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Abstract

Novel block copolymers were synthesized for the first time via nitroxide-mediated polymerization
(NMP) using ethylene glycol dicylopentenyl methacrylate (EGDEMA), which has a pendent
double bond in the norbornene group, and farnesene (Far), a terpene-based diene. Homo
poly(EGDEMA)) was synthesized successfully using Dispolreg 007 initiator without any co-
monomer as typically required of NMP, and the macroinitiator was chain-extended with Far
making poly(EGDEMA-b-Far) diblock copolymers. Due to the relatively low glass transition
temperature (7,) of poly(EGDEMA), the methacrylate block was also copolymerized statistically
with isobornyl methacrylate (iBOMA) to add stiffness, then chain-extended with Far.
Additionally, the pendent double bond of EGDEMA allowed for thiol-ene clicking of POSS units
for further functionalization of these block copolymers. However, the conjugation efficiency of
the thermally initiated thiol-ene clicking was low and resulted in low POSS incorporation (1.6 —
10 mol%), especially for block copolymers that included iBOMA due to its increased stiffness and
steric hindrance. Nonetheless, the added POSS improved the thermal stability by minimizing the
degradation of the 1,4-addition Far units, as well as the degradation of isobornyl units of iBOMA.
The mechanical strength was also increased as POSS units reinforced the physical crosslinks of
these block copolymers as shown by an increase in linear viscoelastic regions. Distinct 7ys were
observed for the respective elastomeric poly(Far) block (~-70°C) and thermoplastic block (30°C
for poly(EGDEMA) and 110°C for poly(EGDEMA-co-iBOMA)), therefore suggesting
microphase separation. An increase in 7y was also observed in all polymers with added POSS,
further confirming the added stiffness provided by POSS. These poly(EGDEMA-b-Far) and
poly(EGDEMA-co-iBOMA-b-Far) show great versatility as alternative TPE materials, with
improved mechanical and thermal properties added by functionalization of POSS.
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1 Introduction

Thermoplastic elastomers (TPEs) are very industrially relevant as they exhibit rubbery properties
at usage temperatures but can still be processed at high temperatures like thermoplastics. Unlike
vulcanized or chemically crosslinked elastomers (i.e. thermosets), TPEs are made of hard
thermoplastics with high glass transition temperatures (7 above ambient temperature) that act as
physical crosslinks and soft elastomers serving as a matrix with low 7 [ 1]. Due to the immiscibility
of the respective polymers, these polymers undergo phase separation, which is important for
providing mechanical strength in the material. Some TPEs are made of a blend of polymers that
are melt-mixed and cured to ensure interfacial bonding, such as ethylene-propylene rubber and
polypropylene (PP), ethylene-propylene-diene terpolymer and PP, or poly(styrene-b-(ethylene-co-
butadiene)-b-styrene) (SEBS) and PP [2-4]. In the latter case, SEBS itself is a TPE being a block
copolymer that is a partially hydrogenated version of poly(styrene-b-butadiene-b-styrene) (SBS)
[5, 6]. Block or grafted copolymers differ from melt-blended copolymers as they are synthesized
by more sophisticated methods like living polymerization and therefore do not require post-
polymerization blending [7]. Furthermore, melt-blended polymers exhibit macrophase separation,
as opposed to block copolymers which exhibit microphase separation and can lead to various
morphologies of the dispersed domains such as spheres, cylinders, or lamellae [1].



As mentioned, SBS and SEBS are typically synthesized via living polymerization. Living, or more
specifically, ionic polymerization applies the ionic nature of the active polymerization site and can
produce polymers with precise molecular architecture, like block copolymers, with low dispersity
[8, 9]. However, this method requires stringent conditions (i.e. no impurities, absence of water)
and is intolerant to functional monomers, thereby necessitating the use of protecting groups in
some cases. Reversible deactivation radical polymerization (RDRP) employs the simplicity of
radical polymerization, but it is also able to make block copolymers with low dispersity via the
persistent radical effect (PRE) or reversible chain transfer [10]. In this method, the active
polymerization site is a radical that is suppressed with a radical deactivator or chain transfer agent
in an equilibrium such that irreversible termination is suppressed. In addition, RDRP is able to
polymerize a wide variety of functional monomers derived from (meth)acrylates, styrenics, and
(meth)acrylamides, not only in bulk or solution, but in aqueous dispersions, as well [11].

There are three main types of RDRP: nitroxide-mediated polymerization (NMP), atom transfer
radical polymerization (ATRP), and reversible addition-fragmentation transfer (RAFT)
polymerization. ATRP uses a metallic catalyst that reversibly abstracts a halogen atom which
allows for polymerization to occur and it is suited for many monomers except for dienes [12]. It
was not until very recently that copper-mediated ATRP with the proper ligands and conditions
proved to be successful for polymerization of butadiene and isoprene [13, 14]. RAFT typically
uses a dithioester chain transfer agent to control the polymerization of many monomers including
dienes, vinyl esters, and methacrylates [15, 16]. NMP uses a nitroxide to deactivate the radical
active centre in polymerization [17]. It was first used to polymerize styrene and then successfully
used to synthesize SBS and demonstrated that NMP was a viable alternative to ionic
polymerization to produce TPEs [18].

Common TPEs are made of poly(olefins) as one of the block components, which are byproducts
of crude oil. Recently, it has become apparent that movement towards bio-sourced materials is
important towards lessening the impact on the environment, among other initiatives. Myrcene is a
terpene-based diene that is formed from the pyrolysis of B-pinene, which is found in tree sap [19,
20]. Farnesene is a similar monomer that is derived from terpenoids but can be produced by
microorganisms [21-23]. Myrcene and farnesene are bio-based alternatives to petroleum-derived
butadiene or isoprene and have been successfully polymerized ionically or using RDRP to make
rubbery materials similar to poly(butadiene) and poly(isoprene) [24-28]. They also have low Tgs
(Ty ~ -70°C for both poly(myrcene) and poly(farnesene), similar to 7, = -100°C for
poly(butadiene)) with the potential of improved viscoelastic properties due to their bottlebrush-
like structure from the long side-chains making them good candidates for TPEs [29, 30]. However,
poly(myrcene) (M. = 17,000 g mol™') and poly(farnesene) (M. = 50,000 g mol™') have higher
entanglement molecular weights due to their longer side chains relative to poly(butadiene) (M. =
2,000 g mol ™) [31].

