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Farnesene is a bio-based terpene monomer that is similar in structure to commercially used dienes
like butadiene and isoprene. Nitroxide-mediated polymerization (NMP) is adept for the
polymerization of dienes, but not particularly effective at controlling the polymerization of
methacrylates using commercial nitroxides. In this study, farnesene (Far) was statistically
copolymerized with a functional methacrylate, glycidyl methacrylate (GMA), by NMP using N-
succinimidyl modified commercial BlocBuilder® initiator (NHS-BB). Reactivity ratios were
determined to be 7rar = 0.54 £ 0.04 and roma = 0.24 £ 0.02. The ability of the poly(Far-stat-GMA)
chains to re-initiate for chain extension with styrene showed a clear shift in molecular weight and
monomodal distribution. Copolymerizations using a new alkoxyamine, Dispolreg 007 (D7), was
explored as it was shown to homopolymerize methacrylates , but not yet reported for statistical
copolymerizations. Bimodal molecular weight distributions were observed when an equimolar
ratio of Far and GMA was copolymerized with D7 due to slow decomposition of the initiator, but
chain-ends were active as shown by successful chain-extension with styrene. Both NHS-BB and
D7 initiators were used to synthesize poly[Far-b-(GMA-stat-Far)] and poly(Far-b-GMA) diblock
copolymers. While the NHS-BB initiated polymer chains had lower dispersity, D7 exhibited more

linear polymerization kinetics and maintained more active chain-ends.
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1. Introduction

Dienes (e.g. butadiene and isoprene) are industrially important monomers in making
rubbery materials for applications like gasket and automotive parts, gloves and footwear, sealants,
impact modifiers, and asphalt modifiers.['*) Poly(butadiene) and poly(isoprene) have low glass
transition temperatures (7,) of -100 and -70°C, respectively, and are copolymerized with
monomers or blended with thermoplastic resins based on styrene and/or acrylonitrile to impart
viscoelastic properties to the material.[*8] Styrene-butadiene rubber (SBR) and acrylonitrile-
butadiene rubber (NBR) are typically synthesized industrially by emulsion conventional radical

5,19 10

polymerization using redox catalysts or free radical initiator I but there are also cases of

living/controlled radical polymerization (LRP/CRP) of SBR and NBR that provide polymers with

12]

controlled architectures.'" Styrene-butadiene (SBS) and styrene-isoprene (SIS) block

copolymers have long been commercialized too, such as the Kraton™ family of thermoplastic
elastomers, which are made by anionic polymerization.!'> 4]

While many industrial applications use free radical polymerization, controlled radical
polymerization precisely controls the molecular architecture of polymer chains, therefore making
homopolymers, diblock and triblock copolymers with narrow molecular weight distributions and
low dispersity.['*) Tonic polymerization is a truly “living” method, but it is intolerant to functional
monomers and impurities.'®) Controlled radical polymerization, more properly defined as
reversible deactivation radical polymerization (RDRP), is a newer, more versatile technique in
controlling the polymerization of free radicals. It utilizes activation-deactivation equilibrium or
reversible chain transfer to suppress irreversible termination such that the propagating radical is

[17

primarily in its dormant state.l'”) Amongst the several types of RDRP, atom transfer radical

polymerization (ATRP)!32% and reversible addition-fragmentation transfer (RAFT)?!%] can
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polymerize a wide variety of functional monomers like vinyl esters and (meth)acrylates. This study
will focus on nitroxide-mediated polymerization (NMP) as it is particularly adept for
polymerization of styrene-diene systems.[+2°!

NMP is able to polymerize functionalized styrene and acrylate monomers successfully,?”!
however it is limited in its ability to maintain active-chain ends in the polymerization of
methacrylates.!?® 2° It was discovered that the rate of dissociation (k4) is very large because of
steric stabilization of the propagating methacrylate radical, and the rate of combination (k) is very
low due to steric hindrance provided by the bulky SGl-nitroxide (N-tert-butyl-N-[1-
diethylphosphono-(2,2-dimethylpropyl)] nitroxide). Consequently, the activation-deactivation
equilibrium (Keq = ka/ke) is high, resulting in termination by disproportionation.*”) To overcome
this, small amounts of controlling comonomer like styrene or acrylonitrile can be added to
effectively lower Keq.1*> 3! Furthermore, the SG1-based nitroxide, BlocBuilder®, can be modified
with an N-succinimidyl ester group (NHS-BB) to better control the polymerization of
methacrylates,??! and successful polymerization of various methacrylates was done using SG1-
nitroxides with 5-10 mol% of styrene.!**3!

Several alternative initiators have been investigated for the homopolymerization of
methacrylates as well. 2,2-Diphenyl-3-phenylimino-2,3-dihydroindol-1-yloxyl nitroxide
(DPAIO) based alkoxyamine was able to homopolymerize methyl methacrylate (MMA) to high
conversion with low dispersity, but was not able to polymerize acrylates or styrene in ensuing
chain-extensions.[*® An N-phenylalkoxyamine initiator (N-(1-methyl-(1-(4-
nitrophenoxy)carbonyl) ethoxy)-N-(1-methyl-(1-(4-nitrophenoxy)carbonyl)ethyl)benzenamine)
was also able to homopolymerize MMA but only to low conversion (X<50%).°7! More recently, a

new class of alkoxyamines was developed that is able to homopolymerize methacrylates without
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using controlling comonomer in solution and miniemulsion polymerization.*¥4% This new
alkoxyamine, 3-(((2-cyanopropan-2-yl)oxy)(cyclohexyl)amino)-2,2-dimethyl-3-
phenylpropanenitrile, which the authors have named Dispolreg 007 (D7), has a higher k., therefore
exhibiting better control of the polymerization of methacrylates with minimal irreversible
termination and successful chain-extension with n-butyl acrylate.

