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Introduction

A self-crosslinking monomer, a-pinene
methacrylate: understanding and exploiting
hydrogen abstractiont
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Crosslinking is a valuable route to creating new polymeric materials and normally involves introduction of
a cross linker or some form of secondary processing. Here we report the discovery and analysis of a self-
crosslinking sustainable terpene derived monomer, a-pinene methacrylate (aPMA). This monomer under-
goes crosslinking during free radical homopolymerisation and with comonomers e.g. methyl methacry-
late (MMA). aPMA does not appear to contain any obvious functionality that would induce crosslinking
such as vinyl bonds, but we postulate that it may undergo a fortuitous abstraction of a hydrogen atom
from the pendant group. A combined computational (DFT) and experimental approach has been applied
to investigate this. Further, we used DFT analysis to predict the behaviour of a related monomer, beta-
pinene methacrylate (BPMA). To the best of our knowledge this is the first-time that self-crosslinking has
been observed in free radical polymerisation of methacrylates via chain transfer through hydrogen
abstraction from a pendant group. We have exploited this crosslinking to generate new, renewable poly
high internal phase emulsions (polyHIPEs) that could rival those derived from fossil-based styrene-
polyHIPEs and we have done this in a process which does not require any additional cross-linking agent.

hydrocarbons sourced from existing waste streams such as the
production of citrus juice and as by products from the paper

The drive towards producing polymers from renewable sources
has become much more prevalent in recent years. Currently,
petroleum based polymers account for around 99% of the
global polymer market." The anticipated future depletion of
fossil fuels and their associated environmental impact requires
this figure to be significantly reduced. In addition, there is
now a very strong drive to develop and utilise biosourced and
renewable materials to provide greener and more consumer
acceptable plastics. Terpenes are naturally abundant renewable
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industries.”> The direct polymerisation of terpenes via free
radical and cationic polymerisation has been widely
studied.*”

However, most terpenes do not readily undergo free radical
polymerisation even in the presence of comonomers. Extreme
conditions are needed and generally result only in low mole-
cular weight polymers.® " Recently, there has been a flurry of
papers reporting other routes to polymerisation of
terpenes.’>>* We reported the development of new (meth)acry-
late based monomers directly derived from terpenes** with
these monomers readily polymerising via free radical poly-
merisation, in the presence of a thiol chain transfer agent
(CTA),> to produce polymers with a wide range of physical pro-
perties. Most significantly poly(a-pinene methacrylate)
(Pa-PMA) exhibited a T, of ~180 °C, much higher than those
observed in the well-known commodity petroleum based poly-
mers such as PS (100 °C),>®* PMMA (105 °C)*® and a value that
even approaches that of poly(isobornyl methacrylate), IBMA,
(199 °C).>”

Polym. Chem., 2022, 13, 5557-5567 | 5557


http://rsc.li/polymers
http://orcid.org/0000-0002-1826-507X
http://orcid.org/0000-0002-3102-8861
http://orcid.org/0000-0003-3639-7081
http://orcid.org/0000-0002-3041-1906
http://orcid.org/0000-0001-7738-4098
http://orcid.org/0000-0002-2655-0508
http://orcid.org/0000-0003-1461-9851
http://orcid.org/0000-0003-4476-8233
http://orcid.org/0000-0002-7915-340X
http://orcid.org/0000-0001-5901-8342
https://doi.org/10.1039/d2py00878e
https://doi.org/10.1039/d2py00878e
https://doi.org/10.1039/d2py00878e
http://crossmark.crossref.org/dialog/?doi=10.1039/d2py00878e&domain=pdf&date_stamp=2022-10-06
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2py00878e
https://pubs.rsc.org/en/journals/journal/PY
https://pubs.rsc.org/en/journals/journal/PY?issueid=PY013039

Open Access Article. Published on 01 September 2022. Downloaded on 6/16/2026 10:34:06 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Surprisingly, under free radical conditions in the absence
of any chain transfer agent, our polymerisations of aPMA
yielded insoluble crosslinked polymers in bulk and in some of
the monomer/solvent dilutions we adopted (Fig. 2 and S17).
On the other hand, when the same synthetic conditions were
applied for the free radical polymerisation of the model mono-
mers, MMA and IBMA, no crosslinking was observed.

