslinking approach to createatersolubleadhesivgpolymerthat became
fully resistant to water once applienlasubstrateé* Their polymer design was inspired by marine mussels
which are known to be able to attatiemelvesto most wetsurfaces and withstand extreme mechanical
impacts’? Musses adhere to surfaces by secreting a liquid protein that sofidifihin minuteswhen
triggered by alterations in the pH levélsThe protein secretion is liquid at low pH and hardened upon
contact withseawate(pH 8).”* The main crosslinkg agent in the mussdsecretion isheamino acid 3,4
dihydroxyphenylalanine (DOPA). The catechobigty in DOPA forms crosslinks1 various pathways

when exposed to higher pH Yang et al. used dopamine agdamide (DAAp) and 2
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aminoethylmethacrylamide (AEMA) as their two wasetuble monomers$o replicate the crosslinking
mechanism found in musséfsThe resulting polymep(DAA-co-AEMA) wassoluble at low pH (pH 2),
but undewent rapid oxidative crosslinkingvhen exposed to catechd kigh pH (pH 11.5)* the pH
changed was prompted by the addition of Nalhe crosslinks triggered by the change in pH resulted in

awaterinsoluble p(DAAco-AEMA) copolymer coatig (Figure 2.8).*

Figure 2.18.Polymer synthesis by free radicallymerization of DAA and AEMA to generate a water
soluble copolymer p(DAAO-AEMA). The copolymer undergoes rapid oxidative crosslinking when
catechol groups on DAA react with amines from AEMReprinted from Yang et &t.

2.5 Synthesizing Monomers from Fatty Acids

Monomers contaim highly reactive double bontkeded to synthesize polymearsd are miscible
in various organic solventdlany of the monomers used in industrial applications are still derived from
petrochemical feedstock, but in recent years effort® Hen made to make polymer precursors from
renewable source€é.Figure 2.D illustratesa few common example of monomarsedto synthesize
polymer binders in watenased coating formulans In this research project, vegetable oils are used as
precursors to synthesize Hiased monomers. Techniques such as esterification and acylation can be used
to chemically convert fatty acids into acrylate and rmetjlate types of monomers. These techniques are

used throughout this research project and discussed in the next sections.
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Figure 2.19.Common monomers used to synthesize polymers binder for-baged coating&eprinted
from Kipphan H®

In industry, copolymerization is often needed to obtain the required physical and mechanical
properties in the fingbroduct. Table 2.8hows exampkeof contributing cheacteristics provided by each
type of monomer® Long-chain acrylates and methacrylates (R > 10) usually peowiater resistance,

flexibility and adhesion to the final coating.

Table 2.2.Monomer types and their contributing properties in the final coating

Contributing

Monomer Final Property

Methyl methacrylate Water resistance, block
resistance, hardness,
gloss retention, fast dry

speed

Water, block
resistance, hardness,
initial high gloss, poor
gloss retention, fast dry
speed

Styrene

Short-chain acrylates
and methacrylates
(R<8)

Flexibility, stain, rub
resistance, adhesion

Acrylic and methacrylic
acid

Adhesion, resolubility,
hardness, solvent, and
grease resistance

Long-chain acrylates
and methacrylates
(R>10)

Water resistance,
flexibility, adhesion
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2.5.1 Steglich Esterification

Steglich esterification is a widelysed synthetic method to convert carboxylic acids and alcohols
into esters in high yield¥. This method was discovered in 1978 by Bernhard Neises and Wolfgang
Steglich’® Steglich esterification reaction requires a smutleophilic basedicyclohexylcarbodiiride
(DCC) and a catalys#-dimethylaminopyridine (DMAPRJ® DCC is a common coupling reagent used to
syntheste amides and esters. The benefit of the Steglich esterification is that the reaction can be performed
at relatively mild temperatures, and it allows the conversion of sterically hindered substrates into esters.
The reaction mechanism of the Steglich éfstation is showrin Figure 220. The first step of the reaction
is to form O-acylisourea 4) by reacting carboxylic acidl) with DCC @).”” O-Acylisourea can then
undergo two paths: 1) react with DMAP to form acyl pyridiniuf) ¢r 2) undergo intramolecular
rearrangement to forn\i-acylurea byproduct’” Using a catalytic amount of DMAP can prevent the
formation d by-product since DMAP reacts rapidly wit-acylisourea to form acyl pyridiniurff. This
coupling reaction also generates dicyclohexylurea (DCU) aspadujuct. The byproducts of the Steglich
esterification can be removed easily from the reaction mixture since DCU is insoluble in most organic
solvents and can bdtéred out’’ Finally, the last step is the reaction betweeyl agridinium and the
alcohol g) to form the ester product), reforming the DMAP catalyst as a result. Steglich esterification is

used in Chapter 3, 4 and 5 to synthesizelaised monomers.
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l N-Acylurea
H-0—R? | -DMAP o Q
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H

i Dicyclohexylurea (DCU)

Figure 2.20.Thereactionmechanism of the Steglich esterificatidncarboxylic acid1) reacts with an
alcohol @) to create a new estef)(

2.5.2 Nucleophilic Acylation

Another common strategy to convert fatty acid into monomers is via nucleophilic acyl substitution.
This technique is explored in Chapter 3 where anhydride monomers are formed when fatty acids react with
acyl chloride in the presence tfethylamine (Figue 2.21). In the first step of the reaction, the base
deprotonates the carboxylic acij,(enhancing its nucleophilicity. The base also prevents the formation of
hydrochloric acid by neutralizing the acid-pyoduct. In the second step, the carboxylic azities a
nucleophilic attack on the carbonyl carbon of the acyl chloritjetd form the tetrahedral alkoxide
intermediate §). In the last step, the chloride is eliminated, and the carbotigimes, creating the final

anhydride product4).
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Figure 2.21.The reaction mechanism of acyl substitutignnucleophilic additiorelimination.

2.5.3 Glycidyl Methacrylate Esterification

Glycidyl methacrylate esterification is used to convert carboxylic acids into esters via epoxide ring
opening. Capieét al.used this method to synthesize monomers containing a reactive vinyl’ghup.
mechanism of the glycidyl methacrylate esterification is presenteéidume 2.2. The fatty acid {) acts as
the nucleophile to promote the epoxide ring opening of the glycidyl methacrgjafene resulting ester
product B) contains arethylenic monomer moiety and a hydroxyl functional group. This reaction is also
basedcatalyzed to increase the nucleophilicity of the carboxylic acid. This synthetic method is featured in

Chapter 3 to synthesize bimsed monomers from lauric acid.
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Figure 2.22.The reaction mechanism glycidyl methacrylate esterification

2.6 Designing CQ-responsive Biebased Polymers

When designing a bibased C@reponsive polymer, therare two mandatory directives: 1) the
new materials must be derived from {iased starting reagerg#ted,2) theCO,-responsive polymenmsust
contain a tertiary amine, which aas the C@responsive moietyVarious strategies are used in this
research prect to incorporate the tertiary amine into the final polymer. The modification dbfdsed

monomers into C@responsive materials are discussed in the following section.

2.6.1 Free Radical Copolymerization with a C@responsive Monomer

Copolymerizations a technique that adds more than one type of monomer to form a final polymer.
In Chapter 3, the bibased monomers are copolymerized with a-€3ponsive monomer DMAEMA to
produce a final copolymer with dual properties. In the next paragraphs, we teeiehemistry of free
radical polymerization, which is a common polymerization methoditivalves three steps: initiation,

propagation, and terminatigfigure 2.23).
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1. Initiation R-R —— 2Re

2. Propagation R/\./X + 0 =" RW.

3. Termination

X X
a. By combination RW o RMWR
n n
n
X X
Y

b. By disproportionation
2 R . RW + R W

Figure 2.23 Theillustrationof free radical polymerization stepsdapted from Ravve, A2

In the first step, a compound called the initiator generates free radicals when ex@ostadutus
(thermal radiation).”®The first polymes synthesizetly free radical polymerizatiomere produced ih910
by initiation with peroxy compound® Nowadays, the most impant classes of initiator are peroxy and
azo compounds. In this research project, benzoyl peroxide (BPQ@yaistbutyronitrile (AIBN are used
asinitiators for free radicalpolymerization (Figure 2.24)The selection of the initiator depends on the
experimental conditions, in particular the temperat@&N is versatile, capable of initiating radicals in a

variety of solvent® anddecomposerapidly at temperature between-Z00°C 8!
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Figure 2.24.Azoisobutyraitrile (AIBN) initiator forming nitrile stabilized alkyl radical (toppd benzoyl
peroxide (BPO)nitiator forming alkoxyl radicals (bottom).

The initiator radicals abstract a hydrogen atom from the alkene on the monomers, which in turn
initiates the second step, chain propagafieigure 2.231). The polymer chaingropagate by adding
successive monomers units until their growth is stoppe@togination.The propagation is governed by
the concentration of the growing chainsAMnd the monomers [M]. The rate of monomer consumption

is essentially the rate of the polymerizatierpressed by equation 23:

Y Q0 0 F (Equation 23)
where, R is the rate of polymerizatiork, is the rate constanfiM] and[MA is theconcentration of the
monomer an@rowing chainsrespectively.
In the case of a copolymethe MayelLewis equation describe rate of change of monomers

concentration within the copolymer (i.e. the relative consumption rates of the two mon®mers):

—— — —— (Equation )

wherers andr, are reactivity ratios [M1] and [M;] are the concentrations of monomers 1 and'l2e

reactivity ratio represents the rate at which a monomer adds to the growing chain of the same monomer
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relative to the rate at which it adds on with a different mondfriite copolymercompositiondistribution

of the final copolymer depends on the relative reactivity of each monomer and their initial concetitration.

The chain growth igerminated when two radicals interact with one. Termination can occur by combination

or disproportionation. In the case of combination, radicals on two growing chains combine to form a neutral

chain (Figure 2.23a). Inthe case of disproportionation, ali@al at the end of a growing chain abstracts a

hydrogen atom from another growing chain, this leads to the formation of two neutral polymer segments,

one with an unsaturated end and one with a saturate(rignae 2.233b).

2.6.2 Synthesis of Tertiary Anines Containing Fatty Acids

In Chapter 4 and 5, the G@esponsive moiety (tertiary amine) is incorporated directly onto the

fatty acidderived monomers using two different synthetic routestemvn in Figure 2.25. Imoute 1

(Chapter 4)the addition of an amine is achieved in two steps: halogenation, followed by substitution with

an amine. Imoute 2(Chapter 5), the double bond of oleic acid is converted to an epoxide, followed by ring

opening with an aliphatic amine. The different yatic methods are discussed below.

Route 1 (Chapter 4)

L)

(o] N SN, substitution

- HO
5 6
H-NR
R

(o] X
M‘;

Halogenation
-————

H-X

HOP A

Route 2 (Chapter 5)

Epoxidation
—_—

RS
HO RN

Ring opening
of epoxide

H-NR
R

Figure 2.25.The synthetic routeuse to functionalized fatty aciéhto aCO,-responsivdatty acics.

Nucleophilic epoxide ring openingth aliphatic amines

Epoxidation of unsaturated fatty acids is an important organic reaction that has been used

extensively in the literature to functionalize pHuatsed 0il$588 There are several approaches to synthesize
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epoxidized fatty acids, but the most commonly used method is the Prileshajev epoxidation reaction which
uses peracetic acid and hydrogen pero¥idenis method is used in Chapter 4 to convert oleic acid into

epoxidized fatty acid. The reaction mechanism of the Prileshajev epoxidation isisHeigure 2.26°

(0] Lipase (0]

R1—< + H,0, — R1—< > — <
O-H O-OH

Prilezhaev epoxidation Peroxy acid Alkene

Figure 2.26.Thereactionmechanism ofhe Prileshajev epoxidation @ alkene Adaptedfrom
Abdulmalek et af°

The ring opening reaction of epoxide with a nucleophile has fredormedn the literature using
several catalyst¥ ®3 Typically, this type of reaction is carried out at high temperatures, but since egcessiv
heat is not ideal for some functional groups, a variety of catalysts have been et@lum@tote the ring
opening at room temperature. For example, Fagnou and Lautens used rhodium to catalyze the ring opening
of vinyl epoxide using aromatic and alipitaamines’® The rhodium catalyst successfully reacted the
epoxide with aromatic amines but failed when using aliphatic arftiBisey found that the aliphatic
amines, being more basic than aromatic amines, caused the formation of a strong-gmoidie@omplex,
resulting in catalyst poisonirfd. Cu(OTf) and tin(Il) triflates were also found to be an effective catalyst
for epoxide ring opening with aromatic amines, but once again, they failed to catalyze the reaction with
aliphaticamines® The literature evidence suggests that the aliphatic amines bonded with copper and tin

triflate catalyst$® Opening of epoxide by aliphatic amines was successfully performed using ZnCl
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catalysts’®°”ZnCl, has the advantage of being an efficient and inexpensive metal ffallidis.catalyst is
used in Chapter 4 and 5 to promote nucleophilic substitutiomoidth the exact mechanism is still
undetermined, Eisavi et gbroposed the following mechanism for the epoxide activation using.ZnCl

catalyst®

(a): Syl R y
R R
ZnCl . - Cl 0—ZnCl
0 —*> |~O-7Zn
U" ®):S2 R_0-znCl
(a): R =aryl t
(b): R = alkyl, allyl b Cl

Figure 2.27.The proposed mechanism of the epoxide ring opening catalyzed byR&@inted from
Eisavi et aP®

As shown in Figure 2.2he ZnC} forms a complex with the epoxide and can then undergd a S
or Si2 reaction causing the opening of the epoxide ¥irfthe complexproceedsy Syl reaction if the
carbocatia is sufficiently stabilized by electronic factasd bulky group$® Otherwise, thesy2 reaction
is favored and promotes the nucleophilic attack of the chliéftide.
Halogenation and substitution

The electrophilic halogen addition to an alkene is an especially useful synthetic method in organic
chemistry. In Chapter 5, this synthetic method is used to add heavy halogens (chloride and bromine) to
unsaturated fatty acidalthough there are severalethods developed for the synthesis of organic iodides,
the direct addition ofiydroiodic acid(HI) to alkenes and alkynés a weltknown method. However, this
method often suffers from drawbacks such as poor yields and side reactions duedoritrellable iodine
liberation problem of the unstaltgdroiodic acid®® Alternative reactions suggest using molecular iodine
(I) instead of hydroiodic acid (HI). In the literature, numerous catalysts have been used for the
hydroiodination of alkenessing molecular iodine such as;&iH/CuOHBF,!®° and phosphaus acid
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(HsPQs).%° This latter method is used in Chapter 5 for the iodination of oleic acid since ptmsphoid is

inexpensive and netoxic.®®
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Chapter 3

Copolymers Synthesized froma CO2-responsiveM onomer and aBio-basel
Monomer

Bio-based CO,-responsive
copolymer

Bio-based monomer CO,-responsive monomer

3.1 Abstract

CO»-responsive polymers function by changing their physical and chemical properties reversibly
in aqueous solution when exposed to an ionizing trigger, such ag. TBis thesis reports the synthesis
and properties of novel G@esponsive in-based copolymers. These copolymers exhibit two forms of
conflicting properties (hydrophobic/ hydrophilic) reversibly in agueous solution in the presencggf CO
and vice versa when Gg is removedA novel CQ-responsive bidased copolymer p(DMAEK-co-
MAED) was synthesized from the copolymerization of two monontgoshased?-(methacryloloxy)ethyl
dodecanoate (MAED) and,N-(dimethylamino)ethyl methacrylaft®MAEMA ), which acts as the GO
responsive moietyMAED was synthesized kySteglich esteification reaction. Infrared spectroscopy (IR),
proton nuclear magnetic resonance spectroscpNMR) and gel permeation chromatography (GPC)

were used for structural characterizatitirvas determined byH NMR spectroscopyhat p(DMAEMA-
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co-MAED) copolymer contained 11 mol % of MAEBccording tothe GPC analysjshe numbeaverage
molecular weight (Mnpf the copolymeivas 23 kDawith adispersity (D) of 1.67Responsiveness of the
copolymer to CQq was evaluated by condtivity measurements in water. The thermal behavior of the
synthesized copolymers was studied by differential scanning calorimetry (DSC) and thermogravimetric
analysis (TGA). Several standard tests were used to study the properties (resistance toaswvents
adhesion) of the new materialBhe new synthesized copolymexhibiteda changein its physicaland
chemical properties when exposed to@®aqueous solution. The incorporation of a long alkyl chain
monomer(MAED) to pDMAEMA vyields new copolymer merials that could find use in industrial

applications such as coategnd adhesive

3.2Introduction

One of the overarching objectives of this workieelopinga bio-based copolymer thatxhibits
physical and chemicathanges in response to &4 This chapter exploeethe first of the three main
strategies for the synthesis of novel polymers as discussed in Chégterskection 1.3Yhe copolymes
arecomposed ofwo different monomer unitghe first monomer providghe bicbased requiremenand
as such wasynthesized from a biomastartingreagent. The second monomer cordairiertiary amine
group and istte CQ-responsive moietySince there is a relationship between monomer structure and
physical/chemical pragties of the final polymer, the monomers were carefully selected based on their

functional groups.