It is advantageous to incorporate methacrylates into poly(diene) materials because
methacrylates can have a broad range of T,s — e.g. poly(isobornyl methacrylate) has Ty ~190°CH*!]
and poly(glycidyl methacrylate) has a T of 80°C, while poly(butyl methacrylate) has T, = 20°C.[*?!
Additionally, many methacrylates possess functional groups which can be incorporated into such
hybrid materials. For example, they can act as compatibilizers for polymer blending. Glycidyl
methacrylate (GMA) has been used to functionalize polymers (either by peroxide grafting or by a
priori copolymerization) which can then be used to compatibilize immiscible polymer blends by
grafting or reactive extrusion, where the epoxy group of GMA reacts with the carboxyl or hydroxyl
groups of the immiscible polymer to form an in situ copolymer prevent phase separation.*3-4"]

Moreover, there is increasing interest in replacing petroleum-derived monomers with
renewable sources. Terpene-based monomers such as myrcene and farnesene have emerged as one
possible source providing an alternative to traditionally petroleum-derived butadiene and isoprene
monomers (Schematic 1). Myrcene and farnesene are both found in nature, but can also be
produced by pyrolysis of B-pinene*® and microbial pathways from glucose,*” respectively.
Although, there are new bio-based pathways to synthesize butadiene and isoprene, *-*Y myrcene
and farnesene are made up of multiple isoprene units, which can provide different rheological
properties. It was shown that bottlebrush polymers with densely packed, long side-chains improve

elastic properties. °!: > Furthermore, myrcene and farnesene are non-volatile compounds so they



WILEY-VCH

can be polymerized in atmospheric conditions without using pressurized vessels as would be

necessary for isoprene or butadiene.
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Schematic 1. Chemical structures of a) 1,3-butadiene, b) isoprene, ¢) myrcene, and d) farnesene.

Myrcene has been copolymerized with monomers typically used for thermoplastics like o.-

[53

methyl-p-methylstyrene!®* and poly(lactic acid)®* by anionic polymerization, and more recently

23361 Farnesene has been homopolymerized by

copolymerized with GMA and styrene by NMP.!
ionic polymerization,'®”) but polymerization by RDRP has not yet been reported. This study
investigates nitroxide-mediated polymerization of bio-based farnesene with incorporation of
functional GMA. The homopolymerization of farnesene (Far) and copolymerization with GMA
using NHS-BB were done to determine reactivity ratios and hence expected microstructure. The
ability of the D7 to control the copolymerization of Far and GMA was also examined, and the
kinetics were thoroughly discussed and contrasted with SG1-nitroxides. Poly(Far-b-GMA) diblock
copolymers were made using both NHS-BB and D7, and discussions regarding the important
parameters governing microstructural control (eg. molecular weight versus conversion, dispersity,

and chain-end fidelity) were compared.

2. Experimental Section
2.1. Materials

Trans-B-farnesene, known as Biofene® (Far, >95%) was obtained from Amyris. Glycidyl
methacrylate (GMA, 97%) and styrene (St, >99%) monomers were purchased from Millipore

Sigma. Monomers were purified using 1.0 g of aluminum oxide (basic Al,Os, activated,
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Brockmann I) and 0.05 g calcium hydride (CaHz, >90%) per 50 mL of monomer, which were used
as  purchased from  Millipore Sigma. 2-([tert-Butyl[1-(diethoxy-phosphoryl)-2,2-
dimethylpropyl]amino]oxy)-2-methylpropionic acid or BlocBuilder® was purchased from
Arkema and modified with an N-succinimidyl ester group following a method used in literature to
synthesize 2-methyl-2-[ N-tert-butyl-N-(1-diethoxyphosphoryl-2,2-dimethylpropyl)-aminoxy]-/N-
propionyloxysuccinimide or NHS-BlocBuilder (NHS-BB).®  3-(((2-Cyanopropan-2-
yl)oxy)(cyclohexyl)amino)-2,2-dimethyl-3-phenylpropanenitrile, Dispolreg 007, (D7) was
synthesized according to the method described by Ballard et al.*®! Toluene (>99%), methanol
(MeOH, >99%), and tetrahydrofuran (THF, 99.9% HPLC grade) were obtained from Fisher
Scientific and used as received. Deuterated chloroform (CDCls, 99.9% D) was purchased from
Cambridge Isotope Laboratories, USA and used as received.