Farnesene (Far) has been polymerized via NMP using SG1-based BlocBuilder and Dispolreg 007
initiators, and copolymerized with other functionalized methacrylates such as glycidyl
methacrylate and isobornyl methacrylate (iBOMA) [32, 33]. Similarly, myrcene has been
polymerized with NMP and block copolymers made with myrcene and iBOMA showed increased
thermal stability and mechanical properties, which suggests that polymers synthesized with bio-
based dienes and functionalized methacrylates have potential to be effective, versatile TPEs [34].
One such methacrylic co-monomer that has not been widely studied interest is ethylene glycol



dicyclopentenyl ether methacrylate (EGDEMA), which contains a norbornene group with a
pendent double bond, in addition to the methacrylate. The polymerization of EGDEMA was
previously reported for NMP, however using the conventional SG1-based initiator led to high
dispersity (P ~ 1.56 — 1.74) and irreversibly terminated polymer chains without copolymerizing
with styrene comonomer [35]. SG1-based initiators often require controlling comonomer when
polymerizing methacrylates due to slow deactivation between the radical centre and nitroxide [36-
38]. Consequently, Dispolreg 007 (D7) initiator was developed to be able to homopolymerize
methacrylates with active chain-ends and does not require controlling comonomer [39, 40].

Poly(EGDEMA) was shown to be resistant to bacterial attachment and therefore used in many
anti-bacterial films and coatings applications [41-43]. However, poly(EGDEMA) has a relatively
low T, (28°C) compared to other poly(methacrylates) like isobornyl methacrylate (iBOMA),
which also contains a norbornyl group and has a very high 7 (up to 190°C), and the latter is bio-
sourced as well [44, 45]. The reason EGDEMA has a low T, unlike iBOMA, is due to the chain
mobility provided by the ethylene glycol ether bonds, whereas the bond attaching the norbornyl
group to the methacrylate in iBOMA is much more rigid. Poly(EGDEMA) homopolymer and
triblock copolymers were successfully synthesized by ATRP and have been shown to undergo
post-polymerization thiol-ene clicking chemistry with thiol-containing molecules [44, 46].

In this study, the synthesis of poly(EGDEMA-b-Far) diblock copolymers by NMP was
investigated using D7 initiator for the first time. Thiol-ene clicking was done on the resulting block
copolymers with a thiol-containing polyhedral oligomeric silsesquioxanes (thiol-POSS)
(Schematic 1) to modify the properties of the soft polydiene. POSS is a bulky inorganic-organic
cage-like molecule made of SigO12 and alkyl substituents and has been copolymerized or used as
an additive to improve mechanical properties, thermal stability, and anti-flammability in polymer
materials [47-50]. Furthermore, POSS has been successfully clicked onto azido-functionalized
SEBS, reinforcing the thermoplastic elastomer [51]. The EGDEMA methacrylate block was also
copolymerized with iBOMA, then chain-extended with Far to increase the 7 of the methacrylate
block, in addition to thiol-ene clicking with thiol functionalized POSS. The thermal properties and
rheology of the block copolymers were studied to compare between different concentrations of
thiol-POSS added, block copolymer compositions, and with and without copolymerization with
iBOMA. The aim of this study is to show these poly(methacrylate-b-farnesene) block copolymers
with the addition of POSS groups could potentially be an alternative TPE with improved thermal
properties.
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Schematic 1: Chemical structures of a) poly(EGDEMA-b-Far) and b) poly(EGDEMA-co-iBOMA-b-Far) block
copolymers synthesized via NMP using D7 initiators. These block copolymers then underwent thiol-ene clicking with
thiol-POSS and the proposed chemical structures are shown in c) and d). The R groups on the POSS units represent

isobutyl groups.

2 Experimental Methods
2.1 Materials

Ethylene glycol dicyclopentenyl ether methacrylate (EGDEMA > 90%) was purchased from
Millipore Sigma. Isobornyl methacrylate (VISIOMER®, Terra iBOMA) monomer was obtained
from Evonik. Trans-B-farnesene, or Biofene (Far > 95%), was obtained from Amyris. Monomers
were purified using 1.0 g of aluminum oxide (basic Al>Os, activated, Brockmann I) and 0.05 g
calcium hydride (CaHz, >90%) per 50 mL of monomer, which were used as purchased from
Millipore Sigma. Mercaptopropyl isobutyl polyhedral oligomeric silsesquioxanes (thiol-POSS,
100%) was purchased from Hybrid Plastics Inc, and used as received. Azobisisobutyronitrile
(AIBN, 98%) radical initiator was used as received from Millipore Sigma. Toluene (> 99.5%),
xylene (= 98.5%), methanol (MeOH, > 99.8%), and tetrahydrofuran (THF, 99.9% HPLC grade)
were purchased from Fisher Chemicals and used as received. Deuterated chloroform (CDCls,
99.9% D) was purchased from Cambridge Isotope Laboratories, USA and used as received.
Dispolreg 007 initiator was synthesized according to the procedure described by Ballard et al [39].

2.2 Synthesis of poly(EGDEMA) or poly(EGDEMA-co-iBOMA) macroinitiator

A typical formulation for the synthesis of poly(EGDEMA) macroinitiator was 0.3 g (0.89 mmol)
of D7, 8.86 g (33.8 mmol) of EGDEMA monomer, and 8.86 g (96.2 mmol) of toluene solvent
added into a 50 mL three-neck round bottom flask. The reactor was attached to a condenser to
prevent evaporation of solvent and monomer. For the poly(EGDEMA-co-iBOMA)
macroinitiators, 0.30 g of D7 was added, along with an equimolar mixture of EGDEMA (4.07 g,
18.3 mmol) and iBOMA (4.80 g, 18.3 mmol) monomers and 8.86 g (96.2 mmol) of toluene.



Detailed formulations for macroinitiator synthesis are shown in Table 1. The mixture was then
purged with nitrogen for 30 mins and reaction would proceed under nitrogen atmosphere at 90°C
with stirring. The reaction time would vary between 60 to 120 min depending on the desired chain
length for the macroinitiators. The resulting polymers were precipitated with methanol, then dried
under air overnight and in a vacuum oven at room temperature for a day, and they are characterized
in Table 1.

Table 1: Formulations for poly(EGDEMA) and poly(EGDEMA-co-iBOMA) macroinitiator synthesis at 90°C and
polymer characterization.

M, of

Macroinitiator mp7 MEGDEMA  MiBOMA Mioluene S )
D @ml) (@mlh) (eml) @i Y meeodisor Do fann Faon
EG1 0.0161 0.477 - 0.477 32.0% 7,500 1.57 1.00 -
EG2 0.00538 0.477 - 0.477 46.7% 15,700 1.64 1.00 -
EGiB1 0.0158 0.215 0.253 0.467 36.0% 7,700 1.58 0.49 0.51
EGiB2 0.00527 0.214 0.253 0.467 42.2% 15,600 1.59 0.50 0.50

2.3 Chain-extension of poly(EGDEMA) or poly(EGDEMA-co-iBOMA) with Far

The dried poly(EGDEMA) or poly(EGDEMA-co-iBOMA) macroinitiators were dissolved in
xylene in a 100 mL round-bottom flask and Far monomer was added. The formulations used for
chain-extension with Far monomer to synthesize diblock copolymers are shown in Table 2.
Similarly, reaction mixtures were purged with nitrogen for 30 mins, and reactions proceeded at
120°C for 120 to 300 mins depending on the desired final polymer chain length. Final block
copolymers were precipitated using methanol, then dried in air overnight and in a vacuum oven at
room temperature for a day.