Covalent crosslinking or branching of methacrylate poly-
mers is most commonly induced by incorporation of a multi-
functional monomer such as allyl methacrylate,*®*° or by uti-
lising a crosslinking agent such as divinyl benzene or ethylene
glycol dimethacrylate.’® Branching or crosslinking can also
occur by inter and/or intramolecular chain transfer reactions
and these have been extensively studied in the thermal poly-
merisations of alkyl (meth)acrylates.>"*>

Moreover, crosslinking/branching can occur when a propa-
gating radical abstracts a hydrogen from a tertiary carbon
atom in the polymer backbone, forming a mid-chain radical
(MCR). This can happen either by backbiting, where the propa-
gating radical abstracts the hydrogen from its own backbone
(intramolecular chain transfer) or via chain transfer to a neigh-
bouring chain (intermolecular chain transfer).’® It has been
suggested that intramolecular hydrogen transfer most likely
prefers a 6-membered transition state, and therefore is known
as 1,5 backbiting (Fig. 1).>*%°

Intermolecular and intramolecular chain transfer reactions
leading to a mid-chain radical are more likely to occur for acry-
lates than methacrylates because of the less stable secondary
propagating radical (SPR).***® Through abstraction of a hydro-
gen from a tertiary carbon, the SPR is transferred to become a
more stable tertiary radical (Fig. 1). On the other hand, for
methacrylates, these chain transfer reactions are far less likely
because of the more stable tertiary propagating radical (TPR).*®
TPRs on the methacrylates are unlikely to cause backbiting
(intramolecular chain transfer) because they are more sterically
hindered by the methyl group on the backbone, preventing for-
mation of the preferred 6-membered transition state.*"*

Intermolecular Hydrogen Transfer

COOH COOH

Intramolecular Hydrogen Transfer

COOH COOH COOH
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The formation of these mid chain radicals has been proven
in the past for acrylates by monitoring polymerisations with
electron paramagnetic resonance (EPR)*’*° to determine the
location of the radical centres on the propagating polymer
chain. In the polymerisation of alkyl acrylate monomers,
MCRs and SPRs will be present simultaneously, which brings
in significant band overlap in the EPR spectra and makes deci-
phering the relevant signals difficult. A number of studies have
utilised pulsed laser polymerisation-electron paramagnetic
resonance (PLP-EPR) to resolve this issue, as the rate of termin-
ation of SPRs is much higher than for MCRs.*!

To investigate this, we explore the reactivity of aPMA at
different reaction times and monomer dilutions and compare
to the well-known behaviours of MMA and IBMA and their
bulk polymerisation kinetics. We also investigate use of aPMA
as a co-monomer with MMA/and IBMA. To better understand
the unusual reactivity aPMA, a range of experimental and com-
putational strategies were adopted to establish a possible
mechanistic pathway.

To further broaden the process, we adopted the same com-
putational approach to predict the possible self-crosslinking
tendency of BPMA. Finally, we exploit the self-crosslinking of
oPMA to yield a renewable based methacrylate PolyHIPE (poly
high internal phase emulsion) without any additional cross-
linking agent.

Experimental
Materials

a-Pinene methacrylate (a-PMA) was used as provided by
Cornelius Specialities. 1-Dodecanethiol (98%) (DDM) was used
as provided from Alfa Aesar. 2,2'-Azobis(2-methylpropionitrile)
(98%) (AIBN) and Deuterated chloroform (CDCl;) (99%), were
used as received from Sigma-Aldrich. Methanol (Reagent
Grade), Tetrahydrofuran (Reagent Grade) and Tetrahydrofuran
(HPLC Grade) were used as received from Fisher Scientific.

7,  Mid-Chain Radical

COOH

COOH COOH COOH

Mid-Chain Radical

Fig. 1 Formation of mid-chain radicals via intermolecular and intramolecular hydrogen transfer in acrylate monomers.
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Cyclohexanone was used as received from Acros Organics. 2,2’
Azobis (4-methoxy 2,4 dimethylvaleronitrile) (V-70) was used as
received from Wako.