2.2. Methods
2.2.1. Synthesis of poly(Far-stat-GMA) copolymers

Statistical copolymers of Far and GMA were synthesized via nitroxide-mediated
polymerization using NHS-BB and D7 initiators. Experiments for various molar ratios of Far and
GMA were done in bulk and the amount of initiator was calculated based on a target molecular
weight of 30,000 g mol!. See Table S.1 for quantities of initiator and monomers for Far/GMA
copolymerizations. Reaction mixtures were prepared in a 10 mL three-neck round-bottom flask,
stirred, and bubbled with N> for 30 minutes. They were heated up to reaction temperature on a
heating mantle with N> bubbling on top to ensure an oxygen-free environment with continuous
stirring throughout the reaction. Samples were taken at various time points using a 1 mL syringe
for conversion and molecular weight analysis. Polymers were purified by precipitation using

methanol and dried in the vacuum oven at room temperature overnight.
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2.2.2. Chain-extension of poly(Far-stat-GMA) macroinitiators

Several poly(Far-stat-GMA) macroinitiators were used for chain-extension: Far-rich and
GMA -rich macroinitiators — both synthesized using NHS-BB, and equimolar poly(Far-stat-GMA)
synthesized using D7. The syntheses of the macroinitiators were described previously for
Far/GMA random copolymers. After purification, the macroinitiators were dissolved in toluene
and 3:1 mass ratio of styrene to macroinitiator was added to the solution (50 wt% monomer in
toluene). The reaction mixture was bubbled with N> for 30 minutes and remained under N>
atmosphere throughout the reaction with stirring. The chain-extension reaction was done at 110°C
and samples were taken at various time points using a 1 mL syringe for conversion and molecular
weight analysis. The final polymer was precipitated again using methanol and dried in the vacuum
oven at room temperature overnight.
2.2.3. Synthesis of poly(Far-b-GMA) block copolymers

Block copolymers were made by first synthesizing the Far homopolymer block using NHS-
BB or D7 initiators in bulk at 120°C. The polymerization was typically stopped at a conversion of
<50% to ensure high chain-end fidelity for chain-extension. The polymer was purified by
precipitation in methanol and dried in a vacuum oven at room temperature overnight. The
poly(Far) macroinitiator was dissolved in toluene and chain-extended with GMA or monomer
mixture of 90 mol% GMA and 10 mol% Far (50 wt% monomer in toluene) at 110°C. Reaction
mixtures were bubbled with N» for 30 minutes and remained under N> atmosphere throughout the
reaction with stirring. Samples were taken using a 1 mL syringe for conversion and molecular
weight analysis. The final polymer was precipitated again using methanol and dried in the vacuum
oven at room temperature overnight.

2.2.4. Polymer Characterization
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Overall monomer conversion was determined by proton nuclear magnetic resonance (‘H
NMR, 16 scans) using a Varian/Agilent 500 MHz spectrometer. All NMR samples were prepared
in deuterated chloroform (CDCl3). Homopolymerization of Far was mostly by 1,4 addition with
~3 mol% of 1,2 addition as seen in Figure S.1 in Supporting Information. The conversion of Far
(Xrar) was calculated using Equation 1 and 45 is the area of proton peak integration. The Far
monomer proton at 6 = 6.4 ppm and the two singlets (three methyl groups, 9H) at 6 = 1.65 ppm
are used to determine Xrar. Conversion of GMA (Xoma) was calculated using Equation 2 using
the two vinyl GMA monomer protons at & = 6.2 and 5.6 ppm, and the peaks at & = 4.4, 3.9, 2.8,
2.6 ppm, which include both monomer and polymer protons each. The overall conversion (X) for
copolymerization of Far and GMA calculated using Equation 3 is an average of the two monomer
conversions based on the initial monomer compositions (fraro and foma,). See Figure S.2 in

Supporting Information for the NMR spectra of Far/GMA copolymerization.

A
Xpar =1 Ai6s (1)
9
Ago T Ase
Xema=1-— 2
Agat+Aso+Ayg+ 46 2)
4

X = fraroXrar + fomaoXoma 3)

Monomer conversion of styrene (Xsi) for chain-extension of poly(Far-ran-GMA)
macroinitiators were determined by '"H NMR as shown in Figure S.3. The vinyl protons of styrene
are at § = 5.3 and 5.8 ppm. For the conversion calculation, the vinyl proton at & = 5.8 ppm is set
to an normalized area of 1. Because the chain-extension reactions were done in toluene, the

aromatic protons of toluene and styrene overlap in the d = 7 — 7.5 ppm region and the polymer
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protons are also in the range of = 6 — 7.5 ppm. Therefore, the singlet at & = 2.4 ppm (toluene
methyl group, 3H) is accounted for and subtracted from the total number of protons contributed

by toluene and styrene (6 = 6.8 ppm, 1H) to determine the conversion as shown in Equation 4.

Asg ';As.s
Xse =1~—
A 4
(A6_7.6—1—%X5) ( )
5

Number average molecular weight (M,) and dispersity (D = Mw/M,) of polymer samples
were measured using gel permeation chromatography (GPC, Water Breeze) with HPLC grade
tetrahydrofuran (THF) as an eluent at a flow rate of 0.3 mL min™!. The GPC has three Waters
Styragel HR columns (HR1 with a molecular weight measurement range of 10° to 5 x 10° g mol’
!, HR2 with a molecular weight measurement range of 5 x 10> to 2 x 10* g mol™!, and HR4 with a
molecular weight measurement range of 5 x 10° to 6 x 10° g mol!), a guard column, and a
refractive index (RI 2414) detector. The columns were heated to 40°C during analysis. The
molecular weights were determined relative to poly(methyl methacrylate) (PMMA) calibration
standards from Varian Inc. (ranging from 875 to 1,677,000 g mol'). The reported molecular
weights are all relative to the PMMA standards and not adjusted with Mark-Houwink parameters.