Table 2: Recipes for poly(EGDEMA) and poly(EGDEMA-co-iBOMA) macroinitiator chain-extensions with Far at
120°C and polymer characterization.

Final
Mmacroinitiator MFar Mixylene .
Block copolymer ID (Wt%) (Wt%) (Wt%) Xrar nﬁﬁlg% Final b
EGI1-Far 7.14 429 50.0 35.0% 19,000 1.86
EG2-Far 22.0 28.0 50.0 23.0% 25,300 1.77
EGiB1-Far 8.00 42.0 50.0 32.0% 22,700 1.84
EGiB2-Far 11.9 38.1 50.0 33.0% 29,700 1.87

2.4 Thiol-ene clicking of block copolymers with thiol-POSS

Thiol-ene clicking of the poly(methacrylate-b-Far) block copolymers were done with
mercaptopropyl isobutyl POSS (thiol-POSS) in 30 wt% polymer and POSS in toluene. About 2 g
of polymer was dissolved in toluene, then either 10 or 20 molar equivalent of thiol-POSS to
polymer chains was added with 0.5 wt% (relative to polymer and POSS) of AIBN initiator. Molar
amounts of polymer were estimated using relative M, values obtained from gel permeation
chromatography (GPC) described in a later section. The mixture was purged with nitrogen for 30



mins and the reaction proceeded under nitrogen atmosphere with stirring at 80°C for 4 h. The final
polymer was precipitated with methanol several times to remove unreacted POSS, then dried in
air overnight and in a vacuum oven at room temperature for a day. The remaining double bonds of
EGDEMA and Far after thiol-ene clicking were quantified using '"H NMR. A summary of the
characterized block copolymers after thiol-ene clicking is shown in Table 3.

Table 3: Summary of poly(methacrylate-b-Far) block copolymers after thiol-ene clicking with thiol-POSS.

Block Molar Remaining Remaining FinaI' MI'1 after Final b
copolymer ID equlvalenat of E_GDEMA Far C=C chcklrﬁg ;}fte'r

POSS C=C bonds bonds (g mol™) clicking
?gé_stg 10 54% 93% 25,900 1.52
}38;‘3‘5 20 46% 94% 25,300 1.51
?gggﬁ; 10 46% 97% 38,500 139
5855;6 20 74% 97% 41,700 1.83
El?(i)]zlsf o 10 75% 90% 24,900 1.67
El%ﬁé'fgr 10 59% 95% 34,200 1.76

a) Amount of POSS added for thiol-ene clicking reactions were measured based on molar ratio of thiol:polymer
chain and the moles of polymer were estimated using M, from GPC analysis of the block copolymers.

2.5 Polymer characterization

Polymer samples (~0.15 mL) taken from the reaction mixtures for 'H NMR and molecular weight
analysis. Monomer conversion, copolymer composition, and amount of POSS clicked onto the
polymer chains were determined from the NMR spectra, which are shown in Figure S.1-S.8 in
Supporting Information. NMR samples were dissolved in CDCl3 and were analyzed using the
Bruker AVIIIHD 500 MHz spectrometer (16 scans). The final purified polymers after thiol-ene
clicking showed that there was no residual unclicked POSS as indicated by the disappearance of
the S-H proton at 1.3 ppm in the 'H NMR spectra.

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 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 were all relative to the
PMMA standards and not adjusted with Mark—Houwink parameters.



2.6 Thermogravimetric analysis and differential scanning calorimetry

Thermogravimetric analysis (TGA) was done to determine thermal stability of the block
copolymers with and without POSS using a Discovery 5500 TGA (TA Instruments). Polymer
samples weighing between 5 — 10 mg were placed in platinum pans, and they were analyzed from
room temperature to S00°C under nitrogen flow, then switched to air flow from 500 to 700°C at a
rate of 10°C min™.

Glass transition temperatures (7) were determined using differential scanning calorimetry (DSC)
Discovery 2500 from TA instruments. Polymer samples were heated up from room temperature to
200°C to remove any thermal history, then cooled to -90°C, then heated up to 200°C again to
determine Tp. The heating rate used for all three cycles was 10°C min™'.

2.7 Rheology

Rheological properties of the polymers were measured using the MCR302 rheometer (Anton Paar
Instruments). The samples were placed between parallel plates with a gap of 1 mm, and storage
(G') and loss (G") moduli were measured at an increasing shear strain from of 0.01 to 100% using
25 measurements at room temperature. Amplitude sweeps were also done to determine the shear
strain range needed eventually for dynamic mechanical thermal analysis (DMTA). DMTA was
done at a constant shear strain of 0.1% and frequency of 10 Hz from room temperature to 150°C
at a rate of 10°C min™!' using the same parallel plate setup. Storage and loss moduli (G’ and G")
and damping factor (tand = G"/G’) were measured accordingly using DMTA.

3 Results and discussion
3.1 Poly(EGDEMA-b-Far) block copolymers clicked with thiol-POSS

Initially, two poly(EGDEMA-b-Far) block copolymers (EG1-Far and EG2-Far) were synthesized,
then clicked with thiol-POSS. The synthesis of the block copolymers began with the
polymerization of EGDEMA to make macroinitiators. From literature, EGDEMA was not able to
polymerize using SGl-based BlocBuilder or succinimidyl-modified BlocBuilder without the
addition of 10 mol% of styrene [35]. The polymerization of EGDEMA using D7 initiator and no
controlling comonomer showed linear kinetics (semi-logarithmic plots of conversion versus time)
and molecular weight increased linearly with conversion as shown in Figure S.9. Molecular
weights of up to 15,700 g mol™! at low conversions (X~30-46%) were obtained with a D of ~1.5-
1.6. Experimental M, was consistently higher than the theoretical M,, which indicates slow
initiation but this was expected with D7 initiators, and is reflected in the higher B [39].
Nonetheless, the polymerization kinetic studies indicate adequate control of the
homopolymerization of EGDEMA, and the resulting polymer was completely soluble in THF,
showing there was no crosslinked material despite having a pendent norbornene double bond.