Size exclusion chromatography

Molecular weight analysis was performed using an Agilent
1260 infinity multidetector GPC/SEC system equipped with a
Wyatt Optilab light scattering detector. A PLGEL 5 pm guard
column (7.5 mm x 50 mm) and 2x Agilent PLGEL 5 pm Mixed
D columns (7.5 mm x 300 mm) were used in succession. HPLC
grade THF was used as the eluent at a flow rate of 1 mL min™*
with a dn/dc of 0.106 mL g™ for poly(a-pinene methacrylate).

Nuclear magnetic resonance

'"H NMR and *H NMR spectra were recorded on a Bruker
AV400 or AV3400hd spectrometer (400 MHz for 'H NMR and
61.4 MHz for ’H NMR). Chemical shifts (5) are expressed in
ppm relative to residual solvent signals (CHCl;, 'H NMR 7.26),
(CDCl;, >’H NMR 7.26) as the internal standard. MestReNova
6.0.2 copyright 2009 (Mestrelab Research S. L.) was used for
analysing the spectra.

Electron paramagnetic resonance

In situ X band (9.4 GHz) continuous wave EPR spectra were
recorded on a Bruker EMX Micro EPR spectrometer equipped
with a Bruker ER4122-SHQ resonator. Elevated temperatures of
65 °C were maintained using liquid nitrogen boil-off con-
trolled via a Bruker 4131VT temperature controller.

Synthesis of poly(a-pinene methacrylate) and poly(a-pinene
methacrylate)-d1 via free radical polymerisation with AIBN

a-PMA (1.00 g, 4.5 mmol) was placed in a 10 mL Schlenk tube
with a magnetic stirrer. The AIBN initiator (0.5 wt%, 5.00 mg,
0.0305 mmol) was dissolved in cyclohexanone (1.5 mL) and
then added to the Schlenk tube. The Schlenk tube was sealed
and the mixture was degassed via 3 free-pump-thaw cycles.
The reaction was then purged with argon and stirred at 65 °C
for 20-120 minutes or until crosslinking occurred. The reac-
tion was stopped by exposure to air. All non-crosslinked poly-
mers were precipitated out into methanol at 0 °C, these poly-
mers were then characterised using "H-NMR and GPC.

Synthesis of poly(a-pinene methacrylate) polyHIPEs

PolyHIPEs of aPMA were formed by preparation of a water in
oil emulsion (HIPE) where the oil phase is the oPMA
monomer with AIBN (initiator) and SPAN 80 was used as the
emulsifier. xPMA, AIBN (initiator) and the emulsifier SPAN 80
were stirred in a conical flask. The internal phase (water) at
varying volume, was added dropwise over 20 minutes. The
resultant HIPE was cured in the oven at 65 °C to produce a
crosslinked PolyHIPE of PaPMA. The volume of the internal
phase was modified from 80 to 90% to understand the effect
of the internal phase (water) on the resultant polyHIPEs, and
in particular their overall stability. The electrolyte concen-
tration was kept consistent throughout. A series of polyHIPEs
were prepared where the volume of the internal phase (water)

This journal is © The Royal Society of Chemistry 2022
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was increased from 80-90% and the emulsifier (SPAN 80) was
varied from 5-20 wt%.

Computational methods

DFT calculations were performed using the Q-Chem 5.0
quantum chemistry software package,*” using the dispersion-
corrected range-separated hybrid ®B97X-D exchange-corre-
lation functional®® and a 6-311G** basis set. Spin-unrestricted
calculations were performed for all radical species. Following
geometry optimisation of all species at this level of theory,
H-abstraction energies E,ps for the reaction MH + R. - M. +
RH were calculated as Eps = (Ep + Erp) — (Emu + Er), Wwhere M
is the monomer unit (aPMA, fPMA, or IBMA) and R is the
radical initiator species (the AIBN-derived isobutyronitrile
radical). For calculations of transition-state structures and
energy barriers, reactants and products were first optimised at
the same level of theory, and then approximate reaction paths
and transition states were found with the freezing string
method,* using a quasi-Newton line search method with
approximate Hessians updated by the Broyden-Fletcher-
Goldfarb-Shanno method (FSM-BFGS)."> The transition state
was then optimized with the partitioned rational-function
optimization (P-RFO) algorithm using the approximate
Hessian and confirmed with a finite difference Davidson
method.*®

