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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 aqueous 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 relatively short time (2 hours).
IBOMA/C13MA statistical copolymerizations yielded copolymers with tunable glass transition
temperature (Tg) prepared in emulsion (-52 °C < Ty <123 °C) and in organic solvent (-40 °C < T,
<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 D = 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.

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!'=.

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)% 7,
reversible addition-fragmentation chain transfer (RAFT) polymerization® ° and atom transfer

radical polymerization (ATRP)> !% ! has been offered as one possibility. The main characteristics

of all CRP methods include relatively narrow molecular weight 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 & 1315, In 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'> ', 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 "> 121727 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.?* *° 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 1(a) shows the chemical structure of BB) &332 The
polymerization of methacrylates using BB is problematic because of the high
activation/deactivation equilibrium constant (K) of methacrylates and the cross-disproportionation

effect 335, 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**3’, acrylonitrile (AN)*®3°, 9-(4-vinylbenzyl)-9H-

40. 41 or other styrenic derivatives***. As a result, the average K, (K), of the

carbazole
polymerization decreases and control is enhanced, accordingly®*. Synthesizing an alkoxyamine
applicable for a wide range of monomers, with low dispersity, low reaction temperature and active

chain ends has always been challenging**’. Recently, Ballard et al. 4>

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*®*°. This initiator is used in our study to control the polymerization.

Figure 1(b) depicts the chemical formula of the Dispolreg 007 alkoxyamine.

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 2®. 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®% 33

4 55-57 58-60

NMP of methacrylates has been done in suspension®, emulsion®>®’, miniemulsion and
microemulsion®" 2, 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 >, 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 2% 61 6668 Miniemulsion techniques have been cited with many advantages®-’!.
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'®: 7276,

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 77 In organic solvents, NMP, RAFT and
ATRP methods have been used with bio-based monomers 8%, Recently, Noppalit ez 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®®)

89, 90

and contains a bulky bicyclic group to afford high thermal stability resulting in a high glass

transition temperature (T; ~ 110~200 °C)°!*** and can be copolymerized with other monomers to
improve heat resistance %%, C13MA is obtained from plant oils and provides flexibility to
resins due to its long aliphatic side-chain °’. The low Tg of poly(C13MA) (-46 °C) is attractive for

copolymerization with other monomers to impart flexibility to coatings and thermoplastic

91, 98-101

elastomers, for example . RDRP in emulsion of bio-based monomers was reported via

RAFT, in which Genggeng et al.'® studied the RAFT emulsion polymerization of renewably-



sourced 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 2.

a) > b)

Figure 1. Chemical structures of (a) BlocBuilder™ (b) Dispolreg 007 alkoxyamines.
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Figure 2. NMP scheme describing the statistical copolymer of IBOMA and C13MA monomers

by NMP with the Dispolreg 007 alkoxyamine initiator.
EXPERIMENTAL SECTION
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).
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
10> — 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 CDCIl; 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.

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 (1) for all the emulsion samples:

Mprecipitated Mgoluti
X = b p . Msolution , 100 (1)
Msample Mgolute

where X is the monomer conversion (%); Myyecipitatea 1S the mass of the sample after the drying
and precipitation process; Mgampe 18 the mass of sample before drying (the samples were directly
taken from the latex); mgyte €quals the sum of the masses of the monomers, surfactant,
costabilizer and initiator in the latex; and Mgy tion 1S the overall mass of the prepared latex. (In

this study, % = 4). To determine the conversion via 'H NMR results, Equation (2) was used:
solute

X = Xipomafiomao + Xcizmafcizmao (2)

where Xigoma and Xcqi3ma are the individual conversions of IBOMA and C13MA monomers,

respectively while figoma o and fcisma 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 (Tq).
Differential scanning calorimetry (DSC, Q2000TM from TA Instruments) was performed under
nitrogen to obtain the glass transition temperature (T; ) 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, WI, USA) and Ni-filtered CuKa radiation tube was used for this study. The voltage was
40 kV and the current was 40 mA. The results were collected with a step of 0.02° and 0.5
seconds/step in the range of 20 = 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-S00N 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 V'®. 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
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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.