To further demonstrate effective control of the polymerization of EGDEMA using D7, the
resulting macroinitiators were successfully chain-extended with Far to make diblock copolymers.
The M, increased from 7,700 and 15,700 g mol™! for EG1 and EG2, respectively, to 19,000 and
25,300 g mol! after chain-extension as shown in Table 2. There was a clear shift in molecular
weight distribution as shown in Figure 1, indicating most chains remained active and were able to



re-initiate and polymerize the Far block. The decrease in B is likely due to precipitation of the
unreacted or dead macroinitiators that removed the shorter polymer chains, effectively narrowing
the molecular weight distribution.
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Figure 1: GPC traces of a) EG1-Far and b) EG2-Far block copolymers. The blue curves represent the
poly(EGDEMA) macroinitiators, the green curves represent the chain-extended poly(EGDEMA-b-Far) block
copolymers, and the black curves represent the block copolymers thiol-ene clicked with 10 and 20 molar equivalent
of thiol-POSS.

Next, thiol-ene clicking was done on the block copolymers, where 10 and 20 molar equivalents of
thiol-POSS to polymer chain was added to the reaction mixture dissolved in toluene. Thiol-ene
clicking was done using thermally initiated radicals from AIBN decomposition at 80°C for 4 h.
Afterwards, the final polymers were carefully purified to remove unreacted thiol-POSS by
dissolving in small amount of THF and precipitated with minimal methanol until the solution was
cloudy, indicating the start of phase separation. 'H NMR showed the disappearance of S-H proton
at 1.3 ppm and presence of the isobutyl groups from thiol-POSS in the final polymer, therefore
showing the POSS groups were successfully attached to the polymer chains. Absence of unreacted
POSS was also confirmed from GPC spectra. The molecular weights of EG1-Far and EG2-Far
increased to ~25,000 and 40,000 g mol’!, respectively, and the molecular weight distributions
shifted once again as seen in Figure 1.

It is important to note that GPC traces reported in this study are relative molecular weights,
therefore they actually represented the change in hydrodynamic volumes of the polymer chains
after thiol-ene clicking. GPC traces obtained may not reflect the change in molecular weight,
especially because the block copolymers were qualitatively measured according to the
homopolymer calibrations [52]. The percentage of remaining double bonds as reported in Table 3
suggest higher degree of functionalization, when indeed, the "TH NMR spectra (Figure S.7 and S.8)
show much lower POSS functionalization and conjugation efficiency (defined here as percentage
of thiol functionalization versus percentage of disappeared alkenes). The copolymer composition
of POSS as determined from 'H NMR of the final clicked copolymers are summarized in Table 4.
The low conjugation efficiency was consistent with previous studies of functionalization of



poly(butadiene)-co-poly(ethylene oxide), which was attributed to cyclization of the thiol radical
with the neighbouring pendent butadiene double bond via hydrogen abstraction [53, 54]. However,
cyclization is very unlikely in this case because very large-membered rings would be formed
between neighbouring EGDEMA units.

Table 4: Summary of block copolymer compositions after thiol-ene clicking from 'H NMR.

Block copolymer ID FFar Fisoma FEGDEMA Fross
EGI-Far POSS10 0.775 - 0.192 0.033
EGI-Far POSS20 0.757 - 0.218 0.025
EG2-Far POSS10 0.770 - 0.122 0.103
EG2-Far POSS20 0.551 - 0.431 0.018

EGiB1-Far POSS10 0.689 0.296 0.270 0.041

EGiB2-Far POSS10 0.559 0.486 0.425 0.016

Many thiol-ene addition examples between small molecules, polymer-polymer conjugations, or
functionalization of polymers with thiol molecules have shown that photo-initiated reactions
exhibit higher conjugation efficiency and conversion with shorter reaction times compared to
thermally initiated systems [55-58]. The general limitation to thiol-ene additions with thermally
initiated radicals is the side reactions that occur, such as bimolecular radical termination. However,
the low efficiency of thermally initiated systems was explained by the faster addition of initiator
fragments onto the alkene relative to the abstraction of hydrogen from the thiol-radical [58].
Therefore, the conjugation efficiency is decreased due to the addition of initiator fragments as
opposed to thiol functionalization. These side reactions can be alleviated by decreasing initiator
concentration, which would slow down the rate of reaction, or increasing the thiol:ene ratio. Most
thiol-ene functionalization of polymers utilize a 10:1 thiol:ene ratio, but this study used a 10:1
thiol:polymer chain ratio [53, 54, 59]. Notably, increasing the thiol-POSS:polymer ratio from 10
to 20 mol eq. did not increase functionalization significantly. Moreover, increasing the thiol-
POSS:polymer ratio beyond 20 mol eq. was attempted, but due to the low thiol-ene clicking
efficiency, it became difficult to separate unreacted POSS from the polymer. Therefore, photo-
initiated thiol-ene clicking would have likely improved the efficiency of POSS functionalization
in this study. Moreover, the bulky thiol-POSS groups likely provided extra steric hindrance, which
further decreased conjugation efficiency.

Nonetheless, higher conversion of EGDEMA alkene bonds over Far alkene bonds suggest
preferential clicking of thiol-POSS with EGDEMA over Far units. It was shown that terminal
alkenes undergo thiol-ene clicking much more efficiently than internal cis alkenes and cyclic
alkenes [60]. The functionalization of poly(1,2-butadiene) was much more efficient due to the 1,2-
addition of butadiene, which ensures the double bond is at the end of the side groups [53, 54, 59].
Similarly, thiol-ene clicking of 1,2-addition isoprene units was much higher than 1,4-addition units
[61, 62]. In this study, farnesene was polymerized mostly by 1,4-addition with the two other double
bonds located internally on the pendent side chains, therefore the clicking of alkenes on poly(Far)
was unlikely. Furthermore, thiol-ene reactions for norbornene have been shown to be very
effective because the transition from a ring-strained alkene to a more flexible cyclic alkane is
highly favoured [63, 64].



3.2 Poly(EGDEMA-co-iBOMA-b-Far) block copolymers clicked with thiol-POSS

Since most of the double bonds in the EGDEMA units were not able to click with thiol-POSS
units, the unused EGDEMA units were then replaced with iBOMA units. There are several
motivations for this: 1) poly(iBOMA) will add stiffness and mechanical strength to the block
copolymers, and 2) iBOMA is also bio-sourced and may contribute from a sustainability viewpoint
(however merely replacing a monomer feedstock with a renewable alternative should not be
considered a sole sufficient criteria for making a process greener) [65]. Therefore, the
poly(methacrylate) macroinitiators were synthesized by copolymerizing equimolar parts of
EGDEMA and iBOMA monomers. The kinetics of the EGDEMA and iBOMA copolymerization
were similar to the homopolymerization of EGDEMA, producing polymers of similar M, and D
at the same conditions as seen in Table 1. Additionally, the copolymer compositions of EGDEMA
and iBOMA remained relatively constant and equal to the initial monomer composition throughout
polymerization, which suggests the copolymerization is near the azeotropic composition, where
there is negligible compositional drift. The copolymerization of EGDEMA and iBOMA also
showed linear increase of M, with conversion, suggesting good control of polymerization (Figure
S.10).

