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Abstract

This study investigated the preparation of polymers for wood coating applications. To produce such
materials, reversible deactivation radical polymerization (RDRP) was used to prepare polymers with a low
dispersity (B, narrow molecular weight distribution), controlled polymer microstructure and low solution
viscosity. In addition, RDRP enables a facile polymerization process in dispersed aqueous media. The
polymers synthesized in this study were mainly made of methacrylic monomers with high bio-content.
Here, nitroxide mediated polymerization (NMP) was used as a simple RDRP technique. NMP only requires
heat and alkoxyamine to initiate and control the polymerization (control means a linear increase of number-
average molecular weight (M,,) with conversion and a low dispersity). First, the statistical copolymers of
isobornyl methacrylate (IBOMA, from pine sap) and C13 alkyl methacrylate (C13MA, from natural oils)
were synthesized by nitroxide mediated polymerization in miniemulsion to minimize the volatile organic
compounds (VOCs) in coatings. Two different techniques were studied for the NMP of IBOMA/C13MA
in miniemulsion. The first method involved using an SG1-based amphiphilic macroinitiator to initiate and
control the polymerization. SG1 (N-tert-butyl-N-[ 1-diethylphosphono-(2,2-dimethylpropyl)]) is a nitroxide
that has been commonly used for the NMP of a wide range of monomers. The macroinitiator also helped
with the stabilization of monomer droplets in the latex. Second, the miniemulsion polymerization was
initiated by Dispolreg 007 alkoxyamine and the particles were stabilized by surfactant and co-stabilizer.
The resulted polymers had M,, up to 68000 g mol* and D as low as 1.62. Using this method,
IBOMA/C13MA statistical copolymers with various glass transition temperature (Tg) (-52 °C < Ty < 123
°C) were prepared in miniemulsion. Next, the addition of methacryloisobutyl POSS (POSSMA) to the
IBOMA/C13MA polymer chains was studied. To check the possibility of POSSMA polymerization in
miniemulsion, firstly, homopolymers and copolymers of POSSMA with C13MA were produced by NMP.
This was followed by polymerization of POSSMA/IBOMA/C13MA to improve the thermal properties and
hardness of polymer resins. The preparation of the self-healing polymers for coating applications was
investigated in the second part of this thesis. The aim of this study was to develop a polymer formulation
with self-healing properties that can be eventually used as a wood coating. Then, this formulation was
applied for NMP in miniemulsion to prepare water-borne self-healable coatings without VOCs. The self-
healing polymers were first prepared by incorporation of a low concentration (2 to 15 mol% in the initial
monomer mixture) of 4-vinylphenylboronic acid (VPBA) and glycerol monomethacrylate (GMMA) into
IBOMA/C13MA polymers via NMP in 1,4-dioxane. The VPBA-containing and GMMA-containing
polymers were mixed to prepare polymer blends with boronic ester dynamic covalent bonds. The dynamic
covalent cross-linking bonds can heal the cuts and scratches at ambient conditions in a relatively short time

(healed scratches in 12 days and cuts in 10 days). The transition of self-healing formulation to a water-
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borne system was enabled by synthesis of (VPBA+GMMA) dimer before the miniemulsion polymerization
to increase the availability of the functional groups in monomer droplets. The resulting polymers had a high
recyclability via a simple process by hot pressing at 80 °C for 45 minutes. The hardness and flexibility of
self-healing polymers were tunable and could be modified by changing the ratio of IBOMA and C13MA
monomers in the copolymer feed. Finally, epoxy-based polymers were developed as an alternative approach
for preparation of polymer wood coatings. The NMP of glycidyl methacrylate (GMA)/C13MA
compositions was done using Dispolreg 007 alkoxyamine in 50 wt% 1,4-dioxane. Consequently, various
statistical, deblock, triblock and gradient copolymers with different ratios of GMA/CL3MA were
synthesized. The polymerization kinetics, thermal and rheological properties of copolymers were
investigated thoroughly. The high ash content (13 wt%) of GMA/C13MA statistical copolymers suggests
the possibility of high flame retardancy for polymers.



Résumé

Cette étude a examiné la préparation de polymeéres pour les applications de revétement de bois. La
polymérisation radicalaire par désactivation réversible (RDRP) a été utilisée a préparer des polymeéres avec
une faible dispersité (D, distribution étroite des poids moléculaires), une microstructure de polymere
controlée et une faible viscosité en solution. De plus, le RDRP permet le processus de polymérisation facile
dans des milieux aqueux dispersés. Les polymeéres synthétisés étaient principalement constitués de
monoméres méthacryliques a haute teneur en bio composant. La polymérisation radicalaire contr6lée par
des radicaux nitroxyde (NMP) a été utilisée comme technique RDRP simple pour produire les polymeéres.
La technique NMP a besoin de la chaleur et une alcoxyamine permettant d'amorcer et de contréler la
polymérisation. Premiérement, les copolymeéres statistiques ont été synthétisés par NMP de méthacrylate
d'isobornyle (IBOMA, dérivé de la seve de pin) et du méthacrylate C13 (C13MA, dérivé d'huiles végétales)
en miniémulsion pour minimiser les composés organiques volatils (COV) dans les revétements. Deux
techniques différentes ont été étudiées pour la NMP d'IBOMA / C13MA en miniémulsion. La premiére
méthode utilisait un macro-initiateur amphiphile & base de SG1 pour initier et controler la polymérisation.
Le SG1 (N-tert-butyl-N- [1-diéthylphosphono- (2,2-diméthylpropyl)]) est un nitroxyde couramment utilisé
a la NMP d'une large gamme de monomeéres. Le macro-initiateur a également contribué a la stabilisation
des gouttelettes de monomére dans le latex. Deuxiémement, la polymeérisation en mini-émulsion a été initiée
par I'alcoxyamine Dispolreg 007 et les particules ont été stabilisées par un tensioactif et un co-stabilisant.
Les polyméres résultants avaient M, jusqu'a 68 000 g mol™? et D aussi bas que 1.62. En utilisant cette
méthode, des copolymeéres statistiques IBOMA/C13MA avec diverses températures de transition vitreuse
(Tg) (-52 °C < T4 < 123 °C) préparés en miniémulsion. Ensuite, I'addition de méthacryloisobutyl POSS
(POSSMA) aux chaines polymeres IBOMA/C13MA a été étudiée. Pour vérifier la possibilité de
polymérisation POSSMA en miniémulsion, dans un premier temps, des homopolyméres et copolymeres de
POSSMA avec C13MA ont été produits par NMP. Ceci a été suivi par la polymérisation de
POSSMA/IBOMA/C13MA pour améliorer les propriétés thermiques et la dureté des résines polymeres. La
préparation des polyméres auto-cicatrisants pour les applications de revétement a été étudiée dans la
deuxieme partie de cette thése. Le but de cette étude était de développer une formulation de polymere aux
propriétés auto-cicatrisantes pouvant étre éventuellement utilisée comme revétement de bois. Ensuite, cette
formulation a été appliquée pour la NMP en miniémulsion & préparer des revétements auto-cicatrisables a
I'eau sans COV. Les polymeres auto-cicatrisants ont d'abord été préparés par incorporation d'une faible
concentration (2 a 15 mol% dans le mélange initial de monomeéres) d'acide 4-vinylphénylboronique
(VPBA) et de monométhacrylate de glycérol (GMMA) dans des polyméres IBOMA/C13MA via NMP en

1,4-dioxane. Les polymeéres contenant VPBA et GMMA ont été mélangés pour préparer des mélanges de
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polyméres avec la dynamique des liaisons covalentes réversibles d'ester boronique. Les liaisons de
réticulation covalentes dynamiques peuvent cicatriser les coupures et rayures a conditions ambiantes en un
temps relativement court (rayures cicatrisées en 12 jours et coupures en 10 jours). La transition de la
formulation auto-cicatrisante a un systéme aqueux a été permise par la synthése de dimeére
(VPBA+GMMA) avant la polymérisation en miniémulsion pour augmenter la disponibilité des groupes
fonctionnels dans les gouttelettes de monomére. Les polyméres résultants avaient une recyclabilité élevée
avec un processus de recyclage simple dans une presse a chaud a 80 ° C pendant 45 minutes. La dureté et
la flexibilité des polymeres auto-cicatrisants étaient réglables et pouvaient étre modifiées en changeant le
rapport des monomeres IBOMA et CL3MA. Enfin, des polymeres a base d'époxy ont été développés comme
une approche alternative pour la préparation de revétements de bois polymére. La NMP du méthacrylate de
glycidyle (GMA) et du C13MA a été effectuée en utilisant Dispolreg 007 alcoxyamine dans 50% en poids
de 1,4-dioxane. Par conséquent, divers copolyméres statistiques, débloquants, triblocs et gradient avec
différents rapports de GMA / C13MA ont été synthétisés. La cinétique de polymérisation, les propriétés
thermiques et rhéologiques des copolymeéres ont été étudiées de maniere approfondie. La teneur élevée en
cendres (13% en poids) des copolymeres statistiques GMA/C13MA suggére la possibilité d'une
ignifugation élevée pour les polymeéres.
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List of Figures

Figure 2.1. Simplified scheme for NMP. This method is based on the reversible activation—deactivation
equilibrium between active and dormant species. The reaction controls the concentration of active radicals,

limits the irreversible self-termination reaction and allows the controlled growth of the macro-radicals.

Figure 2.2. a) Structures of some common nitroxides employed in NMP. b) Structures of some common
alkoxyamines employed in NMP- TEMPO (2,2,6,6-tetramethylpiperidinyl-1-oxyl)- TIPNO (N-tert-butyl-
2-methyl-1-phenylpropyl nitroxide)-SG1 (N-tert-butyl-N-[1-diethylphosphono-(2,2-dimethyl- propyl)])-
TEISO (1,1,3,3-tetracthylisoindoline-2-oxyl)- MONAMS  (N-tert-butyl-N-1-diethylphosphono-2,2-
dimenthylpropyl-0,1-methoxycarbonylet hylhydroxilamine)- Dispolreg 007 (3-(((2-cyanopropan-2-
yl)oxy)(cyclohexyl)amino)-2,2-dimethyl-3-phenylpropanenitrile).

Figure 2.3. The mechanism of emulsion polymerization with micellar nucleation. a) and b) nucleation at
surfactant concentration below the CMC. ¢) and d) nucleation at surfactant concentration higher than the

CMC. Adapted with permission from American Chemical Society 2020.

Figure 2.4. The Schematic of miniemulsion/microemulsion polymerization. Surfactants and co-stabilizers

provide colloidal stability for monomer droplets and polymer particles in miniemulsions.

Figure 2.5. schematic representation of polymer structures for thermosets, thermoplastics and polymers
with dynamic cross-linking bonds. Common applications of reversible covalent bonds in polymers have

been depicted. Adapted with permission from Elsevier 2018.

Figure 2.6. The dynamic covalent adaptive networks (DCAN) with a) dissociative b) associative bonds.

Printed with permission from Elsevier 2020.

Figure 3.1. Schematic reaction for synthesis of p(OEGMA-stat-AN) macroinitiator. Nitroxide mediated
polymerization of OEGMA monomers (Mn~ 500 g mol™) with 10 mol% AN (controlling comonomer) was

conducted in toluene at 90 °C using BB.

Figure 3.2. The effect of changing comonomers (AN or S) of macroinitiator on copolymerization of
IBOMAV/AN (fano=0.1) (a) Kinetic plots of In((1-X)*) (X= monomer conversion) versus reaction time (b)
Number average molecular weight M, and B versus conversion (X). IBOMA90/AN10-4 (filled circles, ®);
IBOMA90/AN10-7 (open triangles, A).

Figure 3.3. The effects of adding surfactant and stabilizer on copolymerization of IBOMA/AN (fan 0 =

0.1) (a) Kinetic plots of In((1-X)™) (X= monomer conversion) versus reaction time (b) Number average
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molecular weight M, and B versus conversion (X). IBOMA90/AN10-1 (filled circles, e);
IBOMA90/AN10-2 (filled triangles, A); IBOMA90/AN10-3 (open circles, 0); IBOMA90/AN10-4 (open
triangles, A).

Figure 3.4. The effect of temperature on nitroxide mediated miniemulsion polymerization of IBOMA/AN
(favo = 0.1) (a) Kinetic plots of In((1-X)™) (X= monomer conversion) versus reaction time (b) Number
average molecular weight M, and B versus conversion (X). IBOMA90/AN10-5 (T= 80 °C, filled circles,
e); IBOMA90/AN10-4 (T=90 °C, gray triangles, a); IBOMA90/AN10-6 (T= 100 °C, open diamonds, 9).

Figure 3.5. Miniemulsion polymerization of IBOMA/C13MA using p(OEGMA-stat-AN) macroinitiator in
presence of DOWFAX 8390 and n-hexadecane at 90 °C. Amphiphilic macroinitiators were synthesized and

dissolved in the aqueous phase prior to miniemulsion polymerization.

Figure 3.6. The miniemulsion polymerization of different ratios of IBOMA/C13MA/AN using p(OEGMA-
stat-AN) macroinitiator (a) Kinetic plots of In((1-X)*) (X= monomer conversion) versus reaction time (b)
Number average molecular weight M, and B versus conversion (X). IBOMA90/AN10-4 (filled circles, ®);
C13MA90/AN10 (gray triangles, a); C13MA/IBOMA45/AN10 (open diamonds, Q).

Figure 3.7. Molecular weight distribution of polymers for chain extension of p(OEGMA-stat-AN)
macroinitiator with (a) IBOMA90/AN10-4 (fisoma o= 0.9) and (b) CL3MA90/AN10 (fcismao= 0.9).

Figure 3.8. (a) Average particle size versus reaction time. IBOMA90/AN10-1 (filled circles, e);
IBOMA90/AN10-2 (filled triangles, a); IBOMA90/AN10-3 (open circles, 0); IBOMA90/AN10-4 (open
triangles, A). (b) The effect of reaction temperature on particle size during the copolymerization of
IBOMA/AN monomers using p(OEGMA-stat-AN) macroinitiator, 2 %wbm DOWFAX 8390 and 0.8
%wbm n-hexadecane. IBOMA90/AN10-5 (filled circles, e); IBOMA90/AN10-4 (gray triangles);
IBOMA90/AN10-6 (open diamonds, ¢). (c) Z-average particle size for IBOMA/C13MA/AN
polymerization with time using p(OEGMA-stat-AN) macroinitiator, 2 %wbm DOWFAX 8390 and 0.8
%wbm n-hexadecane. IBOMA90/AN10-4 (filled circles, ®); C13MA90/AN10 (gray triangles, A);
IBOMAA45/C13MA45/AN10 (open diamonds, 0).

Figure 3.9. TGA thermograms for IBOMA90/AN10-4 (—, black line), IBOMA45/C13MA45/AN10 (—,
blue line) and C13MA90/AN10 (—, red line) samples under nitrogen with heating rate of 15 °C min™.

Figure 4.1. Chemical structures of (a) BlocBuilder™ (b) Dispolreg 007 alkoxyamines.

Figure 4.2. NMP scheme describing the statistical copolymer of IBOMA and C13MA monomers by NMP

with the Dispolreg 007 alkoxyamine initiator.
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Figure 4.3. NMP to produce poly(IBOMA-stat-C13MA) copolymers using Dispolreg 007 initiator in
toluene (50 wt%) at 100 °C and M arget = 25 kg mol™. (a) Semi-logarithmic kinetic plots of In[(1-X)™] (X=
monomer conversion) versus reaction time (b) The evolution of M, and B with conversion (X). IBOMA100-
S-100C (filled circles, ®); IBOMASO/C13MA20-S (filled triangles, A); IBOMA60/C13MA40-S (filled
diamonds, ¢); IBOMAS0/C13MAS50-S (gray circles, ¢); IBOMA40/C13MAGO-S (gray triangles, A);
IBOMA30/C13MA70-S (gray diamonds, );  IBOMA20/C13MA80-S (open circles, ©0);
IBOMA10/C13MA90-S (open triangles, A); C13MA100-S-100C (open diamonds, ©).

Figure 4.4. Mayo-Lewis plot of copolymer composition with respect to IBOMA molar fraction at low
conversion or instantaneous composition (Fisoma,i) Vversus initial IBOMA feed composition (fisoma =
fisomao). The open circles represent the experimental data and the dashed line shows the trend line. The
straight line is associated with the azeotropic composition (Fisoma = fisoma). The copolymerization was
performed at 100 °C using Dispolreg 007 initiator in 50 wt% toluene. Figoma,i Of copolymers is available in
Table 4.S1 in Supplementary Information.

Figure 4.5. GPC traces for chain-extension of poly(IBOMA) macroinitiator (M, = 13.6 kg mol* and P =
1.47) with C13MA. Chain-extension was done in 50 wt% toluene at 100 °C. The gray solid line is the macro
initiator while the black solid line is the chain-extended product with M, = 40.7 kg mol* and ® = 1.93
(Dispersity is reported for the overall peak, containing the active and dead polymers). Full characterization

data for the samples shown is provided in Table 4.4.

Figure 4.6. The schematic of nitroxide-mediated miniemulsion polymerization using oil-soluble Dispolreg
007 initiator.

Figure 4.7. The miniemulsion polymerization of different ratios of IBOMA/C13MA using Dispolreg 007
initiator (a) Semi-logarithmic kinetic plots of In[(1-X)™] (X= monomer conversion) versus reaction time (b)
Number average molecular weight M, and dispersity B versus conversion (X). IBOMAZL00 (filled circles,
o), IBOMA90/C13MAI10 (filled triangles, A); IBOMASO/C13MA20 (filled diamonds, ¢);
IBOMA70/C13MAS3O0 (filled squares, m); IBOMA60/C13MA40 (gray circles, ®); IBOMAS0/C13MAS0
(gray triangles, A); IBOMA40/C13MAG60 (gray diamonds, ¢); IBOMA30/C13MA70 (gray squares, m);
IBOMA20/C13MAS80 (open circles, 0); IBOMA10/C13MA90 (open triangles, A); C13MA100 (open

diamonds, ).

Figure 4.8. Molecular weight distribution of polymer particles in chain extension polymerization. Seed
latex of poly(C13MA) (dashed black line) and poly(C13MA-grad-IBOMA) after the chain extension (solid

black line). Characterization data for these two samples is provided in Table 4.6.
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Figure 4.9. Evolution of T4 with weight fraction of IBOMA. The solid black line represents the Tg e OF
copolymers synthesized in organic solvent as calculated by the Fox equation using the homopolymers made
in solution as endpoints. The black dotted line shows the Tgmeo for the emulsion system using
homopolymers made in emulsion as endpoints. The black filled circles depict the experimental T4 for
IBOMA/C13MA copolymers synthesized in 50 wt% toluene. The open circles represent the experimental
T, for IBOMA/C13MA copolymers with different weight fraction of IBOMA synthesized in emulsion.

Figure 4.10. Stress-strain curves for poly(IBOMA-b-C13MA) (Figoma = 0.22) and poly(C13MA-grad-
IBOMA) (Fisoma = 0.51) samples at room temperature.

Figure 4.11. G', G" and complex viscosity plots versus shearing frequency for (a) Poly(IBOMA-b-C13MA)
and (b) poly(C13MA-grad-IBOMA) polymers at 140 °C.

Figure 5.1. (a) Three common cage structures of POSS (b) Molecular structure of Methacryloisobutyl POSS
(POSSMA).

Figure 5.2. Schematic representation of nitroxide mediated miniemulsion homopolymerization of
POSSMA.

Figure 5.3. The miniemulsion homopolymerization of POSSMA using Dispolreg 007 initiator (a) Semi-
logarithmic kinetic plots of In[(1-X)™] (X= monomer conversion) versus reaction time (b) Number average
molecular weight M, and dispersity D versus conversion (X). POSSMA-Mn45-No Hexadecane (open
circles, 0); POSSMA-Mn45 (filled circles, ®); POSSMA-Mn25 (filled triangles, A); POSSMA-Mn80

(filled squares, m).
Figure 5.4. The schematic NMP of POSSMA and C13MA monomers in emulsion.

Figure 5.5. Kinetic data for miniemulsion copolymerization with different ratios of POSSMA/C13MA
using Dispolreg 007 initiator at 90 °C (Mnarget = 45 kg mol™ and solid content = 22 wt%): (a) Semi-
logarithmic kinetic plots of In[(1-X)*] (X= monomer conversion) versus reaction time; (b) Number average
molecular weight M, and dispersity B versus conversion (X). POSSMA10/C13MA90 (filled circles, e);
POSSMA20/C13MA80 (filled triangles, A); POSSMA30/C13MA70 (filled squares, m);
POSSMA40/C13MA60  (gray circles, eo); POSSMA50/C13MA50 (gray triangles, A);
POSSMAGO/C13MA40  (gray  squares, m); POSSMA70/C13MA30 (open circles, ©0);
POSSMAS80/C13MA20 (open triangles, A); POSSMA90/C13MA10 (open squares, 0).

Figure 5.6. Z-average particle size for copolymerization of different ratios of POSSMA/C13MA monomers

over reaction time using Dispolreg 007 alkoxyamine, 2 wbhm% DOWFAX 8390 and 0.8 wbm% n-
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hexadecane. POSSMA10/C13MA90 (filled circles, ®); POSSMA20/C13MAR0 (filled triangles, A);
POSSMA30/C13MA70  (filled squares, m); POSSMA40/C13MA60 (gray circles, e);
POSSMAS50/C13MA50 (gray triangles, A); POSSMAG60/C13MA40 (gray squares, m);
POSSMA70/C13MA30 (open circles, ©); POSSMA80/CI13MA20 (open triangles, A);
POSSMA90/C13MA10 (open squares, 0O).

Figure 5.7. TGA traces for POSSMA/C13MA copolymers. Increasing the POSSMA content slightly
increased the thermal stability of the polymers. All the tests were done under the N, atmosphere with the
heating rate of 15 °C min'’. The polymers were precipitated in excess methanol and completely dried under

vacuum at room temperature.

Figure 5.8. DSC traces for POSSMA/C13MA copolymers in the range of -80 to 190 °C with the heating

rate of 15 °C min and cooling rate of 50 °C min™.

Figure 5.9. PXRD patterns for (a) POSSMA homopolymers compared to POSSMA monomer (b) Three
powder POSSMA/C13MA copolymers with different monomer ratios.

Figure 6.1. NMP scheme of p(POSSMA-co-C13MA-co-IBOMA-co-AN) statistical polymers using BB
alkoxyamine, and AN co-monomer (10 mol% in initial feed) in 50 wt% toluene.

Figure 6.2. Schematic representation of nitroxide mediated emulsion polymerization of
POSSMA/IBOMA/C13MA using Dispolreg 007 at 90 °C. 2 wt% DOWFAX 8390 (surfactant) and 0.8 wt%
n-hexadecane (co-stabilizer) based on the weight of the monomers were added to stabilize the particles in

miniemulsion.

Figure 6.3. (a) Semi-logarithmic kinetic plots of In[(1-X)?] (X = monomer conversion) versus
polymerization time and (b) number average molecular weight My, and dispersity B versus conversion (X)
for NMP of IBOMA/C13MA/POSSMA using BB and fyy o= 0.1 at 90 °C: P10/IB44/C36/AN10 (open
circles, ©), P20/IB38/C32/AN10 (open squares, 1), P30/IB33/C27/AN10 (open diamonds, 9),
P40/1B27/C23/AN10 (open triangles, A), P50/1B22/C18/AN10 (filled circles, o).

Figure 6.4. The miniemulsion terpolymerization of different ratios of POSSMA/IBOMA/C13MA using
Dispolreg 007 initiator at 90 °C: (a) Semi-logarithmic kinetic plots of In[(1-X)*] (X = monomer conversion)
versus reaction time; (b) Number average molecular weight M, and dispersity B versus conversion (X).
P5/1B47.5/C47.5 (filled circles, ®); P10/IB45/C45 (gray triangles, A); P20/IB40/C40 (open squares, 0O).

Composition of terpolymers is provided in table 6.5.
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Figure 6.5. Z-average particle size for terpolymerization of POSSMA/IBOMA/C13MA versus reaction
time. P5/1B47.5/C47.5 (filled circles, ®); P10/I1B45/C45 (gray triangles, A ); P20/1B40/C40 (open squares,

0).

Figure 6.6. GPC peaks for the chain extension of p(IBOMA/AN) with POSSMA/C13MA/AN (the
controlling co-monomer was in an initial concentration of 10 mol% AN). The dashed line depicts the GPC
peak for p(IBOMA macroinitiator (M, = 11.0 kg mol, B = 1.38) and the solid black line is the GPC peak
of the block copolymer after 5 hours polymerization (M, = 74.1 kg mol, B = 1.55). The preparation of the
poly(IBOMA/AN) macroinitiator and the chain extended product were conducted under nitrogen
atmosphere in 50 wt% toluene at 90 °C. The complete characterization of macroinitiator and block

copolymer is available in Table 6.6.

Figure 6.7. TGA thermograms for POSSMA/IBOMA/C13MA terpolymers prepared in miniemulsion. The
feed molar ratio of IBOMA/C13MA remained constant for all the terpolymerizations [molar ratio 1:1]. The
initial mol % of POSSMA increased from 5 to 20%.

Figure 7.1. Schematic reactions for the preparation of polymer resins containing VPBA or GMMA in 1,4-
dioxane at 90 °C. BlocBuilder-MA (BB) alkoxyamine was used to initiate and control the polymerization

rate. 10 mol% AN was used in all the reactions in 1,4-dioxane as the controlling comonomer.

Figure 7.2. The statistical polymerization of different ratios of VPBA/IBOMA/C13MA/AN and
GMMA/IBOMA/C13MA/AN with My arget = 25 kg mol™ using BB alkoxyamine (a),(c) Semi-logarithmic
kinetic plots of In((1-X)) (X= monomer conversion) versus reaction time (b),(d) Number average
molecular weight M, and dispersity B versus conversion (X). In (a) and (b):
VPBA5/IBOMA42.5/C13MA42.5/AN10 (black circles, ®); VPBA10/IBOMA40/C13MA40 /AN10 (red
triangles, A); VPBA15/IBOMA37.5/C13MA37.5/AN10 (blue squares, m). In (c) and (d):
GMMAS5/IBOMA42.5/C13MA42.5/AN10 (black circles, ®); GMMA10/IBOMA40/ C13MA40/AN10 (red
triangles, A); GMMA15/IBOMA37.5/C13MA37.5/AN10 (blue squares, m).

Figure 7.3. The statistical polymerization of different ratios of VPBA/IBOMA/C13MA/AN and
GMMA/IBOMA/C13MA/AN with My arget = 50 kg mol™ using BB alkoxyamine (a),(c) Semi-logarithmic
kinetic plots of In[(1-X)] (X= monomer conversion) versus reaction time (b),(d) Number average
molecular weight M, and dispersity B wversus conversion (X). In (a) and (b):
VPBA2/IBOMA29/C13MA58/AN11 (black circles, ®); VPBA5S/IBOMA22.5/C13MA62.5 /AN10 (red
triangles, A); VPBA10/IBOMA20/C13MA60/AN10 (blue squares, m);
VPBA15/IBOMA25/C13MAS50/AN10 (gray diamonds, ¢). In (c) and (d): GMMA15/
IBOMA25/C13MA50/AN10 (filled circles, o).
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Figure 7.4. preparation of self-healing polymer blend using boronic ester dynamic cross-linking

Figure 7.5. FTIR spectra for polymer blends | (—, black line), Il (—, red line), 1l (—, green line) and IV
(—, blue line) in the range of 400 to 4000 cm™,

Figure 7.6. Storage (G') and loss (G”) moduli versus angular frequency (1% strain applied) for polymers
and blends at 100 °C. a) polymer blends; b) VPBA containing polymers; c) GMMA containing polymer
(GMMA 15 mol%, My arget = 50 kg mol™).

Figure 7.7. Normalized stress—relaxation curves for a) polymer blend | and b) polymer blend Il at different

temperatures (25-50 °C).

Figure 7.8. Toluene absorption of different polymer blend samples with boronic ester cross-linked network
as a function of time. The samples were completely immersed in toluene. Polymer blend | (black circles,
®); polymer blend Il (red triangles, A); polymer blend Il (blue squares, m). Polymer blend compositions

are available in Table 7.4.

Figure 7.9. Tensile stress-strain curves for polymer blends I and 11 showing the effect of boronic acid/diol
concentration. Tensile results for original polymer blend samples blend I and 11 (black lines, —). a) and b)
healed after 3 days (red lines, —); healed after 3 days with presence of water (blue lines, —). c) and d)
healed after 10 days (red lines, —); healed after 10 days-2" cycle (blue lines, —). All the samples were at
ambient temperature and relative humidity (19.4-20.6 °C and relative humidity of 63.6-66.6%) without
applying extra heat or humidity.

Figure 7.10. Scratch test on polymer blend I, 11, 11l and 1V samples: a) a scratch was applied on the surface
of the samples; b) after 8 days c) after 12 days at room conditions (T= 19.1-23.9 °C, relative humidity of
38-58%).

Figure 7.11. Tensile stress-strain curves for polymer blends I and Il after 3 recycling cycles: a) reprocessing
of polymer blend I; b) reprocessing of polymer blend II. Original samples before recycling (black lines, —

); first recycle (green lines, —); second recycle (blue lines, —); third recycle (red lines, —).

Figure 7.12. Dynamic mechanical responses for rubbery plateau moduli of the a) polymer blend I and three
reprocessing cycles b) polymer blend Il and three reprocessing cycles. Original samples before recycling

(black lines, —); first recycle (green lines, —); second recycle (blue lines, —); third recycle (red lines, —

).
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Figure 7.13. Chemical recycling of polymer blends | and Il using pinacol at 50 °C in 1,4-dioxane. The
whole process takes place within 4 hours. The solubilities were compared with the samples in 1,4-dioxane

without adding pinacol.

Figure 8.1. The schematic reaction for preparation of (VPBA+GMMA) dimer.

Figure 8.2. FTIR spectra for (VPBA+GMMA) dimer (red line, —), VPBA (green line, —) and GMMA
monomers (black line, —). The decrease in the size of broad peak of O-H stretching at wavenumber of
3350-3500 cm for BG dimer illustrates the successful formation of BG dimer from VPBA and GMMA.

Figure 8.3. Scheme of procedure for preparation of water-borne polymers with intrinsic dynamic
crosslinking bonds.

Figure 8.4. The miniemulsion polymerization of different ratios of BG dimer/IBOMA/C13MA using
Dispolreg 007 initiator at 90 °C: (a) semi-logarithmic kinetic plots of In[(1-X)] (X= monomer conversion)
versus reaction time (b) number average molecular weight M;, and dispersity B versus conversion (X) (c)
Z-average particle size over reaction time; (d) the final particle size distribution for each experiment. Dimer

5% (black circles, ®); Dimer 10% (red triangles, A); Dimer 15% (blue squares, m).

Figure 8.5. a) Dimer 15% polymer latex with 24% solid content b) The polymer latex was poured inside a
Pyrex petri dish and placed inside a fume hood at room conditions (T= 21 °C and relative humidity of 22%).

c) sample dried completely overnight, and a clear polymer coating was formed.

Figure 8.6. FTIR spectra for Dimer 5% (—, black line), Dimer 10% (—, red line) and Dimer 15% (-, blue
line). Peaks corresponding to B-O and B-C became increasingly more intense with increasing the initial
BG dimer content from 5 to 15%.

Figure 8.7. Storage (G') and loss (G”) moduli versus angular frequency under N2 at 80 °C (1% strain

applied). Dimer 5% (black circles); Dimer 10% (red squares); Dimer 15% (blue triangles).

Figure 8.8. Tensile stress-strain curves for Dimer 5-15% samples before and after recycling. a) tensile
results for original samples b) recycling of Dimer 5% sample c¢) recycling of Dimer 10% sample d) recycling
of Dimer 15% sample e) photos of Dimer 5, 10 and 15% samples after recycling process. Grounded samples

were hot-pressed at 80 °C for 45 minutes.

Figure 8.9. Dynamic mechanical responses for rubbery plateau moduli of samples before and after three
recycling stages in the temperature range of 25 to 80 °C. a) Dimer 5% b) Dimer 10% c) Dimer 15%. Original
samples before recycling (black circles, ®); first recycle (green circles, ®); second recycle (blue circles, o);

third recycle (red circles, o).
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Figure 8.10. Swelling results for Dimer 5%, 10% and 15% samples in toluene. All the samples absorbed
relatively high amount of toluene. Dimer 5% (black circles, ®); Dimer 10% (red triangles, A); Dimer 15%
(blue squares, m).

Figure 8.11. FTIR spectra for Dimer 5% cured sample (black line, —) and Dimer 5% sample after
submerging in toluene for 24 hours and drying by an extra-low lint Kimwipes® (Red line, —). No
significant increase in O-H stretching peak (~ 3500 cm™) after the addition of toluene indicates the

durability of boronic ester bonds within BG dimers.

Figure 8.12. Cured polymers prepared by miniemulsion polymerization before and after submerging in
water for 24 hours. FTIR spectra shows the completely cured samples (black line, —) and the same sample
after submerging in water for 24 hours (Red line, —). (a) Dimer 5% (b) Dimer 10% (c) Dimer 15%.

Figure 8.13. DSC traces for Dimer 5-15% samples in the temperature range of -90 to 120 °C. 2" heating

cycle in heat/cool/heat method with heating rate = 20 °C min and cooling rate = 50 °C min™,

Figure 8.14. TGA traces for a) Dimer 5% b) Dimer 10% c¢) Dimer 15% d) comparison of decomposition
properties for Dimer 5% (black line, —); Dimer 10% (Red line, —); Dimer 15% (blue line, —) samples.
Increasing the BG dimer content slightly increased the thermal stability of the polymers. The samples were
heated under the N, atmosphere with the heating rate of 15 °C min™. The polymers were completely dried

under a fume hood at room temperature for 5 days before TGA.
Figure 8.15. De-crosslinking of polymer samples using pinacol in 1,4-dioxane after 4 hours at 50 °C.

Figure 9.1. The schematic presentation of GMA/C13MA polymerization for preparation of statistical, block

and gradient copolymers using Dispolreg 007 in dioxane at 90 °C.

Figure 9.2. Schematic triblock copolymerization of C13MA/GMA using D7-based difunctional
alkoxyamine at 90 °C. First, a macroinitiator was synthesized by the homopolymerization of CI3MA. Next,
the chain extension of bifunctional p(C13MA) macroinitiator was done at 90 °C by the addition of GMA

monomer.

Figure 9.3. Nitroxide mediated statistical copolymerization of GMA/C13MA using Dispolreg 007 in
dioxane at 90 °C. The complete kinetic results and polymerization conditions are provided in Table 9.1. a)
semi-logarithmic kinetic plots of In[(1-X)*] (X= monomer conversion) versus reaction time b) the evolution

of number average molecular weight (Mn) with conversion (X) c) dispersity (P) versus conversion (X).

Figure 9.4. a) Mayo-Lewis plot of GMA in copolymer composition (Fema) With respect to initial GMA

molar feed composition (fomao) (The dashed red line is the fitted curve with R? = 0.99). The black line
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shows the theoretical azeotropic composition (Fewa = femao) for statistical copolymerization of
GMA/C13MA. b) The drift in GMA molar feed (fema) with monomer conversion for copolymerization with
different ratios of GMA/C13MA. The fitted curves were determined with rema = 1.17 £ 0.09 and rcizwa =
0.65 +0.09 from the Meyer Lowry method.

Figure 9.5. Nitroxide mediated gradient copolymerization of GMA/C13MA for preparation of GMA-grad-
C13MA (black circles o, M, = 35.7 kg mol?, b = 1.79) and C13MA-grad-GMA (red triangles A, M, =
27.6 kg mol?, ® =1.60) in 1,4-dioxane at 90 °C. Full characterization results for gradient copolymerization
of GMA/C13MA are available in Table 9.2. The results were shown before and after addition of the second
monomer to reaction. a) semi-logarithmic kinetic plots of In[(1-X)*] (X= total monomer conversion) versus
reaction time b) the evolution of M, with total monomer conversion (X) c¢) the evolution of B with
conversion (X). d and e) The shift in GPC peaks for gradient copolymerization of GMA/C13MA.

Figure 9.6. Kinetic results for preparation of GMA-b-C13MA (a, b and e) and C13MA-b-GMA (c, d and f)
block copolymers (red triangles A) by chain extension of GMA-MI and C13MA-MI macroinitiators (black
circles ) in dioxane at 90 °C. The experimental conditions and polymers’ characteristics were listed on
Table 9.3. a) and c) semi-logarithmic kinetic plots of In[(1-X)*] (X= monomer conversion) versus reaction
time b) and d) the evolution of M, and B with monomer conversion (X) e) and f) The shift in GPC peaks

after the chain extension of macroinitiators.

Figure 9.7. Preparation of triblock copolymer of GMA/C13MA (Bi-GMA-tri-C13MA, red triangles A, M,
= 43.0 kg mol?, b = 1.85) by chain extension of bifunctional GMA-based macroinitiator (Bi-GMA-MI,
black circles o, M, = 19.9 kg mol?, B = 1.58) for 2h in dioxane at 90 °C. a) semi-logarithmic kinetic plots
of In[(1-X)™*] (X= monomer conversion) versus reaction time b) the evolution of M, with conversion (X) c)

GPC peaks for macroinitiator and triblock copolymers d) the evolution of B with conversion (X).

Figure 9.8. Preparation of triblock copolymer of GMA/C13MA (Bi-C13MA-tri-GMA, red triangles A, M,
= 45.5 kg mol?, ® = 1.70) by chain extension of C13MA-based bifunctional macroinitiator (Bi-C13MA-
MI, black circles e, M, = 24.1 kg mol, ® = 1.46) for 2h in dioxane at 90 °C. a) semi-logarithmic kinetic
plots of In[(1-X)!] (X= monomer conversion) versus reaction time b) the evolution of M, with conversion

(X) ¢) GPC peaks for macroinitiator and triblock copolymers d) the evolution of B with conversion (X).

Figure 9.9. DSC curves a) statistical copolymers b) gradient polymers c) block copolymers and d) triblock
copolymers of GMA/C13MA in temperature range of -80 to 130 °C. T4s and Tms of polymers are presented
in Table 9.5.
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Figure 9.10. TGA curves a) statistical copolymers b) gradient polymers ¢) block copolymers and d) triblock
copolymers of GMA/C13MA with heating rate of 15 °C min? in temperature range of 25-600 °C. The

decomposition temperatures (TqecS) are listed in Table 9.5.

Figure 9.11. Storage modulus (G’), loss modulus (G") and complex viscosity versus angular frequency (1%

strain) for a) GMA/C13MA gradient, b) block and c) triblock copolymers at 30 °C.
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Chapter 1: Introduction

Background

Wood is a remarkable material used extensively for decorative purposes in the aerospace industry,
particularly for interior components. Wood can be considered as a complex of various biopolymers
including cellulose, hemicelluloses, and lignin®. This structure can be vulnerable to the effects of stress
factors such as heat, sunlight, pressure or scratches. For instance, sunlight causes photooxidation and
photodegradation of the wood surface?. To ensure the long life of the wood-based objects, protective
polymer coatings are one way of extending the product’s lifetime. Coatings are designed to be transparent
or semitransparent in order to exhibit the aesthetic texture of the wood support. The coatings should also
have high durability and performance to protect the wood against environmental stress factors such as
humidity, light and heat along with pressure, cracking and solvents. The main purpose of using wood
coatings is to maintain the natural beauty of wood and enhance the physical and chemical properties of the
wood support for indoor and outdoor applications®. In addition, environmental legislation and economic
factors should be considered in order to produce wood coatings based on the market demands in different

countries®.

For ecological and health-related reasons, there is a high demand for coatings which are waterborne (to
avoid using organic solvents or volatile organic compounds (VOCs) and sustainable (eg. made from natural
or renewable resources). Therefore, dispersed systems such as suspension, emulsion or miniemulsion can
be used to produce the coatings®. Nowadays, emulsion polymers are widely used for preparation of paints,

adhesives and coatings.

For aerospace applications, coatings are also required to serve multiple functions based on their specific
applications. High mechanical and thermal strength, chemical and solvent resistance, anti-flammability and
self-healing properties are just some of the interesting properties that can be incorporated in polymer
coatings for airplane interiors. Therefore, it is important to carefully design the polymer microstructure to
achieve these goals in the final material. One of the approaches for production of controlled structures in
polymers for coatings and other applications is the use of reversible deactivation radical polymerization
(RDRP, also known as controlled radical polymerization) processes such as nitroxide mediated
polymerization (NMP),% 7 reversible addition-fragmentation chain transfer (RAFT) polymerization® ° and
atom transfer radical polymerization (ATRP)*12, RDRP, more commonly known by its non-IlUPAC term
controlled radical polymerization (CRP), offers many advantages over conventional radical polymerization

and truly living polymerizations®®. Controlled radical polymerization permits attainment of narrow



molecular weight distribution and active chain ends that are useful for preparation and exploitation of block
copolymers and other complex polymeric structures. CRP does not require any reagents nor high reaction
temperature and can be done in dispersed aqueous media. A wide range of monomers can be polymerized
by CRP that are otherwise impossible by ionic polymerization'*2®. In this study we used NMP to produce
polymeric coatings (mainly waterborne coatings) with desired properties such as good adhesion, high flame
and heat resistance, repellency of solvents and resistance to cracks for protection of the wood surface. We
also developed self-healable polymer coatings with high recyclability to reduce the environmental impacts

from plastic waste and to reduce repair and damage costs.
Research Objectives

The main purpose of this thesis was to prepare polymer coatings with different properties by nitroxide

mediated polymerization of methacrylic monomers in miniemulsion or organic solvents.
The objectives of this thesis can be divided to the following sections:

1. Development of water-borne polymer coating formulations using different types and ratios of
monomers by nitroxide mediated miniemulsion polymerization.

2. Improve the thermal stability and anti-flammability of polymers by incorporating hybrid organic-
inorganic monomers.

3. Investigate polymer networks with dynamic cross-linking bonds to prepare polymer structures with
self-healing properties and high recyclability.

4. Studying alternative polymer coatings (epoxy-based polymers) prepared by nitroxide mediated

polymerization.

Thesis Organization

- Chapter 2: Provides a brief literature review on the nitroxide mediated polymerization of the
methacrylic monomers in miniemulsion and organic solvents. Furthermore, polymer networks with
dynamic covalent cross-linking bonds were discussed in detail.

- Chapter 3: Investigates the preparation of the sustainably sourced methacrylic polymers by
nitroxide mediated miniemulsion polymerization using amphiphilic polymeric macroinitiators.
Also, the reaction temperature, required additives (surfactant and co-stabilizer) and the stability of
the polymer latexes were examined.

- Chapter 4: Bio-based poly(methacrylates) were synthesized by nitroxide mediated polymerization

of the monomers in miniemulsion and organic solvents (solution polymerization). Dispolreg 007



alkoxyamine was used in this study, which eliminated the use of controlling co-monomers for
polymerization of methacrylates.

- Chapter 5: Nitroxide mediated polymerization of methacryloisobutyl POSS in miniemulsion
system was studied. To improve the mechanical properties of polymers, copolymers of
methacryloisobutyl POSS with alkyl methacrylates were synthesized in miniemulsion and the
kinetics of polymerization and thermal properties of polymers were examined thoroughly.

- Chapter 6: Methacryloisobutyl POSS was incorporated into bio-based poly(methacrylates) using
nitroxide mediated polymerization in miniemulsion and organic solvent-based solutions. Kinetics
of polymerization and thermal properties of polymers were studied and the results for miniemulsion
and solution-based (in organic solvents) systems were compared.

- Chapter 7: Room temperature self-healable polymers were developed from bioresources. To
prepare the polymer networks with dynamic boronic-ester bonds, two polymers with different
functional monomers were synthesized. We attempted to maximize the bio-content by
incorporating bio-based methacrylic monomers. The results showed the self healing of polymers at
ambient conditions. The mechanical and thermal properties of polymers can be adjusted by
changing the ratio of monomers in polymer chains.

- Chapter 8: This study investigated the synthesis of self-healable polymers by nitroxide mediated
polymerization in miniemulsion. Using this method, organic solvents were completely removed
from the system. The recyclability, mechanical and thermal properties of polymers were examined.

- Chapter 9: This chapter investigated an alternative epoxy-based polymer for wood coating
applications. The synthesis of gradient, diblock and triblock copolymers was enabled by nitroxide
mediated polymerization of methacrylic monomers. The Kkinetics of polymerizations and
rheological and thermal properties of polymers were discussed.

- Chapter 10: We summarized the overall results and concluded with suggestions for future work.

Contribution of the Authors

This thesis includes 7 manuscripts. The original contributions of authors are summarized below:

1. Highly reprocessable, room temperature self-healable bio-based materials with boronic-ester dynamic

cross-linking, Reactive and Functional Polymers,158, 104794, 2021.
Authors: Saeid Tajbakhsh, Faezeh Hajiali, Kieran Guinan, Milan Maric¢

Saeid Tajbakhsh: Conceptualization, Investigation, Validation, Writing — original draft, review & editing.

Faezeh Hajiali: Investigation, Formal Analysis, Writing — Review & editing. Kieran Guinan: Investigation,
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Formal Analysis. Milan Mari¢: Conceptualization, Supervision, Funding acquisition, Writing — Review &

editing.

2. Nitroxide-mediated emulsion polymerization of bio-based methacrylates, Industrial & Engineering
Chemistry Research, 59 (19), 8921-8936, 2020.

Authors: Saeid Tajbakhsh, Faezeh Hajiali, Milan Mari¢

Contributions: S. Tajbakhsh and F. Hajiali synthesized the polymers and studied the polymerization kinetics
and thermal properties of polymers. S. Tajbakhsh measured rheological and mechanical properties of
polymers and wrote and edited most of the manuscript. M. Mari¢ supervised the project, read, provided

feedback and edited the manuscript.

3. Nitroxide mediated miniemulsion polymerization of methacryloisobutyl POSS: Homopolymers and
copolymers with alkyl methacrylates, Journal of Polymer Science, 58 (19), 2741-2754, 2020.

Authors: Saeid Tajbakhsh, Milan Mari¢

Contributions: S. Tajbakhsh synthesized the polymers and studied the polymerization kinetics and thermal
properties of polymers. S. Tajbakhsh wrote and edited most of the manuscript. M. Mari¢ supervised the
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nitroxide mediated miniemulsion polymerization, Journal of Polymer Science, 59, 547-560, 2021,
Authors: Saeid Tajbakhsh, Milan Maric¢

Contributions: S. Tajbakhsh synthesized the polymers and studied the polymerization kinetics, thermal
properties of polymers, particle size and latex stability. S. Tajbakhsh wrote and edited most of the

manuscript. M. Mari¢ supervised the project, read, provided feedback, and edited the manuscript.



6. Epoxy-based triblock, diblock, gradient and statistical copolymers of glycidyl methacrylate and alkyl
methacrylates by nitroxide mediated polymerization, Submitted to Reactive and Functional Polymers,
2021.
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the project, read, provided feedback, and edited the manuscript.



Preamble to Chapter 2

In this chapter, the underlying features of controlled radical polymerization are provided. The importance
of using nitroxide mediated polymerization (NMP) for preparation of polymers was explained and
compared with other common controlled radical polymerization techniques (RAFT or ATRP). Next,
different polymerization techniques in dispersed aqueous media were discussed as most of the
polymerizations in the following chapters were carried out in water as the continuous phase. This is relevant
as a major component of my thesis was the development of a coating technology based on spraying a latex
onto the desired substrate. Finally, we highlighted different techniques for preparation of polymers with
dynamic covalent cross-linking. These polymers have high recyclability and can be reprocessed several
times at moderate temperatures, mainly using boronic ester dynamic covalent bonds for preparation of room

temperature self-healable polymers.



Chapter 2: Literature Review

2.3. Nitroxide mediated polymerization

The control over the polymer structure and polymerization rate has always been of interest for various
applications. lonic polymerization as a controlled polymerization traditionally has been used to synthesize
polymers with narrow molecular weight distributions and controlled polymer microstructure, although the
rigorous polymerization conditions (often very low reaction temperature, the need for reagents with high
purity and complete removal of air and moisture) were required. The advent of reversible deactivation
radical polymerization (henceforward referred as RDRP) provided an approach to efficiently control the
polymerization of a wide range of monomers under relatively mild conditions. RDRP, also termed more
colloquially as controlled free radical polymerization (CRP), consists of three major categories: nitroxide-
mediated polymerization (NMP), reversible addition-fragmentation chain transfer (RAFT) polymerization®
17and atom transfer radical polymerization (ATRP)! 1819 The main characteristics of all CRP methods are
their relatively narrow molecular weight distribution and active polymer chain ends®, traits typically
exhibited by truly living polymerizations. Unlike conventional RAFT and ATRP techniques, NMP does
not need any sulfur-based chain transfer agents nor metallic ligands and as a consequence, NMP does not
require exhaustive post-polymerization treatments to remove residual catalysis or other reagents? 2t NMP
starts a controlled polymerization in the presence of alkoxyamines. The heating causes the homolytic
decomposition of the C-ON bond in the alkoxyamine and the formation of a nitroxide and initiator. An
equilibrium occurs between the active NOe macro-radical and the dormant state (a reversible termination),
which is favoured??. This consequently leads to a low concentration of macro-radicals at any given time
and thus reduces probability of irreversible termination reactions, which allows a controlled growth with a
linear progression of degree of polymerization with conversion, for a substantial portion of the
polymerization. Figure 2.1 shows the activation-deactivation equilibrium in nitroxide mediated

controlled/living free-radical polymerization.

Propagation
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R Deactivation R#” Nitroxide Radical Dead products
Dormant species

Figure 2.1. Simplified scheme for NMP. This method is based on the reversible activation—deactivation
equilibrium between active and dormant species. The reaction controls the concentration of active radicals,
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limits the irreversible self-termination reaction and allows the controlled growth of the macro-radicals 2
24

The first attempts to conduct NMP was restricted to the synthesis of styrenic-based polymers?. However,
NMP was improved dramatically during the early 2000s due to the development of new alkoxyamines such
as 2,2,5-tri-methyl-4-phenyl-3-azahexane-3-nitroxide (TIPNO) based alkoxyamines®, N-(2-methyl
propyl)-N-(1-(diethyl phosphono-2,2-dimethyl propyl)-O-(2-carboxyl prop-2-yl) hydroxyl amine)
(BlocBuilder-MA)? and later with 3-(((2-cyanopropan-2-yl)oxy) - (cyclohexyl) amino)-2, 2-dimethyl-3-
phenylpropanenitrile (Dispolreg 007)% 2, Figure 2.2 presents the structures of some common
alkoxyamines and nitroxides used in NMP. Today, a wide range of monomers can be successfully
polymerized in a controlled manner and NMP is reported as a method to make polymers for applications

such as drug delivery®*-32, batteries (block copolymer electrolytes (BCE))** 3, solar cells®**” and coatings®

40
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Figure 2.2. a) Structures of some common nitroxides employed in NMP 2244142 1) Structures of some
common alkoxyamines employed in NMP- TEMPO (2,2,6,6-tetramethylpiperidinyl-1-oxyl)- TIPNO (N-
tert-butyl-2-methyl-1-phenylpropyl nitroxide)-SG1 (N-tert-butyl-N-[1-diethylphosphono-(2,2-dimethyl-
propyl)])- TEISO (1,1,3,3-tetracthylisoindoline-2-oxyl)- MONAMS (N-tert-butyl-N-1-diethylphosphono-
2,2-dimenthylpropyl-0,1-methoxycarbonylet hylhydroxilamine)- Dispolreg 007 (3-(((2-cyanopropan-2-
yl)oxy)(cyclohexyl)amino)-2,2-dimethyl-3-phenylpropanenitrile) #2843,



2.4. Nitroxide Mediated Polymerization in Dispersed Media

The synthesis of polymers can be done in homogeneous media (e.g. bulk or solution) or in heterogeneous
media (e.g. emulsion, miniemulsion or suspension). Bulk polymerization is attractive as solvent is avoided
but the viscosity of the medium will often be high and perhaps final conversion will be limited?*. In addition,
autoacceleration phenomenon (sudden increase in polymerization rate) can occur in bulk polymerization**
. By using solution polymerization, the viscosity can be decreased but the introduction of solvents
potentially poses grave environmental issues. The polymerization in aqueous dispersed media has several
advantages and is highly in demand for large-scale industrial production of many polymers*. Some
advantages towards using water are its relatively low cost, benign environmental impact in most cases while
also improving heat transfer characteristics, handling and mixing*’. As this thesis is focused mainly on
utilizing polymerization in dispersed aqueous media, the variants will be introduced in detail below.

2.4.1. Emulsion polymerization

Emulsion polymerization was first reported by the Goodyear Company in the 1920s*®. Emulsion
polymerization is used to make materials used in textile treatment, construction, paper additives, paints,
adhesives, drug delivery systems and diagnostic tests 45, In this method, hydrophobic monomers are
dispersed in the water in the form of monomer droplets having sizes on the order of hundreds of nanometers
to several micrometers. The monomer droplets are stabilized by surfactants and the polymerization starts

with the use of water-soluble initiator.

The mechanism of emulsion polymerization is complex °% %3, However, it can be generally divided into
three steps. In the first step, the nucleation occurs within the first few minutes of reaction. During this step,
the number of particles (i.e. polymerization loci) are set, which directly affects the dispersity and stability
of the final latex. The number of particles relies on different reaction properties such as temperature,
hydrophobicity of monomers, process system (batch, semi-batch or continuous), and concentration of
monomers, initiator, surfactants or other additives. In the second step, the number of particles and monomer
concentration inside each particle are constant. The polymerization occurs with a constant polymerization
rate and the size of monomer droplets decreases. In the final step, the polymerization is completed inside
the loci. The monomer droplets disappear and monomer concentration inside each particle decreases

tremendously and as a result, the polymerization rate also decreases.

In order to describe the mechanism of nucleation, which occurs in the first step, two different methods are
proposed. The first method is homogenous nucleation firstly suggested by Ron®* and discussed later by
Fitch and Tsai®®. Homogenous nucleation takes place when surfactant is not available in the aqueous media

and the water solubility of monomers is significant. The nucleation starts with the formation of oligoradicals
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as the primary particles and the growth of polymer chains is based on monomer swelling®. The second
method is called micellar nucleation and was introduced by Harkins®. This case happens when the water
solubility of monomers is very low and surfactant concentration is above its critical micellar concentration
(CMC)®'. Based on this nucleation method, oligoradicals are formed in the water and start growing until
they enter micelles and create new particles. In another case, the oligoradicals may enter the monomer
droplets and cause destabilization and broad molecular weight distribution, which is generally not desirable
in emulsion polymerization. However, by using high-shear treatments in miniemulsion systems, a high
number of nano-sized droplets are achieved and the entrance of oligoradicals to monomer droplets can start
a controlled polymerization with narrow molecular weight distribution, high polymerization rate and a
stable final latex. Sometimes, a low fraction of nuclei is introduced to the emulsion system from the start
of the polymerization. This method is called seeded polymerization in which the nucleation step is

bypassed. Figure 2.3 shows the mechanism of emulsion polymerization with micellar nucleation.
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Figure 2.3. The mechanism of emulsion polymerization with micellar nucleation. a) and b) nucleation at
surfactant concentration below the CMC. c) and d) nucleation at surfactant concentration higher than the
CMC. Adapted with permission from American Chemical Society 2020,

With the emergence of RDRP techniques in the early 1990s, it did not take long for reports detailing
emulsion polymerization strategies for such systems. Such studies offered the ability to produce polymers
with controlled microstructure with water as the continuous phase, which is a feature not possible at the

time with established controlled polymerizations like ionic polymerization.
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One of the first successful attempts to perform NMP in emulsion was a study performed by Marestin et al>®
who examined the polymerization of styrene at 130 °C. Various TEMPO-based nitroxides (TEMPO,
hydroxy TEMPO, tert-butoxy TEMPO, carboxy TEMPO and amino TEMPQ) were tested in this study and
it was shown that amino-TEMPO had the only acceptable results in terms of final conversion and dispersity.
The other nitroxides showed an uncontrolled polymerization with very low conversion (below 1%). This
was attributed to the better electrostatic stabilization and optimized hydrophobic and hydrophilic
characteristic of amino TEMPO®., From that time, many successful NMP were done in emulsion systems

using different alkoxyamines*- 60-64,

2.4.2. Miniemulsion polymerization

Many NMP studies employed miniemulsion polymerization, yielding materials polymers with narrow
molecular weight distributions and high latex stability 55°. In miniemulsion polymerization, the monomer
droplets are dispersed into nm-sized droplets by a high-shear treatment (sonication, homogenization or
micro-fluidization). As a result, numerous nano-sized monomer droplets are present as the fundamental
particles, with the nucleation step avoided. This is in contrast to conventional emulsion polymerization
were monomer droplets serve as reservoirs for monomers to enter the micellar loci. Either water-soluble
or oil-soluble initiators are added in miniemulsion and the droplets are stabilized by addition of
surfactants™. One of the biggest advantages of miniemulsion polymerization over conventional emulsion
polymerization is that there are no monomer transport limitations in the aqueous phase and highly
hydrophobic monomers can be easily polymerized®. An increase in the surfactant concentration in
miniemulsion usually reduces the particle size and chain length dispersity " ™. In order to improve the
stability of monomer droplets and to avoid the Ostwald ripening effect (transfer of monomer molecules
from small particles to larger particles through diffusion or collision), a low concentration of very
hydrophobic molecules are added to the miniemulsion (such molecules are termed co-stabilizers)’? 3. These
molecules can be non-reactive hydrophobic molecules (e.g. linear aliphatics like n-hexadecane), monomers
with long alkyl side-chain which will be incorporated into polymers (eg. stearyl methacrylates) or short
water-insoluble oligomers® 7 7 In miniemulsions, the polymerization takes place inside monomer
droplets dispersed in aqueous media. Therefore, each droplet acts as a nano-sized reactor and the
polymerization process is similar to bulk polymerization?. Another important factor in miniemulsion
polymerization is the possibility of compartmentalization effects. The compartmentalization of propagating
radicals and nitroxides in miniemulsion systems is higher than in emulsions, which decreases the
termination rate and enhances the control over the polymerization® ”". Figure 2.4 shows the mechanism of
miniemulsion polymerization. Many studies were reported on miniemulsion NMP using different initiation

systems ¢ 882 Most of them used either TEMPO or SG1 nitroxides along with oil-soluble or water-soluble
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radical initiators #* 68385 The first studies by Prodpran et al™* examined the miniemulsion NMP of styrene
in the presence of benzoyl peroxide (BPO) and TEMPO at 125° C. The monomer content was 19 wt% and
DOWFAX 8390 surfactant and hexadecane was used as a co-stabilizer. The final conversion of this
polymerization was 90% and the molecular weight increased linearly with conversion and the dispersity
was below 1.7. From that time, NMPs in miniemulsion were reported using different nitroxides such as
SG1 26:66.70.86,87 TEMPQ 8 8890 gnd TIPNO 2 %1 %2, The first example using SG1 and AIBN (oil-soluble
radical initiator) used styrene as the monomer resulted in incomplete polymerization and a slow
polymerization rate®. However, when styrene was polymerized using SG1 and a persulfate/metabisulfite
initiator (water-soluble redox initiator), a fast well-controlled polymerization with 90% conversion within
8 h was observed® %, These results highlighted the importance of the high SG1 partitioning between two
phases, with deactivation occurring in the aqueous phase, thereby preventing excessive termination and

improving the initiator efficiency®:.

The initial molar ratio of nitroxide/initiator directly effects on latex stability and control over of
miniemulsion polymerization. Miniemulsion polymerization of styrene with TEMPO as nitroxide and

TEMPO
[ ]/ [K2S204

polymerization was well-controlled (stable latex, no agglomeration and ® = 1.1) and the final conversion

K,S,04 as the radical initiator at 135° C showed that at a ratio of 1= 2.9 , the

was 87% within 6h. Otherwise, the control over the polymerization was not satisfying in terms of colloidal
stability (bimodal particle size distributions, agglomeration in latex and reactor fouling) and high

dispersity®.
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Figure 2.4. The schematic of miniemulsion/microemulsion polymerization. Surfactants and co-stabilizers
provide colloidal stability for monomer droplets and polymer particles in miniemulsions.
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2.4.3. Microemulsion polymerization

Microemulsions are a mixture of monomers in water with a high concentration of surfactant®. In addition,
the monomer content is lower than in emulsion or miniemulsion systems (usually in the range of 1~10 wt%)
in order to maintain the nanoparticles typically in the range of 20 to ~ 60 nm®” %8, The surfactant to monomer
ratios (S/M) in microemulsion systems are much higher than emulsion or miniemulsions and are normally
in the range of 1 : 1 to 3.3 : 1 w/w®. The high concentration of surfactant improves the stability of the
dispersions. However, it limits the application of microemulsions in industrial applications like coatings®*
%, Li et al studied the NMP of n-butyl acrylate in microemulsions using BlocBuilder® and DOWFAX™
8390 surfactant at 120° C*°. In this study, a low S/M was used (0.2 :1 to 0.5 :1 w/w) and a high solid content
of 20 wt% was achieved using microemulsion polymerization®. However, the dispersity was high (P up to
2.77), and the concentration of surfactant is still much higher than in emulsion/ miniemulsion systems.