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, CI3MA 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.
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To stop the reactions, the reactor was removed from heating mantle and cooled down to room

temperature.
Chain-Extension of Poly(IBOMA) Macroinitiator with C13MA

To check the chain end fidelity of polymer chains, chain-extension of poly(IBOMA)
macroinitiators were conducted using a second batch of CI3MA 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!, D = 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), CI3MA (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, arger = 40 kg mol™! were used for the chain-
extension reaction. The polymerization continued for 3 hours to synthesize block copolymer of
IBOMA and CI3MA. Finally, the reaction was stopped, and the polymer was precipitated in

methanol (X=55%, M, = 37.1 kg mol™!, D =1.93, Fzoms = 0.22).
Miniemulsion Polymerization of IBOMA and C13MA Using Dispolreg 007 Initiator

Miniemulsions were prepared based on the formulation in Table 1. The M, wree: 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 '%1% N-hexadecane was added as the costabilizer to the miniemulsion system to

12



inhibit Ostwald ripening and improve the colloidal stability of latex '°7. N-Hexadecane is also
biodegradable and it can be extracted from sustainable bio-sources such as long pepper!'%® 1% 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-A11B. 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, 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 reaction for

measurement of molecular weight, conversion and particle size.

Table 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)
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Alkoxyamine (Dispolreg 007) 0.005 M

DOWFAX™ 839() 2 wbm%
n-Hexadecane 0.8 wbm%
Water 75 wt%

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 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 C13MA and IBOMA in miniemulsion

system.

Table 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™ 8390 5 wbm%
n-Hexadecane 1 wbm%
Water 89 wt%
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RESULTS AND DISCUSSION

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 CI13MA was carried out in
toluene using Dispolreg 007 initiator without using any controlling comonomers. Table 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 3. Summary of experiments for nitroxide-mediated copolymerization of IBOMA/CI13MA
mixtures in toluene solvent using Dispolreg 007 initiator.

Experiment ID Reaction M fina1 € X4 [Dispolreg 007] [IBOMA]o [C13MA]Jo D¢ T¢
time (kgmol™) (%) M) M) M) (°C)
(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 13.9 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
IBOMAS80/C13MA20-S? 120 23.6 76.3 0.018 1.559 0.390 1.56 100
IBOMA60/C13MA40-S 120 25.0 78.3 0.018 1.110 0.740 1.54 100
IBOMAS0/C13MAS50-S 120 26.1 69.9 0.018 0.902 0.902 1.61 100
IBOMA40/C13MA60-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 (M,) and dispersity
(D) were reported from GPC relative to PMMA standards in THF at 40 °C. The target number-average molecular weight M, . for all the polymerization
in toluene was 25 kg mol™'. ¢ Overall monomer conversion measured by 'H NMR. ¢ The reaction temperature units (°C).
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Poly(IBOMA-stat-C13MA) Solution Copolymerization by NMP

IBOMA/C13MA mixtures, with initial IBOMA molar feed compositions fizorms = 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 3 presents the experimental conditions for this series
of syntheses. As Figure 3 indicates, the semi-logarithmic kinetic plots with time was 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 3. In addition, the values
of the apparent rate constant kp[P°] (kp = 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®’. The P of samples shown in Figure 3(b) was in the
range of 1.19 < P < 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
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Figure 3. NMP to produce poly(IBOMA-stat-C13MA) copolymers using Dispolreg 007 initiator
in toluene (50 wt%) at 100 °C and M, reer = 25 kg mol™!. (a) Semi-logarithmic kinetic plots of
In[(1-X)'] (X= monomer conversion) versus reaction time (b) The evolution of M, and P with
conversion (X). IBOMA100-S-100C (filled circles, ®); IBOMA8SO/C13MA20-S (filled triangles,
A); IBOMAG60/CI3MA40-S (filled diamonds, ¢); IBOMAS0/C13MAS50-S (gray circles, ®);
IBOMA40/C13MAG60-S (gray triangles, A); IBOMA30/C13MA70-S (gray diamonds, ¢);
IBOMA20/C13MAS80-S (open circles, ©); IBOMA10/C13MA90-S (open triangles, A);

C13MA100-S-100C (open diamonds, ).