The poly(EGDEMA-co-iBOMA) macroinitiators were successfully chain-extended with Far,
indicating most polymer chains had active chain-ends. As seen in Figure 2, the molecular weight
distributions of EGiB1 and EGiB2 clearly shifted after chain-extension with Far. However, after
clicking EGiB1-Far and EGiB2-Far with 10 molar equivalents of thiol-POSS, not many POSS
units were apparently added to the polymer chains as shown by the modest increase in molecular
weight. This could have been due to the added steric hindrance from the iBOMA units, impeding
POSS units from clicking with the double bonds of EGDEMA. Furthermore, adding iBOMA units
also increase the stiffness of the polymer (discussed in a later section), which likely decreased
polymer chain mobility and further impeded thiol-ene clicking of POSS. The final M, after thiol-
ene clicking with 10 mol eq. thiol-POSS for EGiB1-Far and EGiB2-Far were 24,900 and 34,200
g mol™!, respectively. Similarly, the POSS functionalization of EGiB1-Far and EGiB2-Far block
copolymers after thiol-ene clicking were fairly low compared to the remaining double bonds as
seen from '"H NMR shown in Table 4.
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Figure 2: GPC traces of a) EGiB1-Far and b) EGiB2-Far block copolymers. The blue curves represent the
poly(EGDEMA-co-iBOMA) macroinitiators, the green curves represent the chain-extended poly(EGDEMA-co-
iBOMA-b-Far) block copolymers, and the black curves represent the block copolymers thiol-ene clicked with 10

molar equivalent of thiol-POSS.

3.3 Thermal stability of block copolymers with and without POSS

As thermoplastic elastomers are processible at high temperatures, it is important to understand
their thermal stability and determine the processing temperature while avoiding decomposition of
the material. TGA plots showing the decrease in weight with increasing temperature for
poly(EGDEMA-b-Far) with and without POSS are shown in Figure 3. The decomposition
temperature, or onset temperature (Zonset), 1S the temperature at which the mass of the polymer
sample starts to decrease after a plateau. The endset temperature (7endset) 1S the temperature at

which the mass of polymer sample has reached close to zero. The Tonset and Tendset for all polymer
samples are summarized in Table 5.
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Figure 3: TGA plots of a) EGI-Far and b) EG2-Far block copolymers with and without POSS showing decrease in
weight% with increasing temperature.

Table 5: TGA results of poly(methacrylate-b-Far) block copolymers with and without added POSS.

EG1-Far EG2-Far EGiB1-Far EGiB2-Far
No 1 Oeglol 2Oe£1nol No 1 Oeglol 2062101 No 1 Oeilnol No 1 Oeglol
O POSS POSS POSS POSS POSS O POSS POSS POSS
Tonset 120
(°C) 2982 3352 335.5 351.2 351.1 3340 315.0 310.2 301.0 315.6

Y(W‘ZES;t 442.0 441.8 449.9 436.6 455.5 45277 4496 4554 442.4 468.8

a) EGI-Farblock copolymer with no POSS exhibited two-step degradation, therefore two Tonset values
were reported.

Firstly, it is evident that the degradation curve for EGl-Far without POSS was a two-step
degradation, whereas none of the other polymers exhibited the same behaviour. The first
degradation step for EG1-Far began at around 120°C, then the second degradation occurred when
the weight % decreased rapidly at around 298°C. Recall that EGl-Far has a very short
poly(EGDEMA) block and mostly composed of poly(Far). This two-step degradation has been
seen before with poly(myrcene), first at ~250°C which then decomposes quickly at ~425°C [29].
It was also observed with poly(styrene-b-myrcene-b-styrene) (SMS) triblock copolymer
synthesized via RAFT, and the initial degradation was attributed to the depolymerization of
poly(myrcene) with 1,4-addition, similar to poly(butadiene) with 1,4-conformation [66, 67].
However, in the cases for SMS block copolymers with longer poly(styrene) blocks, the initial
degradation step was no longer evident. Furthermore, the thermal degradation of all block
copolymers had 5-10 weight % of residual char until the nitrogen flow was switched to air flow at
500°C to completely decompose the residual mass. The residual char is typical of the
decomposition of poly(butadiene) due to the depolymerization and thermally-induced crosslinking
during degradation [68]. Both the poly(EGDEMA) and poly(Far) blocks in this study have
remaining double bonds, therefore crosslinked residue is very likely. The residual char could be
due to the decomposition of POSS as well [69].

It is apparent that by having a longer poly(EGDEMA) block (i.e. EG2-Far) or by linking the POSS
moities to EG1-Far (i.e. EG1-Far POSS 10 and EG1-Far POSS20), the TGA curves only showed
one degradation step. Interestingly, the degradation temperature of poly(EGDEMA) homopolymer
synthesized by ATRP was reported to be 237°C, which is lower than what is observed for
poly(EGDEMA-b-Far) in this study [44]. There seems to be a synergistic effect, where block
copolymers help to minimize the initial degradation of poly(dienes) but also increase the thermal
stability of poly(EGDEMA). This was also observed in a study examining the thermal degradation
of poly(styrene-b-butadiene) diblock copolymers, where the block copolymers had a stabilization
effect such that thermal stability is improved compared to a blend of the respective homopolymers
[70]. This finding was explained by the delay of poly(styrene) degradation into toluene and styrene
by-products due to the volatilization of poly(butadiene) into 1,3-butadiene and vinylcyclohexene,
with the addition of methane and hydrogen. Perhaps, the degradation of EGDEMA was slowed
down by decomposition of farnesene in this study.
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For the block copolymers where the methacrylate blocks consisted of EGDEMA/iBOMA units,
the addition of iBOMA also improved the thermal stability of the poly(Far) block such that the
initial degradation is eliminated. EGiB1-Far and EG1-Far are similar in composition, where they
have very short methacrylate blocks. As seen in Figure 4a) for EGiB1-Far without POSS compared
to EG1-Far without POSS, the addition of iBOMA units increased the initial thermal degradation
from 120 to 315°C. However, there is a weak indicator of a second degradation around 350°C for
EGiB1-Far, which suggests some decomposition and release of the isobornyl group from the
methacrylate backbone [45]. With POSS added to EGiB1-Far, the second decomposition of the
isobornyl group was minimized. Similarly, in Figure 4b the degradation of EGiB2-Far shows as
slight indication of the release of isobornyl groups at 350°C but was minimized with the addition
of POSS.
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Figure 4: TGA plots of a) EGiBI-Far and b) EGiB2-Far block copolymers with and without POSS showing
decrease in weight% with increasing temperature.

