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Covalent adaptable networks (CANs) are polymers which demonstrate both high mechanical strength and
self-healing/recyclability, which are important for extending material service lifespan and meeting sustain-
ability demands. However, these materials are often derived from non-renewable petrochemical feed-
stocks, or by multi-step modification of bio-based feedstocks. Here, we disclose a fully bio-based vitri-
meric poly(acetal) prepared from high volume sugar derivatives in a single step. The polymer was hard
and rigid in the glassy state, exhibiting a tensile strength of 13 MPa and a storage modulus of 3300 MPa at
room temperature, transitioning to the rubbery state at ca. 120 °C. Stress relaxation studies revealed an
Arrhenius fit with an apparent activation energy of 110 kJ mol™. Small molecule model studies indicate
that the dynamic exchanges occur via an initial dissociation of the acetal into the aldehyde upon heating
followed by reformation of new acetal bonds, rapidly reaching steady state. Thus, the polymer network
was mechanically reprocessable simply by hot-pressing at 140 °C; with water-mediated recycling capable
of restoring the material strength to its pristine state. Furthermore, the constituent monomers were reco-
verable simply by heating in green solvents (i.e. water or ethanol), meeting the closed-loop requirement

rsc.li/greenchem

Introduction

Sustainability has surged to the forefront of research areas,
driven by pressing environmental issues such as global
warming and plastic pollution."™ Concerns surrounding plas-
tics such as its carbon footprint (as it is derived from petroleum
feedstock), as well as its environmental persistence, have
resulted in calls for development of more sustainable
alternatives.® The ideal plastic would possess beneficial pro-
perties such as durability, low cost, and malleability, while
being derived from sustainable feedstock, be infinitely recycl-
able, as well as bio-degradable so as to meet the needs of a sus-
tainable circular economy.” Covalent adaptable networks
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of circular materials and fulfilling the principles of green chemistry.

(CANs) are materials which come close to meeting these
requirements, combining the ease of processibility and recycl-
ability of traditional thermoplastics with the strength and
chemical stability of thermosets.®'° Broadly speaking, two
types of CANs are discernable, namely those which operate via a
dissociative mechanism, whereby the cross-links are first dis-
connected before reformation, and those which operate via an
associative mechanism, whereby the cross-links first undergo
nucleophilic attack.'™? The latter type of CANs were first dis-
covered by Leibler’s group in 2011 who coined the term vitri-
mers, alluding to how their viscosity-temperature relationship
resembles that of vitreous silica.”® Although the constant cross-
link density of associative CANs can impart greater solvent resis-
tance and strength, the distinction between dissociative and
associative CANs is not always obvious from a physical point of
view, with many dissociative CANs also exhibiting vitrimer-like
behavior."* A multitude of dynamic covalent bond exchanges
have been investigated, including transesterification,"*'>'® di-
sulfide exchange,'”'® imine exchange,’>' boronic ester
exchange,”>** and transalkylation.>**® These new generation
materials have been explored in many applications, including
soft actuators,®®*” 3D printing,”®*° recyclable adhesives,>**"
and healable electronics.*>*

Significant efforts have been devoted to improving the sus-
tainability of CANs and vitrimers by following the principles of

This journal is © The Royal Society of Chemistry 2022
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green chemistry.>**® For instance, many reports of bio-derived
CAN s have surfaced in recent years in an effort to utilise renew-
able feedstock.>® In these examples, there have been efforts to
demonstrate the material’s recyclability by mechanical repro-
cessing or chemical degradation;*’*®* some have even exam-
ined polymer biodegradability.>* However, to date, very limited
works have demonstrated the full recovery and isolation of
monomers from CANs.*>*! This is perhaps unsurprising as
most polymers are unable to truly return to their monomeric
forms, notably in the commonly used acid-epoxy networks.*?
Even in cases where this is possible, monomer separation may
be non-trivial, requiring either multiple separation steps*' or
cross-linker resynthesis.**

