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ABSTRACT: Producing polymers from renewable resources via
more sustainable approaches has become increasingly important.
Herein we present the polymerization of monomers obtained from
biobased renewable resources, employing an environmentally
friendly photoinduced iron-catalyzed atom transfer radical
polymerization (ATRP) in low-toxicity solvents. We demonstrate
that renewable monomers can be successfully polymerized into
sustainable polymers with controlled molecular weights and
narrow molar mass distributions (P as low as 1.17). This is in
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contrast to reversible addition—fragmentation chain-transfer (RAFT) polymerization, arguably the most commonly employed
method to polymerize biobased monomers, which led to poorer molecular weight control and higher dispersities for these specific
monomers (Ds ~ 1.4). The versatility of our approach was further highlighted by the temporal control demonstrated through
intermittent “on/off” cycles, controlled polymerizations of a variety of monomers and chain lengths, oxygen-tolerance, and high end-
group fidelity exemplified by the synthesis of block copolymers. This work highlights photoinduced iron-catalyzed ATRP as a

powerful tool for the synthesis of renewable polymers.
D irecting polymerization methodologies toward more
sustainable pathways is of paramount and ever-increasing
importance.”” However, a plethora of factors should be
considered to improve the feasibility of a sustainable
polymerization methodology.” To begin with, the most
important factor is the origin of monomers to be polymerized.
Currently, the vast majority of monomers used for the
synthesis of polymers are based on fossil fuel feedstock.
Recently, in search for more sustainable alternatives, the
synthesis of polymers from renewable resources has attracted
significant attention, showing great promise in counter-
balancing the use of fossil fuel feedstock.* Indeed, biomass-
derived materials have been employed as an alternative and
renewable resource for the synthesis of monomers.’ ™ For
example, lignocellulose has gained great popularity as an
inexpensive renewable waste product which can be produced
in high abundance.*” In particular, lignin can provide multiple
phenol derivative building blocks, the secondary alcohol of
which can be easily modified under mild conditions to offer
polymerizable building blocks.'” Another promising family of
renewable resources that can be used for monomer production
is terpenes, which can be extracted from plants, providing
interesting biological properties." ">
The synthesis of polymers from renewable resources is
important not only from a sustainability viewpoint, but also
because it leads to the production of novel polymeric materials
with unique properties.7’13_16 To maximize access over the
range of polymeric materials that can be attained, reversible
deactivation radical polymerization (RDRP) has recently been
© 2022 The Authors. Published by
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employed to polymerize a range of renewable monomers.”

For the majority of cases, reversible addition—fragmentation
chain-transfer (RAFT) polymerization has been employed for
the polymerization of biomass-based monomers, as it is one of
the most versatile RDRP techniques.'”'’~>* However, RAFT
polymerization of some renewable methacrylate monomers
often leads to relatively broad molar mass distributions (Ds ~
1.3—1.7).”*° In parallel, copper-mediated atom transfer radical
polymerization (ATRP) has also been employed in polymer-
ization of renewable monomers, but to a relatively lesser
extent.”* 7% It is noted that both polymerization methods
typically employ toxic components/solvents that prevent the
development of a more sustainable polymerization proce-
dure.” Arguably, one of the most environmentally friendly
RDRP methodologies is iron (Fe) ATRP.**™ Fe is one of the
most abundant metals on earth and is inexpensive, nontoxic,
and biocompatible.”” The possibility to utilize light (rather
than heat) as an external stimulus to mediate Fe ATRP is also
advantageous from a sustainability point of view.” In a similar
fashion to conventional RAFT and copper ATRP, highly toxic
solvents such as acetonitrile, anisole, or trifluoroethanol are
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often required to conduct a successful Fe ATRP.***" In this
work, we aim to develop a greener and efficient approach,
which will satisfy as many of the 12 principles of green
chemistry as possible,” to polymerize renewable monomers by
employing the environmentally friendly photoinduced iron-
catalyzed ATRP in low-toxicity solvents while maintaining
narrow molar mass distributions for all the synthesized
sustainable polymers.

We first synthesized six different methacrylic monomers
through the esterification of lignin derivatives (phenol, p-
cresol, guaiacol, vanillin, syringol) and a thyme-derived terpene
compound (thymol) using methacrylic anhydride, which is less
toxic than methacryloyl chloride, the more frequently
employed compound in this type of reaction (Scheme 1,