Otherwise, the decomposition temperature (Zonset) appeared to show negligible increase for block
copolymers with added POSS compared to without (except for EG1-Far). This is likely due to the
very low concentration of POSS that was added onto the polymer chains (1.6 to 10 mol%). In a
study investigating the thermal stability of POSS-functionalized poly(ethylene), the increase in
decomposition temperature depended on the substituents of the POSS units, as well as the type of
bond that attaches the POSS to the polymer chain, but generally showed an improvement in
thermal stability [50]. However, poly(ethylene) functionalized with POSS containing isobutyl R-
groups and attached by a C4Hs alkyl chain did not show a significant increase in temperature at
5% weight loss (75%). One study copolymerized styrene with POSS-functionalized styrene (Fposs
= 0.36-3.2 mol%) and reported an increase of 10°C in decomposition temperature at 10% weight
loss (T0%) [71]. Conversely, in another study where poly(styrene) was functionalized with POSS
groups (Fross = 1.1-1.4 mol%) post-polymerization showed negligible change in Tio% [72]. In an
example most similar to our study, SEBS was functionalized with POSS via an azido group, and
at most where there were 35 units of grafted POSS, the decomposition temperature increased
~20°C [51]. Therefore, it is difficult to conclude whether polymers functionalized with POSS
would have a significant effect on overall thermal stability at such low concentrations.
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Nonetheless, the addition of POSS improved the thermal degradation of Far diene units for EG1-
Far block copolymers, as well as preventing the release of isobornyl groups for EGiB1-Far and
EGiB2-Far block copolymers.

3.4 Rheology of block copolymers

Rheological tests were done to characterize viscoelastic properties of the block copolymers.
Amplitude tests were performed at room temperature, where the polymer samples were placed
between parallel plates, and the storage (G') and loss (G") moduli were measured with increasing
shear strain. The G’ and G" versus shear strain plots for the poly(EGDEMA-b-Far) block
copolymers are compared in Figure 5.
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Figure 5: Storage (G') and loss (G") moduli versus shear strain plots for a) EG1-Far and b) EG2-Far block
copolymers with and without POSS.

Since EG1-Far has a very short poly(EGDEMA) block, and the length of the poly(Far) block is
well below its entanglement molecular weight of 50,000 g mol"! [26], the block copolymer
behaved like a very viscous liquid, even with added POSS. Furthermore, poly(EGDEMA) is a
relatively soft polymer in comparison to other poly(methacrylates) as suggested by its 7y = 28°C
[44]. As seen in Figure 5a, G” is consistently higher than G’ for all EG1-Far samples indicating
the polymers were indeed liquid-like. However, EG1-Far samples with added POSS show an
increase in both storage and loss moduli, which indicates the mechanical strength of the block
copolymers is increased even with low loadings of POSS. Furthermore, the linear viscoelastic
(LVE) region was demonstrated by the plateau of G" and G" values up to a shear strain of 10%.

For the block copolymers with a longer poly(EGDEMA) block (M, of poly(EGDEMA)
macroinitiator was 15,700 g mol™! versus 7,500 g mol ™), EG2-Far, the polymer samples were solid
at room temperature as they were able to be hot-pressed into disks of 1 mm thickness. In this case,
G’ was greater than G” at low shear strain as shown in Figure 5b, which indicate these polymers
were more solid/gel-like. As shear strain increased, G’ crossed over with G”, suggesting flow and
more liquid-like behaviour. A LVE region of G’ over a limited shear strain range was noticed for
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EG2-Far. This region became more noticeable and sharper with increasing POSS as seen for EG2-
Far POSS 10 and EG2-Far POSS20 and spanned over a wider shear strain range. The LVE regions
exhibited by the EG2-Far polymers with and without POSS suggest the polymers behaved like a
cross-linked material, but at higher shear strains, they flowed. This is indicative of a thermoplastic
elastomer, which should behave like physically crosslinked polymer at ambient conditions but
processible at high temperatures and/or shear. Furthermore, improved viscoelastic properties
suggest that POSS was able to reinforce the physical crosslinks in these block copolymers, which
is consistent with other thermoplastic elastomers either blended or functionalized with POSS [73,
74].

The EGiBIl-Far and EGiB2-Far block copolymers, which include iBOMA units in the
methacrylate block, display a LVE plateau region over an even wider range of shear strains
compared to the EG2-Far block copolymers as seen in Figure 6. Similarly, G’ was greater than G”
indicating elastic solid-like materials, as EGiB1-Far and EGiB2-Far polymer samples were able to
be hot pressed into solid discs as well. At higher shear strains > 1%, G’ crosses over with G” and
the polymers flowed. The broader plateaus were attributed to the more rigid isobornyl groups and
higher 7y of poly(iBOMA) (190°C) that further reinforced the hard segments of the block
copolymers [45]. However, there is negligible difference in the plateau regions for EGiB1-Far and
EGiB2-Far with and without POSS since there was very little POSS added.
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Figure 6: Storage (G') and loss (G") moduli versus shear strain plots for a) EGiB1-Far and b) EGiB2-Far block
copolymers with and without POSS.

The addition of POSS made a significant improvement in viscoelastic properties for EG1-Far and
EG2-Far block copolymers by providing mechanical strength in the poly(EGDEMA) segments
and reinforcing the physical crosslinks. As for EGiB1-Far and EGiB2-Far, which have iBOMA
copolymerized with EGDEMA statistically, the addition of POSS was very limited and therefore
the mechanical properties remained relatively the same. Nonetheless, the addition of iBOMA did
improve mechanical properties in comparison to EG1-Far and EG2-Far due to the rigid isobornyl
groups of iBOMA. Furthermore, all block copolymers demonstrate glassy regions, which suggest
the presence of physical crosslinks until higher shear strains were applied.
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3.5 Glass transition temperatures of block copolymers

Glass transition temperatures of the block copolymers were determined thermally using DSC, as
well as rheologically using DMTA. As the chiller for the rheometer could not reach below 0°C,
sub-zero T,s were not determined using DMTA. A summary of 7gs obtained are shown in Table
6. For all DSC endotherms, see Figure S.11-S.14 in Supporting Information.

Table 6: Glass transition temperatures of block copolymers measured using DSC and DMTA.

Differential Scanning Calorimetry (DSC)

EGI1-Far EG2-Far EGiB1-Far EGiB2-Far
10 20 10 20 10 mol
No mol mol No mol mol No o ° No POSS 10 mol eq.
POSS  eq. eq. POSS  eq. eq.  POSS Oqé s POSS
POSS POSS POSS  POSS
Ty, -71.6  -662 642 -768  -70.5 -63.1 -72.0 -71.6 -67.8 -67.5
(°C) 30.6 313 49.8 913 87.8

Dynamic Mechanical Temperature Analysis (DMTA)?