Acetal bonds are well known in small molecule chemistry
as a useful protecting group due to its acid lability and base
stability.”® It has also been used in the making of polyacetals
such as polyoxymethylene, an engineering thermoplastic.*®
Recently, Ma and coworkers demonstrated the asymmetric
acetal motif as a dynamic covalent cross-linker, synthesizing
vitrimers with mechanical and chemical recyclability.***”
Impressively, desirable properties, including catalyst-free
reprocessing, multiple recyclability, thermal stability, malle-
ability, and rapid stress relaxation at elevated temperatures,
were observed. Nevertheless, the cyclic divinyl ether cross-
linker could not be directly obtained after chemical degra-
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dation, requiring an additional synthetic step before polymer
reformation. In addition, subsequent work using bio-based
feedstocks were still at least partially derived from fossil fuel-
based starting materials.>"*®* These works inspired us to
design fully recoverable acetal CANs from biomass sources,
which is desirable for the development of sustainable and cir-
cular economy.

Herein, we disclose a fully biomass-derived vitrimeric
material (Table 1) synthesised from furan-2,5-dicarboxylalde-
hyde (a derivative of 5-(hydroxymethyl)furfural, which is a com-
modity chemical derived from dehydration of fructose),*® and
sorbitol (a sugar alcohol which is obtained from reduction of
glucose) with high atom economy and water as the only by-
product. The polymer was prepared via a green process using
DMSO, a benign solvent,** as well as catalytic acid (0.5 mol%).
The acid-labile cyclic acetal bonds present was identified
as a key factor influencing material rigidity as well as
reprocessibility.*782%31 The obtained polymer demon-
strated both mechanical and chemical reprocessability, with
closed-loop monomer-to-polymer-to-monomer recycling by
facile aqueous hydrolysis and simple monomer separation by
extraction with green solvents. From cradle to cradle, this cir-
cular material fulfils 11 out of the 12 principles of green
chemistry,>**° as presented in Table 1. Such a fully bio-based
vitrimeric material which can undergo facile recycling without

Table 1 Schematic of the green synthesis and recycling of a fully bio-based poly(acetal) vitrimeric network and justification of principles of green

chemistry®*3°

Green Synthesis
One-step synthesis;
cat. TsOH & DMSO

% b
~r
}Fully Bio-Based

Monomers

- <

OH OH

HO' OH

OH OH

= B

1. Mechanical
Reprocessing

Vitrimeric
Poly(Acetal)

Green Monomer Recovery
Water-mediated hydrolysis &
® * simple monomer separation

2. Water-Mediated
Recycling

34,35

Principles of green chemistry Justification of principles

(1) Prevention of waste

Mechanical and water-mediated recycling of polymer network; and closed-loop recycling to recover

both monomers are demonstrated.

(2) Atom economy
(3) Less hazardous chemical syntheses
(4) Designing safer chemicals
(5) Safer solvents and auxiliaries
(6) Design for energy efficiency
(7) Use of renewable feedstocks
(8) Reduce derivatives
(9) Catalysis
(10) Design for degradation

11) Inherently safer chemistry for
accident prevention

This journal is © The Royal Society of Chemistry 2022

>90% atom economy during polymer synthesis; water is the only by-product.
Hazardous/toxic reagents and solvents are avoided; water is the only by-product.

Sorbitol and furan-2,5-dicarbaldehyde monomers are non-toxic.

Only green/benign solvents*? — water, DMSO, ethanol and ethyl acetate - are used.

Simple and green monomer recovery process reduces the energy cost of chemical recycling.
Sorbitol and furan-2,5-dicarbaldehyde are bio-based chemicals derived from sugars.
One-step polymer synthesis from high-volume chemicals with the desired functionalities.
Catalytic (0.5 mol%) p-toluenesulfonic acid is used for polymer synthesis and reprocessing.
Water-mediated hydrolysis of polymer to monomer enables closed-loop recycling.

Simple protocol performed in ambient atmosphere; no hazardous/air-sensitive reagents or
pressurised environment required.
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sacrificing its performance can offer inspiration for the design
of next-generation circular materials to contribute towards
sustainability.