In this section, lauric acidasused as the binassstarting reagent.auric acid is a mediurnhain
fatty acid havindl2 carbonsndis the predominanttty acid residing in triglycerided%-53 % found in
coconut oil* The presence of the cariyd allowsthese acyl groups be chemically modified intacrylates
andmethacrylate monomers using vari@ysithetiomethods Methacrylate monomers are commonly used
to synthesize binder polymers. The methacrylate fatty acid monomers are expected to add chemical
resistance, flexibility and adhesion to the final matérhny useful reactions can be used to convert fatty

acids into valuable monomers with reactive ldleuoonds for polymerizatiof’ In this chater, Steglich
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esterification, glycidyl methacrylate esterification and acylation techniques were used to convert lauric acid
into fatty acid methacrylate monomers. These synthetic techniques are explained in detail in Chapter 2

(section 2.5and summarizin Schemes..

Scheme 3l. Reaction scheme of the available synthetic routes for providing suitakb@$déal monome
for radical polymerization through reactive double bonds. Lauriclaceh be converted to: mononter
by acylation reaction, monomaiy glycidyl methacrylate esterification reaction, or monohiey
Steglich esterification.

The CQ-responsive moiety had to be carefully selected to ensure that the tertiary amine would
undergo protonation and deproation upon the addition and removal of £fin water. The binder
polymers synthesizedexestudied under standard atmospheric pressure (0.1 MPa) and room temperature
(~25°C). The ideal candidate should be mostly deprotonated in water under air ghar@lOmostly
protonated in water in the presence of,@@der atmospheric pressure (0.1 MPa). Jessop &traported
the ideal pKn (pKan = pKa Of the conjugate acid) of a base in relation to the % protonation in water under

air and at 0.1 MPa of CGat 25°C. They confirmed that the pH ofdlsolution must have the ability to

alternate, upon addition and removal of £ZBelow and above the system midpoint (the pH at which half
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the switchable groups in the system are protondtEajure 3.1 illustratethe percent protonatiom the
absence (under aiand presencef CO, of basewwith different pka as a function of concentratiohThe

red dashed line represents the lowestentprotonation (5 %) under air and the solid blue line represent
the highespercentprotonation under C£95 %)1° For theideal CQ-responsive agent, the % protonation
under airmustbe as low as possibind he % protonationunder CQ must be asigh as possible. The

ideal CQ-responsive agent wiilitherefore have a piK between the red dashed line and solid blue'fine.

a) 14
13 *
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11 -3
10 =10
E g = = 20
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Figure 3.1.The % protonation of a base having differendiplalues as a function of concentration.

The dashed lines represent the % protonation under air (Roa@@the solid lines represent the %

protonation under C£at 25°C and 0.1 MPa COReprinted from Alshamrani et &l.

In the present work, th@minecontainingcopolymer vasplaced in pure water and the changes in

pH were broughtby alternating cycles of CyN»g) purging. The pH range ofuo system is therefore
between 3.9 (low pH) to ~7.0 (high pH), without the presence of a switchable species with amine groups.
In the presence dhe copolymerthe pH range of the systezthanged t®.0 to 8.5 at a concentration of 1
mM of copolymer In this study,N,N-dimethylaminoethyl methacrylate (DMAEMA) was selected as the

COs-responsive moiety. The homopolymer pPDMAEMA has apetween 7.47.5115 Small variations

in the reported pks are expected as the polymer basicity depends on the concentration, composition,
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temperature ancholecular weight® As the goal is to have a copolymer fullglublein carbonated water,

butbeinsoluble in neutral water, DMAEMA was an ideal candidate.

The CQ-responsiveness of DMAEMA is attributed to the presence of tertiary amine groups. The
structure of the homopolymer pDMAEMAsfiown inFigure 3. These aminghave the ability to protonate
in water when exposed to G&nddeprotonat reversiblywhen CQ is removedsuch as when the solution
is purged with M). Copolymers containin@MAEMA units have been used to synthesize-ggthsitive
coatings$®and have been extensively studisstimuli-responsive polymers in various fief¥s° However,
pDMAEMA has poor thermal stability and high hydrophilidityits cationic form limiting its application

as a coating.

O s

Cé
N
/

Figure 3.2. The chemical structure of polymeric amir@ygN,N-dimethylaminoethyl methacryl3gte
(PDMAEMA).

The objective of this work is to develamovel CQ-reponsive biebased copolymer by combining
a biobase fatty aci monomer with a Cé@responsive monomer. In polymer synthesis, fatty acids are
usually incorporated to provide flexibility, enhance hydrophobicity and pliaBtliydding a fatty acid
moiety to pPDMAEMA could yield interdig features, while retaining the G@sponsiveness of the native
pDMAEMA homopolymer. This work aims to provide a foundation towards a comprehensive
understanding of bibased C@responsive polymers and give directions for further experimental

developments.
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3.3Experimental Methods and Materials

3.3.1Materials

Materials $ed in this study included the followifnggcur i ¢ aci d (Al drich, natu
N,N-dimethylaminoethyl methacrylat€ODMAEMA , Aldrich, contains 704000 ppm monomethyl ether
hydroquinonéMEHQ) as inhibitor, 98% azobisisobutyronitrilgAIBN, Mil liporeSigma98%) benzoyl peroxide
(BPO, Aldrich, Luperox A98, 97%N , Miécycl ohexyl car bodi i mi-lddroxyetbyC C, FIl
methacrylate HEMA, Aldrich, O 99%), glycidyl methacrylate (GMA, Aldrich, contains 100 ppm
monomethyl ether hydroquinores inhibitoy 97 %) , triethyl amine (Al drict
chloride (Aldrich, 97%, contains 200 ppm ahonomethyl ether hydroquinonas stabilizer)
2-methylimidazole (Aldrich, 99%), sodium sulfate @S&, MilliporeSigma, O 99.0%),
4-dimethylaminopyridine (DMAP, Alfa Aesa€)99%),hydrochloric acidCl, Fishet Certified ACS Plus,

36.5 to 38.0% sodium hydroxide (NaOH flakes, Alfa Aesar, 98%), silica (Silica flasigy&le, P60, 40

63 em, 60 A), dichloromethaneICM, Fi sher , GheX%.n%e%)( Fimher, O 98. !
(MilliporeSigma, O 99.d8i%)t hyl et her (Milli por eSiutgamed , anhy
hydroxytoluengBHT) as inhibitor), tetrahydrofuran THF, Mi I | i por eSi gma, anhydr

free), toluene (Fisher, 99.5%nd dioxane NlilliporeSigma anhydrous, 99.8%Solventswere obtained
from MilliporeSigma and Fishexind used as receivedlIBN was purified by recrystallization in methdno
DMAEMA and glycidyl methacrylate were purified by prepacked column (MilliporeSigma, inhibitor
remover column) to remove the initiatarhibitor (MEHQ 100~600 ppm). Unless otherwise stated,

chemicals were used as received.

3.3.2Characterization Methods

The 'H NMR spectra were recorded on a Bruker-400 nuclear magnetic resonan¢¢MVR)
spectrometer at00.30 MHzat room temperature. The measurements were carried out with an acquisition
time of 3.95 s16 scans and a spectral window of 20.67 ppm &iC5Tetramethylsilane was used as the

internal referencefor *H NMR measurements conducted in various deuterated ssl{@bCl;, D;O).
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Solid-state crosgolarization magic angle spinning carbb® nuclear ragnetic resonance (CP/MAS
BC{1H} NMR) was used for insoluble polymer samples. The sslate spectra were recorded at 700 MHz
with 12 kHz MAS.

Samples were dried under vacuum at@dor 24 h prior to thermogravimetric analysis GA).

TGA was performed on a TA instrument model Q500 TGA analyzer. The samples were equilibrated at
30°C under nitrogen flow at a constant heating rate dfCIthin up to 800C.

Differential scanning calorimetry (DSC) was performed using a TA instrument Q8 tB
determine the glass transition temperaturgs @rior to DSC testing, the polymers were heated and dried
under vacuum oven at 6C. DSC samples were equilibrated-&0 °C under nitrogen flow at 50 ml/min.

Three DSC cycles were performed startiig80 °C and heating to 12€€C: 1) amp at 10 °C/min to 120
°C, isothermal for 3 min2) mamp at 10 °C/min te80 °C, isothermal for 3 mjr8) ramp at 10 °C/min to
120 °C

Fouriertransform infrared spectroscopi#TIR) measurementsyith a total of 24 scans and a
resolutionof 4 cnt?, wereconducted on a Bruker Alpha Fourieansform infrared spectrometer. Two
different FTIR sample techniques were used: Attenuated Total Reflectance infrared spectroscopy (ATR
IR) for liquid samples and diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) for rigid
polymers. For DRIFTS analysis, the sample was prepared as follows; the rigid polymer was grounded into
a fine powder (less than 10 microns) and mixed with gatasbromide (KBr) powder. The sample was
then placed in a 7 mm pellet die assembly and pressed using a handheld laboratory hydraulic press with a

force of 2.5 short tons.

Gel permeation chromatography (GPC) measurements were performed on a Watefh&PC.
system consists of a Waters 2690 Separation Module with Waters Styragel 4.6 mm x 300 mm columns (HR
0.5, HR 1, HR 3, and HR 4) kept at 40 °C coupled with a Waters 2414 differential refractive index detector
(930 nn) operating at 35°C. THF was used as #huent with a flow rate of 0.3 mL/min and an injection

vol ume of 30 -andweighavemgemolechlae weights (dndM,) and di spersity
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are reported as poly(methyl methacrylate) (PMMgRd polystyrene (PSquivalent. PSonventional
calibration was established using Waters ACQUITY APC PS high MW calibration kit (Miv 2660000

Da). The calibration curve uses only the part of the kit that is within the exclusion limit of the column set
(below 600000 Da). PMMA conventional calibratiovas established using Agilent PMMA EasyVials
calibration kit (Mw 650- 2161000). The calibration curve uses only the part of the kit that is within the
exclusion limit of the column set (below 600000 Da).

Monomers amples were analyzed usirapn Qbitrap Velos Pro mass spectrometéirhermo
Scientific, Bremen, Germany) under positive mode coupled Heatedelectrosprayionization (HESI)
probe. The transfer capillary temperature was set to 170 °C. An ion spray voltage of 4.5 kV was applied to
theHES probe.Scans in the mass spectromeM§] were acquired at an orbitrap resolution of 60,000 for
an m/z range from 50 to 2,000 m/e.

The contact angle was measured experimentally using-@oRected USB camera microscope
(Veho VMS004D) and Imagé software. A drop of deionized water (DI) was placed on a coated surface
and an optical image was takdine contact angle thencalculated using DropAnalysis plugin in ImageJ.

All contact angles were recorded at room temperature PER2
A transmitted light polarizing microscope (600x microscope) was employed to obtain images of

some preliminary coatings on a glass substrate.

3.33 Synthesis of Biebased Monomers

3.33.1 Synthesis of MAED via Steglich Esterification

Monomer 2(methacryloloxy)ethyl dodecanoate (MAED) was synthesized by Steglich
esterificationof lauric acid and hydroxyethyl methacrylate (HEMAYith dicyclohexylcarbodiimide

(DCC) as a coupling reagent aneddmethylaminopyridind DMAP) as a catalysts shown irScheme 3.2.
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Scheme 3.2The synthetic route d-(methacryloloxy)ethyl dodecanoate (MAEj Steglich
esterification.

Steglich esterification was chosen to add tlehacrylate miety to lauric acidhereby forming a
monomerprior to radical polymerizatiorin a round bottom flask, under inert atmosphere, were added
HEMA (6.5 g 0.05mol), lauric acid(10g, 0.05mad,) andDMAP (0.61g, 0.005mol) in dichloromethane
(DCM) (40mL). DCC(12.38g,0.06mal) was dissolved in a minimum amount of DCM (20 ampadded
dropwise to the reaction mixtur€he reaction mixture was stirred at room temperatureafaeekunder
argon. he mixture was filteredind the filtrate collected in a separatory funfidle aganicsolution was
washed with M hydrochloric acid FICI) (2 x 20 mL),deionizedwater(DI) (2 x 20 mL)and 0.1 M NaOH
(2 x 20 ml) solution. e organic layer wasllectedanddried over NaSQy. Thedrying agent was removed
by gravity filtration. The crude product was purifighroughcolumn chromatography of basic silica using
DCM as the solvent. The solvent was removed under reduced pressure to obtain the pur¢9dréduct
yield). See FigureA.1-A.4 in Appendix A forthe 'H NMR specta of reactants and catalysts. MAED
monomer was characterized By NMR spectroscopy (Appendix A, Figure A.5), FTIR spectroscopy
(Appendix, Figure A7)3C NMR spectroscopy (Appendix, Figure A.6) and mass speocpygAppendix,
Figure A.8).*H NMR, 400 MHz, 25 °C, CDGI(li= ppm) 6.10 (s, 1H), 5.56 (s, 1H), 4.3%.25 (m, 4H),
2.30 (t, J = 7.5 Hz, 2H), 2.001.91 (s, 3H), 1.59 (q, J = 7.4 Hz, 2H), 1296 (m, 16H), 0.85 (t, J = 6.7
Hz, 3H).*C NMR, 400 MHz, 5 °C, CDC} (= ppm) 173.53, 167.03, 135.94, 125.91, 77.29, 62.43,
61.82, 53.39, 34.11, 33.93, 32.68, 31.87, 30.87, 29.57, 29.44, 29.41, 29.29, 29.23, 29.06, 26.34, 24.89,
24.71, 22.64, 18.19, 14.0BR (KBr): 30003600 (Q H), 2119 (C=CH (terminal)), 122 (C=0), 1150 (€

0). ESFMS (MeOH): 335.21768 (100,:84::0:Na"; [M+Na]; cal . 3 3-8762@@)28;: & =
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3.33.2 Synthesis of HMPD via Glycidyl Methacrylate Esterification

2-Hydroxy-3-(methacryloyloxy)propytdodecanoate (HMPDhonomer was prepared by glycidyl
methacrylate esterification according to a procedure described litetla¢ure (Scheme 3.33.In a glass
vessel equipped with a stir béawric acid(1 g, 0.005 moles) anglycidyl methacrylat§ GMA) (0.70 g,
0.005 moles) were mixed wittrmethylimidazolecatalyst (2 Wi, 0.034 g) for 5 h at 78C to afford a
viscous colorless solutionh€ crude product was purified by column chromatograbptoughbasic silica
using DCMas the solvenfThe solvent was removed under reduced pregsuobtain the pure product
(76% vyield. See Figures A.9 and A.10 in Appendix A fs1t NMR spectra of the starting reagents,
2-methylimidazole and glycidyl methacrylate. The characterization of HMPD was dorfld bMR
spectroscopyAppendix A,FigureA.11). The NMR spectral da obtained for HMPD were consistent with
those available in the literatuf€'H NMR (400 MHz,CDCl) U4 6. 10 (s, 1HA25(m5. 56 ( S
4H), 3.75 (m, 1H), 2.30 (t, J = 7.5 HzH), 1.91 (s, 3H), 1.59 (q, J = 7.4 Hz, 2H), 11286 (m, 16H), 0.85

(t, J = 6.7 Hz, 3H).

1
2 &Z/ 0 0

(0]
)J\ + O )J\
HO C11H23 - o o C11H23
(0

70 °C

Lauric acid GMA HMPD

Scheme 3.3 hesynthetic route oR-hydroxy-3-(methacryloyloxy)propytodecanoate (HMPDjia
glycidyl methacrylate esterification.

3.33.3 Synthesis of DMAvia Acylation

Themonomerdecanoic methacrylic anhydridBNMA) was synthesized using a modified literature
procedurédScheme 3.43 Lauric acid(1 equivalent, 1.§) andtriethylaming(1.2 equivalent, 0.82 ml) were

dissolved in 15 ml ofethyl etherin a threeneck flask (drying tube, dropping funnel, ang@nlef).
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Methacryloyl chloridg(1.2 equivalent, 58 ml) was dissolved in 6 ml of anbyd ethyl etherin a 50 ml
roundbottom flask equipped with a stir baethacryloyl chloridevas transferred to the dropping funnel
and added dropwise to the solutatrD °C under argonThe reaction was mixed for 1 h. The mixture was
adlowed to stir atroom temperature for 24 Hrhe reaction mixture was filtered off to remove
triethylammonium chloride salt and the organic layer collected. The organic layer was washed with 2 x 40
ml of saturated aqueous X0z and dried with Ng5Qu. The drying agenwvas removed by gravity filtration.
Ethyl ether was removed by rotary evaporator to afford a viscous transparent g@otdbnyield) The
product was stored under argon. ThReNMR spectrum suggested that DMA underwent hydrolysis and
that some impuritieeemained present in the sample after purification. "TFhRIMR spectrum is presented
and discussed in Appendix A, Figure A.15eeFigure A.12 and A.13 in Appendix A for thHel NMR
spectrum of reactants and catalyRssidualmethacryloyl chloridgpeaks ge observed in Figure A.1(See
Appendix, section A.1:A.15 for analysis)!H NMR (400 MHz,CDCl;) U 6. 17 (s, 1H),

(t, J = 7.5 Hz, 2H), 1.85 (s, 3H), 1.69.56 (m, 2H), 1.271.20 (m, 16H), 0.81 (t, J = 6.7 Hz, 3H).