3. Results and Discussion
3.1. Statistical copolymerization of Far/GMA using NHS-BlocBuilder
The homopolymerization of methacrylates by NMP is generally done at 90-100°C due to

the slow rate of recombination (k.) between the nitroxide and methacrylate radical and fast

28,29, 311 L ower temperature is ideal for limiting the formation of inactive

propagation rate (kp).l
chain-ends by irreversible termination. However, the homopolymerization of Far is much slower

in comparison, and showed signs of chain-transfer below 120°C. The statistical copolymerizations

of Far and GMA were all done at 120°C initially at 7 different monomer compositions (frar,0 = 0.1-

9
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0.9) in bulk using NHS-BB. In GMA-rich compositions (frar, 0 = 0.1 and 0.2), the conversion vs.
time and the number average molecular weight (M,) vs. conversion plots were not linear, and
dispersity was high (P>1.6) as shown in Figure S.4 and Figure S.5. This indicated the
polymerizations were not well-controlled by the nitroxide, and polymer chains were not
propagating after a certain conversion because the chain-ends were no longer active. The increase
in dispersity was further indication that the chains have irreversibly terminated.

The GMA-rich copolymerizations were repeated at 90°C, and were much more controlled
than at 120°C. As seen in Figure la, the conversion vs. time plots for the GMA-rich
copolymerizations at 90°C show a linear correlation with reaction time. The GMA-rich
polymerizations at high conversion (~80%) became very viscous and accelerated the reaction,
therefore the last conversion data did not follow the linear trend and was not included in Figure
1a. However, the Mn vs. Conversion plots in Figure 2a including the high conversion data points
were linear. The more Far-rich copolymerizations done at 120°C are shown in Figure 1b and also
show linear correlations. The linearity of these copolymerizations show that the majority of the
polymer chains remained active throughout the reaction even to higher conversions, as the solid

trend line was extended to the end of the reactions.
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Figure 1. Linearized conversion as a function of reaction time for the random copolymerizations
of Far/GMA at various Far compositions at a) 90 and b) 120°C in bulk using NHS-BB.

10
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Molecular weight of the Far/GMA copolymerizations increased linearly with conversion as well,

as shown in Figure 2. At90°Cthe-experimental Mq-was-slightly-above-the-theoretical Mu—which
could-be-due-toreducedinitiatorefficiencyatalowertemperature: The fast increase in D in Figure
3a suggests low initiator efficiency as the initial high B means not all chains were initiated at the
same time. The final dispersity at frro = 0.1 and 90°C in Figure 3a was quite high (~1.8) likely
due to the high viscosity at the end of the reaction leading to irreversible termination. At 120°C,
the M, values were all very close to the theoretical M, values with the exception for frar, 0 = 0.3,
where the growth of polymer chains slightly deviated from linearity. However, looking at the D
values in Figure 3b, the highest D was ~1.5. Linear increase in molecular weight and low b
suggest that most chains have active chain-ends and are growing simultaneously at a controlled

rate.

11
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Figure 2. Number averaged molecular weight (M;) as a function of conversion for random
copolymerizations of Far/GMA at various Far compositions at a) 90 and b) 120°C in bulk using
NHS-BB. The solid lines represent the theoretical molecular weight calculated from the
conversion based on a target molecular weight of 30,000 g mol .
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Figure 3. Dispersity (D) as a function of overall conversion for random copolymerization of
Far/GMA at various Far compositions in bulk at a) 90 and b) 120°C using NHS-BB.
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A limitation of NMP is that the homopolymerization of methacrylates using SG1-based
initiators requires 5-10 mol% of controlling comonomer to maintain high chain-end fidelity.> 3*
35591 Styrene is most commonly used as a controlling comonomer because it effectively lowers the
activation-deactivation equilibrium (<K>) of the nitroxide by penultimate effects.®”) In these
statistical Far/GMA copolymerizations, it seems that Far can act as a controlling comonomer for
the homopolymerization of GMA by adding 10 mol% of Far at 90°C, similar to isoprene when
randomly copolymerized with methacrylates by NMP.[%!l However, further decreasing to 5 mol%
farnesene, the Far/GMA copolymerization resulted in a high fraction of dead chains and high
dispersity (~1.8).

The apparent rate constant of Far/GMA copolymerization by NMP is proportional to
<ky><K>, which is the product of the average propagation rate coefficient and average activation-
deactivation equilibrium constant for Far and GMA. From the slopes of the linearized conversion
vs. time plots in Figure 1, <k,><K> values can be determined from the theoretical expression for

the activation-deactivation equilibrium expression shown in Equation 5, where Cj is initial

concentration of alkoxyamine initiator and [N]o is initial concentration of free nitroxide. [*!]