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
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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 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''2. The commercial software MATLAB R2016a was used to solve

the Mayo-Lewis equation'!*:

2

F _ TigomafiBomao + fisomaofciaman (3)
IBOMA =

TIBOMAfIZBOMA,o + 2fc13maofiBomano + rIBOMA,OfTZDMA,O

The statistical fit yielded reactivity ratios rpoms = 0.89 + 0.13 and rci3m4 = 1.80 + 0.21, suggesting
the CI3MA monomer is slightly more reactive than IBOMA towards both propagating species (—
IBOMA" and —C13MA”"). The Mayo-Lewis plot (Figure 4) indicates that poly(IBOMA-stat-
C13MA) formed instantaneously by solution copolymerization was always slightly richer in
C13MA 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 CI3MA 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
riva = 0.84 £ 0.10 and rams = 1.22 + 0.14''% while using conventional free radical polymerization
in toluene at 70 °C for the same monomers resulted in 7ams = 1.12 £ 0.01 and 7744 = 1.19 £ 0.01'13,

In another study, the reactivity ratios of IBOMA and tetrahydrofurfuryl methacrylate (THFMA)
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from photo copolymerization experiments were 7oma = 0.47 £ 0.10 and rrurua = 2.51 £ 0.35'°,

For the ATRP of IBOMA with 4-methoxybenzyl methacrylate (MBMA) at 100 °C in bulk, the

reactivity ratios were rzzou4 = 0.89 £ 0.01 and rupsua = 0.64 £ 0.01 17,

IBOMA

Figure 4. Mayo-Lewis plot of copolymer composition with respect to IBOMA molar fraction at
low conversion or instantaneous composition (Fzom4,;) versus initial IBOMA feed composition
(fiBoma = fiBoma,0). The open circles represent the experimental data and the dashed line shows the
trend line. The straight line is associated with the azeotropic composition (Fzoma = fisom4). The
copolymerization was performed at 100 °C using Dispolreg 007 initiator in 50 wt% toluene.

Fisoma,iof copolymers is available in Table S1 in Supplementary Information.

Chain-Extension of Poly(IBOMA) Macroinitiator with C13MA

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 CI3MA. The
formulation and kinetic data of chain-extensions are available in Table 4. The poly(IBOMA)

macroinitiator was prepared at 100 °C (X = 25%, M, = 13.5 kg mol and D = 1.47). Then, the
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macroinitiator was mixed with CI3MA and the chain-extension reaction continued for 180
minutes at the same temperature. The GPC chromatograms of the chain-extension are presented in
Figure 5. Accordingly, a clear, monomodal shift of M, toward higher molecular weight was
observed, indicating nearly simultaneous growth of all chains. The increased D 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 S2 (Supplementary Information) after
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® 7% 73,

Table 4. Chain-extension of IBOMA macroinitiator with C13MA in 50 w% toluene at 100 °C for 3

hours and molecular characterization of the resulting chain-extended product.

A. Macroinitiator

Experiment ID Xa [Dispolreg] [IBOMA] [Toluene] (M) MyP M, theo® Db Timed

(%) M) M) (kg mol™) (kg mol™) (min)
Poly(IBOMA)- 25 0.020 2212 5.409 13.6 25 1.47 90
macroinitiator

B. Formulation and Characterization of Chain-Extension
Experiment ID [Macroinitiator] X“ Figoma® [Toluene] M, [CI3MA] M theo! Db Timed
M) (%) M) (kg mol) (mmol) (kg mol?) (min)
Poly(IBOMA-b- 0.009 55 0.22 5.385 37.1 1.389 40 1.93 180
C13MA)

“ Overall monomer conversion measured by 'H NMR. ” The final number average molecular weight (,) and dispersity (P) 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.’ The target number average molecular weight for the whole block copolymer
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30min

Macroinitiator 7 2 hr

dwt/d(log M)

Figure 5. GPC traces for chain-extension of poly(IBOMA) macroinitiator (M, = 13.6 kg mol ™' and
D = 1.47) with CI3MA. 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 D = 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.

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 °* '8, Accordingly, the amount of DOWFAXT™ 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 ?°!?*, The miniemulsion polymerization

was conducted by adding 2 wt% Dowfax™ 8390 relative to monomer as the surfactant and 0.8
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wt% hexadecane relative to monomer as the costabilizer. The highly hydrophobic monomers of

IBOMA and specifically CI3MA 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, wreer of 45 kg mol™! was

considered for all the polymerizations. Figure 6 graphically displays the system used for this study.