)(J)\ I ] I
HO CuiHys + YI\CI \”)}\O)J\C“Hn
Et,0, RT
DMA
Lauric acid Methacryloyl chloride

Scheme 3. The synthetic route of decanoic methacrylic anhydride (DMA) via acylation.

3.34 Synthesis of Biebased Polymers

3.34.1 Synthesis of Homopolymer pMAED

Thehomopolymerization of MAED was performed using free radical polymerization with benzoyl

peroxide (BPO) as an initiator at 90(Scheme 3.5)The polymerization procedure was as follows: toluene
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was placed in a twoeck rounebottom flask equipped with &isbar. The solvent waBushed with nitrogen

for 10 min before the monomer MAED was added. The monomer was then dissolved in toluene, making a
20 wt% monomer solution and purged for an additional 15 min. The initiator BR@I o) was then
dissolved ina minimum of toluene and added to the system. The rbotidm flask was placed in a pre
heated oil bath at FC. After 12 h, the polymerization mixture was added dropwise to cold methanol to
precipitate the polymer. After separation by gravity filtratitre polymer was then washed three times

with cold methanolThe solvent was removed under reduced pressure and the polymer dried in vacuum
oven for 24h at 65°C. *H NMR (400 MHz, ©Cls) U -445 (&h,4H), 2.39 2.30 (m, 2H), 2.61.97 (m,
2H),1.63 (m, 2H), 1.24..11 (m, 16H), 1.03 (s, 3H), 0.90 (t, J = 6.7 Hz, 3M)(GPC) =27kDan ( GPC) =
1.8. The'H NMR spectrum is shown iAppendix A,FigureA.16 and the GPC traces in Appendix Figure

A.17. The monomer conversion was found to be 67.@&&b Appendix A.18).

0 )J\ BPO
\/\O Ci1Hps

Y

OES

MAED Toluene, 90 °c 0

C11Has

Scheme 3.5The synthetic route of homopolymer pMAHLY free radical polymerization.

3.34.2. Synthesis of Homopolymer pHMPD

Thehomopolymerization of HMPD was performed using free radical polymerization with benzoyl

peroxide (BPO) as an initiatg6cheme 3.6)The polymerization procedure was as follows: toluene was
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placed in a Schlenk tube equipped with a stir bar and flusheditrilgen gas for 10 min. The monomer

HMPD was then dissolved in toluene, making a 20 wt% monomer solution, and purged for an additional
15 min. The initiator BPO (1 mol%) was then dissolved in a minimum of toluene and added to the system.
The reaction miture was mixed &80 °C for 12 h underaninert atmospheref N,. The crude polymer was
precipitated in cold methanol and washed with excess cold methanol. The resulting polymer was isolated
by gravity filtration and then dried in vacuum oven af65or12 h.CP/ MAS 13 C{ 1H} NMR U
172.74, 125.55, 60.49, 65.46, 45.90, 34.47, 30.97, 29.23, 23.96, 22.23, 16.9R 1€1Ek): 32063600

(Oi H), 1734 (C=0). Thé*C NMR andFTIR spectrum of pHMPRreshown inAppendix A,FigureA.20

and A.21, respectely.

(0] (0]
)k BPO
o /\(\O _— .
OH Toluene, 90°C 0 n
O
HMPD
OH
O
(0]
CiiHys

Scheme 3.6The synthetic route of homopolymer pHMPD by free radical polymerization

3.34.3 Synthesis of Copolymer p(DMAEMA-co-HMPD)

The copolymerization of HMPD and DMAEMA was performed using free radical polymerization
with azobisisobutyronitrilg AIBN) as an initiator as illustrated Scheme 3.7The copolymerization was

performed in bulk and in solution using dioxane as the salvent
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Scheme 3.7The synthetic route of copolymer p(DMAEM#&o-HMPD) by free radical polymerization.

Copolymers p(DMAEMAco-HMPD) were prepared using different mole ratios of monomers and
wt% of solvent ashown inTable 3.1 The monomers were first dissolved in the chosen solvent in a Schlenk
flask equipped with a stir bar and purged with argon for 15 min. The initiatorheasatided, and the
solution was stirred and purged for another 10 min. The reaction mixture was then placedheaiqite
oil bath to initiate polymerizatiorThe flask was heated in an oil bathtta¢ selected temperatui@ 6 h
underaninert atmosphe of argon with continuous stirring. The copolymer was precipitated infalten
excess ofn-hexare. p(DMAEMA-co-HMPD) was washed three times witkhaxane andlried under
vacuumat 60°C for 12 hto generate &olid resin.Copolymerp(DMAEMA-co-HMPD) with initial
monomer feed mole ratio of 5:1 [DMAEMA: HMPD] was characterizedsbljd-state*C{*H} NMR
spectroscopyAppendix A, Figure A.23and FTIR spectroscoAppendix A, Figure A.2B). CP/IMAS
13C{1H} NMR71#2, 68%460.13,58.951.20, 45.3211.36, 35.3626.45, 25.8720.52, 18.32

10.20 IR (CHCE): 30063600w (Q H), 1734s (C=0), 2773s (NH), 2855s (NCH).
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Table 3.1.Experimental conditions for copolymer p(DMAEM#&o-HMPD) with 1

mol% AIBN for 6 h.
Monomer feed mole

Entry ratio Solvent (wt%) Temperature (°C)
[DMAEMA] o:[HMPD] o
1 1:1 n/a 60
2 1:1 Dioxane (20) 70
3 1:1 Dioxane (80) 65
4 1:1 THF (80) 65
5 5:1 Dioxane (80) 65
6 5:1 Water (80) 65

3.34.4 Synthesis of Copolymer p(DMAEMA-co-MAED)

The copolymerization of MAED and DMAEMA was performed using free radical polymerization

with azobisisobutyronitril{AIBN) as an initiator as shown 8cheme 3.8.

i | 0
o N AIBN
CpHas 0/\/ . - V\OJ\H/
m

=

0 Dioxane, 65 °C Y o
MAED DMAEMA 02 O%
[0}
o
(0]
CyHy;

p(DMAEMA-co-MAED)

Scheme 3.8The synthetic route of copymer p(DMAEMA-co-MAED) by free radical polymerization.

A typical polymerization procedure was as follows: AIBN mol%), MAED, DMAEMA and
dioxane(80 wt%)was introduced in a 100 ml Schlenk flaskuipped with a stir bafhe flask was heated

in an oil bath at 6°C for 24 h undeaninert atmosphere of argon with continuous stirring. The copolymer
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was precipitated dropwise in a tésld excess oh-hexare and recovered by filtration. The recovered
p(DMAEMA -co-MAED) was washed three times witthexane andried under gcuum to generagepure
copolymer. This purification process was effective in removing the unreacted starting rehf &R
spectrometry confirmed the successful isolation and purification of p(DMAEBMBAED) by
precipitation. The copolymers were dyesized with different feed ratios of Hiased monomer MAED
relative to DMAEMA In this study, the short forms p(DMAEMéco-MAED11) and p(DMAEMAy-co-
MAED30) will refer to the copolymers with 11 mol % and 30 mol % of-lsed monomer MAED,
respectively p(DMAEMA g-cO-MAED11): *H NMR (400 MHz,chloroformd ) 4G 4. 08 ( m, 6 H),
2H), 2.22 (m, 8H), 1.84.75 (m, 6H), 1.27 (m, 16H), 1.07 (m, 6H) 0.90 (m, 3H) (GPC) =23 kDa,M
(GPC)=38,n ( GP1®Y.p(DMAEMA 70-co-MAED30): *H NMR (400 MHz chloroformd )  #-3.99. 1 9
(m, 6H), 2.49 (m, 2H), 2.28.21 (m, 8H), 1.84..75 (m, 6H), 1.21 (m, 16H), 0.9887 (m, 6H), 0.81 (m,

3H). M, (GPC) =20 kDa,M,, (GPC)=65,n ( G®32p. The'H-NMR spectra are shown in Figure 3.7

(section 3.4). The GPC traces are shown in Appendix A, Figure A.24.

3.4Results and Discussion

3.4.1Monomer Screening Tests

Prior to synthesizing the copolymers, the-based monomers HMPD, MAED amMA (Figure
3.3) wereassessed for their ability to produce £&@sponsive bidased copolymers. The screening tests
examined two main factors: 1) tebility of the monomers in an aqueous environraadt 2) theability

of monomers to undergo polymerization

e L. ok
(0]
jﬁl\o/\/\o Cq1Ha23 %I/ ~"o C11H23 YI\O Cq1Ha3

HMPD MAED DMA

Figure 3.3 The structure of the bibased monomers (HMPD, MAED, DMA) synthesized from lauri
acid

66



1) Stability of the monomers in aqueous environment

The monomers must remain stable in water since the fingr€sponsive copolymers are intended
to be used in an aqueous environment. To test the hydrolysis theory further, the monomers were subjected
to a submersion test. The procedure was as follows: 1) the monomers were stirred in water at room
temperature for 12 h, 2) the water was removed by filtration and the collected monomers were dried under
reduced pressure and placed in a vacuum oven @ 6venight. The'H NMR spectrum of monomers
HMPD and MAED before and after submersion in water remained unchanged configimgtability in
water at the given experimental conditions. However, DMA monomer hydrolyzed completely after 12 h in
water. The results of this submersion tesshi@vnin Figure 34. Theonly peaks remaining in tHel NMR
spectrum are the peaks copesding to dodecanoic acid. Since methacrylic acid is soluble in water, it was
removed during the filtration, leaving only dodecanoic acid. This confirms that DMA monomer underwent
a complete hydrolysis in water. As a result, DMA monomer was discardgubtengial monomer and will
not appear in subsequent sections of this chapter. From the three ardgidialates (Figure 3, MAED

and HMPD were selected for copolymer synthesis.
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Figure 3.4.TheH NMR spectrum (400 MHz, CDg)lof DMA 1) beforewater submersion 2) after wa
submersion for 24.h
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2) Ability of monomers to polymerize (homopolynssrsthesis

The second important consideration for the synthesized monomers was to determine their reactivity
towards polymerization. The synthesishwimopolymers pMAED and pHMPD was used to evaluate the
reactivity of the monomers to free radical initiators and their ability to polymerize. The homopolymers were
synthesized by free radical polymerization using BPO as an inititherfree radical polymezation of
MAED generateda white solid witha M Mwand n of 27 kDa, 50 kDa and
Appendix, Figure A.17). The structure of pMAED was confirmedHyNMR spectroscopy (Appendix,
Figure A.16.) The freeadical polymerization of HMPD generated a rigid material that was insoluble in
organic (toluene, acrylonitrile, THF, ethanol, methanol, DMF, chloroform, DMSQ) and aqueous (deionized
water, 2 M HCI, concentrated NaOldarbonated water) solvents. The howlgmer pHMPD was
characterized by FTIR spectroscopy (Appendix A, Figure A.21) andstaliet3C{*H} NMR spectroscopy
(Appendix A, Figure A.20). Solidtate *C{*H} NMR spectroscopywas used to gain structural
information, while avoiding problems with iolsibility. A hypothesis for the observed insolubility of the

resulting homopolymer will be discussiedSection 3.5.3.1.

3.4.2Characterization of Bio-based Copolymers

3.4.2.1p(DMAEMA -co-HMPD)

The copolymerization of DMAEMA and HMPDProduced ged under different conditions and
monomer feed ratB(Table 3.1 Section 3.3.4)3 The gels transformed into insoluble hard resins after
drying in a vacuum oven at 6C for 12 h.The copolymers were testfor solubility in the following
organic and aqueous solvents: tolueaylonitrile, THF, DMF, chloroform, ethanol, methandMSQO,

DI water, 2M HCI, concentrated NaOkhdcarbonated wateTlhe copolymers were characterized by FTIR
spectroscopyAppendix A, Figure A.22) and solistate >*C NMR spectroscopy (Appendix A, Figure
A.23). SolidstateNMR spectroscopy was used due to the insolubility of the copolymers in various

solvents.
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Interestingly, changes in the weight percent of solvent used during polymerization led to slight
differences in the copolymer p(DMAEM&o-HMPD) physical characteristic3able 3.2summarizes the
different experimental conditions and subsequent physical prapeftithe final dried copolymer. The
copolymebs el asticity increases buksthetcdpaymerization geherated | v e n' t
a rigid, transparent, and brittle material resistant to organic solvents and acids/bases. At 20 wt% of solvent
thematerial was ductile and equally resistant to organic solvents and acids/bases. At 80 wt% of solvent, the
copolymer generated was a transparent gel that swelled in solvent but remained insoluble. However,
regardless of the slight differences in the phaigicoperties obtained by varying the feed ratio of monomers
to solvents, all p(DMAEMAco-HMPD) copolymers synthesized were insoluble in the aforementioned list

of solvents.

Table 3.2.The physical characteristics of copolymer p(DMAEMAHMPD) synthesized
from 1:1 monomer mol ratio [DMAEMA] [HMPD]o using different wt.% of solvent.

Copolymer 12 Copolymer 2° Copolymer ¥

Copolymer appearanc

Very hard resin Hard resin Polé/:rlggrr gel
Clear Clear Stretches
Physical properties Brittle Ductile .
. . . . Swells in solvents
Resistant to organic solveni Resistant to organic solvents Insoluble in oraanic solvents
Resistant to acid/bases Resistant to acid/bases 9 “

and acid/base

aIn neat (no solvent)
20 mol% dioxane (relative to monomer mass)

€80 mol% of dioxane (relative to monomer mass)
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A possible explanation for the formation of solvent resistant resins would be a tightly crosslinked
network through transesterification reaogoTransesterificatiomoccurring between the carbonyl and the

hydroxyl groupswvould leadto crosslinksbetweerpolymer side chaias illustrated irFigure 35.27

HO OH

Figure 3.5.lllustration of transesterification reaction between the ester and hydroxyl groups leading to
crosslinks. Reprinted from Liu et &’

Many industrial applicationsequire polymers that aextensively crosslinket?® which tend to
produce polymers with a high degree of chemical and thermal resistance. Howeven, farpose,
crosslinking was undesirable since crosdider the polymer insoluble and therefanusable as a GO
responsivanaterial Since the transesterification between the side chain of the copolymer was a recurring
issue, a similar monomer that does not contain hydroxyl groups was used to prevent unwanted crosslinking.
MAED monomer is similato HMPD but does not contain any hydroxyl groups. The structures of
p(DMAEMA -co-HMPD) and p(DMAEMA-co-MAED) are compared iRkigure 36. The copolymerization
of MAED with DMAEMA (discussed in the next section) generated a copolymer that was solubieliis var
solvents. This is further evidence that the hydroxyl group was promoting crosslinking in the previous
material. The HMPD monomer design was discarded and will not be discussed in the remaining sections
of this chapter. However, it is worth mentionitttat this type of crosslinked copolymer could be an

interesting avenue of research for further studies oiésed thermdike materials.
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transesterification

k p(DMAEMA -co-HMPD) p(DMAEMA-co-MAED) /

Figure 3.6.The chemical structure of p(DMAEM&o-HMPD) and p(DMAEMAco-MAED). The ester
and-OH groups on p(DMARKIA-co-HMPD) can undergo transesterification between the side chain:
leading to crosdinks. p(DMAEMA-co-MAED) is lacking-OH groups preventing transesterification
reactions between the side chains

3.4.2.2p(DMAEMA -co-MAED)

The success of the copolymerization reaction of DMAEMA WIkED and the chemical structure
of p(DMAEMA-co-MAED) was confirmed byH NMR spectroscopy (Figure 3.7) a@PC @ppendix A,
Figure A.24). Thepolymer composition was calculated usitf NMR spectoscopyand the percent
conversion was calculated using two methdHsNMR spectroscopy and gravimietanalysis. Table 3.3
summarizeshe experimental data of tisgnthesizedopolymers. Two copolymers were synthesized with
different content of bidased monomer relative to DMAEMA monomer: 11 mol% of MAED

(P(DMAEMA go-co-MAED 1)) and 30 mol% MAED (p(DMAEMAgeco-MAED3)).
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Table 3.3.The experimental details and summary of the synthesized copolymers p(DMABWIAED) using 1 mol% of AIBN (relative
to monomer moles).