Many studies were conducted on NMP in microemulsions using different nitroxides such as SG1, TEMPO
or TIPNO. By comparing the results from these various studies, it can be concluded that the hydrophobicity
of nitroxides is directly related to the polymerization rate. TIPNO and TEMPO are more hydrophobic than
SG1 and a stronger confined space effect on deactivation (faster reaction between nitroxide and
macroradical in small particles compared to large particles and increase in deactivation rate) is expected for
these nitroxides®™ 1%, Therefore, the polymerization rate decreased by adding TIPNO or TEMPO as the
nitroxide. Zetterlund et al ' studied the microemulsion NMP of styrene using 2,2'-azoisobutyronitrile
(AIBN) as an initiator and tetradecyltrimethylammonium bromide (TTAB) emulsifier at 100° C to compare
the effect of SG1 and TIPNO on polymerization rates and concluded that the polymerization rate using

TIPNO was much lower than using SG1 due to its higher hydrophobicity.
2.4.4. Suspension polymerization

In suspension polymerization, hydrophobic droplets are dispersed in water with the help of a stabilizer such
as poly(vinyl alcohol) (PVA,; to avoid droplet coalescence) and the monomer droplet size is around 2-1000
pm. Although the use of surfactant is necessary to avoid aggregation, the concentration of surfactant
absorbed to the polymer particle surface is negligible compared to the size of the droplet 1192, Suspension
polymerization does not require high-shear treatment like emulsion/ miniemulsion systems and the
separation of polymer from dispersion can be done by a simple filtration'®. Polymerization rate in
suspension systems is high because of the high local monomer concentration and low viscosity of the
system even with high monomer content. However, the polymerization yield may decrease due to the
formation of nano-sized polymer particles. These nanoparticles are produced because of secondary

nucleation during the suspension polymerization and are difficult to separate via filtration. The formation
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of nanoparticles increases especially when water-soluble monomers are added to the suspensions of
hydrophobic monomers!®. The secondary nucleation can also lead to uneven nitroxide partitioning between
particles and increase in dispersity. However, this drawback can be eliminated industrially by adding
aqueous-based inhibitors®. Usually, a small amount of sodium nitrite will be added to the dispersion to

hinder the polymerization and secondary nucleation in aqueous media'®.

The first suspension controlled radical polymerization was reported by Georges et al in 19931%, TEMPO
and benzoyl peroxide (BPO) were used to initiate and control the polymerization of styrene at temperatures
of 125-150° C. The final conversion was high (more than 71%) and the final dispersity was lower than 1.3.
Okubo and coworkers'®” employed a suspension process for NMP of styrene and divinylbenzene (DVB) in
order to make microgels. The TEMPO/BPO were used for initiation and controlling the polymerization.
The monomer content was 9 wt% (1wt% of DVB) and the polymerization took place at 125° C to reach
conversions of 47-72%. Ballard et al*®® polymerized butyl methacrylate and methyl methacrylate using oil-
soluble Dispolreg 007 initiator at 83~87 °C to high conversion and up to 40% solids content with molecular

weights up to 100,000 g mol™.
2.5. Applications of surfactants

Surfactants play a crucial role in the production of polymers in dispersed media. They provide the stability
for the monomer and polymer droplets in water. However, they can adversely affect adhesion, gloss and
water sensitivity of the final product 1%-11°, They also can decrease the mechanical stability under high shear
due to the possibility of desorption from the surface of particles in latex*°. In order to overcome the adverse
effects of conventional surfactants, polymerizable surfactants (surfmers) have been presented as an
alternative. By using surfmers, decrease in water and vapor permeability and improvements in adhesion
and water resistance have been observed 1% 111112 QOne of the creative ways of using surfmers in nitroxide-
mediated emulsion polymerization is making amphiphilic macroalkoxyamines to act as a dual

initiator/surfactant, which is discussed in detail below.

Pan et al'3 studied the effect of surfactant concentration on particle size. Using DOWFAX™ 8390 as the
surfactant, the emulsion polymerization of styrene was conducted at 125° C using TEMPO-terminated
oligomers of polystyrene. It was shown that increasing the surfactant concentration from 1.25 to 15 mM
resulted in a decrease in particle diameter from 150 to 60 nm and enhanced the polymerization rate.
However, using surfactants causes serious drawbacks in coating applications due to reducing adhesion and
gloss 108 109 114 "1n addition, in order to achieve high solid contents with acceptable concentration of
surfactant, droplet size will be in the particle size range of several microns'4 115, Therefore, additional steps

seem necessary to achieve a higher yield.
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In a related study, Cunningham et al*'® synthesized polystyrene by use of benzoylstyryl-TEMPO (BST)-
initiated miniemulsion polymerization at 135 °C in presence of SDBS (sodium dodecylbenzenesulfonate)
and Dowfax 8390 surfactants. It was shown that the addition of surfactants reduced the dispersity.
Furthermore, by increasing the concentration of SDBS, conversion could be increased to 95%. However,
changing the concentration of Dowfax 8390 did not affect the conversion.

Along with using surfactants, intensive agitation is needed to break the droplets to the size range of 60-200
nm. Several devices can be used in order to supply the high degree of agitation including high pressure
homogenizers!!’ 118 static mixers " 119 and sonicators''®. The sonication process is hard to scale up
industrially but it is very effective at lab scale''*. However, homogenization or a combination of
homogenization and static mixing are the most promising way industrially of preparing miniemulsions with

high solid contents and nano-sized particles with narrow size distribution®*4,

To avoid the high energy mixing necessary in miniemulsion systems, Prokopov and Gritskova!? and
Parker et al *2! proposed a technique based on in situ formation of surfactants. This method relies on the
formation of in situ surfactant at the water-oil interface and is able to considerably lower the interfacial
tension and reduce the dispersity of the miniemulsion systems??2 123, As an example, Guo et al*?? employed
oleic acid/ potassium hydroxide to generate potassium oleate as the surfactant and to enhance the colloidal
stability of the latexes. Although a low amount of energy is needed for a proper mixing in this miniemulsion
process, this method is not practical for industrial applications. This is due to the high concentration of
additives (oleic acid, hexadecane and potassium hydroxide up to 31 wt%, 7 wt%, 10 wt%, respectively,

relative to the monomers) and high possibility of coagulation?,
2.6. Macroinitiators in aqueous dispersed media

Macroinitiators can be used as stabilizers on the interface of particles or co-stabilizers inside the particles
to increase the colloidal stability and simultaneously initiate and control. Using controlled free-radical
polymerization methods such as NMP, ATRP and RAFT is highly attractive for the preparation of
macroinitiators and polymerization of water-insoluble monomers in water. The hydrophobic
macroinitiators can be synthesized by bulk or solution polymerization and added to the dispersed aqueous
medium with other hydrophobic monomers. They can also be produced in mini or microemulsion and be
used as the seed for the polymerization of the hydrophobic monomers in water'?* 12>, The water-insoluble

macroinitiators act as a co-stabilizer within the particles and droplets and reduce Ostwald ripening®’ 126127,

Hydrophilic/amphiphilic macroinitiators can also be made in order to act simultaneously as initiator,
stabilizer and control agent'?®, Using water-soluble macroinitiators, the amount of surfactant in the

polymerization medium can be limited or the surfactant can be completely removed. The polymerization
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system operates via the chain extension of the macroinitiator by addition of monomers inside the droplet.
As aresult of the reaction, amphiphilic block copolymer chains can be produced which in most of the cases
make spherical micelles 4 12% 1% |n a study by Stoffelbach et al**!, poly(ethylene oxide)-b-polystyrene
block copolymer (M, = 10 640 g mol™ and D = 1.05) was synthesized by ATRP and used as an amphiphilic
macroinitiator for miniemulsion polymerization of n-butyl methacrylate (BMA), styrene (S), and butyl
acrylate (BA) (M, up to 63000 g mol? and 1.1 < D < 1.5). Delaittre et al** used NMP (in 1,4-dioxane
solution at 120 °C) to prepare SG1-based water-soluble poly(sodium acrylate) macroinitiator (M, = 1900 g
molt and P = 1.17). Then, the poly(sodium acrylate) macroinitiator was employed for emulsion
polymerization of S and BA to produce polymers with M, up to 100 kg mol™ and P < 2.8*. For the use of
RAFT polymerization in miniemulsion using a macroinitiator, Manguian et al**? developed poly(2-
(diethylamino)ethyl methacrylate) macroinitiator (macro-RAFT agent) (M, = 5700 g mol* and D = 1.31)
and used it for emulsion polymerization of S at 70 °C. In a similar study, Bozovi¢-Vuki¢ et al**® synthesized
a hydrophilic RAFT- agent functional poly(4-vinylpyridine) macroinitiator (M, =800 g mol* and & = 1.04)
and used it to stabilize and initiate the emulsion polymerization of an azeotropic monomer mixture of AN
and S at 80 °C. The resulting block polymer (M, = 48800 g mol* and P = 4.0) reached a monomer

conversion of 100% in 11 hours®3,

We used the miniemulsion polymerization technique for preparation of polymer resins to be used in
coatings. This was done by NMP of highly hydrophobic monomers in presence of Dispolreg 007
alkoxyamine. Using miniemulsion polymerization, the nucleation step was skipped, and the monomer
transportation limitations were avoided. In addition, the miniemulsion polymerization is easy to apply and
the final polymer latex shows a high colloidal stability. However, additional properties are desirable and
thus we studied the synthesis of self-healable polymers using NMP. To apply the polymers for coating
applications, the self-healing at ambient conditions without external triggers are highly in demand in the
coating industry®*41%, In the following section, we thus provide the background concerning self-healing

polymers in the context of this thesis.
Self-healing Polymers

Polymers without cross-linking bonds (i.e. thermoplastics) can be melted, recycled and reshaped by simply
by applying heat. However, they are soluble in solvents (low solvent and chemical resistance) and their
mechanical properties could be limited. The polymer structures with permanent cross-linking bonds, which
are classically termed as thermosets, have high solvent resistance and improved mechanical properties,
although they cannot be recycled or reshaped after the formation of cross-links. After the introduction of

the dynamic covalent chemistry by Rowan et al**’, however, these classical definitions became blurred.. In
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the past two decades, polymers with dynamic covalent bonds were introduced as an alternative for
thermoplastics and thermosets'*3-14°, Figure 2.5 shows the schematic of polymer structures for thermosets,
thermoplastics and polymers with dynamic cross-linking and displays some of the important applications
of reversible covalent bonds.
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Figure 2.5. schematic representation of polymer structures for thermosets, thermoplastics and polymers
with dynamic cross-linking bonds. Common applications of reversible covalent bonds in polymers have

been depicted. Adapted with permission from Elsevier 20181,

The dynamic cross-linking bonds within the polymer structure not only result in high solvent resistance and
enhanced mechanical properties but also provide high reprocessability, recyclability and self-healing®®.
Covalent adaptable networks (also known as CANs) are generally categorized into dissociative and
associative cross-linking networks based on their exchange mechanisms. In dissociative CANSs, the cross-
linking bonds break in the presence of an external stimuli like heat and the new covalent bonds can be re-
formed in another position. Reversible addition (e.g. Diels-Alder reactions) and condensation
rearrangements are common examples of the dissociative CANs for polymers. It should be noted that the
presence of condensate as a trigger is required for condensation reactions in polymer networks to enable
the reprocessing®. In polymers with dissociative CANSs, heating decreases the viscosity and the cross-
linking density is dependent on temperature. Therefore, the stiffness and mechanical properties of polymers

with dissociative CANs can vary with changes in temperature42 143,
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The bonds in associative CANs do not break by heating and the breakage and the formation of covalent
bonds occur simultaneously, with no net change in bonds at any given time. This results in polymers with
similar properties of permanently cross-linked polymer networks (high stiffness, mechanical properties and
solvent resistance at any temperature) but with the ability to be reprocessed*®. However, the dynamic bond
adaptability and lifetime can be limited due to termination reactions'“®. Some common dynamic associative
exchange reactions are transamination of vinylogous urethanes'*® 4, carboxylate transesterification4® 146

and disulfide exchange reactions?*” 148, Figure 2.6 compares the dissociative and associative CANS.
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Figure 2.6. The dynamic covalent adaptive networks (DCAN) with a) dissociative b) associative bonds.

Printed with permission from Elsevier 20204,

One of the most studied dynamic covalent cross-links for the preparation of self-healing polymers is the
boronic ester cross-coupling. The boronic-based exchange reactions are either based on the boronic
transesterification!®-152 or boroxine reversible bonds>**%, However, more attention has been paid to
vitrimers based on boronic transesterification due to the kinetic tunability and strength of B-O bonds*®°.
The boronate ester can be formed by the condensation reaction of a boronic acid and a diol. This reaction
is reversible at room temperature in the presence of water and has been used for preparation of hydrogels
157-160 The simple conditions for boronic ester formation (low temperature and presence of water as a
trigger) enables its use for the preparation of self-healable materials for coating applications. The dynamic
boronic ester covalent bonds can heal the damages and scratches on the polymer coating surface at ambient

conditions without any external stimulation.

Miniemulsion permits coating materials without using any VOCs while self-healing materials have
application for coatings that do not require extensive repair steps. Both of these aims were addressed in my

thesis specifically targeting coatings for the aerospace industry.
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In conclusion, NMP was used to prepare polymers with different mechanical and thermal properties in
miniemulsions and organic solvents. Self-healable polymers were also synthesized by NMP to control the
polymerization rate and to prepare polymers with well-distributed functional monomers (boronic acid and
diol-functional monomers). In the following chapters, each section will be discussed thoroughly.
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Preamble to Chapter 3

This chapter investigates the preparation of IBOMA/C13MA copolymers by nitroxide mediated
miniemulsion polymerization using SG1-containing amphiphilic macroinitiators. The macroinitiator was
synthesized by nitroxide mediated polymerization (NMP) of oligo (ethylene glycol methyl ether)
methacrylate (OEGMA) and acrylonitrile in presence of BlocBuilder (BB) alkoxyamine in toluene at 90
°C. Then, after purification and isolation, the prepared macroinitiator was used to initiate the NMP of
isobornyl methacrylate (IBOMA), a mixture of alkyl methacrylates with average side chain length of 13
carbons (C13MA) or a mixture of these two monomers in miniemulsion. The synthesized amphiphilic
macroinitiator acts a surfactant and initiator simultaneously. However, it was shown that the best colloidal
stability was provided by the addition of 2 wt% DOWFAX 8390 (surfactant) and 0.8 wt% n-hexadecane
(co-stabilizer). The effect of the reaction temperature, different ratios of IBOMA/C13MA and the addition
of surfactant and co-stabilizer on the kinetics of miniemulsion polymerization were studied. In general, this
chapter illustrated the application of commercially available BB alkoxyamine for the polymerization of bio-
based monomers in miniemulsion and ultimately for use in making polymers in such media with controlled
microstructure. This study is in press to the Journal of Polymer Science, 1-14, 2021
(https://doi.org/10.1002/pol.20200870).
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Chapter 3: Synthesis of Bio-based Poly(Methacrylates) Using SG1-
containing Amphiphilic Macroinitiators by Nitroxide Mediated

Miniemulsion Polymerization

ABSTRACT

SG1-based amphiphilic macroinitiators were synthesized from oligoethylene glycol methyl ether
methacrylate (OEGMA) and 10 mol% acrylonitrile or styrene (as the controlling comonomer) to conduct
the nitroxide mediated polymerization (NMP) of bio-based methacrylic monomers (isobornyl methacrylate
(IBOMA) and C13 alkyl methacrylate (CL3MA)) in mini-emulsion. The effect of the addition of surfactant
(DOWFAX 8390), co-stabilizer (n-hexadecane) and different reaction temperatures (80, 90 and 100 °C) on
polymerization kinetics was studied. We found that the NMP of IBOMA/C13MA using ampbhiphilic
macroalkoxyamines were most effective during miniemulsion polymerization (linear trend of M, versus
conversion and high latex stability) in presence of 2 wt% surfactant and 0.8 wt% co-stabilizer (relative to
monomer) at 90 °C. The effect of surfactant, co-stabilizer and temperature on particle size during the
polymerization was studied and suggested a decrease in initial particle size with the addition of surfactant
and co-stabilizer. Finally, the thermal properties of IBOMA/C13MA polymers, prepared by amphiphilic

macroinitiators, were examined thoroughly, indicating a T in the range of -44 °C < T4 < 109 °C.
3.1. INTRODUCTION

Reversible deactivation radical polymerization (RDRP) of monomers from sustainable sources has attracted
considerable attention during the last decade.’*1%> The preparation of polymers with a well-designed
microstructure, the possibility of making block copolymers and narrow molecular weight distribution are
some of the conventional advantages of RDRP techniques for many current technologies.*® 2% 166 Using bio-
based monomers adds potential benefits towards decreasing the carbon footprint of the process but also
may provide additional benefits to the performance not necessarily originally expected.'®” %8 Nitroxide
mediated polymerization (NMP) is among the simplest of RDRP techniques, only requiring a low
concentration of thermally labile alkoxyamine to start the polymerization.?t 2% 1%° Upon heating,
alkoxyamines decompose to form the persistent radical and initiating species to trigger the polymerization,
which is governed by the reversible termination between the macroradicals and dormant, de-activated

polymer. Initially, NMP was limited essentially to the polymerization of styrenic monomers and required
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high reaction temperatures exceeding 120 °C.%> However, the advent of alkoxyamines based on 2,2,5-tri-
methyl-4-phenyl-3-azahexane-3-nitroxide  (TIPNO) and  N-tert-butyl-N-[1-diethylphosphono-(2,2-
dimethyl- propyl)] (SG1) nitroxides improved the applicability of NMP for a wider range of monomers
together with comparatively lower reaction temperatures.?® 1* One of the most studied of the SG1-based
alkoxyamines is N-(2-methylpropyl)-N-(1-(diethylphosphono-2,2-dimethylpropyl)-O-(2-carboxylprop-2-
yhhydroxylamine) (BlocBuilder-MA or BB alkoxyamine, Arkema), which has been applied for the
polymerization not only of styrene derivatives, but also acrylates and methacrylates, with some
modification.?” 11 With respect to the case of methacrylates, the homopolymerization of methacrylates
using NMP has traditionally been difficult due to the high activation/deactivation equilibrium constant (K)
of methacrylates and the cross-disproportionation effect.!’> 1 This problem can be solved by
copolymerization of methacrylates with a low concentration of monomers with low K (e.g. acrylonitrile
(AN) and styrene (S)) to decrease the average K.172 174

In addition, the high water-solubility of BB alkoxyamine (when neutralized with base) presents interesting
issues towards applications in dispersed aqueous polymerizations (e.g. emulsion, miniemulsion and
suspension polymerization).” To use BB for NMP in dispersed aqueous systems, one common method is
to prepare macroinitiators from the desired monomers and high chain-end fidelity prior to the
polymerization.** 1>'" Depending on the monomers, the SG1-terminated macroinitiator can be either
water soluble or insoluble. If hydrophobic macroinitiators are used, they can act as a co-stabilizer and also
initiate the polymerization within monomer/polymer particles.*”** On the contrary, water-soluble macro-
alkoxyamines can be used as macromolecular surfactant and initiator simultaneously.® ™

Isobornyl methacrylate (IBOMA, 71% bio carbon content, derived from pine sap) and C13-alkyl
methacrylates (C13MA, 76% bio carbon content, from natural oils) can be used to synthesize copolymers
with high bio-content with readily adjustable glass transition temperatures (T4s), as IBOMA provides
stiffness while C13MA provides low temperature flexibility.1’®8 The IBOMA/C13MA copolymers can
be used for coating and adhesive applications. We previously synthesized IBOMA/C13MA polymers by
NMP using different initiation methods (pure BB and Dispolreg 007 alkoxyamine) in organic solvents and
miniemulsions.’®? 182 Herein, we polymerized IBOMA/C13MA monomers using a water-soluble
macroinitiator, attempting to avoid charged species as the macroinitiator, which could degrade the
alkoxyamine. The addition of an amphiphilic macroinitiator could also limit or eliminate the use of
surfactants in emulsions or miniemulsions.1’® 18 This prevents the common disadvantages associated with
the presence of high concentrations of surfactants in polymer structures (such as the modification of
mechano-thermal properties) after drying.'8* 1% The block copolymers of oligoethylene glycol methyl ether
methacrylate (OEGMA) and S were previously used as the surfactants for emulsion polymerization of S,

indicating the applicability of OEGMA monomers for preparation of polymeric surfactants.’®® The
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incorporation of OEGMA can also introduce self-assembly properties®”2¢ and decrease cell adhesion and
protein adsorption to the polymer structure in bio-applications'®® 1°%, Qiao et al'®? developed SG1-based
macroinitiators using OEGMA (M average = 950 and 300 g mol?) for NMP of n-butyl methacrylate. In this
study, the SG1-based amphiphilic macroinitiators were synthesized from OEGMA (Mn average = 500 g mol
1) and 10 mol% controlling comonomers (AN or S) to use for the emulsion polymerization of bio-based
methacrylates. We adopted a similar approach to use a non-ionic poly(OEGMA)-rich macroinitiator for the
polymerization of IBOMA and C13MA, hopefully leading to water-based coating/adhesive materials,
where we characterized the macroinitiator, studied the kinetics of miniemulsion polymerization and
assessed the colloidal and thermal stability of polymers derived from the NMP process using BlocBuilder

type initiators.

3.2. EXPERIMENTAL

3.2.1. Materials

Isobornyl methacrylate (IBOMA, >99%, Evonik), C13.0 alkyl methacrylate (CL3MA, methacrylic esters
with an average alkyl chain length of 13 monomer units, >99%, Evonik), oligoethylene glycol methyl ether
methacrylate (OEGMA, Mnaverage = 500 g mol?, >99%, Aldrich) and acrylonitrile (AN, >99%, Aldrich)
were used to prepare the polymers. The monomers were passed through a column filled of a mixture of
basic alumina (Brockmann, Sigma Aldrich) and calcium hydride (5 wt% relative to basic alumina, 90-95%
reagent, Sigma Aldrich) to remove inhibitors. N-(2-methylpropyl)-N-(1-diethylphosphono-2,2-
dimethylpropyl)-O-(2-carboxylprop-2-yl) hydroxylamine (BlocBuilder-MA™, BB,99%, Arkema)
alkoxyamine was used to initiate the polymerizations. DOWFAX™ 8390 surfactant (35 wt% active
content) and n-hexadecane (99%) were received from Dow Chemical and Sigma Aldrich, respectively.
Methanol (MeOH, >99%), tetrahydrofuran (THF, 99.9%, HPLC grade) and toluene (>99%) solvents were
obtained from Fisher Scientific. To prepare samples for *H NMR test, samples were dissolved in deuterated
chloroform (CDCls, >99%, Cambridge Isotopes Laboratory). Reverse osmosis water (type 2 with the
resistivity of ~ 1.10 MOhm-cm at 25 °C) was used to prepare the latexes. All the polymerizations were

conducted under nitrogen (99.99%, Praxair).

3.2.2. Methods

3.2.2.1. My, X and B Measurements
Monomer conversions (X) were measured gravimetrically using the procedure mentioned in our previous
study*2. Number average molecular weight (M») and molecular weight distribution (D) were measured by

gel permeation chromatography (GPC, Waters) relative to PMMA standards (Varian Polymer Standards;
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M, range of 875 to 1677000 g mol?) at 40 °C in THF (HPLC grade). The GPC samples were dried to
remove the water. Next, the THF (HPLC grade) solvent was added to dilute the samples to the concentration
of ~5 mg.ml*. Three GPC columns of HR1, HR2 and HR4 Styragel® (for THF solvent) with molecular
weight measurement ranges of 102 — 5 x 10° g mol?, 5 x 102 -2 x 10* g mol* and 5 x 10% — 6 x 10° g mol-
! respectively, were used to measure M,s and Ds. A guard column was connected to the inlet to protect the
GPC columns. Polymer compositions were determined by *H NMR (Bruker Avance 11l HD 500 MHz, 16

scans) using deuterated CDCls.

3.2.2.2. Thermoanalytical Analyses

Latex samples were dried inside a fume hood for 48 h and then under vacuum for 24 h. Dried samples were
fully dissolved in toluene to prepare them for precipitation. Then, samples were precipitated in methanol to
remove solvents and unreacted monomers completely before thermoanalytical analyses. The samples were
dried again inside a fume hood for 24 h and then under vacuum overnight at room temperature prior to
measurement. Differential scanning calorimetry (DSC, Q2000, TA Instruments) was used to measure TmS
and Tgs of polymers. Ts and Tgs were calculated by inflection method. For each sample, three scans per
cycle (heat/cool/heat) with heating rate of 15 °C min™ and cooling rate of 50 °C min was performed under
nitrogen. The calibration of DSC was carried out using indium and benzoic acid standards before the test.
The thermal stability of samples was determined by thermogravimetric analysis (TGA) on a Q500 TA
instruments under nitrogen. The samples were placed in aluminium pans and were heated up to 600 °C with

the heating rate of 15 °C min to measure the decomposition temperatures (T gecS).

3.2.2.3. Particle Size and Zeta Potential

Particle size and zeta potential of samples were measured by a Malvern Zetasizer Nano-ZS (with a 4 mW
He—Ne laser at 633 nm and an avalanche photodiode detector) at 25 °C. For the dynamic light scattering
(DLS), samples were diluted with RO water to an approximate concentration of 0.01-1000 mg ml (1073 -
1 % mass). The reported particle size for each sample is the average of 5 measurements. To determine zeta
potential, samples were diluted by adding 0.1 ml of final latex samples in 111 ml of RO water and the pH~=7

was set for all the samples.
3.2.3. Preparation of SG1-based Amphiphilic Macroinitiators

SG1-based macroinitiators were synthesized before the polymerizations. The polymerization setup
consisted of a 50 ml three neck round bottom flask with a magnetic stir bar, connected to a reflux condenser
at 3°C. The condenser was filled with a mixture of ethylene glycol and distilled water (20/80 vol%). The

setup was placed inside a heating mantle on a magnetic stirrer to apply a constant stirring while heating and
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controlling the reaction temperature. The heating mantle was connected to a temperature controller with a
temperature sensor. The temperature sensor was placed inside the reactor from one of the side necks to
measure the reaction temperature and control the heating rate. To the reactor was added a mixture of 90
mol % OEGMA and (10 mol% AN or S), BB alkoxyamine and 50 wt% toluene. To achieve high chain end
fidelity for macroinitiators, the reaction stopped at low conversions to prevent termination events. As an
example, for preparation of p(OEGMA-stat-AN) macroinitiator (M, = 7200 g mol? and P = 1.24),
theoretical molecular weight at 100% monomer conversion (target M) of My arget = 15000 g mol? was
considered for the polymerization and the reaction was stopped after 45 min (X= 33.3 %). OEGMA (91.55
g, 143.72 mmol), AN (0.85 g, 15.97 mmol), BB (2.35 g, 6.16 mmol) were dissolved in 50 wt% toluene and
the solution was added to the reactor. The solution was purged with nitrogen for 30 min before heating. The
solution was heated to 90 °C at a heating rate of 10 °C min‘t, while the nitrogen bubbling continued during
the polymerization. The t=0 was considered when the temperature reached 75 °C. The samples were taken
periodically for tH NMR and GPC. The final solution was dialyzed using a dialysis membrane (Spectra/Por
6; MWCO =1 kD) in deionized water to purify the macroalkoxyamines from the unreacted monomers and
toluene. Then, the final solution was dried completely to obtain the pure macroinitiator.

3.2.4. Nitroxide Mediated Miniemulsion Polymerization of IBOMA/C13MA Using SG1-based
Amphiphilic Macroinitiators

Nitroxide mediated miniemulsion polymerization of IBOMA, C13MA or a mixture of both monomers in
the presence of 10 mol% AN or S controlling comonomers was conducted at 90 °C. The polymerization
setup was similar to the one used for the preparation of macroinitiators with some adjustment for the
miniemulsion polymerization conditions. To prepare the miniemulsion, the amphiphilic macroinitiator was
added to water (with or without DOWFAX™ 8390 surfactant) and mixed for 15 minutes to prepare the
aqueous phase. IBOMA, C13MA and AN (with or without addition of n-hexadecane) were mixed for 15
minutes to prepare the organic phase. Next, the two solutions were mixed together in a beaker with a
magnetic stirrer for another 30 minutes to make a homogeneous miniemulsion. Finally, the miniemulsion
was sonicated for 10 minutes in a cold-water bath using a Hielscher sonicator UP200S (50% duty cycle and
amplitude of 70%) and transferred to the reactor. The latex solid content of 21 wt% and M target OF 45 kg
mol* were set for all the polymerizations. The initial latex was purged with nitrogen for 30 min before the
polymerization for deoxygenation of the system. The nitrogen flow was kept inside the reactor during the

polymerization.
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3.3. RESULTS AND DISCUSSION

3.3.1. Synthesis of Macroinitiators

The first step of miniemulsion polymerization was the preparation of SG1-based macroinitiators. The
macroinitiators were synthesized from OEGMA along with 10 mol% of the controlling co-monomer, either
S or AN. OEGMA is a non-ionic water-soluble monomer that was used to make amphiphilic macroinitiators
and polymeric surfactants 8 1% while BlocBuilder (BB) alkoxyamine was used as the unimolecular
initiator. Consequently, OEGMA polymerized with BB served as the dual surfactant/initiator. Figure 3.S1
(Supplementary Information) displays more details about the NMP of OEGMA and preparation of
macroinitiator. Figure 3.1 presents a schematic for the preparation of macroinitiators (with 10 mol% AN as

the controlling comonomer).
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A en AN 2

p(OEGMA-stat-AN) macroinitiator

Figure 3.1. Schematic reaction for synthesis of p(OEGMA-stat-AN) macroinitiator. Nitroxide mediated
polymerization of OEGMA monomers (Mn=~ 500 g mol*) with 10 mol% AN (controlling comonomer) was

conducted in toluene at 90 °C using BB.

Two different macroinitiators were synthesized, employing two different controlling co-monomers; i.e. AN
and S; to investigate the effect of the controlling co-monomer on the efficiency of the macroinitiator. Table

3.1 presents the characterization of macroinitiators used in this study.
Table 3.1. Molecular characteristics of the macroinitiators.

b Reaction l\/ln,targetC M final d
time (min) (g mol?) (g mol?)

0.90 0.91 45 15000 7200 1.24

Macroinitiator fOEGMA,Oa FOEGMA,O D d

p(OEGMA-stat-AN)
macroinitiator
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p(OEGMA-stat-S)
TEE e 0.90 0.95 10 15000 5500 1.19

@ The molar ratio of OEGMA monomer in the initial feed for preparation of macroinitiator.
b Molar fraction of OEGMA in polymer composition.
¢ Target number average molecular weight (theoretical number average molecular weight at 100% monomer
conversion)
9 final number average molecular weight (Mnfinai) and dispersity of polymer chains (D) measured by GPC with
PMMA standards in THF at 40 °C.
¢ SG1-based macroinitiator prepared by the NMP of OEGMA and 10 mol% controlling comonomer (AN or S) in
presence of BB alkoxyamine.

3.3.2. Nitroxide Mediated Miniemulsion Polymerization of IBOMA/C13MA Using Amphiphilic
Macroalkoxyamines

The macroinitiators were subsequently used for the nitroxide mediated miniemulsion polymerization of
IBOMA, C13MA or IBOMA/C13MA with the mixture of 50:50 1294l \\/e investigated the effect of

[C13MA]g

different reaction conditions, reaction temperatures and monomer compositions on polymerization kinetics
and latex stability. Table 3.2 lists the experimental conditions and kinetic results of polymerizations. For
all the experiments, we set the same target molecular weight (Mnarger = 45000 g mol?) and initial
macroinitiator concentration ([M1]o = 0.005 mol L). Apparent rate constant of polymerization (kp[P*]),
was measured from the slope of kinetic plots (In((1-X)™) versus reaction time) in the first 60 minutes of

polymerization. The results are discussed in detail in the following sections.

Table 3.2. Experimental conditions and Kinetic results for nitroxide- mediated miniemulsion

polymerization of IBOMA/C13MA using SG1-based amphiphilic macroinitiators.

DOWFAX
. gagp |\ nexadecane oo IMIbpoma), [CIMAT AN e g [pef
Experiment ID Wit%): (kg mol?) X¢ (%) (M) 0 v D (°C)  (10° s
(Wt9%)? (M) M (M)
IBOMASD/ANIO-L 0 372 317 0005 0972 0 0108 185 90 9+08
IBOMAYD/AN10-2 O 0.8 356  49.3 0005 0.965 0 0107 184 90 23+63
IBOMAYU/AN10-3 2 0 442 889 0005 0956 0 0106 166 90 38+09
IBOMASO/ANL0-4 2 0.8 408  97.7 0005 0.948 0 0105 171 90 52+32
IBOMAYU/ANIO-5 2 0.8 417 928 0005 0948 0 0105 219 80 48+40
IBOMAYO/AN10-6 2 0.8 414 943 0005 0948 0 0105 1.89 100 148+10.7
IBOMASU/ANLO-T 0.8 279 617 0005 0972 0 0108 18 90 132401
C13MAQO/ANLO 2 0.8 395 883 0005 O 0770 0086 219 90 21%01
IBOMAJ5/C13MA
O 2 0.8 439  9l4 0005 0425 0425 0094 216 90 33+0.8

awt% based on the weight of all monomers.
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b final number average molecular weight (Mninat) and dispersity of polymer chains (5) measured by GPC with PMMA standards in THF at 40
°C.

¢ monomer conversion (X) were measured gravimetrically.

4 Initial concentration of macroinitiator (mol L),

¢ Reaction temperature (°C).

f Apparent rate constant of polymerization, measured from the slope of In((1-X)™1) versus reaction time in the first 60 minutes of polymerization.

Error bars were calculated based on the standard error for each slope (linear fit of semi-logarithmic plot).

9 Nitroxide mediated miniemulsion polymerization of IBOMA/AN with the initial molar ratio of 90:10 [mol/mol]. 10 mol% AN was added as

the controlling comonomer. The polymerization was initiated by p(OEGMA-stat-AN) macroinitiator (Mn = 7200 g mol* and D = 1.24).

h The polymerization initiated by p(OEGMA-stat-S) macroinitiator (Mn = 5500 g mol* and B = 1.19).
3.3.2.1 The Effect of Controlling Comonomers on the Efficiency of Macroinitiators
To study the effect of the comonomers (AN or S) on the ability of the macroinitiator to chain extend to
form a second block, NMP was carried out in miniemulsion for IBOMA (90 mol%) /AN (10 mol%)
monomer mixtures (experiment IBOMA90/AN10-4 (use of a p(OEGMA-stat-AN) macroinitiator) versus
IBOMA90/AN10-7 (use of a p(OEGMA-stat-S) macroinitiator). Figure 3.2 shows a) the semi-logarithmic
kinetic plots versus polymerization time and b) M, versus conversion. Using p(OEGMA-stat-S)
macroinitiator, the miniemulsion polymerization of IBOMA/AN stopped after 12 minutes as the latex lost
its stability and the coagulation and precipitation of particles occurred in the early time. It seems that S
increased the hydrophobicity of macroinitiator and reduced the efficiency of surfactant macroinitiator to
stabilize the system. The lack of stability for the latex containing p(OEGMA-stat-S) macroinitiator is
reflected in the P of the starting point of polymerization (t=0, ® = 2.9). Therefore, p(OEGMA-stat-AN)
macroinitiator was used for the next series of studies in miniemulsion.
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Figure 3.2. The effect of changing comonomers (AN or S) of macroinitiator on copolymerization of
IBOMAV/AN (fano=0.1) (a) Kinetic plots of In((1-X)?) (X= monomer conversion) versus reaction time (b)
Number average molecular weight M, and B versus conversion (X). IBOMA90/AN10-4 (filled circles, ®);
IBOMA90/AN10-7 (open triangles, A).
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3.3.2.2. The Effect of Surfactant and Co-stabilizer On the Stability and Kinetics of Polymerization
Having identified the p(OEGMA-stat-AN) as the macroinitiator that cleanly chain extended a mixture of
IBOMA/AN in miniemulsion, optimization around this point ensued. This involved conducting the
miniemulsion polymerizations with and without the addition of surfactant (DOWFAX 8390) and co-
stabilizer (n-hexadecane). IBOMA90/AN10-1 was prepared without using any additional surfactant or co-
stabilizer. IBOMA90/AN10-2 (no surfactant), IBOMA90/AN10-3 (no co-stabilizer) and IBOMA90/AN10-
4 (with surfactant and co-stabilizer) were also prepared with the same experimental conditions (same initial
monomer composition, Mnarget = 45 kg mol™, T =90 °C and same preparation steps), but with different the
surfactant and co-stabilizer content. Hereinto, the amount of DOWFAX 8390 surfactant and n-hexadecane
co-stabilizer were considered to be 2 and 0.8 %wt based on the monomer charged. The results indicate that
addition of both 2 %wbm (wt% based on monomers) of DOWFAX 8390 and 0.8 %wbm of n-hexadecane,
increased the apparent rate constant (kp[P*]) from 9x10° s to 52x10° s (Table 3.2), while maintaining
the control over the polymerization. According to Figure 3.3 (a) and (b), we conclude that the addition of 2
%wbm of surfactant is necessary to stabilize the miniemulsion and enhance the control over the
polymerization. Addition of small amount of n-hexadecane (0.8 %wbm) as the stabilizer increases the
polymerization rate, decreases the B and the M, increases linearly with conversion. Therefore, 2 %wbm of

DOWFAX and 0.8 %wbm of n-hexadecane were used for the next series of syntheses.
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Figure 3.3. The effects of adding surfactant and stabilizer on copolymerization of IBOMA/AN (fan o =
0.1) (a) Kinetic plots of In((1-X)™) (X= monomer conversion) versus reaction time (b) Number average
molecular weight M, and B versus conversion (X). IBOMA90/AN10-1 (filled circles, e);
IBOMA90/AN10-2 (filled triangles, A); IBOMA90/AN10-3 (open circles, 0); IBOMA90/AN10-4 (open
triangles, A).
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3.3.2.3. The Effect of Reaction Temperature on the Kinetics of Polymerization

Next, the effect of temperature on the polymerization of IBOMA and AN was investigated for three
different temperatures of 80, 90 and 100 °C (Figure 3.4). For all reaction temperatures, a linear kinetic trend
was observed in semi-logarithmic Kinetic plots versus reaction time in the beginning of the reaction (t < 50
min). However, the irreversible terminations occurred at higher rates for polymerizations at 80 or 100 °C.
The un-controlled increase of Mys with X was also observed for polymerizations at 80 and 100 °C. At 100
°C, the polymerization rate was high (kp[P*] = 148 + 11 x10° s%) and the reaction stopped after 67 min
resulted in an uncontrolled polymerization. The uncontrolled polymerization at 100 °C could also be due
to the reaction temperature higher than the lower critical solution temperature (LCST) of macroinitiators.
For comparison, LCST of 84-90 °C was reported for OEGMA-based homopolymers.1®* 1% The
polymerization rate at 80 °C was lower than 90 °C (kp[P*] = 48 + 4 x10° s and 52 + 3 x10° s at 80 and
90 °C, respectively) and the reaction time was the longest (210 min). The low reaction temperature (80 °C)
caused low dissociation rate of nitroxide and higher termination events.?® However, the polymerization at
80 °C was uncontrolled with a sigmoidal trend of M, versus X and resulted in polymers with high
dispersities (D up to 2.25). The lowest Ds were at 90 °C (P =~ 1.71~1.82) and the M, versus X showed a
good resemblance to the theoretical line with dominance of termination events at high conversions (X >
92%). Hence, the reaction temperature of 90 °C was chosen for the NMP of IBOMA/C13MA using
p(OEGMA-stat-AN) macroinitiator.
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Figure 3.4. The effect of temperature on nitroxide mediated miniemulsion polymerization of IBOMA/AN
(fano = 0.1) (a) Kinetic plots of In((1-X)) (X= monomer conversion) versus reaction time (b) Number
average molecular weight M, and B versus conversion (X). IBOMA90/AN10-5 (T= 80 °C, filled circles,
e); IBOMA90/AN10-4 (T=90 °C, gray triangles, a); IBOMA90/AN10-6 (T= 100 °C, open diamonds, ¢).
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3.3.2.4. Nitroxide Mediated Miniemulsion Polymerization of IBOMA/C13MA Mixtures Using
P(OEGMA-stat-AN) Macroinitiator

Nitroxide mediated miniemulsion polymerization of IBOMA/C13MA/AN mixtures (10 mol% AN as the
controlling comonomer) was conducted using p(OEGMA-stat-AN) macroinitiator (M, = 7200 g mol, b =
1.24), 2 %wbm of DOWFAX 8390 and 0.8 %wbm n-hexadecane at 90 °C. Figure 3.5 shows a schematic
representation of the miniemulsion polymerization of IBOMA/C13MA/AN. The kinetic plots were linear
in all cases up to ~ 100 min and slightly deviated at t > 100 min (Figure 3.6 (a)). The polymerization rate
increased by increasing the ratio of [IBOMA]o/[C13MA]o and these kinetic results are summarized in terms
of the slopes of In((1-X)?) versus time (kp[P*]). Figure 3.6 (b) indicates that M, increased linearly with
conversion and remained relatively close to the theoretical prediction line for all polymerizations studied.
However, the final Bs of samples were high (1.71 < B < 2.19) and the D increased by decreasing the ratio
of [IBOMA]o/[C13MA]o in the miniemulsion. This might be due to the long aliphatic chains of CL3MA,
which caused the formation of particles early in the nucleation stage. The high B for polymers prepared by
chain extension of amphiphilic macroinitiators was expected, probably due to chain transfer reaction and
higher termination rate compare to the polymerizations with alkoxyamines such as BB. The high B was
also observed in similar studies on NMP using amphiphilic macroinitiators.’?® As an example, Delaittre et
al*! synthesized poly(S) (B = 2, M, = 100 kg mol?) by nitroxide mediated emulsion polymerization using
SG1-terminated poly(acrylic acid) macroinitiator (B = 1.17, M, = 1900 g mol?) at 120 °C and 3 bar
pressure, though the particle size was considerably smaller (particle size = 65 nm). Dire et al'’® also
observed P > 2 for the NMP of methyl methacrylate using SG1-based methacrylic acid macroinitiator in
emulsion. Another reason could be the use of AN, which is a partially water-soluble controlling comonomer
for the NMP of methacrylates using BB.*® Consequently, some of the AN monomers may not be available

inside the monomer droplets to control the polymerization rate, resulting in a relatively high D (b >1.7).
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Figure 3.5. Miniemulsion polymerization of IBOMA/C13MA using p(OEGMA-stat-AN) macroinitiator

in presence of DOWFAX 8390 and n-hexadecane at 90 °C. Amphiphilic macroinitiators were synthesized

and dissolved in the agueous phase prior to miniemulsion polymerization.
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Figure 3.6. The miniemulsion polymerization of different ratios of IBOMA/C13MA/AN using p(OEGMA-
stat-AN) macroinitiator (a) Kinetic plots of In((1-X)™) (X= monomer conversion) versus reaction time (b)
Number average molecular weight M, and B versus conversion (X). IBOMA90/AN10-4 (filled circles, ®);
C13MA90/AN10 (gray triangles, a); C13MA/IBOMA45/AN10 (open diamonds, Q).

Figure 3.7 demonstrates the GPC peaks shift for the chain extension of p(OEGMA-stat-AN) macroinitiator
with IBOMA/AN (figomao = 0.9) and CI3MA/AN (fc13ma0 = 0.9) at 90 °C. The ability of the chains to
re-initiate a second batch of monomer was observed by seeing the GPC peaks shift toward higher molecular

weights with monomer conversion, with very little dead macroinitiator observed.
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Figure 3.7. Molecular weight distribution of polymers for chain extension of p(OEGMA-stat-AN)
macroinitiator with (a) IBOMA90/AN10-4 (fisoma o= 0.9) and (b) CL3MA90/AN10 (fcismao= 0.9).

3.3.3. Particle Size and Colloidal Stability of IBOMA/C13MA Polymer Latexes

Figure 3.8 illustrates the Z-average particle size of the latex samples as measured with DLS. Initially, we
studied the effect of addition of co-stabilizer (n-hexadecane) and surfactant on particle size. For the
IBOMA90/AN10-1 experiment (without surfactant or co-stabilizer), the particle size varied from 0.5-2 um.
The p(OEGMA-stat-AN) macroinitiator acted as a dual surfactant/initiator and stabilized the miniemulsion.
The particle size decreased during the polymerization, indicating the transition from monomer droplets to
polymer particles. As the polymerization progressed, the nonionic macroinitiator was not able to provide

as effective stabilization and the particles started to coagulate and precipitate. This resulted in an
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uncontrolled polymerization for the IBOMA90/AN10-1 experiment. In the IBOMA90/AN10-2 experiment,
0.8 wt% hexadecane (relative to the monomers), was added to the organic phase to aid the stability of the
colloid. Consequently, the monomer droplet size decreased significantly (from 2050 nm for
IBOMA90/AN10-1 to 656 nm for IBOMA90/AN10-2). However, the macroalkoxyamines were unable to
stabilize the colloids and coagulation still occurred at higher conversions. Addition of 2 wom% DOWFAX
for IBOMA90/AN10-3 experiment (without n-hexadecane) and IBOMA90/AN10-4 (with 0.8 wbm% n-
hexadecane) along with the amphiphilic macroinitiator, provided much better colloidal stability for the
miniemulsion polymerization, especially at higher conversions. For these two experiments, the particle size
steadily decreased during the polymerization, and limiting to about 200-300 nm after 30 minutes. The
particle size dispersity was high for most of the samples, which indicates the presence of particles with
multiple size distributions.’®” This phenomenon can be ascribed to using two different surfactants
(DOWFAX 8390 and amphiphilic macroinitiator) to stabilize the system. Further, the macroinitiator’s
solubility in the aqueous phase may not have been sufficiently high to avoid droplet nucleation. It was
possible that macroinitiator molecules were engulfed into the bulk of the monomer droplets to initiate the
polymerization and were not acting as surfactants at the interface. Similarly, Nicolas et al®® observed broad
particle size distribution for nitroxide mediated miniemulsion polymerization of n-butyl acrylate and S
using an SG1-based water-soluble alkoxyamine (synthesized from BB and tri(ethylene glycol) diacrylate)
and DOWFAX 8390 surfactant. The particle size versus reaction time is shown at different temperatures of
80, 90 and 100 °C (Figure 3.8 (b)) and the particle size for polymerization of IBOMA, C13MA and 10
mol% AN (controlling monomer) is depicted in Figure 3.8 (c). Using the macroinitiator, the particle size in
all experiments except for IBOMA90/AN10-6, decreased drastically in the first 45 minutes of the reaction
and stayed quite constant until the end of polymerization. This occurred due to the disappearance of

monomer droplets and the formation of polymer particles in the latex.
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Figure 3.8. (a) Average particle size versus reaction time. IBOMA90/AN10-1 (filled circles, e);
IBOMA90/AN10-2 (filled triangles, a); IBOMA90/AN10-3 (open circles, 0); IBOMA90/AN10-4 (open
triangles, A). (b) The effect of reaction temperature on particle size during the copolymerization of
IBOMA/AN monomers using p(OEGMA-stat-AN) macroinitiator, 2 %wbm DOWFAX 8390 and 0.8
%wbm n-hexadecane. IBOMA90/AN10-5 (filled circles, o); IBOMA90/AN10-4 (gray triangles);
IBOMA90/AN10-6 (open diamonds, ¢). (¢) Z-average particle size for IBOMA/C13MA/AN
polymerization with time using p(OEGMA-stat-AN) macroinitiator, 2 %wbm DOWFAX 8390 and 0.8
%wbm n-hexadecane. IBOMA90/AN10-4 (filled circles, ®); C13MA90/AN10 (gray triangles, A);
IBOMAA45/C13MA45/AN10 (open diamonds, 0).

The adsorption of surfactant on the surface of polymer particles directly affects the colloidal stability.'* As
the anionic surfactant (DOWFAX 8390) was used to stabilize the latex, the surface charge of polymer

particles was negative. To quantify the surface charge of the particles, zeta-potentials were measured for

36



the IBOMA/C13MA experiments (Table 3.3). The zeta-potential values were between -38 to -43 mV,
suggesting a high degree of stability for the particles.'*

Table 3.3. Zeta-potential and final particle size for the polymer particles in miniemulsion.

Experiment ID Final particle size PDI?® Zeta potential
(nm)* (mv)®
IBOMA90/AN10-4 157 0.345 -43.0
C13MA90/AN10 221 0.160 -39.8
IBOMA45/C13MA45/AN10 185 0.122 -38.3

a Z-average particle size and dispersity of the polymer particles in latex measured by DLS at room
temperature. The reported results are the average of 5 measurements.
b Zeta potential results for polymer latexes (pH = 7).

3.3.4. Thermal properties of IBOMA/C13MA Polymers Prepared in Miniemulsion

To investigate the effect of OEGMA-based macroinitiator on thermal properties of IBOMA/C13MA/AN
copolymers, TGA and DSC were performed on IBOMA90/AN10-4, C13MA90/AN10 and
IBOMA45/C13MA45/AN10 samples and the results were presented in Table 3.4. Polymer compositions
were listed in Table 3.4 (Figure 3.52 in Supplementary Information, shows the polymer composition of
IBOMA45/C13MA45/AN10). Theoretical glass transition temperature (Tgmeo) for the samples were
estimated by the Fox equation, neglecting the effect of p(OEGMA-stat-AN) macroinitiator?®:

5w, (1 - T%;—“) — 0 (3.1)

gi

where w; corresponds to the mass fraction of monomers and Ty is the Ty of the individual homopolymers
prepared from the monomers. Herein, Tgisoma = 110 °C?62201 T ciama = -46 °C?01202 and Ty an = 95 °C2L
203 were taken as the literature values to calculate the Tgmeos Of polymer samples. The measured Tqs were
slightly lower than TgneoS, Suggesting a decrease in Tgs due to the existence of residual n-hexadecane in
polymer samples.?%* 205 Fyurthermore, initiation with p(OEGMA-stat-AN) macroinitiators can also lower
the Tgs due to the presence of OEGMA (Tq OEGMA homopolymer (Tgpoecma)) = -60 to -53 °C26-20%) as
part of the copolymer. The Tgs increased with increasing the IBOMA content in polymers. A Tr at -19 °C
was detected for the C13MA-rich polymer. It should be noted that a T for co/terpolymers with high
C13MA content was observed in previous studies.'®> 2% Table 3.4 shows the decomposition temperature
for 10% weight loss (Tgec1), decomposition temperature for maximum weight 10sS (Tgecmax) and
decomposition temperature at the end of measurement (Tgec2) for IBOMA90/AN10-4, C13MA90/AN10
and IBOMA45/C13MA45/AN10. Figure 3.9 presents the TGA traces for the polymers. From these results,
degradation of polymers containing IBOMA occurred in two stages, due to the formation and elimination

of camphene at temperatures above ~ 300 °C.162 211,212
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Table 3.4. Thermal characterization of IBOMA/C13MA/AN polymers starting from p(OEGMA-stat-
AN) macroinitiator prepared by NMP in miniemulsion.

M final ©

: Tmal Tga Tg,theob Tdec,lc Tdec,maxc Tdec,Zc d ' -

Experiment ID °C) (C) (*C) (°C) (C) (°O) Fisoma® Fciama Foecma (k91;n0|
IBOMA90/AN10-4 - 109 110 227 281 463 0.86 0 0.07 40.8
C13MA90/AN10 -19 -44  -42 225 371 470 0 0.84 0.08 39.5
IBOMAA45/C13MA45/AN10 - -3 9 229 293 479 041 045 0.10 43.9

& Tm (melting point) and Tq (glass transition temperature) measured by DSC under nitrogen atmosphere using (heat/cool/heat)
method in the temperature range of -80 to 140 °C. The heating rate of 15 °C min and cooling rate of 50 °C min-* was considered
for the measurement.

b Ty.meo (theoretical glass transition temperature) estimated by Fox equation.?%

¢ Decomposition temperatures (Tdecs) measured by TGA under nitrogen atmosphere at a heating rate of 15 °C min-t. Taec,1 (Tdec for
10% weight loss or onset of decomposition), Tdecmax (Tdec at which highest weight loss occurs) and Tdec2 (Tdec at the end of
decomposition).

4 Molar fraction of IBOMA in polymer composition, determined by *H NMR in CDCls. 'H NMR spectra for
IBOMA45/C13MA45/AN10 is available in Figure 3.S2 (Supplementary Information).

¢ Final number average molecular weight (Mnina) and dispersity of polymer chains (£) measured by GPC with PMMA
standards in THF at 40 °C.

——IBOMA90/AN10-4
100 | —— IBOMAA45/C13MA45/AN10
——C13MA90/AN10
80 |
S
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Figure 3.9. TGA thermograms for IBOMA90/AN10-4 (—, black line), IBOMA45/C13MA45/AN10 (—,
blue line) and C13MA90/AN10 (—, red line) samples under nitrogen with heating rate of 15 °C min™.

3.4. CONCLUSIONS

In this study, nitroxide mediated miniemulsion polymerization of two bio-based methacrylic monomers (in

presence of 10 mol% AN controlling comonomer), using SG1-terminated amphiphilic macroinitiators, was
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investigated. Isobornyl methacrylate (IBOMA) and C13 alkyl methacrylate (C13MA) were the
hydrobphobic monomers studied. Two different macroinitiators were synthesized from poly (ethylene
glycol) methyl ether methacrylate (OEGMA, Mnawerage = 500 g mol™?) by changing the controlling
comonomer (AN or S, 10 mol%) with the former being more effective in providing the control of the
miniemulsion polymerization of IBOMA/C13MA in terms of linear growth of M, with conversion and low
D. The p(OEGMA-stat-AN) macroinitiator was used as the sole surfactant/initiator for the miniemulsion
polymerization of the IBOMA or C13MA; but the best colloidal stability and control over the
polymerization was accomplished in the presence of 2 wt% DOWFAX 8390 surfactant and 0.8 wt% n-
hexadecane co-stabilizer (based on the weight of monomers). IBOMA/AN polymers with & = 1.71 were
successfully synthesized (X = 97.7%, Mn = 40.8 kg mol™). Subsequent temperature optimization studies
revealed best polymerization control in terms of lower dispersity, occurred at 90 °C. After finding the
optimal experimental conditions, the NMP of C13MA or IBOMA/C13MA with the mixture of 50:50
IBOMAlo \yas also conducted in presence of p(OEGMA-stat-AN) macroinitiator, 2 wbm% DOWFAX and

[C13MA]0

0.8 wbm% n-hexadecane in miniemulsion at 90 °C. As a result, polymers with Mys up to 43.9 kg mol?, B
< 2.19 and 88.3% < X < 91.4% were produced, with good colloidal stability (-38 mV < { potential < -43
mV). Finally, the thermal properties were investigated revealing that increasing the IBOMA content
increased the T, of the polymers and was characterized by a two-stage decomposition by TGA analysis.
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Preamble to Chapter 4

In the previous chapter, IBOMA/C13MA copolymers were synthesized by NMP using SG1-based
amphiphilic macroinitiators in miniemulsion. This method employed a two-stage process where the
macroinitiators were prepared by NMP in homogeneous organic solvent (toluene) and then purified before
being employed as a macroinitiator for the miniemulsion polymerization of two bio-based monomers. In
this chapter, we simplified the miniemulsion polymerization process by using a more recently developed
Dispolreg 007 alkoxyamine. This nitroxide is unique in that its synthesis is relatively easy to scale up but
also because it does not need a controlling co-monomer to polymerize methacrylates, which has always
been a prominent issue with NMP. In this chapter, the Dispolreg 007 was solubilized inside the monomer
droplets, which formed a miniemulsion for the polymerization of IBOMA/C13MA monomers. However,
before proceeding to the miniemulsion, the polymerization of IBOMA/C13MA was investigated in
homogeneous toluene solution to understand how Dispolreg 007 controlled these specific monomers (in
homogeneous or binary copolymerization). After confirming the good control of the polymerization of
these methacrylic monomers in organic solvent (M, up to 27.3 kg mol™ and 1.39 < b < 1.66), miniemulsion
was successfully applied (M, up to 67.9 kg mol! and 1.50 < P < 1.73). By changing the ratio of
IBOMA/C13MA in the initial monomer mixture, the effect of composition on thermal properties of the
polymers was studied, and illustrated that IBOMA/C13MA copolymers with a wide range of glass transition
temperatures can be produced. This study showed that the IBOMA/C13MA copolymers can be used as a
backbone structure for preparation of more functionalized polymers in the succeeding chapters. This
chapter was published in Industrial & Engineering Chemistry Research, 59 (19), 8921-8936, 2020.
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Chapter 4: Nitroxide Mediated Miniemulsion Polymerization of Bio-

based Methacrylates

ABSTRACT

Nitroxide-mediated homo and statistical copolymerization of commercially available methacrylates derived
from sustainable feedstocks (isobornyl methacrylate (IBOMA) and a mixture of methacrylic esters with
average alkyl side chain length = 13 units (termed C13MA)) was conducted in organic solvent (toluene)
and in dispersed agueous media using an oil-soluble unimolecular initiator (Dispolreg 007) without any
controlling comonomers in a controlled manner. IBOMA homopolymerization in emulsion at 83-100 °C
revealed the optimal polymerization temperature of 90 °C giving relatively narrow molecular weight
distributions (1.46< dispersities (D) <1.58) and conversion up to 83% in a relatively short time (2 hours).
IBOMA/C13MA statistical copolymerizations yielded copolymers with tunable glass transition
temperature (Tg) prepared in emulsion (-52 °C < T4 <123 °C) and in organic solvent (-40 °C < T4 < 169
°C). Resins made in emulsion at 90 °C proceeded up to 92.7% conversion with monomodal molecular
weight distributions (M,, up to 68000 g mol* and B = 1.62 - 1.72) and were colloidally stable (24% solids
and final average particle sizes = 270-481 nm). Furthermore, chain end fidelity was verified by chain
extensions with IBOMA and C13MA monomers in both emulsion and organic solvent. These results
constitute a readily scalable route to make polymers via nitroxide mediated polymerization with controlled
architecture using bio-based feedstocks without the hazards of bulk or homogeneous organic solvent

polymerization.
4.1. INTRODUCTION

During the last couple of decades, there has been a high demand for developing industrially scalable
polymerization processes to obtain materials with specific properties using controlled radical
polymerization?®215, A controlled polymerization is considered akin to a living polymerization, which
forms well-defined microstructures and produces polymers with narrow molecular weight distribution,
displays a linear degree of polymerization versus conversion and active chain ends® %, To answer the
demand for robust polymerization processes while controlling microstructure, reversible deactivation
radical polymerization (RDRP), sometimes known as controlled radical polymerization (CRP), like
nitroxide-mediated polymerization (NMP)?- 2, reversible addition-fragmentation chain transfer (RAFT)
polymerization” 2!* and atom transfer radical polymerization (ATRP)!! 18 215 has been offered as one

possibility. The main characteristics of all CRP methods include relatively narrow molecular weight
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distribution and active polymer chain ends?, traits typically exhibited by truly living polymerizations.
Unlike living polymerizations, CRP can be readily done in dispersed aqueous media 2 476427 |n particular,
NMP possesses some distinctive attractive features. For example, NMP often simply relies on an
alkoxyamine and heat to start a polymerization. Unlike traditional RAFT and ATRP, it does not suffer from
discoloration issues or unpleasant odor from any metallic ligands or sulfur-based chain transfer agents,
thereby eschewing exhaustive post-polymerization treatments to remove residual catalysts or other
reagents*” 28, It should be noted that the advent of single electron transfer-living radical polymerization
(SET-LRP), activators regenerated by electron transfer (ARGET ATRP), non-metal ATRP methods and
novel RAFT agents have been reported to address discoloration and odor issues 2% 21219228 ' At first, NMP
was very limited, restricted to the synthesis of styrenic-based polymers®. However, NMP was improved
dramatically due to the development of new alkoxyamines. Benoit et al.?® 1%° developed alkoxyamines
based on 2,2,5-tri-methyl-4-phenyl-3-azahexane-3-nitroxide (TIPNO), which can be used for the controlled
polymerization of a wide range of monomers at lower temperatures. Further improvement occurred by the
introduction of  N-tert-butyl-N-[1-diethylphosphono-(2,2-dimethylpropyl)] (SG1) nitroxide. A
commercially available SG1-based alkoxyamine, N-(2-methylpropyl)-N-(1-(diethylphosphono-2,2-
dimethylpropyl)-O-(2-carboxylprop-2 yl)hydroxylamine) BlocBuilder-MA™ (termed herein as BB, from
Arkema) has enabled homopolymerization of acrylates and acrylamides and under certain conditions,
methacrylates (Figure 4.1(a) shows the chemical structure of BB) 2% 20 281 The polymerization of
methacrylates using BB is problematic because of the high activation/deactivation equilibrium constant (K)
of methacrylates and the cross-disproportionation effect 17217232 To overcome this, the copolymerization
method first described by Charleux and coworkers'’* was applied, where methacrylates are copolymerized
with a small amount of comonomer with a very low K such as styrene'’ 233 acrylonitrile (AN)?3+ 2% 9-(4-
vinylbenzyl)-9H-carbazole?®® 27 or other styrenic derivatives®® 238 2% Ag a result, the average K, (K), of
the polymerization decreases and control is enhanced, accordingly!’2. Synthesizing an alkoxyamine
applicable for a wide range of monomers, with low dispersity, low reaction temperature and active chain
ends has always been challenging?-2#2, Recently, Ballard et al. % 2° reported a new group of alkoxyamines
such as 3-(((2-cyanopropan-2-yl) oxy) - (cyclohexyl) amino)-2, 2-dimethyl-3-phenylpropanenitrile
(Dispolreg 007), that enabled homopolymerization of methacrylates without any comonomer at
temperatures < 100 °C and allowed clean cross-over from a methacrylic block to a styrenic block. These
conditions also enabled clean homopolymerization of methacrylates in emulsion or suspension media?® 243,
This initiator is used in our study to control the polymerization. Figure 4.1(b) depicts the chemical formula

of the Dispolreg 007 alkoxyamine.
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Polymerization in dispersed aqueous media has advantages over solution or bulk polymerization methods.
Bulk polymerization often results in highly viscous mixtures with attendant autoacceleration effects 24,
Solution polymerizations decrease viscosity but introduce issues regarding the removal of solvent. Using
water as the continuous phase decreases the viscosity of the solution and improves heat transfer effects *°.
Further, such emulsions do not possess volatile organic compounds (VOC) which makes them a perfect
choice for many indoor applications®* 2, NMP of methacrylates has been done in suspension?®,
emulsion®%-%2, miniemulsion ** 8 246 and microemulsion!®® 247, These variants all have merits and
detractions. Suspension polymerization is simple to implement industrially but its possible lack of colloidal
stability, high tendency for agglomeration and low compartmentalization of nitroxide and radicals may pose
problems towards obtaining resins with desirable properties 76 % 101 In emulsion systems, partitioning of
reactants reduces the control over the polymerization. In addition, microemulsion polymerization requires
high surfactant concentrations and very high shear treatments and usually low monomer content (in the
range of 1~10 wt%), which directly affects the polymer structure and reduces its applicability 24 9698 247,
Miniemulsion techniques have been cited with many advantages''# 2% 249, Reactions in miniemulsions
occur inside monomer droplets (50~1000 nm) where transportation of monomers is not an issue and
compartmentalization effects allow very high conversion while maintaining low dispersity, viscosity and
high colloidal stability?®: 4757 80. 122,250,

Shunning organic solvent in favour of water is one example of applying the principles of green chemistry;
using sustainably-sourced monomers in place of petro-based ones is another key component, which is the
additional focus of this work 21253, In organic solvents, NMP, RAFT and ATRP methods have been used
with bio-based monomers 164 182 254258 Recently, Noppalit et al.’®® studied the nitroxide-mediated
miniemulsion polymerization of bio-based tetrahydrogeraniol methacrylate and cyclademol methacrylate
using Dispolreg 007. In the present study, NMP of commercially available bio-based isobornyl
methacrylate (Terra Visiomer IBOMA from Evonik) and C13 methacrylate (methacrylic ester 13.0,
C13MA, from Evonik) was conducted in organic solvent and then in emulsion. IBOMA is derived from
pine sap (produced by the reaction of camphene and methacrylic acid; the camphene was made by
isomerization of terpenes derived from pine sap'’®) and contains a bulky bicyclic group to afford high
thermal stability 2> 2% resulting in a high glass transition temperature (Tg ~ 110~200 °C)**?%"%%% and can
be copolymerized with other monomers to improve heat resistance 18 264265, C13MA is obtained from plant
oils and provides flexibility to resins due to its long aliphatic side-chain '”°. The low T, of poly(C13MA) (-
46 °C) is attractive for copolymerization with other monomers to impart flexibility to coatings and
thermoplastic elastomers, for example 20%:26626°. RDRP in emulsion of bio-based monomers was reported

via RAFT, in which Genggeng et al.?”® studied the RAFT emulsion polymerization of renewably-sourced
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y-methyl-a-methylene-y-butyrolactone monomers. We also attempted to minimize or eliminate catalysts,
agents, organic solvents and purification steps while maintaining the control of the polymerization and
ultimately properties. In addition, moderate reaction temperature was applied for the initiation and
polymerization which reduces the energy consumption. In the succeeding sections, we aim to translate the
NMP of IBOMA and C13MA into a process in dispersed aqueous media with the requisite ability to make

statistical and block copolymers. The reaction scheme of IBOMA and C13MA initiated by Dispolreg 007
is summarized in Figure 4.2.

a) > b)

0
o 0
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o ? oN
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Figure 4.1. Chemical structures of (a) BlocBuilder™ (b) Dispolreg 007 alkoxyamines.