1
d(In(s—
(n(;t_X)):<kp><K>[1\C/§0 (5)

The concentration of nitroxide can only be assumed to remain constant at low conversion,
[N]o = [NV], because of possible irreversible termination of the nitroxide in the latter stages of the
polymerization. Therefore, the <kp><K> values were calculated from the slope determined at
X<60%. Furthermore, there was no excess free nitroxide added, so Co/[N]o = 1. The <kp><K>
values at different initial Far monomer fraction is shown in Figure 4 and it is evident that the rate

of Far/GMA copolymerization was slowed down by increasing Far content. The <kp><K> values

13
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were also found to significantly decrease when isoprene and myrcene were copolymerized with

55, 61

methacrylates.>> ®!] Because <k,><K> is a lumped term, the decrease in value can indicate a

decrease in the averaged copolymerization propagation rate <k,> and/or a decrease in the
activation-deactivation equilibrium constant <K> depending on the terminal radical unit (Far or

GMA).
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Figure 4. Average <k,><K> as a function of initial Far monomer fraction for Far/GMA
statistical copolymerizations using NHS-BB at 120°C in bulk. The error bars represent 95%

confidence intervals.

3.2. Reactivity ratios of Far/GMA statistical copolymerization

Culminating all the statistical copolymerizations of Far and GMA at different monomer
compositions at 120°C, a Mayo-Lewis plot was made as shown in Figure 5. The Mayo-Lewis
equation (Equation 6) correlates instantaneous copolymer composition (Fj) as a function of
comonomer feed composition (f;) to infer the relative reactivity ratios (r;) of species i.[?! This
assumes the terminal model, meaning the reactivity of the propagating radical is only dependent
on the terminal radical unit. If the reactivity ratios are at unity (1 = 72 = 1), it indicates that the
propagating radical is equally likely to add on the same monomer as the propagating radical

(homopropagation) or the other monomer (cross-propagation).

F o= nfi + fifz
! nfE+ 2fif; + 1o f

(6)

14
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Figure 5. Mayo-Lewis plot for random copolymerization of farnesene and GMA 1n bulk at 120
and 90°C using NHS-BB. The dashed line is the Mayo-Lewis curve calculated using relative
reactivity ratios rrar = 0.54 and rgma = 0.24. The solid line represents the relative reactivity ratios
at unity.

The relative reactivity ratios of Far/GMA copolymerization were estimated by fitting the
Frar vs. fraro data at 120°C using the Mayo-Lewis equation in MATLAB. The reactivity ratios were
determined with 95% confidence intervals to be rrar = 0.54 = 0.04 and rgma = 0.24 £ 0.02. The
cumulative polymer compositions were measured at low conversion (X<15%) (See Table S.2) to
apply the Mayo-Lewis equation. Both reactivity ratios are <I, therefore both Far and GMA have
higher cross-propagation rate coefficients than homopropagation. However, 7rar is about two times
higher than rgma, so Far is slightly more preferentially incorporated into the copolymer. The
Mayo-Lewis curve has an azeotrope at fra0~0.62 and both ratios are <I, so the polymer
composition is essentially random. Three data points from the 90°C experiments were included in
the Mayo-Lewis plot as well. They were close to the estimated Mayo-Lewis curve determined at
120°C, which suggests that reactivity ratios were not greatly affected by temperature.

Other diene/GMA statistical copolymerizations like isoprene/GMA and myrcene/GMA
have similar reactivity ratios estimated assuming the terminal model and are summarized in Table

1. Interestingly, as the terpene monomer side chains get longer, their reactivity ratios relative to

15
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GMA increase. In other words, their homopropagation rate coefficients increase relative to cross-
propagation. Myrcene/GMA have almost identical reactivity ratios, and isoprene is less reactive
than GMA, whereas farnesene is more reactive than GMA. However, looking at the diene/MMA
systems, dienes are consistently more reactive than MMA.

Table 1. Summary of reactivity ratios for butadiene (BD)/MMA, isoprene (IP)/MMA, myrcene
(Myr)/MMA, IP/GMA, Myr/GMA, and Far/GMA copolymerizations

Fdiene ama
BD/MMAT®3] 0.75+0.05 0.25+0.03
IP/MMAE4] 0.78+0.13 04+01
Myr/MMALES] 0.44 0.27
Idiene I'ema
IP/GMAL“2 0.119 + 0.048 0.248 £ 0.161
Myr/GMAI5S] 0.49+0.13 0.50+0.13
Far/lGMA 0.54 + 0.04 0.25+0.02

In copolymerizations of St/GMA and St/MMA, it was concluded that GMA was more
preferentially incorporated relative to alkyl methacrylates like MMA due to polarity of the epoxy
ester.! The polar ester decreases electron density of the double bond, therefore increasing the
incorporation of functional methacrylate, which was also observed in the copolymerization of St
and 2-hydroxyethyl methacrylate (HEMA).[®”) Nonetheless, all the diene/GMA systems have
reactivity ratios <l, so these copolymers are random in composition which indicates the
functionality in GMA is well-distributed throughout the polymer chain. The statistical
copolymerization of Far/GMA using NHS-BB gave insight regarding composition of the polymer
chains, chain-end moiety (Far in Far-rich compositions, and GMA in GMA-rich compositions),
and would allow us to compare it to copolymerization with the new alkoxyamine (D7) later.

3.3. Chain-extension of poly(Far-stat-GMA) copolymers

16



WILEY-VCH

To investigate whether the poly(Far-stat-GMA) copolymers made with NHS-BB have
active chain-ends, they were chain-extended with styrene at 110°C in 50 wt% toluene. Two
different macroinitiators were synthesized, GMA-rich and Far-rich, to compare the ability for the
macroinitiators of different compositions to be re-initiated for polymerization. The compositions
and properties of the macroinitiators are summarized in Table 2. The GMA-rich and Far-rich
macroinitiators were synthesized with initial monomer fractions frar,o = 0.2 and 0.8, respectively.
After polymerization at X<60%, the actual polymer compositions were Fr.r = 0.24 and 0.74,
respectively.