Scheme 1. Synthesis of Sustainable Biomass-Derived
Monomers and Their Corresponding Polymers
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Scheme S1, Spectra S1—S6)). 2-Methyltetrahydrofuran was
used as the solvent for the methacrylation, a “greener”
alternative when compared with more toxic and commonly
employed organic solvents, such as dichloromethane.”” The
monomers were purified thoroughly in order to avoid any
contamination with the initial alcohols, which in some cases
may be hazardous. After the successful synthesis of the
renewable monomers, we sought to perform polymerizations
via photoinduced iron-catalyzed ATRP. Phenyl methacrylate
(PheMA) was used as the model monomer, tetraethylene
glycol dimethyl ether (TEGDME) as the model low-toxicity
solvent, FeBr; as the metal source, tetrabutylammonium
bromide (TBABr) as the ligand, and methyl a-bromopheny-
lacetate (MBPA) as the initiator (Scheme S2). Initial
experiments were conducted with a ratio of [MBPA]/
[FeBr;]/[TBABr] = 1:0.1:0.1 and a targeted degree of
polymerization (DP) of 50. All experiments were performed
under blue light LED irradiation (48 W, A = 465 nm (£S5 nm))
in a homemade box (Figure S1). Under the aforementioned
conditions, well-defined PPheMA could be obtained within 90
min with good control over the molecular weight and low
dispersity as determined by size-exclusion chromatography
(SEC; M, = 5100, D = 1.17, Figure la, Table S1, entry 1). It
can therefore be concluded that TEGDME does not decrease
the catalyst’s activity (by ligation to Fe)*"** and as such is an
excellent solvent choice for the photoinduced iron-catalyzed
ATRP of renewable monomers. The possibility to utilize
alternative low-toxicity and green solvents was also investigated
using 2-methyltetrahydrofuran and cyclopentyl methyl ether."’
Under otherwise identical conditions, both solvents fully
solubilized the catalyst, resulting in PPheMA with very similar
control over the molecular weight and dispersity as in the case
of TEGDME (Figure la, Table S1, entries 2 and 3). Although
the remaining experiments were conducted in TEGDME, the
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other two solvents were proven equally efficient to mediate a
successful photoinduced iron-catalyzed ATRP, thus, suggesting
no competing solvent—catalyst complexation.

Next, we were interested in whether an “on/off” temporal
control is possible during the polymerization of these
renewable monomers. To assess this possibility, we monitored
the growth of PPheMA chains during alternating periods of
light and dark, using '"H NMR to calculate the monomer
conversion. Under the previously established conditions
([PheMA]/[MBPA]/[FeBr3]/[TBABr] = 50:1:0.1:0.1), negli-
gible polymerization was observed during the dark periods
(<3%, Table S2), whereas a clear increase in monomer
conversion was observed when the reaction was exposed to
visible light irradiation (Figure 1b). The small percentage of
polymerization noticeable during the dark periods was
attributed to the relatively high catalyst loading and is in
agreement with previous reports.”®*’ To fully eliminate the
conversion during the “off” cycles, a further decrease of the
catalyst concentration is recommended, albeit at the expense of
higher dispersity polymers.**

To explore the potential of our technique to control the
polymerization of higher molecular weight polymers, a range of
DPs were targeted. Good control and low dispersities were
observed regardless of the initial chain length targeted (Figure
lc, Table S3). Considering the recent interest in oxygen-
tolerant polymerizations,”*~"” we also attempted our polymer-
izations in the absence of any external deoxygenation by simply
minimizing the reaction vessel's headspace to reduce the
amount of the initially present oxygen. Pleasingly, a well-
controlled polymerization took place, thus further simplifying
the polymerization procedure (Table S4). Next, we wanted to
investigate whether our method allows the low-volume
synthesis of polymers as this may be of high interest to
applications that require the use of low reaction scales (i.e.,
biological studies, bioconjugations, etc.). For this purpose, we
conducted the polymerization of PheMA in reaction volumes
of 50 and 100 uL (25 and 50 mg of monomer, respectively)
and observed good control over the polymerization (Figure
S2), thus highlighting the versatility of our method. Finally, we
wanted to investigate the end-group fidelity achieved through
our methodology. To assess this, a PPheMA macroinitiator
(M, = 6500, B = 1.17) was chain-extended, furnishing higher
molecular weight polymers while maintaining low dispersity
(M, = 12300, D = 1.24, Figure 1d, Table S5).

Upon establishing optimized conditions, we then success-
fully polymerized a range of renewable monomers, as indicated
in Scheme 1. It is noted that for the liquid monomers,
including cresol methacrylate (CreMA), guaiacol methacrylate
(GuMA), and thymol methacrylate (ThyMA), a ratio of
monomer to solvent 1:1 was employed. Instead, the polymer-
ization of solid monomers (i.e., vanillin methacrylate (VaMA)
and syringol methacrylate(SyrMA)) required an increased
solvent loading to fully dissolve the initial monomer (1.5 equiv
with respect to monomer). With these modifications, all
monomers were efficiently polymerized, yielding controlled
molecular weights and low dispersities (Figure 2 and Table
S6). An additional block copolymer was also targeted,
consisting of PPGuMA (M, = 6500, P = 1.17, Figure 2c,
and Table S7, entry 1) as the first block. In the presence of
10% of catalyst, PGuMA was chain-extended with PheMA
resulting in a diblock with a higher dispersity (P = 1.35)
(Figure S3a and Table S7, entry 2). However, further lowering
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Figure 1. Demonstration of a sustainable polymerization methodology via photoinduced iron-catalyzed ATRPof biobased monomers. (a) SEC
traces of PPheMA synthesized in three low-toxicity/green solvents, (b) demonstration of temporal control during the polymerization of PheMA,
(c) SEC traces of PPheMA with different degrees of polymerization, and (d) SEC traces showing the chain extension of PPheMA.