IBOMA W
Nitroxide-mediated
polymerization
OXOCHZ(CHZ)MCH3
C13MA

CN
NC
%O—N

O Poly(IBOMA-stat-C13MA)

Dispolreg 007



Figure 4.2. NMP scheme describing the statistical copolymer of IBOMA and C13MA monomers by NMP
with the Dispolreg 007 alkoxyamine initiator.

4.2. EXPERIMENTAL SECTION

4.2.1. Materials

Isobornyl methacrylate (IBOMA, >99%, Visiomer® Terra IBOMA) and C13 methacrylate (a mixture of
methacrylic esters with an average chain length of 13 units, methacrylic ester 13.0, C13MA, >99%,
Visiomer® Terra C13-MA) were obtained from Evonik. The monomers were purified to remove the
inhibitor by passing them through a column of basic alumina (Brockmann, Type 1, 150 mesh, Sigma
Aldrich) and calcium hydride (5 wt% relative to basic alumina, 90-95% reagent, Sigma Aldrich).
DOWFAX™ 8390 (alkyldiphenyloxide disulfonate, 35 wt% active content, from Dow Chemical) and n-
hexadecane (99%, Sigma Aldrich) were used as received. 3-(((2-Cyanopropan-2-yl) oxy) - (cyclohexyl)
amino)-2, 2-dimethyl-3-phenylpropanenitrile (Dispolreg 007) was synthesized using Ballard et al.’s
procedure?®®. Methanol (MeOH, >99%), tetrahydrofuran (THF, 99.9%, HPLC grade) and toluene (>99%)
were purchased from Fisher Scientific and used as received. The deuterated chloroform (CDCls, >99%)
was received from Cambridge Isotopes Laboratory for *H NMR tests. All the reactions were conducted

under nitrogen atmosphere with high purity (99.99%, Praxair).

4.2.2. Methods

Molecular weight distribution of samples were determined by gel permeation chromatography (GPC,
Waters Breeze) relative to PMMA standards without any filtration or purification at 40 °C. Three Waters
HR Styragel® GPC columns (HR 1 with molecular weight measurement range of 102 -5 x 10° g mol*, HR
2 with molecular weight measurement range of 5 x 10? — 2 x 10* g mol* and HR 4 with molecular weight
measurement range of 5 x 10° — 6 x 10° g mol~, for THF solvent) and a guard column were used. Samples
were diluted in THF (HPLC grade) to a concentration of approximately 5 mg ml?. To measure the Z-
average particle size of samples, dynamic light scattering (DLS), was performed using a Malvern Zetasizer
Nano- ZS. This instrument was equipped with a 4 mW He—Ne laser at 633 nm and an avalanche photodiode
detector. The measurement angle was 173° and temperature was at 25 °C. The samples were diluted to the

concentration of 0.01-1000 mg ml (10 — 1 % mass) to prepare them for particle size measurement.

Conversions were determined by *H NMR (Varian NMR Mercury spectrometer, 300 MHz, 32 scans, using
CDCl; deuterated solvent) for samples from solution polymerization and gravimetrically for emulsion
samples. The final composition for all the polymer samples were also measured by *H NMR using the same

conditions.
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To measure the conversions gravimetrically, the samples were dried under ambient conditions in a fume
hood for one day and then dried completely for 12 hours under vacuum at room temperature. The dried
samples were dissolved in a small amount of toluene and methanol was added to the vials to precipitate the
polymer. The supernatant was decanted from the vials to separate the unreacted monomers from the
polymers in each sample. Finally, the samples were dried again at atmospheric pressure and room
temperature for 12 hours and then dried completely for another 12 hours under vacuum. The same procedure
was done for all the copolymers produced in emulsion to prepare them for further mechanical and thermal
studies. The conversion was calculated from the Equation (4.1) for all the emulsion samples:

X = Myprecipitated Msolution | 100 (41)

Msample Msolute

where X is the monomer conversion (%); Mprecipitatea 1S the mass of the sample after the drying and
precipitation process; msempie 1S the mass of sample before drying (the samples were directly taken from
the latex); mg,ce €quals the sum of the masses of the monomers, surfactant, costabilizer and initiator in

the latex; and m,ytion 1S the overall mass of the prepared latex. (In this study, Dsolution — 4). To determine

Msolute

the conversion via 'H NMR results, Equation (4.2) was used:

X= XIBOMAfIBOMA,O + XClBMAfClBMA,O (42)

where Xigoma and Xcq3ma are the individual conversions of IBOMA and C13MA monomers, respectively
while figomao and fc13ma o are the initial molar fractions of IBOMA and C13MA monomers in the system
(a sample *H NMR spectra for copolymerization of IBOMA and C13MA in toluene is available in

Supplementary Information).

Thermogravimetric analysis (TGA) was carried out for all of the samples (previously dried as indicated
above) using a TA Instruments TGA Q500TM under nitrogen flow at a ramp rate of 15 °C min* from 25
to 500 °C in aluminium pans to find the decomposition temperature (T). Differential scanning calorimetry
(DSC, Q2000TM from TA Instruments) was performed under nitrogen to obtain the glass transition
temperature (T4) of samples. The three scans per cycle (heat/cool/heat) method was used at a heating rate
of 15 °C min and cooling rate of 50 °C min in the temperature range of -90 to 170 °C to calculate Tgs

using the inflection method.

Powder X-ray diffraction (PXRD) was carried out to assess crystallinity of the samples. A Bruker D2
Phaser diffractometer equipped with a LynxEyr linear position sensitive detector (Bruker AXS, Madison,
W1, USA) and Ni-filtered CuKo. radiation tube was used for this study. The voltage was 40 kV and the
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current was 40 mA. The results were collected with a step of 0.02° and 0.5 seconds/step in the range of 26

= 4-50°. The fraction of crystalline to amorphous content was calculated based on the peak area ratios.

Tensile tests were performed with an EZ-test-500N Shimadzu tensile tester. All dumbbell-shaped samples
had the necks with approximately 3 mm width and 2 mm thickness and were tested based on ASTM D638
type V271, The samples were extended at a rate of 10 mm min* at room temperature and the reported data

are the average of 5 measurements.

Rheological properties of selected samples were done using isothermal frequency sweeps on an Anton Paar
MCR 302 rheometer from 1 to 1000 Hz with an amplitude of 1% under N, atmosphere at different
temperatures (100, 140 and 150 °C). The measurements were performed in dynamic shearing mode using
parallel plates (diameter = 25 mm) inside a CTD 450 convection oven. To prepare samples for different
measurements, all the polymers were dried completely under vacuum overnight and precipitated in
methanol to remove the unreacted monomers. After the precipitation, samples were dried again under

vacuum for 24 hours at room temperature.

4.2.3. NMP of Isobornyl Methacrylate and C13 Methacrylate in Toluene Using Dispolreg 007
Initiator

To study the Kinetics of polymerization and properties of copolymers with different ratios of IBOMA and
C13MA, all the solution polymerizations were performed in a 15 ml, three-neck round-bottom glass flask
connected to a reflux condenser which had fluid circulating at 3°C (the condenser was filled with a mixture
of ethylene glycol/distilled water (20/80 vol%)). Target average molecular weight for all the studies in
toluene solvent was 25 kg mol™. The bio-based monomers (IBOMA, C13MA or a mixture of them) and
Dispolreg 007 alkoxyamine were dissolved in 50 wt% toluene solvent. The final solution was stirred for 10
minutes and was transferred into the reactor. A thermocouple was placed inside the reactor and connected
to a temperature controller to control the reaction temperature during the polymerization. To provide a
constant mixing in the reactor, a magnetic stir bar was added to the reactor and the reactor was placed inside
a heating mantle on a magnetic stirrer. The reactants were deoxygenated by a purge of ultrapure nitrogen
prior to polymerization for 30 minutes at room temperature. The nitrogen purging continued during the
polymerization. At this point, the system was heated at a rate of about 10 °C.min~! and the time when the
reactor temperature reached 75 °C was taken as the commencement of the reaction. Samples were taken
periodically during the reactions until a prescribed time or when the solution was too viscous to take
samples using the sampling syringe. To stop the reactions, the reactor was removed from heating mantle

and cooled down to room temperature.

47



4.2.4. Chain-Extension of Poly(IBOMA) Macroinitiator with CL3MA

To check the chain end fidelity of polymer chains, chain-extension of poly(IBOMA) macroinitiators were
conducted using a second batch of CI13MA monomer. First, the homopolymerization of IBOMA was
conducted at 100 °C with the same experimental procedure presented earlier. However, the reaction was
stopped at 90 minutes to ensure polymer chains had highly active ends (X=25%, M, = 13.6 kg mol™?, b =
1.47). The macroinitiator was then precipitated in methanol to remove the unreacted monomers. Next,
0.9259 g of poly(IBOMA) macroinitiator (0.068 mmol), CL3MA (2.7777 g, 10.364 mmol) and toluene (50
wt%, 3.7036 g, 40.195 mmol) were mixed for 10 min and added to the reactor. The reactor was sealed, and
the solution was purged with ultra-pure nitrogen for 30 min before the reaction was started by heating up
to the desired temperature. The nitrogen purging continued during the synthesis to avoid the termination
reactions. A temperature of 100 °C and M arget = 40 kg mol™ were used for the chain-extension reaction.
The polymerization continued for 3 hours to synthesize block copolymer of IBOMA and C13MA. Finally,
the reaction was stopped, and the polymer was precipitated in methanol (X=55%, M, = 37.1 kg mol?, b =
1.93, Fisoma = 0.22).

4.2.5. Miniemulsion Polymerization of IBOMA and C13MA Using Dispolreg 007 Initiator

Miniemulsions were prepared based on the formulation in Table 4.1 The My arge for all the studies in
emulsion was set to 45 kg mol*. DOWFAX™ 8390 is a biodegradable ionic surfactant with low volatility
and low sorption to soils, which makes it a good candidate for a green miniemulsion polymerization 272274,
N-hexadecane was added as the costabilizer to the miniemulsion system to inhibit Ostwald ripening and
improve the colloidal stability of latex 2. N-Hexadecane is also biodegradable and it can be extracted from
sustainable bio-sources such as long pepper?’® 2’7, In order to prepare the system for polymerization,
monomers, n-hexadecane and Dispolreg 007 were mixed together for 10 minutes. The aqueous solution
was prepared separately by dissolving DOWFAX™ 8390 as the surfactant in distilled water and stirring it
for 10 minutes. Then, two solutions were mixed together for 15 minutes and the resulting emulsion was
sonicated using a Hielscher sonicator (model UP200S, 50% duty cycle and amplitude 70%) for 10 minutes
in a cold water bath. The final emulsion was added to a 50 ml three-neck round-bottom glass flask
connected to a reflux condenser that was cooled to 3 °C. The condenser was cooled with a mixture of
ethylene glycol/distilled water (20/80 vol%) from a Polyscience recirculating chiller Model MX7LR-20-
Al1B. A thermocouple was placed inside the reactor and connected to a temperature controller to control
the reaction temperature during the polymerization. To provide mixing of the contents inside the reactor,
amagnetic stir bar was added to the reactor and the reactor was placed inside a heating mantle on a magnetic
stirrer. The reactants were deoxygenated by a purge of ultrapure nitrogen prior to polymerization for 30

minutes at room temperature. The nitrogen purging continued during the polymerization. At this point, the
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system was heated at a rate of about 10 °C-min~! and the time when the reactor temperature reached 75
°C was taken as the commencement of the reaction. Samples were taken periodically during the reaction

for measurement of molecular weight, conversion and particle size.

Table 4.1. Typical recipe for the nitroxide-mediated miniemulsion polymerization of Isobornyl
Methacrylate (IBOMA) and C13 Methacrylate (C13MA).

Component Amount

Monomer (1) — IBOMA Varies based on the experiment (0-1.082 M)
Monomer (2) — C13MA Varies based on the experiment (0-0.872 M)
Alkoxyamine (Dispolreg 007) 0.005 M

DOWFAX™ 8390 2 wbm%

n-Hexadecane 0.8 wbm%

Water 75 wt%

4.2.6. Chain Extension of Poly(C13MA) with IBOMA Monomer in Emulsion Using Dispolreg
007 Initiator

The seed latex of poly(C13MA) was prepared in a 100 ml three-neck round-bottom glass flask connected
to a reflux condenser and under nitrogen atmosphere for 150 minutes at 90° C. The recipe for preparation
of poly(C13MA) seed latex is described in Table 4.2 The magnetic stirrer was added, and the temperature
was controlled using a thermocouple. In the next step, IBOMA monomer (IBOMA:C13MA = 1:1 weight
ratio) was bubbled with nitrogen for 30 minutes and added to the flask in a single shot. The polymerization
continued for another 120 minutes under the same conditions to prepare the gradient copolymer of C1I3MA

and IBOMA in miniemulsion system.

Table 4.2. Recipe for preparation of seed latex of poly(C13MA) at 90° C (10 wt% solid

content, Dispolreg 007 initiator).

Component Amount
C13 methacrylate (C13MA) 0.381 M
Alkoxyamine (Dispolreg 007) 0.004 M
DOWFAX™ §390 5 wbm%
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n-Hexadecane 1 wbm%

Water 89 wt%

4.3. RESULTS AND DISCUSSION

4.3.1. NMP of IBOMA and C13MA in Toluene

The NMP of IBOMA and C13MA monomers was conducted first in toluene to study the polymerization
kinetics in organic solvent as a base for comparison with an emulsion-based system. The nitroxide mediated
copolymerization of IBOMA and C13MA was carried out in toluene using Dispolreg 007 initiator without
using any controlling comonomers. Table 4.3 represents all the studies in toluene using Dispolreg 007
initiator. First, the effect of temperature on the homopolymerization of IBOMA and C13MA was studied
(please refer to Supplementary Information Section 2). Then, the effect of different ratios of
IBOMA:C13MA on the Kinetics of polymerization was investigated.

Table 4.3. Summary of experiments for nitroxide-mediated copolymerization of IBOMA/C13MA mixtures in

toluene solvent using Dispolreg 007 initiator.

Experiment ID Reaction M final ¢ X4 [Dispolreg 007] [IBOMA]o [C13MA]o D¢ Te
time (kg mol™) (%) ™) ™) ™M) (°O)
(min)

IBOMA100-S-90C* 90 13.6 25.0 0.018 2.054 0 1.47 90
IBOMA100-S-100C 90 16.5 69.1 0.018 2.054 0 1.54 100
IBOMA100-S-110C 60 139 83.6 0.018 2.054 0 1.66 110
C13MA100-S-90C 210 16.9 43.7 0.017 0 1.609 1.45 90
C13MA100-S-100C 180 24.2 82.8 0.017 0 1.609 1.39 100
C13MA100-S-110C 150 20.0 89.6 0.017 0 1.609 1.59 110
IBOMAS0/C13MA20-S? 120 23.6 76.3 0.018 1.559 0.390 1.56 100
IBOMAG60/C13MA40-S 120 25.0 783 0.018 1.110 0.740 1.54 100
IBOMAS50/C13MAS50-S 120 26.1 69.9 0.018 0.902 0.902 1.61 100
IBOMA40/C13MAG60-S 120 24.1 71.2 0.018 0.704 1.057 1.52 100
IBOMA30/C13MA70-S 120 26.5 77.0 0.018 0.516 1.204 1.54 100
IBOMA20/C13MAS80-S 120 273 70.0 0.017 0.336 1.344 1.50 100
IBOMA10/C13MA90-S 150 19.8 77.3 0.017 0.164 1.479 1.52 100

“ Solution polymerization of 100 mol% IBOMA in the initial feed composition at 90 °C (solvent: toluene). ® Solution polymerization of monomers with
initial feed composition of 80 mol% IBOMA and 20 mol% C13MA (solvent: toluene). ¢ The final number-average molecular weight (1/,) and dispersity
(D) were reported from GPC relative to PMMA standards in THF at 40 °C. The target number-average molecular weight M,, e for all the polymerization
in toluene was 25 kg mol™!. ¢ Overall monomer conversion measured by '"H NMR. ¢ T is the reaction temperature in units (°C).
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Ln((1-X)7)

4.3.1.1. Poly(IBOMA-stat-C13MA\) Solution Copolymerization by NMP

IBOMA/C13MA mixtures, with initial IBOMA molar feed compositions fisoma = 0.1-0.8 were
copolymerized by NMP using Dispolreg 007 initiator in 50 wt% toluene at the optimal polymerization
temperature of 100 °C (This was studied in the range of 90-110 °C; please see the Supplementary
Information Section 2). Table 4.3 presents the experimental conditions for this series of syntheses. As
Figure 4.3 indicates, the semi-logarithmic kinetic plots with time were linear for all the reactions. The
apparent slopes do not show a significant difference between different IBOMA/C13MA copolymerizations.
This is in accordance with our previous results for NMP of IBOMA and C13MA using BB and 10 mol%
AN controlling comonomer 82, In addition, the values of the apparent rate constant kp[P*] (ke =
propagation rate constant, [P*] is the concentration of polymer with radical chain ends) for the experiments
at 100 °C using Dispolreg 007 initiator are lower than the values for BB (with 10 mol% AN as the
controlling comonomer) in our previous study, indicating a slower polymerization rate when using
Dispolreg 007 compared to BB?*. It should be noted using a small amount of AN comonomer is essential
to use BB initiator, however when using Dispolreg 007, no controlling comonomer is required and thus it
is difficult to make a direct comparison between the two systems!®2 The D of samples shown in Figure
4.3(b) was in the range of 1.19 < B < 1.61 which generally decreased as the molar ratio of C13MA monomer
increased in the system. M, plots versus conversion were linear at low conversion (X ~ < 40%) and all of
them have an over-prediction in terms of adherence to the theoretical line due to slow initiation of the
Dispolreg 007 initiator?’®. At higher conversions (X > 40%), the slope of M, versus conversion plots slightly
decreases. This could be ascribed to the onset of irreversible termination reactions which decreases the
concentration of macro-radicals [P*] and possible complete consumption of the initial alkoxyamines at

higher conversions.
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Figure 4.3. NMP to produce poly(IBOMA-stat-C13MA) copolymers using Dispolreg 007 initiator in
toluene (50 wt%) at 100 °C and M arget = 25 kg mol™. (a) Semi-logarithmic kinetic plots of In[(1-X)™] (X=
monomer conversion) versus reaction time (b) The evolution of M, and B with conversion (X). IBOMA100-
S-100C (filled circles, ®); IBOMASO/C13MA20-S (filled triangles, A); IBOMA60/C13MA40-S (filled
diamonds, ¢); IBOMAS0/C13MAS50-S (gray circles, ¢); IBOMA40/C13MAGO-S (gray triangles, A);
IBOMA30/C13MA70-S (gray diamonds, );  IBOMA20/C13MA80-S (open circles, ©0);
IBOMA10/C13MA90-S (open triangles, A); C13MA100-S-100C (open diamonds, ©).

4.3.1.2. Effect of Feed Composition on Poly(IBOMA-stat-C13MA) Solution Copolymerization
by Dispolreg 007

In addition to kinetic studies, the influence of feed composition on the copolymer composition was studied
in homogenous toluene solution at 100 °C. This was done to predict thermal and mechanical properties of
copolymers that are subsequently made in emulsion. The composition of the copolymers was determined
by 'H NMR at the early stages of the copolymerization to extract the low-conversion data (X<10% for every
copolymerization, Table 4.S1, Supplementary Information).

A non-linear regression fit to the Mayo-Lewis equation was used to extract the reactivity ratios of
poly(IBOMA-stat-C13MA) and the uncertainties were provided from the standard errors of the parameters
in the calculation?”®. Employing the terminal copolymerization model, it is always presumed that the
reactivity of an active center depends on the nature of the terminal monomer unit of the propagating chain?®.

The commercial software MATLAB R2016a was used to solve the Mayo-Lewis equation®®:

TIBOMAfIZBOMA,O + fiBomaofcizman

Figoma = (4.3)

2 2
rIBOMAfIBOMA,O + 2fc13maofiBomao + Tisomaof TDMA,0

The statistical fit yielded reactivity ratios rigoma = 0.89 + 0.13 and rcisva = 1.80 + 0.21, suggesting the
C13MA monomer is slightly more reactive than IBOMA towards both propagating species (-IBOMA" and
—C13MA’). The Mayo-Lewis plot (Figure 4.4) indicates that poly(IBOMA-stat-C13MA) formed
instantaneously by solution copolymerization was always slightly richer in CL3MA without any azeotropic
composition. Although IBOMA and C13MA reactivity ratios have not been reported, they can be compared
to similar methacrylate copolymerizations. Lauryl methacrylate (LMA) is similar to CL3MA and there are
a few cases of LMA copolymerizations with other methacrylates. For instance, the reactivity ratios of lauryl
methacrylate (LMA) and methyl methacrylate (MMA) in 1,1,2-trichloro-1,2,2, trifluoroethane at 60 °C
were reported as ruva = 0.84 = 0.10 and ruva = 1.22 + 0.14%%2, while using conventional free radical
polymerization in toluene at 70 °C for the same monomers resulted in ruma = 1.12 £ 0.01 and riva =1.19 +

0.01%3, In another study, the reactivity ratios of IBOMA and tetrahydrofurfuryl methacrylate (THFMA)
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from photo copolymerization experiments were risoma = 0.47 + 0.10 and rruema = 2.51 + 0.35%. For the
ATRP of IBOMA with 4-methoxybenzyl methacrylate (MBMA) at 100 °C in bulk, the reactivity ratios
were Igoma = 0.89 + 0.01 and rvema = 0.64 + 0.01 %2,

IBOMA

Figure 4.4. Mayo-Lewis plot of copolymer composition with respect to IBOMA molar fraction at low
conversion or instantaneous composition (Fisoma,i) Vversus initial IBOMA feed composition (fisoma =
fisomao). The open circles represent the experimental data and the dashed line shows the trend line. The
straight line is associated with the azeotropic composition (Fisoma = fisoma). The copolymerization was
performed at 100 °C using Dispolreg 007 initiator in 50 wt% toluene. Figoma,i Of copolymers is available in

Table 4.S1 in Supplementary Information.

4.3.1.3. Chain-Extension of Poly(IBOMA) Macroinitiator with CL3MA

The chain-end fidelity of polymer chains and the possibility of making block copolymers was tested by the
chain-extension of poly(IBOMA) macroinitiators using a fresh batch of C13MA. The formulation and
Kinetic data of chain-extensions are available in Table 4.4. The poly(IBOMA) macroinitiator was prepared
at 100 °C (X = 25%, M, = 13.5 kg mol* and P = 1.47). Then, the macroinitiator was mixed with C13MA
and the chain-extension reaction continued for 180 minutes at the same temperature. The GPC
chromatograms of the chain-extension are presented in Figure 4.5 Accordingly, a clear, monomodal shift
of M, toward higher molecular weight was observed, indicating nearly simultaneous growth of all chains.
The increased P is due to the appearance of the lower molecular weight tail, which suggests some dead
macroinitiator was present. For the final sample chromatogram (at 180 minutes after the chain extension),
multiple Gaussian peak fitting was carried out to estimate the percentage of dead polymer chains in the

final sample. According to the fitting analysis presented in Figure 4.S2 (Supplementary Information) after
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three hours of chain-extension, 27.5 % of the initiating polymer chains were estimated to be dead. This
shows that the majority of polymer chains were active up to 55% conversion in organic solvent. This
provided a basis of what to expect in emulsion conditions and we hypothesized compartmentalization
effects inherent in the miniemulsion process to provide improved chain activity to higher conversions*®: 76

250

Table 4.4, Chain-extension of IBOMA macroinitiator with CI3MA in 50 w% toluene at 100 °C for 3 hours and

molecular characterization of the resulting chain-extended product.

A. Macroinitiator

Experiment ID X2 [Dispolreg] [IBOMA] [Toluene] (M) MpP M theo® Db Timed
(%) (M) (M) (kg mol™) (kg mol™) (min)
Poly(IBOMA)- 25 0.020 2212 5.409 136 25 147 9

macroinitiator

B. Formulation and Characterization of Chain-Extension

Experiment ID [Macroinitiator] X2 Fisoma © [Toluene] Mp [C13MA] M theo Db Timed
(M) (%) (M) (kg mol) (mmol) (kg mol 'Y (min)
Poly(IBOMA-b- 0.009 55 0.22 5.385 37.1 1.389 40 1.93 180
C13MA)

2 Overall monomer conversion measured by *H NMR. ° The final number average molecular weight (M,) and dispersity () were measured by GPC
relative to PMMA standards at 40 °C in THF. © The target number average molecular weight to synthesize poly(IBOMA)-macroinitiator. ¢ The reaction
time (minutes). ¢ Molar fraction of IBOMA in the polymer chain. f The target number average molecular weight for the whole block copolymer

30min

\
Macroinitiator ,’ 2 hr

dwt/d(log M)

Figure 4.5. GPC traces for chain-extension of poly(IBOMA) macroinitiator (M, = 13.6 kg mol* and D =
1.47) with C13MA. Chain-extension was done in 50 wt% toluene at 100 °C. The gray solid line is the macro
initiator while the black solid line is the chain-extended product with M, = 40.7 kg mol* and © = 1.93
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(Dispersity is reported for the overall peak, containing the active and dead polymers). Full characterization
data for the samples shown is provided in Table 4.4.

4.3.2. Copolymerization of IBOMA/C13MA by Nitroxide-Mediated Miniemulsion
Polymerization Using Dispolreg 007 Initiator

The oil-soluble Dispolreg 007 initiator required balancing the amount of surfactant and costabilizer relative
to other NMP miniemulsion studies ®* . Accordingly, the amount of DOWFAX™ 8390 surfactant that
should be added is at least 2 to 5 wbm% ( weight based on the monomers) to prevent coagulation®®®. Since
reduction of the amount of surfactant in the latex is desired due to environmental concerns (eg.
biodegradability, toxic effects on aquatic organisms), addition of only 2 wbm% of DOWFAX™ 8390 was
applied for this study 26-28°, The miniemulsion polymerization was conducted by adding 2 wt% Dowfax™
8390 relative to monomer as the surfactant and 0.8 wt% hexadecane relative to monomer as the costabilizer.
The highly hydrophobic monomers of IBOMA and specifically C13MA acted as polymerizable
costabilizers inside particles, which helped retarding Ostwald ripening and compensates the need for higher
concentration of n-hexadecane. The monomer content in all latexes was 24.14 wt% and M arger OF 45 kg
mol™* was considered for all the polymerizations. Figure 4.6 graphically displays the system used for this
study. Table 4.5 lists all the studies for the miniemulsion polymerization of monomer feeds with different
ratios of IBOMA/C13MA using Dispolreg 007 initiator.

After Polymerization

Polymer Particles
250~550 nm

Monomer droplets
400~750 nm

Oil-soluble Initiator o
Surfactant °

Stabilizer ~

Figure 4.6. The schematic of nitroxide-mediated miniemulsion polymerization using oil-soluble Dispolreg
007 initiator.
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Table 4.5. Summary of experiments for nitroxide-mediated miniemulsion polymerization of IBOMA/C13MA

copolymerization.

Experiment 1D M final ° X¢ (%) [Dispolreg [IBOMA]o [C13MA]o pb Td D:¢
(kg molL) 0070 (M) (M) CC)  (nm)
(M)

IBOMA100 2 42.2 82.7 0.005 1.082 0 1.50 90 548
IBOMA100-83C 39.3 67.6 0.005 1.082 0 1.58 83 441
IBOMA100-100C 335 64.2 0.005 1.082 0 1.54 100 526

IBOMA90/C13MA10 53.9 91.1 0.005 0.951 0.106 1.70 90 415
IBOMAS80/C13MA20 57.8 83.4 0.005 0.826 0.206 1.68 90 353
IBOMA70/C13MA30 46.8 85.3 0.005 0.706 0.303 1.62 90 331
IBOMAG0/C13MA40 56.2 92.4 0.005 0.592 0.395 1.63 90 291
IBOMA50/C13MA50 50.8 87.8 0.005 0.483 0.483 1.72 90 327
IBOMA40/C13MAG0 64.2 88.8 0.005 0.378 0.567 1.65 90 481
IBOMA30/C13MA70 67.9 94.0 0.005 0.278 0.648 1.66 90 276
IBOMA20/C13MA80 63.8 92.7 0.005 0.181 0.726 1.68 90 270
IBOMA10/C13MA90 61.1 92.6 0.005 0.089 0.800 1.73 90 306

C13MA100 48.9 73.3 0.005 0 0.872 1.55 90 472

@ The miniemulsion polymerization of IBOMA and C13MA monomers with the initial feed composition of 100 mol% IBOMA and 0 mol% C13MA. The monomer content for all
the emulsions was 24.14 wt%. ° The final number average molecular weight (Mn) and dispersity (P) were measured by GPC with PMMA standards in THF at 40 °C. The target
number average molecular weight (Mn.arger) for all the miniemulsion polymerizations was 45 kg mol. ¢ Overall monomer conversion measured gravimetrically. ¢ The reaction
temperature (°C). € Final Z-average particle size (nm).

Firstly, the miniemulsion homopolymerization of IBOMA was conducted at different temperatures using
the Dispolreg 007 to confirm the optimum reaction temperature. Figure 4.S3 in the Supplementary
Information displays the kinetic results at three different temperatures of 83, 90 and 100 °C for
homopolymerization of IBOMA in toluene. The lowest temperature (83° C) was used to compare the results
for the polymerization of methacrylates conducted by Ballard and co-workers using the Dispolreg 007
alkoxyamine*’. Figure 4.S3(a) illustrates the linear trends for the polymerizations at 90 and 100 °C.
However, the semi-logarithmic kinetic plots of In[(1-X)™] (X= monomer conversion) versus reaction time
was not linear at 83° C due to the slow initiation of Dispolreg 007 initiator. The polymerization rate of
IBOMA at 83 °C was much lower than at 90 or 100 °C, as the Dispolreg 007 initiator decomposes much
more readily at elevated temperatures 2% 2%°. At 100 °C, the reaction was very fast and stopped at 45 minutes
as particle coagulation and precipitation was observed, indicating the emulsion lost its stability (overall
conversion = 64%, D = 1.54 and Mnsinas = 33 kg mol™?). This can be due to some evaporation of water at this
temperature that alters the concentration of monomer/polymer in the surrounding aqueous medium and
destabilizes the system. The evolution of molecular weight with overall conversion was not linear in all
cases and it is higher than that predicted, especially at lower conversions. This is in agreement with previous
studies of NMP using Dispolreg 007 initiator which showed slow initiation due to a strong penultimate

effect 2 %3, The molecular weight distributions were somewhat broad (B < 1.64) but comparable with the
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results for homogeneous polymerization in toluene. The final average particle size ranged from 441 to 548
nm. Based on these results, the optimal temperature was chosen as 90 °C, which balanced high overall
conversion (X = 82%) with a relatively low dispersity (B < 1.57), while still remaining colloidally stable.

Therefore, ensuing binary copolymerizations in emulsion were done using these conditions.

4.3.2.1. The Copolymerization of Different Ratios of IBOMA/C13MA Using Dispolreg 007
Initiator in Emulsion

After finding an acceptable temperature from the homopolymerization kinetic studies, the copolymerization
of different ratios of IBOMA and C13MA was conducted in emulsion by NMP. Figure 4.7(a) represents
the semi-logarithmic kinetic plots of In[(1-X)?] versus time for different initial ratios of IBOMA and
C13MA monomers. As shown in Figure 4.7(a), the kinetic plots were linear in all cases and no significant
increase in polymerization rate was observed for different ratios of [IBOMA]o/[C13MA]o in the system for

the copolymerization.
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Figure 4.7. The miniemulsion polymerization of different ratios of IBOMA/C13MA using Dispolreg 007
initiator (a) Semi-logarithmic kinetic plots of In[(1-X)*] (X= monomer conversion) versus reaction time (b)
Number average molecular weight M, and dispersity B versus conversion (X). IBOMAZ100 (filled circles,
o), IBOMA90/C13MAI10 (filled triangles, A); IBOMASO/C13MA20 (filled diamonds, ¢);
IBOMA70/C13MA30 (filled squares, m); IBOMA60/C13MA40 (gray circles, ®); IBOMAS0/C13MAS0
(gray triangles, A); IBOMA40/C13MAG60 (gray diamonds, ¢); IBOMA30/C13MA70 (gray squares, m);
IBOMA20/C13MAS80 (open circles, 0); IBOMA10/C13MA90 (open triangles, A); C13MA100 (open

diamonds, ).
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Based on the results shown in Figure 4.7(b), it can be assumed that increasing the ratio of
[IBOMA],/[C13MA], slightly increases control over the polymerization. This can be due to the
comparatively lower propagation rate constant k, for IBOMA, which decreases the propagation rate for
reactions with higher [IBOMA] and improves the control over the polymerization!®, As it was shown in
Figure 4.7(b), the reactions with higher initial concentrations of CL3MA deviate more from the theoretical
line in the M, versus conversion (X) plot and it seems that decreasing the initial amount of IBOMA causes
the control loss. It should be noted that the deviation is partly due to the calibration against PMMA standards
without applying the Mark-Houwink-Sakurada coefficients for C13MA and IBOMA homopolymers as
they were not available for CL3MA homopolymers. This, along with the slow initiation of Dispolreg 007
alkoxyamine at lower conversions (overall conversion < 25%) results in higher M, at higher conversions,
especially for the copolymers with higher [C13MA]. Interestingly, this phenomenon is only pronounced in
the miniemulsion system, where the polymerization occurs inside the particles. This can be due to higher
reaction temperature for polymerization in toluene (the reaction temperature in toluene and emulsion are
100 and 90 °C, respectively), the variation of particle sizes for different reactions in emulsion and also
higher My target for emulsions compared to the toluene-based system (Mn targetemuision = 45 kg mol™ versus
M target.toluene = 25 kg mol™). Final © for miniemulsion homopolymerization of IBOMA and C13MA was
Bpolyasoma) = 1.50 and Bpoiycizmay = 1.55, respectively. For all the copolymers of IBOMA and C13MA
studied in the emulsion system, the final B was in the range of 1.62 < B < 1.72 (Figure 4.7(b)). This showed
that the final dispersity of emulsion samples was slightly higher than the final B of samples prepared in
toluene (1.50 < B < 1.61), considering that the Mnwrger Was different in these systems. Elsewhere,
compartmentalization of nitroxides and radicals has an influence on polymerization and termination rates

within the monomer particles and resulted in higher dispersity of polymers made in an emulsion system 2+

76

4.3.2.2. Study of the Particle Size in Miniemulsion NMP of IBOMA/C13MA

The Z-average particle size of latex samples was determined by DLS. All the samples were diluted in
deionized water just before the test without filtration. Initially, the effect of addition of costabilizer (n-
hexadecane) and surfactant on particle size was studied. As the oil-soluble Dispolreg 007 alkoxyamine was
used in the system, the initiation reaction occurred inside monomer droplets and the surfactant stabilized
the system** 1% First, the effect of temperature on the particle size was studied by NMP of IBOMA in
emulsion and the results are presented in Figure 4.S4 (a). As shown in Figure 4.54 (a) and (b), the
coagulation in the final emulsions was not significant and the final particle size in all experiments was
smaller than the initial particle size *. Sometimes, the Z-averaged particle size fluctuated as the

polymerization continued, suggesting the presence of a low concentration of micron-sized particles due to
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the coagulation of monomer droplets or polymer particles®. Figure 4.S4 (b) illustrates the evolution of
particle size during the course of each polymerization for different initial molar ratios of IBOMA:C13MA.
The particle size during the copolymerization generally decreased with increasing C13MA concentration,
with most particles ~ 400-500 nm for richer IBOMA compositions and decreasing to ~ 300-400 nm for
lower IBOMA compositions. Interestingly, the C13MA homopolymerization in emulsion had slightly
larger particle sizes compared to those with some IBOMA. The general decreases in particle size as CL3MA
composition increased shows the effect of the long-chain n-alkyl group in the CL3MA monomers which
can act as a costabilizer in the monomer particles, preventing diffusional degradation and improving the
colloidal stability 7 2°%:2%2 |t js worth mentioning that the polymer latexes were colloidally stable at room
temperature for at least three months (the duration of investigation) and no polymer precipitation nor change

in particle size was observed.

4.3.2.3. Chain Extension of Poly(C13MA) with IBOMA Monomers in Emulsion Using Dispolreg
007 Initiator

Chain extension of poly(C13MA) with IBOMA monomers was conducted to check the chain-end fidelity
as well as the possibility of making gradient copolymers in NMP miniemulsion . First, a seed latex of
poly(C13MA) with 10 wt% solid content was prepared at 90° C. After 150 minutes of the polymerization,
IBOMA was added to the system to make the gradient polymer. Table 4.6 shows the kinetic data and
properties of the gradient miniemulsion polymerization of C13MA and IBOMA. The shift in GPC traces
toward higher molecular weights indicates the clean attainment of poly(C13MA-grad-IBOMA) copolymer
(Figure 4.8). This is in contrast to the solution polymerization shown in Figure 4.5 which indicates some
tailing. There are several differences, and it is difficult to compare the chain extensions as the
macroinitiators were prepared at different conversions (the miniemulsion macrointiator was made to higher
conversion) yet had no obvious tailing. It is possible that there are chain transfer effects in solvent that
influence the fidelity of the macroinitiator more than any of the factors influencing the miniemulsion

polymerization.
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Table 4.6. Chain-extension of poly(C13MA) with IBOMA in miniemulsion system at 90 °C for 2 hours and
molecular characterization of the resulting chain-extended product.

A. Macroinitiator

Experiment ID Xa [Dispolreg [C13MA]o M, ® Mh,theo ¢ (kg mol™) bb td(min)  D.®
(%) 007]o (M) (kg mol) (nm)
(M)
Poly(C13MA) 61 0.004 0.381 34 25 1.55 150 339
seed latex
B. Formulation and Characterization of Chain-Extension

Experiment 1D Xa Fisoma ' M, P [IBOMA]o pb td (min) D:¢

(%) (kg mol?) (mmol) (nm)
Poly(C13MA- 87 0.51 54 0.233 1.65 120 345
grad-IBOMA)

C. Results for Thermal Characterization by DSC and TGA

Tm?¢ (OC) Tg,l 9 (OC) Tg,z 9 (OC) Tdec,l h (OC) Tdec,max h (OC) Tdec,z n (°C)

Poly(C13MA- -27 -32 76 220 282 470

grad-IBOMA)
2 Overall monomer conversion measured gravimetrically. ® The final number average molecular weight (Mn) and dispersity (P) were measured by GPC with PMMA standards
at 40 °C in THF. ¢ The target number average molecular weight. ¢ The reaction time (minutes). ¢ Z-average particle size (nm). f Molar fraction of IBOMA in Poly(C13MA-
grad-IBOMA) determined by *H NMR in CDCls. ¢ Tm (melting point) and Ty (glass transition temperature) measured by DSC under nitrogen atmosphere using three scans
per cycle (heat/cool/heat) at a heating rate of 15 °C min* and cooling rate of 50 °C min, " Taec,1 (T105% Or onset of decomposition), Tecmax (temperature at which highest weight
loss occurs) and Teec.2 (end of decomposition) measured by TGA under nitrogen atmosphere at a ramp rate of 15 °C min‘%.
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Figure 4.8. Molecular weight distribution of polymer particles in chain extension polymerization. Seed

latex of poly(C13MA) (dashed black line) and poly(C13MA-grad-IBOMA) after the chain extension

(solid black line). Characterization data for these two samples is provided in Table 4.6.

To evaluate the thermal stability and find the glass transition temperatures of poly(C13MA-grad-IBOMA),
TGA and DSC were performed. The decomposition temperatures and glass transition temperatures are
presented in Table 4.6(C). The first glass transition temperature (Tg41) and melting temperature (Tm)
corresponds to the soft CL3MA block and the higher glass transition temperature (Tg2) corresponds to the

block of IBOMA-rich composition. The CL3MA monomer used in this study is a mixture of methacrylic
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esters with an average chain length of 13 units. This results in the presence of monomers such as dodecyl
methacrylate, tetradecyl methacrylate and other long chain monomers that produce homopolymers with
semi-crystalline structures and melting points (e.g. Tms for poly(dodecyl methacrylate) and poly(tetradecyl
methacrylate) are -34 °C and -2 °C respectively)?°! 2% 2% The inclusion of these monomers in C13MA
likely cause the appearance of melting for the poly(C13MA-grad-IBOMA). Note that the higher Ty
corresponding to the IBOMA-rich segment is lower than the T4 of poly(IBOMA) homopolymer from
literature (Tg = 110~200 °C)* 0128 gince there is likely some C13MA copolymerized in the former,
resulting in a depression of the Ty. Still, the presence of multiple Tg4s show the gradient polymerization of
C13MA and IBOMA was sufficiently effective in producing compositionally distinctive blocks long
enough to result in microphase separation®3, The DSC trace for poly(C13MA-grad-IBOMA) is depicted

in Figure 4.S5 (see Supplementary Information).

4.3.3. Thermal Studies of IBOMA/C13MA Polymers Prepared in Solution and Emulsion Systems

TGA was performed for copolymers with different ratios of IBOMA/C13MA monomers to measure the
decomposition temperatures of samples. The decomposition temperatures for two different systems were
given in Table 4.7. The TGA results for copolymers with a high concentration of IBOMA monomers (initial
IBOMA mol% > 30 %) show a two stage decomposition. This suggests the cleavage of the O-isobornyl
bond and the formation of camphene in the sample and the elimination of it at higher temperatures?'. This
result was observed in other studies for copolymers containing IBOMA 182 212 Therefore, it can be
concluded that polymers containing high concentrations of IBOMA will decompose readily and this may
limit their applications at higher temperatures, although the polymers have a high T4. The Ty and T were
also measured by DSC and the results are available in Table 4.7. The Fox equation was used to calculate
the theoretical T, for the resins?®, For a polymer consisting of a mixture of different monomers, Tgtneo Can

be estimated from the following equation:

ziw (1-TE22) = 0 (4.4)

gi

where w; is mass fraction of component i in polymer resin, Tgmeo IS the theoretical glass transition
temperature of the resin and Ty, is the glass transition temperature of pure homopolymer of component i.
Tg.8oma and Ty c1ama Were chosen from the experimental data presented in this study for each system. The

resulting TgtneoS fOr polymers with different ratio of IBOMA and C13MA monomers are listed in Table 4.7.

DSC indicates a single T4 for each statistical copolymerization, which is evidence of a homogeneous single-
phase polymer 2%, From these measurements, the T, of the final copolymer resins was predictably enhanced
by increasing the [IBOMA]/[C13MA] ratio due to the higher Ty of IBOMA-based resins?®* 26°, The
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molecular structure of IBOMA consists of a 6-membered ring, which improves the heat resistance of this
monomer and the polymer resins consequently?®. Poly(C13MA) resins have a T and a Ty in both systems
which agrees with literature for poly(methacrylate)s with long linear aliphatic carbon chains?* %, Figure
4.9 illustrates the TgmeoS and Tgs of IBOMA/CL3MA copolymers prepared in two different systems
(solution and emulsion). The Tgs and Tms for samples produced in emulsion are lower than those of samples
synthesized in solution system. This likely shows the effects of the addition of n-hexadecane (costabilizer)
and DOWFAX™ 8390 (surfactant) to the polymer latex, where they act as plasticizers 24 2972%°_ Some n-
hexadecane molecules may present after the precipitation of polymer samples in methanol as it is insoluble
in methanol at room temperature?®. As mentioned in the previous section, the existence of melting points
for samples with high concentrations of CL3MA in miniemulsion polymerization can be due to the presence
of long chain methacrylic esters (e.g. C12MA or C14MA). However, the copolymers obtained from
emulsions with higher concentrations of IBOMA monomers are amorphous and do not have melting points

(see Figure 4.S6 in Supplementary Information for lack of crystallinity in IBOMA-rich copolymers).

Table 4.7. Results for thermal characterization of IBOMA/C13MA copolymers made in homogeneous

organic solvent solution and heterogeneous emulsion systems.

Solution system (polymers made in 50 wt% toluene)

. Tm? Tg? Tg,theob Tdec,1° cfo Tdec,2® d M (kg
Experiment ID C) °C) (°C) °C) Taecmax’(°C) °C) Fisoma molY)
IBOMAZ100-S-100C - 169 169 278 339 478 1 16.5
C13MA100-S-110C -18 -31 -31 221 306 463 0 20.0
IBOMAB80/C13MA20-S - 69 98 232 317 476 0.80 23.6
IBOMAG60/C13MA40-S - 33 50 215 336 472 0.58 25.0
IBOMAS50/C13MAS50-S - 12 31 225 314 476 0.48 26.1
IBOMA40/C13MA60-S - 15 15 217 308 478 0.32 24.1
IBOMA30/C13MAT70-S - 2 2 186 291 461 0.24 26.5
IBOMA20/C13MA80-S - -10 -11 227 308 473 0.18 27.3
IBOMA10/C13MA90-S - -40 -21 203 295 450 0.06 19.8

Emulsion system

Experiment 1D (I(r:n) (;ré) Tg,theo (OC) Tdec1 (OC) Tdec,max (OC) Tdec,2 (OC) Fisoma '\rf]gl(_li)g
IBOMA100 - 110 110 240 307 466 1 422
IBOMA100-83C - 123 - 195 320 472 1 39.3
IBOMA100-100C - 117 - 208 311 480 1 335
IBOMA90/C13MA10 - 81 82 235 323 470 0.9 53.9
IBOMABSO/C13MA20 - 33 58 208 324 464 0.78 57.8
IBOMA70/C13MA30 - 30 39 216 335 486 0.68 46.8
IBOMAG0/C13MA40 - 18 22 206 337 470 0.59 56.2
IBOMAS50/C13MA50 - -10 7 211 309 482 0.52 50.8
IBOMA40/C13MA60 - -18 -6 224 310 501 0.38 64.2
IBOMA30/C13MAT70 - -17 -17 207 313 469 0.29 67.9
IBOMA20/C13MA80 -33 -52 -27 217 305 503 0.18 63.8
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IBOMA10/C13MA90 -26 -42 -36 223 290 466 0.10 61.1
C13MA100 -19 -44 -44 174 296 468 0 48.9
2 Tm (melting point) and T, (glass transition temperature) measured by DSC under nitrogen atmosphere using three scans per cycle (heat/cool/heat)
at a heating rate of 15 °C min* and cooling rate of 50 °C min‘%. ® Theoretical glass transition temperature predicted by Fox equation. © Tgec1 (T10%
or onset of decomposition), Taecmax (temperature at which highest weight loss occurs) and Teec 2 (end of decomposition) measured by TGA under
nitrogen atmosphere at a ramp rate of 15 °C mint. ¢ Molar fraction of IBOMA in copolymers determined by *H NMR in CDCls. ¢ The final
number average molecular weight (M,) was estimated using GPC with PMMA standards at 40 °C in THF.
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Figure 4.9. Evolution of T4 with weight fraction of IBOMA. The solid black line represents the Tgheo Of
copolymers synthesized in organic solvent as calculated by the Fox equation using the homopolymers made
in solution as endpoints. The black dotted line shows the Tgmeo for the emulsion system using
homopolymers made in emulsion as endpoints. The black filled circles depict the experimental Tq for
IBOMA/C13MA copolymers synthesized in 50 wt% toluene. The open circles represent the experimental
T, for IBOMA/C13MA copolymers with different weight fraction of IBOMA synthesized in emulsion.

4.3.4. Tensile Results for Poly(IBOMA-b-C13MA) and Poly(C13MA-grad-IBOMA)

To study the effect of the C13MA block on the mechanical properties of the copolymers, tensile tests were
conducted on gradient and block copolymers prepared in emulsion and solution (toluene as the solvent),
respectively, to illustrate the range of possible tensile properties. Figure 4.10 illustrated the stress-strain
curves for poly(IBOMA-b-C13MA) (Fisoma = 0.22, M, = 37.1 kg mol™, b = 1.93) and poly(C13MA-grad-
IBOMA) (Fisoma = 0.51, M, = 54.0 kg mol, & = 1.65) samples at room temperature. The strain at break
for poly(C13MA-grad-IBOMA) sample made from miniemulsion polymerization was significantly lower
than the poly(IBOMA-b-C13MA) sample (1.5% compared to 201%) due to the higher fraction of stiff

IBOMA units incorporated in the copolymer. This agrees with the thermal results where increasing IBOMA
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incorporation into the copolymer increased the T4 of copolymers and subsequently made it more brittle.
The linear elastic region for poly(IBOMA-b-C13MA) remained until 61.7% elongation and the yield
strength of 0.77 MPa was achieved. The semi-plateau region (approximately 60-200% elongation)
corresponds to plastic behavior of the block copolymer before finally breaking, which suggests that C13MA
block can act as a plasticizer in poly(IBOMA-b-C13MA). These two IBOMA/C13MA copolymer examples
show how mechanical properties are readily altered by simply applying different polymerization protocols

and feed compositions.
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Figure 4.10. Stress-strain curves for poly(IBOMA-b-C13MA) (Fisoma = 0.22) and poly(C13MA-grad-
IBOMA) (Figoma = 0.51) samples at room temperature.

4.3.5. Rheological Measurements

The effect of monomer blocks and their compositions on rheological behavior of the resulting copolymers
was done using the same copolymers in the section above (poly(IBOMA-b-C13MA) (Figoma = 0.22,
prepared in toluene) and poly(C13MA-grad-IBOMA) (Fisoma = 0.51, prepared in emulsion)) (Figure 4.11).
Additionally, IBOMA20/C13MA80, IBOMAS50/C13MA50 and IBOMAS8O/C13MA20 statistical
copolymers prepared by miniemulsion NMP were also examined (Figure 4.S7, Supplementary
Information). All the samples from the emulsion system were dried and precipitated in methanol and dried
again before the test. Figure 4.11 shows the dependence of storage modulus (G') and loss modulus (G™) on
frequency for poly(IBOMA-b-C13MA) and poly(C13MA-grad-IBOMA) at 140 °C. The frequency sweep
was performed in the range of 1-1000 Hz and the temperature of 140 °C was chosen as all the polymer

samples were in the melt state and T > T,. This temperature can be used as an initial point to process the
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copolymers in the melt. The results at different temperatures were presented in Supplementary Information
(Figure 4.S8). G" for poly(C13MA-grad-IBOMA) was always higher than G', suggesting a viscous liquid
behavior for the resins at all considered frequencies, with no cross-over observed. Similar behaviour was
reported by Larson et al*® for poly(styrene)-block-poly(isoprene) (PS-PI) diblock copolymer below the
order-disorder transition temperature (Topr). At lower frequencies (o < 250 Hz), poly(IBOMA-b-C13MA)
shows viscoelastic solid behavior with G” dominating. A transition region was observed at high frequencies
due to relaxation and dissipation mechanisms*13%, During this period, the G" increases faster than G,
which resulted in a crossover (where G'= G") at 250 Hz. At frequencies higher than 250 Hz, a glassy region
was observed, where G" is higher and increases more sharply in comparison to G'. Based on these results,
the presence of the block of poly(C13MA) imparted more rubbery character into the final block copolymer,
as expected. This also was shown in the stress-strain curves for the same samples. The viscoelastic
behaviour exhibited by the block copolymer was not observed for IBOMA/C13MA copolymers prepared
via statistical copolymerization. The storage modulus (G") and loss modulus (G") versus frequency at 140
°C for 3 statistical copolymers with different compositions and prepared in emulsion were depicted in
Figure 4.S7 (Supplementary Information). In all the samples G" > G' at frequencies higher than 0.5 Hz,
indicating primarily viscous behaviour. Thus, only in the case for the poly(IBOMA-b-C13MA) was
primarily elastic behavior observed. This was not the case for statistical or gradient polymers even with a
high C13MA fraction (compared with the results on Figure 4.S8 in Supplementary Information) which
suggests that the microstructure influenced the relaxation spectra of the material. To support the elastic
behaviour of IBOMA/C13MA block copolymer, the Flory-Huggins interaction parameter 3% for the
IBOMAJ/C13MA system was estimated to be 0.012 at 140 °C which suggests a partially miscible system
for IBOMA/C13MA monomers (Supplementary Information Section 9). At the ODT, cN ~ 10.5 and our

cN < 10.5 which suggests our block copolymers are in a disordered state>°.
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Figure 4.11. G', G" and complex viscosity plots versus shearing frequency for (a) Poly(IBOMA-b-C13MA)
and (b) poly(C13MA-grad-IBOMA) polymers at 140 °C.

4.4, CONCLUSIONS

In this study, the copolymerization of commercially available bio-based methacrylic IBOMA and C13MA
monomers was conducted in homogeneous toluene solution and then in a miniemulsion system by nitroxide
mediated polymerization without any controlling comonomer. The reaction temperature for having a
controlled polymerization of IBOMA/C13MA in emulsion was 90°C, which was 10 °C lower than the same
system in organic solvent. Copolymers with different IBOMA:C13MA composition were synthesized in
toluene (50 wt%) using Dispolreg 007 initiator. The slow initiation of Dispolreg 007 alkoxyamine was
observed for the methacrylates and the early termination of macro-radicals occurred at higher conversions
(X>50%) for NMP in toluene. However, the dispersity was relatively low (1.39 <D < 1.66) and polymer
chains were able to be re-initiated to produce block copolymers. This system has two major drawbacks:
using volatile organic solvent (toluene) and relatively lower monomer conversion caused by high viscosity.
To overcome these problems, a miniemulsion polymerization technique was utilized to make the overall
process greener and more efficient. The oil-soluble Dispolreg 007 was used as the initiator to start the
polymerization within ~300-500 nm-sized monomer droplets. The monomer conversion reached as high as
94% while the dispersity was comparable to the toluene-based system (1.50 <P <1.73) and the average
final particle size of polymer particles was 270-550 nm. The final average molecular weight of polymers in
solution (50 wt% in toluene) and emulsion was higher than the M target, SUggesting slow initiation of the
Dispolreg 007 initiator for the polymerization of methacrylates. The ability to chain-extend the polymer
resins prepared in emulsion was studied to verify the chain end fidelity and show that gradient or block

copolymers are possible in the emulsion system. The thermal studies showed that the addition of IBOMA
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in the polymer resins increases the Ty relative to C13MA and readily allows the hardness or flexibility of
the copolymers to be adjusted. Tensile tests showed that having about 80% C13MA resulted in high
elongation at breaks ~ 200% and essentially elastic behavior. In the melt, the elastic modulus dominated in
the block copolymer of IBOMA and C13MA always being higher than the viscous modulus in the
frequency range studied, while the statistical and gradient polymers showed viscous liquid behavior.
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Preamble to Chapter 5

To improve the thermal stability of polymers, the polymerization of methacryloisobutyl POSS
(POSSMA) in miniemulsion was examined. This organic-inorganic hybrid monomer contains a silicon-
oxygen cage that can improve the thermal properties of the polymers, based on various literature reports.
However, the polymerization of POSSMA in solution or bulk was challenging due to the high steric
hindrance of POSSMA. Here, the polymerization of POSSMA was done by nitroxide mediated
miniemulsion polymerization using Dispolreg 007 alkoxyamine. We first studied the homopolymerization
of POSSMA in miniemulsion. This was followed by the copolymerization of POSSMA with C13MA to
increase the flexibility of polymer chains and reduce the glass transition temperature of the resulting
copolymers. The kinetics of polymerization and thermal properties of polymers were studied, indicating
the successful copolymerization of these monomers and the possibility of enhancing the thermal
decomposition stability of the targeted polymers by increasing the POSSMA content. This chapter was
published in Journal of Polymer Science, 58 (19), 2741-2754, 2020.
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Chapter 5: Nitroxide Mediated Miniemulsion Polymerization of
Methacryloisobutyl POSS: Homopolymers and Copolymers with Alkyl

Methacrylates

ABSTRACT

Nitroxide mediated polymerization (NMP) of methacryloisobutyl POSS (POSSMA) was conducted in a
dispersed aqueous miniemulsion at 90 °C, resulting in stable latexes with particle sizes = 225-260 nm at
solids loading = 22%. POSSMA homopolymers with M,, up to 35.9 kg mol™ (D < 1.53) was prepared using
Dispolreg 007 alkoxyamine without any controlling comonomers, as is traditionally required for NMP of
methacrylates. Copolymers with different ratios of POSSMA and bio-based C13 methacrylic esters were
also synthesized (monomer conversion (X) up to 96.5% and 1.42 < B < 1.68) to prepare polymer resins
with a wide range of glass transition temperatures (Tg) or melting points (Tm ) (-30 °C < Tg, Tm <96 °C).
The resulting homopolymers and copolymers exhibited semi-crystalline properties, with crystallite size of
20.3-44.4 °A.