Monomer feed mole ratio Time Composition (mol%6) Composition (Wt%4) Mn  Mw n
[DMAEMA] o: [MAED]o: (h) DMAEMA MAED DMAEMA MAED (kDa) (kDa)
10:1 12 89 11 80 20 23 38 1.67
7:3 24 70 30 54 46 20 65 3.25

acomposition determined B4 NMR analysis
b estimated based on the mol% of each monomer
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'H NMR analysis

Before NMR analysisthe copolymer samples were dried under vacuum at@®for 12 h. To
characterize the copolyngetheH NMR specta of p(DMAEMAs-co-MAED11) and p(DMAEMAy-co-
MAED3o) (Figure 37-2 and 37-3) were compared with the spectrum of pP DMAEMA (FigurgB). In the
H NMR spectra, characteristic signals corresponding to methylene prote@idNid) in the repeating
units of pPDMAEMA segments are obsedvat 2.58 ppm and the dimethyl protons-QNls;, He) are
observe at 2.17 ppm. signals at 1123 ppm are assigdto the methyleaprotons in the long alkyl chain
(-CH2-, Hh) of the MAED segment and ak at 0.90 ppm corresponds to thethylend group(CHs, Hi)

on the MAED segment, confirming the success of the copolymerization reaction.
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Figure 3.7.'H NMR spectrum (400 MHz, CDg)lof 1) pDMAEMA, 2) p(DMAEMA g-co-MAED11)
and3) p(DMAEMAw—CO—MAEDgo).
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The methyl groups on the polymieackbong-CHs, Ha) appear as two peaks in the spectrum of
pDMAEMA (Figure 2.71) butappear as a single peak in the spectrum of the copolymers (Figireu3d?
3). It is theorized that these observations are the result of tacticity. Homopolymers can be classified as
isotacti¢ syndiotacticor heterotactipolymers based on the stereatiry of repeat triad on the polymer

chain(Figure 3.8)
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Figure 3.8.Representation of m and r triads within polymer chains

Free radical polymerization techniques generally yeldtrotacticor atactic)polymers due to the
uncontrolled nature of the reacti&éh.The frequency of mm (isotactic), mr (heterotactic), and rr
(syndiotactic) triads in polymer synthetized by free cabipolymerization usually follows Bernoulli
statistics : mm = 0.07, mr = 0.43, rr = G!5Niskanen et al. synthesized a atactic pPDMAEMA by free
radical polymerization and a isotactic pPDMAEMA by amic polymerizatiorf’ The comparison of the
methyl group of isotacticpDMAEMA and atactic pPDMAEMA is shown in Figure 3*9The atactic
pDMAEMA match well with the intensity predicted by Bernoulli calculations; the mr apeaks are

shown, the intensity of the mm peak is too small to be obsdnvgtecase of the copolymer$PMAEMA -
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co-MAED), there is aeducel probability of obtaining a triad when the copolymer is present (less chance
of obtaining a CHtriad). As a resli, themethyl groups on the polymbackbondg-CHs, Ha) appears as a

single peak.

16 % isotactic PDMAEMA
rr
mr

=N

Atactic PDMAEMA ML

1.6 14 1.2 1.0 0.8 0.6
ppm

Figure 3.9.H NMR spectraf the methyl region dfotacticrich (top) pPDMAEMA and atactic pPDMAEMA
(bottom).Reprinted from Niskanen et &l.

The ®cond notable observation is the changes in the peaks associated with the methoxy protons
O-CH>- (Hc) on the DMAEMA and MAED side chains. In Figure 3 and 2, the methylene protors
appear as a single peakd in Figure 3-8 the same protons appear as 3 distinctive peaks. The chemical
environmentithin the copolymers with different weight percent lsio-based monomer are hypothesized
to contribute to these observations. The methoxy protons in the copolymer with 30 mol% of MAED find
themselves in a much more hydrophobic environntgydirophobic interactions of the ngoolar MAED
side chain may causkfferent microenvironmentaithin the copolymerThe change in microenvironment
would be more pronounced in the copolymer with higher content of hydrophobic MAED. It is suspected
that the creation of different microenvironment caused the chemical dteéitiaa of the methoxy protons

resuling in 3 distinctive peakfor Hc.
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Monomerconversion byH NMR analysis
The overall monomer conversion waalculated by!H NMR spectroscopy using the crude
polymerization mixtureFigure 310illustrates the stackeéth NMR spectaof DMAEMA (Figure 310A),

MAED (Figure 310B) and the crude copolymerization mixture (Figurg0C).

A) DMAEMA

B) MAED ‘

c i w | J,,l,..‘l

C) Crude polymerization mixture ’ ‘
of p(DMAEMA-co-MAED)

,,,,,,,,,

B 34 30 26
Chemical shift (ppm)

Figure 3.10.SuperimposedH NMR spectra400 MHz, CDC}) of A) DMAEMA, B) MAED C) crude
polymerization mixture containing both copolymer amdeacted monomers

The crude copolymerization mixture still contains some unreacted monomers detected as alkene
peaks at 6.0 and 5.4 ppm. The solvent peak (dioxane) is seen at 3. HArq@pnthe crude polymerization
mixture (Figure 310-C), severabeakswerechosen for thenonomer conversion calculation. Peaks at 6.0
and 54 ppmwith a combined integration of 2r8presen2H atoms irthe unreacte®@ MAEMA monomer
that was not incorporated in the final copolymEhe monomer conversion was found to be 40 % for
DMAEMA calculated from the'H-NMR spectrum of p(DMAEMAs-co-MAED11) (Appendix A, Figure
A.25). The conversion of MAED could not be determinedyNMR analysis since the residual monomer
peaks of MAED were too small in the crude polymerization mixtHrpiation 31 was used to find the
percent conversion for DMAEMA. See Appendix A for calculatiobsing the same equation, the

DMAEMA monomer conversion was found to be 96 % for p(DMAEME0-MAED 3).
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b®éELQi i—Q&t (Equation 3.1)

Monomer conversion by gravimetric analysis
The monomer conversion for p(DMAEM#&co-MAED:1) was also calculated by gravimetric

analysis. The conversion was found to be 65 % when detedngirmvimetrically by using equation 3.2.

PO€&ED QI i Q&t @ @p 1 (Equation 3.2)

where Mvaeo, Momaema, Mbioxane Maen are the masses of MAED, DMAEMA, solvent and initiator
respectively; ande, Mary, are the masses of the wet polymer and dried polymer, respectively.

Samples from the crude polymerization reaction were withdrawn from the reaction mixture and cooled
immediately in an ice bath to stop further polymerization. The copolymer was precipitated in excess hexane
and dried in a vacuum oven at 8D for 12 h to obtain the pure dry polym&olving equatior8.3, the

overall monomeconversion was found to be 65 %.

Determination otopolymercomposition byH NMR spectroscopy

The composition of the copolymer was calculated udihbIMR spectroscopy and equation 3.3.

7
T T

PO0O00DO (Equation 3.3

The peak integral of characteristic signals unique to both monomers were compared to obtain the
ratio between DMAEMA and MAED unitsCharacteristic signals correspondingnethykne protons
(N-CH2-) in the repeating units of DMAEMA segments are observe@.&ppm The signaldetween 1.2
1.5ppm are assigned to the methylene protons itotigealkyl chain of thtMAED segment. As thquantity
of AIBN was only 1 mol%, the composition op(DMAEMA -co-MAED) was determined from the

integration ratio of the resonance peakthe methylene DMAEMA protons and the methylene protons of
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MAED. The integration of the peaks of interest for p(DMAEM&0-MAED:1) and p(DMAEMAy-co-

MAED30) are shown irFigure 311 and Figure 32. The calculations are presenteddimpendix A.
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Figure 3.11 *H NMR spectrum (400 MHz, CDg)lof p(DMAEMAss-co-MAED 1) and the peaks of
interest for determining the composition.

The incorporation of MAED units was analogous with respect to the feed; when the initial molar
feed ratio was 10:1 and 7:3 (DMAEMA: MAED), 11 mol% and 30 mol% of MAED was incorporated in
the @polymer, respectively. The intensity of the MAED segment signal at arouadd3Lgpm and the

DMAEMA signal at around 2.5 ppm changes significantly upon the composition.

80



49

0w o=
BENA

Feed mole ratio: [DMAEMA],:[MAED], 7:3 T KyE

|
n
o) o
0 ’

m

O /

S g% 6-2.49 ppm - I ’
o i MAED

cocoo

—184
—L17s

ol

6-1.53 ppm

DMAEMA

T
¥

T
o o s
8 n &

©
-

A T A e L AL T R
43 42 4.1 4.0 3.9 3.8 3.7 3.6 35 34 33 32 3.1 3.0 29 2.8 2.7 2.6 2.5 2.4 2.3 2.2 21 20 19 1.8 1.7 1.6 1.5 1.4 1.3 1.2 1.1 1.0 0.9 0.8 07 0.6 0.5 04 0.3
f1 (ppm)

Figure 3.12.'*H NMR spectrum (400 MHz, CDg)l of p(DMAEMA70-co-MAED30) and the paks of
interest for determining the composition.

3.4.3Physical and Chemical Properties

This section explores several physical and chemical properties of the various polymers synthesized
as shownn Figure 313. Before these properties were measuredas necessary to first determine the
highest amount of bibased content that could be incorporated into the copolymers. This was achieved by
measuring the C&responsiveness of the copolymers that contained varying molar ratios of DMAEMA:
MAED. In the second stage, the thermal behavior, coating appearance, adhesion strength, resistance to
solvent and hydrophobicity were tested. To test some of these properties, a simple polymer solution was

used to coat different substrates. The viscosity plays a keynrthe wetting behavior and subsequently
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the physical properties of the polymers. As a result, the polymer solutions were ntaaie tsimilar

viscosity in the range of 15200 cps by adjusting their concentration in solution

Stage 1
CO,-responsiveness

v
Stage 2
Testing chemical/physical properties

Thermal behaviour Adhesion Coating appearance Solvent resistance Hydrophobicity
(section 3.5.4.2) (section 3.5.4.3) (section 3.5.4.4) (section 3.54.5 & (section 3.5.4.7)
3.5.4.6)

\ )

Simple polymer solution (150-200 c.p.)

Figure 3.13.The various physical and chemical properties tested and the corresponding sections.

Preparation of polymer solutions

The preparation of the polymer solutions invol
for dissolution, weight percent, aniscosty (Table 3.4).The polymers p(DMAEMAgs-co-MAED 1) and
pDMAEMA were dissolved in carbonated water to produce a basic coating formulation. However, the
polymers p(DMAEMAs-co-MAED3g) and pMAED were found to be insoluble in carbonated water.
Therefore, theywere dissolved in an organic solvent (toluene). To obtain solutions that had similar
viscosities, the polymer loading was varied. The copolymer p(DMAEM&MAED 1) was found to have
a solubility limit of 13 wit% in carbonated water, which correspondea Wiscosity of 162.7 cp. At a
concentration of 13 wt% or below in carbonated water, this copolymer exhibits ideat§Onsiveness
(fully dissolves in carbonated water and 100 % recovery of the insoluble polymer after purging with
nitrogen gas). The CQesponsiveness of the copolymer will be discussed in more detail in Sect®h.3.4.

A polymer solution of similar viscosity at 163.2 cp was prepared containing 30 wt% pDMAEMA in

carbonated water. Meanwhile, p(DMAEMAMAED 30) and pMAED were dissolved tnluene at loadings
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of 25wt% and 20 wt% with viscosities of 154.4 and 178.6 cp, respectively. These various polymer solutions

were usedo determine varioughysical and chemical properties (Sec$idm.3.3-3.43.7).

Table 3.4 The polymersolutions used in the physical and chemical properties testing.

Polymer Name Solvent Loading (wt. %) Viscosity
(Centipoise)
p(DMAEMA gs-co-MAED 11) Carbonated water 13 162
pDMAEMA Carbonated water 30 163
p(DMAEMA 7¢-co-MAED 30) Toluene 25 154
pMAED Toluene 20 178

The viscosity and density of the polymer solutions were measured and calculated as explained
below The viscosity was measured using a glass vacuum capillary viscometer tube according to the

standard tesASTM D2171 The density of the polymer solution was calculated using equation 3.4:

0Qt  £09&Hd Wi Qb 0 MQE & (Equation 34)

Where,m is the density of the polymer solution,; V8 the mass of the standard vessel,i$\the mass of

the vessel and polymer sdlt and W is the mass of the vessel and water.

The viscosity of the polymer solution was calculated as follows:
©OQi GEIETanmm Q — ¢ (Equation 35)

Where, ¢ is the viscosity of the polymer solutiog, is the viscosity of water at RT&( ) = 0.997 cp
(standard valug)m is the density of the polymer solution calculated with equatiorn8.4, the density
of water at RT (' 1) = 0.997 g /ml (standard valye is the time needed for the polymer solution to travel
through the capillary tube of the viscometer @nds the time needed for water to travel through the

capillary tube of the viscometer.
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Types of substratepreparation of substrates

Three types of substrates were used in this study: aluminum metal sheets, Staplestif&C
paper (92 % bright acifiee) and annealed gisas shownn Figure 314. The preparation of the substrates
was only performed for the aluminum sheets and glass as it involved multiple washes with water and
organic solventThe substrates werfirst soakedn adish liquid soap solutiofPalmolive ultra strengjh
and scrubbed withfoam spongeThis was followed by a wateinseto remove all traces of soggnd then
an acetone rinse. The substrates were air dried for 12 h, after which they were coatedraythpplgrious

polymer solutions with a paint brush (Bennet artist round brusbd8-07988).

OH

H HOOH HO OH OH Ho
HO 0.
QMo 0 S M b

5 S
HO 0 0 ‘{‘\0’ ~o“ I“‘o’l‘\o/ ‘\o

~__—

99.99% Aluminium paper glass

[

-

Figure 3.14.The substrates used in this study, from left to right: aluminum metal sheets, paper,
annealed glass

3.4.3.1CO,-responsiveness Measurements

The CQ-responsiveness of thariouspolymeiswas tested by electrical conductivity atINMR
spectroscopyin addtion to the pku (discussed in SectionZ], the ratio of tertiary amines (protonatable
sites) per carbon atoms in the polymer structure will play a critical role in the effectiveness of the switching.
In this work, the copolymer studied was composed tf bonorCO,-responsive monomer (MAED) and

a CQ-responsive monomer (DMAEMA). It was important to determine the greatest amount of MAED that

84



could be added to the copolymer before a decrease in thee§ansiveness occurred below an acceptable

level(mu¢ be soluble in carbonated water at concentra
For the NMR study, the copolymers were each mixed with deuterated wg@grgiid placed into

two separate NMR tubes. For each of the copolymergg@@s introduced into one of the NMR tubes by

bubbling the gas into the deuterated water for 1 h. In the case of p(DMAEIMAMAED 1), the results

suggested that the copolymer dissolves more readily@mihen CQ is presen{Figure 315A and B).

Without CQ), no polymer peaks are present in tHENMR spectrum; demonstrating that the copolymer

is insoluble in water in its neutral (nqmotonated) form. The same test was performed with the copolymer

p(DMAEMA 7o-co-MAED30), which was found to be inaddle in O in both the presence and absence of

COy(g). This conclusion is based on the absence of copolymer peaks'ih MR spectrum (Figure 35

C and D) The visual observations of the solutions concurred with the NMR based conclusions;

p(DMAEMA 7o-co-MAED30) polymer did not appear to dissolve, and p(DMAEMAO-MAED ;) formed

a transparent solution in carbonated water.

Q) | D,0/HOD
A) D,0/HOD —~Salvent
/,/' Solvent e
T \
."- \
N S | E— — e — __-______,_,/
B) \,  D:OfHOD D) D,0/HOD
A_.-"’ Solvent | r’/{ Solvent
.'\-.___,
— - - ——— H—\—‘ —— - " - - — _-—"’ ) ey ———————— i

Figure 3.15. *H NMR spectrum (400 MHz) cA) p(DMAEMA g-co-MAED11) in D-O, B) p(DMAEMA g¢-
co-MAED}13) in DO with CQ, C) p(DMAEMA 70-co-MAED30) in DO, andD) p(DMAEMA 7o-co-
MAED30) in D;O with CQy.

The electrical conductivityest wasusedas a proobf-conceptstudyfor the CO,-responsiveness

of the copolymep(DMAEMA gs-co-MAED1,) in water.In anagueousolution, the conductivity increases

based on the number of ions in solutiAr.discussed in Chapter 2, the two chemical processes that generate
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ions are: 1) the dissociation of € producéhydrogen carbonate ions and protansl 2) the protonation
of the amine generatinglkylammonium hydrogen carbonatehe conductivity plot of carbonated water

(no polymer present) confirmed that the effect of the chemical procesedligible (Figure 3.6 B).
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Figure 3.16.Conductivity plot of A) p(DMAEMAsgs-co-MAED 1) in carbonated water and B) carbone
water.

The conductivity test confirmed that p(DMAEMAco-MAED11) becomes ionic and dissolves in
carbonated water. When @@ introduced into the water containing the copolymer, the conductivity
increasesAt a loading of 1 wt% in water, the copolymer was fully soluble after 25 min of mixing in
carbonated water at roormmperature (Figure B7). Upon the addition of binstead of CQg into the
solution, the conductivity gradually decreases over time. This effect is caused by fde@@ng the
system and the polymer reverting to its neutral form, reducing the number of ions present and thus
decreasing the conductivity of the sotutti In the 1 wt% solution, it took approximately 30 min of bubbling

Ny for the dissolved copolymer to be fully recovered in the form of a solid precipitate.
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Figure 3.17.Conductivity plot of 1 wt% p(DMAEMAs-co-MAED 1) in water. The dashed linedicates the
time when CQwas replaced by Ngas. The image on the right represents the appearance of the solut
with CQ,, and (2) without C@®

3.4.3.2Thermal Analysis

Thermal stability

Thermogravimetric analysis (TGA) of the polymers provided an indication of the thermal stability
of the materials. Polymer samples were dried under reduced pressure and then képtiatas6@acuum
oven for 12 h before conducting the analysis. All hearal copolymers tested have an amorphous structure
suggesting that the long polymer chains are randomly packed. The TGA analyses for all of the polymers
showno noticeable weight lossaund 100 °C, which confirm that the sampdewere fullydried prior to
analysis (Figure 38). The TGA curves of the polymers in Figurd&canbe divided into two major
decompositionstages: initial weight loss of about 27 % attributed to the onset of polymer side chain
degradation, followed by a second weight loss of al36u®o corresponding to the polymer backbone

degradation.
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Figure 3.18.The thermogravimetric analysis of pPDMAEMA (blue curve), p(DMAEM&0-MAED11)
(red curve) and p(DMAEMA-co-MAED3) (green curve).