(0%) - - - 63.3 72.2 71.2 109 115 123 123
a) Tgs reported using DMTA method in this table were obtained from the peak of tand'versus temperature

plots.

Examination of the DSC results indicated a distinct change in heat flow around -70°C for all block
copolymers. This low 7§ corresponds with the 7, of poly(Far) homopolymer in agreement with the
literature value of -73°C [26]. The low T is also indicative of the soft, elastomeric segments of
the block copolymers. However, a second 7 was not observed for the block copolymers with short
poly(methacrylate) blocks (EG1-Far and EGiB1-Far), likely because the hard segments were not
long enough to display a distinct second 7, and suggests some miscibility with the elastomeric
phase. The block copolymers with longer poly(methacrylate) blocks exhibited two 7s. The second
T, for EG2-Far with no POSS was observed at 30.6°C and corresponds to the 7y of
poly(EGDEMA) homopolymer (7, =28°C) [44]. With the good agreement of the two T5s (-76.8°C
and 30.6°C) observed for EG2-Far with the 7gs of the homopolymers, it indicates possible
microphase separation of the block copolymer.

The Ty from DMTA was obtained by determining the temperature at which tand = G"/G’ reaches
its peak. Since EGI-Far block copolymers were already liquid-like at room temperature, the
DMTA revealed only a continual decrease in G’ and G” with temperature. According to the tand
versus temperature plot in Figure 7a, there was a peak observed for all EG2-Far block copolymers
above room temperature, which reconfirmed the second 7,s observed using DSC. Since sub-zero
T,s could not be measured with the rheometer, the first 7s observed by DSC were not validated.

Nonetheless, T,s acquired using DMTA were about 20°C higher than the second 7 values obtained
from DSC for EG2-Far block copolymers. This discrepancy can be explained by the heterogeneity
of the overall block copolymers that resulted in a distribution of relaxation times [75]. This was
also observed with SBS polymers blended with POSS fillers, where there was a broadening of the
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tané peak [73]. The increase in POSS fillers increased the breadth of the peak due to the segmental
constraints and interactions between polymer chains and POSS additives. Furthermore, the block
copolymers in this study have fairly high P especially compared to commercially available SBS,
which usually have Ds closer to 1.1. Higher D indicates that not all polymer segments are the same
length, which would also contribute to the distribution of relaxation times. Conversely,
homopolymers show excellent agreement of 7,s between DSC and DMTA methods as seen for
poly(Far) [26].
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Figure 7: DMTA of EG2-Far block copolymers with and without POSS, where a) tand and b) loss modulus are
plotted as a function of temperature.

Some have argued that the temperature at which G” is at its maximum is the more accurate 7g
measurement, particularly for polymer mixtures because G” is the measure of dissipation, which
is the transition temperature being considered [76]. In Figure 7b, the T,s where G” is at its peak
are 51°C, 57°C, and 60°C, which are much closer to the second 7;s obtained by DSC for EG2-Far
block copolymers. Nevertheless, the trend is the same using all methods of 7, determination, and
that is an increase in 7 with increasing POSS added for all block copolymers. This is consistent
with other examples of polymers with added POSS, as POSS decreased chain mobility and
increased the rigidity of the polymer chains [49, 73, 77]. However, in the case of polyurethane
thermoplastic elastomers, the functionalization with POSS disrupted the crystallinity of the hard
segments such that the 7,s were decreased [74].

The second 7gs obtained for EGiB1-Far block copolymers were not as straightforward. As shown
in Table 5, a second 7, was not observed using DSC. However, from DMTA, there appears to be
local maximum tané values observed around 110°C in Figure 8a, after which tané increased very
quickly. This may suggest a second 7 for the EGiB1-Far block copolymers, but it is not definitive.
Furthermore, the liquid-like behaviour of the block copolymers is very much influenced by the
soft poly(Far) block, especially because EGiB1-Far is largely made of poly(Far) that is below its
entanglement molecular weight. It is plausible that the second 75 could be as high as 110°C, since
poly(EGDEMA) and poly(iBOMA) have T,s of 28°C and 190°C, respectively, so the T, of the
statistical EGDEMA/iBOMA copolymer segment is expected to be in between the two values [44,
45]. However, the T, of poly(iBOMA) could range from 170°C to 206°C depending on tacticity
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[78]. Examining G" in Figure 8b, modest maxima were observed as well and 7s were estimated
as 67°C and 69°C for EGiB1-Far and EGiB1-Far POSS 10, respectively.
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Figure 8: DMTA of EGiB1-Far block copolymers with and without POSS, where a) tand and b) loss modulus are
plotted as a function of temperature.

Similar to EG2-Far block copolymers, more than one 7 for EGiB2-Far was observed due to the
longer poly(methacrylate) blocks. From DSC, there were two T,s observed for both EGiB2-Far (-
67.8°C and 91.3°C) and EGiB2-Far POSS10 (-67.5°C and 87.8°C). The first T,s observed at
around -67°C corresponds with the 7, of poly(Far) homopolymer and the second 7gs fall in
between the 7s of poly(EGDEMA) and poly(iBOMA) homopolymers. According to the Gordon-
Taylor equation, random copolymers would exhibit a 7 between the 7, of the two homopolymers
[79]. Furthermore, compositional drift was not observed with the copolymerization of EGDEMA
and iBOMA, since there was an equimolar concentration of each monomer initially and the
copolymer composition was also nearly equimolar, which further confirms its random
composition, rather than a gradient microstructure. It is important to note that for EGiB2-Far block
copolymers, the addition of POSS had negligible effect on 7gs, likely because out of all the polymer
samples, EGiB2-Far block copolymers had the least amount of POSS incorporated at 1.6 mol%.

The DMTA for EGiB2-Far block copolymers revealed much more pronounced tand peaks (Figure
9a) compared to EGiBI1-Far block copolymers. Due to the longer poly(EGDEMA-co-iBOMA)
blocks, the overall behaviour was less influenced by the flow behaviour of poly(Far) blocks, and
therefore obvious tand peaks were observed. In Figure 9a, the temperature at which tand had
reached its peak is at 123°C for both EGiB2-Far with and without POSS. Once again, comparing
to T,s obtained by DSC, Tys observed in the tand plots are higher. However, for both DSC and
DMTA, the Tgs that correspond to the poly(methacrylate) blocks did not differ very much with or
without POSS. The peaks in G” as shown in Figure 9b indicate 7;s of 108°C and 103°C for EGiB2-
Far and EGiB2-Far POSS10, respectively, which also do not show a great difference between
samples with and without POSS. Furthermore, the 7,s observed for the poly(EGDEMA-co-
iBOMA) blocks using DMTA, regardless of block length (EGiB1-Far versus EGiB2-Far), are very
similar.
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Figure 9: DMTA of EGiB2-Far block copolymers with and without POSS, where a) tand and b) loss modulus are
plotted as a function of temperature.