5.1. INTRODUCTION

Polyhedral oligomeric silsesquioxanes (POSS) have been widely incorporated into different materials as
the monomer3®31% or nano-filler33* to modify the properties of organic polymers. POSS’s unique
properties are related to its structure (POSS’s generic formula is (RSiO1s)n, Where R is hydrogen or any
organic ligands and n is often 8, 10 or 12). Thus, POSS is a hybrid of an inorganic silicon-oxygen cage and
organic ligands that can be reactive or non-reactive®®. Figure 5.1 presents some of the common cage
structures of POSS. The silicon-oxygen cage in POSS-based compounds increases their heat resistance,
hardness and strength®® and also improves the oxidative resistance and mechanical properties in hybrid
resins while the organic ligands improve compatibility with organic materials®’. POSS compounds are
non-toxic, cytocompatible®® 3° and odorless and they do not release volatile organic compounds

(VOCs)®, making them desirable in coatings, paints and sealants320-322,

Methacrylic polyhedral oligomeric silsesquioxanes contain one or more methacrylic ligands, which enables
free radical polymerization. Many studies have illustrated the successful radical polymerization

(conventional®?® 324 atom transfer radical polymerization (ATRP)32>328 reversible addition-fragmentation
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Figure 5.1. (a) Three common cage structures of POSS (b) Molecular structure of Methacryloisobutyl
POSS (POSSMA).

chain transfer (RAFT)3% 330 and nitroxide mediated polymerization (NMP)8L 331) of methacrylic POSS.
One of the methacrylic POSS compounds is 3-(3,5,7,9,11,13,15-heptaisobutylpentacyclo[9.5.13°.1515,1713]
octasiloxan-1-yl)propylmethacrylate (methacryloisobutyl POSS or POSSMA), which has one methacrylic
ligand and has been used to impart high hydrophobicity, toughness and thermal stability to polymers (glass
transition temperature T4 of POSSMA homopolymers ~ 85 °C)3%, Figure 5.1 (b) illustrates the molecular
structure of POSSMA used in this study.

The homopolymerization of POSSMA with high M, using reversible-deactivation radical polymerization
(RDRP) has always been challenging due to the steric hindrance of POSSMA, which inhibits the activation
of radicals®® 3%2, Hirai et al*®® synthesized POSSMA homopolymers with M, up to 29 kg mol* (DP, up to
30) by living anionic polymerization. Even though industrial processes using ionic polymerization have
been done (eg. SBS or SIS triblock copolymers), routes that avoid the conditions typically employed by
ionic polymerizations (such that used by Hirai et al - sec-BuL.i initiator with LiCl/1,1-diphenylethylene at
-78 °C for 6 hours) are attractive. Consequently, Mya et al®® studied the RAFT homopolymerization of
POSSMA in toluene with 2,2'-azobisisobutyronitrile (AIBN) initiator and the RAFT chain transfer agent
dodecyl(a,0’-dimethylacetic acid)trithiocarbonate (DDTA)) at 70 °C, which resulted in POSSMA-based
homopolymers with M, up to 32 kg mol? and ® = 1.6. In another study, Raus et al®**® synthesized
homopolymers of POSSMA using ATRP with M, > 100 kg mol?! (P < 1.44). However, the nitroxide
mediated homopolymerization of POSSMA has not been done due to the previous limitations of this system

for methacrylates such as the need for controlling comonomers or the relatively higher reaction temperature
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required of NMP. POSSMA-rich copolymers with 10 mol % acrylonitrile (AN) or styrene (S) in the initial
monomer mixture was previously synthesized in our research group using N-(2-methylpropyl)-N-(1-
(diethylphosphono-2,2-dimethylpropyl)-O-(2-carboxylprop-2yl)hydroxylamine) BlocBuilder-MA™ (BB,
Arkema)®8l 1 Charleux et al*”* showed that the polymerization of methacrylate-rich compositions
(essentially mimicking homopolymerization) by BB alkoxyamine was feasible using a low concentration
of controlling comonomer with a very low activation/deactivation equilibrium constant such as AN or S,
which was thought to decrease the average equilibrium constant for activation/deactivation of the chains

(K) and to also reduce cross-disproportionation side reactions’? 173 232,

In this study, 3-(((2-cyanopropan-2-yl) oxy) - (cyclohexyl) amino)-2, 2-dimethyl-3-phenylpropanenitrile
(Dispolreg 007) alkoxyamine was used to initiate the polymerization. Dispolreg 007 was recently developed
by Ballard et al*® 2 and was used for NMP of methacrylates without the addition of controlling
comonomers at temperatures < 100 °C. This allows the homo and copolymerization of methacrylates in
agqueous miniemulsion or suspension systems?® 43103 As a result, NMP of POSSMA was conducted in
miniemulsion without any comonomer, where the formation of nano-sized particles and
compartmentalization effects allow high conversion, low dispersity and viscosity and result in latexes with
high colloidal stability?*6 47-57.80.122.:250 sing water as the continuous phase helps to reduce volatile organic
compounds (VOC) of the final product by decreasing the organic solvent content (which is only needed
minimally to aid POSSMA suspension) and also improves the heat transfer during the polymerization®. To
prepare polymers with lower Tgs, incorporating C13 methacrylate (CL3MA from Evonik), which has a long
aliphatic side-chain, was considered (T4 of poly(C13MA) = -46 °C)?°, C13MA is a bio-based monomer
derived from natural oils that acts as a plasticizing monomer and imparts flexibility and hydrophobicity
into the polymer chains'’® 27:288. NMP of C13MA in homogeneous toluene solution and dispersed aqueous
emulsion has been studied earlier and the successful homopolymerization, copolymerization and chain-
extension of this monomer has been illustrated®®> 182, Herein, the statistical copolymerization of different
ratios of POSSMA/C13MA was performed in miniemulsion to synthesize copolymers with a wide range
of Tgs.

5.2. EXPERIMENTAL

5.2.1. Materials

3- (3,5,7,9,11,13,15- Heptaisobutylpentacyclo [9.5.13°.1%%°171] octasiloxan-1-yl) propylmethacrylate
(Methacrylolsobutyl Polyhedral Oligomeric Silsesquioxane or MA0702-methacryloisobutyl POSS, termed
POSSMA herewithin) was obtained from Hybrid Plastics and used as received. C13 methacrylate (termed

C13MA, methacrylic esters with an average chain length of 13 units, >99%) was received from Evonik and

71



the monomers were passed through a column of basic alumina (Brockmann, Type 1, 150 mesh, Sigma
Aldrich) and calcium hydride (5 wt% of basic alumina, 90-95% reagent, Sigma Aldrich) to remove the
inhibitor. DOWFAX™ 8390 (alkyldiphenyloxide disulfonate, 35 wt% active content, Dow Chemical), n-
hexadecane (99%, Sigma Aldrich) Methanol (MeOH, >99%, Fisher Scientific), tetrahydrofuran (THF,
99.9%, HPLC grade, Fisher Scientific), toluene (>99%, Fisher Scientific) and deuterated chloroform
(CDCls, >99%, Cambridge Isotopes Laboratory) were used as received. 3-(((2-Cyanopropan-2-yl) oxy) -
(cyclohexyl) amino)-2, 2-dimethyl-3-phenylpropanenitrile (Dispolreg 007) alkoxyamine was synthesized
based on Ballard et al’s procedure?. Reverse osmosis water (type 2 with the resistivity of ~ 1.10 MOhm-cm

at 25 °C) was used as the aqueous phase for all miniemulsions.

5.2.2. Methods

5.2.2.1. My, X and B Measurements

Number average molecular weight (M,) and molecular weight distribution (D) were determined by gel
permeation chromatography (GPC, Waters) relative to PMMA standards (from Varian Polymer Standards;
M, range of 875 to 1677000 g mol™) at 40 °C in THF. The GPC was equipped with HR1, HR2 and HR4
Styragel® GPC columns (HR1 with molecular weight measurement range of 10?2 — 5 x 10° g mol?, HR 2
with molecular weight measurement range of 5 x 102 — 2 x 10* g mol* and HR 4 with molecular weight
measurement range of 5 x 10® — 6 x 10° g mol?, for THF solvent) and a guard column. To prepare the
samples for GPC, they were diluted in HPLC grade THF at a concentration of 5 mg ml* without applying
extra filtration or purification steps. The monomer conversion of the samples taken can be calculated based
on the areas under the GPC peaks divided by the respective refractive index increments (dn/dc)3®. This was
permissible as the peaks were well separated and the monomers were sufficiently high in molecular weight
to be distinct from solvent peaks. The dn/dc of 0.042 mL g* and 0.052 mL g* were previously reported for
POSSMA monomer and POSSMA homopolymer (M, = 171.5 kg mol™) in THF solutions, respectively333.
The dn/dc value for C13MA or its homopolymer or copolymer is not available. However, the dn/dc of
poly(octadecyl methacrylate) (C18MA) in THF was measured as 0.075 ml g 334, Similarly, the dn/dc for
poly(n-decyl methacrylate) and poly(n-butyl acrylate) are 0.076 and 0.067 mL g, respectively3¥ 3¢ As
the dn/dc values were almost in the same range, we assumed an equal dn/dc value for GPC peaks to measure
conversion. The calculated conversions corresponded very well with the conversions determined by

gravimetry or *H NMR (not reported here).

5.2.2.2. Particle Size
Dynamic light scattering (DLS) was carried out with a Malvern Zetasizer Nano-ZS, equipped with a 4 mW

He—Ne laser at 633 nm and an avalanche photodiode detector at 25 °C. Samples were diluted with water to
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a concentration of 0.01-1000 mg ml?* (10® — 1 % mass). The measurement angle was 173° and 5

measurements were performed for each sample to minimize the error.

5.2.2.3. Thermoanalytical Analyses

Tgs and Tms of samples was measured by differential scanning calorimetry (DSC, Q2000 from TA
Instruments, three scans per cycle, (heat/cool/heat) method) under nitrogen in the temperature range of -80
to 190 °C. The heating rate of 15 °C min™ and cooling rate of 50 °C min* were considered when calculating
Tgs and Tws in re-heating cycles by inflection method. The calibration of temperature and heat flow for
DSC was performed with indium and benzoic acid standards, respectively. TA Instruments TGA Q500 was
used for thermogravimetric analysis (TGA) at a ramp rate of 15 °C min* from 25 to 550 °C. The samples
were placed in aluminium pans and were heated under nitrogen to measure the decomposition temperatures

(Taecs) of samples.

To prepare the samples for thermal studies, polymer latexes were dried inside a fume hood under ambient
conditions for 3-5 days to evaporate most of the water and were placed under vacuum at room temperature
overnight to dry the polymers completely. Next, a small volume of toluene was added to each polymer to
dissolve them, followed by addition of excess methanol to precipitate the polymer. The polymer samples
were separated from the solution and dried again inside a fume hood for 6 hours and then under vacuum in

ambient conditions for 12 hours.

5.2.2.4. Powder X-ray diffraction (PXRD)

The degree of crystallinity of the POSSMA homopolymers and copolymers was determined by PXRD test
in a Bruker D2 PHASER diffractometer equipped with a Ni-filtered CuKa radiation tube and LynxEyr
linear position sensitive detector (Bruker AXS, Madison, WI, USA). The measurements were performed
on powder samples with a step of 0.02° and 0.5 seconds/step in the range of 20 = 4-50°. The samples for
PXRD were prepared based on the procedure mentioned in the thermoanalytical analyses section. The test
temperature for all samples was 23 °C. Crystallinity was calculated as the ratio of the area under the

crystalline peaks to total area under the PXRD curve.
5.2.3. Miniemulsion polymerization of POSSMA/C13MA mixtures

First, Dispolreg 007 alkoxyamine, n-hexadecane (co-stabilizer, 0.8 wt% based on the total weight of
monomers), POSSMA and C13MA monomers were dissolved in toluene (50 wt% based on the weight of
POSSMA monomers) and were stirred for 30 minutes. Mnarget Of 45 kg mol™ was considered for all the
polymerization of POSSMA/C13MA. As an example, for POSSMAS50/C13MA50 experiment, POSSMA
(6.19 g, 6.562 mmol), C13MA (1.76 g, 6.562 mmol), Dispolreg 007 (0.06 g, 0.177 mmol) and n-hexadecane
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(0.06 g, 0.281 mmol) were dissolved in toluene (3.10 g, 33.602 mmol). The aqueous phase was prepared
separately by the addition of 2 wt% DOWFAX 8390 surfactant (based on monomers) to the reverse osmosis
water. The preparation procedure for this study was shown in Table 5.1. The two solutions were mixed
together for another 30 minutes and were sonicated for 10 minutes (Hielscher sonicator UP200S, 50% duty
cycle and amplitude 70%) in a cold water bath to disperse the monomer particles. The prepared latex was
poured into a 50 ml three-neck round-bottom glass flask, connected to a reflux condenser filled with a
mixture of ethylene glycol/distilled water (20/80 vol%)) circulating at 3 °C and a temperature controller to
adjust the reaction temperature. The glass flask was heated by a heating mantle and placed on a magnetic
stirrer to apply proper mixing during the polymerization. The emulsion was purged with nitrogen for 30
minutes to deoxygenate the system before starting the reaction. In the next step, the latex was heated to 90
°C at a rate of 10 °C.min! to start the polymerization, while the nitrogen flow was continued inside the
reactor so that the polymerization was under inert N, blanket at all times. The starting point of the
polymerization (t= 0 min) was considered when the temperature reached 75 °C. To study the kinetics of
polymerization over time, the samples were taken periodically from the system using a syringe and were
dried completely.

Table 5.1. Typical formulation for the nitroxide-mediated miniemulsion copolymerization of POSSMA
and C13MA.

Component Amount
Monomer (1) - POSSMA Varies based on the experiment (0.075-0.275 M)
Monomer (2) — C13MA Varies based on the experiment (0.031-0.678 M)
Alkoxyamine (Dispolreg 007) 0.006 M
DOWFAX™ 8390 2 wbm%?
n-Hexadecane 0.8 wbm%
Toluene 50 wt% based on the weight of POSSMA monomer
Water 3 times the total weight of all components except toluene

2 wt% based on the monomers

5.2.4. Synthesis of POSSMA homopolymers

The homopolymerization was conducted based on the same procedure for miniemulsion copolymerization
of POSSMA/C13MA. The only difference will be in the initial concentration of Dispolreg 007 that varied
depending on the M target and the C13MA monomer which was removed from the miniemulsion entirely.
The reaction temperature of 90 °C was chosen for all of the experiments. For example, the oily phase of the
POSSMA-Mn25 experiment (homopolymerization of POSSMA with My target = 25 kg mol™t) was prepared
by dissolving POSSMA (8.84 g, 9.365 mmol), Dispolreg 007 alkoxyamine (0.12 g, 0.353 mmol) and n-
hexadecane co-stabilizer (0.07 g, 0.312 mmol) in toluene (4.42 g, 47.956 mmol). The aqueous phase was
made separately by the addition of Dowfax 8390 surfactant (0.18 g, 0.275 mmol) into R.O. water (27.61 g,
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1532. 848 mmol). Two solutions were stirred together for 30 minutes and sonicated (50% duty cycle and
amplitude 70%) for 10 minutes to prepare the miniemulsion. The monomer latex was poured inside a three-
neck reactor (same setup used as for the miniemulsion polymerization of POSSMA/C13MA) and were
purged with ultra pure nitrogen for 30 minutes before heating. The polymerization was conducted under
nitrogen atmosphere for 210 minutes at 90 °C (X = 83%). The initial time for polymerization (t = 0 min)
was considered when the reactor temperature reached 75 °C. Samples for measurement of M,, B, X and
particle size were taken periodically during the polymerization. The latex samples were dried inside a fume
hood and re-dispersed into HPLC-grade THF for GPC analysis. Finally, POSSMA homopolymer with M,
=19.2 kg mol* and P = 1.36 was produced for POSSMA-Mn25 experiment.

5.3. RESULTS AND DISCUSSION

5.3.1. Nitroxide Mediated Miniemulsion Homopolymerization of POSSMA

First, the miniemulsion homopolymerization of POSSMA was investigated. Figure 5.2 shows the schematic
procedure used for preparation of POSSMA homopolymers. Three different Mn arget OF 25, 45 and 80 kg
mol? (corresponding to degrees of polymerization 27, 48 and 85) were chosen to observe the effect of
degree of polymerization upon the kinetics and molecular properties. Table 5.2 presents the experimental

conditions for homopolymerization of POSSMA using Dispolreg 007 alkoxyamine at 90 °C.

POSSMA monomer POSSMA homopolymer Q_éh‘

>?,—o i h 0 x <\:>
\(S,/ \s.-\cl \)/\/\ >s?____° /’J
Ay TRk C
o Al e AL TR
D s ,(s"\o_jjf =

+ Dispolreg 007
+ 50 wt% toluene Mixing
& Nitroxide mediated
based on POSSMA sonication miniemulsion
polymerization
90 °C
Oily phase Monomer latex Polymer latex

Figure 5.2. Schematic representation of nitroxide mediated miniemulsion homopolymerization of
POSSMA.
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Table 5.2. Experimental conditions for nitroxide-mediated miniemulsion homopolymerization

of POSSMA at 90 °C.

'\/|n,targetb DP, 'Vln‘finald Xe [POSSMA] [Dlgg;)lreg [Toluene]o

Experiment 1D . (%) 0 lo e

kg mol*! kg mol*! M

(kg mol ) (kg mol®) ™) ) (M)
POSSMA-Mn252 25 20 19.2 83.0 0.283 0.011 1.451 1.36
POSSMA-Mn45- 45 33 315 96.4 0.297 0.006 1.521 1.53
No Hexadecane
POSSMA-Mn45 45 29 27.2 93.3 0.285 0.006 1.458 1.44
POSSMA-Mn80 80 38 35.9 73.7 0.286 0.003 1.465 1.50

# The miniemulsion homopolymerization of POSSMA monomers with the target number average molecular weight (My targer) O 25
kg mol2.

® The target number average molecular weight (Mparget) fOr miniemulsion polymerization at complete conversion.

¢ Number-average degree of polymerization. DPyarget = 27, 48 and 85 for My arger OF 25, 45 and 80 kg mol ™, respectively.

4 The final number average molecular weight (M,) and dispersity (P) were measured by GPC relative to PMMA standards in THF
at 40 °C.

¢ Overall monomer conversion based on the areas under the normalized GPC peaks.

First, to check the effect of n-hexadecane as the co-stabilizer, the polymerization of POSSMA was done
with and without the addition of 0.8 wt% n-hexadecane relative to monomer. The same experimental
conditions and M arget = 45 kg mol* was considered for both polymerizations. N-hexadecane is commonly
used as a co-stabilizer to enhance the colloidal stability of the latex and reduce Ostwald ripening®”: 126 3%,
For POSSMA homopolymerization without the addition of n-hexadecane, shown in Figure 5.3 (a), a non-
linear increase of conversion over time was observed and the polymerization rate was accelerated compared
to the polymerization in the presence of n-hexadecane. Further, the molecular weight distribution started to
broaden more for the polymerizations without the co-stabilizer (the final B for POSSMA-Mn45-No
Hexadecane = 1.53 and for POSSMA-Mn45 (with 0.8 wbm% n-hexadecane) = 1.44). The latex also lost
its colloidal stability and particles started coagulating during the polymerization without co-stabilizer. This
suggests the polymerization could not efficiently be controlled without the n-hexadecane in the emulsion
and the stability of the latex decreases during the polymerization. In this study, only 0.8 wbm% n-
hexadecane was added to the emulsion as the co-stabilizer, which is generally less than what is typically
used'?’. In our study, the lower concentration of co-stabilizer still enabled latex stability, likely due to the
relatively hydrophobic monomers used. Next, the miniemulsion homopolymerization of POSSMA with
M target OF 25 and 80 kg mol™* was conducted in the presence of co-stabilizer. The polymerization rate was
linear in all cases and the D remained relatively low (Prossma-mnzs = 1.36 and Peossma-mnso = 1.50). For the
POSSMA-Mn80 experiment, My inal Was much lower than M target (Mn final = 35.9 and M target = 80 kg mol
1), although the X attained was as high as 96.4%. This suggests that the polymer chains cannot grow

efficiently at a certain point and reach an equilibrium with unreacted monomers at higher conversions. This
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phenomenon was attributed to the low ceiling temperature (T¢) of POSSMA(T¢possma = 130 °C) which is
generally attributed to steric factors®®,

In Figure 5.3 (b), it is shown that the trend of the M, increase with X is linear for all the polymerizations
but does not go through zero and My =0s have values higher than expected. There are several factors that
account for this observation. There is some difference due to the Mss being reported relative to PMMA
standards, in addition to the slow initiation of Dispolreg 007 that has been observed in many cases at lower
conversions® 162278 Another distinct feature of the M, versus X plots observed for all the reactions in Figure
5.3 (b) is the flattening of M as the reaction proceeds (Figure 5.S1 in Supplementary Information). This is
probably due to the low ceiling temperature (T.) associated with POSSMA, limiting the polymerization
temperature used®*® 3%, The plateau observed in the M, versus X plots here was previously observed in our
study of POSSMA NMP using BlocBuilder alkoxyamine in toluene at 90 °C and ATRP of POSSMA
monomers at 60 °C for conversions higher than 75%, which was attributed to the same rate of
polymerization and depolymerization at the given temperature!l- 333, The plateauing was not observed for
monomer conversions (Figure 5.3 (a)), which can be ascribed to the slow initiation of Dispolreg 0072 43
182 This can increase the possibility of initiation at higher conversions and result in improved conversions

at the final stages of polymerizations.
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Figure 5.3. The miniemulsion homopolymerization of POSSMA using Dispolreg 007 initiator (a) Semi-
logarithmic kinetic plots of In[(1-X)] (X= monomer conversion) versus reaction time (b) Number average
molecular weight M, and dispersity B versus conversion (X). POSSMA-Mn45-No Hexadecane (open
circles, 0); POSSMA-Mn45 (filled circles, ®); POSSMA-Mn25 (filled triangles, A); POSSMA-Mn80

(filled squares, m).
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5.3.2. Miniemulsion copolymerization of POSSMA/C13MA mixtures

POSSMA/C13MA statistical copolymerization with different initial molar compositions was also
conducted in miniemulsion at 90 °C using Dispolreg 007 (Figure 5.4). The My arget Of 45 kg mol™ and
monomer content of 24.14 wt% was applied for all of the copolymerizations. 2 wbm% DOWFAX™ 8390
anionic surfactant was used to stabilize the emulsion and 0.8 wbm% n- hexadecane was added as the
costabilizer to prevent Ostwald ripening. Table 5.3 lists all the results for the miniemulsion
copolymerizations at 90 °C. Monomer conversions up to 96.5% were achieved while the final dispersities
remained relatively low (1.44 < B < 1.68) (GPC traces for POSSMA90/C13MA10, POSSMA50/C13MA50
and POSSMA10/C13MAQ9O0 are available in Figure 5.52, Supplementary Information). POSSMA/C13MA
NMP using BB alkoxyamine and 10 mol% acrylonitrile (AN) as the controlling comonomer was previously
performed in toluene at 90 °C and the final conversion was considerably lower than in POSSMA/C13MA
miniemulsion copolymerization using Dispolreg 007 alkoxyamine (85.4 % < Xuiniemuision < 96.5 % compare
With 38 % < Xsolution-based < 81 %)L, The semi-logarithmic kinetic plots for copolymerizations were shown
in Figure 5.5 (a). All the plots were first-order. Increasing the initial molar ratio of POSSMA reduced the
polymerization rate in the first 50 minutes of the reaction. This was observed previously by Marcinkowska
et al 39 and Hajiali et al*®* for copolymerization of POSSMA with lauryl methacrylate (C12-MA) or
C13MA in homogeneous organic solvent.
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Figure 5.4. The schematic NMP of POSSMA and C13MA monomers in emulsion.
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Table 5.3. Experimental conditions for nitroxide-mediated miniemulsion copolymerization of
POSSMA/C13MA mixtures with My target Of 45 kg mol™ and solid content of 22 wt% at 90 °C.
Mnfinal® [POSSMA [C13MA]o [Dispolreg 007] [Toluene]o
Experiment 1D X (%) lo b
(kg mol) M) (M) (M) (M)
POSSMA10/C13MA90? 50.2 96.5 0.075 0.678 0.006 0 1.68
POSSMA20/C13MA80 40.6 92.6 0.123 0.492 0.006 0.677 1.57
POSSMA30/C13MA70 423 89.4 0.164 0.383 0.006 0.703 1.57
POSSMAA40/C13MA60 422 929 0.197 0.296 0.006 0.725 1.59
POSSMAS50/C13MA50 35.7 85.4 0.215 0.215 0.006 1.101 1.52
POSSMAG0/C13MA40 35.6 91.2 0.234 0.156 0.006 1.200 1.48
POSSMAT70/C13MA30 33.9 91.6 0.250 0.107 0.006 1.282 1.50
POSSMAB80/C13MA20 31.2 87.2 0.264 0.066 0.006 1.351 1.44
POSSMA90/C13MA10 275 85.5 0.275 0.031 0.006 1.410 1.42

2 The miniemulsion polymerization of POSSMA/C13MA mixtures are provided with the following notation to identify the initial molar feed composition:

POSSMAxx/C13MAyy where xx denotes the mol% POSSMA and yy denotes the mol% C13MA.

® The final number average molecular weight (M,) and dispersity (B) were estimated by GPC relative to PMMA standards at 40 °C. The target number

average molecular weight (Mn targer) for all the miniemulsion polymerizations was 45 kg mol ™.
¢ Overall monomer conversion was based on the areas under the normalized GPC peaks.

Based on Figure 5.5(b), the M, increases linearly with monomer conversion. However, the trend departs
noticeably from the theoretical line, especially at lower conversions. This similar departure has been
observed previously for nitroxide-mediated miniemulsion copolymerization of isobornyl methacrylate
(IBOMA)/C13MA mixtures using Dispolreg 007%2. GPC calibration may be an issue as the results are
reported relative to PMMA standards. However, the slow initiation of Dispolreg 007 which leads to higher
M, at low conversion has also been reported?® 43 162278 Fyrthermore, the Mninai Of copolymers decreases
with increasing the initial concentration of POSSMA in the miniemulsion. This might be attributed to the
low T, of POSSMA-rich copolymerizations where chain growth can be stopped®¥. The concentration effect
is another possibility as the POSSMA has a relatively high molecular weight (944 g mol). In addition, this
can correspond to a decrease in apparent polymerization rate constant (kp[P]) with increasing POSSMA
content in the initial monomer mixture. The plateau region was more apparent for copolymerizations with
higher initial ratios of [POSSMA]o/[C13MA]o and was less apparent for copolymerizations with higher
concentrations of CL3MA. The final ® of copolymers (1.42 < < 1.68) slightly decrease by increasing the
POSSMA content. This may show the effect of low T. of POSSMA on polymerization that limits the chain
growth, reduces the possibility of chain transfer reactions and acts as a controlling parameter on
polymerization of POSSMA with different monomers. The particle size did not change significantly for

latex resulting from different POSSMA/C13MA copolymerizations, with sizes ranging from 225-260 nm
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(Figure 5.6). The DLS results with PDI are listed in Table 5.S1 (Supplementary Information). This suggests

good colloidal stability likely derived from the high water insolubility of both of the constituent co-

monomers, which helps to lessen Ostwald ripening?* 292341,
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Figure 5.5. Kinetic data for miniemulsion copolymerization with different ratios of POSSMA/C13MA
using Dispolreg 007 initiator at 90 °C (Mnarget = 45 kg mol* and solid content = 22 wt%): (a) Semi-
logarithmic kinetic plots of In[(1-X)] (X= monomer conversion) versus reaction time; (b) Number average
molecular weight M, and dispersity  versus conversion (X). POSSMA10/C13MA90 (filled circles, ®);

POSSMA20/C13MAS80 (filled triangles, A); POSSMA30/C13MA70 (filled squares, m);
POSSMA40/C13MA60  (gray circles, ); POSSMAS50/C13MA50 (gray triangles, A);
POSSMAG60/C13MA40  (gray  squares, m); POSSMA70/C13MA30 (open circles, ©);

POSSMAS80/C13MA20 (open triangles, A); POSSMA90/C13MA10 (open squares, 0).
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Figure 5.6. Z-average particle size for copolymerization of different ratios of POSSMA/C13MA monomers
over reaction time using Dispolreg 007 alkoxyamine, 2 wbhm% DOWFAX 8390 and 0.8 wbm% n-
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hexadecane. POSSMA10/C13MA90 (filled circles, ®); POSSMA20/C13MAS80 (filled triangles, A);
POSSMA30/C13MA70  (filled squares, m); POSSMA40/C13MA60 (gray circles, e);
POSSMAS50/C13MA50 (gray triangles, A); POSSMAG60/C13MA40 (gray squares, m);
POSSMA70/C13MA30 (open circles, ©0); POSSMAS80/C13MA20 (open triangles, A);
POSSMA90/C13MA10 (open squares, 0O0).

5.3.3. The Effect of POSSMA on Thermal Properties of Polymers
The thermal degradation of POSSMA/C13MA copolymers and POSSMA homopolymers was investigated

by TGA. The decomposition temperatures for polymers were summarized in Table 5.4.

Table 5.4. Results for thermal characterization of POSSMA-based polymers prepared by nitroxide

mediated miniemulsion polymerization.

Experiment 1D (-[ga T4 (°C) -I;‘ie(c:;b Td(fg;x ’ -l;ieé;b Fpossma®  Mnd (kg mol?)
POSSMA100-Mn25 106 - 277 312 487 1 19.2
POSSMA100-Mn45 98 - 278 369 455 1 27.2

POSSMA90/C13MA10 96 - 273 313 505 0.94 27.5
POSSMAB80/C13MA20 92 - 256 340 459 0.88 31.2
POSSMA70/C13MA30 85 55 277 365 508 0.79 33.9
POSSMAG60/C13MA40 78 55 258 316 466 0.65 35.6
POSSMA50/C13MA50 72 -29, 54 244 306 456 0.46 35.7
POSSMA40/C13MA60 - -30, 58 255 325 491 0.40 42.2
POSSMA30/C13MA70 -29 -37, 50 236 323 467 0.20 42.3
POSSMA20/C13MA80 -28 -32,23 232 332 472 0.07 40.6
POSSMA10/C13MA90 -25 -39 220 315 450 0.01 50.2

? T (melting point) and Ty (glass transition temperature) measured by DSC under nitrogen atmosphere using three scans per cycle
(heat/cool/heat) at a heating rate of 15 °C min™ and cooling rate of 50 °C min%.

® Teec1 (T10% OF Onset of decomposition), Teecmax (temperature at which highest weight loss occurs) and T2 (end of decomposition) measured
by TGA under nitrogen atmosphere at a ramp rate of 15 °C min.

¢ Molar fraction of POSSMA in polymers determined by *H NMR in CDCls.

4The final number average molecular weight (M,) was estimated using GPC with PMMA standards at 40 °C in THF.

The decomposition temperature for 10% weight 10ss (Taec,1) for POSS homopolymers was detected at 277
and 278 °C for M, = 19.2 and 27.2 kg mol, respectively. For comparison, Tgec1 for homopolymers of two

similar methacrylate functionalized POSS (named herein as POSSMA; and POSSMA; organic ligands for
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POSSMA:; were c-CsHa1 and for POSSMA; were c-CsHo) were 388 and 389 °C for the same M, of 117 kg
mol* 32, The weaker interactions of the seven POSS R-groups in POSSMA can be another possible reason
for comparatively lower Tqec1>*%. Furthermore, we did not cleave the alkoxyamine; removing it would have
likely enhanced thermal stability (since no radicals could be released at higher temperatures to propagate
degradation reactions) as indicated by Nicolas et al?*® for chains terminated with the SG1-alkoxyamine.
QN\ers have shown the released nitroxide group’s effect on increasing degradation rates via chain scission

or DaXkbiting reactions and reducing the expected Tec,134 3.

Increasig\the PCSSMA content generally increases the TS, thereby improving the thermal stability of
the copolymRe\s. Generally, a 10% increase in molar ratio of POSSMA improves the Tgec1 by approximately
5 °C. A simila Xacrease in Tgec Was previously observed for polymer resins containing POSS moieties.
Rdo-Uribe et aK\greviously showed that the incorporation of 15 mol% POSS (n=8; n is the number of
scgant\Jigands on a\gdgeric POSS) into poly(4-methylstyrene) improved the Teec1 by 5.7% (from 388 to
410 °ON\eIpared to the Neat poly(4-methylstyrene). TGA traces were depicted in Figure 5.7 for all the

copolymers “red in mMig\emulsion and illustrate the modest shift to higher Tgec1 With increasing
POSSMA content.
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Figure 5.7. TGA traces for POSSMA/C13MA copolymers. Increasing thANJISSMANntent slightly
increased the thermal stability of the polymers. All the tests were done under tha, N\o ®mospherswith the

heating rate of 15 °C min™’. The polymers were precipitated in excess methanol and OQNpie\ly dried uhsgr

vacuum at room temperature.
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The Tms and Tgs for POSSMA/C13MA copolymers increase with increasing POSSMA content in
copolymer (Figure 5.8). The melting points in the range of -25 to -30 °C corresponds to the incorporation
of C13MA monomers and it becomes noticeable as the C13MA becomes the major component162 182 347,
This lower bound with respect to Tr, is seen quite clearly for the compositions of Fcisma > 80%. The melting
points at higher temperatures (Tm > 50 °C) are indicative of incorporation of POSSMA into the copolymers,
as the T, for poly(POSSMA\) approaches nearly 100 °C*8, The absence of T, for POSSMA homopolymers
and copolymers with high molar ratios of POSSMA (Frossma = 0.88) is probably due to the rigidity of
polymer chains and the decrease in segmental mobility caused by the POSS cages®*? 3¢, For intermediate
POSSMA compositions = 20 to 46 mol%, two Tys were detected. This suggests microphase separation and
we speculated that the system may have formed POSSMA/C13MA gradient copolymers. Examining this,
the radical reactivity ratio (r) of POSSMA and C13MA were rpossma = 0.91 and rcismwa = 1.94 (approximated
using a low concentration of AN co-monomer 10 mol%)*8 and their values do not predict a strong gradient
structure. For the similar copolymerization of MMA/POSSMA, rpossma = 0.58 and ruma= 1.61 were
reported®® 34 L ow reactivity ratios for other POSS containing monomers were also observed in various
copolymerizations®%3%3, In some cases however, self-assembly is possible for statistical copolymers with
long side branches such as mono methacrylate-terminated poly(dimethylsiloxane) (PDMS) oligomers with
MMA even though the reactivity ratios are not vastly different®4. Self-assembly properties was previously
observed for statistical copolymers containing POSS-based monomers®® 3%, A similar study by Kim et
al®" showed two distinct Tys and self-assembly for statistical copolymers of POSSMA and poly(ethylene
glycol) methyl ether methacrylate (PEGMA, M, = 475 g mol™?). In this particular case, with relatively low
side chain length, the microphase separation was not as distinct as expected with longer PDMS or PEGMA
side chains. However, the Flory-Huggins interaction parameter y >> 1 for POSSMA/C13MA was
estimated, suggesting the possibility of microphase separation®®!, In POSSMA10/C13MA90 experiment,
only 1 mol% POSSMA was incorporated in the final polymer composition, resulted in the Ty and Tr close
to pure C13MA homopolymer (Tq = -44 °C and Tm = -19 °C) prepared in a similar miniemulsion

polymerization procedure!®?,
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Figure 5.8. DSC traces for POSSMA/C13MA copolymers in the range of -80 to 190 °C with the heating
rate of 15 °C min and cooling rate of 50 °C min™.

5.3.5. PXRD Results

Figure 5.9 (a) presents the PXRD results for POSSMA homopolymers with different M,s and compares
the results with POSSMA monomer. The POSSMA monomer is highly crystalline (crystalline fraction =
81.7%) while the homopolymers, prepared by miniemulsion polymerization, are not as crystalline (~ 60-
70%) and display a significantly smaller crystal size, almost 10 times less than the monomer (Table 5.5).
Further, the POSSMA homopolymers prepared exhibited a reduction the crystal size and crystallinity with
increasing M. For POSSMA homopolymers, a strong peak at 8.4°, two weak peaks at 11.0° and 19.2° and
a wide peak at 25.4° were observed. The semi-crystalline nature was also expected for POSSMA/C13MA
copolymers with the same peaks in PXRD patterns (Figure 5.9 (b)). This is in accordance with previous

studies regarding POSS-based polymers®?>-34.
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Figure 5.9. PXRD patterns for (a) POSSMA homopolymers compared to POSSMA monomer (b) Three
powder POSSMA/C13MA copolymers with different monomer ratios.

Table 5.5. Crystallinity and crystallite size for POSSMA monomer, homopolymer and

copolymers.
Sample name Daverage? (°A) Crystallinity (%) Mn (kg mol)
POSSMA monomer 389.7 81.7 0.9°
POSSMA100-Mn25 44.3 71.4 19.2
POSSMA100-Mn45 20.3 63.8 27.2
POSSMA90/C13MA10 37.3 68.2 275
POSSMAS80/C13MA20 44.4 70.5 31.2
POSSMAG60/C13MA40 32.6 66.0 35.6

2 Calculated by Scherrer equation. Daversge IS the average of Ds for X-ray diffraction peaks.
® molecular weight of POSSMA = 943.6 g mol™.

Table 5.5 summarizes the crystallite size and crystalline fraction of copolymers. Note that the crystallite

size was calculated using the Scherrer equation®® 3°:

D= KA
" B cos@

(5.1)

where D is the crystallite size in the direction perpendicular to the given set of lattice planes, K is crystallite-
shape factor (K ~ 0.9), 1 is the wavelength of the radiation (4 = 0.15406 nm); g is the width of the X-ray
diffraction peak (FWHM) in radians and 6 is the Bragg angle.

Interestingly, the crystal size and the crystallinity of the copolymers did not change significantly by
changing the POSS content in copolymer chains. A similar trend was observed for copolymerization of
POSSMA and methacrylates with long aliphatic side-chains. In a study by Hajiali et al'®
POSSMA/AN/C13MA, the crystalline structure of POSS-based polymer chains was not sensitive to
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incorporation of low fractions of CL3MA. Similarly, Molina and coworkers*° observed the almost identical
crystal size, crystallinity and PXRD patterns for copolymers with different ratios of n-butyl methacrylate
and POSSMA. However, this was not the case for copolymers of POSSMA and 2-ethylhexyl methacrylate,
which shows that it is not a universal characteristic and it may only be valid for copolymers of POSSMA
and methacrylates with long aliphatic side-chains®®°.

5.4. CONCLUSIONS

We successfully synthesized POSSMA homopolymers with M,, up to 35.9 kg mol™* (P < 1.53) by NMP in
miniemulsion. The polymerizations were initiated by Dispolreg 007 without addition of any controlling
comonomers leading to stable latex particles with polymerizations going to high conversions and relatively
short polymerization times. The homopolymer was semi-crystalline with T, = 98-106 °C) with high thermal
stability imparted from the POSS inorganic cage (Tdec1 (T1i0%) and Taeemax UP to 278 and 369 °C,
respectively). To adjust the Ty, of the polymer and introduce flexibility, bio-based C13MA was
copolymerized with POSSMA. Copolymers with different POSSMA:C13MA compositions were produced
with conversions up to 96.5% and relatively low dispersity (P < 1.68) resulting in copolymers with a wide
range of Tgand T (-39 °C < Tgand Tm < 96 °C). Adding POSSMA slightly increased the thermal stability
of the copolymers (10 mol% increase in molar ratio of POSSMA in the feed, improved the Tgec1 by 4.9 °C).
All the polymerizations were conducted at 90 °C with reaction times < 210 minutes and in the dispersed
aqueous media with a minimum amount of toluene to dissolve POSSMA. Finally, semi-crystalline
microstructures with melting points were observed for the POSSMA homopolymers and POSSMA/C13MA
copolymers and it was also concluded that the copolymerization of POSSMA with long aliphatic

methacrylates has a nominal impact on the crystalline size and the crystallinity of the polymeric structure.
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Preamble to Chapter 6

In the previous chapter, the possibility of miniemulsion polymerization of POSSMA was investigated and
POSSMA/C13MA copolymers were successfully synthesized that would add flexibility and improve
mechanical properties. The incorporation of POSSMA, a hybrid monomer with the silicon-containing cage,
improves the thermal stability and hardness of POSSMA/C13MA copolymers. Previously, POSSMA was
dissolved in toluene to be able to conduct the POSSMA homopolymerization or copolymerization with
C13MA, which is a pseudo-suspension polymerization method. In this chapter, POSSMA was dissolved in
a mixture of IBOMA/C13MA monomers and the miniemulsion polymerization was performed at 90 °C
without the addition of organic solvents. We first studied the polymerization of POSSMA/IBOMA/C13MA
in toluene to obtain the thermal stability and kinetic results and compared the results to the miniemulsion
polymerization. It was shown that the addition of POSSMA successfully improved the thermal properties
of the resulting polymers, which exhibited a wider range of glass transition temperatures. This study was
published in the Journal of Applied Polymer Science,138 (13), 50095, 2021.
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Chapter 6: Incorporation of Methacryloisobutyl POSS in Bio-Based
Copolymers by Nitroxide Mediated Polymerization in Organic Solution

and Miniemulsion

ABSTRACT

In this study, nitroxide mediated polymerization of methacryloisobutyl POSS (POSSMA) and bio-sourced
monomers: isobornyl methacrylate (IBOMA) and C13 methacrylate (C13MA, an alkyl methacrylate with
an average chain length of 13 units) was conducted in solution (toluene) and miniemulsion. BlocBuilder-
MA (with 10 mol% acrylonitrile (AN) controlling co-monomer, for the solvent-based system) and
Dispolreg 007 (for the miniemulsion) were used as the alkoxyamine for initiation and controlling the
polymerization. POSSMA/IBOMA/C13MA effective terpolymerization (having 10 mol% AN controlling
co-monomer) with monomer conversion (X) <72% in toluene resulted in resins with M, up to 21.3 kg mol
land D < 1.67. Next, terpolymerizations were conducted in water to completely remove the organic solvent
resulting in polymers with M, up to 46.7 kg mol* and B < 1.65. The successful chain extension of
poly(IBOMA/AN) with a mixture of POSSMA/C13MA/AN (M, = 74.1 kg mol* and © = 1.55) showed
high chain-end fidelity, exemplified by a clear, monomodal shift in the GPC chromatogram from the
macroinitiator. Finally, it was shown that the addition of 20 mol% POSSMA improved the decomposition
temperature of bio-based polymers of IBOMA/C13MA by 15%.

6.1. INTRODUCTION

The incorporation of silicon-containing compounds into polymer structures has been of great interest for
the past several decades®®!=3%3. One example of such compounds are polyhedral oligomeric silsesquioxanes
(referred as POSS), with general formula of (RSiO1s) , N > 6, that usually possess one or more organic
substituents®?°, This organic/inorganic hybrid can have various functional groups enabling the incorporation
of the POSS into different materials®* *°. POSS-containing molecules are often cited as environmentally
friendly, non-volatile and odorless and are frequently used as a nano-filler or modifier of material
properties®®. For example, POSS cages can improve anti-flammability, mechanical properties, thermal
stability and biocompatibility and rheological properties®’ 320365, Methacryloisobutyl POSS (termed herein

as POSSMA) is a POSS containing molecules (n=8) with one methacrylic ligand, which can be incorporated
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into polymer resins to improve the hardness (T4 of poly(POSSMA)~ 85 °C)**? and thermal stability. The
reversible-deactivation radical polymerization (RDRP) of POSSMA with different monomers was
previously studied in organic solvents33®: 333.357. 367371 and reported in dispersed aqueous media recently?,
Nitroxide mediated polymerization (NMP), as one of the simplest RDRP techniques, can be used to prepare
POSSMA-containing polymers with active chain ends, well-defined microstructures and narrow molecular
weight distributions™ 2% 1% These features allow lower viscosities (useful for coatings applications) and

better chain—to-chain compositional homogeneity (tailoring of properties), for example.

Previously, POSSMA was incorporated into bio-based polymers and composites to enhance their
mechanical and thermal properties®® 32, However, it was shown that only the addition of high POSSMA
concentration (or similar POSS containing monomers) can efficiently increase the thermal stability of the
product®® 373 374 We earlier homopolymerized POSSMA and copolymerized POSSMA with C13MA, a
vegetable oil-derived alkyl methacrylate with an average side chain length of 13 alkyl units. For
copolymerization of POSSMA/C13MA, we observed that a 10 mol% increase in feed molar ratio of
POSSMA improved the onset decomposition temperature (Tgec,1, for 10% weight loss) moderately by 4.9
to 5.8 °C8L 219 Here, isobornyl methacrylate (IBOMA) was incorporated into statistical terpolymers of
POSSMA/IBOMA/C13MA for further improvement of thermal stability without compromising the bio-
content of polymer resins. IBOMA is a bio-based monomer derived from terpenesi’®. IBOMA
homopolymers have a high T4 (T4 = 110 to 200 °C, depending on the molecular weight)?°% 261-263 dye to the
bicyclic carbon-based group which contributes to improving hardness and thermal stability?® 260, As
C13MA has a long alkyl group, it can effectively serve as a polymerizable plasticizer, providing flexibility
to the polymer chain (T of poly(C13MA) homopolymer = -46 °C)?°1 35, To understand the incorporation
of these three monomers, via terpolymerization by NMP of POSSMA/IBOMA/C13MA monomers in
toluene was first studied. BlocBuilder-MA alkoxyamine?” (BB, from Arkema) was used to initiate the
polymerization and 10 mol% acrylonitrile (AN) was added to the feed as the controlling co-monomer to
improve the control over the polymerization'™. Control is defined here as a linear increase of number
average molecular weight M, with monomer conversion, relatively narrow molecular weight distribution
and predetermined final number-average molecular weight for polymerst®®-376.377 \We thus target bio-based
poly(methacrylate) resins by NMP with tunable T4 and excellent thermal stability due to the inclusion of
POSSMA'®?,

To investigate further the effect of the POSS cage on the thermal stability of polymers derived from bio-
based monomers, polymerization of a low concentration of POSSMA (5, 10, 20 mol% in initial feed), with
IBOMA and C13MA was performed in miniemulsion. Bypassing the use of organic solvents permitted a

final product essentially free of volatile organic compounds (VOCs). To initiate the nitroxide mediated
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miniemulsion polymerization of POSSMA/IBOMA/C13MA, Dispolreg 007 alkoxyamine? 2° was used.
Dispolreg 007 has been used for NMP of methacrylates in organic solvents?: 2% 278 miniemulsions** 162 and
suspensions'®®, This alkoxyamine enables the NMP of methacrylic monomers at moderate temperatures (T
< 100 °C) without using any controlling co-monomers**10%.243.278 I the last step, the influence of POSSMA
and IBOMA on glass transition and decomposition temperatures of statistical and block copolymers was

studied via thermal methods.

6.2. EXPERIMENTAL

6.2.1. Materials

Isobornyl methacrylate (IBOMA, >99%) and C13 methacrylate (Visiomer Terra C13,0-MA termed herein
as C13MA, alkyl methacrylate with an average chain length of 13 units, >99%) were obtained from Evonik.
To remove inhibitors before use, IBOMA and C13MA monomers were passed through a column of
activated basic alumina (approximately 1 g per 50 ml monomer, Brockmann, Type 1, 150 mesh, Sigma
Aldrich) and calcium hydride (5 wt% of basic alumina, 90-95% reagent, Sigma Aldrich).
Methacryloisobutyl polyhedral oligomeric silsesquioxane (methacryloisobutyl POSS-MAQ702 or
POSSMA, from Hybrid Plastics) was used as received. Tetrahydrofuran (THF, 99.9%, HPLC grade, Fisher
Scientific), n-hexadecane (~99%, Sigma Aldrich), DOWFAX™ 8390 (alkyldiphenyloxide disulfonate,
Dow Chemical), Methanol (MeOH, >99%, Fisher Scientific) and toluene (>99%, Fisher Scientific) were
used as received. Deuterated chloroform (CDCls, >99%) from Cambridge Isotopes Laboratory was used to
dissolve samples for *H NMR. 3-(((2-Cyanopropan-2-yl) oxy) - (cyclohexyl) amino)-2, 2-dimethyl-3-
phenylpropanenitrile (Dispolreg 007) alkoxyamine was synthesized according to Ballard et al’s
procedure?®. N-(2-methylpropyl)-N-(1-diethylphosphono-2,2-dimethylpropyl)-O-(2-carboxyl prop-2-yl)
hydroxylamine (BlocBuilder-MA™, termed herein as BB, 99%) was provided from Arkema. Reverse
osmosis water (type 2 with the resistivity of ~ 1.1 MOhm-cm at 23 °C) was used for the miniemulsion
polymerizations and DLS measurements. All the polymerizations and characterization tests (were

necessary) were conducted under high purity nitrogen (99.998%, Praxair Canada).

6.2.2. Methods

6.2.2.1. My, X and ® Measurements

Dispersity of polymers (D) and number average molecular weight (M,) were determined by gel permeation
chromatography (GPC, Waters) relative to poly(methyl methacrylate) (PMMA) standards (from Varian
Polymer Standards; M, range of 875 to 1677000 g mol™) at an operating temperature of 40 °C. Three GPC
Waters Styragel columns HR1, HR2 and HR4 (with the total molecular weight range of 10%to 6 x 10° g
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mol?) and a guard column were used for measurements with a flow rate of 0.3 mL min*. For GPC, the
samples were prepared by diluting in HPLC grade THF with a concentration of approximately 5 mg ml=.
For samples from miniemulsion polymerizations, the monomer conversions were calculated from the areas
under the normalized GPC peaks measured according to the method described in our recent study and the
accuracy of the results was confirmed by comparing with a gravimetric method?'%. The polymer
compositions and the monomer conversions for polymerization in toluene were measured by *H NMR
(Bruker Avance 111 HD 500 MHz, 32 scans, using CDCI; deuterated solvent).

6.2.2.2. Particle Size

The Z-average particle size of miniemulsions was measured by dynamic light scattering (DLS) with a
Malvern Zetasizer Nano-ZS, equipped with a 4 mW He—Ne laser at 633 nm and an avalanche photodiode
detector with measurement angle of 173° at 25 °C. Latex samples were diluted with R.O. water to reach the
concentration of 0.01-1000 mg mlt (102 — 1 % mass) before the DLS. 5 measurements per samples were

performed to minimize the error.

6.2.2.3. Thermoanalytical Analyses

Differential scanning calorimetry (DSC, Q2000 from TA Instruments) was used to measure the Tgs of
samples. Three scans per cycle (heat/cool/heat) with the heating rate of 15 °C min* and cooling rate of 50
°C min™ were employed to determine Tgs during the re-heating cycle under nitrogen. The T4s were predicted
using TA universal analysis software with the inflection method. The calibration of temperature (by indium)
and heat flow (by benzoic acid) was done for DSC before the tests. Thermogravimetric analysis (TGA) was
performed by TGA Q500 (TA Instruments) with a ramp rate of 15 °C min* from 25 to 550 °C. The
measurement of decomposition temperatures (TgecS) was done in an aluminium pan under nitrogen. To
provide polymer samples for DSC and TGA, latex samples were dried inside a fume hood at 23 °C for 3
days. The samples were dissolved in a minimal volume of toluene and were precipitated in excess methanol.
The resulting polymer samples were then dried inside a fume hood for 6 hours and were placed under
vacuum at room temperature for 12 hours. The samples from NMP in toluene were precipitated in methanol

and were dried inside a fume hood and under vacuum at ambient condition for 6 and 12 hours, respectively.
6.2.3. Polymerization of POSSMA/IBOMA/C13MA/AN using BB alkoxyamine in Toluene

A mixture of monomers (IBOMA, C13MA, POSSMA and AN as the controlling co-monomer) and BB
alkoxyamine were dissolved in 50 wt% toluene and were added into a 15 ml three-neck round-bottom glass
reactor. The reactor was placed on a stirrer and a magnetic stir bar was added to the solution to mix the
components before and during the polymerization. One of the necks was connected to a reflux condenser

which was connected to a chiller (Neslab 740) that circulated a mixture of ethylene glycol/distilled water
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(20/80 vol%) to provide a coolant to the condenser at a temperature of 3 °C. A temperature controller was
used to maintain the reaction temperature and was connected to a heating mantle and a temperature sensor.
The heating mantle was placed on the stir plate and the reactor was placed inside the mantle. A
thermocouple was placed inside a temperature well in a second neck of the reactor, and the well was
sufficiently deep to permit accurate estimation of the reaction temperature. The third neck was sealed with
a rubber septa and a nitrogen syringe needle was inserted to provide the purge entrance (exit was via a
rubber septa at the top of the condenser) and to take samples via syringe.

The solution was purged with pure nitrogen flow for 30 minutes before increasing the temperature. While
still maintaining the nitrogen purge, the reactor was heated at a rate of 10 °C-min~! and the starting point
of the polymerization was taken when the reactor contents reached 75 °C (Two). All the polymerizations
were conducted under nitrogen atmosphere in toluene at 90 °C. Samples for kinetic analysis were taken
periodically during the polymerization. As summarized in Table 6.2, polymerizations were performed using
BB with 10 mol% AN and different molar fractions of POSSMA, IBOMA and C13MA. An example is
given to illustrate the quadripolymerization procedure. For the experiment P10/1B44/C36/AN10, to the
reactor were added BB (0.08 g, 0.21 mmol), POSSMA (1.65 g, 1.75 mmol), purified CL13MA (1.71 g, 6.37
mmol), IBOMA (1.70 g, 7.65 mmol), AN (0.09 g, 1.75 mmol), and toluene (5.22 g, 56.65 mmol). The
polymerization was run for 210 minutes. After precipitation into methanol and recovery, the wet product
was dried under vacuum at room temperature overnight. *H NMR and GPC were used to determine the
composition and molecular weight, respectively (M,,= 21.3 kg mol?,  =1.61, Figoma = 0.06, a sample
calculation of monomer conversion and polymer composition using *H NMR peaks is available in
Supplementary Information). The NMP scheme of POSSMA with C13MA and IBOMA is presented in
Figure 6.1.

Figure 6.1. NMP scheme of p(POSSMA-co-C13MA-co-IBOMA-co-AN) statistical polymers using BB

alkoxyamine, and AN co-monomer (10 mol% in initial feed) in 50 wt% toluene.
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6.2.4. Miniemulsion Polymerization of POSSMA/IBOMA/C13MA

Terpolymerizations of POSSMA/IBOMA/C13MA was conducted in miniemulsion at 90 °C. Avoidance of
organic solvent to dissolve the solid POSSMA was possible since the POSSMA monomer was completely
soluble in the other liquid monomers. Unlike the polymerizations in toluene, which were initiated by BB,
oil-soluble Dispolreg 007 alkoxyamine was used to initiate the NMP in miniemulsion. A favourable feature
of Dispolreg 007 was the lack of necessity of a controlling co-monomer and its possible deleterious effect
on the final polymer’s properties. A schematic representation of the miniemulsion polymerization of
POSSMA/IBOMA/C13MA is depicted in Figure 6.2. The experimental set-up for solution and
miniemulsion polymerization was essentially the same. To prepare the miniemulsions, the hydrophobe and
aqueous phases were made separately based on the recipe described in Table 6.1. Dispolreg 007
(alkoxyamine) and 0.8 wt% n-hexadecane (co-stabilizer) based on monomers’ weight were added to a
mixture of POSSMA, IBOMA and C13MA. DOWFAX 8390 surfactant (2 wt% based on monomers) was
dissolved in water for the preparation of the aqueous phase. The two phases were mixed together for 30
minutes with stirring and were sonicated for 10 minutes (Hielscher sonicator UP200S, 50% duty cycle and
amplitude 70%) in a cold water bath. The prepared latex was poured into the reactor and was purged with
nitrogen for 30 minutes. The polymerization was conducted under ultra-pure nitrogen atmosphere at 90 °C
(T=o = 75 °C and heating rate of 10 °C min). For the purpose of illustration, P5/IB47.5/C47.5 experiment
(M target = 45 kg mol™) was conducted in miniemulsion under N, atmosphere at 90 °C. POSSMA (1.34 g,
1.419 mmol), IBOMA (3.62 g, 13.479 mmol) and C13MA (3.00 g, 13.479 mmol) were mixed with
Dispolreg 007 (0.06 g, 0.177 mmol) and n-hexadecane (0.06 g, 0.281 mmol) to make the hydrophobic
phase. The aqueous phase (Dowfax 8390 (0.16 g, 0.247 mmol) and water (24.71 g, 1371.569 mmol)) was
stirred with monomer solution for 30 minutes and the final emulsion was sonicated for 10 minutes before

polymerization.

Table 6.1. Polymerization formulation for the nitroxide-mediated miniemulsion
terpolymerization of POSSMA/IBOMA/C13MA.

Component Amount
Monomer (1) —- POSSMA Varies based on the experiment (0.044-0.141 M)
Monomer (2) — IBOMA Varies based on the experiment (0.282-0.420 M)
Monomer (3) — C13MA Varies based on the experiment (0.282-0.420 M)
Alkoxyamine (Dispolreg 007) 0.006 M
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DOWFAX™ 8390 2 wbm%:?
n-hexadecane 0.8 wbm%

Water 3 times the total weight of all components
2 wt% based on the monomers

Nitroxide-mediated
miniemulsion polymerization NC cN
T=90°C B o
A . m n p
o o d o o7 Mo o G

Figure 6.2. Schematic representation of nitroxide mediated emulsion polymerization of
POSSMA/IBOMA/C13MA using Dispolreg 007 at 90 °C. 2 wt% DOWFAX 8390 (surfactant) and 0.8 wt%
n-hexadecane (co-stabilizer) based on the weight of the monomers were added to stabilize the particles in

miniemulsion.