To obtain quantitative information about the that behaviour of the polymers, a differential
thermogravimetry (DTG) curve is generated as the first derivative of the weight loss with respect to the
temperature (Figure B9). From the % derivative plot, the onset temperature)(Twhich denotes the
temperature at which theveight loss beginsand the peak temperature )T which is when the
decomposition occurs most rapiaign be determinedhe first onset temperatureqs(J occurred a41°C,

285 °C and 337°C, for pDMAEMA, p(DMAEMAgs-cO-MAED11) and p(DMAEMAy-co-MAED30)
respectively; and the second onset temperatygeddcurred at 358C, 380°C and 408C for pPDMAEMA,
p(DMAEMA gs-co-MAED11) and p(DMAEMA-co-MAED3), respectively. It is suspected that the first
decomposition state is the loss of the side chains since the volatilization of pure lauric acid occurs around

150-250°C®?, while the second thermal decomposition is suspected to be related to the degradation of the
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polymer backbone. The copolymer TGA results were compared with the homopolymer pDMAEMA, which
has a lower onset degradation temperatwkgtfiin p(DMAEMA-co-MAED). As the amount of bibased
content increases from 11 mol% in p(DMAEMyYCo-MAED11) to 30 mol% in p(DMAEMAg-co-
MAED30), the onset degradation temperature increases Bg && the first decomposition and by 28

for the second decomposition, demoatitry that adding more bisased monomer increases the thermal

stability of the copolymer.
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Figure 3.19.The first derivative of the weight loss curve of polymers: pDMAEMA (blue curve),

p(DMAEMA ss-co-MAED11) (red curve) and p(DMAEMA-co-MAED3g) (greencurve), highlighting the
peak of the first derivative (] (indicates point of greatest change in weight loss).

Glass transition temperatur@y)

The glass transition temperaturg)(if an important feature of binder polymers since it is a measure
of physical properties such as hardness. At temperatures beloywvhled, polymers are solid and rigid,

while above Fvalue, polymers are flexible and séft-or coatings that contain a dissolved polymer in
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solution, the T of the polymer should be high enough to provide a hard protective coating once it is dried.
Meanwhile, for watebased dispsion coatings, theglof the polymer is directly related to tin@nimum
film-formation temperaturéMFFT).3° The MFFT is defined as the lowest temperature at which a polymer
latex will coalesce on a substrate. In this case, a hjghréquired to proviel a hard and protective coating,

but a low T is required to ensure proper film formation at ambient temperature. This is one of the greatest
challenges of watenased coating formulations and is known asfilhe formation dilemma&* Common
approaches to overcathis problem have included synthesizing loybinder polymers that will crosslink

upon drying® or adding temporary plasticizé€t$’ during film formation to improve the mechanical
properties ofhe coating. Thegp s of t he homopol yme rDMAEBWA E®MAED)d copol
were obtained using differential scanning calorimetry (DSC) (see DSC thermograms in Appendix A, Figure
A.27-A.29). The T4 of pPDMAEMA is known from the literature to be aroud8.3°C®® and the T of
PMAED was determined to b&8.0°C. The T,0 sf the copolymers with higher content of MAED are
expected to be lower due to the higher content of long alkyl chain, increasing the mobility of the polymer
chains(Table 3.5).Unexpectedly, the givalues for p(DMAEMAgscO-MAED11) and p(DMAEMAy-co-
MAED30) were nearly identical, with values «§.3 and-3.4°C, respectively. The Fox equation was used

to estimate the copolymegd@s and compare with the experimental v

The Fox equation:

— = + — ( Equation 3.6

h

Where Ty cis the glass transition temperature of the copolymer containing weight fractionsarfd/\s
of the monomer units A and B, for which the homopolymers have glass transition tempérgtuned

Tge, respectively.

The theoretical 0 s wer e f1000Chadd-18.@°C forgp(DMAEMAss-co-MAED;1) and
p(DMAEMA 7c-co-MAED30), respectively. The disepancy between theoretical and experimental results
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could be due to several factors. First, the DSC experiment was run with a minimum temper8t€.of
However, the instrument wamableto cool the samples enough to provide a good base line ornvthe lo
side of the glass transition. This was more apparent with pMAED and p(DMAESOAMAED 30) (see
Appendix A,Figure A37-A.29.). Second, the gvalues were estimated automatically by the DSC software
(Universal V4.3A TA instrument). Manual treatment loé data could provide more accurate results and is

recommended for future work.

Table 3.5.Thermal properties (determined by TGA and DSC) of polymers

To (°C) To(°C) To (°C) To(C)  Tobweimeral  Tatheoretica
Polymer 15t stage 1t stage 2" stage 2" stage (°C) (°C)
PDMAEMA 241 317 350 421 153 i
FI\’A(ADE"[’;E)MAW“* 285 333 380 445 33 1.0
FI\’A(ADE"&';MA”CG 337 376 408 484 34 1180

3.4.3.3Adhesion

The adhesion between polymer antbstrates (glass and aluminiwgs tested by the standare X
cut tapetest (ASTM D3359. This test measures the adhesive stiehgt testing the resistance of the
polymer film toits mechanical removal from the substrate. The standard test ASTM D3359 describes two
test methods: method A {&ut) and method B (crosscut). Both tests are performed by making an incision
into the coatingvith a shargknife in a specific patterfX patternfor method A and crossut lattice pattern
for method B) A pressure sensitive tape is then applied to the coating and rapidly removed from the surface
at an angle of 180The results are expressed aating corresponding to the damage observed to the coated
substrateln this study, method A was used on glass and aluminium subdtretdegend for the Xut
tape test ishown in Appendix A, Figure A.30. Thadhesion properties were tested for seveoamer

solutions. As shown in Table 3.7, tbencentration of polymer in solution varies depending on the type of
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polymer and solvent used. Adjusting the wt% of polymeric material in solution was done to achieve the
desired viscosity. The viscosity of alpmer solution is a crucial property that needs to be customized for
the polymer solution to perform well as an adhesivédowAviscosity is preferredsit promotesthe wetting
and complete coverage of the surface to prevent any ¥old& viscosies of the polymer solutionused
in this study werdetween 1500 cs as discussed iBection 3.43. In the paint industry, the optimum
viscosity is around 100 cps, which provides a paint that capraged, brushed, or rolled onto a substrate.
It was therefore crucial to keep the viscosity of the different polymer solutions within a specific range for
comparative analysis and adequate performance.

The X-cut tape testevealed that the coatintas excellent adhesion properties scoring 5A (no
peeling or removal) on glass and aluminium substrate for both pDMAEMA and p(DMAEOHA
MAED=11). The homopolymer pMAED scored 3A on glass and OA on aluminitable 3.6summarize the

different polymer solutions and their adhesion rating.

Table3.6 The summary of the polymerdéds solutio

Polymer Polymer Mn (kDa)  Viscosity (cp) Adhesion rating*
loading (wt%) Glass  Aluminum
p(DMAEMA go-CO-
MAED;2)? 13 23 162.7 5A 5A
p(DMAEMA)2 30 43 163.2 5A 5A
pPMAEDP 25 28 178.6 3A 0A

apolymer in carbonated water
b .
polymer in toluene

*
In accordance with standard test ASTM D3359
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Theadhesiorfailure of the homopolymer pMAED occurred in twidferent modes: cohesivand
adhesive failureFigure 320 illustratesboth type of failures obtained during tikecut tapetest. The
cohesive failure occurs within the polymer layleavingthe coating on both the substrate as well as the
tape.A cohesve failure indicates that the polymer formstronger bond with the substrate than within
itself. Adhesive failure occurs when the polymer coating fails at the substratapletely transferring the

polymer from the substrate onto the tape.

Figure 3.20.lllustration of the adhesion mode of failure of pMAED on aluminum substrate

The homopolynerpDMAEMA contains reactive polar groups such as carbonyls and amines. These
polar groups appear to increase the wettability of the polymer and consequently their adhesion to metal and
glass. The homopolymeipMAED also containscarbonyl group, however the presence of thdéong
hydrophobic tail decreases its ability to interact watpolar substrate and form cohesive bergioth
pDMAEMA and p(DMAEMA s-co-MAED 1) performed similarly on th&X-cut tapetest suggesting that
adding 11 mol% of MAED tdDMAEMA did not change the adhesi@trengthof the copolymerThe
MAED monomer provides improvemeint several mechanical propertiegluding heat stability, organic

solvent resistance, hydrophobicity and gloss/shine (discussed in the next sectiores)erHt failed to
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promoteadhesion mainly due to the presencehafhydrophobic alkylchain A polar polymer provides

better adhesive properties, even though the mechanical properties tasy thesirable

3.4.3.4Coating Appearance

This section will eplore the appearance of the pure (unadulterated) coatings. It is important to note
that unlike a final industrial coating formulation, these basic coatings do not contain any additives. The
observations made in this section are therefore about coatinugreuteusing the crude, basic copolymer
solutions. To observe the appearance of p(DMAEMAMAED) as a coating, a glass microscopic slide
(50 em thick) was coated with the copolymer solution using a paint brush (Bennet artist round #rushes
04907988). Microscopidmagesreveal that large bubbles appear immediately aftepdhemer solution

is appliedto the glass slidd~gure 321-A).
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Figure 3.21. Solution 0f13 wt% p(DMAEMAgs-co-MAED11) in carbonated water coated on microsci
glass slide (50 um thicld) immediately after coatinB) after drying for 24 h in open air.

This is likely caused by the evaporation of £gf@&s the coating dries in open dihis effect is less
pronouncedwhen the coating is appliedn porous substrate such as papgpon drying, some
imperfections remain visible as the presence of small biRiggre 321-B). Methods that might improve

the performance of carbonated wataised formulations will be discussed in Chapter 6.
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3.4.3.5Resistance to Organic Solvents

Solvent Rub Test ASTM D475paper substrate

The resistance of the coatings was evaluated lvggoub testASTM D4752. Typically, this test
is performed using methyl ethyl ketone (MEK) as the solvent, but in this study, THF, toluene and
isopropanol were used instead. Polymer solutiorg 48 wt% p(DMAEMAss-co-MAED11) in carbonated
water,B) 30 wt% pDMAEMA in carbonated water ar@@) 20 wt% of pMAED in toluene were coated
paper (Staples FSCertified 92 % bright acidree). To make the coating more visible, a drop of
triarylmethane dye (Brilliant Blue FCF) was added to the polysoéstions. Table8.7 summarizes the

polymer solutions used for the solvent rub test ASTM D4752.

Table 3.7.Polymer solutions used for solvent rub test ASTM D4752.
W1t% of polymer

Polymer in solution M, (kDa) Viscosity (cp)
A) pDMAEMA 30 23 163
B) pMAED 20° 43 178
C) p(DMAEMA go-co-MAED11) 13 65 162

%n carbonated water

b
In toluene

The coating was rubbed with a Kimwipe satutlatéth the appropriat@rganicsolvent(THF,
toluene, isopropanol). As displayedFigure 322-A, thecoating containing only pDMAEMA wasiore
easilywettedy t he organic solvents and r espadandeibbing n A bl e
holeson the substratbecame visible The pMAED coating showed resistance to the orgautvents
(Figure 322-B). The paper coated with pMAED was shiny and glossy. The test revealed that the coating
containing 11% of MAED also showed resistance to the rub test for all organic solvents teseerho

the glossy appearance was lost compargdtAED (Figure 322-C).
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THF Toluene Isopropanol

Figure 3.22 Solvent Rub Test using THF, toluene and isopropanol solveniap®r coated with) 30 wt%
of pPDMAEMA in carbonated wateB) 20 wt% pMAED in toluene C) 13 wt% p(DMAEMA-co-MAED) in
carbonated water

3.4.3.6Resistance to Aqueous Solvent

Resistance to aqueous solvent t&8TMD870

When waterborne systems are u$edcoatings and adhesivesater resistance a prominent
consideration in the coatingndustry. When a solution of p(DMAEM#-co-MAED11) dissolved in
carbonated water is applied to a substrate, thg,@0ould evaporate as the coating dries, leagingutral
copolymerbehind Ideally, this dried coatinghould beesistant to watei heresistance to aqueous solvent
was tested bygtandardmmersion tesASTMD 870 Substratesnietal and glagswere coated with the
appropriate solution of polymer using a paint br(B&nnet artist round brushg€94907988), dried and
cured for 24 h at room temperature. The coatdostratesvere then submerged in deionized water at
24°C for 5 h. As showin Figure 323, the homopolymer pMAED, being insoluble in water, was successful

in the immersion test; it rerireed firmly attached to the substrate. However, both pDMAEMA and
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p(DMAEMAss-cO-MAED11) detached from the substrate when submerged in water. The addition of

11 mol% of MAED was not enough to render the copolymer resistant to water.

A) p(DMAEMAg,-co-MAED;,) pDMAEMA PMAED

P 5

Pl‘lf 0
plomemagg o mABD, ) i

Figure 3.23.Images from the immersion test ASTMIFO0. The coated) glass subtratesB) aluminum
substrates are submerged in water below the dashed line. The substrates are coated with three typt

polymer solutions: pPDMAEMA, pMAED and p(DMAEM#-co-MAED1). Only pMAED remained
attached to the substrates after the immersion test.

3.4.3.7Hydrophobicity

The hydrophobicity is an important property for binder polymers. A hydrophobic coating (contact
angle O 90U) acts as a Whethgdrophobieity efithe diffietent polymer r e s i
solutions was tested by water contact angle (WCA) aretbubstrates: aluminum sheets, glass slides, and
paper. The substrates were coated with the appropriate polymer solution with a paint brush (Bennet artist
round brusheg 049-07988). The coated substrates were allowed to air dry at room temperatudelor 2
Once the coating was dried, the water contact angles of{d w@ter droplet on the polymeoated
substrates were measured to analyze the effeatiding MAED to the hydrophobicity of the various
coatings. All experiments were performed at ambiemperaturefFigure 324 showssome of the images

obtained during the water contact angle measurements.
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Figure 3.24.The water contact angle (WCA) test on three substrates: aluminum, paper, and glass, c
with A) pDMAEMA, B) p(DMAEMA geco-MAED11) ard C) pMAED

Three trials of ten replicat¢8 X 10)each were done for each coated substrate recording both the
right and left angleTable 3.9 shows the average contact angle for all the trials. The data are plotted in
Figure 325. All data were presentieas meart S.E.M. Oneway ANOVA testwas used to analyze the
differences across the different trialhie mean valuewithin the three trials were significantly different
for pPDMAEMA onaluminum substrate (F =8.7:= 3.3), p(DMAEMAgs-co-MAED 11) onglass substrate
(F =12.2, kit = 3.35) andoMAED on paper substrate (F = 5.07i= 3.3). The ANOVA test data are

presented ithe Appendix AFigure A31-A.39.
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Table 3.8.Summary of water contact angles of thdégerent polymer solutions on alumim, glass, and
paper substrate.

Wit% of S Contact angle (deg)
Polymer polymerin  Viscosity (cp) .
solution Aluminum Glass Paper Paper (corrected)
pPDMAEMA 307 160 51+9 50+10 48+7 61+7
p(DMAEMA gg-cO-
MAED?1:) 13 160 62+10 60+11 61+9 82+10
pMAED 26° 145 79+£10 8715 98+10 N/A
4n carbonated water
b toluene
= pDMAEMA
m p(DMAEMAS89-co-MAEDI11)
®pMAED

120
110 -
100 4 Hydrophobic
90 4
€0 1 Hydrophilic
70 -
60
50

40 A

Contact angle 0

30 A
20 A

10 4

Aluminum Glass Paper

Figure 3.25.Water contact angle measurements on coated aluminum, glass and paparor bars
represent the SDs of measurements.

As expected, pPDMAEMA is a hydrophilic coating with a WCA 0f°55%0° and 48 on aluminum,
glass, and paper substrate, respegtivEhe copolymer p(DMAEMAs-co-MAED 1) has a higher contact
angle compared to pDMAEMA for all substrat&be increased hydrophobicitf the copolymer is due to

the higher contenof bio-based monomers containing lealgainalkyl groups However, adding 1 mol%
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of MAED did not satisfy the criterion for being hydrophobic (WCA >p0'he pMAED coating on paper

is the only polymer coating that satisfied the hydrophobic criterion due to its WCA’of 98

The roughness of the paper substrate should increase the contact angles, which could be confirmed with
these observations as the paper coated with pMAED resulted in a higher contact angleatsminien

and glass substrates. However, the contact anglpDMAEMA and p(DMAEMAgs-co-MAED11) was

lower on paper substrate than on aluminum and glass substrates. This was due to the porous structure of
cellulose paper that can be easily wetted by hydrophilic solutions. The paper coated with the hydrophilic
polymer solution pPDMAEMA and p(DMAEMAes-co-MAED:1) was rapidly wetted by the water drop

(Figure 326).