Results and discussion

Solvent free polymerisations of MMA, IBMA aPMA and their
mixture

PaPMA is a promising material derived from
bioresources***>*” with excellent thermal and mechanical pro-
perties and it can be polymerised successfully with different
CTAs leading to homo- and block co-polymerisations in
solution.>>*”

As might be expected, simple solvent free bulk polymeris-
ation led only to solid reaction mixtures for aPMA, MMA and
IBMA. All the polymerisations were carried out using AIBN at
65 °C and in all the cases solidification of the reaction mixture
was observed. This behaviour was expected considering the
high glass transition temperatures of the three growing
polymer chains, 105-120 °C for PMMA, 110-200 °C for
PIBMA*® and 85-168 °C for PaPMA>**° (depending upon reac-
tion conditions and thermal analysis approach). The main
difference observed was the time at which each sample
became completely solid. In fact, MMA needed around 3 h to
produce a glassy solid block (Fig. S1At), IBMA (Fig. S1Bft) after
circa 30 min while aPMA (Fig. S1Ct) solidified in only 10 min.

When we attempted to analyse the molecular weights of the
product polymers, we found that whilst PMMA and PIBMA
samples were easily soluble in THF (as the GPC eluent), the
PaPMA was found to be completely insoluble, and after a few
hours started to swell; this same swelling was also observed in
a range of solvents (Fig. S1Dt). The process was repeated

several times with different batches but on each occasion free

Polym. Chem., 2022,13, 5557-5567 | 5559
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radical polymerisation led to an apparently crosslinked
product. This was surprising given the absence of alkene func-
tionalities in the pendant group, which would ordinarily be
the cause of crosslinking in methacrylate monomers.>*>°

In order to explore further, a series of mixtures of the
monomers were also polymerised with AIBN at 65 °C. The
MMA/IBMA mixture solidified during the polymerisation after
ca. 40 min, but the polymer was found to be readily soluble in
THF. By contrast, all the solid products produced with aPMA
were insoluble and showed a tendency to swell in THF
(Fig. S1E-F,f PIBAM-PaPMA 70/30% mol mol™" and
PMMA-PaPMA 70/30% mol mol " respectively).

aPMA as a PMMA crosslinker

To further probe this surprising crosslinking ability of aPMA,
a series of mixtures with variable oaPMA/MMA feed ratios
(namely, 2.5/97.5; 6/94; 12.5/87.5 and 30/70) were prepared
and allowed to polymerise. The kinetics of the reaction for
each mixture were followed until solidification and each was
then repeated three times (Fig. 2). The data show that the
solid/gel point (measured as the time at which the magnetic
stirrer failed due to the high viscosity of the medium and
stopped stirring) was reached at longer reaction times as the
amount of aPMA decreased (Fig. 2). For formulations with
oaPMA higher than 12.5/87.5 mol mol ™", complete insolubility
of the product in THF was observed, while for cPMA/MMA at
2.5/97.5 and 6/94 we observed different degrees of swelling
and partial solubility.
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o_ (¢
=
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€L . .
=i 100 - 2 partially soluble in THF
c O Y ot e -
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whed 'c o .
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Fig. 2 Solid/gel point observed time and visible solubility in THF for
MMA/aPMA reaction mixtures at different %mol/mol of the two mono-
mers. Specifically, 2.5/97.5 and 6/94 mixtures (inside purple triangle)
showed partial solubility in THF, while 12.5/87.5 and 30/70 (red rec-
tangle) were completely insoluble in THF.
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These exciting preliminary results hint at the possibility
that «aPMA might be utilised as a green alternative to tra-
ditional vinyl cross-linkers in the manufacturing of fully or
partially crosslinked polymers. It is well-known that cross-
linked PMMA shows improved mechanical and thermal per-