6.3. RESULTS AND DISCUSSION

6.3.1. Polymerization of POSSMA with IBOMA/C13MA/AN in Toluene

Incorporation of POSSMA into IBOMA/C13MA co-monomers (with BB and 10 mol% AN as the
controlling co-monomer) was done to obtain copolymers with improved thermal stability and hardness as
IBOMA and POSSMA are known to produce polymers with relatively high Tgy. First, a series of
guadripolymerizations was undertaken in toluene, varying only one experimental parameter, namely the
molar ratio of POSSMA in feed, ranging from 10 to 50 mol% (see Table 6.2 for experimental conditions).
The weight ratio of 1:1 for IBOMA/C13MA was used for all syntheses in 50 w% toluene at 90 °C using
BB with 10 mol% AN for 210 min. All kinetic plots were linear with respect to the reaction time but does
not necessarily infer chain fidelity (Figure 6.3 (a)). Increasing POSSMA fraction from 0.1 to 0.5 decreased
the apparent rate constant k, [P*] ( [P7] is the concentration of active polymer radicals and k; is the rate
constant of chain propagation) significantly from (14.0 + 0.1) x 10° s to (1.8 £ 0.1) x 10° s* (Table 6.3).
Such a decrease with increasing POSSMA fraction was expected as seen earlier in POSSMA/C13MA
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copolymerizations!®. The polymer composition was listed in Table 6.3 and shows the successful
incorporation of POSSMA in polymers (Figure 6.S1 in Supplementary Information shows an example ‘H
NMR spectrum for finding the polymer composition).

M versus conversion plots show a relatively linear rise for all samples with subsequent plateauing at higher
conversions > 60% (Figure 6.3 (b)). Such a deviation from the theoretical predicted line could be due to the
irreversible termination reactions as seen in our previous studies®® 8 Further, in Figure 6.3 (b), D
increases with conversion for all the experiments initiated with BB in toluene. This is probably caused by
disproportionation between propagating radicals and the nitroxide at high conversions as reported
elsewhere for polymerizations SG1 alkoxyamines®’®, Both B and M, were also decreased from 1.61 to 1.45
and from 21.3 to 14.6 kg mol?, respectively, as POSSMA increased from frossmao= 0.10 to 0.50 in the
initial monomer composition. The apparent decrease in final M, values upon increasing POSSMA
composition in the initial monomer mixture can be ascribed primarily due to its higher molecular weight
compared to the other monomers, as the theoretical degree of polymerization was nearly halved on going
from frossmao=0.10 to 0.50.

The molecular weight distributions for experiments in toluene were presented in Figure 6.S2
(Supplementary Information).

Table 6.2. Experimental condition for NMP of POSSMA/IBOMA/C13MA/AN in toluene using BB at 90
°C.

[BB]ob [POSSMA]O [ClsMA]o [|BOMA]0 [AN]() [Toluene]o

Experiment ID frossma0® fisomao  fciamao M) M) M) M) M) M)
P10/ 1B44/C36/AN10¢  0.10 0.44 036 0.02 0.18 0.65 0.78 0.18 5.77
P20/ I1B38/C32/AN10 0.20 0.38 0.32 0.02 0.32 0.51 0.62 0.16 6.50
P30/ 1B33/C27/AN10 0.30 0.33 0.27 0.03 0.45 0.40 0.49 0.15 7.11
P40/ 1B27/C23/AN10 0.40 0.27 0.23 0.03 0.55 0.31 0.38 0.14 7.62
P50/ 1B22/C18/AN10 0.50 0.22 0.18 0.03 0.64 0.23 0.28 0.13 8.07

@Initial molar fraction of POSSMA in the initial feed (considering all constituent monomers). All syntheses done at 90 °C in toluene
initiated by BB and targeting Mntarget =25 kg mol™.
b Concentration of BB in the initial feed [mol L.
¢ Polymerization of POSSMA, IBOMA, C13MA and AN with the initial concentrations of 10, 44, 36 and 10 mol%, respectively.
AN with the initial concentration of 10 mol% was used as the controlling co-monomer for all the experiments using BB in toluene.
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Table 6.3. Molecular  characterization and  kinetic data of  poly
(POSSMA/IBOMA/C13MA/AN prepared in 50 wt% toluene using BB at 90 °C.

d p*

Experiment ID Frossma?  Fisoma?  Fciama® XP (%) pe Mp© (kg mol'1)° (I;_%S[Sl?lid
P10/1B44/C36/AN10° 0.06 0.67 0.21 72.2 1.61 21.3 14.0+0.1
P20/I1B38/C32/AN10 0.15 0.46 0.29 59.5 1.67 19.5 12.1+0.2
P30/IB33/C27/AN10 0.24 0.40 0.24 69.4 1.55 17.9 79+01
P40/1B27/C23/AN10 0.30 0.38 0.20 52.4 1.45 12.8 40+0.1
P50/1B22/C18/AN10 0.44 0.29 0.16 42.3 1.45 14.6 1.8+0.1

8 Fpossma » Fipoma and Feq3p4 indicate the molar fraction of POSSMA, IBOMA and C13MA (considering AN co-
monomer) as determined by *H NMR in CDCls. A sample calculation to determine the composition is available in
Supplementray Information,

b Overall monomer conversion measured by *H NMR in CDCls.

¢ The final product’s number average molecular weight (M,,) and dispersity (D) were determined using GPC relative
to PMMA standards at 40 °C.

d Apparent rate constant derived from the semi-logarithmic slopes of In[(1-X)™] (where X = conversion) versus time
in the first 60 minutes of polymerization. Error bars were determined by finding the standard error on each slope
(linear fit of semi-logarithmic plot).

¢ Polymerization of POSSMA, IBOMA, C13MA and AN with the initial concentrations of 10, 44, 36 and 10 mol%,
respectively. AN with the initial concentration of 10 mol% was used as the controlling co-monomer for all the
experiments using BB in toluene.
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Figure 6.3. (a) Semi-logarithmic kinetic plots of In[(1-X)?] (X = monomer conversion) versus
polymerization time and (b) number average molecular weight My, and dispersity B versus conversion (X)
for NMP of IBOMA/C13MA/POSSMA using BB and f4y o= 0.1 at 90 °C: P10/1B44/C36/AN10 (open
circles, o), P20/IB38/C32/AN10 (open squares, o), P30/IB33/C27/AN10 (open diamonds, ¢),
P40/1B27/C23/AN10 (open triangles, A), P50/1B22/C18/AN10 (filled circles, o).
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6.3.2. Terpolymerization of POSSMA/C13MA/IBOMA Monomers in Miniemulsion

The copolymerization of IBOMA/C13MA was previously done in organic solvent (toluene) and in aqueous
miniemulsion®? 82 To study the effect of POSSMA on the miniemulsion polymerization of
IBOMA/C13MA mixtures, terpolymerization of IBOMA/C13MA/POSSMA was conducted using similar
reaction conditions at 90 °C. For miniemulsion polymerization, the feed molar ratio of 1:1 was set for
IBOMA/C13MA, while the [POSSMA] varied for in each experiment. Table 6.4 illustrates the
experimental conditions for terpolymerization of IBOMA/C13MA/POSSMA. The molecular weight
distributions were monomodal with & < 1.65 for all samples taken during the polymerizations. The GPC
peaks for NMP in miniemulsion were depicted in Figure 6.S3 (Supplementary Information). The high M,
in the beginning of the polymerization (Figure 6.4 (b)) was probably due to the strong penultimate effect
associated with Dispolreg 007, which results in slow initiation?® 43 162 278 |t should be noted that this
curvature was not observed in the solution polymerizations as strongly, since BB was used as the
alkoxyamine in the solution polymerizations. At X > 50%, the slope of M, versus X plots slightly decreases
and approaches the theoretical prediction. This can be ascribed to not all chains initiating at the same rate
during the early part of the polymerization but eventually at higher conversions, all chains are growing at
nearly the same rate, with M, approaching closer to the theoretical value. The k, [P7] trend for
polymerizations in miniemulsion was different from the kinetic results of polymerization in toluene (Table
6.5). For P5/IB47.5/C47.5 experiment, the amount of POSSMA in polymer was negligible (< 1%).
Therefore, its k, [P*] does not follow the trend of other terpolymers prepared in miniemulsion. The kp [P]
for P10/1B45/C45 and P20/1B40/C40 does not increase with increasing composition of POSSMA in the
terpolymers. Similarly, the k, [P*] for POSSMA/IBOMA/C13MAJ/AN in toluene decreased by increasing
the POSSMA content in initial feed. It should be noted that the difference between alkoxyamines used in
miniemulsion and organic solvent-based (Dispolreg 007 versus BB) resulted in different polymerization
rates. Compartmentalization effects in miniemulsion could be also responsible for the higher
polymerization rates?®® 3°. The monomer conversion for miniemulsion polymerizations were generally
higher than the polymerizations in toluene at a given time (74.4% < Xminiemutsion < 96.1% compared to 42.3%
< Xioluene < 72.2%; for the reaction time of 210 minutes except P5/147.5/C47.5 experiment with reaction
time of 150 minutes and X of 74.4% in miniemulsion), although the My argee TOr polymerization in
miniemulsion and toluene were 45 and 25 kg mol, respectively. The semi-logarithmic kinetic plots with
time in Figure 6.4 (a) were linear for all the experiments up to 150 minutes. Afterwards, the polymerization
rate decreased, and the logarithmic kinetic plots tended to plateau, which suggested irreversible termination

reactions were becoming more prevalent.
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Table 6.4. Experimental formulation for nitroxide mediated miniemulsion polymerization of
POSSMA/IBOMA/C13MA using Dispolreg 007 at 90 °C.

. frossma,0 [POSSMA],® [C13MA]o [IBOMA], [Dispolreg 007]
Experlment ID a fIBOMA,O (M) (M) (M) (M)
25/ IBA7.5/CAT. 050 0475 0.044 0.420 0.420 0.006
P10/IB45/C45 0100  0.450 0.081 0.366 0.366 0.006
P20/IB40/CA0 0200  0.400 0.141 0.282 0.282 0.006

& Initial molar fraction of POSSMA in the initial feed (considering all constituent monomers). All miniemulsion
polymerizations were performed at 90 °C initiated by Dispolreg 007 with Mn target =45 kg mol.
b Concentration of POSSMA in the initial feed [mol L™].

Table 6.5. Molecular characterization and kinetic data for miniemulsion polymerization of
POSSMA/IBOMA/C13MA (M target = 45 kg mol™) using Dispolreg 007 at 90 °C.

ko! [P
Experiment ID  Fposswa®  Fisoma® X® (%) b*  My" (kg mol) (1%5E'l§d
P5/IB47.5/C47.5 0.006 0.46 74.4 1.51 46.7 14003
P10/1B45/C45 0.10 0.43 96.1 1.65 47.6 37.7+04
P20/1B40/C40 0.21 0.39 90.3 1.58 45.0 32.7+0.9
3 Fpossma and Figona indicate the molar fraction of POSSMA and IBOMA in polymers determined by *H NMR
in CDCls.

b Overall monomer conversion (%) based on the areas under the normalized GPC peaks.

¢ The final number average molecular weight (Mn) and dispersity (P) were measured by GPC relative to PMMA
standards in THF at 40 °C. The target number average molecular weight (Mntarget) for all the miniemulsion
polymerizations was 45 kg mol=.

4 Apparent rate constant derived from the semi-logarithmic slopes of In[(1-X)™!] (where X = conversion) versus
time in the first 60 minutes of polymerization. Error bars were determined by finding the standard error on each
slope (linear fit of semi-logarithmic plot).
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Figure 6.4. The miniemulsion terpolymerization of different ratios of POSSMA/IBOMA/C13MA using
Dispolreg 007 initiator at 90 °C: (a) Semi-logarithmic kinetic plots of In[(1-X)*] (X = monomer conversion)
versus reaction time; (b) Number average molecular weight M, and dispersity B versus conversion (X).
P5/IB47.5/C47.5 (filled circles, ®); P10/IB45/C45 (gray triangles, A); P20/IB40/C40 (open squares, 0O).
Composition of terpolymers is provided in table 6.5.

6.3.3. Latex Particle Size

The average particle size for POSSMA/IBOMA/C13MA terpolymers was determined by DLS for the
samples taken during the polymerization (Figure 6.5). The particle size for monomer droplets (t = 0 of
polymerization) was in the size range of 286-299 nm and slightly decreased in the course of polymerization
to reach final particle sizes of 243-258 nm. No precipitation or coagulation of polymer particles was
observed during the miniemulsion polymerization and the particle size did not increase with reaction time,
suggesting the high colloidal stability of the latexes and insignificant occurrence of Ostwald ripening
events® 292341 This is probably due to the use of highly hydrophobic monomers in the system which
improves the stability of the resulting polymerization loci in dispersed aqueous media. The representative
particle size distributions over time (experiment: P10/IB45/C45) were shown in Figure 6.S4
(Supplementary Information). The particle size of POSSMA/IBOMA/C13MA terpolymers was smaller
than IBOMA/C13MA (50:50 molar ratio) miniemulsions studied at the same experimental conditions
(particle size for POSSMA/IBOMA/C13MA latexes = 240-299 nm and for IBOMAS0/C13MA50 = 321-
549 nm)*2, This illustrates that POSSMA may also act as a polymerizable co-stabilizer in miniemulsion
and may reduce the required concentration of non-polymerizable co-stabilizers. However, it cannot be the
sole co-stabilizer for miniemulsions and the addition of costabilizers (typically about 0.8 wbm% n-
hexadecane) is required as previously observed for the miniemulsion polymerization of
POSSMA/C13MA?0,
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Figure 6.5. Z-average particle size for terpolymerization of POSSMA/IBOMA/C13MA versus reaction
time. P5/IB47.5/C47.5 (filled circles, ®); P10/IB45/C45 (gray triangles, A ); P20/1B40/C40 (open squares,

0).
6.3.4. Preparation of block copolymer of p(IBOMA/AN)-b-p(POSSMA/C13MA/AN)

One observation during polymerization that suggests chain end fidelity is the steady shift of the molecular
weight distribution over time, while remaining monomodal. Figure 6.S2, 6.S3 in Supplementary
Information depicts the movement of the GPC peak to higher molecular weights for the experiments in
toluene and miniemulsion over time. To further study the possibility of making block copolymers of
POSSMA/IBOMA/C13MA and confirm the chain end fidelity, the block copolymerization of
POSSMA/IBOMA/C13MA was attempted by the chain extension of IBOMA/AN copolymer
(Poly(IBOMA) with 10 mol% AN in initial feed, M, =11.0 kg mol* and B = 1.38) with a mixture of
POSSMA/C13MA/AN monomers (initial molar ratio of monomers [1:8:1], respectively). The formulation
of the chain extension study and properties of macroinitiator and the final product are listed in Table 6.6.
The block copolymer product had a monomodal molecular weight distribution with relatively low B (M,
=74.1 kg mol* and B = 1.55), indicating high activity of the chain ends, permitting the possibility of making
block and gradient polymers. Figure 6.6 compares the GPC chromatogram of the poly(IBOMA)-rich
macroinitiator with the chain-extended product. The B of the copolymer was slightly elevated after the
chain extension (B = 1.55 compared to 1.38) as exemplified by the minor low molecular weight tailing,
which demonstrates the presence of a low concentration of dead macroinitiator chains. The *H NMR spectra

for chain extension is available in Supplementary Information (Figure 6.S5 and 6.S6).
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Table 6.6. Summary of chain extension for p(IBOMA/AN) macroinitiator with POSS/C13MA/AN in 50 wt%

toluene at 90 °C after 5 hours.

A. Macroinitiator

[Toluene]

. Xa [BB]o [IBOMA]o [AN]o Mp? Mn target® b Timed
Experiment 1D 4p) M) M) M) oy Gamol)  Ggmoly  P7 (min
?r(’;z(gc')\flrﬁ/;:t’(\)? 28 0.018 1.997 0.222 5.022 11.0 25 1.38 50

B. Formulation and Characterization of Chain-Extension

. Xa [MI]o® [POSSMAJo [C13MA]Jo [AN]o [Toluene]o Mn Mntarget Timed

ExperimentiD (p)  “(w) (M) (M) (M) M) (kgmol) (kgmol) P (min)
77 0.006 0.157 1.258 0.184 6.087 74.1 80 1.55 300

p(IBOMAJ/AN)

-b-p(POSSMA F’::ss Fisoma Fcisma Fan frossma 9 fciama fan

[CI3MAJAN) 0.11 0.21 0.64 0.07 0.10 0.80 0.10

2 Overall monomer conversion measured by *H NMR in CDCls.

b The final number average molecular weight (Mn) and dispersity (D) were measured by GPC relative to PMMA standards at 40 °C in THF.

¢ The target number average molecular weight to synthesize poly(IBOMA/AN)-macroinitiator.

4 The reaction time (minutes).

¢ The concentration of macroinitiator (MI) in initial feed (mol L2).

f Molar fraction of POSSMA in the polymer chain measured by 'H NMR in CDCls.

9 Initial molar fraction of POSSMA in the initial feed for chain-extension (considering all constituent monomers).
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Figure 6.6. GPC peaks for the chain extension of p(IBOMA/AN) with POSSMA/C13MA/AN (the
controlling co-monomer was in an initial concentration of 10 mol% AN). The dashed line depicts the GPC
peak for p(IBOMA macroinitiator (M, = 11.0 kg mol?, B = 1.38) and the solid black line is the GPC peak
of the block copolymer after 5 hours polymerization (M, = 74.1 kg mol?, B = 1.55). The preparation of the

poly(IBOMA/AN) macroinitiator and the chain extended product were conducted under nitrogen
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atmosphere in 50 wt% toluene at 90 °C. The complete characterization of macroinitiator and block

copolymer is available in Table 6.6.

6.3.5. The Thermal Stability of POSSMA Containing Bio-Based Polymers

The thermal properties of the polymer resins were investigated to show the effect of incorporating POSSMA
into the IBOMA/C13MA chains. The decomposition temperatures (TqecS) were determined by TGA and
illustrated that the addition of POSSMA slightly increases the onset of decomposition (Tgec,1 OF Taec for 10%
weight loss). However, this was not the case for Tgecmax (Tdec for the maximum rate of weight loss) and T gec,2
(end of decomposition). Tgec.max and Tgec,2 did not show a significant change with increasing the POSSMA
content in the polymers. The decomposition temperatures for all samples are summarized in Table 6.7.
TGA traces were depicted in Figure 6.S7 and 6.S8 (Supplementary Information) for the POSS-containing
polymers prepared in miniemulsion and the solvent-based system. For POSSMA/IBOMA/C13MA
terpolymers, a two stage decomposition was observed, where the second peak was at 365-455 °C. This
corresponds to the cleavage of the O-isobornyl bond in IBOMA and the formation and elimination of
camphene at higher temperatures®!. For polymers made by miniemulsion, the addition of 20 mol%
POSSMA in the feed improved the Tgec1 by 32 °C compared to the copolymer of IBOMA/C13MA
([IBOMA],/[C13MA], = 1:1) in a similar system with a Tge1 of 211 °C%2. As shown in Figure 6.7, this
indicates that the incorporation of high concentration of inorganic POSS cages improves the thermal
stability of the resin. A similar trend was previously observed for the free radical copolymerization of MMA
with octavinyl-POSS®®, Kotal et al®” also observed a 14 to 46 °C increase in Tqec1 by incorporating 4-17
wt% of thiol functionalized POSS compound (as initiator) in poly(MMA). However, it was not the case for
using POSSMA as fillers in composites. Tanaka et al®® showed that the addition of only 1mol% POSSMA
into poly(MMA) as fillers enhanced thermal stability of composites (T dec,composite. fOr 50% weight loss =
344.0 °C compared to 321.6 °C for poly(MMA)) although a slight decline in Tgec for 5%weight loss was
observed after the addition of POSSMA filler. The presence of IBOMA also improved the Teec1. For
instance, a study of p(POSSMA/C13MA/AN) containing 10 mol% POSSMA showed Tgec1 =220 °C while
P10/1B44/C36/AN10 with 10 mol% POSSMA and 44 mol% IBOMA in feed (prepared in toluene) had the
Tgecs = 240 °C. Previous studies on the addition of POSSMA into the bio-based polymers also indicated
that Taec, Slightly increases by increasing the molar ratio of POSSMA in the feed, although this change was
not significant. In one of the studies of the NMP of POSSMA/C13MA/AN (10 mol% AN, using BB
alkoxyamine) in toluene, it was observed that increasing the molar ratio of POSSMA in feed composition

by 10% improves the Tgec,1 by 5.7 °C*8L, For the miniemulsion polymerization of POSSMA/C13MA using
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Dispolreg 007, this increase in Tgec,1 Was about 4.9 °C for 10% increase in the initial concentration of
POSSMA?Y,

Interestingly, the block copolymer from p(IBOMA/AN)-b-p(POSSMA/C13MA/AN) experiment exhibits
a comparatively higher Tgecmax. Furthermore, the Teec1 was slightly higher for p(IBOMA/AN)-b-
p(POSSMA/C13MA/AN) compared to P20/IB38/C32/AN10, which had an approximately similar overall
composition but higher content of POSSMA and IBOMA. This is probably due to the existence of two
phase separated blocks in p(IBOMA/AN)-b-p(POSSMA/C13MA/AN), where one block becomes flexible
during heating and delays the decomposition of the second block. A similar result was observed for block
copolymers of IBOMA/C13MA compared to their counterpart statistical copolymers*e2,

The glass transition temperatures (Tys) were measured by DSC and are listed in Table 6.7. The addition of
IBOMA (Tgpasoma)= 110-200 °C%% 261-283 depending on the chain length) and POSSMA (Tgprossma)=
85°C)%% is expected to provide stiffness to the chains, while the long aliphatic chain in CI3MA (Tgpc1ava)
= -46 °C) is expected to provide enhanced flexibility'”®. Accordingly, higher concentrations of POSSMA
in the final polymer resulted in generally higher Tgs (for fixed ratios of the other co-monomers). The Tgs
for polymers prepared in miniemulsion and toluene with similar compositions are approximately in the
same range, suggesting similarity of the polymers prepared by the two different polymerization processes.
This can also be validated by comparing the Tgec results for polymers with similar compositions prepared
in organic solvent (toluene) and dispersed aquous media. Therefore, hybrid polymers of POSSMA and bio-
based monomers like C13MA and IBOMA can be produced in dispersed aqueous media without

compromising the thermal properties.

Table 6.7. Thermal characterization of POSSMA containing polymers prepared by NMP in

solution (solvent: toluene) and miniemulsion.

Tga Tdec,lb Tdec,maxb Tdec,Zb

Experiment ID °C) (°C) (C) °C) Frossma®  Fisoma  Fciamad  Mie (kg mol?)
Solvent-based system (prepared in 50 wt% toluene)
P10/1B44/C36/AN10 32 240 309 467 0.06 0.21 0.67 21.3
P20/1B38/C32/AN10 41 245 307 475 0.15 0.29 0.46 19.5
P30/1B33/C27/AN10 50 250 312 473 0.24 0.24 0.40 17.9
P40/1B27/C23/AN10 73 254 315 470 0.30 0.20 0.38 12.8
P50/1B22/C18/AN10 80 257 300 480 0.44 0.16 0.29 14.6

B 33,91 251 326 463 012 020 066 741

p(POSSMA/C13MA/AN)

Water-borne system (prepared in miniemulsion)
P5/1B47.5/C47.5 17 208 303 468 0.01 0.46 0.53 46.7
P10/1B45/C45 23 218 302 468 0.10 0.43 0.47 47.6
P20/1B40/C40 37 243 317 471 0.21 0.39 0.40 45.0
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@ Tg (glass transition temperature) measured by DSC under nitrogen atmosphere using three scans per cycle
(heat/cool/heat) at a heating rate of 15 °C min and cooling rate of 50 °C min.

b Taec,1 (T10% Or onset of decomposition), Taecmax (temperature at which highest weight loss occurs) and Tec,2 (end
of decomposition) measured by TGA under nitrogen atmosphere at a ramp rate of 15 °C min-L.

¢ Molar fraction of POSSMA in polymers determined by *H NMR in CDCla.

¢ The final number average molecular weight (M) was estimated using GPC relative to PMMA standards at 40 °C

in THF.
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Figure 6.7. TGA thermograms for POSSMA/IBOMA/C13MA terpolymers prepared in miniemulsion. The

feed molar ratio of IBOMA/C13MA remained constant for all the terpolymerizations [molar ratio 1:1]. The

initial mol % of POSSMA increased from 5 to 20%.

6.4. CONCLUSIONS

Nitroxide mediated polymerization of POSSMA/IBOMA/C13MA was successfully conducted in organic
solvent (toluene) and miniemulsion. The results showed the successful incorporation of POSSMA
monomer into the bio-based monomer mixture of IBOMA/C13MA. Polymers with M, up to 21.3 kg mol*
(Mhtarget = 25 kg mol?, POSSMA content < 44% and 1.45 < B < 1.67) were synthesized in toluene.
However, monomer conversion (X) decreased at 210 minutes by increasing the amount of POSSMA in the
monomer feed. The X decreased from 72.2% to 42.3% as POSSMA feed content increased from 10% to
50%. The possibility of making block copolymers with IBOMA, C13MA and POSSMA monomers was
investigated by the chain extension of poly(IBOMA)-rich macroinitiator (M, = 11.0 kg mol* and B = 1.38)
with a mixture of POSSMA and C13MA (Molar ratio of 1:8) for 5 hours in toluene at 90 °C (using BB as
the unimolecular initiator and 10 mol% AN controlling co-monomer). The resulting block copolymer (My
=74.1 kg mol* and D = 1.55) had a monomodal molecular weight distribution without significant tailing,

suggesting a very low concentration of dead chains. Next, the controlled radical terpolymerization of
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POSSMA/IBOMA/C13MA was conducted in miniemulsion to avoid the use of organic solvents and
improve the incorporation of POSSMA (i.e. higher monomer conversion in the dispersed system). The
POSSMA containing polymers with IBOMA and C13MA with M, up to 46.7 kg mol™* and D < 1.65 were
prepared in dispersed aqueous media using Dispolreg 007 at 90 °C. The resulting polymer latexes were
colloidally stable with final average particle size = 243-258 nm. The addition of POSSMA improved the
thermal stability of the resins and inhibited the pyrolysis due to the inorganic POSS cages. The most
significant improvement was in the onset of decomposition (Tgec1), in Which Tgec1 of the solvent-based
polymers improved approximately by 4 °C per 10 mol% increase in POSS content while Tgec1 Of

miniemulsion-based polymers improved by 23 °C per 10 mol% increment in POSS ratio.
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Preamble to Chapter 7

This chapter is a departure from the themes established in the previous chapters. The previous chapters
described the process to make a (co)polymer suitable to be applied as an aqueous-based emulsion for a
coating. Besides converting the process to one with no volatile organic compounds (VOCs), the preceding
chapters attempted to use bio-based monomers in place of petro-based ones as much as possible, while also
adding POSS-based monomers to improve hardness and thermal stability to the resin, which is vital for the
coating application. Another important property that is desirable for a coating is the use of self-healing
polymers, which is the focus of this chapter. Eventually, the background established in this chapter will be
used as a starting point to make self-healing polymers through a miniemulsion polymerization process and
thus the self-healing polymer coating can be used as a separate polymer layer on top of the other polymer
coatings to heal the scratches or various other surface damages. Most importantly, the healing has to be
done at ambient temperatures and relative humidity in order to not damage the substrate. NMP was used to
polymerize the monomers in the presence of BB alkoxyamine in 50 wt% 1,4-dioxane at 90 °C. Polymers
were mainly synthesized from IBOMA and C13MA monomers to increase the bio-content of the coatings.
A low concentration of 4-vinylphenyl boronic acid (VPBA) and glycerol monomethacrylate (GMMA) (2
to 15 mol% in the initial monomer mixture) was used for preparation of constituent polymers that are self-
healing when combined. Ultimately, the use of such a system will hopefully reduce the carbon footprint
and the cost of polymeric materials used for the coating, by avoiding repair steps and re-application of the
coating after damage. Specifically, in this chapter, VPBA-containing polymers and GMA-containing
polymers were synthesized separately and mixed together to form the dynamic boronic ester covalent bonds
into the polymer microstructures. We studied how the polymerization kinetics were altered by incorporating
these functional monomers and then how thermal properties were affected. The polymer blends showed
excellent self-healing properties (healed scratches in 12 days and cuts in 10 days) at ambient condition and
high recyclability using a simple hot press at 80 °C within 50 minutes. This chapter was published in
Reactive and Functional Polymers,158, 104794, 2021.

106



Chapter 7: Highly Reprocessable, Room Temperature Self-Healable Bio-

Based Materials with Boronic-Ester Dynamic Cross-Linking

ABSTRACT

Polymer blends with self-healing properties using humidity as a stimulus were prepared by mixing two
polymer resins containing respectively low concentrations of 4-vinylphenylboronic acid (VPBA) and
glycerol monomethacrylate (GMMA). The polymer resins were mostly made from bio-derived monomers
isobornyl methacrylate (IBOMA, from terpenes) and C13 methacrylic esters (C13MA, from natural oils)
to tune the thermal properties with low concentrations (2 to 15 mol% in feed) respectively of GMMA or
VPBA in 1,4-dioxane at 90 °C. The VPBA and GMMA units form dynamic covalent boronic ester bonds
to introduce self-healing in the presence of humidity at ambient temperature while increasing the chemical
and heat resistance of the polymer blends. Polymer blend | (29 wt% VPBA-containing polymer with 2
mol% VPBA (T4 = 4.9 °C) in a terpolymer with 15 mol% GMMA (T4 = -0.4 °C)) and polymer blend Il (a
29 wt% blend of a VPBA-containing polymer with 5 mol% VPBA (T, =-13.2 °C) in a terpolymer with 15
mol% GMMA (T4 = -0.4 °C)) recovered up to 87% of the stress at break after breakage in 10 days and
healed the scratches in 12 days at ambient temperature and relative humidity. The polymer blends are also

recyclable and can be easily reprocessed at 80 °C within 50 minutes.
7.1. INTRODUCTION

Intrinsic self-healable materials facilitate the self-healing process using molecular interactions and bonds
within the structure of the material3? 383, Several systems have been considered; one involves boronic ester
interchange®®: #4387 Boronic acids (BAs) have been widely used in various biotechnological and
biomedical applications for the synthesis of self-healable materials!®® 38-3%  hioconjugates®®-** and
functional polymers3%-3% via bonding to diol groups of coupling molecules®®4%t, The dynamic covalent
transesterification reaction of BAs with diols, as an intrinsic mechanism, has been exploited in self-healing
hydrogels*®24%* and glucose sensors*®. One way to incorporate boronic acid is through polymerization of
monomers like 4-vinyl phenyl boronic acid (VPBA); there is some promise for these materials in biological
applications as for example, some copolymers with VPBA showed low cytotoxicity in cells and animals*®-
411 Consequently, VPBA once incorporated into a polymer chain provides the functional group to form

dynamic covalent boronate esters!® 412413 Thijs reversible reaction can be activated and deactivated by the
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presence of water or merely humidity at room temperature, making self-healing especially adaptable to
many environments*# 42*. Glycerol monomethacrylate (GMMA) is a monomer with two hydroxyl groups
that is synthesized from glycerol, a by-product of microbial fermentation and biodiesel production from
fats,*® 417 and has emerged as an abundant chemical feedstock*®, GMMA-based polymers are highly
biocompatible and thus find application for example in contact lenses*®. Consequently, incorporation of
VBPA and GMMA by radical polymerization into complementary polymer chains is an attractive and

relatively direct way of incorporating self-healing into commaodity polymers using humidity as a trigger.

Further enhancement of properties of self-healing polymers is possible using controlled radical
polymerization, more formally known as reversible deactivation radical polymerization (RDRP). Such
methods rely on controlling the free radical concentration and avoiding irreversible termination reactions
that are present in conventional radical polymerization. This permits RDRP processes to superficially
mimic living polymerizations, resulting in predictable degree of polymerization with conversion, relatively
low dispersity (P ~ 1.2-1.5) and the ability to have an active chain end to permit formation of block
copolymers®. VVPBA has been polymerized by RDRP processes such as NMP4%: 42 and RAFT*?2, while
GMMA has been polymerized in a controlled fashion by atom transfer radical polymerization (ATRP)*?
424 and reversible addition-fragmentation chain transfer (RAFT) polymerization“?>4? to produce self-
assembled block copolymers. RDRP techniques have been utilized to synthesize polymeric materials with
extrinsic and intrinsic self-healing properties*?®43, We used NMP to minimize discoloration caused by
residual chain transfer agents, or metallic catalysts, which is desirable particularly in biomedical
applications®” 28, We further attempted to use bio-based monomers as the majority co-monomers to
improve the sustainability features of the polymerization process**24%, Isobornyl methacrylate (IBOMA,
71% bio carbon content) and C13 methacrylate (methacrylic ester 13.0, C13MA,76% bio carbon content)
were chosen as the monomers to be copolymerized with GMMA and VPBA. IBOMA (made from
camphene (via pine sap) and methacrylic acid) and is used in the polymer to enhance thermal stability,
hardness and increase glass transition temperature (T4)?% %1435, C13MA is derived from natural oils and
in contrast to IBOMA, acts as a plasticizing monomer to improve flexibility and lower the T, of the resin®’®
267,268,436 The copolymerization of different ratios of these monomers yields a broad range of Tgs (-52 °C
< Ty <169 °C)2 182 This permits the study of self-healing by tuning thermal properties. We thus made
complementary resins by NMP with different Tys and compositions of the respective boronic acid and diol
monomers to make blends with the objective of studying self-healing controlled by changes in humidity
and the composition of the co/terpolymer. In this study, we attempted to develop polymer blends containing
boronic ester dynamic bonds with self-healing properties at room temperature and high hardness (i.e. high
glass transition temperature and mechanical properties), using maximum bio-content and minimum

functional monomer (VPBA and GMMA) content. The hardness, self-healing properties and mechanical
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properties of polymer blends are highly tunable and can be changed by changing the weight ratio of
polymers in blend, or the composition of IBOMA and C13MA within the polymer chains. This enables the
preparation of self-healable polymer blends for potential applications as adhesives and coatings.

7.2. MATERIALS AND METHODS

7.2.1. Materials

4-Vinylphenylboronic acid (VPBA, > 97%) and glycerol monomethacrylate (GMMA, mixture of isomers,
> 95%) were obtained from Oakwood Chemical and Polysciences, respectively, and used as received.
Isobornyl methacrylate (IBOMA, >99%, VISOMER® Terra IBOMA, Evonik) and C13 methacrylate
(C13MA, methacrylic esters with an average chain length of 13 units, >99%, VISOMER® Terra C13,0-
MA, Evonik) monomers were purified by passing them through a column of basic alumina (Brockmann,
Type 1, 150 mesh, Sigma Aldrich) and calcium hydride (5 wt% of basic alumina, 90-95% reagent, Alfa
Aesar) to remove the MEHQ inhibitor. 1,4-Dioxane (p-dioxane, >99%, MilliporeSigma), tetrahydrofuran
(THF, 99.9%, HPLC grade, Fisher Chemical), methanol (MeOH, >99%, Fisher Chemical), methylene
chloride (DCM, >99.5 %, Fisher Chemical), toluene (>99%, Fisher Chemical) and deuterated chloroform
(CDCls, >99%, Cambridge Isotopes Laboratory) were used as received. N-(2-methylpropyl)-N-(1-
(diethylphosphono-2,2-dimethylpropyl)-O-(2-carboxylprop-2-yl)hydroxylamine) (BlocBuilder-MA™ or
BB, Arkema) was used as the alkoxyamine for all the polymerizations. Pinacol (98%, Sigma Aldrich),
Molecular sieves (3 A, pellets, 1.6 mm, Sigma Aldrich) and basic aluminum oxide (Brockmann I, Sigma

Aldrich, pore size 58 A and surface area = 155 m?/g) were used for the esterification.
7.2.2. Methods

The number averaged molecular weight (M,) and dispersity (D) were measured by gel permeation
chromatography (GPC, Waters). The M, of samples was determined relative to monodisperse PMMA
standards (calibration was done based on 10 narrow GPC peaks of Varian polymer standards with the
molecular weight ranges of 875 to 1677000 g mol™) in HPLC grade THF at 40 °C. The instrument was
equipped with 1 guard column and 3 Styragel® GPC columns (Waters) termed as follows: HR1 (100 A,
M, range of 100 to 5 x 10° g mol), HR2 (500 A, M, range of 500 to 2 x 10* g mol*) and HR4 (10* A, My,
range of 5 x 10°to 6 x 10° g mol™) and a differential refractive index Rl 2414 detector. Polymers containing
unprotected VPBA monomers had a tendency to adhere to the GPC columns and potentially interfere with
the resulting measurement*’. Thus, VPBA-containing polymers were protected by esterification with
pinacol for GPC analysis. First, the molecular sieves (3 A) (weight of molecular sieves/weight of sample =

0.25), 15 times methylene chloride and 2.5 times pinacol (based on the sample weight) were added to the
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sample vials to start the esterification. The samples were stirred for 24 hours to protect the VPBA units.
The final samples were purified using a 0.2 um filter to remove the molecular sieves. Then, basic aluminum
oxide (weight of aluminum oxide/weight of initial sample = 0.25) was added to the solution and stirred
overnight. The samples were filtered again to remove the aluminum oxide and then dried using minimal air
flow overnight to remove solvent. Afterwards, the polymer samples containing the protected VPBA units

were dissolved in HPLC grade THF for subsequent GPC measurements.

The monomer conversion for polymerizations in 1,4-dioxane was calculated using the areas integrated from
!H NMR (Varian 500 MHz, 32 scans) and the following equation was used to determine the overall

conversion based on the conversion of different monomers in the system.
X = Xic1..nXi-fio (7.1)

In Equation (7.1), X is the overall conversion, X; is the individual conversion of monomer i and f; , is the
initial molar fractions of i"" monomer in the solution and n is the number of different types of monomers in

the system.

7.2.2.1. DSC and TGA

Decomposition temperatures (Tqs) and glass transition temperatures (TgS) were obtained by
thermogravimetric analysis (TGA, TGA Q500, TA Instruments) and differential scanning calorimetry
(DSC, Q2000, TA Instruments), respectively. TGA was done under nitrogen at a ramp rate of 15 °C min*
from 25 to 500 °C in aluminum pans. DSC was conducted under the nitrogen flow with the heating rate of
15 °C mint and cooling rate of 50 °C min™ in a temperature range of -90 to 150 °C. Samples were placed
into pinhole hermetic aluminum pans and three scan per cycle method (heat/cool/heat) was performed to
eliminate the thermal history in the first cycle and measure the Tgs during the re-heating. DSC was
calibrated using benzoic acid (for heat flow) and indium (for temperature) before the tests. The Ty were

calculated from change of slopes in DSC traces using inflection method.

7.2.2.2. Measuring the Temperature and Relative Humidity

A Fisherbrand™ Traceable™ digital humidity and temperature meter (Fisher Scientific, temperature range
of -10 to 60 °C and accuracy of £1 °C; relative humidity range of 20 to 95% with the accuracy of £3% for
mid-range and +5% elsewhere) was used to measure the temperature and relative humidity of the room

during the experiments.

7.2.2.3. Swelling Test
To perform the swelling test, a fully dried piece of sample with defined weight was placed inside an

aluminum pan and excessive amount of toluene was added to completely cover the sample. The solvent
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was removed, and the sample was dried using an extra-low lint Kimwipes® to measure the weight change

of the samples.

7.2.2.4. Tensile Test

EZ-test-500N Shimadzu tensile tester was used to perform tensile tests on samples at room temperature and
humidity (T=19.1-23.9 °C, relative humidity of 38-58%). All dumbbell-shaped samples prepared and were
tested following ASTM D638 type V2. The samples were extended at a rate of 15 mm min? and the
reported data are the average of 5 measurements.

7.2.2.5. Rheological Measurements

Oscillatory frequency sweep, dynamic mechanical analysis (DMA) and stress relaxation experiments were
performed on an Anton Paar MCR 302 rheometer connected to a CTD 450 convection oven. For oscillatory
frequency sweep, the samples were placed between two parallel plates (diameter, 25 mm) and the test was
conducted in the frequency range of 0.1 to 1000 Hz with a constant amplitude of 1% under a N2 atmosphere
at 100 °C. A dynamic strain of 0.1% was applied for DMA experiments in the temperature range of 25-100
°C. DMA was done on original polymer blend samples and the same samples after undergoing recycling
process three cycles. Stress relaxation tests were conducted at 6 different temperatures (25, 30, 35, 40 and

50 °C) with a constant strain of 0.5% to measure the stress decay over time.

7.2.3. Nitroxide-Mediated Quadripolymerization of IBOMA/C13MA/VPBA/AN

All the polymer syntheses were conducted in a three-neck round bottom glass flask connected to a
temperature controller and a reflux condenser filled with the mixture of deionized water/ethylene glycol
(75%/25%) with the temperature of 3 °C to prevent solvent evaporation. A thermocouple was connected to
the temperature controller and was placed inside the flask to measure the temperature of the solution during
the reaction. The set-up was fixed on the top of a heating mantle and placed on the magnetic stirrer. The
mixture of monomers, 50 wt% 1,4-dioxane as the solvent and the BB alkoxyamine were weighed into a
vial, mixed and then poured into the reactor. As an example, for the polymerization of
VPBA5/IBOMAZ22.5/C13MA62.5/AN10, a mixture of BB (0.03 g, 0.089 mmol), IBOMA (0.98 g, 4.417
mmol), C13MA (3.29 g, 12.269 mmol), AN (0.10 g, 1.963 mmol) and VPBA (0.15 g, 0.982 mmol) was
dissolved in 50 wt% 1,4-dioxane (5.07 g, 57.505 mmol) with the addition of 5 wt% water (0.51 g, 28.199
mmol) and the final solution was added to the reactor. A magnetic stir bar was added to the solution to
apply proper mixing. Additionally, 5 wt% (based on the total weight of solution) reverse osmaosis water was
added to the solution to prevent the boroxine formation“®. To deoxygenate the system, the solution was
purged using a flow of pure nitrogen (99.99%, Praxair) for 30 minutes at 21 °C prior to the polymerizations.

Then, the system was heated with the rate of 10 °C.min and the nitrogen purging continues during the
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reaction. The starting point of polymerizations (t@omin) Was considered at 75 °C and the reaction temperature
for all the studies was 90 °C. The samples (~0.3 ml) were taken periodically for GPC and 'H NMR
measurements. Finally, after the polymerization was deemed complete, the system was cooled down and
the final solution was removed when the contents were less than 40 °C. The polymers were precipitated in

methanol to remove the unreacted monomers and dried under the vacuum overnight.
7.2.4. Nitroxide-Mediated Quadripolymerization of IBOMA/C13MA/GMMA/AN

The reaction set-up and polymerization method were same as the procedure for the NMP of
IBOMA/C13MA/VPBA/AN. However, water was not required since no boroxine formation is possible. A
typical polymerization is  given as an example. For the  experiment of
GMMA15/IBOMA25/C13MA50/AN10, BB alkoxyamine (0.04 g, 0.105 mmol), IBOMA (1.35 g, 6.078
mmol), C13MA (3.26 g, 12.156 mmol), AN (0.13g, 2.431 mmol) and GMMA (0.58 g, 3.647 mmol) were
added to 1,4-dioxane (5.37 g, 60.918 mmol) and the resulted solution was poured into a reactor. The

polymerization was performed under nitrogen atmosphere at 90 °C for 120 minutes (tgomin = 75 °C).
7.2.5. Mixing the IBOMA/C13MA/VPBA/AN and IBOMA/C13MA/GMMA/AN Polymers

To mix the GMMA-based polymer with VPBA-based polymer, they were separately dissolved in toluene
(67-90 wt% solvent for IBOMA/C13MA/VPBA/AN polymers and 50-67 wt% for
IBOMA/C13MA/GMMAJ/AN polymers). In this point, different ratios of the two solutions of polymers
were injected in a mold using two syringes. The polymers rapidly start to crosslink and form a gel.
Therefore, the polymers were mixed during the injection using the syringe needles in the mold before the
mixture became too viscous. The final sample was dried in the fume hood overnight, removed from the
mold and dried again at room temperature to completely evaporate the solvent for one or two days. To
improve the mixing process, all the polymer mixtures were pressed into dumbbell-shaped molds at 80 °C
using a hot press (Carver Manual Hydraulic Press with Watlow Temperature Controllers, Carver Inc.,
Wabash, IN, USA). Three cycles were used to perform the hot pressing. To avoid air bubbles, the pressure
released after each cycle and put to 13 metric tons for the next steps. First, the polymer mixtures were
heated to 80 °C under 6-8 metric tons pressure for 12 minutes. Then, they pressed in two cycles at 13 metric
tons and 80 °C for 15 minutes and 20 minutes, respectively. The prepared samples were cooled down and

removed from the mold for further studies.
7.2.6. Recycling the Polymer Blends
The recycling process was started with grounding the samples to small pieces. Next, the polymer blends

were pressed into molds using a hot press at 80 °C. The hot press process was as same as the hot pressing
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used for preparation of polymer mixtures (three cycles, under 6-8 metric tons pressure for 12 minutes and
two cycles at 13 metric tons for 15 minutes and 20 minutes, respectively).

7.2.7. De-cross-linking of polymer blends

For the chemical de-cross-linking, approximately 0.13 g of each polymer blend | and Il samples were
immersed in a solution of pinacol (0.5 g, 4.23 mmol) and 1,4-dioxane (7g, 79.45 mmol). A control
experiment was done for each polymer blend by immersing the samples in the same amount of 1,4-dioxane
(79, 79.45 mmol) without the addition of pinacol. The vials were kept at 50 °C for 4 hours. The samples
containing pinacol were precipitated in methanol for GPC and *H NMR measurements. To measure the
insoluble fraction of blends I and 11, the control vials containing the insoluble polymer blends remained at
50 °C for 24 hours. Next, the solvent was removed using a syringe and the samples were dried overnight at
40 °C under vacuum. The insoluble fraction of each polymer blend was determined by comparing the

weight of original sample and the dried remaining polymer.
7.3. RESULTS AND DISCUSSION

The boronic ester dynamic cross-linking was investigated in resins predominantly consisting of the bio-
derived IBOMA and C13MA, by incorporating VPBA and GMMA into the chains. These VPBA and
GMMA monomers cannot be added to the polymerization medium at the same time (incorporating VPBA
and GMMA into a single polymer chain is not applicable as they react rapidly and form an insoluble cross-
linked gel). In this study, two polymers of IBOMA/C13MA/AN/GMMA and IBOMA/C13MA/AN/VPBA
were prepared separately with different ratios of monomers to alter the glass transition temperature (Tg) of
each polymer and prepare samples with different hardness. To observe relatively fast self-healing while
maximizing the hardness of polymers, multiple polymerization studies were performed to find an optimal
ratio of monomers for each polymer resin (VPBA-based and GMMA-based). All the polymerizations in
1,4-dioxane were conducted in the presence of BlocBuilder-MA™ (BB) alkoxyamine and 10 mol% AN as
the controlling comonomer in the initial feed*’. Figure 7.1 depicts the schematic representation for the

synthesis of VPBA and GMMA containing polymers.
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Figure 7.1. Schematic reactions for the preparation of polymer resins containing VPBA or GMMA in
1,4-dioxane at 90 °C. BlocBuilder-MA (BB) alkoxyamine was used to initiate and control the
polymerization rate. 10 mol% AN was used in all the reactions in 1,4-dioxane as the controlling

comonomer.
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7.3.1. Polymerization of IBOMA/C13MA/AN with GMMA or VPBA Functional Monomers

The polymerization of IBOMA/C13MA/AN/GMMA with two different Mn target Of 25 kg mol™? and 50 kg
mol™ was conducted in 1,4-dioxane at 90 °C to prepare polymers with different chain lengths. The
experimental conditions for polymerization of IBOMA/C13MA/AN/GMMA are listed in Table 7.1.
Monomer conversion up to 90% were attained but the resulting polymers exhibited relatively high
dispersities (1.67< B < 2.73) (Table 7.2). The high B was probably due to high occurrence of chain transfer
reactions and high rate of termination for macroradicals as high polymerization rate and high D was
previously observed for NMP of related diol-functional glyceryl acrylates**®. In addition, the possible
interaction of carboxyl group of BB alkoxyamine with diol groups of GMMA can contribute to the higher
D as it was previously observed for the NMP of monomers containing hydroxyl groups*® 44, Other possible
reasons for high P are the interaction of GMMA-containing polymers with the GPC column material, which
could appear as low molecular weight tails and the formation of crosslinking bonds due to ethylene glycol
dimethacrylate impurities®°. All the semi-logarithmic kinetic plots of IBOMA/C13MA/AN/GMMA
polymerizations are displayed in Figure 7.2 (c), and show a deviation from linear first-order Kinetics and a
decrease in polymerization rate at reaction time > 60 minutes, indicating a preponderance of chain
termination events at higher conversions. The M, versus X results do not follow the theoretical line and
flatter slopes were observed for GMMA-based polymers, especially with lower My arger. This cannot be
completely explained entirely due to the GPC calibration using PMMA standards, as chain transfer side

reactions would lead to a plateauing of the M, versus X 44,

The polymerization of VPBA/IBOMA/C13MA/AN was also done with two Mn targes 0f 25 kg mol* and 50
kg mol in 50wt% 1,4-dioxane relative to monomers and 5 wt% (total weight of solution) water at 90 °C.
The kinetic plots (Figure 7.2 (a) and 7.3 (a)) were linear up to 65% monomer conversion as a function of
time for polymerization with different Mnarget DUt they deviated from linearity at conversions > 60%. The
In((1-X)?) plots for VPBA containing polymers reach a plateau after polymerizing for more than 480
minutes for My target = 25 kg mol™ and 240 minutes for Mn target = 50 kg mol™ due to termination events. As
it was shown in Figure 7.2 and 7.3 (a) and (c), the polymerization rate of mixtures containing VPBA is
generally lower than in polymerizations with GMMA monomers. Apparent rate constants for VPBA-
containing formulations were lower than GMMA-containing formulations with similar co-monomer
loadings and polymerization conditions (Table 7.S1 in Supporting Information listed all the apparent rate
constants for poly(VPBA/IBOMA/C13MA/AN) and poly(GMMA/IBOMA/C13MA/AN)). This is not
surprising as VPBA is a styrenic-based monomer, which have propagation rate constants about 10 times
lower compared to most methacrylate-based monomers, like GMMA®*’, The M, of polymer samples

containing VPBA increased linearly with overall conversion and agreed well with predicted values,
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especially at low monomer conversions. However, the M, slightly deviates from the predicted line at higher
conversions due to termination events. Finally, the molecular weight distributions were relatively broad for
a typical NMP (D up to 1.75 for My arget = 25 kg mol™ and D up to 2.13 for Mn target = 50 kg mol™?) but were
still monomodal. Higher Ds were typically observed towards the latter portion of the polymerizations,
suggesting irreversible termination were becoming more prevalent, resulting in broadening of the molecular
weight distribution of the samples and lowering of polymerization rate. The formation of boroxine groups
(i.e. cross-linking bonds) is another reason for high values of '3, Increasing the Mn target from 25 to 50 kg
mol* generally increased the D as boroxine formation via VPBA inclusion was still possible despite the

safeguards being employed to reduce this effect*®,

Table 7.1. Summary of experiments for nitroxide-mediated polymerization in 1,4-dioxane solvent using BB at 90
°C.

Reaction Mgt  Mngna® X¢ [IBOMA]o [C13MAJo [GMMA], [VPBA]o [AN]o [BB]
time (min) (kgmol?) (kgmol!) (%) (M) (M) (M) M M ™
(a) poly(VPBA/IBOMA/C13MA/AN)

VPBA5/IBOMA

Experiment ID 2

“2SICIMARSIAN 120 25 108 344 0850 0.850 0 000 0200 0017
VEBl,é,AI\lAOA/L%?A'mgO’ 240 25 107 400 0832 0.832 0 0208 0208 0018
;E?%i’g%’)&ﬁfd 1200 25 199 696 0812 0.812 0 0325 0217 0018
foﬁgggm\fff’ C 480 50 202 778 0548 1.095 0 0038 0208 0.009
ngﬁﬂgﬂf:ﬁif/ 150 50 325 643 0429 1.101 0 0095 0191 0.009
Vo200l 300 50 234 600 0394 1.183 0 097 0197 0.009
Ve ago 50 351 640 0525 1.050 0 0315 0210 0.009
(b) poly(GMMA/IBOMA/C13MA/AN)

e 120 25 141 787 0942 0942 0111 0 0222 0019
e 120 25 126 900 0922 0922 0231 0 0231 0020
%’l\g'\l’mig?g/'m% 120 25 105 794 0901 0.901 0.360 0 0240 0.020
s> 120 50 263 741 0581 1162 0349 0 0232 0010

a VPBAXx/IBOMAyy/C13MAzz/ANrr or GMMAXxx/IBOMAyy/C13MAzz/ANrr indicate xx mol% VPBA (or xx mol% GMMA), yy mol% IBOMA,
zz mol% C13MA and rr mol% AN in the initial feed composition. Polymers were synthesized by nitroxide mediated polymerization at 90
°C.

b The final number-average molecular weight (M,) was measured by GPC relative to PMMA standards in THF at 40 °C.

¢ Overall monomer conversion measured by H NMR.

@ VPBAXx/IBOMAyy/C13MAzz/ANrr or GMMAXx/IBOMAyy/C13MAzz/ANTrr indicate xx mol% VPBA (or xx mol% GMMA), yy

mol% IBOMA, zz mol% C13MA and rr mol% AN in the initial feed composition. Polymers were synthesized by nitroxide mediated

polymerization at 90 °C.

b The final number-average molecular weight (Mn) was measured by GPC relative to PMMA standards in THF at 40 °C.

¢ Overall monomer conversion measured by *H NMR.
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Table 7.2. Composition and molecular weight distribution of polymer resins.
(a) poly(VPBA/IBOMA/C13MA/AN)

Feed composition@ (%)  Final composition® (%) M finat ©

Experiment ID 1 D¢

foosa  fisowa foima  Fuesa Fisowa Foiawa (KO MO
VPBAS5/IBOMA 42.5/C13MA42.5/AN10 ¢ 5 42.5 42.5 7.1 47.3 43.2 10.8 1.75
VPBAL10/IBOMA40/C13MA40/AN10 10 40 40 105 44.6 40.7 10.7 1.70
VPBAL15/IBOMA37.5/C13MA37.5/AN10 15 375 375 13.1 28.7 53.0 19.9 1.69
VPBA2/IBOMA29/C13MA58/AN11 2 29 62.5 1.9 29.8 67.2 29.2 1.79
VPBA5/IBOMA22.5/C13MA62.5/AN10 5 225 62.5 8.5 22.2 65.2 325 1.65
VPBAL10/IBOMA20/C13MA60/AN10 10 20 60 12.1 22.8 60.4 234 2.13
VPBA15/IBOMA25/C13MA50/AN10 15 25 50 23.7 215 51.8 35.1 1.77

(b) poly(GMMA/IBOMA/C13MA/AN)

Experiment 1D Feed composition@ (%)  Final composition ® (%) M final -01 pe

fouma  fisoma fcisva  Fouma Fisoma Feiawa (kg Mol
GMMAGS/IBOMA42.5/C13MA42.5/AN10 5 425 42.5 5.4 42.9 47.1 14.1 1.78
GMMAL10/IBOMA40/C13MA40/AN10 10 40 40 6.9 39.0 49.7 12.6 1.82
GMMA15/IBOMA37.5/C13MA37.5/AN10 15 375 375 15.0 32.6 49.3 105 1.67
GMMA15/IBOMA25/C13MA50/AN10 15 25 50 10.2 18.4 64.5 26.3 2.73

9 Feed monomer composition added into the solution (%) ¢ Final composition of polymers determined by 'H NMR in CDCLs. € The final
number-average molecular weight (M,) and dispersity (P) were measured by GPC compared to PMMA standards in THF at 40 °C. ¢
Nitroxide mediated polymerization of 5 mol% VPBA, 42.5 mol% IBOMA, 42.5 mol% C13MA and 10 mol% AN in the initial feed
composition at 90 °C.

1.4 2
(a) | B | (b) ~ {18
«® '
1t ] s - {1 14
Y
— 112
T 08 | A
>
o 25000 1
= | m —
£06 R L 20000 | m =@ .
£ ]
04 | ®4 o 15000 f .
ofa S 10000 | A0 1
0.2 .‘k
5000 .
FI
O L L 0 L L L L
0 500 1000 1500 0 20 40 60 80 100
Time (min) Overall Conversion (%)

117



In((1-x)7)

In((1-x)*)

25 2
(c) [ (d) o (X) .Ai A 18
5 | i p~ B A { 16
F
s 114
15 | u] - 1 12
A A
25000 1
. —_—
1 b A . ° 20000 | 1
. € 15000 | o ° 1
&0 A
os| & 2 =" 10000 | e *s 5 My -
‘ o 5000 | m o 1
0 L L 0 L L L L
0 50 100 150 0 20 40 60 80 100
Time (min) Overall Conversion (%)
Figure 7.2. The statistical polymerization of different ratios of VPBA/IBOMA/C13MA/AN and
GMMA/IBOMA/C13MA/AN with M target = 25 kg mol™* using BB alkoxyamine (a),(c) Semi-logarithmic
kinetic plots of In((1-X)) (X= monomer conversion) versus reaction time (b),(d) Number average
molecular weight M, and dispersity B wversus conversion (X). In (@ and (b):
VPBA5/IBOMA42.5/C13MA42.5/AN10 (black circles, ®); VPBA10/IBOMA40/C13MA40 /AN10 (red
triangles, A); VPBA15/IBOMA37.5/C13MA37.5/AN10 (blue squares, m). In (c) and (d):
GMMAS5/IBOMAA42.5/C13MA42.5/AN10 (black circles, ®); GMMA10/IBOMA40/ C13MA40/AN10
(red triangles, A); GMMAL15/IBOMA37.5/C13MA37.5/AN10 (blue squares, m).
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Figure 7.3. The statistical polymerization of different ratios of VPBA/IBOMA/C13MA/AN and
GMMA/IBOMA/C13MA/AN with Mgt = 50 kg mol™? using BB alkoxyamine (a),(c) Semi-
logarithmic kinetic plots of In[(1-X)™] (X= monomer conversion) versus reaction time (b),(d) Number
average molecular weight M, and dispersity B versus conversion (X). In (@) and (b):
VPBA2/IBOMA29/C13MA58/ANL11 (black circles, ®); VPBA5/IBOMA22.5/C13MA62.5 /AN10 (red
triangles, A); VPBAL10/IBOMA20/C13MAB0/AN10 (blue squares, m);
VPBAL5/IBOMA25/C13MAS50/AN10 (gray diamonds, ¢). In (¢) and (d): GMMA15/
IBOMA25/C13MAS0/ANT10 (filled circles, ®).

7.3.2. Determination of Glass Transition Temperature

To provide VPBA and GMMA-containing copolymers with a wide range of flexibility (T4), NMP using
different ratios of constitutive monomers was conducted in 1,4-dioxane using BB. The experimental T¢s
were determined by DSC and compared with the theoretical Tys (Table 7.3). The theoretical TS were
calculated based on the Fox equation for all the polymer resins prepared in 1,4-dioxane®®. The following
equation was used for the estimation of Tg eoS:

Ziw; (1-T22) = 0 (7.2)

gi
where w; is the mass fraction of monomer i in polymer resin, Tgmeo iS the theoretical glass transition
temperature of the resin and Ty, is the T4 of pure homopolymer of monomer i. According to the literature,
Toisoma = 110~200 °C20L 262263 T o joyn = -46 °C2L 202 Ty oy = 95 °C20L 208 T cyma = 84~106 °CH42444

and Tgveea = 198 °C***9 Tjigoma = 110 °C¥2 20 and Tyomma = 84 °C*2 had the most similar
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polymerization conditions with this study and were considered for the calculation of Tgmeo for statistical
polymers. As indicated in Table 7.3, the actual Ty differed from the Tgmeo calculated for the same polymer
in most cases, which can be due to the boroxine formation for VPBA-containing polymers and the formation
of cross-linking bonds within the polymer structure and the existence of ethylene glycol dimethacrylate as
the impurity for GMMA-containing polymers*¥2. The high deviation from Fox equation was previously
observed for GMMA copolymers and was attributed to strong intermolecular interactions such as hydrogen

bonding**.

Table 7.3. Glass transition temperature of polymer resins.