Table 5 lists all the studies for the miniemulsion polymerization of monomer feeds with different

ratios of IBOMA/C13MA using Dispolreg 007 initiator.

Polymer Particles

250~550 nm
ol Qil-soluble Initiator @
400~750 nm Surfactant
Stabilizer ——

Figure 6. The schematic of nitroxide-mediated miniemulsion polymerization using oil-soluble

Dispolreg 007 initiator.

Table 5. Summary of experiments for nitroxide-mediated miniemulsion polymerization of
IBOMA/C13MA copolymerization.

Experiment ID M finat® X (%) [Dispolreg [IBOMA]Jo [C13MA]o D? T D¢
(kg mol!) 007]o M) M) °C)  (nm)
M)

IBOMA100 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 57.8 834 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
IBOMAG60/C13MA40 56.2 92.4 0.005 0.592 0.395 1.63 90 291
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IBOMAS50/C13MAS0 50.8 87.8 0.005 0.483 0.483 1.72 90 327

IBOMA40/C13MA60 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/C13MAS80 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

CI3MA100 48.9 733 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 (M,) and dispersity (P) were measured by GPC with PMMA standards in THF at 40 °C. The target
number average molecular weight (M, wre) 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 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 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
48,124 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 M, fina = 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 ** ¥, The molecular weight distributions were somewhat broad (P <
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In((1-X))

1.64) but comparable with the 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 (P < 1.57), while still remaining colloidally stable. Therefore, ensuing binary

copolymerizations in emulsion were done using these conditions.

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 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 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 7. The miniemulsion polymerization of different ratios of IBOMA/C13MA using
Dispolreg 007 initiator (a) Semi-logarithmic kinetic plots of In[(1-X)!] (Y= monomer conversion)
versus reaction time (b) Number average molecular weight M, and dispersity D versus conversion
(X). IBOMAI100 (filled circles, e); IBOMA90/C13MAI10 (filled triangles, A);
IBOMASO/C13MA20 (filled diamonds, ¢); IBOMA70/C13MA30 (filled squares, m);
IBOMAG60O/C13MA40 (gray circles, e); IBOMAS0/C13MAS0 (gray triangles, A);
IBOMA40/C13MA60 (gray diamonds, ¢); IBOMA30/CI3MA70 (gray squares, m);
IBOMA20/C13MAS8O0 (open circles, o©); IBOMA10/C13MA90 (open triangles, A); CI3MA100

(open diamonds, ).

Based on the results shown in Figure 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 7(b), the reactions with higher initial concentrations of C13MA 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 CI3MA 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
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100 and 90 °C, respectively), the variation of particle sizes for different reactions in emulsion and
also higher M, iar¢e: for emulsions compared to the toluene-based system (M, warger,emuision = 45 kg
mol! versus M, wrgetiomene = 25 kg mol™). Final D for miniemulsion homopolymerization of
IBOMA and CI3MA was Dpopasoms) = 1.50 and Bpopcrizmy = 1.55, respectively. For all the
copolymers of IBOMA and C13MA studied in the emulsion system, the final & was in the range
of 1.62 < P < 1.72 (Figure 7(b)). This showed that the final dispersity of emulsion samples was
slightly higher than the final P of samples prepared in toluene (1.50 < P < 1.61), considering that
the M, wareer 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 23 %4,

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>* 3%, First, the effect of temperature on
the particle size was studied by NMP of IBOMA in emulsion and the results are presented in Figure
S4 (a). Asshown in Figure S4 (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 the coagulation of monomer droplets or
polymer particles®®. Figure S4 (b) illustrates the evolution of particle size during the course of each

polymerization for different initial molar ratios of IBOMA:CI13MA. The particle size during the
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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 CI3MA homopolymerization in emulsion had slightly larger
particle sizes compared to those with some IBOMA. The general decreases in particle size as
C13MA composition increased shows the effect of the long-chain n-alkyl group in the CI3MA
monomers which can act as a costabilizer in the monomer particles, preventing diffusional
degradation and improving the colloidal stability '>-'?7, It is 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.