Table 2. GMA- and Far-rich macroinitiators synthesized in bulk at 120°C using NHS-BB.

Macro-initiator frar, 0 foma, o X (%) M. (kg/mol) b Frar Foma
GMA-rich 0.2 0.8 58.2 23.0 1.63 0.24 0.76
Far-rich 0.8 0.2 56.9 19.2 1.33 0.74 0.26

The P of GMA-rich macroinitiator was fairly high (1.63), because it was synthesized at
120°C and polymerization of GMA 1is not as well-controlled at high temperatures. After 60 mins
of chain-extension, the molecular weight did not increase very much in the next hour and the b
increased to 1.77 as seen in Table S.3. The high D suggests a significant fraction of the polymer
chains were terminated and could not continue to polymerize. This was expected as the GMA-rich
macroinitiator started with a high B, with some of the chains already dead, but it was still able to
chain-extend showing some pseudo-livingness.

The Far-rich macroinitiator had a lower D of 1.33, as anticipated, because Far-rich
copolymerizations had much better control with the majority of the chains remaining active. The

chain-extension reaction with styrene also increased linearly after 2 hours, while the B remained
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low with a final D of 1.34 shown in Table S.4. Far-rich macroinitiators were mostly active and
chain-extended successfully due to high chain-end fidelity.

The molecular weight distributions for the chain-extension reactions are shown in Figure
6 and there was a clear shift/increase in molecular weight for both GMA- and Far-rich
macroinitiators. Both sets of GPC traces showed a small low molecular weight tail, indicating
some macroinitiator chains did not chain-extend. Nonetheless, both macroinitiators were re-
initiated to a high level and continued to polymerize with styrene showing effective chain-

extension with significant amount of active chain-ends.
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Figure 6. GPC traces of chain-extension reactions of a) GMA-rich and b) Far-rich
macroinitiators with styrene in 50 wt% toluene at 110°C.

3.4. Statistical copolymerization of Far/GMA using Dispolreg 007

Nitroxide-mediated polymerization of methacrylates using conventional BlocBuilder or
NHS-BlocBuilder is improved by adding a small portion of controlling comonomer,?® ¢! and
recently a new class of alkoxyamines was developed via a readily scalable process that was able
to homopolymerize methacrylates by NMP.840 One alkoxyamine in particular, Dispolreg 007
(D7), showed good control over the polymerization of methyl methacrylate with a fast rate of

[38

polymerization, and can be easily synthesized from readily available reagents.*® The chemical

structures of the two initiators in this study are shown in Schematic 2. D7 has a higher k. because
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the steric hindrance provided by the ters-butyl and dimethyl groups on the nitroxide of NHS-BB
is replaced with the cyclohexyl and benzyl groups on D7. This new alkoxyamine has not yet been
reported for the copolymerization of methacrylates with other types of monomers, therefore it was

directly applied to this study for the copolymerization of Far and GMA.

Schematic 2. Chemical structures of a) NHS-modified BlocBuilder (NHS-BB) and b) D7
alkoxyamine.

Copolymerization of equimolar Far and GMA was done using D7 as the alkoxyamine
initiator in bulk at 120 and 90°C. The GPC traces of the copolymers synthesized using D7 at both
temperatures showed a hint of a shoulder in the molecular weight distribution (MWD) (Figure 7),
and increased the D as a result (Figure 8). Especially at 120°C, the b and M, were initially high,
indicating slow decomposition of the alkoxyamine, which is consistent with literature.***%1 As the
polymerization progressed, new chains continue to be initiated slowly until the chain lengths
approached the theoretical M, and consequently D decreased.[®® In previous studies, the slow
decomposition was suppressed by increasing the temperature, however, the dispersity at 120°C
was higher than at 90°C. It is likely that the temperature was too high at 120°C for the

polymerization to remain well-controlled, creating more dead chains.
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Figure 7. GPC traces of 50/50 molar ratio of Far/GMA random copolymerizations in bulk using
D7 ata) 120 and b) 90°C.
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Figure 8. Number average molecular weights (Mn) and dispersity (D) plotted as a function of

conversion for 50/50 molar ratio of Far/GMA random copolymerizations with D7 in bulk at a)

120 and b) 90°C. The solid line is the theoretical M, calculated from the conversion based on a
target molecular weight of 30,000 g mol™.

Despite the slow decomposition, homopolymerization of methyl methacrylate and n-butyl
methacrylate using D7 did not result in a shoulder in the MWD, only increasing the D.% 4%
Furthermore, irreversible termination of chains in copolymerizations of Far and GMA using NHS-

BB in GMA-rich compositions broadened the molecular weight distribution and created a low
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molecular weight tail, but not a shoulder. The Far/GMA copolymers synthesized using D7 had
more of a shoulder at 90°C than at 120°C, so the apparent shoulder in the MWD is not due to
irreversible termination, which should be more prominent at higher temperatures. The shoulder in
the MWD (or bimodal distribution) suggests there are two populations of polymer chains that are
distinctly different in chain length, which was not seen in homopolymerizations using D7 or
copolymerizations using NHS-BB.