Experiment 1D (kgﬂ:’rf]ig‘i'_l) Tg2(°C)  Tgtheo? (°C)
VPBA5/IBOMA 42.5/C13MA42.5/AN10 10.8 11.6 11.1
VPBA10/IBOMA40/C13MA40/AN10 10.7 22.6 15.7
VPBA15/IBOMA37.5/C13MA37.5/AN10 19.9 19.7 20.6
VPBA2/IBOMA29/C13MA58/AN11 29.2 4.9 -9.3
VPBA5/IBOMA22.5/C13MA62.5/AN10 32.5 -13.2 -16.7
VPBA10/IBOMA20/C13MA60/AN10 23.4 -1.4 -13.9
VPBA15/IBOMA25/C13MA50/AN10 35.1 6.5 0.0
GMMAS5/IBOMA42.5/C13MA42.5/AN10 14.1 4.8 9.3
GMMA10/IBOMA40/C13MA40/AN10 12.6 17.1 11.7
GMMA15/IBOMA37.5/C13MA37.5/AN10 105 4.2 14.0
GMMA15/IBOMA25/C13MA50/AN10 26.3 -0.4 -3.2

@ Ty (glass transition temperature) measured by DSC under nitrogen atmosphere using three scans per cycle
(heat/cool/heat) at a heating rate of 15 °C min and cooling rate of 50 °C min.

b Theoretical glass transition temperature measured by Fox equation. Tq of the homopolymers were used for the
calculation: Tg,1Boma =110 °C, Tgc13ma = -46 °C, Tgan =95 °C, Tgemma =84 °C and Tg,veea = 198 °C.

@ Ty (glass transition temperature) measured by DSC under nitrogen atmosphere using three scans per cycle
(heat/cool/heat) at a heating rate of 15 °C min and cooling rate of 50 °C mint.

b Theoretical glass transition temperature measured by Fox equation. Ty of the homopolymers were used for the
calculation: Tgisoma = 110 °C, Tgc1ama = -46 °C, Tgan =95 °C, Tgemma = 84 °C and Tg,veea = 198 °C.

Feed monomer compositions were chosen a priori to yield relatively soft polymers at room temperature.
Measuring the Tg of polymers helped with the estimation of the hardness of polymer blends and was used

for the design of polymer blends.
7.3.3. Preparation of Polymer Blends

Next, polymers containing VPBA were mixed with GMMA-containing polymers to activate the dynamic
cross-linking between the boronic acid groups of the VPBA with the hydroxyl groups of GMMA and form

the ester (please refer to the experimental methods section for the detailed procedure of mixing the
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polymers). The cross-linking reaction was evident almost immediately upon mixing the two resin solutions

with a massive increase in viscosity. Figure 7.4 depicts the preparation steps of the self-healing polymer

blends. Various polymer blends were prepared to adjust the hardness or flexibility of the final polymer

mixture. The prepared polymer blends are listed in Table 7.4. The weight ratio of GMMA-containing

polymer was set higher in the polymer blend to have excess free hydroxyl groups for reaction with boronic

acids and increase the probability of dynamic cross-links and as a consequence, improved self-healing

properties*4. Polymer blends I, I1, I11 and 1V had the highest concentration of free diol groups. In addition,

due to the sufficiently low Tq of constitutive polymers, a relatively flexible polymer structure was created.

Therefore, the self-healing ability was expected to be more pronounced in these blends and was investigated

in more detail in the following sections.

Dissolving polymers
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»

Mixing polymer solutions
using a syring
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Drying and making small
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Using a hot press to melt
polymer resins together

Hydrolysis

Dynamic cross-linking of boronic esters

~

Figure 7.4. preparation of self-healing polymer blend using boronic ester dynamic cross-linking

Table 7.4. Formulations for preparation of polymer blends from their base polymers.

Weight

Elolymer A: polymer resin containing VPBA B: polymer resin containing GMMA ratio of
end ID A'B
| VPBA2/IBOMA29/C13MA58/AN11 GMMA15/IBOMA25/C13MA50/AN10 1:25
1] VPBA5/IBOMA22.5/C13MA62.5/AN10 GMMA15/IBOMA25/C13MAS50/AN10 1:25
11 VPBA10/IBOMA20/C13MABG0/AN10 GMMA15/IBOMA25/C13MAS50/AN10 1:25
\Y VPBA15/IBOMA25/C13MA50/AN10 GMMA15/IBOMA25/C13MAS50/AN10 1:25
\Y VPBAS5/IBOMA 42.5/C13MA42.5/AN10 GMMAS5/IBOMA42.5/C13MA42.5/AN10 1:1
Vi VPBA5/IBOMA 42.5/C13MA42.5/AN10 GMMAS5/IBOMA42.5/C13MA42.5/AN10 15
Vil VPBA10/IBOMA40/C13MA40/AN10 GMMA10/IBOMA40/C13MA40/AN10 1:25
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Figure 7.5 summarizes the FTIR spectra for polymer blends I, Il, 1l and IV. A higher intensity of O-H
stretching at 3446 cm™ was observed for polymer blends I and 11 compared to Il and 1V, likely due to the
excess of unreacted OH (mainly hydroxyl) groups in the former two blends. This suggests lower reversible
cross-linking in polymer blends | and Il due to the lower VPBA content and higher availability of free
hydroxyl groups for re-connection with 4-phenylboronic acid moieties. Lower VPBA content of polymer
blends I and 11 was also confirmed by the comparison of peak intensities at 653 cm™ (CB stretching, HO-
B-O and O-B-CC bending), 804 cm™ (CB stretching) and 1368 cm™ (BO stretching) for different blends***
2 The peaks at 1547 and 1649 correspond to C=C and C-C stretching from the phenyl groups in VPBA
and the aliphatic ring in IBOMA units.
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Figure 7.5. FTIR spectra for polymer blends | (—, black line), Il (—, red line), 1l (—, green line) and
IV (—, blue line) in the range of 400 to 4000 cm™.

7.3.4. Characterization of Polymer Blends Properties

7.3.4.1. Rheological Measurements

The formation of dynamic cross-linking bonds in polymer blends was investigated by oscillatory frequency
sweep experiments at 100 °C. The test was conducted in frequency range of 0.1 to 1000 Hz for GMMA
and VPBA-containing polymers and their blends. The storage modulus (G’) and loss modulus (G") for
polymers and blends varied with increase in frequency. It was previously observed that G’ and G” for
materials containing permanent covalent cross-linking bonds are frequency independent#? 43, However,

G’ and G” for prepared polymer blends (Figure 7.6 (a)) increased with increase in angular frequency,
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suggesting the existence of dynamic covalent bonds within the polymeric structure!2, At low frequencies
(w < 315 Hz for blend I and @ < 250 Hz for blend I1), G’ > G” indicating the rubbery behavior of blends***.
At higher frequencies, a crossover occurs due to relaxation and dissipation of energy from the chains and a
transition from the solid to a viscoelastic liquid state was observed. In addition, the higher crossover
frequency (@, where G'=G") for polymer blend | compared to blend I, indicates a wider range of elastic

behavior for blend I. This also was confirmed by the results from tensile tests (Figure 7.9 and Table 7.5).

G’ for VPBA2/IBOMA29/C13MA5S8/AN11 polymer was higher than G” at lower frequencies (@ < 250
Hz)(Figure 7.6 (b)), showing an elastic behavior at longer time scales. At o = 250 Hz, the relaxation of the
polymer happened and the G” dominated G’. A similar trend was observed for
VPBAS5/IBOMA22.5/C13MA62.5/AN10) polymer, where G’ > G” was up to w < 560 Hz and the transition
occurred at o = 560 Hz. According to Figure 7.6 (c), G” was constantly higher than G’ for
GMMAL15/IBOMA25/C13MA5S0/AN10. This demonstrates the viscous liquid behavior at frequency range
of 0.1 to 1000 Hz.
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Figure 7.6. Storage (G') and loss (G") moduli versus angular frequency (1% strain applied) for polymers
and blends at 100 °C. a) polymer blends; b) VPBA containing polymers; c) GMMA containing polymer
(GMMA 15 mol%, M arget = 50 kg mol™).

7.3.4.2. Stress Relaxation

Stress relaxation experiments were carried out on blend | and Il samples. As shown in Figure 7.7 (a) and
(b), a complete stress relaxation was observed for polymer blend | and Il at comparatively low temperature
range of 25 to 50 °C. This is in accordance with viscoelastic fluid behavior, suggesting efficient dynamic
cross-linking for blends without the formation of any nonexchangeable cross-linking bonds within the
structure during stress relaxation experiments, reprocessing or curing of the samples. The relaxation time
(t") was almost identical for polymer blend I and 11 at 25 °C (" = 9.5 and 9.7 for blend I and 11, respectively).
By increasing the temperature to 50 °C, t” decreases to t” = 1.6 s for blend | and " = 2.8 s for blend 1. The
decrease in 1" escalated with the increase in temperature for blend I, resulted in a higher apparent activation

energy (E.) (Figure 7.7 (c)). Ea was estimated by Arrhenius equation®®®;
In (t) = In(z,) + 22 (7.3)

where t° (S) represents the characteristic relaxation time at G/Go = 1/e, 1o (s) is t" at infinite temperature, E,
(I mol) is the activation energy, R is the universal gas constant (8.314 J mol™* .K'*) and T is the temperature
(K). The E. for polymer blend I and 11 was equal to 58 and 38 kJ mol~, respectively. The calculated Ezs for
polymer blend I and Il are comparable with the results from similar blends containing boronic ester bonds
with Ea of 36 to 52 kJ mol™* 13,
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The lower relaxation time for blend | compared to blend Il is due to the lower cross-linking density and
relatively faster deformation rate. The reduced relaxation times for blend I and Il were expected as it was
previously shown that increasing the free diol content can lower the relaxation time for polymers under a
constant shear stress*'®. This was ascribed to the higher occurrence of crosslink exchange in materials with
boronic-ester bonds. In this study, the excess concentration of GMMA-containing polymers was added to

the blends to increase the availability of diol groups in the blends and improve self-healing (Table 7.4).
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Figure 7.7. Normalized stress—relaxation curves for a) polymer blend I and b) polymer blend Il at
different temperatures (25-50 °C).

7.3.4.3. Swelling Test

To study the formation of cross-linking between polymer chains, the various polymer blends were
immersed in toluene for 24 hours. The blends were partially soluble in toluene and a gel-like material

resulted. After complete drying of the samples, the gel fractions (insoluble part of polymer blends) of
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polymer blends I, 1l and 11l were 46.0, 62.7 and 66.2%, respectively. Next, a swelling test was done on
blends I, Il and 111 using toluene as the solvent. All the polymers were completely soluble in toluene before
mixing together. Once the VPBA and GMMA-containing polymers were mixed, the blend with the cross-
linking bonds formed, resulting in a polymer network formation. Interestingly, samples absorbed toluene
up to 3.5 times of their weight and formed a gel in toluene in less than 200 minutes. The measurement was
ended once the increase in the weight change stopped. A higher increase in the weight change was observed
for blends with higher cross-linking density (blend 11 and I11) compared to polymer blend I. This was due
to low cross-linking density and probably the faster dissolution of the soluble part of blend I. Figure 7.8

illustrates the weight change of samples as a function of time (before dissolving in toluene).
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Figure 7.8. Toluene absorption of different polymer blend samples with boronic ester cross-linked

network as a function of time. The samples were completely immersed in toluene. Polymer blend |

(black circles, ®); polymer blend Il (red triangles, A); polymer blend Il (blue squares, m). Polymer

blend compositions are available in Table 7.4.

7.3.4.4. Tensile Results for Polymer Blends | and Il Before and After Healing

Next, the self-healing of the polymer blends was characterized using tensile tests on blends | and Il. First,
the tensile test was conducted on uncut dumbbell shaped samples (black lines in Figure 7.9). Next, cut
individual samples after the tensile test were re-connected. From these tests, the polymer blend | has a lower
tensile strength compared to blend Il (tensile strength at break of blend | = 0.62 MPa compared to 0.94 MPa
for blend 1) and the elongation at break was slightly higher for blend I (elongation at break for blend | =
112.0+19.1% and for blend Il = 95.5 +10.3 %). Note that blends I and 11 differ in that blend 1l had higher
concentration of VPBA compared to blend I. The cut samples after the tensile test were attached together
and healed for 3 days at 19.4-20.6 °C and relative humidity of 63.6-66.6% (Figure 7.9 (a) and (b) red
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Stress (MPa

curves). The same test was also done by immersing the junction of two attached pieces in water for the
duration of the test at the same temperature and humidity (blue curves in Figure 7.9 (a) and (b)). The results
illustrated that covering the junction of two polymer pieces with water does not change the strength of the
connection significantly. Figure 7.9 (c) and (d) demonstrate the results for healed samples after 10 days and
2 cycles compared to the original uncut samples. Movie S1 and S2 (Supporting Information) shows the
tensile test on blend I and Il samples after 10 days of healing. This test was done to check the self-healing
ability of polymer blend samples after 2 cycles of damage and repair at the same place of the cut.
Furthermore, it was shown that increasing the healing time from 3 days to 10 days enhances the repair only
slightly. In the second cycle of healing after 10 days, the blend | and Il samples lost their toughness (area
under stress-strain curve) significantly. This was expected as the 2" cycle was done on the samples,
recovered 33% of their toughness in their first cycle and the cut was not fully healed. In addition, the
deformation of tensile bars after 2 rounds of stretching during tensile tests and slower diffusion and
connection of the chains together can cause the loss of toughness in the 2" healing cycle and longer healing
time. However, it should be noted that increasing the temperature can effectively improve the toughness of
healed samples and reduce the healing time (check the Recyclability of Polymer Blends section). Table 7.5

summarizes the tensile results.
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(a) (b)

polymer blend | - original sample

polymer blend ll-original sample

healed-3 days 0.2 healed-3 days
healed + water-3 days healed + water- 3 days
L L O 1 L
0 50 Strain (%) 100 150 0 50 Strain (%) 100
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Figure 7.9. Tensile stress-strain curves for polymer blends I and Il showing the effect of boronic

acid/diol concentration. Tensile results for original polymer blend samples blend I and Il (black lines,

—). a) and b) healed after 3 days (red lines, —); healed after 3 days with presence of water (blue lines,
—). ¢) and d) healed after 10 days (red lines, —); healed after 10 days-2" cycle (blue lines, —). All the
samples were at ambient temperature and relative humidity (19.4-20.6 °C and relative humidity of 63.6-

66.6%) without applying extra heat or humidity.

Table 7.5. Summary of tensile properties of samples after each experiment.

Young’s
Sample ID Modulus  Stress at break (MPa)  Strain at break (%) Toughness # (MJ m)
(MPa)

Polymer blend |
Original sample 1.840.3 0.62+0.08 112.0+19.1 0.68
Healed-3days 1.8+0.2 0.42+0.07 48.5+6.6 0.19
Healed+Water-

1.6+0.2 0.41+0.08 50.2+9.3 0.17
3days
Healed-10days 2.140.3 0.54+0.06 53.5+4.2 0.23
Healed-10days-2" o, 4 0.410.04 21.0¢7.1 0.09
cycle
Polymer blend 11
Original sample 2.7x04 0.94+0.05 95.5+£10.3 0.69
Healed-3days 2.4+0.2 0.51+0.03 31.3+£10.1 0.15
plealedrWater 314086 0.66+0.08 27.9+7.9 0.15

ays

Healed-10days 2.6+0.3 0.56+0.07 48.245.1 0.23
Healed-10days-2" 5 4. & 0.64+0.02 24.16.0 0.14

cycle

@ Toughness was calculated from the area under the stress-strain curves shown in Figure 7.9.
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7.3.4.5. Scratch Test

The self-healing properties of the polymer blends were investigated by applying a scratch using a blade on
one head of the dumbbell shaped tensile bar samples prepared from polymer blends of I, 11, 1l and IV. The
samples were left at ambient conditions (T= 19.1-23.9 °C, relative humidity of 38-58%) without applying
environmental, mechanical or chemical stresses. As shown in Figure 7.10, increasing the Tq of the resins
and VPBA content (corresponding to the boronic-ester bonds) of polymer blends decreased the rate of self-
healing. The polymer blend | showed the fastest scratch healing compared to the other samples and the
scratch was fully removed after 12 days. The polymer blend IV showed the comparatively slowest scratch
self-healing during the observation time due to its higher stiffness, although the VPBA content in the
formulation was the highest. This observation regarding blend IV reflects the balance between T4 and the
cross-link density when designing a self-healing system.

VPBA-containing polymer

GMMA-containing polymer

e Fveea Tg (O) Famma Ty O
Polymer blend 1 1.9 4.9 10.2 -0.4
Polymer blend 11 8.5 -13.2 10.2 -0.4
Polymer blend 111 12:1 -1.4 10.2 -0.4
Polymer blend IV 2347 6.5 10.2 -0.4

After applying the scratch

After 8 days
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Figure 7.10. Scratch test on polymer blend I, II, Il and 1V samples: a) a scratch was applied on the
surface of the samples; b) after 8 days c) after 12 days at room conditions (T= 19.1-23.9 °C, relative
humidity of 38-58%).

7.3.4.6. Recyclability of Polymer Blends

Recyclability of polymer blends I and 11 was examined by applying the same hot press procedure used for
the preparation of polymer blends (three cycles of hot pressing). The three-cycle hot press process prevented
the formation of air bubbles in tensile bars. However, it is not necessary for reprocessing the blends for
other applications. The polymer blends were ground and reprocessed in a hot press at 80 °C for 47 minutes
(3 cycles: 6-8 metric tons for 12 minutes; 13 metric tons for 15 minutes and 20 minutes). For each polymer
blend, three recycling processes were performed, and the tensile results presented in Figure 7.11. Based on
the results presented in Figure 7.11 (a) and (b) and Table 7.6, the stress at break for samples increased after
reprocessing. This suggests an improvement in blending that enhanced the possibility of boronic ester cross-
linking. The toughness of polymer blend 11 is higher than blend | as it contains higher cross-linking density
(based on the respective concentrations of boronic acid to diol in each of the respective resins), although
the T4 of VPBA-based polymer resin is lower in blend Il. Furthermore, the tensile stress-strain curves
(Figure 7.11) illustrates that the polymer blends are highly re-processable due to the dynamic boronic-ester

cross-linking and can be easily reprocessed at 80 °C in relatively short time (47 minutes).
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Figure 7.11. Tensile stress-strain curves for polymer blends I and Il after 3 recycling cycles: a)
reprocessing of polymer blend I; b) reprocessing of polymer blend Il. Original samples before recycling

(black lines, —); first recycle (green lines, —); second recycle (blue lines, —); third recycle (red lines,

Table 7.6. Tensile results for polymer blend I and 1l after recycling at 80 °C.

Young’s
Sample ID Modulus  Stress at break (MPa)  Strain at break (%)  Toughness 2 (MJ m?)
(MPa)

Polymer blend |

Original sample 1.8+0.3 0.62+0.08 112.0419.1 0.68
After 1% recycling  3.6+0.2 1.03+0.08 98.84+26.8 0.79
After 2" recycling  3.3+0.7 0.98+0.03 94.4+23.7 0.78
After 3 recycling  3.0+0.2 0.89+0.09 102.6+11.9 0.65
Polymer blend Il

Original sample 2.7+0.4 0.94+0.05 95.5+10.3 0.69
After 1% recycling  3.91+0.2 1.30+0.11 79.245.4 0.83
After 2" recycling  3.88+0.5 1.24+0.21 75.7+19.4 1.02
After 3 recycling  4.03+0.4 1.25+0.19 99.6+2.3 1.03

@ Toughness was calculated from the area under the stress-strain curves shown in Figure 7.11.

Figure 7.12 shows the DMA results for blend I and 11 original samples and the same blend samples after
three reprocessing cycles. The storage modulus reached a plateau for all the samples at temperatures above
Tg. This confirms the existence of cross-linking bonds within the polymer structure for samples before and
after recycling. The similar storage moduli at the rubbery plateau confirms the full recovery of cross-linking
density after reprocessing. At 85 °C, the storage modulus of samples approaches a limiting value near 0

MPa, suggesting a similar behavior before and after recycling.
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Figure 7.12. Dynamic mechanical responses for rubbery plateau moduli of the a) polymer blend | and
three reprocessing cycles b) polymer blend Il and three reprocessing cycles. Original samples before
recycling (black lines, —); first recycle (green lines, —); second recycle (blue lines, —); third recycle
(red lines, —).

7.3.4.7. De-cross-linking of Polymer Blends

To study the possibility of de-cross-linking, two samples for each polymer blend (I and I1) were immersed
in 1,4-dioxane. For one of the samples pinacol was added and the second sample was dissolved in 1,4-
dioxane without the addition of pinacol to compare the results and observe the effect of pinacol on the
solubility of polymer blends. The samples were kept at 50 °C for 4 hours. The detailed procedure of de-
cross-linking of samples is available in the Methods section. As indicated in Figure 7.13, the samples were
completely dissolved in the presence of pinacol, while the samples in dioxane could not. This is due to the
esterification reaction between VPBA monomers and pinacol, which de-cross-links the dynamic cross-

linking bonds between VPBA and GMA monomers.

For comparison, the vials containing the polymer blends I and 11 in 1,4-dioxane (without pinacol) were kept
at 50 °C for 24 hours to measure the ultimate soluble fraction of polymer blends. Respectively, 47.77 wt%
and 50.81 wt% of the polymer blends I and Il were remained insoluble. This demonstrates the necessity of
the addition of pinacol for the complete removal of the cross-linking bonds. To confirm the de-cross-linking
of blends, samples were precipitated in methanol and GPC traces and *H NMR spectra were provided

(Figure 7.S1 and 7.S2, Supporting Information).
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Figure 7.13. Chemical recycling of polymer blends I and Il using pinacol at 50 °C in 1,4-dioxane. The
whole process takes place within 4 hours. The solubilities were compared with the samples in 1,4-
dioxane without adding pinacol.

7.3.4.8. Thermal Stability of Polymers and Blends

Thermal stability of the polymers and blends was investigated by TGA to determine Tgecs of samples (Table
7.7) and thus provide an estimate of the highest temperature range that the polymers and blends can be used
or reprocessed. The decomposition temperature for 10% weight loss (Taec,1) of polymer blends was higher
for polymer blends I, 11, 111, IV and VII compared to each polymeric component before mixing, although
this was not the case for polymer blends V and VI. This is probably due to low GMMA content in blends
V and VI, which limits the chance of formation of dynamic boronic ester bonds within the structure. This
confirms the effect of dynamic cross-linking on enhancing the Tgec: and determines the importance of
higher GMMA:VPBA ratio in polymer blends for having effective cross-linking formation between the
chains. For polymer blends, no significant change in Tgecmax OF Taec2 Was detected, suggesting the almost

complete dissociation of boronate ester bonds at higher temperatures (T ~ 400 °C).

By comparing the results from our previous studies on Tgc of IBOMA/C13MA polymers prepared in
emulsion and solution, it can be concluded that the addition of VPBA and GMMA to all the polymer
formulations improved the Tgecmax Of polymer resins significantly (by up to 158 °C)62 182 However, the
Taec1 and Teec2 Of polymers remained approximately constant. The higher degradation temperature at

around 400 °C was previously observed for GMMA copolymers and polymers containing OH groups*4+ 445
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4%6.457 This was ascribed as the dehydration and cyclization side reactions and the formation of anhydrates

and carboxylic groups, which occurs at the same time with depolymerization*# 44,

Table 7.7. Thermal characterization of polymers and polymer blends.

Experiment 1D Taec1?(°C)  Taeemax® (°C)  Taec2? (°C)
VPBAS5/IBOMA 42.5/C13MA42.5/AN10 219 426 478
VPBAL10/IBOMA40/C13MA40/AN10 179 436 483
VPBA15/IBOMA37.5/C13MA37.5/AN10 229 436 486
VPBA2/IBOMA29/C13MA58/AN11 222 415 479
VPBA5/IBOMA22.5/C13MA62.5/AN10 238 413 480
VPBA10/IBOMA20/C13MABG0/AN10 192 399 461
VPBA15/IBOMA25/C13MA50/AN10 198 421 486
GMMAS5/IBOMAA42.5/C13MA42.5/AN10 234 303 486
GMMA10/IBOMA40/C13MA40/AN10 221 425 477
GMMA15/IBOMA37.5/C13MA37.5/AN10 233 424 485
GMMA15/IBOMA25/C13MA50/AN10 239 306 472
Polymer blend 1D

| 255 419 475
1 259 421 495
11 258 407 476
v 280 427 500
\Y4 220 316 489
Vi 217 301 490
VI 243 430 482

@ Tagec,1 (T10% Or onset of decomposition), Tdecmax (temperature at which highest weight loss occurs) and Taec2 (end of
decomposition) measured by TGA under nitrogen atmosphere at a ramp rate of 15 °C min-L. The blend compositions are
available in Table 7.4.

7.4. CONCLUSIONS

The nitroxide mediated polymerization of a base mixture consisting of IBOMA/C13MA/AN with a low
concentration of VPBA or GMMA (2 to 15 mol% in the initial monomer mixture) was conducted in 1,4-
dioxane (50 wt%) using NMP at 90 °C. VPBA-containing polymers with M, up to 35.1 kg mol* and
monomer conversion up to 78% (1.65 < P < 2.13) and GMMA-containing polymers with maximum M, of
26.3 kg mol™ and relatively higher conversions (X up to 90% with 1.67 < D < 2.73) were synthesized. By
mixing polymer resins with respective concentrations of VPBA and GMMA in each copolymer, various
polymer blends with self-healing properties at ambient temperature and humidity were produced.

Successful formation of dynamic covalent bonds of boronate ester within the polymer structure was proven
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by FTIR and confirmed by tensile, swelling and scratch tests on the polymer blends. Polymer blends | and
I (VPBA2/IBOMA29/C13MA58/AN11  or  VPBA5/IBOMA22.5/C13MA62.5/AN10  with
GMMAI15/IBOMA25/C13MAS50/AN10 [1:2.5] weight ratio) exhibited the fastest self-healing and
recovered scratches after 12 days at ambient temperature and humidity. Tensile results for polymer blends
I and 1l before and after cutting show high self-healing after 10 days (87% tensile strength and 48% strain
recovery for polymer blend | and 60% tensile strength and 50% strain recovery for polymer blend Il). The
polymer blend samples also demonstrated the ability to absorb solvent (toluene) up to 337% of their original
weight in a relatively short time (200 min). As the blend hardness increases, the self-healing properties of
material decreases as the effective bonds between VPBA and GMMA cannot be formed and may require a
longer time for complete self-healing. The polymer blends demonstrated a high recyclability with a
comparatively easy reprocessing procedure (47 minutes in hot press at 80 °C), which improves the

applicability of these partially bio-based polymer blends with self-healing properties.
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Preamble to Chapter 8

In chapter 7, self-healing polymer blends with high bio-content were synthesized in 1,4-dioxane. This
chapter investigates the possibility of making self-healing polymers in miniemulsion by complete removal
of organic solvents. To reduce the solubility of GMMA and VPBA in water, a dimer of these two monomers
was produced before the polymerization. The (VPBA+GMMA) dimer was dissolved in the mixture of
IBOMA/C13MA monomers and the monomer phase was dispersed in water. The miniemulsion
polymerization of monomers with different ratios of (VPBA+GMMA) dimer was performed in presence of
Dispolreg 007 alkoxyamine at 90 °C. The final polymer latexes were dried at room temperature to form a
polymer film with self-healing properties. The polymerization Kkinetics, thermal, rheological and
mechanical properties of polymers were studied. Based on the results, the polymers had high recyclability
(3 reprocessing cycles at 80 °C for 45 minutes) and showed swelling ratio up to 153% in presence of toluene.
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Chapter 8: Recyclable Polymers with Boronic-Ester Dynamic Bonds

Prepared by Miniemulsion Polymerization

ABSTRACT

Polymers with boronic ester dynamic covalent bonds were synthesized by nitroxide-mediated miniemulsion
polymerization of isobornyl methacrylate (IBOMA, 71% bio-content), alkyl methacrylates (average
aliphatic size of 13.0, C13MA, 76% bio-content), glycerol monomethacrylate (GMMA) and 4-
vinylphenylboronic acid (VPBA). The miniemulsion polymerization of all monomers was enabled by the
esterification reaction between GMMA and VPBA and the synthesis of (VPBA+GMMA) dimer prior to
the polymerization. The formation of boronic ester dynamic covalent bonds was confirmed by rheological
and mechanical measurements, indicating a higher stiffness by increasing the dimer content from 5 to 15%
in the initial feed. Cross-linked polymers showed high reprocessing capability with comparatively simple
recycling process (at 80 °C for 45 minutes) and the high organic solvent absorbance of polymers (swelling
ratio up to 153%). Furthermore, it was shown that the addition of VPBA and GMMA significantly improved
the heat resistance of polymers up to 121 °C, compared to the IBOMA/C13MA copolymers (without
GMMA and VPBA functional monomers).

8.1. INTRODUCTION

Preparation of polymers containing boronic ester dynamic covalent bonds has been of interest due to their
exceptional recyclability and self-healing properties!™ 384 458 These materials have been widely used for
the preparation of hydrogels and related polymer resins for applications such as tissue engineering and drug
delivery2 458462 gptical devices*®?, solid polymer electrolytes (SPEs)*** and coatings*®. Different methods
were utilized to produce polymers with boronic ester cross-linking bonds*®% %403 One of the most common
methods is the synthesis of diol-functionalized polymer and boronic acid-containing polymers separately
and mixing them together®® %4 The synthesis of each polymer resin or the mixing process generally
involves using organic solvents, which intensifies the environmental and health concerns associated with
the process®® 21 465 Although using water as the dispersant phase in the system seems beneficial, the
synthesis of materials containing boronic ester bonds in a water-based system has always been problematic
due to relatively high water-solubility of monomers containing the boronic acid or diol functional groups3%
467. 468 Furthermore, the copolymerization of these monomers with water-insoluble monomers in water-

based or emulsion systems usually results in uncontrolled formation of hydrogels with broad molecular
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weight distribution and low monomer conversion*® 4%, We prepared polymers containing boronic ester
dynamic cross-linking bonds in an organic solvent (toluene) previously where we attempted to use
commercially available monomers with high bio-content*’*. This was done presumably to decrease the
carbon footprint of the process while still getting the desirable properties incorporated into the polymer.
We attempted to take our process one step farther and eliminate the use of organic solvent in the synthesis
of the recyclable polymers with boronic ester dynamic cross-links by adopting controlled radical
polymerization in miniemulsion. To enhance the environmental sustainability of the polymers, 85-95
molar% of polymer resins were made of partially bio-based methacrylic monomers. Isobornyl methacrylate
(IBOMA, 71% bio carbon content) derived from pine sap (camphene) has a high glass transition
temperature (Tg) (Tgpasoma) = 110~200 °C)?0% 262263 and used to improve the T4 of polymers*’2. Alkyl
methacrylates with average side-chain aliphatic size of 13.0 (termed here as C13MA, 76% bio carbon
content, derived from natural oils) was incorporated into resins to decrease the Tq (Tgpciama) = -46 °C)%L
202 and improve the flexibility of polymer chains'®? 18, Using IBOMA and C13MA, polymers with tunable
Ty can be produced to meet the criteria for a specific application6? 180 182 473 Nitroxide mediated
polymerization (NMP) as one of the simplest reversible deactivation radical polymerization (RDRP)
techniques was utilized to improve control over the polymerization (linear increase of average molecular
weight (My) versus monomer conversion (X)), to reduce discoloration, to obtain tighter molecular weight
distribution (P) leading to lower viscosities for application in coatings and to enhance chain-to-chain
compositional homogeneity and the formation of well-defined microstructures?? 47:166.218 For the nitroxide,
we used 3-(((2-cyanopropan-2-yl)oxy)-(cyclohexyl)amino)-2,2-dimethyl-3-phenylpropanenitrile
(Dispolreg 007) alkoxyamine to initiate the miniemulsion polymerization of methacrylates, without any
controlling co-monomer as was typically required for NMP, at temperatures below 100 °C?8 43243278 For
miniemulsion, all that was needed besides the monomers and nitroxide was surfactant and long chain alkyl-

containing co-stabilizers®’ 8 250,

The incorporation of boronic ester bonds was more challenging; it required the esterification of glycerol
monomethacrylate (GMMA, 2,3-dihydroxypropyl methacrylate) and 4-vinylphenylboronic acid (VPBA)
as monomers incorporated into the respective polymer chains. Different methods have been applied for the
RDRP of GMMA or VPBA (separately)® 423 467. 474,475 Chen et al*®® prepared homopolymers of
unprotected VPBA (PVPBA) (M, up to 16.2 kg mol* and P <1.21) by RAFT polymerization in DMF
solvent. Jesson et al*%synthesized homopolymers of GMMA (PGMMA) with relatively high M, (M up to
159.5 kg mol* and D <1.32) by RAFT emulsion polymerization of isopropylideneglycerol methacrylate
with PGMMA-based macroinitiator followed by the subsequent removal of acetal protecting groups in

acidic solution. However, we are unaware of reports concerning the successful controlled polymerization
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for the preparation of boronic ester containing materials in miniemulsion. The VPBA-containing or
GMMA-containing polymer latexes cannot be produced separately as the VPBA and GMMA are water-
soluble and cannot be effectively available inside the monomer droplets during the miniemulsion
polymerization®® 467, \We report an approach using a pre-prepared dimer with the boronic acid/diol ester,
which was subsequently added to the hydrophobic monomer mixture. After polymerization, the boronic
ester can be de-activated, resulting in the respectively functionalized chains. Addition of water further
allowed the esterification to be repeated, thus providing a moisture-controlled dynamic cross-linking

process.

8.2. MATERIALS AND METHODS

8.2.1. Materials

Isobornyl methacrylate (IBOMA, >99%, VISOMER® Terra IBOMA) and C13 methacrylate (C13MA,
C13,0 alkyl methacrylate, >99%, VISOMER® Terra C13,0-MA) were provided from Evonik. IBOMA and
C13MA were purified by passing them through a column containing basic alumina (Brockmann, Sigma
Aldrich) and calcium hydride (5 wt% of basic alumina, Alfa Aesar) to remove the MEHQ inhibitor. 4-
Vinylphenylboronic acid (VPBA, > 97%) was purchased from Oakwood Chemical. Glycerol
monomethacrylate (GMMA, mixture of isomers, > 95%) was purchased from Polysciences. DOWFAX™
8390 (contains Disodium hexadecyldiphenyloxide disulfonate, disodium dihexadecyldiphenyloxide
disulfonate, sodium sulfate, sodium chloride and water) was received from the Dow Chemical Company
and used as the surfactant for emulsion polymerization. N-hexadecane (99%, Sigma Aldrich) was used as
the co-stabilizer for emulsion system. 1,4-Dioxane (p-dioxane, >99%) was received from MilliporeSigma.
HPLC grade Tetrahydrofuran (THF, 99.9%), methanol (MeOH, >99%), methylene chloride (DCM, >99.5
%) and toluene (>99%) were purchased from Fisher chemical. 3-(((2-Cyanopropan-2-yl) oxy) -
(cyclohexyl) amino)-2, 2-dimethyl-3-phenylpropanenitrile (Dispolreg 007) alkoxyamine was synthesized
in our lab based on the Ballard et al procedure?. Pinacol (98%) and molecular sieves (3 A, pellets, 1.6 mm)
were obtained from Sigma Aldrich. All the reactions, thermogravimetric analyses and rheological

measurements were conducted under the high purity nitrogen (99.99%, Praxair).
8.2.2. Methods

The number average molecular weight (M.) and dispersity (P) were measured by gel permeation
chromatography (GPC, Waters Breeze). The instrument was equipped with 1 guard column and 3
Styragel® GPC columns (Waters) of HR1 (100 A, M, range of 100 to 5 x 10% g mol*), HR2 (500 A, M,
range of 500 to 2 x 10* g mol™) and HR4 (10-4 A, M, range of 5 x 10% to 6 x 10° g mol™*) and a differential
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refractive index Rl 2414 detector. The M, of samples was determined relative to PMMA standards
(calibration was done based on Varian polymer standards with the molecular weight ranges of 875 to
1677000 g mol™) in HPLC grade THF at 40 °C.

The monomer conversions (X) was estimated using the area under the GPC peaks for monomers and
polymer chains divided by the respective refractive index increments (dn/dc)3®. This was permissible as
the peaks were well separated and the monomers were sufficiently high in molecular weight to be distinct
from solvent peaks. The dn/dc value for poly(IBOMA) in THF is 0.108 ml g 4®. The dn/dc value for
C13MA (monomer and homopolymer) is not available in literature. However, the dn/dc of CL3MA and its
polymer can be reasonably estimated from the dn/dc of similar alkyl methacrylates. The dn/dc for
poly(octadecyl methacrylate) (C18MA) and poly(n-decyl methacrylate) (C1OMA) in THF were 0.075 and
0.076 ml g%, respectively®3* 3%, The dn/dc for heptadecanyl methacrylate (C17MA) in THF at 35 °C is
0.078 ml g* 2%, Previously, it was shown that the dn/dc of copolymers can be expressed from the following

equation*’": 478;
@) =w (@), +w @), ©)

where w; and w; are the wight fractions of monomers (i and j) in polymer resins and (%). and (3—’;) _are
i J

the refractive index increments for i and j homopolymers, respectively. Here, we assumed that the

synthesized polymer resins are essentially the copolymers of IBOMA and C13MA (i is IBOMA and j is
C13MA) and (d—) ~ (d”) =0.076 ml g*. Based on equation (8.1), the (d—n) for Dimer 5% to
C13MA C10MA dc

n —
dc dc
15% was calculated as 0.084-0.085 ml g*. Due to the similar dn/dc values for these systems, we assumed

an equal dn/dc value for GPC peaks to estimate the monomer conversion.

8.2.2.1. FT-IR Spectrometry
The FTIR spectra were recorded in the range of 400-4000 cm by a PerkinElmer Spectrum 2 with a
single-bounce diamond and attenuated total reflectance (ATR) accessory.

8.2.2.2. Solid-State NMR

Solid-state 'B and *3C NMR spectra were obtained with a VNMRS 400 widebore NMR spectrometer
operating at 100.5 MHz in a 4 mm Varian Chemagnetics double-resonance probe. The spectrums were
acquired using multiple cross polarization (multiCP)*”® in 2048 scans and a 4 s recycle delay with 10 CP
periods each of 1 ms, with 0.5 s between them, during spinning at 8 kHz. The multiCP spectrum of Dimer

15% was compared with a pulse-acquire spectrum using a recycle delay of 60 s and 2048 scans to verify

140



that the spectra were quantitative. The *C spectra are referencing using glycine at 176.4 ppm wrt TMS and

borax was used as the standard for the solid-state !B NMR setup.

8.2.2.3. Differential Scanning Calorimetry
DSC was carried out on the samples using a TA Instruments DSC Q2000. The (heat/cool/heat) method with
heating rate of 20 °C min™ was performed on samples in the temperature range of -90 to 120 °C under

nitrogen. The Tms were measured in the second heating cycle by inflection method.

8.2.2.4. Thermogravimetric Analysis
Decomposition temperatures (Taecs) of polymer samples were measured by thermogravimetric analysis
(TGA, TGA Q500TM, TA Instruments) under the nitrogen (99.99%) at ramp rate of 15 °C min* from 25

to 550 °C in aluminum pans.

8.2.2.5. Tensile Tests

Tensile tests were performed on an EZ-test-500N Shimadzu tensile tester at room temperature and ambient
relative humidity (T= 19.1-23.9 °C, relative humidity of 38-58%). To check the temperature and relative
humidity during the test, Fisherbrand™ Traceable™ digital humidity and temperature meter (Fisher
Scientific, temperature range of -10 to 60 °C and accuracy of +1 °C; relative humidity range of 20 to 95%
with the accuracy of £3% for mid-range and £5% elsewhere) was used. All dog-bone shaped samples were
prepared in a hot press (Carver Manual Hydraulic Press with Watlow Temperature Controllers, Carver Inc.,
Wabash, IN, USA) at 80 °C. Three cycles of hot pressing were performed to avoid the formation of air
bubbles in samples. In the first cycle, the polymer mixtures were heated to 80 °C under 6-8 metric tons
pressure for 10 minutes. Next, two cycles of hot pressing were carried out at 20 psi and 80 °C for 15 minutes
and 20 minutes, respectively. The samples were cooled down and were tested for tensile properties
following the ASTM D638 type V standard®”*. The samples were extended at a rate of 5 mm min and the
reported data are the average of 5 measurements. To check the tensile results for recycled samples, dog-
bone shaped samples were ground to small pieces and the same hot pressing procedure was applied to them

for each recycling cycle.

8.2.2.6. Rheological Measurements

Oscillatory frequency sweep and dynamic mechanical analysis (DMA) were performed on an Anton Paar
MCR 302 rheometer connected to a CTD 450 convection oven. For frequency sweep, the test was conducted
on the samples between two parallel plates (diameter, 25 mm) in the frequency range of 1 to 1000 rad s
with a constant amplitude of 1% under the pure nitrogen atmosphere (purity = 99.99%) at 80 °C. DMA was
carried out on samples under the pure nitrogen atmosphere (purity = 99.99%) in the temperature range of

25-80 °C. A dynamic shear strain of 0.1% was applied for DMA experiments. For DMA, rectangular bars
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(60mmx10mmx2mm) prepared using the same hot pressing procedure (three cycles, 80° C) mentioned

earlier in Tensile Test section.

8.2.2.7. Swelling Tests

The cross-linking density of polymer samples were examined by immersing approximately 0.13 g of
polymer samples (Dimer 5-15%) in toluene (7.0 g, 5385 wt% based on samples) for 24 hours. The drying
procedure started with the slow removal of the excessive solvent (toluene) using a syringe. Then, the
samples were dried inside a fume hood for 24 hours at room temperature. The samples were placed under
vacuum at room temperature for another 24 hours to ensure complete removal of the toluene. It was
previously — observed that similar  polymers  without cross-linking  (IBOMA/C13MA,
IBOMA/C13MA/GMMA and IBOMA/C13MA/VPBA) are completely soluble in toluene®®? 182 471,
However, 53.45%, 56.28% and 63.63% of Dimer 5, 10 and 15% samples, respectively, were insoluble after
one day. To further study the swelling properties of samples, a fully dried piece of each sample with defined
weight was placed inside an aluminum pan and was immersed with excessive amount of toluene. Next, the
solvent was carefully removed, and the sample was dried using an extra-low lint Kimwipes® to measure

the weight change of the samples.
8.2.3. Preparation of (VPBA+GMMA) Dimer for a Minimulsion System

To prepare the (VPBA+GMMA) dimer (i.e. BG dimer) for miniemulsion polymerization of monomers, the
mixture of 1:1 molar ratio of VPBA:GMMA were dissolved in 5 times the weight of monomers (500 wt%
based on the monomers) of DCM solvent and 50 wt% of 3 A molecular sieves based on the monomers to
remove the water from the system. The mixture was stirred for 48 hours at room temperature to complete
the reaction. Finally, the mixture was filtered using a 0.2 um filter and dried for 7 days. The schematic for
the reaction is shown in Figure 8.1. The FTIR spectrum of (VPBA+GMMA) dimer (Figure 8.2) shows the

successful boronic ester formation.
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Figure 8.2. The schematic reaction for preparation of (VPBA+GMMA) dimer.

8.2.4. Miniemulsion Polymerization of IBOMA/C13MA/VPBA/GMMA

The monomers, Dispolreg 007 alkoxyamine and 0.8 wbm% n-hexadecane were mixed for 30 minutes with
a stirring from a magnetic stir bar. The hexadecane was added as the co-stabilizer to improve the stability
of the latex and prevent the Ostwald ripening effect?”®. The aqueous phase was prepared by dissolving 2
wbm% DOWFAX 8390™ anionic surfactant in water and stirring the resulting solution for 30 minutes.
Then, two solutions were mixed together and stirred for 30 minutes to prepare the initial latex. The initial
latex was sonicated for 10 minutes (cycle = 0.5 and amplitude = 70%) in an ice water bath to prepare a latex
containing nano-meter sized particles. As an example, for Dimer 5% miniemulsion polymerization, the
hydrophobic phase was prepared by mixing Dispolreg 007 (0.07 g, 0.2 mmol), IBOMA (2.57 g, 11.5 mmol),
C13MA (6.71 g, 25.0 mmol), Dimer of VPBA and GMMA (0.52 g, 1.9 mmol) and n-hexadecane (0.08 g,
0.3 mmol) without the addition of any organic solvents. The aqueous phase was a solution of Dowfax 8390
(0.20 g, 2wbm%) in water (30.44 g, 1691.2 mmol). All the miniemulsion polymerizations were conducted
in a three-necked round-bottom glass flask connected to a reflux condenser. The reflux condenser circulates
a solution of 25/75 w/w glycerol/water through the condenser at 3 °C. The flask was equipped with a thermal
well and a magnetic stirrer bar. The temperature sensor was placed inside the thermal well and connected
to the temperature controller to keep the reaction temperature at 90 °C. The glass flask was placed in a
heating mantle and on a stirrer. The latex was added to the flask and sealed with rubber septa. The system
was purged using an ultrapure nitrogen flow for 30 minutes before increasing the temperature to
deoxygenate the system and prevent any side reactions. To start the polymerization, the latex was heated

with the rate of 10 °C min™ to reach 90 °C, while the nitrogen purging continues during the polymerization.
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The starting time of polymerizations (t = 0) was considered at the point at which the reaction temperature
reached 75 °C. The samples were taken periodically to study the kinetics of polymerization for each
experiment. At the end of the polymerization, the system was cooled down to temperatures below 40 °C

and the latex was subsequently removed from the flask.
8.2.5. De-crosslinking of Polymers with Pinacol

The de-crosslinking of polymers was performed by immersing samples (approximately 0.13 g) in a solution
of pinacol (0.3 g, 2.54 mmol) and 1,4-dioxane (7.0 g, 79.45 mmol). A control experiment was done at the
same time for each polymer samples (~ 0.13 g). The samples were immersed in 1,4-dioxane (7.0 g, 79.45
mmol) without the addition of pinacol. The samples containing pinacol were completely dissolved in
dioxane, suggesting the complete opening of boronic ester cross-linking bonds. The GPC and H NMR
measurements were conducted on samples after precipitation in methanol and complete drying. The control
samples remained at room temperature for 24 hours. Then, the 1,4-dioxane was removed with a syringe.
The control samples were dried in a fume hood for 24 hours and under vacuum for another 24 hours at
room temperature. The insoluble fraction of samples in the control vials was measured by comparing the

initial weight of samples with the weight of remaining polymer.

8.3. RESULTS AND DISCUSSION

8.3.1 Preparation of VPBA + GMMA dimer

For a successful miniemulsion polymerization, the monomers should be stabilized within the nano-meter-
sized micelles. Typically, a combination of surfactant and co-stabilizer is required to afford the proper
colloidal stability*’. However, the monomers should exhibit sufficient hydrophobicity to exclusively have
polymerization occur inside the stabilized particles (the requisite for miniemulsion polymerization).
IBOMA and C13MA monomers are highly hydrophobic, which makes them readily available inside the
monomer latex dropletst®?2. However, the GMMA and VPBA are water-soluble and thus limits their
availability for polymerization inside the monomer droplets*+ 4°, We attempted to adopt miniemulsion
polymerization containing these monomers by synthesizing a dimer of GMMA and VPBA monomers
(termed simply as BG dimer going forward) beforehand to increase their hydrophobicity and use them in
miniemulsion NMP. The BG dimer has the boronic ester bond within its structure and is theoretically able
to break and form the GMMA and VPBA in the presence of water. The FTIR spectrum of VPBA and
GMMA monomers and the synthesized BG dimer are depicted in Figure 8.2. The successful formation of
BG dimer has been previously proven in the literature!® 131, The peaks at a wavenumber of 3350-3500 cm-

! correspond to O-H stretching in molecules. A considerable decrease in O-H stretch was observed after the
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successful formation of BG dimer monomer. This confirms the formation of boronic ester bonds between
VPBA and GMMA monomers®°,

O-H stretches \\/
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Figure 8.2. FTIR spectra for (VPBA+GMMA) dimer (red line, —), VPBA (green line, —) and GMMA
monomers (black line, —). The decrease in the size of broad peak of O-H stretching at wavenumber of
3350-3500 cm™ for BG dimer illustrates the successful formation of BG dimer from VPBA and GMMA.

Next, the miniemulsion NMP of IBOMA/C13MA/BG dimer was conducted at 90 °C in the presence of
Dispolreg 007 alkoxyamine. Using Dispolreg 007 alkoxyamine, no controlling comonomer is required for
nitroxide mediated polymerization of methacrylates?®® °. A target number average molecular weight
(M target) OF 45 kg mol™ was considered for all the miniemulsion NMPs. This Mn target Was chosen to show
the possibility of making relatively long polymer chains in miniemulsion using this method, to incorporate
multiple BG dimers into the chains and to produce IBOMA/C13MA/BG dimer polymers with similar chain
length to our previous studies concerning IBOMA/C13MA statistical copolymers prepared in
miniemulsion®?, A schematic miniemulsion polymerization of the monomers is presented in Figure 8.3.
Three different initial molar concentrations of BG dimer were used in the miniemulsion polymerizations
(Table 8.1) to study the effect of dimer concentration on the polymerization kinetics, cross-linking density
and eventually mechanical and chemical properties of final polymers. As shown in Figure 8.4 (b) and Table
8.1, a high final dispersity (£) for polymer chains was observed for all the experiments in miniemulsion,
although a linear increase of In ((1-X)?) plots (X = monomer conversion) and M,s with X was generally

witnessed. The relatively high # was expected as the dimer creates cross-linking bonds between the
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polymer chains and prevents the polymerization from proceeding to higher conversions. For Dimer 15%,
D =5.0 was observed, indicating the possible droplet coalescence and the formation of boronic ester bonds
between polymer chains at higher conversions. However, relatively fast polymerization (treaction < 210 min),
polymers with high Mys and stable latexes resulted for all polymerizations. The M, versus conversion (X)
plot was linear for all miniemulsion polymerizations with higher Mys than the predicted linear relationship
(Figure 8.4 (b)). The deviation from the theoretical line is partly due to the slow initiation of Dispolreg 007
alkoxyamine at the beginning of the polymerization, which results in higher M, at different conversions?’,
Furthermore, the calibration against PMMA standards without applying the Mark-Houwink-Sakurada
coefficients for IBOMA/C13MA/GMMA/VPBA homopolymers can cause a slight over-prediction®e,
Figure 8.4 (c) displays the particle size during the course of polymerizations. The final particle size and the
final particle size distribution are presented in Table 8.1 and Figure 8.4, respectively. The particle size
distributions (Figure 8.4 (d)) show a small population of micrometer-sized particles, suggesting some

coagulation and formation of cross-linked latex particles.
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Figure 8.3. Scheme of procedure for preparation of water-borne polymers with intrinsic dynamic

crosslinking bonds.

Table 8.1. Summary of experiments for nitroxide-mediated miniemulsion polymerization of IBOMA/C13MA

monomers and BG dimer using Dispolreg 007 initiator.

Experiment Initial monomer %° Reaction  Mnjinai® X°(%) B¢ [IBOMA]® [C13MA]o [BG [Dispolreg

ID (Dimer/IBOMA/C13MA) time (min) (kg mol™) (M) (M)  Dimerlo 007] Particle
(M) (M) size (nm)°

147



Dimer 5% 5/30/65 210 406 781 19 0282 0610 0047 0005 297
Dimer

e 10/30/60 150 378 475 18 0285 0570 0095 0005 294
Dimer

e 15/25/60 210 488 646 50 0239 0573 0143 0005 280

@ Nitroxide mediated miniemulsion polymerization of monomers with 5 mol% BG dimer in the initial feed composition at 90 °C. The
monomer content for all the miniemulsions was 24 wt%. The latexes were stabilized by adding 2 wt% Dowfax™ 8390 and 0.8 wt% n-
hexadecane relative to monomers.

b The mol % of each monomer in initial monomer mixture.

¢ The final number-average molecular weight (Mn), overall monomer conversion (X) and dispersity (D) were measured by GPC with
PMMA standards in THF at 40 °C. The target number-average molecular weight Mntarget for all the miniemulsion polymerizations was
45 kg mol™.,

4 The initial concentration of IBOMA monomer in the miniemulsion.

€ The final Z-average particle size reported from DLS.
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Figure 8.4. The miniemulsion polymerization of different ratios of BG dimer/IBOMA/C13MA using
Dispolreg 007 initiator at 90 °C: (a) semi-logarithmic kinetic plots of In[(1-X)] (X= monomer conversion)
versus reaction time (b) number average molecular weight M, and dispersity B versus conversion (X) (c)
Z-average particle size over reaction time; (d) the final particle size distribution for each experiment. Dimer

5% (black circles, ®); Dimer 10% (red triangles, A); Dimer 15% (blue squares, m).

After the preparation step, the latexes were dried inside a fume hood at ambient temperature. The drying
and formation of the polymer film took 24 hours to complete. The final polymer coating was transparent

and exhibited a good adhesion to glass (Pyrex™ petri dish). Figure 8.5 demonstrates the polymer latex and

film formation for Dimer 15% sample.

Dimer 15% polymer latex

Polymer latex was dried under the fume hood Dried transparent polymer coating after 1 day

Figure 8.5. a) Dimer 15% polymer latex with 24% solid content b) The polymer latex was poured inside a
Pyrex petri dish and placed inside a fume hood at room conditions (T= 21 °C and relative humidity of 22%).

c) sample dried completely overnight, and a clear polymer coating was formed.

149



To check the availability of BG dimer monomers inside the polymer structure, FTIR results of Dimer 5-
15% samples were analyzed and compared together (Figure 8.6 and Figure 8.S1 (Supporting Information)).
Peaks at 653 cm™ (CB stretching, HO-B-O and O-B-CC bending) and 1368 cm™ (BO stretching) showed
an increase in intensities with increasing the initial BG dimer content from 5 to 15%, exhibiting the
availability of BG dimer monomers within the polymer#*®-452, The peaks at 1611 and 1640 cm™ indicated
the C-C stretching for the aliphatic ring in IBOMA and C=C and C-C stretching from the phenyl groups in
the dimers. The broad intensity peak at 3446 cm™ corresponded to O-H stretching, which increased with
increasing the BG dimer content. Although the samples were dried under vacuum at room temperature
before the test, this peak could also be due to the water trapped inside the polymer structure or the existence

of un-cross-linked BG dimers (i.e. VPBA and GMMA monomers) within the polymer.
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Figure 8.6. FTIR spectra for Dimer 5% (—, black line), Dimer 10% (—, red line) and Dimer 15% (—, blue
line). Peaks corresponding to B-O and B-C became increasingly more intense with increasing the initial

BG dimer content from 5 to 15%.

The solid-state !B NMR spectrum in Figure 8.52 (Supporting Information) displays !B chemical shifts at
& =19-21 ppm, indicating the boronic esters and boronic acid groups*® 48, Furthermore, the solid-state 3C

NMR on Dimer 5%, 10% and 15% (Figure 8.S3, Supporting Information) showed a wide peak at around 6
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= 111 ppm, displaying the presence of unreacted dimers, free boronic acid groups (without esterification)
and open rings of boronic ester groups in the polymer structure, which enables the self-healing properties.

To further investigate the formation of dynamic cross-linking bonds within the polymer structure, an
oscillatory frequency sweep experiment was conducted on the dried samples from frequencies (w) 1-1000
rad s at 80 °C. As depicted in Figure 8.7, storage modulus (G’) was higher than loss modulus (G"”) for all
samples at lower frequencies, indicating the dominance of rubbery behavior***. By increasing the BG dimer
content, the G’ increased, while preserving the linear trend and constant value up to @ = 100 rad s*. For
Dimer 5% and 10%, a minimum was observed for G", which shows the quasi-solid like properties for these
polymers**. However, the great difference between G’ and G” for Dimer 5% and Dimer 10%, intensified
the rubbery behavior. This trend was not indicated for Dimer 15% as the cross-linking density is high
enough to maintain elastic solid behavior for a wide range of frequencies (from 1 to 500 rad s?). At
approximately » = 100 rad s, G” increased sharply to reach a transition and the G’ started to decrease
slowly. A sharp increase in G” was observed for Dimer 5% and 10%, indicating fast relaxation and energy
dissipation from the chains. The crossover (G’ = G") occurred at crossover frequencies () of 315, 450 and
500 rad s for Dimer 5%, 10% and 15%, respectively. At @ > ax, the polymers start behaving like viscous
liquids and the G” > G'. The crossover and the transition to the liquid state occurred at lower frequencies

for Dimer 5% due to the lower cross-linking density compared to Dimer 10% and Dimer 15%.
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Figure 8.7. Storage (G’) and loss (G") moduli versus angular frequency under N, at 80 °C (1% strain

applied). Dimer 5% (black circles); Dimer 10% (red squares); Dimer 15% (blue triangles).
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8.3.2. Recyclability of polymers

To check the recyclability of the polymer samples, tensile tests were conducted on samples before and after
reprocessing. First, the tensile test was done on the original samples to check the mechanical properties
initially (Figure 8.8 (a)). The Dimer 15% had the highest stress at break, while the elongation was the lowest
among the samples (stress and strain at break for Dimer 15% were 0.46+£0.06 MPa and 3.6+0.1 %,
respectively). Based on the results, increasing the BG dimer concentration in the polymerization feed
improved the stress at break and reduced elongation of the samples. This confirms the formation of the
dynamic covalent bonds within the polymer structure due to the successful statistical terpolymerization of
BG dimer monomers with IBOMA and C13MA. This also indicates the possibility of changing the
mechanical properties of the polymer resins by a simple modification of the BG dimer concentration in the
initial feed. Next, the reprocessability of the polymers was tested for up to three recycling cycles. The stress
and strain at break for all the recycled samples remained in the same range as the original samples, which
suggests a minimal change during the reprocessing. However, the slight change in values was observed due
to the presence of unreacted monomers within the polymer structure that may change the mechanical
properties during the recycling. The tensile results for Dimer 5-15% and the recycled samples were listed
in Table 8.2.
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Figure 8.8. Tensile stress-strain curves for Dimer 5-15% samples before and after recycling. a) tensile

results for original samples b) recycling of Dimer 5% sample c¢) recycling of Dimer 10% sample d) recycling

of Dimer 15% sample e) photos of Dimer 5, 10 and 15% samples after recycling process. Grounded samples

were hot-pressed at 80 °C for 45 minutes.

Table 8.2. Tensile results for Dimer 5-15% polymers before and after recycling at 80 °C.

Young’s Modulus

Sample ID (MPa) Stress at break (MPa) Strain at break (%)

Dimer 5%

Original sample 0.34+0.05 0.07+0.02 25.0£9.5
After 1% recycling 0.27+0.03 0.06+0.01 27.6x£7.9
After 2" recycling 0.27+0.01 0.08+0.01 31.7+2.4
After 3" recycling 0.23+0.05 0.06+0.01 33.8+4.4
Dimer 10%

Original sample 0.67+0.15 0.10£0.01 16.4+3.3
After 1% recycling 0.57+0.04 0.08+0.01 16.5+1.3
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After 2" recycling 0.48+0.04 0.09+0.01 22.4+1.0

After 3" recycling 0.48+0.05 0.11+0.01 27.1+2.6
Dimer 15%

Original sample 22.85+6.56 0.46+0.06 3.6+0.1
After 1% recycling 12.39+0.03 0.31+0.01 2.8+0.4
After 2" recycling 13.50+1.48 0.35+0.07 2.9+0.8
After 3" recycling 19.04+0.24 0.42+0.06 3.9+0.8

@ Toughness was calculated from the area under the stress-strain curves shown in Figure 8.8.