formance when compared to the linear counterpart.*®>°

Effect of dilution on «PMA polymerisations

When a higher monomer concentration is employed, the likeli-
hood of intermolecular chain transfer is increased, leading to
long chain branching. At lower monomer concentrations intra-
molecular chain transfer becomes more likely, leading to
linear or short chain branching.’’* Applying this general
principle, we investigated the effect of dilution on the aPMA
crosslinking in an attempt to establish whether the process
passes through an initial branching phase of the growing
chains. Cyclohexanone (CHE) was selected as solvent for the
free radical process because of its high boiling point and good
miscibility with «PMA. When high dilution conditions were
adopted, namely aPMA:CHE equal to 1:4 and 1:6, no
gelling/solidification of the reaction solutions was observed,
and high monomer conversion was noted after 24 h (>95%,
Fig. S21). The dispersity of the two polymers, PaPMA 1:4 and
PaPMA 1: 6 remained largely similar (B ~ 3.00-3.20) while the
molecular weight dropped from 52 kDa (PaPMA 1:4) to
40 kDa (PaPMA 1:6). When the aPMA : CHE ratio was reduced
to 1:1.5 the gel point was reached within the first 30 min of
the reaction. However, for a closer comparison, kinetic infor-
mation was collected up to 24 h. PaPMA 1:1.5 as prepared
showed slow but complete solubility in organic solvents allow-
ing further analysis. From 'H-NMR the conversion of
monomer into polymer was calculated to be quantitative
(Fig. S21) with M,, ~ 177 kDa and P ~ 4.70 detected by GPC
(Table 1). Interestingly, the dispersities of all the samples were
generally higher than 3.00 and increased as the monomer con-
centration changed from PaPMA 1:4 to PoaPMA 1:1.5. These
broad b values may be indicative of the onset of branching
occurring, in agreement with previous literature examples.>*>*
Further reduction of the amount of solvent to 1:1 aPMA : CHE
ratio led to a gel/solidification point within the first 20 min of
the reaction and the final material was only partially soluble in
organic solvents and tended to swell in the same way as the
solid produced under bulk conditions. A final dilution con-

Table 1 GPC characterization of PaPMA synthesised at different
monomer : solvent dilution ratios

Polymer entry Monomer : solvent ratio Mn“ (KDa) o
a-PMA 1:0.5 x? x°
o-PMA 1:1 X¢ X¢
o-PMA 1:1.5 177 4.70
o-PMA 1:4 52 3.30
o-PMA 1:6 40 3.10

“Compared to PMMA standards. ” Completely insoluble. Although
partially soluble, it could not be filtered to carry out GPC analysis.

This journal is © The Royal Society of Chemistry 2022
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dition of 1:0.5 aPMA : CHE volume ratio led to a completely
insoluble gel like system.

Proposed hydrogen abstraction and rearrangement

We speculate that the source of crosslinking in the FRP of
oaPMA is via abstraction of a hydrogen from the pendant
group, creating a tertiary radical o to the CH; group upon the
6-membered ring (Fig. 3 and 4). Indeed, one might expect this
C-H bond to have a low bond dissociation enthalpy (BDE)
because of the stability of the resultant tertiary radical. There
are three other tertiary hydrogens upon the a-pinene methacry-
late pendant group (Fig. 3 and 4), but similar C-H are also
present in the structure of isobornyl methacrylate (IBMA), a
commercial monomer that can also be derived from renewable
terpene sources. Crosslinking of isobornyl methacrylate under
free radical conditions has never been reported in the litera-

Me o
Intramolecular n
R 0

o)

Chain-end Radical

Me

Me

Intermolecular
- >
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ture and, in our hands, when IBMA was polymerised under the
same conditions as aPMA crosslinking was not detected.