- o~ MAED, )

Figure 3.26.lllustratiors of WCA teston paper substrate. Wetting of the paper occurs with substrates c
with pDMAEMA (top sampleand p(DMAEM/Ags-co-MAED 11) (middle sample). pMAED (bottom sample)
a hydrophobic coating; no wetting is observed.
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To obtain accurate data prior to the wetting of the paper, the value at time zero was extrapolated
from the plot of WCA vs time for p(DMAEMA) and p(DMA¥A ss-co-MAED11) on paper as shown in
Figure 327. The contact angles obtained from this calculation are present@dbie 3.9as paper

(corrected) angles

80

70

60

)

degree
o

40

20

Contact angle (degree)

Contact angle (
S

0 20 40 60 80 100 0 20 40 60 80 100

Time (seconds) Time (seconds)

Figure 3.27.The plot of contact angle as a function of time for the WCA test on paper substrates
with A) pPDMAEMA, B) p(DMAEMA s-cO-MAED1).

3.5Conclusions

This was the first report of the synthesis and characterization efrédponsive bidoased
copolymers. A central property of the &f@sponsive bidnased copolymers is the ability to fully dissolve
in carbonated water, while reverting to an insoluble form when 8Q@emoved.In this study, the
copolymerizatiorof two monomersvasinvestigatedthe first monomewasbio-basedMAED), and te
second monomsrwas CO.-responsivd DMAEMA) . In industy, polymer binders and resins are often
copolymerize from various monomer® make a product that has certain unique physical propédtties.
monomerbeingresponsible for the development of specific properties within the dm@dlymer. This

research demonstrated that p(DMAEMA-MAED) with a mole ratio of 89:11 (DMAEMA: MAED) was
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able to completely dissolve in carbonated water and bedasoluble in water when GQvas removed.
When compared to the homopolymer pDMAEMA, the addition of MAED increased the thermal stability
and hydrophobicity of the copolymeétowever, incorporationfdl1 mol% (20 wt%) obio-basedcontent

to pPDMAEMA did na increase the water resistarafehe final copolymer, nor does it make a copolymer
that is completely bitvased.The crosslinking approach could be a viataetic to enhane the water
resistance of the material, which will be discussed in further d@t&@hapter 6. These new bliased CQ
responsive copolymers could find applications in several products including, but not limited to, inks,

adhesivesand paints.
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Chapter 4

CQr esponshiavsee dBitbo mopol ymer s Derived f

CO,-responsive bio-based homopolymer

4.1 Abstract

Natural fatty acids have proven to be a promising option as a renewathladeio alternative to
petroleumbased polymers. This research highlights the synthesis of homopolymers derivedtiicaily
occurring unsaturated fatty acidsdic acid. In addtion to the high content of bibased materials, the
polymers are designed to be responsive ta. S@muli-responsive polymers that exhibit reversible changes
in their chemical/physical properties when exposed to a trigger are useful in many applichtscisapter
explores the synthesis of the #hased C@r e s p omesmorEeo p 9 MEnéthacryloyloxy)ethyb-
(diethylamino)10-octadecanoatépDEAMAEQ). The methacrylate moiety was first added to oleic acid via
Steglich esterification to generate {iased monomers. Using free radical polymerization, an oleie acid
based homopolymer was synthesized. The tertiary amine groupsd§ionsive moiety) were added post

polymerization by first converting the internal unsaturated bond to an epoxide, follgwad)lmpening
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using diethylamine. The newly synthesized-based C@responsive homopolymer could find use in

coatings, adhesives, and latex applications.

4.2 Introduction

This chapter represezd preliminary assessmentsifategy Asee Chapter 1, $éon 1.3)usedto
synthesize amintunctionalized fatty acichomagolymers for the purpose afreating COx-responsive
materiab. Tertiary amine methacrylate monomers are commonly used in the literature to synthesize CO
responsive polymers. Tertiary amines are suitable functional groups since they can react selectively with
CGQO in the presence of water causing a drastic change in the charge and hydrophilicity of the polymer.
Common examples of stimedésponsive homopolymers are p@yDimethylamino)ethyl methacrylate
(P DMAEMA), poly(2-(Diethylamino)ethyl methacrylate(pDEAEMA), poly((diisopropylamino)ethyl
methacrylatg (h,DPAEMA) and ply((N-morpholino)ethyl methacrylaffpMEMA) (the monomer for
which are shown in Figure 4.1) whiclhébit changes in their chemical/physical properties due to the

protonation/deprotonation of the amirfes.

Chemical structures 2
O

S I G
) *N;O}

Name DMAEMA DEAEMA DPAEMA MEMA
Homopolymer pK_, 7.0 7.4 6.3 4.9

Figure 4.1.The structure ofommonmonomers usetb synthesize stimuliesponsive homopolymer
Adapted from Het al®

In addition to containing a tertiary amine, the polymers synthesized in this research project must

also be produced from natural fattgids. Pant oils arean important class of organic compouhaggsause
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they are renewable, biodegradable gaderallyinexpensive.In Chapter 3, lauric acid (C:12) was used to
synthesize bidoasel polymers. In the subsequent chapters, including this one, oleic acid (C:18) was used
as the biebased starting reagent since it provides unsaturated bon@=C) that allows for further
functionalization.Oleic acid has been used industrially in a nwdté of applications such as lubricénts
synthetic rubbefs surfactants adhesivesand protective coatingsThe inclusion of long chain fatty acid
groupsin binder polymer$as been shown itthe literature to improve the flexibility, hydrophobicity and
strengh of coating.® Studies have also shown that oleic ad@étived binder polymers can also provide
protection against hydrolyst8.The long hydrophobic fatty acid chains provide a protective environment
for the ester groups against hydrolysis by providiteric hindrancé® Stability against hydrolysis is a
desirable feature in bindetsat contain ester groups since the materials in this research project are intended
to be used as waterborne coatirfgditionally, fattyacidderived polymeraretypically transparent, which

can be useful in applicatiotisat requirea clear coating.

With strategy 2 a tertiary amine (C&regonsive moiety) is incorporated directly into the-bio
based homopolymer derived from oleic acid. The amine is added by chemical modifications of the
unsaturated C=C bond of oleic acid. It was theorized that the hydrophobic environment surrounding the
amineembedded in the polymer may interfere with its protonation when placed in carbonated water. For
this reason, we choogenctionalization by epoxidatioto provide a hydroxyl (OH) functionalgroupnear
the tertiary amine. Theoretically, the hydroxyl groupsuld provide a slightly more hydrophilic
environment surrounding thmasic amin&iding in the protonation of the nitrogeéks discovered in Chapter
3, the presence of hydroxyl (OH) and est&@R-C=0) groups in the monomers is undesirable as it may
leadto crosslinking during polymerizatiofio avoid possiblerosslink formationthefunctionalization of
the fatty acid was conductgabstpolymerization.Figure 4.2 illustrates the synthetic pathway used to

synthesize a tertiary amirg®ntaining homopolynraderived from oleic acid.

A singlebasicamineper side chairgl N: 18 C) might not be enough to render the homopolymer

water soluble in carbonated water. Howevesolymerdispersionin watercould bepotentiallyachieved
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A polymerdispersion consists of polymeric particles suspended in water. Y&sded dispersion coatings,

such as latex paints, are commonly used in industajty Facidsderived monomers kabeen used
extensively in the literature to synthesize latex bindféts.Incorporatonofal ong al ky | chain
have generated latex binders with better chemicataesis, low flammabilitandhigh modulus? In latex

paints, the binder polymers are dispersed as colloids in an aqueoceggg®@€hapter 2, Section 2.4.2). In

this scenario, the polymelispersionn wateris expected to bstable in the presence of €énd result in

coagulation and precipitatiarpon the removal of CO

\/\/\W/\/\AOH
Step 1. Conversion of oleic acid into monomer oleic acid (OA)
MAEO
o
\/\/\/\A/\/\/\)ko/\\/u\rk
MAEO o
Step 2. Free radical polymerization of MAEO into
homopolymer pMAEQ 0
00 ’
PMAEO
o
Step 3. Post-polymerization functionalization: o o
Alkene conversion to epoxide AN )
Epoxidized pMAEO °
Step 4. Post-polymerization functionalization: COp-responsive ’/""“\l
Epoxide ring opening with aliphatic amine ‘\‘ LNJ’;' o
/\/\/\/\[/‘h/\/\/\)l\o/\/0 5
OH +isomer ©
pDEAMAEQO

Figure 4.2.The synthetic routes to homopolymereEMAEO from oleic acid. The final polymer product is
expected to produce a 50:50 mixture of isomers.

4.3 Experimental Methods and Materials

4.3.1 Materials

Materials used in this study included the followinggio acid (MilliporeSigmatechnical grade,

90%), 4-dimethylaminopyridine (DMAP, Alfa AesarQ 99%), N, Hiéyclohexylcarbodiimide (DCC,
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FIl uka, 20yddxgerhyl methacrylateHEMA, MilliporeSigma O99%), dichloromethaneCM,
Fi s her ,, hyd@roléric &iHisher Certified ACS Plus, 38.0% sodium hydroxide (NaOH flakes,
Alfa Aesar, 98%), silica (Silica flash, Silicycle, P60;8®sm, 60 A),benzoyl peroxide (BP®illiporeSigma
Luperox 989%%), toluene (Fisher, 99.5%net han o | ( S i, pgtotuanesuldnicicial (Al ¥dsar,
98%), formic acid (Alfa Aesar, 96+%), hydrogen peroxidedH (MilliporeSigma, 30 wt% in kD),
diethylamingMilliporeSigma,099.5%), ZnC} (MilliporeSigma,099.9%), NaHCQ (Alfa Aesar, 99.5%).

Reagentsvere obtained fronMilliporeSigma, Fisher and Alfa Aesand used as received

4.3.2 Characterization Methods

The'H NMR spectra were recorded room temperaturen a Bruker AV400 nuclear magnetic
resonanceNMR) spectrometer at00.30 MHz The measuraents were carried out with an acquisition
time of 3.95 s16 scans and a spectral window of 20.67 ppm 5T etramethylsilane was used as the
internalreferencedor *H NMR spectra for samples deuterateahloroform(CDCls).

Gel permeation chromagoaphy (GPC) measurements were performed on a Waters GPC. The
system consists of a Waters 2690 Separation Module with Waters Styragel 4.6 mm x 300 mm columns (HR
0.5, HR 1, HR 3, and HR 4) kept at 40 °C coupled with a Waters 2414 differential refradéxalietector
(930 nn) operating at 35°C. THF was used as the eluent with a flow rate of 0.3 mL/min and an injection
vol ume of 30 -andweighavemgemolechlae weights (dndM,) and di spersity
are reported as poly(methyl methaatg) (PMMA) and polystyrene (PSquivalent. PSonventional
calibration was established using Waters ACQUITY APC PS high MW calibration kit (Miv 2660000
Da). The calibration curve uses only the part of the kit that is within the exclusion limé oblimmn set
(below 600000 Da). PMMA conventional calibration was established using Agilent PMMA EasyVials
calibration kit (Mw 650- 2161000). The calibration curve uses only the part of the kit that is within the
exclusion limit of the column set (belov@@000 Da).

Fourier transform infrared (FTIR) spectra were collected on a Bruker Alpha FTIR base
spectrometer using a diffuse reflectance (DRIFTS) accessory. For DRIFTS analysis, the sample was

112



prepared as follows; the rigid polymer was groundedaniiae powder (less than 10 microns) and mixed
with potassium bromide (KBr) powder. The sample was then placed in a 7 mm pellet die assembly and
pressed using a handheld laboratory hydraulic press with a force of 2.5 short tons.

Differential scanning @orimetry (DSC) was performed using a TA instrument Q100 DSC to
determine the glass transition temperaturgs @rior to DSC testing, the polymers were heated and dried
under vacuum oven at 8C. DSC samples were equilibrated-& °C under nitrogen flow at 50 ml/min.

Three DSC cycles were performed starting&ft °C and heating to 126C: 1) mmp at 10 °C/min to
120 °C, isothermal for 3 mjr2) ramp at 10 °C/min te80 °C, isothermal for 3 mjr8) ramp at 10 °C/nmi

to 120 °C

4.3.3 Synthesis of Homopolymer pDEAMAEO

4.3.3.1 Step 4Synthesis of Monomer MAEO

Monomer 2-(methacryloyloxy)ethyl oleatéMAEO, *H NMR spectrum in Appendix B, Figure
B.1)) was synthesized by Steglich esterification as showmher8e4.1. Oleic acid (10 g, 0.035 moles),
DMAP (0.427 g, 0.0035 moles) and HEMA (4.61 g, 0.035 moles) were dissolved in 500 ml of DCM in a
two necked flask with a stir bar and nitrogen inlet. The reagents were mixed at room temperatiye (22
under an inert atosphere until fully dissolved in DCM. In a separate beaker, DCC (8.66 g, 0.042 moles)
was dissolved in a minimum amount of DCM (40 ml). The DCC solution was then added dropwise to the
reaction mixture. The reaction was allowed to mix at room temperatugd h. The reaction mixture was
then filtered to remove the hyroduct dicyclohexylurea (white solid residue). The organic layer was
washed with 2 x 20 ml of 1 M HGlqueous solutigr2 x 20 ml DI water and 2 x 20 ml of /1% NaOH
agqueoussolution. Theorganic phase was dried overJ8& and then concentrated in a rotary evaporator
to a transparent oil. The crude oil was then purified by column chromatography using silica gel as the
stationary phase and DCM as the eluent. The solvents were evaporatedeaiuded pressure to afford
the pure product (55 % yieldH NMR, 400 MHz, 25 °C, CDGI(li = ppm):0.8 ppm (3Ht, 6.6 Hz); 1.20

ppm (20H, m);1.5 ppm (2Hm); 1.85 ppm (3Hg); 1.9 ppm (4HM); 2.26 ppm (2H1, 5.9 Hz); 4.23 ppm
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(4H, m); 5.5 ppm (1Hs); 5.25 ppm (2HM); 6.1 (1H,s). Theassignment of peaks in tH¢ NMR spectrum

agrees with previous results reported in the literature for oleic acid methaétylate

\/\/VVW/\)J\OH

oleic acid (OA)

‘ HEMA
0
\/\/\/W\/\/\)J\O/\/O
MAEO 0

Scheme 41 The synthetic routto 2-(methacryloyloxy)ethyl oleate (MAEQ) via Steglich esterificatio

4.3.3.2 Step 2 Synthesis of Homopolymer pMAEO

The homopolymepoly(2-(methacryloyloxy)ethyl oleatdpMAEQ, *H NMR spectrum in Appendix
B, Figure B.2) was performed by free radical polymerization techniques using benzoyl peroxide (BPO) as
theinitiator (Scheme 4.2)Tlhe monomer MAEO (127 mmol, 50 g) was dissolved in tol{&886 mL) and
placed in a Schlenk tube equipped with a stir bar. The solution was flushedgés for 10 min. The
initiator BPO (0.25 mmol, 0.61 g) was then dissolved in a minimum amount of toluene and added to the
Schlenk tube. The solution was purgeith N2 gas for an additional 10 min. The Schlenk tube was placed
in a preheated oil bath at 90 °C and stirred at this temperature for 12 h. The reaction mixture was cooled
at room temperature. The polymerization mixture was then added dropwise to tudthoh& precipitate
the polymer. After separation by gravity filtration, the polymer was then washed three times with cold
methanol. The polymer was dried in a vacuum oven for 5 h at 88l \OVIR, 400 MHz, 25 °C, CDCGl(li =
ppm):0.8 ppm (3HM,); 0.9 ppm (3H, Mm)1.2 ppm (DH, m); 1.5 ppm @H, m); 1.9 ppm (4HmM); 2.26 ppm
(2H, m); 40 ppm @H, m); 4.2 (2H, m);5.2 ppm @H, m). The!H NMR spectrum of pMAEOQ is in good
agreement witliteraturevalues'®
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Scheme 4.2The synthetic route to homopolymer polyf(@ethacryloyloxy)ethyl oleate) (pPMAEO) via frt
radical polymerization

4.3.3.3 Step 3 Synthesis of Epoxidized pMAEO

The homopolymer pMAEO (20.5 mmol, 8.13 g), formic acid solution (60 wt%@® B0.5 mmol,
1.57 g),p-toluenesulfonic acidp-TsOH, 0.68 mmol, 0.12 g) and toluene (50 mL) were placed into a
250 mL round bottom flaskquipped with a magnetic stirrer and reflux condenser. The reaction mixture
was stirred and heated to 50 °C. A hydrogen peroxide solutigidy(H0 wt% in HO, 24 mmol, 2.72 g)
was added dropwise to the reaction mixture. After complete addition of hydpegexide, theeaction
mixturewas slowly heated up to 65 dbid was stirred at this temperatureddr The reaction mixture was
cooled down to room temperature. The polymerization mixture was then added dropwise to cold methanol
to precipitate the epadized polymer. After separation by gravity filtration, the polymer was then washed
repeatedly with cold methanol. The product wdaied in a vacuum oven at 66C for 24 h.!H NMR,
400 MHz, 25 °C, CDGl (U= ppm):0.8 ppm (3Hm,); 0.9 ppm (3HM); 1.2 ppm (24H, m); 1.41.5 ppm
(4H, m); 2.2 ppm (2Hm); 2.8 ppm @H, m); 4.2 (2H, m); 4.3ppm @H, m). Similar NMR assignments
were previously reported in the literatdfelheH NMR spectrum of epoxidized pMAEOQ is presented in
Appendix B, Figure B.3. A glass transition temperaturg ¢f ~-46 °C was determined by differential

scanning calorimetry (Appendix B, Figure B.4).
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Scheme 43. The synthetic route epoxidized pMAEO (Epox.pMAEO)

4.3.3.4 Step 4 Synthesis of pPDEAMAEO

The CQ-responsive polymer poly{@nethacryloyloxyethyl-9-(diethylamingd-10-octadecanoaje
(PDEAMAEO) was prepared using three different synthetic methods as shown in TaAleeddieneral
synthetic procedure was as follows: epoxidized pMAEO (100 % epoxidized, 821.23 g/mol) was dissolved
in a solvent im twoneck rounebottom flask equipped with a reflux condenser. The solution was purged
with N2 gas for 15 min. Diethylamine and Zn@lere added to the flask and the reaction mixture was stirred
at the target temperature for 12 h. After the reaction wampleted, deionized water (DI) was added to the
reaction mixture causingpe product to precipitate. The resulting precipitate was isolated from the reaction
mixture by vacuum filtration. To remove the catalyst Zr&@id the unreacted amine, successivehess
using 2 X 50 ml of aqueous acidic solution (HCI, pH 4), 2 X 50 ml of saturated Nalkd&a@ion,

2 X 50 ml of 1.0 M NaOH solution, and finally 3 X 50 ml déionized water were used. The purified
product was then placed in a vacuomen overnight at 85C. The conversion of epoxidized pMAEO to
pDEAMAEO was only partially successful. Section 4.4 explores the attempted synib#tmds 43 used
to synthesize pDEAMAEQ. In response to this, the analysis gesargptanations, hypothes, and

guidance on how this synthetic step could be improved and achf@EAMAEO (~63 % conversion
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method 3 H NMR, 400 MHz, 25 °C, CDGJ(li= ppm):0.8 (6H, t, 6.5 Hz;)0.9 ppm (6H},7.1 Hz);1.1-
1.3ppm (24H, m); 1.3-1.6 ppm @H, m); 2.2 ppm (2H,m); 2.4 ppm @H, m); 2.6 (1H,m); 2.8 ppm EH, M),
4.0 (2H,m); 4.2 (2H,m). IR (KBr): 3000-3500 (Q H), 29003000 ¢CHs, -CH) 1737 (C=0), 1170 (©).