To examine the effect of BG dimer concentration on rheological behavior of original and recycled
polymers, dynamic mechanical analysis (DMA) (Figure 8.9) of samples was conducted in the temperature
range of 25 to 80 °C. All the samples were in the rubbery state with nearly constant storage modulus during
the test. This demonstrates the structural integrity of polymers at higher temperatures and the availability
of dynamic cross-linking within the polymer structure®®. In addition, the detachment and attachment of
boronic ester dynamic bonds obey the associative exchange mechanism, preventing an increase or decrease
of storage modulus®®. The similarity of storage modulus for original and recycled samples at the rubbery
state, suggests a negligible change in cross-linking density and polymer structure during the recycling®#
485, The higher concentration of boronic ester bonds improved the cross-linking density and resulted in the
reduced mobility of polymer chains. Therefore, Dimer 15% samples exhibited the highest G’ in comparison
with Dimer 5% and 10% samples (G’ bimer 15% = 5-7 MPa, G'pimer 10% = 0.5-0.8 MPa and G'pimers% = 0.1-0.3
MPa). According to the results, enhancing the boronic ester content of polymers can significantly improve
the storage modulus. As an example, increasing the BG dimer concentration from 10 to 15 mol% in initial
feed, improved the G’ by up to 1400%. This indicates the importance of BG dimer content for modifying

the rheological properties of polymers.
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Figure 8.9. Dynamic mechanical responses for rubbery plateau moduli of samples before and after three
recycling stages in the temperature range of 25 to 80 °C. a) Dimer 5% b) Dimer 10% c) Dimer 15%. Original
samples before recycling (black circles, e); first recycle (green circles, @); second recycle (blue circles, o);

third recycle (red circles, o).
8.3.3. Swelling test for water-borne samples

The absorption of organic solvents in the water-borne polymer structure was also investigated by measuring
the weight change of samples placed in excess toluene. First, the polymers (dried samples) were immersed
in toluene for 24 hours. Next, toluene was removed, and samples were completely dried. As a consequence,
53.5 wt%, 56.3 wt% and 63.6 wt% of Dimer 5%, 10% and 15%, respectively, remained insoluble. This
shows a high degree of cross-linking bonds within the polymer microstructure. The samples can absorb
toluene up to 250% of their original weight in a relatively short time (t < 300 minutes). The final swelling
ratio (after 24 hours) of samples in toluene were listed in Table 8.S1 (Supporting Information). The results
of solvent absorption (for t < 300 minutes) were presented in Figure 8.10 for three water-borne samples.
As indicated, Dimer 15% polymer blend had the lowest swelling in toluene due to the comparatively highest
cross-linking density. To examine the possibility of dimer breakage in the presence of toluene, FTIR was
conducted on the Dimer 5% sample, submerged in toluene for 24 hours and dried using extra-low lint
Kimwipes®. The absence of the broad O-H stretching peak at 3500 cm suggested that no dissociation
occurred between the VPBA/GMMA boronate ester contained with each dimer (Figure 8.11). In addition,

the FTIR peaks confirms the existence of a high concentration of toluene in the gel-like structure.
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Figure 8.10. Swelling results for Dimer 5%, 10% and 15% samples in toluene. All the samples absorbed
relatively high amount of toluene. Dimer 5% (black circles, ®); Dimer 10% (red triangles, A); Dimer 15%
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Figure 8.11. FTIR spectra for Dimer 5% cured sample (black line, —) and Dimer 5% sample after
submerging in toluene for 24 hours and drying by an extra-low lint Kimwipes® (Red line, —). No
significant increase in O-H stretching peak (~ 3500 cm™) after the addition of toluene indicates the

durability of boronic ester bonds within BG dimers.
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To further study the network stability and possible interactions, water-borne samples were thoroughly
submerged in RO water using the same procedure used for the swelling test. No significant weight change
was observed in these samples, suggesting the insolubility of samples in water. However, the color of
samples slightly changed, and they become cloudy due to the absorbance of water into the polymer chains
(Figure 8.12). The FTIR spectrum of samples after submerging them in water for 24 hours (Figure 8.12)

illustrates the presence of water in the polymer.
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Figure 8.12. Cured polymers prepared by miniemulsion polymerization before and after submerging in
water for 24 hours. FTIR spectra shows the completely cured samples (black line, —) and the same sample
after submerging in water for 24 hours (Red line, —). (a) Dimer 5% (b) Dimer 10% (c) Dimer 15%.
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It was observed that the samples containing higher molar ratios of BG dimer groups had a higher swelling
ratio in the presence of water (Table 8.S1, Supporting Information; the swelling ratios of Dimer 15% and
5% are 7.9 and 2.2%, respectively, after 24 hours at room temperature). This indicates an increase in water
absorption for polymers with higher VPBA and GMMA content in the respective components. Boronic
acids are highly hygroscopic®®. However, in this study, the water absorption was limited through
esterification with diol groups of GMMA prior to the miniemulsion polymerization, along with the use of
highly hydrophobic monomers of IBOMA and C13MA.

8.3.4. Thermal properties of polymers and blends

Thermal properties of water-borne polymer resins were investigated by DSC and TGA and the results were
listed in Table 8.3. Figure 8.13 exhibits the DSC traces for three samples containing (VPBA+GMMA)
dimers. A melting point (Tm) was observed for the samples at -25 to -29 °C due to the presence of
crystallizable C13MA in the polymer chains®? 2% T.s were previously observed for polymers with
different dynamic cross-linking bonds (e.g. vitrimers)*®¢-48, Considering the literature values of Tg polyasoma)
~ 110-200 °C®% 22 28 and Tgpoyciama) = -46 °C¥*L 202 the low Tms were expected as similar
IBOMA/C13MA copolymers with 20-40 mol% IBOMA in the initial feed prepared in miniemulsions had
T,s in the range of -17 to -52 °C!2, T,s were previously detected for statistical copolymers containing
C13MA prepared in miniemulsion®®? 2%, For IBOMA/C13MA copolymer with 18% IBOMA in polymer
composition, a Trm at -33 °C was indicated®2. It should be noted that the existence of DOWFAX 8390, n-
hexadecane and unreacted C13MA monomers in the dried samples caused some plasticizing effect and
further depressed the Tms!6? 297:2%, For this study, it can be assumed that increasing the amount of GMMA
(Tgpolyemma) = 84~106 °C)*24* and VPBA (Tgpolyveea) = 198 °C)*>44° (herein dimer of GMMA and

VPBA) in the initial monomer mixture can result in slightly higher Tq or Tr, of polymers. However, it was

not the case for Dimer 5 to 15% samples due to the different %, different My sina and B of polymer
0

chains and non-identical concentration of residual unreacted monomers, especially C13MA, trapped within

the polymer cross-linked network (see X values reported in Table 8.1).

TGA was carried out on samples to examine the thermal stability of polymers containing (GMMA+VPBA)
dimers. The TGA traces in Figure 8.14 demonstrated a multi-stage decomposition of polymers versus
temperature. The decomposition of unreacted monomers occurs at temperatures below 200 °C, causing an
increase in decomposition rate (i.e. formation of a peak in derivative weights (%/°C) versus temperature
graphs, Figure 8.14). The first decomposition temperature (Taec,1, 10% weight loss) might correspond to the
breakage of dynamic covalent bonds within the BG dimers and the last stage suggests the cleavage of the

O-isobornyl bond in IBOMA and the formation and elimination of camphene at higher temperaturest® 21,
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According to the results, Tge1S for Dimer 5, 10 and 15% are slightly lower than the Tge:S for
IBOMA/C13MA copolymers with the same monomer ratios prepared in miniemulsion®®2, This decrease in
Taec,1S IS €ven higher if it is compared to our previous results on boronic ester cross-linked polymer blends
with similar monomer compositions (ATgec,1 Up to 104 °C)*™%, The difference in Taec,1S is due to the presence
of unreacted monomers, surfactant and co-stabilizer within the polymer chains. The decomposition
temperatures at highest weight loss (Tgecmax) for the prepared samples were significantly higher than the
IBOMA/C13MA copolymers with similar compositions (ATgecmax Up to 121 °C). This suggests that the

addition of VPBA and GMMA to the polymer resins can improve the Tgecmax Of polymer resins 62182,

Increasing the initial BG dimer content (probably the cross-linking density) enhanced thermal stability of
the polymers. This can be observed from the overall shift of the TGA curve to higher temperatures with
increasing the BG dimer content (Figure 8.14 (d)) and comparatively higher ash content (ash content of
Dimer 15% = 1.65 wt%; Dimer 10% = 0.72 wt% and Dimer 5% = 0.93 wt%). Furthermore, comparison of
the decomposition temperatures for 50% weight 10ss (Taecs0%) Of the polymer samples confirms the
improvement of heat resistance with increasing the ratio of BG dimer in the initial hydrophobic mixture
(Tdec,50% for Dimer 5, 10 and 15% were listed in Table 8.3).

Table 8.3. Thermal characterization of polymers and polymer blends.

H Mn final Tm é Tdec 1 b Tdec 50%b Tdec max b Tdec 2 b
Experiment ID Y @ o= ny; & =
i (kgmol™)  (°C) W) W) () ()
Dimer 5% 40.6 -25 197 338 417 487
Dimer 10% 37.8 -28 176 357 426 486
Dimer 15% 48.8 -29 196 369 403 471

@ Tm (melting point) measured by DSC under nitrogen atmosphere using three scans per cycle (heat/cool/heat)
at a heating rate of 20 °C min and cooling rate of 50 °C min in the range of -90 to 120 °C.

€ Tdec,1 (T10% Or onset of decomposition), Tdec,s0% (temperatures for 50% weight 10ss), Tdecmax (temperature at
which highest weight loss occurs) and Tdec2 (end of decomposition) measured by TGA under nitrogen
atmosphere at a ramp rate of 15 °C min-L,
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Figure 8.13. DSC traces for Dimer 5-15% samples in the temperature range of -90 to 120 °C. 2" heating
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Increasing the BG dimer content slightly increased the thermal stability of the polymers. The samples were

heated under the N, atmosphere with the heating rate of 15 °C min. The polymers were completely dried

under a fume hood at room temperature for 5 days before TGA.

8.3.5. De-crosslinking of polymers with pinacol

The dynamic covalent bonds of boronic esters can be easily cleaved in the presence of a diol-functionalized

molecule. Herein, the de-crosslinking of samples was conducted using pinacol in 1,4-dioxane. It was
previously shown that the IBOMA/C13MA/VPBA and IBOMA/C13MA/GMA copolymers are completely
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soluble in 1,4-dioxane*’*. To better examine the effect of pinacol on solubility of samples, control samples
were used in a similar test condition without the addition of pinacol. As seen in Figure 8.15, the samples
were dissolved completely within 4 hours at 50 °C using pinacol (above the T, of the samples). Without
the addition of pinacol (control samples), 70.7 wt%, 66.0 wt% and 65.8 wt% of the total weight of the
respective Dimer 5%, 10% and 15% samples remained insoluble. In addition, the swelling ratio of the
control samples submerged in 1,4-dioxane for 24 hours revealed a high swelling ratio of polymers (up to
111.6%) (Table 8.S1, Supporting Information). The swelling ratio decreased by increasing the initial BG
dimer content from 5% to 15% (i.e. cross-linking density).
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Figure 8.15. De-crosslinking of polymer samples using pinacol in 1,4-dioxane after 4 hours at 50 °C.
8.4. CONCLUSIONS

To prepare polymer resins with recyclability, the nitroxide-mediated polymerization of IBOMA and
C13MA with 5-15 mol% VPBA and GMMA in initial feed (for the formation of boronic ester dynamic
cross-linking) was conducted in a dispersed aqueous medium. To introduce moisture-activated dynamic
cross-linking, a VPBA+GMMA dimer was formed and then added to increase the hydrophobicity of these

monomers and thus incorporate them more easily into the monomer droplets. The nitroxide-mediated
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miniemulsion polymerization of IBOMA, C13MA with three different ratios of BG dimer (5%, 10% and
15%) was conducted using Dispolreg 007 alkoxyamine at 90 °C. Later, after the latex dried, the boronic
ester dynamic cross-linking bonds formed. The formation of cross-linking bonds was confirmed by FTIR
and rheological measurements. The recyclability of samples was investigated by performing three recycling
stages and comparing the mechanical properties of recycled samples with the original ones. The results
suggested a higher stiffness (i.e. Young’s modulus) for original and recycled samples containing higher BG
dimer contents (Young’s modulus for Dimer 5%, 10% and 15% is 0.23-0.34 MPa, 0.48-0.67 MPa and
12.39-22.85 MPa). The dried polymers, prepared in miniemulsion, can absorb toluene up to 266% of their
initial weight in less than 300 minutes (ultimate swelling ratio up to 153%). However, a negligible water
absorbance was observed for samples (less than 7.9 wt%). The Tws of polymers were in the range of -29 to
-25 °C and Tgecs showed the negligible effect of boronic ester cross-linking density on thermal stability of
polymers. However, the heat resistance of polymers improved significantly compared to IBOMA/C13MA
copolymers due to the presence of VPBA and GMMA monomers in the chains. Lastly, the chemical de-
crosslinking of boronic ester bonds in polymers were examined by the addition of pinacol at 50 °C. It was
shown that the samples can be completely dissolved in 1,4-dioxane within 4 hours due to the esterification
of VPBA with pinacol.
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Preamble to Chapter 9

In previous chapters, the preparation of polymers in miniemulsion for coating applications was investigated.
Then, self-healing polymers with high bio-content were synthesized in organic solvents and miniemulsion.
This chapter focused on an alternative approach for the preparation of polymer coatings using glycidyl
methacrylate (GMA) and alkyl methacrylates (CL3MA). The GMA improves the adhesion of the polymer
chains to the wood surface and can react with amine-functionalized cross-linkers to form crosslinking bonds
at room temperature. As the epoxy functionalized GMA has a high hydrophilicity, the NMP of the
GMAJ/C13MA monomers was conducted in 50 wt% 1,4-dioxane. By changing the ratio of GMA/C13MA
in copolymers, glass transition temperature of polymers can be modified. In this study, statistical, gradient,
diblock and triblock copolymers with different GMA/C13MA content were synthesized and polymerization
kinetics, thermal and rheological properties of the resulting polymers were examined. This study developed
a new approach for preparation of the polymer coatings that can be used for future industrial projects.
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Chapter 9: Epoxy-based Triblock, Diblock, Gradient and Statistical
Copolymers of Glycidyl Methacrylate and Alkyl Methacrylates by

Nitroxide Mediated Polymerization

ABSTRACT

A series of triblock, diblock, gradient and statistical copolymers of glycidyl methacrylate (GMA) and C13
methacrylates (C13MA, alkyl methacrylates with the average side-chain length of 13.0) were synthesized
by nitroxide mediated polymerization (NMP) using Dispolreg 007 in 50 wt% dioxane at 90 °C. The
polymers had the number average molecular weights (M,) in the range of 23-46 kg mol* and dispersities
(P) of 1.5-1.9. For the GMA/C13MA statistical copolymerization, reactivity ratios rema = 1.17 + 0.09 and
rciawa = 0.65 + 0.09 were determined. For statistical copolymers with GMA ratio (Fema) 0f 0.5-0.8, the
appearance of a melting point (Tr) at -43 to -19 °C and two glass transition temperatures (Tg) in the range
of -53 to 11 °C indicated the possibility of micro-phase separation and a weak gradient polymerization.
TGA showed ash content up to 13 wt% for GMA/C13MA copolymers at 600 °C, suggesting the possibility
of high flame retardancy. Furthermore, a transition from elastic solid to viscous liquid behavior was
detected by an oscillatory frequency sweep at 30 °C for triblock copolymers of GMA/C13MA (Foma = 0.6-
0.7, crossovers at 100-200 rad s) and gradient polymers with high GMA content (Feuma = 0.88, crossover
at 10 rad s).

9.1. INTRODUCTION

Epoxy-functional polymers via incorporation of glycidyl methacrylate (GMA) have been widely used for
applications such as coatings®®#!, adhesives®%  enzyme immobilisation*® 4% surface
functionalization**"*° and dental composites®® % due to their strong adhesion properties®® 5%, multiple
epoxy ring-opening reactions®*-°% and chemical and corrosion resistance®’. GMA’s oxirane group readily
react with amines and form cross-linking bonds required for coatings, adhesives and gel and matrix
structures®®® 508.50% 'However, the existence of hydrophilic epoxy groups in the polymer structure introduces
the possibility of water absorption that can limit their application®®. Bonora et al*!! reported water-
absorption of up to 11% v/v after 20 h for a cross-linked epoxy coating. Another issue with epoxy-based
resins is their brittleness®'?. One method to reduce the wettability of the epoxy polymers, improve their

hydrophobicity and increase the flexibility of resins, is to copolymerize the epoxy monomers with
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monomers containing long alkyl groups®®. This improves the water resistance along with the toughness of
polymers, providing a wider application range as coatings and adhesives. To impart flexibility into polymer
chains, C13 alkyl methacrylates (C13MA, C12-C16 methacrylates with average chain length of 13.0, 76%
bio-carbon content) is one such example. C13MA with a long alkyl chain lowers the glass transition
temperature (T4) of copolymers (T, for tridecyl methacrylate homopolymers = -46 °C)?°! and effectively
acts as an internal plasticizer within the polymer structure. Recently, the atom transfer radical
polymerization of GMA with C18 alkyl methacrylate (stearyl methacrylate) was reported as an additive to
diesel fuel®*. Our study mainly focuses on the nitroxide mediated polymerization (NMP) of GMA with
C13MA for preparation of statistical, gradient, block and triblock copolymers with different ratios of
GMAJ/C13MA. NMP is one of the simplest reversible deactivation radical polymerization (RDRP)
techniques, which only relies on alkoxyamines and heat to start the polymerization?® 16 169 NMP of
methacrylates, with some modification, was enabled by the advent of 2,2 5-tri-methyl-4-phenyl-3-
azahexane-3-nitroxide (TIPNO)%: 6° and SG1-based alkoxyamines such as N-(2-methylpropyl)-N-(1-
(diethylphosphono-2,2-dimethylpropyl)-O-(2-carboxylprop-2 yl)hydroxylamine) BlocBuilder-MA ™23 2%
281 The modification to make NMP possible for methacrylates involved the addition of a low concentration
of controlling comonomers with a very low activation/deactivation equilibrium constant (K) such as styrene
and acrylonitrile to reduce the cross-disproportionation effect and high K of methacrylates!’> 17322 Here,
we used 3-(((2-cyanopropan-2-yl) oxy) - (cyclohexyl) amino)-2, 2-dimethyl-3-phenylpropanenitrile
(Dispolreg 007 alkoxyamine with D7 nitroxide) that was recently developed by Ballard et al.?® % and
enabled the homopolymerization and copolymerization of methacrylates in organic solvents**® %% and
dispersed aqueous systems?* 103 162, 210. 436 \yithout the addition of any controlling comonomers at
temperatures below 100 °C?*®. This has the added advantage as any possible negative effect of the
controlling co-monomer is eliminated (eg. solubility changes, glass transition) and we attempt to show how

these two monomers can produce epoxy-functional copolymers with various microstructures by NMP.

9.2. EXPERIMENTAL SECTION

9.2.1. Materials

Glycidyl methacrylate (GMA, 97 %), C13 alkyl methacrylate (C13MA, n-alkylic average chain length of
13.0 units,>99%, Visiomer Terra C13-MA) were obtained from Sigma and Evonik, respectively. The
monomers were passed through a column of aluminum oxide (Brockmann | grade, Sigma-Aldrich), mixed
with 5 wt% calcium hydride (90-95% reagent, Sigma-Aldrich) based on aluminum oxide, to remove the
inhibitors. 3-(((2-Cyanopropan-2-yl) oxy) - (cyclohexyl) amino)-2, 2-dimethyl-3-phenylpropanenitrile
(Dispolreg 007) alkoxyamine was prepared according to the Ballard et al’s method to initiate the NMP of
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methacrylates?. Dispolreg 007-based difunctional alkoxyamine was synthesized following Nicolas et al’s
procedure, except using Dispolreg 007 instead of BlocBuilder alkoxyamine®’. 1,4-dioxane (>99.9%,
Sigma), methanol (>99%, Fisher Scientific), tetrahydrofuran (THF, 99.9%, HPLC grade, Fisher Scientific),
toluene (>99%, Fisher Scientific), hexane (>98.5%, Fisher Scientific) and deuterated chloroform (CDCls,
>99%, Cambridge Isotopes Laboratory) were used as received. All the polymerizations were conducted

under ultra pure nitrogen (99.99%, Praxair).
9.2.2. Methods

Monomer conversions (X) and polymer compositions were determined from *H NMR results on a Bruker
Avance Il HD (500 MHz, 32 scans). Polymer samples were dissolved in CDCl3 before the measurements
(a sample *H NMR spectrum is available in Figure 9.S1 (Supplementary Information)). Number average
molecular weight (M,) and dispersity of polymer samples () were obtained from gel permeation
chromatography with a differential refractive index detector (Rl 2414) (GPC, Waters Breeze), relative to
PMMA standards (M, = 875 - 1,677,000 g mol™, Varian Polymer) at 40 °C. The GPC was equipped with a
guard column and three GPC columns (HR1, HR 2 and HR 4 with the total M, range of 10?-6x10° g mol?,
THF solvent, Styragel Waters). GPC samples with an approximate concentration of 5 mg ml? were

prepared by the addition of HPLC grade THF to the samples without any filtration.

Glass transition temperature (Ty) and melting point (Tm) were measured using a differential scanning
calorimetry (DSC, Q2000 from TA Instruments) in the temperature range of -80 to 130 °C under pure
nitrogen gas flow. Three cycles of heating (to 130 °C), cooling (to -80 °C) and reheating (-80 to 130 °C)
were performed on the samples to find the Tgs and Tws on the third cycle (reheating) using the inflection
method. Hermetic aluminium pans were used to prepare samples for DSC. Thermogravimetric analysis
(TGA) of 5-10 mg of each polymer sample was conducted on a TGAQ500 (TA instruments) in a platinum
pan with heating rate of 15 °C min up to 600 °C under N.. Oscillatory frequency sweep was performed on
an Anton Paar MCR 302 rheometer equipped with a CTD 450 convection oven under nitrogen atmosphere
at 30 °C. The test was done between two parallel plates (D = 25 mm) with 1% amplitude. For DSC, TGA
and oscillatory frequency sweep, samples were precipitated in methanol or hexane to remove unreacted
monomers and residual solvents. Then, the polymers were dried inside a fume hood for 2 days and under

vacuum for 1 day.
9.2.3. Nitroxide mediated statistical copolymerization of GMA/C13MA

Figure 9.1 shows a schematic presentation of nitroxide mediated polymerization of GMA/C13MA

mixtures. For statistical copolymerization, different ratios of GMA and C13MA monomers were dissolved

167



in 50 wt% 1,4-dioxane. Dispolreg 007 alkoxyamine was used to initiate the NMP of the binary methacrylate
mixture. A target number average molecular weight (Mntarger) Of 45 kg mol™ was considered for all the
statistical copolymerizations (this target is defined as the molecular weight for 100% conversion of the
monomers). The solution was stirred for 10 minutes and transferred to a PYREX round-bottom angled
three-neck reactor connected to a reflux condenser, a temperature sensor and nitrogen gas inlet. The
condenser (Neslab 740) circulates a mixture of ethylene glycol/RO water [20:80 vol%] at a temperature of
2 °C. The reactor was placed inside a heating mantle, connected to a temperature controller, on top of a
stirrer. A magnetic stir bar was added for mixing and a purge of pure nitrogen gas deoxygenated the solution
for 30 minutes before the polymerizations. The N2 purging continued during the polymerization. The
temperature was set at 90 °C and the polymerization start point (t=0 min) was considered at 75 °C. The
samples were taken during the polymerization for kinetic studies. After the polymerization, the polymers
were precipitated in methanol or hexane (based on GMA/C13MA ratios; polymers with high GMA content
were precipitated in hexane). Next, the polymers were dried inside a fume hood for 2 days and under
vacuum for 1 day. In this study, a similar setup and procedure was used for preparation of gradient, block
or triblock copolymers of GMA/C13MA.

Dispolreg 007

O @

GMA CI3MA NCXO\N CN NC

(0]
< O WA
n m
f o > e © GMA-C13MA
0”70 Nitroxide mediated polymerization o o © p( )
07) 90 °C

@000 8O® P(GMA-star-CI3MA)
WOQ) p(C13MA-b-GMA)
00000 0e®@ - (GMA-b-Cl3MA)
Wp(CBMA-gmd-GMA)
W p(GMA-grad-C13MA)

Figure 9.1. The schematic presentation of GMA/C13MA polymerization for preparation of statistical,

block and gradient copolymers using Dispolreg 007 in dioxane at 90 °C.

9.2.4. Block copolymerization of GMA/C13MA

First, NMP of GMA or C13MA was done in the presence of Dispolreg 007 for 90 minutes to prepare homo-

GMA or C13MA macroinitiators in dioxane. The macroinitiators in both cases were precipitated in excess
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hexane and were dried inside a fume hood for 2 days and under vacuum for 1 day at room temperature.
Then, the dried macroinitiator and second monomer (0.25 times initial moles of the monomer used for
synthesis of macroinitiator) were dissolved in 50 wt% 1,4-dioxane to prepare the solution for block
copolymerization of GMA/C13MA at 90 °C. As an example for block copolymerization of GMA/C13MA
starting from GMA macroinitiators (GMA-b-C13MA experiment), Dispolreg 007 (0.1 g, 0.295 mmol) and
GMA (13.26 g, 93.253 mmol) were dissolved in 1,4-dioxane (13.36 g, 151.583 mmol). The polymerization
was continued for 90 minutes at 90 °C. The GMA macroinitiator (GMA-MI, M, = 32.9 kg mol* and P =
1.52) was precipitated in hexane and dried completely to remove unreacted monomers and solvent. Next,
the dried MI (5.33 g, 0.162 mmol) and C13MA (6.26 g, 23.320 mmol, 0.25 times the initial mol of GMA
monomer) were dissolved in 1,4-dioxane (23.19 g, 263.194 mmol) and the polymer chain extension was
conducted for 4 h at 90 °C. The resulting polymer was precipitated using the same procedure as for
precipitation of GMA-MI.

9.2.5. Gradient copolymerization of GMA/C13MA

To prepare gradient copolymers, first, nitroxide mediated homopolymerization of GMA or C13MA was
conducted at 90 °C using Dispolreg 007 alkoxyamine. The second monomer was dissolved in 50 wt%
dioxane and was purged with pure nitrogen gas for 40 minutes in a separate vial with septum cap. After 90
minutes of homopolymerization, the solution of 50 wit% second monomer in dioxane
was injected in one shot to the reaction medium. The amount of second monomer was 0.25 times the initial
moles of the monomer used for the synthesis of macroinitiator. The reaction stopped after 240 minutes and

the gradient copolymers were dried inside a fume hood for 2 days and under vacuum for 1 day.
9.2.6. Synthesis of triblock copolymers of GMA/C13MA

Figure 9.2 displays the steps required for preparation of triblock copolymers of GMA/C13MA. The
synthesis of triblock copolymers of GMA/C13MA started with the preparation of bifunctional alkoxyamine
using Dispolreg 007 (D7 nitroxide group) according to modification from Nicolas et al’s procedure®. The
H NMR and C NMR spectra in Figure 9.52 (Supplementary Information) confirms the synthesis of D7-
based difunctional alkoxyamine. The bifunctional D7 alkoxyamine initiated the nitroxide mediated
homopolymerization of GMA or C13MA in 50 wt% dioxane at 90 °C. The polymerization was stopped
after 75 minutes by cooling, resulting in macroinitiators with two active chain ends. The macroinitiators
with two active chain ends were precipitated in hexane and were dried inside a fume hood for 2 days and
under vacuum for 1 day at room temperature. The macroinitiator and the second monomer were dissolved

in 50 wt% dioxane and the NMP was conducted at 90 °C for 120 minutes. Finally, the triblock copolymers
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were precipitated in hexane and were dried inside a fume hood for 2 days and under vacuum for 1 day at

room temperature.

D7-based difunctional alkoxyamine ' 0
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Figure 9.2. Schematic triblock copolymerization of C13MA/GMA using D7-based difunctional
alkoxyamine at 90 °C. First, a macroinitiator was synthesized by the homopolymerization of CI3MA. Next,
the chain extension of bifunctional p(C13MA) macroinitiator was done at 90 °C by the addition of GMA

monomer.

9.3. RESULTS AND DISCUSSION

9.3.1. Nitroxide mediated polymerization of GMA/C13MA

We started our investigations with NMP using different ratios of GMA/C13MA in the presence of Dispolreg
007 alkoxyamine. Different statistical, block, gradient and triblock copolymers were synthesized, and the
polymerization kinetics were studied thoroughly. The following sections describe the experimental

conditions and kinetic results for each polymer microstructure (statistical, gradient, di and triblock).
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9.3.2. Statistical copolymerization of GMA/C13MA

The copolymerization of different ratios of GMA/C13MA was conducted in dioxane using Dispolreg 007
at 90 °C. The homopolymerization of GMA was also performed in the same conditions for comparison.
The experimental conditions and polymerization characteristics are listed in Table 9.1. The
copolymerization of GMA/C13MA resulted in copolymers with Mys = 23-32 kg mol* and D = 1.56-1.77
(relative to PMMA standards). Figure 9.3 displays the kinetic results for all the polymerizations. The semi-
logarithmic plot of conversion versus time is linear for all of the statistical polymerizations up to 210
minutes (Figure 9.3a). Figure 9.3b presents the M, trends with X for all the statistical polymerizations and
compares them with the theoretical linear prediction if the polymerization was truly living. Accordingly,
higher values of Ms were observed at X near zero, showing the slow initiation and penultimate effect of
Dispolreg 0072 43103 515 Eyrthermore, the measurement of Mys relative to PMMA standards could also
deviate the results from the theoretical line. A linear trend of M, with X can be seen for X >10% with
plateauing or termination at higher conversions. Generally, an increase in the values of P with X can be

observed in Figure 9.3c. However, the increase in Bs was higher for copolymerization of GMA/C13MA

[GMA]o
[C13MA],

with higher ratio of . The reactivity ratios (rema and rcisma) were first estimated by a non-linear

regression fit to the Mayo-Lewis equation (Equation 9.1)27® 28,

2
_ remalimaotfemanfcizaman

FGMA - 2 2 (91)
remalémaot2fciamanfemaotremao/ciama

Based on the fit to the Mayo-Lewis equation, rewa = 1.52 + 0.20 and rcisma = 0.56 £ 0.08 were estimated.
The Mayo-Lewis plot for statistical copolymers of GMA/C13MA (Figure 9.4a) displayed higher fractions
of GMA monomer in the copolymer compared to the initial concentration of GMA in feed. For high initial
GMA feed composition (femao > 0.8), an azeotropic behavior was indicated. The azeotropic points at high
fomao was previously observed for GMA and maleic anhydride (MAN) copolymers with rema = 0.83 and
rman = 0.26 (prepared by conventional free radical polymerization in THF)®6, The reactivity ratios of reua
=1.17 +0.09 and rciama = 0.65 + 0.09 were also measured by Equation 9.2 using an analytical solution of
Skeist’s equation for binary copolymerization, developed by Meyer and Lowry*® % %18  This method
considered the monomer feed changes in the course of polymerization®°.

_M_._ f_la f_ZB f1,0-5]"
! Mo 1 [fl.o] [fz,o] [f1—5] (9.2)

M . . .- . .
Here, 1S mole conversion, f; and f. are the molar compositions of monomer 1 and 2 in mixture and fio
0

T _
B =

1 1-11,

7= Emamm 2

and f2 are the initial values. a, B, y and & were calculated from o = T -
-
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1—T2
Z—Tl -1

o =

. This equation takes into account the compositional drift in the molar feed of GMA with X as

depicted in Figure 9.4b. The slightly higher value of rema compared to rciauwa indicates the higher reactivity
of macroradicals towards the GMA monomers and the possibility of the formation of GMA or C13MA
blocky sequences during the statistical copolymerization. For comparison, reactivity ratios of rema = 1.29
and ropa = 0.68 were calculated for conventional free radical copolymerization of GMA and octadecyl
acrylate (ODA)?°, Multiple studies regarding the copolymerization of GMA and styrene (S) indicated the
rewa = 0.55 + 0.08 and rs = 0.40 + 0.10%%52%, For NMP of methacryloisobutyl POSS (POSSMA) and
C13MA, rpossma = 0.91 + 0.07 and rcisva = 1.94 + 0.13 was observed®. NMP of isobornyl methacrylate
(IBOMA) and C13MA using a similar alkoxyamine (Dispolreg 007) resulted in rigoma = 0.89 + 0.13 and
rcisva = 1.80 + 0.2112,

Table 9.1. Experimental conditions and polymer characteristics for statistical copolymerization of
GMAJ/C13MA in 50 wt% dioxane using Dispolreg 007 at 90 °C.

Mnd . e .
Experiment D fonct | Fomd NE | e [Dispolreg]o [GMA]o | [C13MA]o | [Dioxane]o

(%) | (kg mol™) (M) (M) (M) (M)

GMAI100 f 1 1 71.9 24.1 1.76 0.017 3.671 0 5.989
GMA90/C13MA10 | 0.9 0.92 | 54.6 23.0 1.72 0.017 2.980 0.331 5.882
GMAS80/C13MA20 | 0.8 0.81 | 63.3 28.8 1.69 0.017 2412 0.603 5.794
GMAT70/C13MA30 | 0.7 0.75 | 54.9 29.0 1.77 0.017 1.938 0.830 5.720
GMAG0/C13MA40 | 0.6 0.65 | 69.3 26.5 1.68 0.016 1.535 1.023 5.657
GMAB50/C13MA50 | 0.5 0.53 | 73.9 32.2 1.76 0.016 1.189 1.189 5.603
GMA40/C13MA60 | 0.4 0.45 | 54.1 29.8 1.60 0.016 0.889 1.333 5.557
GMA30/C13MA70 | 0.3 035 | 715 27.7 1.61 0.016 0.625 1.459 5.516
GMA20/C13MA80 | 0.2 0.24 | 54.9 25.1 1.61 0.016 0.393 1.571 5.480
GMA10/C13MA90 | 0.1 0.09 | 46.9 27.2 1.56 0.016 0.186 1.670 5.447

a|nitial molar fraction of GMA in the initial feed, considering only GMA and C13MA monomers.
b Molar fraction of GMA in polymer composition as determined by H NMR in CDCls. A sample *H NMR spectrum for
GMA40/C13MAG60 after 210 minutes of polymerization is provided in Figure 9.S1 (Supplementary Information).

¢ Final monomer conversion (%).

4 The final number average molecular weight (M,,) and dispersity (D) were determined using GPC relative to PMMA standards in THF
at 40 °C. Mn.arget = 30 kg mol* was considered for all statistical copolymerizations.

¢ Initial concentration of components in polymerization medium.

fNMP of GMA/C13MA in 50 wt% dioxane using Dispolreg 007 at 90 °C. GMAxx/C13MAyy shows the initial molar feed composition,
where xx is the mol% GMA and yy is the mol% C13MA.
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Figure 9.3. Nitroxide mediated statistical copolymerization of GMA/C13MA using Dispolreg 007 in
dioxane at 90 °C. The complete Kinetic results and polymerization conditions are provided in Table 9.1. a)
semi-logarithmic kinetic plots of In[(1-X)] (X= monomer conversion) versus reaction time b) the evolution

of number average molecular weight (M,) with conversion (X) c) dispersity (D) versus conversion (X).
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Figure 9.4. a) Mayo-Lewis plot of GMA in copolymer composition (Fema) With respect to initial GMA
molar feed composition (fomao) (The dashed red line is the fitted curve with R? = 0.99). The black line
shows the theoretical azeotropic composition (Fema = femao) for statistical copolymerization of
GMA/C13MA. b) The drift in GMA molar feed (fema) with monomer conversion for copolymerization with
different ratios of GMA/C13MA. The fitted curves were determined with rema = 1.17 £ 0.09 and rcizwa =
0.65 +0.09 from the Meyer Lowry method.

9.3.3. Gradient copolymerization of GMA/C13MA

Two gradient copolymers were prepared starting from GMA-based or CL3MA-based macroinitiators. Table
9.2 describes the polymerization conditions and polymer properties for gradient copolymers starting from
GMA-based macroinitiator (GMA-grad-C13MA) and C13MA-based macroinitiator (C13MA-grad-
GMA\). The conversion trends in Figure 9.5a were linear for the synthesis of macroinitiators and for the
chain extensions, although a delay in polymerization can be observed due to the addition of second
monomer to the polymerization medium. A similar trend was also determined for M, versus X plots (Figure
9.5b). However, the strong penultimate effect and the slow decomposition of initiator and nitroxide in
Dispolreg 007 alkoxyamine resulted in M,s higher than theoretically predicted in the beginning of
polymerization®: 43 2% Once the second monomer was added to the system, the reaction temperature
decreased, and the polymerization rate was reduced. The chain extension continued after reaching the
reaction temperature of 90 °C. In addition, change in the slope of In((1-X)) versus time was observed for
gradient copolymerizations after the addition of the second monomer. This shows two different apparent
rate constant ke[P] (ke = propagation rate constant and [P] is the concentration of active macroradicals) for
the synthesis of GMA or C13MA macroinitiators (poly(GMA) and poly(C13MA)) compared to gradient

copolymerization with the second monomer. In addition, the conversion plots over time displayed a higher
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slope (i.e. ke[P]) for GMA homopolymerization (poly(GMA)) compared to C13MA (poly(C13MA))
before the addition of second monomer, suggesting a faster polymerization rate, probably due to the
concentration effects. Based on the results on gradient copolymerization of GMA/C13MA, listed in Table

9.2, the change in D was not significant after the addition of second monomer and chain extension. The B

values during the polymerizations are shown in Figure 9.5c.

Table 9.2. Experimental conditions and polymer characteristics for preparation of block copolymers of
GMAJ/C13MA in 50 wt% dioxane using Dispolreg 007 at 90 °C.

GMA-grad-C13MA

. Dispolre GMA i Vo, Dioxane®
Experiment ID fomao® X © (%) M.¢ (kg mol) X [Disp glo [ Jo tm:]e 0, Dioxane
(M) M [ (M) | (mL)
Poly(GMA) 1 24.8 26.5 1.75 0.012 3.678 90
R C13MA
Fowa® | X¢(%) | Ma?(kgmol?) | pd [ » lo time (min) 13
GMA-grad-C13MA 0.88 37.8 35.7 1.79 0.718 240
C13MA-grad-GMA
R Dispolre C13MA i Vi , Dioxan ¢
Experiment ID Foramad® | X ¢(%) | Ma’ (kg mol™) | pd [Dispolreglo | [ lo time 0 Procne
(M) (M) | (min) | (mL)
Poly(C13MA) 1 123 213 157 0.011 1.762 90
B GMA
Fowa® | X @) | Ma®(kgmol™) | pd [ o) Io time (min) 13
C13MA-grad-GMA 0.22 25.8 27.6 1.60 0.416 240

anitial molar fraction of GMA in the initial feed, considering only GMA and C13MA monomers.
b Molar fraction of GMA in polymer composition as determined by *H NMR in CDCls.

¢ Final monomer conversion (%).
4 The final number average molecular weight (M,,) and dispersity (D) were determined using GPC relative to PMMA standards in

THF at 40 °C.
¢ Volume of dioxane added at the beginning and was constant during the polymerization[mL] (assuming no evaporation).
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Figure 9.5. Nitroxide mediated gradient copolymerization of GMA/C13MA for preparation of GMA-grad-
C13MA (black circles e, M, = 35.7 kg mol?, ® = 1.79) and C13MA-grad-GMA (red triangles A, M, =
27.6 kg mol?, ®=1.60) in 1,4-dioxane at 90 °C. Full characterization results for gradient copolymerization
of GMA/C13MA are available in Table 9.2. The results were shown before and after addition of the second
monomer to reaction. a) semi-logarithmic kinetic plots of In[(1-X)] (X= total monomer conversion) versus
reaction time b) the evolution of M, with total monomer conversion (X) c) the evolution of B with
conversion (X). d and e) The shift in GPC peaks for gradient copolymerization of GMA/C13MA.

9.3.4. Block copolymers of GMA/C13MA

The experimental conditions for block copolymerization of GMA/C13MA and final polymer characteristics
are shown in Table 9.3. To prepare block copolymers of GMA/C13MA, first, a GMA-based and C13MA-
based macroinitiator (GMA-MI (M, = 32.9 kg mol?, ® = 1.52) and C13MA-MI (M, = 33.1 kg mol*, b =

1.68), respectively) were synthesized. Figure 9.6 (black circles) presents the kinetic results for the
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preparation of macroinitiators. As it was shown in Figure 9.6a and 6c, the ke[P°] value (slope in conversion
plots) for the preparation of GMA-MI (kKe[P]oma-mi = 6.8x10° + 106 s%) was higher than that of C13MA-
M1 (ke[PJcisma-mi = 2.8x10° + 10° s) under similar experimental conditions. This showed a faster
polymerization rate for GMA-MI, which can be simply due to concentration effects. The chain extension
of macroinitiators with the second monomer is shown in kinetic plots with red triangles (Figure 9.6). The
GMA-b-C13MA and C13MA-b-GMA block copolymers were designed to be GMA-rich (Fema= 0.81) and
C13MA-rich (Fema = 0.36) polymers, respectively. The trend of scaled conversion over time was linear for
both the synthesis of macroinitiators and the subsequent chain extensions to the block copolymers.
However, the ke[P] changed after the chain extension with the second monomer, displaying different
polymerization rates for the two monomers in question. The semi-logarithmic kinetic plots for chain
extension of GMA-MI and C13MA-MI showed monomer conversion at t = 0, indicating the polymerization
before starting point (t=0 min) at temperatures lower than 75 °C. The linear trend was also observed for
Mhns versus conversions, which showed the predictable control of the polymerizations. The higher initial
values for Mys were detected in the synthesis of macroinitiators. This was due to measuring Ms relative to
PMMA standards in addition to the strong penultimate effect of Dispolreg 007 alkoxyamine?® 4%, For
GMA-b-C13MA and C13MA-b-GMA experiments, D of macroinitiators slightly increased after chain
extension (D increased from 1.52 to 1.78 for GMA-b-C13MA experiment and from 1.68 to 1.89 for
C13MA-b-GMA experiment). However, the linear increase of M, with X (Figure 9.6 b and d) and the shift
in monomodal GPC peak of polymers with chain extension (Figure 9.6 e and f) suggested a high chain end

fidelity for macroinitiators and successful controlled block copolymerization of GMA/C13MA.

Table 9.3. Experimental conditions and Kkinetic results for preparation of block copolymers of
GMAJ/C13MA.

GMA-b-C13MA
c i Dispolreg]e® GMA]o Dioxane]o i
Macroinitiator femao? f,( Mn? (kg mol™) | po [Dispolreg] [ ] [ : time
(%) (M) (M) (M) (min)
GMA-MI 1 32.4 32.9 1.52 0.012 3.678 5.978 90
Mio [C13MA]o | [Dioxane] i
. . X¢ d -1 0 0| time
Chain extension | FomaP Mn¢ (kg mol™) | pd .
(%) (M) M) My | (min)
GMA-b-C13MA 0.81 28.1 43.1 1.78 0.005 0.787 8.883 240
C13MA-b-GMA
c i Dispolreg]o® | [C13MA]o | [Dioxane]o i
Macroinitiator | Fciavao® f,( M (kg mol™) | pyd (Dispolregle” | a : time
(%) (M) (M) (M) (min)
C13MA-MI 1 14.9 33.1 1.68 0.011 1.762 5.408 90
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c . Mi]of GMA]o | [Dioxanelo | i
Chain extension | Fema 2,( M (kg mol™) | gy (M1 [ bl : time
(%) (M) (M) (M) (min)
C13MA-b-GMA 0.36 39.9 43.0 1.89 0.007 1.309 9.656 180

anitial molar fraction of GMA in the initial feed, considering only GMA and C13MA monomers.
b Molar fraction of GMA in polymer composition as determined by *H NMR in CDCls.

¢ Final monomer conversion (%).
4 The final number average molecular weight (M,,) and dispersity (D) were determined using GPC relative to PMMA standards

in THF at 40 °C.

¢ Initial concentration of components in polymerization medium.
fInitial concentration of macroinitiator for chain extension.
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Figure 9.6. Kinetic results for preparation of GMA-b-C13MA (a, b and e) and C13MA-b-GMA (c, d and
) block copolymers (red triangles A) by chain extension of GMA-MI and C13MA-MI macroinitiators
(black circles @) in dioxane at 90 °C. The experimental conditions and polymers’ characteristics were listed
on Table 9.3. a) and c) semi-logarithmic kinetic plots of In[(1-X)?] (X= monomer conversion) versus
reaction time b) and d) the evolution of M, and  with monomer conversion (X) e) and f) The shift in GPC

peaks after the chain extension of macroinitiators.

9.3.5. Triblock copolymerization of GMA/C13MA

Preparation of triblock polymers of GMA/C13MA started with the synthesis of macroinitiators with two
active chain ends. A bifunctional alkoxyamine based on Dispolreg 007 was used to produce GMA-based
bifunctional macroinitiator (Bi-GMA-MI, M, = 19.9 kg mol*, = 1.58) and C13MA-based bifunctional
macroinitiator (Bi-C13MA-MI, M, = 24.1 kg mol?, © = 1.46). The chain extension of these two
macroinitiators with the second monomer (GMA or C13MA; different from the monomers in bifunctional
macroinitiator) resulted in GMA/C13MA triblock copolymers with M, = 43.0-45.5 kg mol™, ® = 1.70-1.85
and 58-71 mol% GMA in copolymer composition. The results for triblock copolymerization of
GMA/C13MA are listed in Table 9.4. Figures 9.7 and 9.8 present the kinetic data for Bi-GMA-tri-C13MA
(C13MA-GMA-C13MA triblock) and Bi-C13MA-tri-GMA (GMA-C13MA-GMA triblock) experiments,
respectively. A change in polymerization rate can be observed for synthesis of macroinitiators and chain
extension due to the chain growth with different monomers (GMA or C13MA). Interestingly, no noticeable
sign of slow initiation or pronounced penultimate effect associated with Dispolreg 007 (i.e. high M, values
at low conversions) can be observed for NMP with D7-based bifunctional macroinitiators. Figure 9.7c and
8c display the complete shift in polymer GPC peaks by chain extension of macroinitiators for 120 minutes.
For Bi-GMA-tri-C13MA, a semi-bimodal GPC peak can be observed in Figure 9.7c. To estimate the
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percentage of dead chains, multiple Gaussian peak fitting was performed for GPC peak after 2 hours (Figure
9.S3, Supplementary Information). It was shown that 37% of the polymers are dead chains. The semi-
bimodal molecular weight distribution was not observed for chain extension of Bi-C13MA-MI, suggesting
a comparatively higher chain-end fidelity for macroradicals in Bi-C13MA-tri-GMA experiment.

Table 9.4. Experimental conditions and kinetic results for preparation of triblock copolymers of

GMAI/C13MA.

Bi-GMA-tri-C13MA

c ) Bi-D7]¢* GMA]o Dioxanelo | ti
Macroinitiator | fomao® i,( M (kg mol®) | pd [ : [ bl ] time
(%) (M) (M) (M) (min)
Bi-GMA-MI 1 45.7 19.9 1.58 0.006 3.673 5.986 75
[MIlo © | [C13MA]o | [Dioxane]o | 1
. . X¢ d -1 0 0] time
Chain extension | Foua” Mn® (kg mol™) | pad .
T (90) M) M) My | (min)
Bi-GMA-tri-
C13MA 0.58 31.0 43.0 1.85 0.006 1.578 6.065 120
Bi-C13MA-tri-GMA
c ) Bi-D7]¢* C13MA]o | [Dioxanelo | ¢j
Macroinitiator | fovac® | v, | Mi*(kgmol?) | pd (Bro7let 1 1 o 1 I} time
(%) (M) (M) (M) (min)
Bi-C13MA-MI 1 41.7 241 1.46 0.005 1.759 5.416 75
c ) Mi]of GMA]o | [Dioxanelo | {
Chain extension | FomaP i,( M (kg mol™) | pd (MI] [ bl ] time
(%) (M) (M) (M) (min)
Breptiati | o | 402 455 170 | 0.006 2823 7306 | 120

anitial molar fraction of GMA in the initial feed, considering only GMA and C13MA monomers.

b Molar fraction of GMA in polymer composition as determined by *H NMR in CDCls.

¢ Final monomer conversion (%).
4 The final number average molecular weight (M,,) and dispersity (D) were determined using GPC relative to PMMA standards in
THF at 40 °C. Mn,target = 45 kg mol was considered for preparation of macroinitiators
¢ Initial concentration of bifunctional Dispolreg 007-based alkoxyamine for preparation of macroinitiators in 50 wt% dioxane.
fInitial concentration of macroinitiator for chain extension.
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Figure 9.7. Preparation of triblock copolymer of GMA/C13MA (Bi-GMA-tri-C13MA, red triangles A,
M, = 43.0 kg mol?, D = 1.85) by chain extension of bifunctional GMA-based macroinitiator (Bi-GMA-MI,
black circles o, M, = 19.9 kg mol*, B = 1.58) for 2h in dioxane at 90 °C. a) semi-logarithmic kinetic plots
of In[(1-X)*] (X= monomer conversion) versus reaction time b) the evolution of M, with conversion (X) c)

GPC peaks for macroinitiator and triblock copolymers d) the evolution of B with conversion (X).
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9.3.6. Thermal properties of GMA/C13MA copolymers

The thermal properties of statistical, gradient, diblock and triblock copolymers of GMA/C13MA were
investigated by DSC and TGA. Table 9.5 reports the Tgs, Tms and decomposition temperatures (T gecS) and
Figure 9.9a shows the DSC curves for GMA/C13MA statistical copolymers. The -53 < Ty <21and T, =68
°C were measured for the statistical copolymers and GMA homopolymer, respectively. To compare, T =

44-76 °C for GMA homopolymers and T4 = -46 °C for homopolymers of tridecyl methacrylate have been
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reported?°® 52552° For statistical copolymers, Tms were observed for copolymers, when Fcisma > 0.20 in
polymer compositions. The appearance of Tms at low temperatures and two different T4s correspond to the
formation of C13MA blocks'®? 18347 The difference in reactivity ratios (rema = 1.17 + 0.09 and rciswa =
0.65 +0.09) is not significant enough to suggest blockiness in the microstructure. The solubility parameters
of GMA/C13MA (C13MA (5 = 15.43 MPa'?) and GMA (8 = 19.25 MPa'?))% are sufficiently different to
consider micro-phase separation. This was also shown in our previous studies on nitroxide mediated
copolymerization of monomers (IBOMA or POSSMA) with C13MA with different reactivity ratios and
solubility parameters initiated by Dispolreg 007162 219, Similar DSC curves were also detected for polymers
prepared from methyl methacrylate, GMA and butyl acrylate®3. Another reason for the appearance of two
different Tgs or Tm for statistical GMA/C13MA copolymers is the formation of side-chain alkyl crystallites
for the comb-like polymers containing alkyl methacrylates>325%, The T, at higher temperature associated
with the polymer backbone segmental motion and the Tq or Ty, at lower temperatures (T < -19 °C) is due to

the side alkyl chains away from the backbone®32 535 536,

Furthermore, self-assembly could be another reason for detection of two distinct Tgs in statistical

copolymers containing monomers with long side branches®4 357, Many studies showed the self-assembly
for GMA-containing copolymers®" 5%, Zhu et al®® reported the self-assembly for poly(ethylene oxide)-
block-poly(GMA) (M, of methoxy poly(ethylene oxide) = 1900 g mol™?). Self-assembly was also reported
for RAFT-mediated emulsion polymerization of GMA and poly(ethylene glycol) methyl ether methacrylate
(M, =500 g mol?)®%, A low T, of -46 °C was reported for poly(tridecyl methacrylate) in the literature®®*
269 In addition, CI3MA monomer might contain alkyl methacrylates with longer or shorter aliphatic side-
chains. For instance, Tms of -34 °C and -2 °C were determined for poly(dodecyl methacrylate) and
poly(tetradecyl methacrylate), respectively?°® 2%%.2% For C13MA homopolymer (M, = 20.0 kg mol™* and
= 1.59) synthesized by NMP (in toluene using Dispolreg 007 at 110 °C), the T, =-18 °C and Ty =-31 °C
were indicated. For gradient copolymerization of GMA and C13MA, the C13MA-grad-GMA polymer with
Fciama = 0.78 showed a T, = -19 °C due to the high concentration of CL3MA in the copolymer. However,
no Tm was observed for GMA-grad-C13MA (Fciama = 0.12) and Tg4 of 50 °C was obtained for the polymer
sample. For block copolymers of GMA and C13MA, Tns and Tgs were observed for the CL3MA and GMA
blocks, suggesting micro-phase separation for GMA/C13MA block copolymers. This was also confirmed
in our previous study on a block copolymer of GMA/C13MA (M, = 25.3 kg mol™ and D = 1.87, Foma =
0.83) by estimation of the solubility parameters for C13MA and GMA from Hansen solubility
parameters®. The micro phase separation and two different Tqs were detected for triblock copolymers of
GMAJ/C13MA when the macroinitiator was C13MA-based (Figure 9.9d). However, only one Tr, at -20 °C
was indicated for Bi-GMA-tri-C13MA polymers (prepared from GMA-based macroinitiator).
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The decomposition temperatures are listed in Table 9.5 and the TGA curves are presented in Figure 9.10.
For all the GMA/C13MA copolymers, three peaks were observed in the derivative weight (%/°C) versus
temperature (°C) graphs, showing the temperature regions with highest decomposition rates (Figure 9.54-
S7, Supplementary Information). The first decomposition temperature peak (Tec,1) Was between 191 and
249 °C for GMA/C13MA statistical copolymers. For the statistical copolymers, the second peak (T gec2)
was in the temperature range of 292-335 °C and the third decomposition peak (Tdec,3) Was at the higher
temperature range of 332-415 °C. The existence of different thermal degradation regions for GMA-based
polymers can be due to the formation of volatile intermediate products, including carbon dioxide, acrolein,
allyl alcohol and glycidyl methacrylate, during thermal degradation analysis®*. Hasanzadeh et al®! also
suggested that the appearance of the thermal degradation peaks for GMA homopolymers in the temperature
range of 250-370 °C can be due to the degradation of pendent ester groups and loss of CO2. The Tgec for
10% weight 1oss (Taec,10%) (Table 9.5) was slightly higher for polymers with more than 80 mol% GMA in
polymer composition. This was also the case for final decomposition temperature (T gecfinal). HOWever, no
significant improvement of maximum decomposition temperature (Tgecmax) With increasing the GMA
content was found. Interestingly, Tgecmax €merged at Tqec for statistical copolymers with compositions
above 75 mol% GMA. As the C13MA in polymer composition increased, the Tgecmax Shifted to higher
temperatures and Tgecz Was more dominant. The TgecmaxS Were equal to Taec3s for gradient, triblock and
diblock copolymers of GMA/C13MA, except GMA-b-C13MA. In the case of GMA-b-C13MA, the semi-
bimodal peak at 253- 408 °C was considered as Tqec,2 and the peak at 408-469 °C was corresponded to Tec,s.
However, the value of Tgecmax for GMA-b-C13MA was in the Tgecmax range of gradient, deblock and triblock
copolymers prepared in this study. The appearance of Tgec3 for GMA-b-C13MA at 408-469 °C is probably
due to the formation of GMA monomers by cleavage in the GMA-blocks and elimination of them at higher
temperatures®!. For GMA/C13MA statistical copolymers, ash content up to 13.1 wt% was obtained by
increasing the temperature up to 600 °C under N.. For GMA homopolymer and GMA/C13MA block
copolymers the ash content was approximately 6.6 and 6 wt%, respectively. This is consistent with Zulfigar
et al’s®* study that reported high ash content (8 wt%) during TGA of GMA homopolymer (M, = 7250 g
mol™) at 450 °C (heating rate = 10 °C min™; N, atmosphere). Ash content up to 12 wt% was also observed
for TGA of GMA/acrylonitrile (AN) statistical copolymers at 500 °C (under N2; heating rate = 10 °C min
1) prepared by conventional radical polymerization®. In another study, Kaya et al®* reported the thermal
stability of copolymers of GMA with methyl, ethyl and butyl methacrylate (M, = 440-555 kg mol?, b =
1.28-1.59 and polymer composition of GMA/MMA [62:38], GMA/EMA [56:44], GMA/BMA [59:41]
(mol%/mol%)). Comparing the thermal properties of GMA/MMA, GMA/EMA and GMA/BMA

copolymers with GMA/C13MA copolymers with approximately similar compositions suggest no
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significant change in thermal stability or ash content of the copolymers for copolymers with longer alkyl

groups, although the polymerization process and TGA procedure were different. Thus, GMA can be

copolymerized with the bio-based C13MA instead of synthetic monomers to improve the physical

properties of polymers without compromising the thermal stability of copolymers.

Table 9.5. Thermal characterization of POSSMA containing polymers prepared by NMP in solution (solvent:

toluene) and miniemulsion.

- Tga Tmd Tdec,lo%b -l-dec,maxb Tdec,lb Tdec,Zb Tdec,3b Tdec,finalb c '\/Ind Ash content
Pperiment 1D [ eo) [eal (o | o | coleo | co | co [P [kgmos| ()
Statistical copolymers
GMA100 68.0 - 234 342 219 342 421 485 1 24.1 6.6
GMA90/C13MA10 21 - 2545 | 335 191 | 335 415 464 0.92 23.0 7.0
GMAB80/C13MA20 |-53,11| -43 237 292 249 292 363 453 0.81 28.8 12.6
GMA70/C13MA30 |-50,8| -36 | 221.25 | 296 225 | 296 335 446 0.75 29.0 13.1
GMAG60/C13MA40 |-49,3| -40 228 332 225 | 304 332 445 0.65 26.5 6.2
GMAS50/C13MA50 |-47,-1| -38 | 214 295 248 | 295 363 454 0.53 32.2 0.5
GMA40/C13MA60 -34 | -25 | 219.25 | 338 225 | 303 338 440 0.45 29.8 7.8
GMA30/C13MAT70 -33 | -26 | 227.75 | 342 226 304 342 444 0.35 27.7 6.7
GMA20/C13MA80 -26 | -20 | 225.25 | 338 248 299 338 441 0.24 25.1 2.2
GMA10/C13MA90 -23 | -19 | 2115 299 238 299 342 439 0.09 27.2 2.1
Gradient copolymers
GMA-grad-C13MA | 50 - 232 372 235 | 309 372 486 0.88 35.7 0.5
C13MA-grad-GMA - -19 147 348 169 297 348 431 0.22 27.6 0
Diblock copolymers
GMA-b-C13MA -31, 49| -24 247 351 190 351 424 486 0.81 43.1 6.2
C13MA-b-GMA 18 | -20 | 231 350 226 | 299 350 437 0.36 43.0 6.1
Triblock copolymers
Bi-GMA-tri-C13MA - -20 186 347 199 273 347 472 0.58 43.0 0
Bi-C13MA-tri-GMA |-28,34| -20 212 387 264 320 387 486 0.71 45.5 0

a Glass transition temperature (Tg) and melting point (Tm) determined by DSC under N2 atmosphere using three scans per cycle
(heat/cool/heat) at a heating rate of 15 °C min and cooling rate of 50 °C min.

b Tdec,20% (decomposition temperature for 10% weight 10ss), Tdec,max (Maximum decomposition temperature), Tdec,1, Tdec,2, Tdec,3 (The first,
second and third peak in derivative weight (%/°C) versus temperature (°C) graphs) and Tec final (€nd of decomposition) measured by TGA
under N2 atmosphere at a ramp rate of 15 °C min. Graphs of derivative weight (%/°C) versus temperature (°C) for all polymers are
available in Figure 9.54 to 9.S7, Supplementary Information. The blue cells in Table 9.5 show the TGA peaks where Tdecmax OCCurred.

¢ Molar fraction of GMA in polymer composition indicated by *H NMR in CDCls.

4The final number average molecular weight (Mn) was estimated using GPC with PMMA standards at 40 °C in THF.
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Figure 9.9. DSC curves a) statistical copolymers b) gradient polymers c) block copolymers and d) triblock
copolymers of GMA/C13MA in temperature range of -80 to 130 °C. T4s and Tms of polymers are presented
in Table 9.5.
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Figure 9.10. TGA curves a) statistical copolymers b) gradient polymers c) block copolymers and d) triblock
copolymers of GMA/C13MA with heating rate of 15 °C mint in temperature range of 25-600 °C. The
decomposition temperatures (TqecS) are listed in Table 9.5.

9.3.7. Rheological Measurements

The effect of GMA and C13MA blocks on the rheological properties of copolymers was investigated using
oscillatory frequency sweep experiments at 30 °C. The low temperature of 30 °C was chosen for rheological
measurements as the diblock, triblock and gradient copolymers were soft at room temperature. Figure 9.11
shows the results of rheological measurements performed with gradient, block and triblock copolymers.
From the oscillatory experiments, G’ and G” increased with increase in angular frequency, although the rate
of increase in G” was higher than G'. At lower frequencies, G'> G” and a rubbery behavior can be observed
for GMA-grad-C13MA. At 10 rad s, a crossover occurred (relaxation time = 0.63 s) and a viscoelastic
liquid region with G"”> G’ was observed. This is due to dissipation of energy and consequential relaxation

of polymer structure at higher frequencies®* 33304 A similar rheological behavior was also determined for
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GMAJ/C13MA triblock copolymers. However, the crossovers for Bi-GMA-tri-C13MA and Bi-C13MA-tri-
GMA occurred at 200 and 100 rad s, respectively. The difference between the values of G’ and G” at a
given frequency in the solid region was higher for Bi-GMA-tri-C13MA compared to Bi-C13MA-tri-GMA
or GMA-grad-C13MA. This suggests the comparatively stiffer polymer structure for Bi-GMA-tri-C13MA
due to higher Van der Waals interactions between polymer chains. Furthermore, G’ for Bi-GMA-tri-
C13MA remained constant at frequencies < 200 rad s. For C13MA-grad-GMA polymer, G” dominated
G’ in all frequencies, suggesting a viscous liquid behavior. A similar trend was also obtained for GMA-b-
C13MA with comparatively higher values of G' and G”. The domination of G” over G’ (viscoelastic liquid
state) was observed for C13MA-b-GMA at the wide frequency range of 1 to 628 rad s. The crossover
frequency was at 1 rad s and G'> G” for frequencies lower than 1 rad s. Finally, the complex viscosity
was higher for the gradient, block and triblock polymers with higher GMA content, showing stronger

interactions between polymer chains with higher GMA ratios®4.
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Figure 9.11. Storage modulus (G'), loss modulus (G”) and complex viscosity versus angular frequency (1%

strain) for a) GMA/C13MA gradient, b) block and c) triblock copolymers at 30 °C.