of the diblock’s dispersity was possible by doubling the catalyst
concentration (D = 1.24; Figure S3b and Table S7, entry 3).%

Intrigued by the excellent control over the dispersities
attained through our photoinduced iron-catalyzed ATRP, we
were interested in a direct comparison with conventional
thermal RAFT polymerization, which is the most commonly
employed method to polymerize such renewable monomers.”
By replicating the experiments in the presence of 2-cyano-2-
propyl benzodithioate and 10% of AIBN, PheMA was
effectively polymerized by RAFT polymerization albeit the
final dispersity was as high as 1.43 (Table S8, entry 4). Similar
results were also obtained for the polymerization of other
monomers such as SyrMA, ThyMA, and VaMA (Figure S4).
Detailed kinetic analysis was conducted to compare photo-
induced iron-catalyzed ATRP with thermal RAFT polymer-
ization under otherwise identical conditions (same monomer/
targeted DP/solvent). Although both systems displayed
features of a controlled polymerization such as a linear
increase of In[M,]/[M] over time (Figure 3be) and
comparable reaction rates, some important differences were
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also observed. The first observation was a clear discrepancy
between theoretical and experimental molecular weights. For
instance, in the case of photoinduced iron-catalyzed ATRP an
M, of 5200 was obtained by SEC at 62% of conversion which
is in close agreement with the theoretical M, (5200). Instead,
when RAFT polymerization was employed, a higher
experimental M, (Mggc = 6500) was observed at a similar
conversion (i.e., 60%). We hypothesized that this discrepancy
could be explained by the incomplete consumption of the
RAFT agent.49 Indeed, the UV-SEC detector confirmed that
the RAFT agent was not fully consumed, even at higher
monomer conversions (>90%, Figure SS), which verified our
original hypothesis. This discovery may also be associated with
our second observation in that polymers synthesized by RAFT
polymerization showed significantly higher dispersity values
(1.37 and 1.43 at ~60 and 90% conversion, respectively, as
opposed to 1.18 and 1.20 for Fe-ATRP; Figure 3a,c,e,f and
Tables S8 and S9). The higher dispersities observed by RAFT
polymerization are attributed to the slow consumption of the
RAFT agent as a result of less-efficient fragmentation and the
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Figure 2. SEC traces of renewable polymers synthesized via photoinduced iron-catalyzed ATRP: (a) PPheMA, (b) PCreMA, (c) PGuMA, (d)
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Figure 3. Polymerization kinetics
polymerization.

of PheMA utilizing (a—c) photoinduced iron-catalyzed ATRP and (d—f) conventional thermal RAFT

potential hybrid behavior RAFT may have.’® Instead, the lower
Ds obtained via photoinduced iron-catalyzed ATRP indicate a
faster and more complete initiator consumption.”’ To further
understand our data, we conducted two additional control
experiments. First, we polymerized PheMA using photo-
induced electron-energy transfer (PET) RAFT instead of
thermal RAFT. Under otherwise identical conditions, PET
RAFT gave rise to a similarly high dispersity (D = 1.34, Figure
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S6), thus further supporting insufficient fragmentation with the
selected RAFT agent. Second, to examine whether the
polymerization temperature can affect the polymerization
control, we conducted in parallel a polymerization of PheMA
with thermal RAFT polymerization at 70 °C, and also iron-
catalyzed photoinduced ATRP at the same temperature. The
results show the superiority of iron-catalyzed photoinduced
ATRP over RAFT in the polymerization of PheMA (D = 1.2 vs
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1.4, Figure S7), suggesting that temperature is not the main
factor behind the relatively lesser control in the RAFT
polymerization of these monomers.

In summary, we report a more sustainable RDRP method-
ology, whereby we leveraged photoinduced iron-catalyzed
ATRP to polymerize a variety of renewable monomers in low-
toxicity solvents. Low Ds were obtained for all cases and
detailed kinetics confirmed a controlled polymerization. The
high end-group fidelity of the polymers was demonstrated via
chain extensions and block copolymers. Additionally, good
temporal control over the polymerization could be achieved
through light/dark iterations. Importantly, the polymerization
reactions can be performed without any deoxygenation,
simplifying the polymerization procedure. Finally, we demon-
strate that photoinduced iron-catalyzed ATRP provides better
control over the polymerization of the specific family of
renewable methacrylate monomers than conventional RAFT
polymerization, thus highlighting the superiority of our
approach.
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