The FTIR spectrum is presented in Appendix B Figure B.6.

o) (0]
/\/O
[0)
=
Epoxidized pMAEO (0}
ZnCl, SN
H
L )
/\/\/\/\(/\/\/\/\/H\ /\/O
O
=
OH (0]
pDEAMAEO

Schemed.5The synthetic route gioly(2-(methacryloyloxy)ethyB-(diethylamino}10-octadecanoate)
(PDEAMAEO).

Table 4.1The experimental conditions for the synthesis of pPDEAMAEO

Method Mole rath _ Temperature®C) Solvent
Epox.pMAEO Diethylamine
1 1 5 120 Bulk
2 1 5 55 Acetonitrile
3 1 10 80 (1 h)65(11 h) Toluene

aReagents werdeatediefluxed for 12 h using 1 mol of Zngrelative to moles of polymer epox. pMAEO)
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4 .4 Results andDiscussion

As shown in Table 4.1, pDEAMAEO was prepared using three different synthetic procedures,
referred to asnethod 1, 2 and 3. Each method is discussed below, including the rationale behénd
experimental conditionand the resultebtained The justification for usingZnCl, as a catalyst for the

aminolysisis explained in Chapter 2, Section 2.6.2

4.4 .1Method I Reaction Performed in Neat at 120C

Method 1was inspired by the work diswa et al.on thering opening of epoxidized soybean oil
usingdifferentamines.t’ They found that the most successful condititmpromote their experimemtas
to react theepoxidized oilwith excess amine ithout solvenat 90°C.1" In the case oépoxdizedpMAEO,
in solventless conditionshe lowest temperature possible was I2&ince the polymer is solid below
this temperature.

During the reactiongpoxidized pMAEO gradually darkened from a white to a 4lgioiwn color
as it mixed with excess diethylamine at P20 Figure 43 shows the appearance of epoxidized pMAEO
and the final polymer pDEAMAEO obtained fromethod 1 One possible explanation for the change in
color is that theamines reacted with oxygen leading to the formation of amiide (N-oxide)
intermediates. ThéN-oxide intermediate canrearrangeand decompose into a variety of produéts.
Common products from the rearrangement aiide intermediates include azometh{fé&ure 44-1) by
expulsion of waterand N,N-diethylhydroxyamine (Figure 4-2) by hydrogeamigration!® It is
recommended for future experiments involving free amines to conduct the reaction under inert conditions

to avoid oxidation.
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' -

Epoxidized pMAEO pDEAMAEO (method 1)

Figure 4.3 The appearance of epoxidized pMAEO (left) and pDEAMAEO (right). Homopo
pDEAMAEO was synthesized ugimethodl (neat, 120°C). The darkening of the polymer reflects
oxidation of the amine.

N + H,0
\055 /
y
© 1
_ — 0
N—H ®N.
) ) H
Diethylamine N
N-oxide %,..0m
intermediate a1‘/2),) —/
)N—OH
2

Figure 4.4.Formation ofN,N-diethylhydroxyamine(1) and Nethylethanimine?) from the oxidation
of secondary aminé\dapted from Slaglet al'®

The sample of pPDEAMAEO obtained framethod dwas stirred in deuterated chloroform (CBRCI
overnight and the solution was filtered into an NMR tube for analysis. Some of the brotameealssvelled
in solvent but was not entirely soluble in CROPresumably, the insoluble portion of the polymer was
crosslinked, although no NMR spectra were obtained for the insoluble material to acquire further chemical
information.The'H NMR spectrum of the soluble portion of the polymer is shiwFigure4.7. The peak
representative of the epoxide group at 2.8 ppm is not present in the spectrum. This could be evidence that
the ring opening reaction went to completion or that the algin decomposed and/or crosslinked forming

the insoluble material. The latter scenario is more likely since several peaks expected for pPDEAMAEO are
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not present in the spectrum, including peaks at 1.5 pgia-@H.-C=0, H10) and 2.2 ppm (82-C=0,

H8). TheH NMR spectrum showfive distinctivepeaks ab.7 ppm, 1.2 ppm, 1.3 ppm, 2.2 ppm &nd

ppm. The dominant resonance peaks in HHeNMR spectrum are between 1123 ppm, these could be
assigned to a long alkyl chaii?), in agreement with the startingaterial. The peak at 0.7 ppm is
consistent with the peak of the methyl groups on the polymer backbdig ¢nd side chainH1). The

peaks at 2.2 ppm and 2.9 ppm are new emerging peaks not associated with the starting material or product.
These peaks areispected to be bgroducts of the degradation and cleavage of bonds in the side chain.

The integration of the NMR peaksscompared to gain additional insight into the structure of the
polymer productlf the side chains remain intact (no cleavage orntla¢ degradation),he ratio of the
integration oppeaksH9:{ H1+H11} should be 4:6= 0.66. The ratio of peakl9:{H1+H11} from the NMR
spectrum was found to be 2.4/11.9 (= 0.2), whitlygest hydrolysis of the ester bond$hermal
decomposition and hydrolysis woule: facilitatedin neatat high temperature conditionsrom the!H
NMR spectrum, although a definitive conclusion cannot be reached, it was apparent that the peaks obtained
show degradation of the product andgibly crosslinks resulting in some insoluble material.

The structure of @liethylaminoethanaolvasused to predicthe chemical shift of the amine peaks
in theH NMR spectrum of pPDEAMAEOBased on théH NMR spectrum in Figure 4.8e amine peaks
shoull occur around 2.5 ppnt¢, N-CH2-CH3) and 0.9 ppmHd, N-CH»-CHs). There are no such peaks
and no evidence of either the amine group of the desired product or unreacted diethylamitié N\iRe
spectrum of pPDEAMAEQ (Figure 4.5). As discussed above, it is speculated that some free amine underwent
oxidation. The oxidizecamine and the unreacted diethylamine would have been removed during the

aqueous wash.
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Figure 4.5The'H NMR spectrum(400 MHz, CDCE) of pPDEAMAEO obtained frormethod 1.
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Figure 4.6'H NMR spectrum(400 MHz, CDC}) of 2-diethylaminoethanol
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4.4.2Method 2 Reaction Performed in Acetonitrile at 55°C

Since thepolymer structure was proven to kensitive to heat, the neftvo methods were
conducted abwer temperatureonsequentlya solveit (toluene or acetonitrilejas used tdissolvethe
epoxdizedpMAEO. The dissolved polymer was then treated with reagents {Zdi€thylamine) and heat
(55°C). Figure4.7 $rows thetH NMR spectrum of PEAMAEO obtainedfrom method2. Based on the
results, thexperimentatonditions were deemed to be too ntdgromote the ring opening of the epoxide
with diethylamine This was confirmed by the presence of the epoxide peaks at 2.8 ppm abddhee of

the amine peaklsetween 2.48.0 ppm H3, H4, H5) andat Q9 ppm H6).

H2

6 6
5
(s,
| HO N o
1\|/\/\AQ_</\/\/7\)L 2 0. "
3 4 0/\/

H1+H11

Alkene region

I W ¥

—_————————— T T T
4 62 6.0 58 56 54 52 50 48 46 44 42 40 38 36 34 32 30 28 26 24 22 20 18 16 14 12 10 08 06 04 02 00 -02 -04
f1 (ppm)

Figure 4.7 The'H NMR spectrum(400 MHz, CDC}) of pPDEAMAEO from method2.

The emergence of the peak®.5 ppm and.1ppmare consistent with aalkene functional group.
The alkenes could have been producedh®nucleophilic ringopening of the epoxidéllowed by a

subsequent alcohol elimination stejeliydratiof. There are two possible nucleophiles available during the
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experiment: diethylamine (during reflux) and hgxide ion (during purification)Figure 4.8 shows the
products formed by the different pathways using both nucleophiles. The epoxide ring opening using
hydroxyl would produce a dihydroxyl grouft)(and the ring opening with the amine would produce a
diethylamino group3?). Thesubsequerdehydration of the dihydroxgroup wouldproduce three different

products3, 4, and5 and the dehydration of the diethylamino group would produce pro@acid?.

Ring opening via /

nucleophilic substitution SN

//\ /\

Ha Hb (0] AN
Elimination (dehydration) ‘)\(&(/ T \ - \ / A A /J\T)\ \(l\
of alcohols Hb Ha HO Ha Hp H H& Ha Ha

3 4 5 6 7

Figure 4.8 The product of epoxide ring openindtlvnucleophilic hydroxide and diethylamine produt
dihydroxyl (1) and diethylamino grou®?). The subsequent elimination reaction would yield prod8at:
Ha and H, are nonequivalent protons.

The expected NMR chemical shifts were used to determine which compound formed during the
reaction.Table4.2 shows the predicted peaks for compo8 Compound$ and7 would produce a
single peak in the alkene region§4pm) and are therefore unlikdhased on the NMR peaks Figure
4.9. Compound would generate an enol that would rearrange quickly into a more stable keto group.
Compounds would therefore not generate peaks in tk& fijpm region andan also be safely eliminated
as a possible optioithe absence of amine peaks in the NMR spectrum (FigQrei3-H6) suggests that

the nucleophilic ring opening was not carried out by the arfreducts and7 are therefore confidently
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eliminated as viable possibilities. Since the ring opening by ydatiine failed during the reaction, the
epoxide groups remained available to react with other nucleophiles. Theoretically, the ring opening could
have occurred during the liqulgjuid extraction using sodium hydroxide (NaOH). After the purification
stepsthe product was dried in a vacuum oven at@5A dihydroxyl group might have been susceptible

to elimination when exposed to he@bmpoung 3 and4 arelikely scenarig since theywould yield two

peaks in théH NMR spectrum at arounfl.7 ppm and 6.@pm consistent with the peaks observed in

Figure 4.9.

Table 4.2. The predictedH NMR peaks for the productdbtained from
theepoxide ring opening with nucleophilic hydroxidediethylamine
followed bydehydration

Compound Ha Hb
3 5.7 ppm 6.0 ppm
4 4.2 ppm 5.6 ppm.
5 2.3 ppm n/a
6 5.5 ppm n/a
7 4.2 ppm n/a

4 .4.3Method 3:Reaction Performed at 6580°C in Toluene

As seen withmethod 2the presence of the epoxide and alkene groups is almost certainly due to
the use ofmild conditions, failing to promotthe ring opening with diethylamine. To increase the rate of
reaction, the heat was increased fromfiGimnethod2) to 80°C for the first hour and 6% for the remaider
of the reaction time. The solvent was also changed from acetonitiilliéme. Toluene was found to be a
suitable solvent for epoxlized pMAEO and has a higher boiling poitihan acetonitrile(acetonitrile
bp = 82°C, toluene bp = 112C). The'H NMR spectrum of pPDEAMAEO obtained fromethod 3s shown

in Figure 49.
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Figure 4.9The'H NMR spectrum(400 MHz, CDC}) of pPDEAMAEO from method3.

The presence of peaks at 2.8 ppi,(N-CH2-CHs), 2.4-2.5 ppm H3 andH4, -CH-OH and-CH-
N) and 0.9 ppmH6, CH3-CH.-N) suggest that the amine is present in the final polymer. The first important
consideration was to determine the percent conversion of epoxide into diethylamino groups. The epoxide
peaks wouldippeamt around2.7-3 ppm, overlapping with the amine protifi5, making it impractical to
calculate conversion usirtge reactant and product integral ratito evaluate the number of side chains
that contained an amine, tirgegral ratio of the peakd6:H9 andH6:{H1+H11} were used instead. If
every side chainantains an amine, the integral ratio of pebl&H9 andH6:{H1+H11} should be 6:4
and1:1, respectively. The calculated ratio fid6:H9, H6:{H1+H11} were found to be 3.6:4nd3.6:5.6
respectively The theoretical and experimental integral ratios are summarized in Table 4.3. Based on the
integral ratio, the average conversion was calculated to be approxig@#élyObtaining a higher percent
conversion might be challenging given the steric hincladuring the chemical modification of polymers
Chapter 6 offers several modifications to this synthetic route to improve and achieve apkigeait

conversion.
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Table 4.3 The calculateghercentconversion of epaddizedpMAEOQO into pPDEAMAEO

Theoreticalintegral ratio

. : : . - :
Signak ratio (based on 100 % conversjol Experimental integral ratic % Conversion

H6:H9 1.5 0.9 60
H6: {H1:H11} 1 0.65 65

The secondoncerrvas t he potential hydrolysis of the es

esters are used to indicate the different ester groups based on their positions relative to the polymer

backbone, as shown in Figure 4.12.

< ) Outer ester Inner ester
-

Figure 4.10.The outer anéhner ester groups present in pPDEAMAEO.

The hydrolysis of theuter ester groupwould generate a polymer consistent with the structure of
poly(2-hydroxyethyl methacrylat§pHEMA), as the long alkyl chain of the polymer would be lost. The
labelledH NMR spectrum of pHEMA is shown in Figure 4.%3According to the literature, the proton
peak @.-OH (d) has a chemical shift at around 3.5 ppm in DM@D(Figure 4.11¥° Most values are
reported in DMS@16 since it is the preferred solvent for pHEMA. Hou et al. also synthesized pHEMA via
atom transfer radical polymerization and found that the methylene peak€lgi-OH,-OH (Figure 4.13
c andd) appear between 3.8623 ppm in CDGL? In the'H NMR spectrum of pDEAMAEO (Figure
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4.11), there are no triplets below 4 ppm that would correspond to methylene protons adjacent to the
hydroxyl d). There is therefore no evidence from the NMR spectrum that theuter estergroups

hydrolyzed during thesaction.

™ —

| | S HO | (AN | G| S (O | | /-
14 13 12 1 10 9 8 7 6 5 4 3 2 1 &ppm)

Figure 4.11The'H NMR spectrum of pHEMAReprinted from Gao et &t.

In the case of théner ester groupsthe ratio of the integration dfi9:{H1+H11} would be
4:6 = 0.66if no hydrolysis occurredTheintegralratio of H9:{H1+H11} was found to be 4:5.56 = 0.45.
This could be indicativef asmall amount of hydrolysisilternatively, the ratio oH7:H10 could have
been used, but due to the overlapping of the peaiksictturacyof this ratiowas questionabldn thelH
NMR spectrum of thenonomer(Figure 4.2), hemethyleneprotonH7 has adistinctive peak at.65 ppm
According to the literature, the gkesH10 on pMMA occurs betweeh.582.17 ppn?! Due to the similarity
in structure between pMMA and pDEAMAEO, thH0 are likely to occur in the same location. Despite
the two distinctive peaks in this region, it became impossible tmglissh which peaks belong k7 and

H10 respectively. These results indicate that the hydrolysis ohtiex ester groupgvas negligible
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4.4.4 CQ-responsiveness

The CQ-responsiveness @DEAMAEOQO obtained fronmethod 3~63 % conversionyvas tested
by *H NMR analysis A solution of 1 wt% of polymer in deuterated wates@)was prepared and placed
into two separate NMR tubes. ggwas bubbled into one of the NMR tubes for 1 h. The results of this
preliminary test areompared in Figure 4.14h€& polymer PEAMAEO was found to be insoluble in.D
in both the presence and absence of&@his conclusion is based on the absence of polymer peaks in the
'H NMR spectrum The visual observations of the solutions (Figui@}concurred with the NMR based

conclusions: the polymer did not appear to dissolve in both deionized and carbonatedveakeck of

solubility could be due to two possible factors: 1) inability of the amine to protonate in the presence of

carbonated water, or 2)the charged side chains did not allow the polymer pDEAMAEO to dissolve in

carbonated wateWe theorize that the latter scenario is more accurate. To confirm this hypothesis, future

work could aim at confirming if the amine is protonated irboaated water Chapter 6 explores several

recommendations to improve the solubility of pPDEAMAEO in carbonated water.