9.4. CONCLUSIONS

Nitroxide mediated copolymerization of GMA/C13MA was conducted in 50 wt% dioxane using Dispolreg
007 alkoxyamine at 90 °C. Statistical copolymers of GMA/C13MA (M, = 23-32 kg mol* and D = 1.56-
1.77) with different compositions and -53 °C < Ty < 21 °C were synthesized. The slow initiation and
penultimate effect of Dispolreg 007 resulted in higher M,s at low monomer conversions (X < 50 %)
compared to the theoretical prediction. Two distinct Tgs and a Tm were observed for GMA/C13MA
copolymers with Feua = 0.5-0.8 due to the incorporation of CL3MA and possible micro-phase separation
(reactivity ratios = rema = 1.17 £ 0.09 and rcisma = 0.65 + 0.09; solubility parameters = dciama = 15.43
MPa'? and dema = 19.25 MPa'?). GMA-grad-C13MA (M, = 35.7 kg mol* and D = 1.79) and C13MA-
grad-GMA (M, = 27.6 kg mol* and P = 1.60) gradient copolymers showed different thermal and
rheological behaviors. Tg = 50 °C and Tr, = -19 °C were measured for GMA-grad-C13MA and C13MA-
grad-GMA, respectively. GMA-grad-C13MA had a crossover at 10 rad s?, indicating the transition from
solid rubbery state to a viscous liquid at higher frequencies. However, a viscous liquid behavior was
observed for C13MA-grad-GMA at all frequencies. Block copolymers of GMA-b-C13MA (Fema= 0.81,
M, = 43.1 kg mol™ and D =1.78) and C13MA-b-GMA (Fewa= 0.36, M, = 43.0 kg mol™* and b =1.89)
showed Twms, corresponded to C13MA blocks, at -20 °C and -24 °C and Tgs at 49 °C and 18 °C probably
due to GMA blocks. The similar DSC trends were also presented for triblock copolymers of GMA/C13MA
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(Bi-GMA-tri-C13MA (M, = 43.0 kg mol* and P = 1.85); Bi-C13MA-tri-GMA (M, = 45.5 kg mol* and D
= 1.70)). For diblock copolymers, a viscous liquid behavior was observed at frequencies higher than 1 rad
st. The Bi-GMA-tri-C13MA and Bi-C13MA-tri-GMAwere in solid state at low frequencies with
respective crossover frequencies at 200 and 100 rad s to reach liquid viscous region at higher frequencies
up to 1000 rad s*. A higher thermal stability (i.e. higher Tgec,10%; Tdecmax and Taec final) Were determined for
gradient, diblock and triblock copolymers with higher GMA content during TGA. This suggests the
importance of GMA blocks on improving the thermal degradation stability of polymer resins. However, no
significant and meaningful improvement in thermal stability was observed for statistical copolymers of
GMAJ/C13MA, although polymers with Fema > 0.9 had the highest Taec,max and Taec.sinat (Table 9.5). During
the TGA under Na, three thermal degradation regions with peaks at Taec,1, Taec2 and Taec,3 Were detected.
This shows the formation of intermediate species during the thermal degradation study and their further
breakdown at higher temperatures. For statistical copolymers of GMA/C13MA, the ash content up to 13
wit% was achieved at 600 °C under N2, suggesting the possibility of high flame retardancy. In addition, the
remaining ash of block copolymers at 600 °C was 6 wt %. However, no significant ash content (less than
0.5 wt%) was collected for gradient or triblock copolymers of GMA/C13MA.
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Chapter 10: Conclusions and future work

10.1. Conclusions

The main objective of this thesis was to develop various functional polymers that can be used in different
wood coating formulations. We divided our study into several steps to prepare the polymer coatings. The
synthesized polymers with different properties such as anti-flammability, self-healing and good adhesion
can eventually be coated on a wood surface as separate layers. Each polymer layer can introduce a new
functionality to the final polymer coating and enhance the applicability of the coating formulation. Three
following steps were considered for preparation of polymers in this thesis:

- Preparation of water-borne polymers using monomers with high bio-content.
- Development of self-healing polymers with high bio-carbon content.
- Alternative approach to synthesize epoxy-based polymer resins for wood coatings.

To synthesize the polymers in all three steps, nitroxide mediated polymerization (termed as NMP) was
carried out in organic solvents and miniemulsion. Using controlled radical polymerization (herein termed
as reversible deactivation radical polymerization (RDRP), of which NMP is one variant), control over the
polymerization increased (compared to the conventional radical polymerization) and polymers with lower
dispersities and viscosities were produced. Furthermore, NMP was easy to apply and no post-
polymerization treatment was required to remove catalysts, ligands or chain transfer agents. Chapters 3, 4,
5 and 6 investigated the preparation of polymers with high bio-content in miniemulsion. For the first time,
IBOMA/C13MA copolymers were synthesized using two different approaches by miniemulsion
polymerization. The first approach was to initiate the nitroxide mediated miniemulsion polymerization of
IBOMA/C13MA (10 mol% AN controlling monomer) by SG1-based amphiphilic macroinitiators. The
effect of additives (i.e. surfactant and co-stabilizer) and different reaction temperatures on NMP of IBOMA
in miniemulsion was studied, indicating the best control over the polymerization (linear increase of M, with
Xand B =1.71) in the presence of 2 wt% DOWFAX 8390 and 0.8 wt% n-hexadecane at 90 °C. However,
the two-step polymerization (preparation of macroinitiator in toluene and the miniemulsion polymerization
of monomers) and high P values (P = 1.7-2.2) for NMP of IBOMA/C13MA in miniemulsion limited the
industrial application of this method. Next, the NMP of IBOMA/C13MA was done in miniemulsion using
Dispolreg 007 alkoxyamine. Using this oil-soluble alkoxyamine, the complexity of the polymerization
procedure (e.g. one step polymerization without the addition of controlling comonomers) decreased and

polymers with lower B (b = 1.5-1.7) were produced. The glass transition temperature (Ty) of polymers was
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modified by changing the ratio of IBOMA (Tgi8oma =110~200 °C) and C13MA (Tgci3ma =-46 °C) in
polymer chains. As a result, IBOMA/C13MA copolymers with -52 °C < Ty <123 °C were synthesized.

Subsequently, the incorporation of POSSMA for enhancing the thermal stability of polymers was
investigated. First, the possibility of nitroxide mediated miniemulsion polymerization of POSSMA using
Dispolreg 007 alkoxyamine was examined and POSSMA homopolymers (M,, up to 35.9 kg mol™* and P <
1.53) and POSSMA/C13MA copolymers (M,, up to 50.2 kg mol* and 1.42 < B < 1.68) were successfully
produced. The POSSMA/C13MA copolymers had -39 °C < Ty and Trm < 96 °C. Then, the polymerization
of POSSMA/IBOMA/C13MA was conducted in miniemulsion using Dispolreg 007 alkoxyamine at 90 °C
(M, up to 46.7 kg mol™ and D < 1.65). It was shown that the decomposition temperature for 10% weight
loss (Tqec1) Of polymers improved by 23 °C by 10 mol% increase in POSS ratio in initial monomer feed.
This is a modest improvement despite the literature stating the dramatic effect POSS-containing species

have on thermal stability in polymers.

Further studies were focused on preparation of self-healing polymers with high bio-carbon content (high
IBOMA and CI13MA content) in organic solvents and miniemulsion. Two polymers of
IBOMA/C13MA/AN/VPBA (M, up to 35.1 kg mol* and 1.65 < P < 2.13) and IBOMA/C13MA/AN/
GMMA (M, of 26.3 kg mol™* and 1.67 < D < 2.73) were synthesized by NMP in 1,4-dioxane at 90 °C. The
polymers were mixed together to prepare polymer blends with boronic ester dynamic cross-linking bonds.
The hardness, mechanical properties and T4 of polymers were modified by changing the molar ratios of
monomers in the initial monomer feed. The polymer blends healed scratches after 12 days at ambient
temperature and humidity and recovered 87% tensile strength and 48% strain after cutting and healing for
10 days at ambient condition. To prepare polymers containing boronic ester dynamic covalent bonds in
miniemulsion, a dimer of VPBA and GMMA was synthesized before the miniemulsion polymerization to
improve the hydrophobicity of VPBA and GMMA and enhance their availability inside the monomer
droplets for polymerization. After the polymerization, the polymer latexes were cast and dried to form a
polymer coating containing boronic ester cross-linking bonds. The polymers showed high recyclability at
80 °C for 45 minutes and could absorb a high amount of toluene (ultimate swelling ratio up to 153%) in a
relatively short time (t= 300 min). In this study, for the first time, boronic ester bonds were successfully

incorporated into polymer chains by miniemulsion polymerization.

Finally, the NMP of GMA/C13MA was studied as an alternative for the proposed wood coating
formulation. The epoxy-based monomer of GMA had excellent adhesion to the wood surfaces and can
easily react with bifunctional amines to form permanent covalent bonds for cross-linking. In contrast to the

polymer coatings containing dynamic amine-ketone crosslinking, the coatings with permanent epoxy-

192



amine crosslinking can provide the good adhesion to the wood surface and prevent the polymer coating
from melting at elevated temperatures or in the presence of flame. Statistical GMA/C13MA copolymers
with different molar ratios of monomers were synthesized by NMP using Dispolreg 007 in 50 wt% 1,4-
dioxane at 90 °C. The GMA/C13MA statistical copolymers (M, = 23-32 kg mol™* and = 1.56-1.77) had -
53 °C < T4 < 21 °C. Ash content up to 13 wt% was observed for GMA/C13MA statistical copolymers at
600 °C under N, indicating the possibility of high flame retardancy. Furthermore, gradient, diblock and
triblock copolymers of GMA/C13MA were produced to study the effect of GMA or C13MA blocks on the
thermal, mechanical and rheological properties of the polymers. Accordingly, GMA blocks improved the
thermal degradation stability of polymer and resulted in ash content of 6 wt% for diblock copolymers.
However, no significant ash content was detected for gradient or triblock copolymers of GMA/C13MA.
Based on the results, the statistical copolymers of GMA/C13MA can be used as an alternative polymer
coating formulation for wood surfaces due to their high thermal stability and ash content and good adhesion

to veneers.
10.2. Suggestions for future direction of research

In this thesis, polymers with high bio-carbon content were prepared in miniemulsion. We also developed
self-healing polymers containing boronic ester covalent bonds in organic solvents and miniemulsion. The

author suggests further investigations in the following topics:

e Improving the bio-content of polymers by using alternative monomers with higher bio-carbon
content. As an example, the NMP or photoinduced metal free ATRP of limonene (Tg~ 10 °C) or
vanillin methacrylate (Tg~ 180 °C) can be considered.

e The suspension polymerization of the monomers for the similar formulations to reduce the
surfactant concentration and avoid intensive agitation.

e Rheological measurements for polymer latexes with different solid contents. This can help with
finding the optimum viscosity and highest solid content required for spray coating.

o Enhancing the flame-retardancy properties of polymers by incorporating phosphate-based
monomers (e.g. ethylene glycol methacrylate phosphate) into the polymer chains using emulsion
polymerization. Sulfur-free RAFT polymerization can be employed to avoid the cross-linking side
reactions.

e Study the effect of environmental conditions (i.e. temperature, humidity) on the film formation of
the synthesized polymer latexes.

e Development of self-healing polymers containing POSSMA or phosphate-based monomers for

higher thermal stability and anti-flammability properties. This can be done by preparation of the
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block copolymers or the addition of the POSSMA-based or phosphate-based polymers as additives
to the self-healing coating.

Incorporation of IBOMA into GMA/C13MA copolymers to improve the hardness and bio-content
of polymer resins.

Addition of multi-functionalized amines for the formation of amine-epoxy cross-linking bond in

GMA/C13MA polymers for preparation of polymer coatings.
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SUPPORTING INFORMATION: CHAPTER 3
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Figure 3.S1 Kinetic results for nitroxide mediated emulsion polymerization of PEGMA monomers with 10
mol% AN as the controlling comonomer (filled circles, ®); and for the synthesis of p(PEGMA-co-AN)
macroinitiator (red triangles, A ). (a) Semi-logarithmic kinetic plots of In[(1-X)}] (X= monomer conversion)
versus reaction time (b) Number average molecular weight M, versus conversion (X). (c) dispersity B versus

conversion (X).

196



AW

. r_; =
X Sﬂg
£
T

(Y T T Gl T LT W

~N o O ~ [=] N [aa} o~ =] ~

0 [ S i < ~ S =

oo oo ~ o~ ~ o o o
T T

850

800

750

700

650

600

550

500

r450

400

350

300

250

200

r150

r100

6 64 62 6.0 58 56 54 52 50 48 46 44 42 40 38 36 3.4 32 30 28 26 24 2.2 20 18 16
f1 (ppm)

Figure 3.52. 'H NMR spectra for IBOMA45/C13MA45/AN10 after 150 minutes of polymerization using
p(OEGMA-stat-AN) macroinitiator. * corresponds to unreacted monomers. *H NMR (CDCls, 500 MHz,
ppm): 6.09-6.12 (m, 1 HE13VA) ' 6.04-6.09 (m, 1 H'BOMA) 5545 57 (m, 1 H13MA) 5 50-5.54 (m, 1 H'BOMA),
4.25-4.61 (d, 1 HPUBOMA)) 3 894,04 (s, 2 HPC1MA)) 3 60-3.69 (M, 10 HPOEGMA)) '3 37.3 41 (s, 3 HPOEGMA)

2.14-2.30 (m, 1 HPAN)) ' 2.05-2.09 (m, 2 HPAN),
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SUPPORTING INFORMATION: CHAPTER 4

S4.1. The Composition of Copolymers at the Early Stages of Polymerization

Table 4.S1. The composition of copolymers at the early stages of polymerization determined by 'H
NMR.

Experiment ID figomao® FisomA 15min” Xismin © (%0)
IBOMAB8O/C13MA20-S 0.8 0.75 13.6
IBOMAG0/C13MA40-S 0.6 0.54 16.7
IBOMA50/C13MA50-S 0.5 0.41 7.5
IBOMA40/C13MAB0-S 0.4 0.27 11.6
IBOMA30/C13MA70-S 0.3 0.19 14.8
IBOMA20/C13MA80-S 0.2 0.12 114
IBOMA10/C13MA90-S 0.1 0.10 12.1

@ Initial molar fraction of IBOMA in the initial feed.
b Molar fraction of IBOMA in copolymers after 15 minutes of polymerization determined by *H NMR in CDCls.
¢ monomer conversion after 15 minutes of polymerization measured by 'H NMR.

S4.2. Temperature Studies in Solution Polymerization

The homopolymerization of IBOMA (Experiment ID = IBOMA100-S-90C, IBOMA100-S-100C and
IBOMA100-S-110C) and C13MA (Experiment ID = C13MAZ100-S-90C, C13MAZ100-S-100C and
C13MA100-S-110C) were carried out at various temperatures of 90, 100 and 110 °C to find the optimal
reaction temperature required to keep a proper control over the polymerization while having high
polymerization rate in toluene. Figure 4.51(a) and (b) (Supplementary Information) present the kinetic plots
for IBOMA and C13MA homopolymers at different temperatures and shows an increase in polymerization
rate by increasing the reaction temperature. As Figure 4.S1(c) and (d) in the Supplementary Information
indicate, the number average molecular weight M,, of samples was higher than the theoretical linear
prediction at low monomer conversions. This can be due to the slow decomposition rate of the Dispolreg
007 alkoxyamine which decreases the number of initial active polymer chains and increases the average
molecular weight of samples 2% 5°. However, M,, increases linearly with conversion at 90 and 100 °C,
suggesting control of the polymerization was adequate. At 110 °C, M,, of samples deviates more from the
predicted linear relationship, especially at higher conversion, suggesting a difficult control over the
polymerization of methacrylates at higher temperatures. The curvature at higher conversions indicates a
decrease in concentration of propagating macro-radicals [P*], a higher concentration of dead chains and an
increase in irreversible termination reactions®#. This phenomenon was also observed in our previous study
regarding the polymerization of IBOMA and C13MA using BlocBuilder-MA™ (BB, Arkema) as the
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Ln((1-X)7)

initiator'®2, The higher dispersity at higher conversions is a result of slow initiation of alkoxyamines which

causes the polymer chains with different lengths and also the chain transfer reactions within the system at

longer reaction time due to decrease in propagating events'%® 51554, Finally, the optimal temperature for

solution polymerization was considered to be 100 °C due to linear evolution of M,, with conversion up to

relatively high conversions, relatively low dispersity (For poly(IBOMA) : B < 1.54 and poly(C13MA): b

< 1.39) and relative high polymerization rate in solution (43% conversion within 45 min for poly(IBOMA)
and 34% conversion within 45 min for poly(C13MA).
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Figure 4.S1. The effect of various reaction temperatures on the homopolymerization of IBOMA and
C13MA using Dispolreg 007 initiator in toluene. Semi-logarithmic kinetic plots of In[(1-X)™] (X= monomer
conversion) versus reaction time for (a) IBOMA (b) C13MA at different temperatures. Number average
molecular weight M, and dispersity B versus conversion (X) for (c) IBOMA and (d) C13MA at different
temperatures. (a) and (b): IBOMAZ100-S-90C (filled circles, ®); IBOMA100-S-100C (gray triangles, A);
IBOMAZ100-S-110C (open squares, 0). (c) and (d): C13MA100-S-90C (filled circles, @); C13MA100-S-
100C (gray triangles, A); CL3MA100-S-110C (open squares, 0).

S4.3. Multiple Gaussian Peak Fitting for Estimation of Dead Polymer Chains in

Poly(IBOMA-b-C13MA)

—— dwt/d(logM)
- Fit Peak 1
- - - Fit Peak 2

dwt/d(log M)

logM

Figure 4.S2. Multiple Gaussian peak fitting for estimation of the percentage of dead polymer chains for
Poly(IBOMA-b-C13MA) at 180 minutes after chain extension. Solid black line represents the GPC
chromatogram and dashed lines Isolated Gaussian peaks for dead chains and living and active polymer

chain.
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S4.4. Temperature Studies in Miniemulsion Polymerization
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Figure 4.S3. The effect of temperature on nitroxide mediated miniemulsion polymerization of IBOMA
using Dispolreg 007 initiator (a) Semi-logarithmic kinetic plots of In[(1-X)™] (X= monomer conversion)
versus polymerization time (b) Number average molecular weight M, and B versus conversion (X).
IBOMAZ100-83C (filled circles, ®); IBOMA100-90C (gray triangles, A); IBOMAZL100-100C (open

diamonds, ¢).

S4.5. Particle Size in Miniemulsion Polymerization
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Figure 4.54. (a) The effect of reaction temperature on particle size during the homopolymerization of
IBOMA monomers using Dispolreg 007 alkoxyamine, 2 wbm% DOWFAX 8390 and 0.8 wbm% n-
hexadecane. IBOMAZ100-83C (filled circles, ®); IBOMA100 (gray triangles, A); IBOMA100-100C (open
diamonds, ¢); (b) Z-average particle size for copolymerization of different ratios of IBOMA/C13MA
monomers over reaction time using Dispolreg 007 alkoxyamine, 2 wbm% DOWFAX 8390 and 0.8 wbm%
n-hexadecane. IBOMAI100 (filled circles, e); IBOMA90/C13MA10 (filled triangles, A);
IBOMAS8O/C13MA20 (filled diamonds, ¢); IBOMA70/CI3MA30 (filled squares, m);
IBOMAG0/C13MA40 (gray circles, ); IBOMA5S0/C13MASQ (gray triangles, A); IBOMA40/C13MAGO
(gray diamonds, ¢); IBOMA30/C13MA70 (gray squares, m); IBOMA20/C13MAS80 (open circles, 0);
IBOMA10/C13MA90 (open triangles, A); C13MA100 (open diamonds, ©).
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S4.6. DSC Trace for p(C13MA-grad-IBOMA) Gradient Copolymer
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Figure 4.S5. DSC trace for p(C13MA-grad-IBOMA\) gradient copolymer.

S4.7. PXRD Results
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Figure 4.56. PXRD patterns of IBOMA100-100C and IBOMA90/C13MA10 in miniemulsion system.
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S4.8. Rheological Measurements
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Figure 4.S7. G’ and G” plots versus shearing frequency for IBOMA80/C13MA20 (black squares, o and
m); IBOMAS50/C13MAS50 (blue squares, o and m) and IBOMA20/C13MAS80 (red squares, o and m)
statistical copolymers at 140 °C.
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Figure 4.S8. G’ and G” plots versus shearing frequency for (a) Poly(IBOMA-b-C13MA) at 100 °C (red
squares, o and m); at 140 °C (blue squares, o and m) and 150 °C. (b) Poly(C13MA-grad-IBOMA) at 140
°C (blue squares, o and m) and 150 °C (red squares, o and m). (¢) IBOMAS50/C13MA50 at 100 °C (blue

squares, o and m) and 140 °C (red squares, o and m).
S4.9. Flory-Huggins Interaction Parameter for Poly(IBOMA-b-C13MA)

To calculate the Flory-Huggins enthalpic interaction parameter y for IBOMA/C13MA system, Equation
(S1) can be used.

Vin (8180ma = Sc13ma)’
X 1BOMA—C13MA = — RT (4.51)

Here, X 1soma—c13ma COrresponds to the difference between the interaction energies of two species and is
used to predict the miscibility of two components (the IBOMA and C13MA blocks) in the chains. V,, is the
reference molar volume calculated based on molar volume of monomers (Mw, isoma = 222.328 g mol?,
Vin1soma = 226.9 cm® mol™>%; My, c1awa = 268.441 g mol™, V,, c13m4 = 305.0 cm® mol™ **") and solubility
parameter for IBOMA monomers 8,504 = 17.0 (J cm®)Y/2 182.262,548 The solubility parameter for CLI3MA

is not available in the literature. However, it can be reasonably estimated by the solubility parameter of
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lauryl methacrylate. Hence, it was assumed that 6134 ® Sc12m4 1S the average in a range of 15.4-17.8 (J

Cm-3)1/2 182, 549-552.

At T =140 °C (The temperature for rheological measurements in this study) and 20 °C (Room temperature),
the interaction parameters for IBOMA/C13MA were estimated to be 0.012 and 0.017. This shows that the
system is not strongly segregated at these temperatures for Poly(IBOMA-b-C13MA) (Fisoma = 0.22, My, =
37.1 kg mol?, © =1.93).

$4.10. *H NMR spectra for IBOMA30/C13MA70-S at 60 minutes
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Figure 4.59. 'H NMR spectra for IBOMA30/C13MA70-S after 60 minutes of starting the reaction. *H
NMR (CDCls, ppm): 6.17-6.22 (m, 1 H®*3MA) 6.14-6.17 (m, 1 H'BOMA) 5 59-5.63 (m, 1 HC!3VA) 556-5.59
(m, 1 H'BOMAY "4 41-4.65 (d, 1 HPUBOMA)) '3.93-4.13 (s, 2 HP(C13MA)) 3 77-3.86 (m, 2 HPCI3MA) 4 1 HP(IBOMA))
2.00-2.04 (m, 3 H'BOMA 1 3 HCI3MA) "1 87-1.94 (m, 2 HPIBOMA) 4 2 Hp(CI3MA)) 1 67-1.80 (m, 7 HPIBOMA) 4 2
HP(CI13MA) 11 34-1 51 (m, 3 HPIBOMA) 4 23 Hp(CI3MA) 4 D2 HCI3WA) 1 13.1 31 (m, 9 HPIBOMA) 1 10-1.13 (5,

9 H'BOMA) 0.92-1.07 (m, 3 HCIVA + 3 Hp(C1aMA)),
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SUPPORTING INFORMATION: CHAPTER 5
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Figure 5.S1. Number average molecular weight M, versus conversion (X) for homopolymerization of
POSSMA. The results were compared with the corresponded theoretical line. POSSMA-Mn80 (filled
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squares, m); POSSMA-Mn45-No Hexadecane (open circles, 0); POSSMA-Mn45 (filled circles, e);
POSSMA-Mn25 (filled triangles, A).

10
POSSMA90/C13MA10

— 8 r ——210 min
CJE =150 min
- w120 min
a6 ———90 min
g 60 min
b4 45 min
?6‘ 4 | 30 min
5 15 min
2 0 min
(O]
o, |

0 i — L ' ———

19 20 21 22 23 24 25 26 27
Elution time (min)
10
POSSMAS50/C13MA50

S8 ——210min
I ——150 min
i’ ——120 min
26 r ——90 min
§ ——60 min
2 45 min
s 4 30 min
3] 15 min
(O] .
= 0 min
o, L

0 I 1

19 20 21 22 23 24 25 26 27
Elution time (min)

209



10

POSSMA10/C13MA90

(o]
T

=210 min
=150 min
=120 min
—90 min
—60 min
=45 min
30 min
15 min
0 min

[e)]
T

Detector Response (.a u.)
D

N

19 20 21 22 23 24 25 26 27
Elution time (min)

Figure 5.52. GPC traces for POSSMA90/C13MA10, POSSMA50/C13MA50 and POSSMA10/C13MA90

during the polymerization at 90 °C.

Table 5.S1 Z-average particle size and dispersity of the particles for miniemulsion
copolymerization of POSSMA/C13MA.

Reaction time (min) Particle size (nm) PDI
POSSMA10/C13MA90 2
0 241.6 0.209
15 239.5 0.232
30 245.4 0.244
45 237.7 0.195
60 239.9 0.159
90 238.6 0.240
120 230.9 0.224
150 233.9 0.193
210 234.4 0.249
POSSMA20/C13MAB80
0 237.9 0.225
15 244.3 0.22
30 237.6 0.177
45 229.8 0.215
60 232.1 0.170
90 241.4 0.243
120 229.2 0.234
150 233.7 0.234
210 227.2 0.243
POSSMA30/C13MA70
0 240.2 0.234
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15 2419 0.268

30 240.7 0.242

45 235.2 0.178

60 232 0.223

90 232.1 0.191

120 226.1 0.211

150 236.4 0.235

210 235.5 0.222
POSSMA40/C13MAG0

0 241.7 0.211

15 238.2 0.192

30 239.1 0.229

45 243.2 0.236

60 235.3 0.220

90 234.9 0.226

120 233.9 0.163

150 233.8 0.241

210 229.5 0.200
POSSMAS50/C13MA50

0 248.8 0.223

15 230.7 0.226

30 241.1 0.232

45 225.5 0.180

60 247.2 0.261

90 251.1 0.250

120 250.8 0.293

150 230.7 0.235

210 245 0.216
POSSMAG0/C13MA40

0 257.4 0.234

15 258 0.287

30 247.2 0.187

45 259.4 0.268

60 249.5 0.243

90 247.7 0.227

150 268.5 0.347

210 245.8 0.171
POSSMA70/C13MA30

0 240.7 0.222

15 240.7 0.196

30 236.8 0.194

45 238.3 0.191

60 235.7 0.202

90 237.7 0.169

210 230.6 0.225
POSSMAS0/C13MA20

0 228.8 0.183
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15 249.5 0.229

30 238.7 0.181
45 236.4 0.148
60 231.3 0.171
90 231.4 0.174
120 235.6 0.169
150 243.6 0.163
210 244.7 0.163
POSSMA90/C13MA10

0 245.2 0.160
15 254.7 0.220
30 249.3 0.176
45 247.7 0.199
60 238.6 0.193
90 245.1 0.166
120 242.4 0.249
150 230.7 0.204
210 281.5 0.281

2 The miniemulsion polymerization of POSSMA/C13MA mixtures with the initial molar feed composition:
POSSMAXxx/C13MAyy where xx denotes the mol% POSSMA and yy denotes the mol% C13MA. My, arget = 45 kg mol
!, solid content = 22 wt% and reaction temperature = 90 °C. 2 wbm% DOWFAX 8390 and 0.8 wbm% n-hexadecane
stabilized all the miniemulsions.
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SUPPORTING INFORMATION: CHAPTER 6
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Figure 6.51. 'H NMR spectrum for P50/IB22/C18/AN10 polymer (prepared in toluene using BB

alkoxyamine and 10 mol% AN in initial feed) after 210 minutes of starting the reaction. * corresponds to
unreacted monomers. *H NMR (500 MHz) at room temperature (CDCls, ppm): 4.85-4.92 (m, 1 H'BOMA),
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4.40-4.81 (d, 1 HPUBOMA) 4.20-4.31 (m, 2 HPOSSMA + 2 HOLMA) 3.94.4.20 (s, 2 HPPOSSMA) 4  Hp(C1aMA)
2.34-2.42 (s, 1 HPAN)) '1,.99-2.16 (m, 9 HP(POSSMA) 1 2 HPIBOMA) 1 9 HP(CL3MA)) "1 83-1.99 (m, 2 HP(POSSMA) 4
7 HPUBOMA) 4 9 Hp(CI3MA) 1.39.1 57 (m, 3 HPPOSSMA) 4 3 HPBOMA) 4 93 Hp(CISMA)  1.09-1.24 (m, 42
HP(POSSMA) 4 g HP(IBOMA) 4 3 HCI1MA) 1 (0.73-0.90 (m, 16 HPFOSSMA) 4 16 HPOSSMA) vinylic protons of
monomers: 6.19-6.23 (s, 1 H'BOMA), 5.59-5.64 (s, 1 H'BOMA) 6.23-6.27 (s, 1 HPOSSMA 4 1 HC13MAY 5 64.5 68

(S 1 HPOSSMA +1 HC13MA).

To determine the monomer conversion (X) via *H NMR results, the following equation was used:

X (%) = XPOSSMAfPOSSMA,O + XC13MAfC13MA,0 + XIBOMAfIBOMA,O + XANfAN,O (681)

where Xpossma, Xciama, Xisoma Xan are the individual conversions of POSSMA, C13MA, IBOMA and AN

monomers, respectively. Xingividual monomer Can be calculated based on the following equation:

polymer peak
_ # of protons corresponding to the peak
Xindividual monomer = polymer peak N monomer peak
# of protons corresponding to the peak "# of protons corresponding to the peak

(6.52)

frossmao, fciamao, fisomao and fano are the initial molar fractions of POSSMA, C13MA, IBOMA and AN in
the solution.

The molar fraction of monomers can be determined by using the following equation:

polymer peak for monomer i
_ # of protons corresponding to the peak
Fi - n polymer peak for monomer j
J'=1(# of protons corresponding to the peak)

(6.53)

Where Fi is the molar fraction of monomer i in polymer (i = POSSMA, C13MA, IBOMA or AN) and n is
the number of different types of monomers, presented in the polymer (herein n = 4). *H NMR polymer and
monomer peaks for an experiment (P50/1B22/C18/AN10) are shown in Figure 6.51. *H NMR peaks for the

block copolymerization are shown in Figure 6.S2 and 6.S3.
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Figure 6.S2. GPC peaks for a) P10/I1B44/C36/AN10, b) P20/1B38/C32/AN10, c) P30/IB33/C27/AN10, d)
P40/I1B27/C23/AN10 and e) P50/1B22/C18/AN10 experiments during the polymerization in toluene (the
controlling co-monomer (AN) was in an initial concentration of 10 mol%). The NMP was conducted in

toluene using BB at 90 °C and the reaction time was 210 minutes.
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Figure 6.S3. GPC peaks for P5/IB47.5/C47.5, P10/1B45/C45 and P20/1B40/C40 experiments during the
miniemulsion polymerization. The NMP was initiated by Dispolreg 007 alkoxyamine and the reaction

temperature was 90 °C.
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Figure 6.S4. Number-average particle size distributions for P10/1B45/C45 experiment over time.
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H! NMR for Chain Extension of Poly(IBOMA) with POSSMA/C13MA in Toluene
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Figure 6.S5. 'H NMR spectrum of poly(IBOMA/AN) macroinitiator after 50 minutes from starting the
reaction (before precipitation; containing unreacted monomers). Note that the poly(IBOMA/AN)
macroinitiator was prepared in toluene using BB alkoxyamine and 10 mol% AN in initial feed (*

corresponds to unreacted monomers). *H NMR (500 MHz) at room temperature (CDCls, ppm): 4.81-4.90
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(m, 1 H'BOMA) ' 4,40-4.77 (d, 1 HPUBOMA)) 12 07-2.13 (s, 2 HPANY), 2.01-2.09 (s, 3 H'BOMA) 1.75-2.01 (m, 7
HIBOMA + 7 HP(BOMA)), 1,18-1.35 (m, 9 HPIBOMA), 0.93-1.03 (m, 9 H'®OMA). Vinylic protons of monomers:
6.16-6.22 (s, 1 H'BOMA), 558-5.64 (s, 1 H'BOMA).
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Figure 6.S6. *H NMR spectrum for p(IBOMA/AN)-b-p(POSSMA /C13MA/AN) block copolymer
(prepared in toluene starting from poly(IBOMA/AN) macroinitiator and 10 mol% AN in the feed) after 5

d
Gl
k(

hours of chain extension at 90 °C. * corresponds to unreacted monomers. *H NMR (500 MHz) at room
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temperature (CDCls, ppm): 4.85-4.89 (m, 1 H'BOMA) '4,42-4.79 (d, 1 HPUBOMA)) '4,19-4.28 (m, 2 HPOSSMA 4
2 HC13MAY '3.95-4.18 (s, 2 HPPOSSMA) 1 9 HP(CI3MA)) 19 37-2.43 (s, 1 HPAN), 2,12-2.26 (s, 2 HPAN)) 2.06-2.09
(S, 9 Hp(POSSMA) +2 Hp(IBOMA) + 2 Hp(C13MA)), 1.90-1.98 (m, 2 Hp(POSSMA) +7 Hp(IBOMA) +2 Hp(C13MA)), 1.35-
155 (m, 3 Hp(POSSMA) +3 Hp(IBOMA) +23 Hp(Cl3MA))’ 0.95-1.17 (m’ 42 Hp(POSSMA) +9 Hp(IBOMA) +3 HC13MA),
0.71-0.81 (m, 16 HP(POSSMA) 4 16 HPOSSMA) vinylic protons of monomers: 6.19-6.21 (s, 1 H'8OMA) 5.60-5.62
(5, 1 H'BOMA), 6.21-6.25 (5, 1 HPOSSMA 4 1 HC13MA) 5 62.5 66 (5, 1 HPOSSMA 4 1 HC13WA),
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SUPPORTING INFORMATION: CHAPTER 7

Table 7.S1. Apparent rate constants for  poly(VPBA/IBOMA/C13MA/AN) and
poly(GMMA/IBOMA/C13MA/AN) prepared in 50 wt% 1,4-dioxane (and 5 wt% water for VPBA-

containing polymers) using BB at 90 °C.

poly(VPBA/IBOMA/C13MA/AN)

Apparent rate
Experiment ID Fvrea? (%)  Mntarget (kg mol™) M finar (kg molt) constant?

ke[P] (105s?)
VPBA5/IBOMA 42.5/C13MA42.5/AN10 7.1 25 10.8 57+£0.2
VPBA10/IBOMA40/C13MA40/AN10 105 25 10.7 3.8+£0.1
VPBA15/IBOMA37.5/C13MA37.5/AN10 13.1 25 19.9 7.0+£0.1
VPBA2/IBOMA29/C13MA58/AN11 19 50 29.2 17.3+£0.1
VPBA5/IBOMA22.5/C13MA62.5/AN10 8.5 50 32.5 13.3+£0.1
VPBA10/IBOMA20/C13MA60/AN10 12.1 50 23.4 7.7+0.1
VPBA15/IBOMA25/C13MA50/AN10 23.7 50 35.1 58+0.1

poly(GMMA/IBOMA/C13MA/AN)

Apparent rate

Experiment 1D Fomma? (%)  Mnjtarget (kg mol™)  Mninat (kg mol?) constant?

kp[P] (105sh
GMMAS5/IBOMA42.5/C13MA42.5/AN10 5.4 25 141 163+2.1
GMMAL10/IBOMA40/C13MA40/AN10 6.9 25 12.6 37217
GMMAL15/IBOMA37.5/C13MA37.5/AN10 15.0 25 10.5 293+£0.1
GMMAL15/IBOMA25/C13MA50/AN10 10.2 50 26.3 19.7+10

aConcentration of VPBA or GMMA in final composition of polymers determined by *H NMR in CDCls.
bApparent rate constant derived from the slopes of In[(1-X)™!] (where X = conversion) versus reaction time for the first

60 minutes of polymerizations. Kp is propagation rate constant and [P°] is the concentration of macroradicals.

14 14
> () M., = 20.7 kg mol-. > () M, = 21.1 kg mol-t
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208 | 208 |
8 8
=] =)
206 =06 [
E E
04 | 04 |
02 02
0 0
3 4 5 6 3 6

223



Figure 7.S1. GPC peaks of polymer blend | and Il after decrosslinking with pinacol. M, and D were
measured by GPC relative to PMMA standards in THF at 40 °C.
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(b) polymer blend Il
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Figure 7.52. 'H NMR spectra for polymer blend | and Il after decrosslinking with pinacol in dioxane. The
polymers were precipitated in methanol and dried under vacuum for 24 hours. *H NMR (CDCls, ppm):
4.22-4.55 (d, 1 Hpasoma) + 1 Hpemmay), 6.90-6.91 (S, 2 Hpvesay), 7.60-7.61 (S, 2 Hyveea))-
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SUPPORTING INFORMATION: CHAPTER 8

Table 8.S1. Swelling ratios for polymer samples in Toluene and 1,4-dioxane after 24 hours.

Sample ID Swelling ratio in Swelling ratio in 1,4- Swelling ratio in
Toluene (%) dioxane (%) water (%)
Dimer 5% - * 111.6 2.2
Dimer 10% 153.0 89.8 5.8
Dimer 15% 135.5 78.8 7.9

* The measurement of swelling ratio for Dimer 5% in toluene for 24 hours was not possible due to difficult
process of separating dispersed gel-like polymer from toluene.

A ——

Dimer 5%

Dimer 10%

Dimer 15%

400 800 1200 1600 2000 2400 2800 3200 3600 4000
Wavenumber (cm-1)

Figure 8.S1. FTIR spectra for Dimer 5-15% samples.
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Figure 8.52. 1B solid-state NMR for Dimer 5%-15% samples. The peaks at 19-21 ppm indicate the boronic

esters and boronic acids in the polymer.
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Figure 8.S3. *C solid-state NMR for Dimer 5%-15% samples. The peak at 111 ppm suggests the existence
of open ring boronic esters (boronic acid groups) and unreacted vinyl groups of VPBA. By increasing the
BG dimer concentration in Dimer 15% compared to Dimer 5 and 10%, an increase in the intensity of the
peak at 75 ppm was also detected.
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SUPPORTING INFORMATION: CHAPTER 9
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Figure 9.51. *H NMR spectrum for GMA40/C13MAG60 after 210 minutes. *H NMR (CDCls, ppm): 6.13-
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T
6.0 35 3.0 25

229



a Cc
) c h e+f+g+h
c NC e_e
NC ¢ a p e
cDcl o 0o\_o_d) ®\f /e
* e b 2 b g
g _If )p a Bo-N_a \Y 9
)
e ‘ h a c N
e CN
e h " c
e
I
c b
a
d

T T T T T T T T
8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 25 2.0 15 1.0 0.5 0.0

8 'H (ppm)
CDCI3
g+e+h+j
c
a+b d
f i

T T T T T T T T T T T T T T T T T T T T T T T T
160 155 150 145 140 135 130 125 120 115 110 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15
3 1°C (ppm)

Figure 9.52. a) *H NMR spectrum and b) *C NMR spectrum for D7-based difunctional alkoxyamine in
CDCls.
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Figure 9.54. TGA traces for a) to i) statistical copolymers of GMA/C13MA (M, = 23.0-32.2 kg mol?, D =

1.56-1.77) and j) GMA homopolymer (M, = 24.1 kg mol™?, = 1.76) in the range of 25 to 600 °C.
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Figure 9.55. TGA traces for a) GMA-grad-C13MA (M, = 35.7 kg mol?, b = 1.79) and b) C13MA-grad-
GMA (M, = 27.6 kg mol?, D = 1.60) block copolymers in the range of 25 to 600 °C.
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SUPPORTING INFORMATION: Development of water-borne coating

formulation

S.1. Cross-linking of coatings

Cross-linking of polymer chains is an important process in coating formation for many applications such
as production of latex paints %%, This process enhances thermal, chemical, physical and dimensional
stability of the coatings and as a consequence, it directly improves the resistance of coatings against cracks,
scratches and stress factors®®®. Two main methods of cross-linking are generally used. The first method is
two-component cross-linking where one of the cross-linking components is added just before application.
The second method is self-cross-linking systems where all cross-linking monomers and crosslinkers are
present in the dispersion. This method is more desirable for industrial applications because latexes with
self-cross-linking properties can be stored or transferred easily and they are not required to be mixed before
the coating process®’.

The properties of coatings change by variation in cross-linking density. The cross-linking density
determines the number of free functional groups in polymer chains and thus the amount of free volume
between the chains, which can be related to the modulus of the material 5% %%°. To make cross-linked
polymers, one or more types of cross-linking monomer should be added to the formulation. These
monomers with functional groups react with cross-linkers. Acetoacetoxyethyl methacrylate (AAEMA) can
be used as a precursor in the polymers of interest in this thesis (Figure S.1)%°. This monomer increases the

adhesion of the coating and in conjunction with polyfunctional amines, provides the cross-linking of water-

)H(O\/\Oj\j\

O

borne coatings®®.

Figure S.1. Molecular structure of AAEMA®Y,

In this study, adipic acid dihydrazide (AAD) was used as the cross-linker. AAD is water-soluble and it can
be added to the final polymer latex before coating. By the evaporation of water and the formation of polymer
film, acylhydrazone bonds will form between polymer chains. Figure S.2 shows a schematic reaction of

AAD and AAEMA monomers in polymer chains. An alternative to this method is the addition of
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acrylamido-based monomers (e.g. diacetone acrylamide) as the cross-linking monomer and adipic acid
dihydrazide as the cross-linker 561 562,

Figure S.2. The schematic reaction of AAEMA monomers in polymer chains with AAD and the formation
of acylhydrazone bonds.

S.2. Film formation of water-borne coatings

The film formation of the latexes can be generally broken down into three steps °%35¢°, A schematic of film

formation is shown in Figure S.3.

Stage [ Stage I1 Stage I11

O 0O
OO0 O

O 000000
O 0" o BREER8E (S

Aquous latex Close-contact  Particle deformation Aging (T>Tg)
particles (T>MFEFT) film formed

Figure S.3. Stages of the film formation for waterborne coatings. Adapted with permission from Royal

Society of Chemistry®®,

In the first stage, polymer particles become more and more concentrated as water evaporates. The
evaporation of water continues, and the particles get very close to each other. In the second stage, the

polymer particles come into irreversible contact and the deformation of particles begins to bind particles
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together and form a compact coating. Finally, in the third stage the water completely evaporates via
remaining interparticle channels and capillary forces and cross-linking bonds push the particles together to
form a completely dry film 557 565.567. 568 Dyring this stage the soft latex becomes a continuous film with
the mechanical properties of the polymer resins®®, The minimum temperature that the coalescence of
polymer particles occurs and when film formation is possible is called the minimum film formation
temperature (MFFT). The measurement of MFFT for polymer latexes is based on the optical method and

the Ty of polymers in particles can directly change the value of MFFT%,

In the following sections, the effect of different polymer compositions, cross-linking density, co-stabilizer,
temperature and relative humidity and the addition of coalescing agents on the film formation were
discussed.

S.3. Preparation of polymer latexes

First, polymer coatings with different IBOMA/POSSMA/C13MA/AAEMA monomer compositions were
synthesized by nitroxide mediated miniemulsion polymerization at 90 °C. Dispolreg 007 alkoxyamine was
used to initiate the polymerization and M target = 45 kg mol™ was considered for the polymerizations. The
reaction time for all the polymerizations was 210 minutes. Table S.1 presents the experimental conditions
and polymer characteristics for each experiment.

Table S.1. water-borne coating formulations prepared by nitroxide mediated

miniemulsion polymerization using Dispolreg 007 at 90 °C.

Initial Composition

Sample M b Ty
name fIBOMA fPOSSMA fClSMA fAAEMA (kg mOI_l) (OC)
F12 0.50 0.20 0.20 0.10 46.5 161 30
F2 0.60 0.10 0.10 0.20 - - -
F3 0.50 0.10 0.20 0.20 54.6 1.60 33
F4 0.50 0.10 0.30 0.10 55 1.65 27
F5 0.60 0.10 0.20 0.10 50.0 1.74 50
F6 0.55 0.10 0.25 0.10 60.2 1.56 33
F7 0.50 0.05 0.25 0.20 49.7 1.88 -
F8 0.49 0.05 0.26 0.20 52.8 1.89 -

a12.5 wbm% toluene was added for F1 formulation to dissolve POSSMA.
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S.4. The effect of the cross-linker ratio on the curing time and film formation

Next, we studied the effect of the AAD content on the film formation. Figure S.4 displays the coating
formation with different cross-linker content. F1 formulation was used as the base polymer latex and AAD
with the ratio of [0:1, 0.5:1 and 2:1 mol/mol AAEMA] were added to the polymer latex before coating on

the wood surface. Based on the results, increasing the AAD content reduced the curing time, while causing

2 mol AAD

Tool AAEMA - This was due to the fast cross-linking inside the

some surface defects for the sample with

coating while water was evaporating and the formation of cracks on the film surface.

AAD:AAEMA Polymer latex

(mol/mol) coating After curing

0:1

0.5:1

24

t=0 t<I15h

Figure S.4. The effect of the cross-linker (AAD) ratio on the film formation for F1 formulation at room
temperature inside a fume hood. Increasing the AAD content reduced the curing time. However, it caused

some surface defects due to the fast drying.
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S.5. The effect of different co-stabilizers

In this experiment, the effect of reactive and unreactive costabilizer on polymer film formation was
investigated. A similar coating formulation (F1) was used for this study and coatings were dried under the
same environmental conditions inside a fume hood at 21 °C. 0.8 wbm% (weight based on monomers) of
co-stabilizers were added to the monomer mixture before the miniemulsion polymerization. C17-MA is a
mixture of alkyl methacrylates with average C17 aliphatic side chains. This monomer can act as a co-
stabilizer in the monomer droplets and react with other monomers during the miniemulsion polymerization.
Therefore, there would not be a residue in the polymer coating after drying and its effect on the mechanical,
thermal and chemical properties of the final coating would be minimized. N-hexadecane is one of the most
common nonreactive costabilizers that can improve the stability of the latex. The Ty and TeecS for coating
samples were presented in Table S.2. Based on the results, Tgand TqecS of coating increases by removing
hexadecane from the system and replacing it with C17-MA. This shows improved hardness and anti-
flammability of the coating containing C17-MA stabilizer. However, the final coating was brittle and white.
It seems that the addition of n-hexadecane helps with the flexibility of resins and formation of a solid and
clear coating. The C17-MA monomers were polymerized with other monomers and they cannot act as the

stabilizer significantly. Figure S.5 shows the difference between the coatings with different costabilizers.

Coating Formulation Co-stabilizer
F1 n-hexadecane
F1 Cl17-MA

Figure S.5. The effect of different costabilizers on the film formation at ambient condition inside a fume
hood. The clear coating was developed using n-hexadecane and the white and brittle coating was developed
using C17-MA as the co-stabilizer. In both cases 0.8 wt% costabilizer based on monomers’ weight was
added.
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S.6. Polymer film formation

The main problem with the first coating formulation (F1 and F1*) was that the coating was not hard enough
and a small amount of toluene was added to dissolve POSS-MA monomers and mix them with other
monomers. Therefore, a low concentration of toluene was present in the final polymer latex and
consequently, in the final coating film. To address this problem, we developed three new formulations (F2,
F3 and F4) by decreasing the amount of POSS-MA monomer and eliminating the toluene as the co-solvent.
Among F2, F3 and F4 formulations, F3 had the best results in term of a clear coating formation. Therefore,
F3 Latex was coated on veneer samples at different relative humidities and temperatures to find the
minimum film formation temperature (MFFT) and humidity required for the coating process. We also
studied the addition of different ratios of cross-linker to the coating to improve its hardness and resistance.
To apply a layer of coating latex on veneer, a blade coating technique was used. The final samples were
placed inside an oven with a temperature controller. First, a sample was prepared at room temperature (19-
21 °C) under the fume hood. Next, we tried different temperature ranges in the oven. At first, by increasing
the temperature, the rate of water evaporation increases and resulted in a higher humidity inside the oven.
It was also shown that, the addition of a small amount of cross-linker improves the coalescence of polymer
particles, which is desired in this study. Figure S.6 shows the coating samples at different temperatures and

relative humidity after curing for 24 h in oven. Based on the results, the temperature of 45-50 °C and the

0.1 molcross—tinker

cross-linker with the ratio of will show the best results in terms of lowest surface defects

1 molgaAEMA monomer

for this coating process inside an oven. Furthermore, the F3 coating formulation had a MFFT = 40 °C.
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AAD:AAEMA T=20+1°C T=30+5°C T=43+5°C T=54+4°C
[mol/mol] H=56+8% H=58+25% H=56+20% H=58+27%

0:1

0.1:1

0.2:1

0.3:1

Figure S.6. The effect of the different cross-linking densities and oven temperatures on the film formation
of F3 water-borne coating formulation. The oven temperature was controlled and no control on humidity

was applied.

To improve the hardness of polymer coatings, the F5 formulation with higher IBOMA concentration in the
copolymer was prepared (Table S.1). F5 coating had a high glass transition temperature of 50 °C. Therefore,
the final coating had a high MFFT and a higher booth temperature was required for the coalescence of
polymer particles and the film formation. To decrease the MFFT and T, F6 coating was prepared by using
a lower IBOMA content compared to F5. The problem with coalescence and the appearance of the cracks
on the samples, prepared at room temperature, was due to the high MFFT of the coating latex. As we
improve the hardness of the coating, the MFFT increases accordingly. Therefore, the samples require higher
booth temperature and a controlled environment to form a hard, glassy and transparent coating. A MFFT
below 40 °C was targeted in this study as it can facilitate the application of the water-borne coatings in an
industrial setting. The coalescence of polymer particles and the appearance of polymer coating formulations
were tested in an oven at 40 °C. The humidity inside the oven was also higher than the fume hood (our

previous studies). The effect of the co-solvent (toluene) on the MFFT and the appearance of the coatings
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was studied by comparing F6 formulation containing toluene (10 wbm%) and without toluene in monomer
mixture. F1* (or F1 (+ 0.8 wbm% C17-MA co-stabilizer)), F1 (+ 0.8 wbm% n-hexadecane co-stabilizer),
F3, F4, F5, F6 (+ 10 wbm% toluene cosolvent) and F6 (without toluene) polymer latexes were used for this
study. Figure S.7 shows the polymer coatings prepared at 40 °C inside an oven.

v TN TN

F6+toluene F6-no toluene

Figure S.7. coating samples prepared at 40 °C in the oven.

The drying time was 3 to 4 days (depends on the coating samples). The high humidity inside the oven
slowed down the water evaporation. For this study, no crosslinker was added to the coating latexes. Based
on the results, F1*, F3 and F6 (without toluene) were hard, transparent and showed a good adhesion to the
wood surface. F3 and F6 (without toluene) did not have any organic solvents. F5 had multiple cracks,
indicating the high glass transition temperature (Tg = 50 °C) and MFFT of the coating. F1, F4 and

F6(+Toluene) had solvent bubbles at 40 °C although F1 and F4 can make a clear coating at room
temperature.

S.7. Thermal properties of polymers

We also studied the thermal properties of the coating formulations and compared them with the previous
results in emulsion and solvent systems. Based on the results, the decomposition temperature of the water-
borne coatings containing POSS monomer are high which shows the successful incorporation of POSS
monomers in coating formulation. This results in the coatings with higher resistant against the elevated

temperatures and may improve the anti-flammability properties of the final coatings (the flame resistance
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of the water-borne coatings should be tested at the industrial partner site). It was also shown that the addition
of POSS nanoparticles may not be necessary for improving the anti-flammability of the water-based
coatings and we can only use 10% POSS-MA monomers to improve the flame resistance. This can be tested
in the next studies. Table S.2 compares the thermal properties of the water-based and solvent-based
coatings.

Table S.2. Thermal properties of some of the coatings prepared in agueous and solvent based systems.

Solid Reaction

H - T Tdec 1 Tdec max Tdec 2 Coatlng
Experiment ID content time or o o o
% (Min) (°C) (°C) (°C) (°C) appearance

Solvent-based coatings

The solvent-based
formulation without - - 60 230 - - Clear/cracks
POSS nanoparticles

The solvent-based
formulation with 20 wt% - - 60 250 - - Clear/cracks
POSS nanoparticles

Water-based coatings

F1 (+ Hexadecane) 24 210 30 222 291 467 Clear/transparent
F1 (+ C17-MA) 24 210 35 236 312 478 White/brittle
F4 24 210 27 233 306 487 Clear/transparent
F5 24 210 50 224 291 475 White/ brittle
F6 24 210 33 231 304 484 Clear/transparent

The film formation of the water-borne coating depends on temperature and relative humidity of the
environment. The change in temperature and humidity can result in changes in the appearance of final
coatings and the formation of cracks or bubbles in the polymer film. This is mainly due to the high MFFT
of the coating formulations and corresponds to high hardness (Tg) of the coating. To preserve the required
hardness and decrease the MFFT, coalescing agents were added to the formulations. However, the hardness
of the final coating decreased, and the surface defects were observed on the final coating layer. To solve
this problem, we will slightly increase the T4 of coatings by changing the formulation and add more

coalescence agents (8-10 wt%) to enhance the film formation process.
S.8. Addition of coalescing agents

Previously, we prepared 2 coating formulations (F7 & F8) with 32% solid content and we applied them on
the wood samples using spray coating method at Safran company. However, these two coating formulations
require high booth temperature (>35 °C) to be above the MFFT (Minimum film formation temperature) for
a clear and hard coating. To decrease the MFFT, coalescing agents such as Texanol or Elevance Unify®

270 (herein termed as Unify) were used. Figure S.8 displays the chemical structures of Texanol and Unify.
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Coalescing agents reduce the Ty during the polymer film formation and they slowly vaporize after the
coating is applied. However, it can adversely affect the initial hardness of coatings.

a) b)

o) /O\ﬂ/\/\/\/\/\/
(0] OH

Figure S.8. chemical structures of a) Texanol b) Elevance Unify 270

Texanol is a conventional coalescence agent, which has been used in many water-borne coatings. Elevance
Unify® 270 is bio-based (75% Bio-renewable carbon content) and biodegradable and it has a boiling point
of 267 °C which makes it a great choice for our formulation. These agents were added during the
polymerization to help with the film formation during the water evaporation and to decrease the MFFT of
the final polymer latexes. Table S.3 presents the F8 and F9 formulations with different amounts of
coalescing agents (weight % based on the monomers). The T4 of F8 and F9 coating formulations was around

33 °C (without coalescing agents).

Table S.3. Experimental conditions and polymer characteristics for F8 and F9 with coalescing agents.

Initial Composition ] M .
P [Unify] [Texanol] " x Solid

Sample name (Kg b content
fisoma frossma fciswa faaema mol Lt mol L? mol) (%) %
F8 + 2% Texanol* 049 0.05 026 0.20 0.03 519 100 1.66 32
F8+3% Unify 049 0.05 026 020 0.047 48.2 100 1.70 32
F8+5% Unify 049 0.05 026 020 0.077 49.1 49 153 32
F8+8% Unify 049 0.05 026 020 0.092 51.2 77 159 32
F9+3% Unify 040 010 030 020 0.037 46.0 100 1.63 24

* F8 formulation containing 2 wt% Texanol coalescing agent based on monomers’ weight.
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+ 8% Unify
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+ 5% Unify

+ 3% Unify

At Room T and relative humidity

+ 2% Texanol

(0.3~0.5 molar ratio of Hardener to cross-linking monomer

Without hardener <

Figure S.9. The effect of coalescing agent and hardener (AAD) on the F8 film formation at room

temperature.

Figure S.9 illustrates the effect of coalescing agent on the F8 film formation. Based on the results, the
samples become clear after the water evaporation, which shows a successful film formation at room
temperature. Also, samples with cross-linker showed a better coagulation and fewer number of cracks.
However, some water pathways and cracks can be observed on the samples. This is due to the water
evaporation in the coatings. As the coating becomes harder and the cross-linking bonds are formed, the
water traps inside the coating and to evaporate and to escape from the film, they will move toward the softer
parts where the coating is not fully developed, and the water evaporates from the formed cracks. To solve
the cracking problem, we developed another formulation (F9) with higher percentage of POSS-MA
monomers (10 mol% compared to 5% in F8 & F7). We previously observed that the addition of POSS-MA
monomers helps with the hardness and the film formation. In addition, the solid content decreased to 24%
to increase the time of film formation. Also, the addition of different amounts of cross-linker was
investigated to see the effect of cross-linker concentration on the crack formation. Figure S.10 presents the

results for F9 polymer latex (All the coating samples were prepared in a fume hood at room temperature
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(21 °C). Based on the results, it can be concluded that increasing the amount of POSS-MA improved the
film formation. Furthermore, increasing the concentration of cross-linker improves the coalescence of

particles.

0 mol AAD - 0.1 mol AAD 4 0.3 mol AAD 1 0.5 mol AAD
1 mol AAEMA 1 mol AAEMA 1 mol AAEMA 1 mol AAEMA

Figure S.10. F9 coating samples with different ratios of AAD based on initial AAEMA content. The
samples had 3 % Unify coalescing agent and were coated at room temperature in a fume hood.

S.9. Impact test results

To test the hardness and impact resistance of coating formulations, the polymer coatings were subjected to
a falling weight (total mass = 2 1b) using an Elcometer 1615 hardness tester. The impact results (Table S.4)
were approximately the same for water-borne formulations and impact results were lower than samples

prepared in toluene.

Table S.4. Impact results for polymer coatings (water-borne coatings and epoxy-based coating) compared

to the previous formulations.

Sample Name Height (cm) Impact Reference
energy (mJ)
F1* 3 270 This study
F1 3 270 This study
F3 4 360 This study
F4 4 360 This study
F6+toluene 3 270 This study
F6-No toluene 3 270 This study
Organic solvent-based formulation 6 530 569
Safran’s varnish (Hentzen product) 16 1420 569
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* The final thickness of coatings after drying was 0.3 to 0.6 mm. The weight of the falling weight for impact test was 2 Ib (0.907

kg).

S.10. Adhesion test

The pull-off adhesion tests were performed on coating samples using a dolly, attached to the polymer

coating on the wood surface. The results for the adhesion test are listed in Table S.5. It was shown that

increasing the solid content from 24 wt% to 35 wt% (increasing the surfactant concentration from 2 wt%

to 5 wt% based on monomers’ weight) reduced the pull-off strength by 31 psi. In general, the pull of strength

was in the range of 182-264 psi, which is lower than Hentzen product (pull-off strength = 890 psi). To

improve the adhesion, one method is to use insulators (silane coupling agents) on the wood surface before

applying the water-borne coatings. Using insulators, the penetration of polymer coatings to wood surface

increases.
Table S.5. Adhesion of the F3 and F6 water-borne coatings to the wood surface.
Formulation M, (kg mol~1) D Amount of cross- Pull-Off
linker (—=lAAD - Strength
1 mol AAEMA H
(psi)**
F3-35%S* 50.8 1.67 0.5 200
F3-35%S 50.8 1.67 0.3 182
F3 54.6 1.60 0.5 231
F3 54.6 1.60 0 264
F6 60.2 1.56 0 231

* F3 formulation with 35% solid content (5 wbm% surfactant + 0.8 wbm% co-stabilizer)
**Without applying insulator
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