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 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 8). This is in contrast to the solution
polymerization shown in Figure 5 which indicates some tailing. There are several differences and
it is difficult to compare the chaine 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 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 X [Dispolreg [C13MA]o M,? M,y heo © (kg mol™) D? t< (min) D¢
(%) 0070 (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 ID X4 Fisoma’ M,? [IBOMA]o Db t< (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

ng("C) Tg,lg (OC) Tg,2g (OC) Tdec,lh (OC) Tdec‘maxh (OC) Tdec,2h (OC)

Poly(C13MA- 27 32 76 220 282 470
grad-IBOMA)
“ Overall monomer conversion measured gravimetrically. * The final number average molecular weight (1) 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). / Molar fraction of IBOMA in Poly(C13MA-grad-IBOMA)
determined by 'H NMR in CDCls. ¢ Ty, (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™". # Tyec,1 (T10% or onset of decomposition), Tacemax (temperature at which highest weight loss occurs) and Tyec (end of
decomposition) measured by TGA under nitrogen atmosphere at a ramp rate of 15 °C min™'.

1.8

15

log M

Figure 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 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 6(C). The first glass transition temperature (Tg 1) and melting

temperature (Tm) corresponds to the soft C13MA block and the higher glass transition temperature
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(Tg2) corresponds to the block of IBOMA-rich composition. The C13MA monomer used in this
study is a mixture of methacrylic 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. Tws for poly(dodecyl methacrylate) and poly(tetradecyl methacrylate) are -34 °C and -2 °C
respectively)’! 12812 The inclusion of these monomers in C13MA likely cause the appearance of
melting for the poly(C13MA-grad-IBOMA). Note that the higher T, corresponding to the

IBOMA-rich segment is lower than the T of poly(IBOMA) homopolymer from literature (Tg =

110~200 °C)°'*** since there is likely some C13MA copolymerized in the former, resulting in a
depression of the Tg. Still, the presence of multiple Tgs show the gradient polymerization of
C13MA and IBOMA was sufficiently effective in producing compositionally distinctive blocks
long enough to result in microphase separation'?®. The DSC trace for poly(C13MA-grad-IBOMA)

is depicted in Figure S5 (see Supplementary Information).
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 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 %17 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 Tg. The Ty and T were also measured by
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DSC and the results are available in Table 7. The Fox equation was used to calculate the theoretical
T, for the resins'®!. For a polymer consisting of a mixture of different monomers, Tgmeo can be

estimated from the following equation:

Ziw (1-7822) = 0 @

Tgi

where w; is mass fraction of component i in polymer resin, Tg meo is the theoretical glass transition
temperature of the resin and Tg; is the glass transition temperature of pure homopolymer of
component i. TgBoma and Tgc13ma were chosen from the experimental data presented in this study
for each system. The resulting Tgmeos for polymers with different ratio of IBOMA and C13MA

monomers are listed in Table 7.

DSC indicates a single T, 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 T,
of IBOMA-based resins’> . The 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 Tg in both systems which agrees with literature for
poly(methacrylate)s with long linear aliphatic carbon chains!?® '3, Figure 9 illustrates the Ty heos
and Tgs of IBOMA/CI3MA copolymers prepared in two different systems (solution and
emulsion). The Tes 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 **137. Some n-hexadecane molecules may present after the precipitation of polymer

138

samples in methanol as it is insoluble in methanol at room temperature °°. As mentioned in the
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previous section, the existence of melting points for samples with high concentrations of C13MA
in miniemulsion polymerization can be due to the presence of long chain methacrylic esters (e.g.
CI12MA or C14MA). However, the copolymers obtained from emulsions with higher
concentrations of IBOMA monomers are amorphous and do not have melting points (see Figure

S6 in Supplementary Information for lack of crystallinity in IBOMA-rich copolymers).