A)
Van
1-
H,0 solvent C oo
/ N
/
1)%;‘:
/\—2 -on
S

B) A\ I

H,0 solvent {

N
<_j \ >
v
\
\
34 32
1 (ppm)

Figure 4.12.'H NMR spectrum(400 MHz D;0) of A) pPDEAMAEOQ in D,0, B) pPDEAMAEO in D0 after
bubblingCO.for 1 h.The image on the right represents the appearance of the 1 wi% of pPDEAMAEO iitAyal
without CQ (B) with CO;

128



4.5 Conclusions

The feasibility of synthesizing a G@esponsive bidased homopolymer derived from oleic acid
poly(2-(methacryloyloxy)ethyb-(diethylamino)10-octadecanoate pDEAMAEQO) using strategy 2 was
explored in this chapter. The synthesis routepfdEAMAEO consisted of a fotstep reaction. Oleic acid
was first converted to a monomer via Steglich esterificatiornpatyinerized by free radical polymerization
techniquesThe results obtained confirmed that the unsaturated C=C internal bond of the oleate side chain
was preserved during the polymerization. Tertiary amines;-(€§ponsive moiety) were added post
polymerization by converting the internal unsaturated bond into an epoxide and performing a ring opening
with an aliphatic amineThe presence of the hydroxyl groups on the polymer side chain was believed to
play an important role on the hydrophilicity of the horolymer.

Three different experimental conditions were used for the last synthesis reaction step (epoxide ring
opening with an amine). It was determined that heat played a significant role in the outcome of the
experiment. Reacting the epoxidized homgper pMAEO with excess amine in the presence of ZaCl
80°C was determined to be the most promising method. Based on NMR analysis, the conversion of epoxide
to diethylamino groupsvas found to be approximately 63 %. No hydrolysis was observed, suggbsti
the hydrophobic alkyl side chain may be acing as a barrier to the hydrolysis of ester groups. The results
obtained in this research indicate the viability of converting unsaturated fatty acids into tertiary amines
containing polymers usirgfrategy2 (Chapter 1, subsection 1.3jowever, the charged side chains did not
allow the polymer pDEAMAEDO to dissolve in carbonated water. Alternative modifications to improve the

solubility of this type of polymer will be discussed in Chapter 6.
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Chapter 5

Copol ymer Synt hersei szpeodn sfirvoem Mo ncoOne r
responshavsee dBiMo no mer

Bio-based-CO,-responsive
copolymer

CO,-reponsive bio-based monomer CO,-responsive monomer

5.1 Abstract

This chaptedescribes preliminary experiments towards explo@@y-responsive materialsing
aminefunctionalized fatty acislbased ostrategy Jsee Chapter kection 1.3).The bicbasednonomes
2-(methacryloyloxy)ethyl gdimethylamino)octadecanoa(®BMAMAEQ) and 2-(methacryloyloxy)ethyl
9-(diethylamino)octadecanoafPEAMAEO) weredesignedo be derivatives of naturally occurrifatty
acicsincorporating a polymerizable head group and a tertiary aogntining tail groupThe unsaturated
bonds of oleic acid were successfulialogenated by bromine @iodine. The halogenated fatty acids were
converted to monomers by Steglich esterificatidme attachment ofertiary amine groups was attempted
by nucleophilic substitution (&) of the halogens with aliphatic amin&ghen the nucleophilic substitution
was carried out at 6%C in the presence of a metal catalyatlow conversion of reagento product

(O 30 %) wHowever, dhe hueleoghiic substitution provedt to befeasible at temperatures

133

an



above 55C without hydrolyzing the ester groupsthe monomersThis chapter uncovers the challenges
and limitations of te selectedyntheticrouteand aims tgrovide a better understanding of the structure

reactivity of bicbased monomers

5.2 Introduction

This chapter exploeethe last of the 3 main strategies used to synthesize novel polymers as
discussed in Chapter o synthesize a C&esponsive polymer, a functional group with £0
responsiveness is required. Although2€&sponsivess is not exclusive to nitrogemtaining compours]
tertiary amines have been studied extensively in the literature as the maswitshable group$?
Strategy Zombines aspects of batlratedges1 and2. Similarly tostrategy 1a copolymer is synthesized
using DMAEMA as the comonomer, and similarlystoategy 2 a fatty acid is functionalized with a tertiary
amine (see Chapter 1, Section 1.3). Consequehtycopolymerpresentedhis chapter are made using
two different moromer unitsa tertiary amineontaining fatty acid monomer (DMAMAEO/DEAMAEQ)
andatertiary amine methacrylate monom®MAEMA). Importantly, this methods expected to display
COs-responsivaess owing to the protonation of tertiary amine groups of DMAEMAnd
DMAMAEO/DEAMAEOQO under CQstimulation. Srategy 3allows for the highest nitrogeio-carbon
(N:C) ratio compared tstratedes 1 and?2 since the copolymer was synthesized fitwvo monomers both

containing a tertiary amine.

In Chapter 4, the synthesesteftiary aminecontainingfatty acidmonomers were achieved by
epoxidation of unsaturated baydollowed by ring opening usingliphaticamines. These modifications
were performedpostpolymerizationto avoid undesirable csslinks induced by the presence of the
hydroxyl groups Transesterificatiomeactionsoccurring betweewarbonys and hydroxyl groupseadto
crosslinksbetweerpolymer side chaifsee Chapter Fection 3.42). However, when usingtrategy 3 it
was necessary to synthesizéegiary aminefunctionalizedmonomerprior to the copolymerization with
DMAEMA. This synthetic route was therefore modified to generate fattyderided monomerwithout

hydroxyl functional groupsThe proposed synthiefpathway is illustrated in Figure 5.1. The tertiary amines
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were incorporatednto the fatty acidderived monomer in a twstep synthesis halogenation of the
unsaturated C=C bond (Figure Step 1) followed by nucleophilic substitution (8) with an alphatic
secondaryamine (Figure 5-ktep 3. The last step was the copolymerization of the asfattg acid
monomer (DMAMAEO/DEAMAEOQ) with DMAEMA by free radical polymerization to geneadly(N,N-
dimethylaminoethyl methacrylate-2-(methacryloyloxy)ethyB-(diethylamino)octadecanodtgp(DMAEMA -
co-DEAMAEQ)) (Figure 5.1step 4. The amount of bidbased material in the final product could be

modified by controlling the ratio of DMAEMA andMAMAEO/DEAMAEO.

- H
oleic acid (QA)

{

X o}

/\/\/\/\)\/\/\/\/u\o H

Halogenated fatty acid + isomer

l

Step 1. Synthesis of halogenated fatty acid from oleic acid

Step 2. Conversion of halogenated fatty acid into

X [s]
monomer N\/\/\)\/\/\/\)LO’\/DT(&
(o]
MAEBOD or MAEIOD + isomer
e . . . . R R
Step 3. Nucleophilic substitution (Sy2) of iodine or 7 0
: : : : : PPN NN NN ¥ 0
bromine with an aliphatic amine o Tg
DMAMAEO/ DEAMAEO o

+ isomer

COyresponsive .-~ | \\“,
{fR R :: \\:—_E‘:f\/()
Step 4. Free radical polymerization of fatty amine Wi /\:; )
monomer DMAMAEQ/DEAMAEO with DMAEMA ° o 2

p(DMAEMA-co-DEAMAEQ) / p(DMAEMA-co-DMAMAEQ)

+ isomer
R =-CHj, -CH,CH,

Figure 5.1 The synthetic routes of copolynsgg(DMAEMA -co-DMAMAEQ) andp(DMAEMA -co-
DEAMAEO) from oleic acid.The final polyner is expected to produce a 50:50 mixture of isomers.

In this work, we present the challenges encountered with the synthesis .efwithable
copolymers and offers possible prospects for future reséothe best of our knowledgey similar work

has been reported in the literature thus far.
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5.3 Experimental Methods and Materials

5.3.1 Materials
Materials used in this studydluded the following: deic acid MilliporeSigma technical grade
90%), 4-dimethylaminopyridine (DMAP, Alfa AesarQ 99%), N, Hidyclohexylcarbodiimide (DCC,

FI uk a, 2@Qyde@ehyl methacrylateHEMA, MilliporeSigma O99%), hydrobomic acid HBr,

SigmaMilliporeSigma 33 wt% in acetic acid)jodine (b, MilliporeSigma,0 9 9. 9 9 %) , phospho

(HsPQu, MilliporeSigma, 99 %),silica (silica flash, Silicycle, P60, 488 ¢m, 60 A), nhexane
(MilliporeSigma, >95%, magnesium sulfate (M§Q,, Mi | | i p or e S,zigochlgride@n®@ 9. 9 9
MilliporeSigma, O 99.9%), anhydroussodium sulfate Na;SQu, Fishe), sodium thiosulfate NazS;0s,

Mil liporeSigma, reagent plus 99%lMydrochloric acid(Fisher Certified ACS Plus 38.0%), sodium
hydroxide (NaOH flakes, Alfa Aesar, 98%), diethylamine (MilliporeSignZaQ M in THB,
dichloromethane (DCM, Fisher, 99.5%), toluene (Fisher, 99.5%), tetrahydrofuran (THF, MilliporeSigma,

O 9 9..UnAlésy otherwise stated, chemicals wesedwas received.

5.3.2 Characterization Methods

NMR spectra were recorded on a Bruker-A80 nuclear magnetic resonan®MR) spectrometer
at400.30 MHzat room temperature. The measurements were carried out with an acquisition time of 3.95
s, 16 scans and a spectral window of 20.67 ppm af@5Tetramethylsilane was used as the internal

referencdor NMR measurementsvhile the solvent wadeuterate@hloroform(CDCl).

Fouriertransform infrared spectroscop#TIR) measurementsyith a totalof 24 scans and a
resolution of 4 cm?, were conducted on a Bruker Alpha Fourieansform infrared spectrometer.

Attenuated Total Reflectance infrared spectroscopy @ Rwvas used for liquid samples.

Monomerswere analyzed usingn Qbitrap Velos Pro mass spectrometdifhermo Scientific,
Bremen, Germany) under positive mode coupled beatedelectrosprayionization (HESI)probe. The

transfer capillary temperature was set to 170 °C. An ion spray voltage of 4.5 kV was apiied ES|
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probe.Scans irthe mass spectrometé$) were acquired at an orbitrap resolution of 60,000 for an m/z

range from 50 to 2,000 m/e.

5.3.3 Synthesis of Copolymers p(DMAEMAco-DMAMAEOQ) and p(DMAEMA -co-DEAMAEO)

5.3.3.1Step % Synthesis of Halogenated Fatty Acids

The first step in the synttie route was to develdfatty acids possessing carbdmalogen covalent
bonds Oleic acid was used as the starting material sincertt&turated C=6ond on the fatty acid acts as
a goodnucleophileand allows for the incorporation of halogengomline and iodinenvere usedto
halogenateleic acid Brominationwas the preferrethethod since tls techniqueis less labor extensive
than iodination antias been successfully demonstratedéliterature with good yieltl.However,in the
third step of the synthesis (Figure 5sfep 3, the nucleophilicsubstitution ofthe brominefor the amine
did not go to completiorin an attempt tincrease the yield ¢he substitutio step iodinewasusedinstead
of thebromo counterpart&liscussed further iBection 5.4)

Hydrohalogenation by HBr addition

The synthesis 08(10)}bromooctadecanoic acitixed isomeravas conducted using a modified
literature procedur&Oleic acid (40 g, 0.01 mol) was dissolved inlrexane solvent (20 mL). The solution
was placed in a 250 mL conical flask equipped with a stir bar and a stopper. Hydrogen brortime solu
(10 ml, 33 wt% of HBr in acetic acid) was added to the reaction mixture dropwise. The flask was sealed
immediately after the addition of HBr using the stopper. The mixture was stirred for 60 min at room
temperature. Deionized water (150 ml) was addtalthe flask to extract the unreacted acid. The solution
was transferred to a separatory funnel and the water layer was discarded. The organic layer was washed
with deionized water several times until the organic layer became neutral. The neutral layganicas
collected and evaporated to dryness. The product was further dried in a vacuum oven at 60 °C for 24 h to
afford the dried pure product (94 % yielth. NMR, 400 MHz, 25°C,CDG( U = pp m),J=68. 8 ( 3 H

Hz,); 1.21.5 ppm (22Hm); 1.6 ppm(2H, m); 1.8 ppm (4Hm); 2.3 ppm (2H{, J =7.5 Hz); 4.0 (1Hm).
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These values were consistent with the literature v&lugse 'H NMR spectrum of 9(10)

bromooctadecanoic acid is presentedppendix C, Figure C:-B.

(0]
N N e e S
oleic acid
‘ 33% HBr in CH;COOH
Br (0]

/\/\/\/\)\/\/\/\/MOH

9-bromooctadecanoic acid

+
(0]

S

Br

10-bromooctadecanoic acid

Scheme 5.1TThe synthetic route of(20)-bromooctadecanoic acidixed isomerdy HBr addition

Hydrohalogenation by.iHsPO; addition

Oleic acid (100 g, 0.035 molesand iodine Kz, 17.9 g, 0.07 mok were dissolved in 100 ml of
toluene in a 500 mtwo-neck rounebottomflask equipped with a magnetic stir band a nitrogen inlet
The mixture was deoxygenized with nitrogen gas for 10 min after dissolution. Phmsphoid HsPO;,
6.85 g,85 wt% in HO, 0.07 moles) was added dropwigethe reactiommixture The flask was then
immersed in a preheated oil bath6&°C and the reaction mixture was stirred fict hunder a constant
flow of nitrogen gasAfter heating, the solution was allowed to cool at room temperature. The reaction
mixture was transfeed to a larger rountottom flask (1000 ml) for the purification step500 mlaqueous
solution of5 % (w/v) sodium thiosulfateN@S,03) was added to the reaction mixture and stirred for 1 h.

After stirring, the solution was set aside to allow the layers to separate. The top organic phase appeared as
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a reddisHblack color due to the presence of unreacted iodine. The reautiture was queched bythree
additions ofNaS,0s)(3 X 15 gNaS03s)) to remove the excess iodine from the organic phase. After the
guenching withNaS,0s, the organic layer changed from a reddiddck to a lightbrown color as the
excess iodine migrated to thgueous phase. The organic phase was then transferred to a separatory funnel
and washed with 250 ml of% (w/v) NaxS,0Oz aqueous solutiarThis step was repeated until the aqueous
phase showed complete transparesgguringthat the excess iodine was fultxtracted from the organic
phase Theorganic layewasdriedwith MgSQys)to remove excess water and the drying agent was removed
by filtration. The product wagurified by column chromatographysingsilica gel as the stationary phase
and toluene as ¢hmobile phase. The solvents were then removed by rotary evapaooaitord the pure
product(40 % yield) *H NMR, 400 MHz, 25°C,CDGI( U = p p m}, J = 66.Hg,); 11B4ppm
(22H, m); 1.5 ppm (2Hm); 1.8 ppm (4Hm); 2.3 ppm (2Ht, J = 7.5 Hz); 4.0 (1HM). TheH NMR
spectrum o®B(10}iodooctadecanoic aciahixed isomergAppendix C, Figure C.2s in good agreement

with literature value$.
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Scheme 5.5ynthetic route of @0)iodooctadecanoic acitiixed isomerdy I,/HzPO; addition

5.3.3.2Step 2Synthesis of Halogenated Monomer (MAEBOD/ MAEIOD)

Halogenated monomer&-(methacryloyloxy)ethyl @.0)}bromooctadecanoattMAEBOD) and
2-(methacryloyloxy)ethyl @0)iodooctadecanoaftMAEIOD) were synthesized by Steglich esterification
(Scheméb.3). In a round bottom flaskquipped with a stir bavere adde@-hydroxyethyl methacrylate
(HEMA) (10 mo), halogenatedatty acid (10 md), 4-dimethylaminopyridine(DMAP) (1 mol) and
dichloromethane (DCM) (100 mipicyclohexylcarbodiimidéDCC) (12ma) was dissolved in a minimum
amount of DCMandadded dropwise to the reaction mixtufdne reaction mixture was stirreat room
temperature foR4 h under argon.fle mixture was filteredand the filtrate collected in a separatory funnel
The aganicsolution wasvashed with M hydrochloric acidICl) aqueous solutio(® x 20 mL),deionized
water(DI) (2 x 20 mL)and 0.1 M NaOH aqueous solution (2 x 20 mieDrganic layer wasollectedand
dried over NgSQu. The drying agent was removed by gravity filtratiomeTcrude product was purified
throughcolumn chromatography of basic silica using D@Witheeluent.The solvent was removed under

reduced pressute obtain the pure produdl@EIOD = 64 % yield MAEBOD = 78 % yield). MAEBOD
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