The abstraction of this hydrogen might be expected to lead
to rearrangement of the pendant a-pinene derived moiety on
the monomer. For a-pinene itself, such rearrangements are
well known in the presence of HCL>*”° One established
pathway is the Wagner-Meerwein rearrangement, which pro-
ceeds via formation of a tertiary carbocation when the
a-pinene double bond is protonated. There is then a rearrange-
ment into a more favoured secondary carbocation to relieve
the strain caused by the 4 membered ring, ultimately forming
bornyl chloride (Fig. S37).

The abstraction of this hydrogen in the pendant a-pinene
moiety of the monomer would lead to formation of a tertiary
radical and, as with the above published a-pinene rearrange-
ment, this could ultimately lead to an isobornyl structure to

(_\ Two-sites

, %@;@p

,,” Ring-opening

One site
Wagner-Meerwein

type rearrangement I/% < ; /

(\One site
Me .
n
R o 0O

AN Wagner-Meerwein
“~_ type rearrangement ||

Branching

n~ , i
ﬁ (via any above pathway)
O

Mid-chain Radical

Fig. 3 Plausible radical rearrangement pathways following intramolecular or intermolecular hydrogen abstraction from the pendant a-pinene

moiety in aPMA.

7
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Y g 2=28.7 k)/mol 8§—i6 3
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Fig. 4 The structures used computationally to represent the IBMA, aPMA, and pPMA moieties. Hydrogen atoms for which abstraction energies were
calculated are labelled in red, with relative energies given in kJ mol™ for the lowest energy abstractions (those substantially below 40 kJ mol™). All
other hydrogen abstraction energies are reported in Table S1,1 and the conformers used are attached as supplementary coordinate files.
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relieve ring strain (Fig. 3). Indeed, radical variants of the
Wagner-Meerwein rearrangement have been reported on
similar terpene derived structures.’’ Specifically, rearrange-
ment could occur via migration of the methylene bridge (blue
pathway) or the gem-dimethyl bridge (green pathway).
Alternatively, a radical ring opening of the cyclobutane would
lead to an exocyclic tertiary radical (red pathway). We con-
sidered that the initial hydrogen atom abstraction could occur
in an intramolecular, or intermolecular fashion. The intra-
molecular pathway would result in a chain-end radical, from
which only the ring opening (red pathway) would be expected
to lead to cross-linking, as two sites would be generated for
further polymerisation. By contrast, an intermolecular hydro-
gen abstraction would generate a mid-chain radical, and hence
any of the aforementioned rearrangement pathways could
result in cross-linking.

DFT analysis to confirm crosslinking speculations

In order to investigate the feasibility of the proposed hydrogen
abstraction and radical rearrangement processes, we per-
formed density functional theory (DFT) calculations to explore
each step. To identify the most likely site of abstraction, all
hydrogen atoms in «PMA and IBMA were considered, with a

a) 250

View Article Online

Polymer Chemistry

model system of the monomer units (Fig. 4) with the backbone
capped by methyl groups. Relative hydrogen abstraction ener-
gies were calculated as detailed in the methods section and
are reported in (Fig. 4 and Table S17).

For aPMA, the lowest energy H-abstraction is indeed from
the tertiary carbon (1) leading to a radical that is a to the
methyl group on the 6-membered ring (with an energy of 30 kJ
mol ™). Formation of the radical « to the oxygen atom (2) was
very close to, but slightly higher in energy at 33 k] mol™*, while
all other H-abstractions required much more energy in the
range 53-81 kJ mol ™. For IBMA the story is very different, and
all the hydrogen abstractions are at significantly higher ener-
gies. For example, formation of the radical o to the oxygen
atom (2) is the lowest in energy at 44 kJ mol™", and all other
abstraction energies lie in the range 47-82 kJ mol ™.