Table 7. Results for thermal characterization of IBOMA/CI3MA copolymers made in
homogeneous organic solvent solution and emulsion systems

Solution system (polymers made in 50 wt% toluene)

. Tma Tga Tg,theob Tdec,lc /o Tdec,ZC d Mne (kg
Experiment ID °C) °C) °C) ©C) Tdec.max“(°C) C) FiBomaA' mol!)
IBOMA100-S-100C - 169 169 278 339 478 1 16.5
C13MA100-S-110C -18 -31 -31 221 306 463 0 20.0
IBOMAS0/C13MA20-S - 69 98 232 317 476 0.80 23.6
IBOMAG60/C13MA40-S - 33 50 215 336 472 0.58 25.0
IBOMAS0/C13MAS50-S - 12 31 225 314 476 0.48 26.1
IBOMA40/C13MA60-S - 15 15 217 308 478 0.32 24.1
IBOMA30/C13MA70-S - 2 2 186 291 461 0.24 26.5
IBOMA20/C13MAS80-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 ID (;f(rjn) (;,ré) Tg,theo (OC) Tdec,1 (OC) T dec,max (OC) Tdec2 (OC) Fisoma Zyn’;g(lf
IBOMAT100 - 110 110 240 307 466 1 42.2
IBOMA100-83C - 123 - 195 320 472 1 393
IBOMA100-100C - 117 - 208 311 480 1 335
IBOMA90/C13MA10 - 81 82 235 323 470 0.9 53.9
IBOMAS0/C13MA20 - 33 58 208 324 464 0.78 57.8
IBOMA70/C13MA30 - 30 39 216 335 486 0.68 46.8
IBOMA60/C13MA40 - 18 22 206 337 470 0.59 56.2
IBOMAS0/C13MAS0 - -10 7 211 309 482 0.52 50.8
IBOMA40/C13MA60 - -18 -6 224 310 501 0.38 64.2
IBOMA30/C13MA70 - -17 -17 207 313 469 0.29 67.9
IBOMA20/C13MAS80 -33 -52 -27 217 305 503 0.18 63.8
IBOMA10/C13MA90 -26 -42 -36 223 290 466 0.10 61.1
C13MA100 -19 -44 -44 174 296 468 0 48.9

“ T (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. ¢ Tec.1 (T1o
or onset of decomposition), Tgecmax (temperature at which highest weight loss occurs) and Tgec» (end of decomposition) measured by TGA under
nitrogen atmosphere at a ramp rate of 15 °C min™'. ¢ Molar fraction of IBOMA in copolymers determined by 'H NMR in CDCl;. ° The final
number average molecular weight (M,) was estimated using GPC with PMMA standards at 40 °C in THF.
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Figure 9. Evolution of Ty with weight fraction of IBOMA. The solid black line represents the
Tgmeo 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 T, for IBOMA/CI13MA 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.
Tensile Results for Poly(IBOMA-b-C13MA) and Poly(C13MA-grad-IBOMA)

To study the effect of the CI3MA 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 10
illustrated the stress-strain curves for Poly(IBOMA-b-C13MA) (Fisoma = 0.22, M, = 37.1 kg mol’
L, D = 1.93) and poly(C13MA-grad-IBOMA) (Fisoma = 0.51, M, = 54.0 kg mol, D = 1.65)

samples at room temperature. The strain at break for poly(C13MA-grad-IBOMA) sample made
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from miniemulsion polymerization was significantly lower than the poly(IBOMA-H-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 incorporation into
the copolymer increased the T, 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 CI3MA 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 10. Stress-strain curves for poly(IBOMA-b-C13MA) (Fisoma = 0.22) and poly(C13MA-

grad-IBOMA) (Fisoma = 0.51) samples at room temperature.
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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-H-C13MA)
(FiBoma = 0.22, prepared in toluene) and poly(C13MA-grad-IBOMA) (Fisoma = 0.51, prepared in
emulsion)) (Figure 11). Additionally, IBOMA20/C13MAS80, IBOMAS0/C13MAS50 and
IBOMAS8O0/C13MAZ20 statistical copolymers prepared by miniemulsion NMP were also examined
(Figure S7, Supplementary Information). All the samples from the emulsion system were dried
and precipitated in methanol and dried again before the test. Figure 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 > Tg. This temperature can be used as an initial point to process the copolymers in the
melt. The results at different temperatures were presented in Supplementary Information (Figure
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 (Topt). 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'#%-14,
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.
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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 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 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 y'* for the IBOMA/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, ¥N = 10.5 and our cN < 10.5

which suggests our block copolymers are in a disordered state!*.
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Figure 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.

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 <P < 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, wreer, sSuggesting 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
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are possible in the emulsion system. The thermal studies showed that the addition of IBOMA in
the polymer resins increases the T, 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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