In Figure 9, the MWD for 50/50 Far/GMA copolymer is overlaid with the MWDs of Far
and GMA homopolymers all synthesized using D7 at 90°C. The shoulder of the copolymer
matches the peak of the Far homopolymer, and the taller peak of the copolymer matches the peak
of the GMA homopolymer. This seems to suggest that the two populations of polymer chains are

different in length and in composition, where the shorter chains are Far-rich and the longer chains

are GMA-rich.
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Figure 9. GPC traces of 50/50 molar ratio of Far/GMA random copolymer, farnesene
homopolymer, and GMA homopolymer at 90°C in bulk using D7.
In a study investigating nitroxide-mediated copolymerization, copolymer composition was
found to deviate from the terminal model largely due to asymmetry of the copolymerization
parameters. This is especially evident before the activation-deactivation equilibrium (quasi-

equilibrium condition or QEC) is established. [**! The rate at which the QEC is established relative
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to cross-propagation is important to consider in all types of RDRP including ATRP!® 7! and
RAFT polymerization.[*!

The Far and GMA reactivity ratios obtained earlier, using NHS-BB initiator and assuming
a terminal model, were rrar = 0.54 and roma = 0.24, which means the cross-propagation coefficients
are two and four times higher than the homopropagation coefficients for Far and GMA,
respectively. Furthermore, the rate of decomposition for D7 (kavoc=0.001 s™) is much slower than
BlocBuilder (kasoc = 0.046 s1).1*8] The slow rate of decomposition limits the source of radicals,
which delays the rate at which QEC is established. Before QEC is established, the radical
populations are predetermined by the cross-propagation kinetics.[®”) Because D7 has a slow rate of
decomposition and both Far and GMA tend to cross-propagate, these Far/GMA copolymers
synthesized using D7 do not have good chain-to-chain compositional homogeneity.

The averaged propagation rate coefficient for isoprene and GMA copolymerization was
slowed down significantly compared to the homopolymerization of GMA by free radical
polymerization (k,"° = 42 L mol™! s at foma0 = 0.24 vs. kpama = 600 L mol™! s! at 25°C).1"3)
Propagation coefficients were not obtained for Far/GMA, but as seen previously the <kp><K>
values decreased significantly by increasing Far monomer composition. This suggests that the
homopropagation of Far is much slower than GMA, and Far is slightly more prone to
homopropagation than GMA according to their reactivity ratios.

Therefore, several factors can be used to rationalize the bimodal distribution of the
Far/GMA copolymers with D7. Far monomers were initiated, and when they did homopropagate,
they grew very slowly into short, Far-rich chains. GMA monomers were also initiated, and
although they did not homopropagate as much, the homopropagation was very fast and grew into

long, GMA-rich chains. Both of these populations were established pre-QEC, and continued to
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polymerize in a controlled fashion once the nitroxide population has stabilized. The bimodal
distribution could also be due to a difference in initiation rate for Far and GMA monomers and/or
a large difference in equilibrium constants for Far and GMA propagating radicals (Krar and Kgma).
However, further kinetic studies will need to be done to verify these justifications.

Nonetheless, poly(Far-stat--GMA) copolymer made with D7 was successfully chain-
extended with styrene at 110°C in 50 wt% toluene. This further indicates the shorter chains were
not formed due to irreversible termination, because they were re-initiated and continued to
polymerize with styrene. In fact, the dispersity decreased from 2.07 initially to 1.80 after three
hours, as M, increased from 19 to 30 kg mol™. It is evident from the GPC traces in Figure 10 that

the shoulder eventually disappeared, and the B became lower.
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Figure 10. GPC traces for chain-extension of 50/50 molar ratio of Far/GMA macroinitiator using
D7 with styrene in 50 wt% toluene at 110°C

3.5. Block copolymers using NHS-BlocBuilder vs. D7

CRP is well-known to tightly control chain-to-chain composition and molecular structure
of polymer chains. Styrene-b-acrylic acid (PS-b-PAA) block copolymers were made by NMP with
precisely controlled dispersity and block lengths to use as stabilizers in emulsion
polymerization.[’* Although it was also shown that these surfactants do not require low dispersity

to create a stable emulsions.!”> Therefore, the synthesis of Far-b-GMA diblock copolymers was
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investigated using both NHS-BB and D7 initiators. First, the Far homopolymer block was
synthesized using NHS-BB in bulk at 120°C, and the Far-NHS macroinitiator was used for two
different chain-extension reactions with GMA. Another Far homopolymer macroinitiator was
synthesized using D7 (Far-D7) in the same conditions for chain-extension with GMA. The
properties of the two poly(Far) macroinitiators are summarized in Table 3. The
homopolymerization of Far using NHS-BB was well-controlled as seen in Figure S.6 resulting in
a low D of 1.17. The homopolymerization of Far using D7 also showed linear chain growth with
conversion as seen in Figure S.7, but is higher in D and molecular weight due to the slow initiation
of D7.