Having confirmed the radical species that is most likely to
form, the thermodynamics and kinetics of the three proposed
rearrangements can be compared with a transition state ana-
lysis to establish the most likely pathway. The energetics of
each reaction, calculated as described in the Methods section,
can be shown (Fig. 5). The Wagner-Meerwein type rearrange-
ment I has a very large barrier of 208 k] mol™" and will be inac-
cessible at 65 °C, despite having a strong overall thermo-

200

150 |

100 |

Energy (kJ/mol)

Wagner-Meerwein | s

RINg-0peNning
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b)

Thermodynamics Kinetics (forwards) Kinetics (reverse)

AEel (kJ/mol)

Wagner-Meerwein | -52.4
Ring opening -31.2
Wagner-Meerwein || -52.4

Fig. 5

Barrier (kJ/mol) Barrier (kJ/mol)
208.2 260.6
68.6 99.8
63.0 115.4

(@) The energetic pathways for the three potential subsequent radical rearrangements, showing the energies of the reactive hydrogen-

abstracted «PMA unit, the transition state, and the product radical in each case. (b) A table of energies comparing the thermodynamics and kinetics

of each of the processes in (a).
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dynamic driving force of —52 kJ mol™". The ring-opening and
Wagner-Meerwein type II rearrangements have much lower
barriers of 69 and 63 k] mol™', respectively, both of which
would be expected to be accessible at the reaction temperature
65 °C. However, while the ring-opening reaction results in an
energy gain of —31 kJ mol™!, the Wagner-Meerwein type
rearrangement II has a stronger thermodynamic driving force
of —52 k] mol™" (comparable to the Wagner-Meerwein type
rearrangement I). This results in a barrier for the reverse reac-
tion being 100 kJ mol~" for the ring-opening reaction, which
may be accessible at 65 °C; and 115 kJ mol ™" for the Wagner-
Meerwein type rearrangement II, which is hence very likely to
be irreversible under our conditions. Based on these calcu-
lations, the observed cross-linking of aPMA can be rationalised
by either intermolecular hydrogen atom abstraction followed
by radical ring opening or via intramolecular hydrogen atom
abstraction followed by Wagner-Meerwein type rearrangement
II (Fig. 3).

In summary, from the DFT transition state analysis we
would expect the Wagner-Meerwein type rearrangement I to
be inaccessible (both forwards and in reverse); the ring-
opening reaction to be plausible (forwards reaction accessible,
but possibly reversible); and the Wagner-Meerwein type
rearrangement II to be the most likely (forwards reaction the
most accessible of the three considered, and irreversible).
Thus, the overall reaction combining the most likely hydrogen
abstraction and subsequent structural rearrangement is calcu-
lated to be thermodynamically favourable by —23 kJ mol ™.

We also attempted to look for the radical structures using
EPR spectroscopy, but these were not conclusive (see ESI, EPR
section and Fig. S47).

Prediction and experimental fPMA hydrogen abstraction

Hydrogen abstraction energy calculations were repeated for all
hydrogen atoms of the beta pinene methacrylate (fPMA)
monomer unit (Fig. 4). As with aPMA, there are two particu-
larly low energy hydrogen abstractions available: formation of
radicals (1) and (2). These two hydrogen abstractions are the
lowest energy of any available to the three molecules IBMA,
oPMA, and fPMA, with relative energies of 11 and 29 kJ mol ™,
respectively. The fact that an extremely low energy might be
required for hydrogen abstraction from the tertiary carbon
would suggest that similar cross-linking of pPMA is plausible
(in contrast to IBMA which does not crosslink in our hands)
although this is also likely to be dependent on the reactivity of
the resulting radical species and the energetics of any radical
rearrangements. To corroborate these DFT calculations on
possible hydrogen abstraction and crosslinking during the free
radical polymerisation of PPMA, a series of experiments were
performed. As with aPMA, the PPMA polymerisation product
showed different solubility behaviour according to the dilution
of the reaction. When fPMA was polymerised in the absence of
solvent, an insoluble glass-like solid was produced within the
first 60 min of reaction. When the dilution was raised to 1: 1.5
(monomer : solvent) the final solid product was soluble in THF
with M, ~ 111000 g mol™" and P ~ 2.60. These preliminary

This journal is © The Royal Society of Chemistry 2022
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observations appear to confirm the outputs of the DFT calcu-
lation and hint at a possible hydrogen abstraction phenom-
enon also present in the polymerisation of fPMA.