Two T,s were not observed for EG1-Far due to the short poly(EGDEMA) block, therefore a second
T, was not observed in both DSC and DMTA. Otherwise, the use of DSC and DMTA confirmed
distinct 7gs of the diblock copolymers corresponding to their respective blocks. The addition of
POSS resulted in an increase in 7y for EG1-Far and EG2-Far block copolymers for both the
poly(Far) and poly(EGDEMA) blocks. For the block copolymers with added iBOMA in the
poly(methacrylate) blocks, the addition of POSS showed negligible difference in 7§, since the
concentration of POSS was fairly low. Additionally, the transition behaviour could have been
dominated by the rigid iBOMA units such that the little POSS added made negligible difference.
Nevertheless, distinct 7gs could suggest possible microphase separation for most of these block
copolymers, namely EG2-Far, EGiB1-Far, and EGiB2-Far with and without POSS.

To further investigate whether there is microphase separation, polymer films were prepared in the
hot press at 120°C for EG2-Far block copolymers and at 160°C for EGiB2-Far block copolymers
and cooled slowly overnight to room temperature for small angle X-ray scattering (SAXS)
analysis. Higher order peaks were not observed that would be indicative of self-assembled
structures. The Flory-Huggins enthalpic interaction parameter, y, was estimated using (1) to
provide some insight regarding the miscibility between the two block segments.

1%
XAB :E((gA —53)2 (1)

The interactions of polymers A and B depend on molar volume of the polymer, V, the solubility
parameters, §4 and &g, of the respective monomers, and temperature, 7. The molar volume of a

mixture is determined by V = /V,,V. For block copolymers, yN ~10.5 denotes the order-disorder
transition, where N is overall degree of polymerization [80]. Solubility parameters and molar
volumes of some relevant related monomers are summarized in Table 7. The solubility parameter
of Far and EGDEMA were not found in literature and were calculated based on group component
contributions method based on the Hoftyzer-Van Krevelen methodology [81]. Far has a similar
solubility parameter compared to other dienes such as butadiene, isoprene, and myrcene. An
approximate y was calculated between Far and EGDEMA to be 0.0068 at 120°C (the temperature
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at which poly(EGDEMA-b-Far) polymers were processed before conducting SAXS). Far and
EGDEMA in EGI1-Far and EG2-Far block copolymers have similar solubility parameters, and
therefore have a low y and suggest miscibility. Far and iBOMA have a much higher y of 0.35 at
160°C (the temperature at which poly(EGDEMA-co-iBOMA-b-Far) polymers were processed
before conducting SAXS)., however this only suggests that iBOMA and Far have greater
immiscibility, but cannot be correlated to the case of EGiBl-Far and EGiB2-Far since the
methacrylate blocks are random copolymers of EGDEMA and iBOMA.

Table 7: Summary of solubility parameters and molar volumes of relevant monomers.

Monomer 5 (MPa'?) V (cm?
mol ™)

Butadiene (BD) 16.6° 60.7 %
Isoprene (IP) 16.2 % 75.7%
Myrcene (Myr) 16.4° 170 ¢
Farnesene (Far) 144° 251°¢
Styrene (St) 17.4% 98 2
iBOMA 16.7 ¢ 226°¢
EGDEMA 14.1°¢ 246 ¢

a) Values obtained from literature.[81]
b) Solubility parameter was estimated in literature.[82]
¢) Solubility parameters of farnesene and EGDEMA were calculated based on Hoftyzer-Van Krevelen’s
Component Group Contributions method.
d) Solubility parameter of iBOMA obtained from literature.[83]
e) Molar volumes were calculated based on density and molar mass of monomers.

For reference, typical SBS is made of poly(styrene) blocks with M, ~ 10-20,000 g mol! and
poly(butadiene) blocks with M, ~40-80,000 g mol' [84]. The y between poly(styrene) and
poly(butadiene) was calculated at 120°C (20°C above T, of polystyrene) to be 0.015 [30]. In
addition to the higher interaction parameter, the high degrees of polymerization for SBS further
enables phase separation. The N of the block copolymers in this study are fairly short in
comparison to SBS and would require much higher degrees of polymerization to enthalpically
induce ordered phase separation [80]. However, distinct 7,s measured in DSC and DMTA still
suggest some microphase separation, but the block copolymers are likely weakly segregated and
disordered as suggested by SAXS and y approximations.

4 Conclusions
The polymerization of EGDEMA by nitroxide-mediated polymerization using D7 initiator was

done for the first time, where no controlling comonomer was required and chain-ends remained
active for chain-extension regardless of high D (~1.5-1.6). The poly(EGDEMA) macroinitiators
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were re-initiated for polymerization of Far, a bio-based terpene that is similar in structure to
petroleum-derived butadiene and isoprene. Similarly, the poly(methacrylate) blocks were also
synthesized by statistically copolymerizing EGDEMA and iBOMA to form a more rigid
methacrylate block. Since EGDEMA has a pendent double bond on the norbornene group, this
allowed for thiol-ene clicking with thiol-POSS units onto the block copolymers post-
polymerization. Although the conjugation efficiency of the thermal initiated thiol-ene clicking was
low, '"H NMR showed that thiol-POSS preferentially clicked onto the double bond of EGDEMA
and not Far.

Despite the low fraction of POSS incorporation (1.6 — 10 mol% incorporation of POSS), the
thermal stability of the poly(Far) blocks was improved and the degradation of isobornyl groups for
polymers containing iBOMA units was reduced. These block copolymers containing POSS
demonstrated increased mechanical strength as shown by the increase in modulus due to the
reinforced physical crosslinks provided by POSS in the poly(methacrylate) blocks. Furthermore,
distinct 7gs were observed using DSC and DMTA for the block copolymers containing longer
poly(methacrylate) blocks (around -70°C for the rubbery poly(Far) blocks and up to 110°C for the
thermoplastic poly(methacrylate) blocks). This suggests microphase separation, even though
microphase morphology was not observed, likely due to the relatively small degrees of
polymerization. Nonetheless, incorporation of POSS increased the 7, of the respective blocks,
which confirms the presence of reinforced physical crosslinks and increased stiffness due to the
POSS units. Therefore, these novel block copolymers that were easily functionalized with POSS
by thiol-ene clicking show good potential eventually for applications as TPEs.
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