Table 3. Summary of poly(Far) macroinitiators using NHS-BB and D7 synthesized in bulk at

120°C.
Macroinitiator X (%) M, (g/mol) b
Far-NHS 38 9100 1.17
Far-D7 45 18900 1.60

Far-NHS was first chain-extended with GMA without any controlling comonomer at
110°C in 50 wt% toluene. The polymerization rate was fast and molecular weight increased
quickly after 90 minutes. When Far-NHS was chain-extended with GMA and 10 mol% Far (acting
controlling comonomer), the final D is slightly lower than without Far, suggesting less irreversible
termination. The dispersity of the Far-NHS chain-extensions with and without Far are 1.50 and
1.80 (Table 4), respectively, so adding 10 mol% Far did aid in controlling the polymerization of
GMA. The GPC traces for both chain-extensions of Far-NHS in Figure 11 show that most chains

were able to re-initiate and continued to polymerize throughout the reaction.
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Figure 11. GPC traces of Far-NHS macroinitiator chain-extension with a) GMA and b) 10 mol%
Far and 90 mol% GMA in 50 wt% toluene at 110°C.

A poly(Far) macroinitiator was synthesized with D7 initiator to examine whether it would

also chain-extend with GMA. Similarly, it was done in 50 wt% toluene at 110°C. Looking at the

GPC traces in Figure 12, the majority of the chains did chain-extend as seen by the shift in the

MWDs. There is a more evident high molecular weight tail compared to the chain-extensions using

Far-NHS macroinitiator resulting in a very high final DB of 3.07 as seen in Table 4. The dispersity

of Far-D7 was high to begin with because of the slow initiation of D7, however, it seems the re-

initiation of Far-D7 macroinitiator is also slow therefore further increasing the dispersity.

1.6

= = = = 10 min

20 min

Figure 12. GPC traces of Far-D7 macroinitiator chain-extension with GMA in 50 wt% toluene at

90°C.
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Table 4. Chain-extension of poly(Far) macroinitiators to make Far-b-GMA diblock copolymers.
Cumulative polymer composition (Frar and Fgma) were determined by '"H NMR.

Macroinitiator fraro foma,o M, (g/mol) b Frar Foma
Far-NHS 0 1 48100 1.80 0.38 0.62
Far-NHS 0.1 0.9 35100 1.50 0.63 0.37

Far-D7 0 1 44756 3.07 0.35 0.65

It may appear that chain-extension using D7 resulted in less active chain-ends because of
the high final B compared to chain-extensions done with NHS-BB. However, looking at the
increase of molecular weight with conversion in Figure 13, the chain-extensions of Far-NHS
deviated more from linearity than chain-extension of Far-D7. With Far-NHS, molecular weight
did not increase as linearly, indicating some degree of irreversible termination, whereas Far-D7
increased linearly in molecular weight meaning most of the chains continued to polymerize.
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Figure 13. Molecular weight (M;) and dispersity (D) vs. conversion plots for chain-extension of
a) Far-NHS with GMA with and without 10 mol% Far, and b) chain-extension of Far-D7 with
GMA at 110°C and 50 wt% toluene.
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The new alkoxyamine, D7, was designed to better control the polymerization of
methacrylates. In the chain-extension of Far-D7, it did exhibit better control over the
polymerization of GMA as most chain-ends remained active. The chain-extensions done with
NHS-BB was not as well-controlled and adding 10 mol% of Far improved the chain-extension
with GMA slightly. The diblock Far-b-GMA copolymers made with D7 vary greatly in chain
length for the respective Far and GMA blocks as shown by the high D. However, the polymer
chains have distinct homogeneous blocks of Far and GMA while maintaining active chain-ends
for perhaps another chain-extension, which is an advantage over NHS-BB.

4. Conclusion

The bio-based monomer, farnesene, was successfully statistically copolymerized with
epoxy-functional GMA by nitroxide-mediated polymerization. Although conventional SG1-based
initiators are known to not control the polymerization of methacrylates well, statistical
copolymerization of Far/GMA with NHS-BB showed that Far can act as a controlling comonomer
at 10 mol% and 90°C. Furthermore, the low conversion data of Far/GMA copolymerizations were
used to determine reactivity ratios (7rar = 0.54 £ 0.04 and rgma = 0.24 + 0.02) indicating the
copolymers were essentially random in composition similar to isoprene/GMA and myrcene/GMA.
The Far/GMA copolymers had active chain-ends as shown by successful chain-extension,
although Far-rich macroinitiators exhibited better control than GMA-rich macroinitiators.

The statistical copolymerization using NHS-BB provided a good basis for assessment of
the new alkoxyamine, D7, which was shown to improve homopolymerization of methacrylates but
not yet used in copolymerizations. The resulting Far/GMA copolymers synthesized with D7 had
bimodal molecular weight distributions due to the slow decomposition of the initiator and

asymmetry of the cross-propagation kinetics, which resulted in high dispersity but active chain-
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ends. Synthesis of diblock poly(Far-b-GMA) and poly[Far-b-(GMA-stat-Far)] copolymers using
NHS-BB and poly(Far-6-GMA) using D7 were compared. Chain-extension of Far-NHS with
GMA was better controlled with 10 mol% Far added, but chain-extension of Far-D7 with only
GMA had more active chain-ends. However, the slow initiation of D7 was still apparent in the
chain-extension with GMA resulting in high dispersity. This study showed that Far can be
polymerized by NMP for the first time, and copolymerization (statistical and block) with a
functionalized GMA was done with both NHS-BB and D7, however, the copolymerization kinetics

of the new alkoxyamine needs to be further investigated.
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