Renewable polyHipes

PolyHIPEs are porous emulsion-templated polymeric struc-
tures, synthesised within a high internal phase emulsion
(HIPE).”® They are formed from water in oil (W/O) high
internal phase emulsions, where the major internal phase
(water) is greater than 74% of the total volume, and is dis-
persed within the continuous external phase. The aqueous
phase will generally contain an electrolyte such as potassium
sulfate, the electrolyte reduces the propensity for Ostwald
ripening, leading to a more stable emulsion and smaller
droplet sizes. An emulsifier is used to stabilise the major
phase within the minor phase, most commonly SPAN 80 is
used.*®*®° PolyHIPEs are formed when monomer is incorpor-
ated into the external phase. Typically, the addition of a cross
linker is required to lightly crosslink the external phase to
increase the stability of the resultant polyHIPE, such cross-
linkers include DVB and EGDMA. Here, we show that aPMA
offers a promising renewable alternative approach to that of
conventional polyHIPEs and could provide an excellent
alternative to the commonly used and fossil derived styrene/
divinyl benzene system.®*

It should also be pointed out that a similar monomer, iso-
bornyl acrylate (IBA), has also been utilised as an additive in
polyHIPES;*® in order to exploit its high hydrophobicity to
ensure formation of a stable HIPE which is a requirement to
form a homogeneous polyHIPE. Since, «aPMA has a similar
pendant group to IBA and similar hydrophobicity, we antici-
pate that aPMA monomer could thus play a dual role in both
cross-linking and hydrophobic stabilisation of the HIPE.

For 5% SPAN-80, all three internal phase volumes produced
an unstable emulsion and a PolyHIPE was not formed
(Fig. S57), most likely because large separate water droplets are
being formed at this low surfactant concentration. At 20%
SPAN-80, a stable emulsion was formed for all three volumes,
but well-defined windows and voids were not observed under
SEM (Fig. S6t). However, at 10% SPAN-80, a stable HIPE was
formed for all three volumes of water (80, 85 and 90%) and
well-defined windows and voids were observed under SEM
(Fig. 6). The average void size was measured to be 3.7, 4.7 and
3.5 um respectively for 80, 85 and 90% internal phase (water
and electrolyte) and the average window size was found to be
0.45, 0.30 and 0.63 pm respectively.

The optimised conditions to form a stable polyHIPE of
PaPMA were found to be 10% SPAN-80 (surfactant), with up to
90% internal phase volume. Analysis showed that the resultant
polyHIPEs were crosslinked, as indicated by the insolubility of
these PaPMA polyHIPEs in THF indicating that we have
exploited the unique crosslinking property of aPMA without
the need to add an additional and separate crosslinking agent.
Future experimental efforts will be directed towards improving
the stability of the polyHIPEs, which could be achieved by
altering the crosslinking density. In fact, by exploiting the con-
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Fig. 6 SEM images of PaPMA polyHIPE(3.7, 4.7 and 3.5 pm respectively) at 80, 85 and 90 v% water (internal phase) polymerised using 10 wt%

SPAN-80 emulsifier.

venient self-crosslinking of oPMA, the crosslinking density
could be tuned by simply altering reaction time.

Further study should look into finer control of the window
and void diameters and the introduction of new terpene based
renewable (meth)acrylates with added functionality and
perhaps even the use of renewably sourced surfactants.®*®*

Conclusion

We have demonstrated that through judicious choice of con-
ditions, polymerisation and self cross-linking of aPMA can be
achieved. Both experimental and DFT calculations suggest that
the origin of the cross-linking can be rationalised by either
intermolecular hydrogen atom abstraction followed by radical
ring opening or via intramolecular hydrogen atom abstraction
followed by Wagner-Meerwein type rearrangement II. DFT ana-
lysis was used to corroborate our understanding of the experi-
mental observations for IBMA and aPMA and also to infer the
possible hydrogen abstraction and crosslinking of BPMA which
was subsequently shown to occur under free radical polymeris-
ation. The crosslinking of aPMA was then exploited to produce
a completely renewable polyHIPE with the aPMA taking the
roles of monomer, crosslinker and also likely as the hydro-
phobe stabilising the HIPE in water. We conclude that aPMA
is a very promising versatile, renewable and sustainably
sourced monomer.
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