Results and discussion
Small molecule model studies of acetal exchange

We began our investigation by modelling the dynamic
exchange with furfural-ethylene acetal and sorbitol, monitor-
ing the reaction by NMR (Fig. 1a). When heated to 120 °C in
the absence of catalyst, no reaction was observed for the first
400 min (Fig. 1b). From 400 min, furfural peaks (ca. 9.6 ppm)
began to appear, indicating the decomposition of the acetal
into its constituent aldehyde and ethylene glycol. This is likely
due to autocatalysis by oxidation of minute quantities of fur-
fural to furan-carboxylic acid species, which was observable by
gas chromatography-mass spectroscopy (Fig. S2f). Over time,
increasing amount of furfural-sorbitol acetal peaks were
observed until a steady state was reached after about 850 min.
On the other hand, when TsOH, a common catalyst used for
acetylation,”® was added (0.5 mol%), the reaction was extre-
mely rapid. Almost all the starting furfural-ethylene acetal con-
verting into other forms within 15 min, and steady state was
achieved in about 70 min (Fig. 1c). A similar experiment con-
ducted with furfural-propylene acetal to simulate the six-mem-
bered cyclic acetal (Fig. S17) yielded similar observations.
Furfural-propylene acetal converted to other forms within
about 20 min, and steady state was achieved at about 200 min.
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We also examined the relationship between reaction kinetics
and temperature (Fig. 1d). Even at 50 °C, the exchange reaction
was still possible, with formation of furfural-sorbitol acetal
being observed, though at a much slower rate. Previous studies
have shown that the initial rate of acid-catalysed acetal hydro-
lysis/transacetalisation can be described by pseudo-first-order
kinetics, with protonation of the acetal the rate-limiting step.>®
Pleasingly, an Arrhenius relationship was observed, with an
activation energy (E,) of 76.4 kJ mol™" (Fig. 1e), which is in the
range of other reported acetal-based networks,***7 48951
Various mechanisms have been identified for acetal
exchanges, ranging from transacetalisation/metathesis of spir-
oacetals,’® to dissociative mechanisms via a vinyl ether***” or
carbocation intermediates.*® Here, we observe the presence of
furfural, indicating that the dynamic exchanges for furfural-
acetal with sorbitol proceeds via an initial dissociation into
the aldehyde furfural, followed by sorbitol attack to rapidly
reach an equilibrium mixture of acetal and furfural. This gives
us confidence that an acetal network comprising furan-2,5-
dicarbaldehyde and sorbitol would also be able to undergo
productive dynamic acetal exchanges via such a dissociative
mechanism, while still exhibiting vitrimeric properties since a
steady state with both acetal and aldehyde is rapidly estab-
lished and maintained thereafter.”*

Synthesis and optimization

Having evidenced the dynamic acetal exchange, we proceeded
to synthesise a polymer network with furan-2,5-dicarbaldehyde
and sorbitol. In our optimization of polymerization con-
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Fig. 1 NMR kinetics study of the exchange reaction between furfural—ethylene acetal (0.2 mmol) and sorbitol (0.2 mmol) with 1,3,5-trimethoxyben-
zene (0.06 mmol) as an internal standard in DMSO-dg (0.55 mL). For the catalysed reaction, 5 mol% TsOH was added. (a) Initial and final NMR
spectra of the catalysed reaction at 120 °C. Reaction profile of the (b) uncatalysed and (c) catalysed reaction at 120 °C. The time taken to reach
steady state was 850 min for the uncatalysed reaction and 70 min for the catalysed reaction; (d) kinetics of the catalysed reaction at different temp-
eratures; (e) Arrhenius plot to obtain E, of the small molecule dynamic acetal exchange.
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Table 2 Optimisation of polymerisation conditions

P
§o
OH OH 1. Conditions, 16 h [e) 0
on .+ 9 /I \__0 (see table 1) %
HO H o H 2. Vacuum oven, Q
OH OH 120°C, 24 h 0 0 ©
Sorbitol (1 mmol) Furan-2,5-dicarbaldehyde 3. Hot-press, 140 °C, ==
(FDC) 5 bar, 30 min Qg g(o
TP \=
b s
Tensile
strength
TsOH%, FDC, Pre-curing post hot-
No. DMSO T/°C mol% eq. observation press?
1 N 120 0 0.8 N.R. —
2 N 130 0 0.8 Oligomers —
3 N 140 0 0.8 Oligomers —
4 Y 130 0 0.8 Oligomers —
5y 130 0 0.8 NR° —
6 Y 130 0.5 0.8 Gel-like polymer —
7 Y 100 0.5 0.8 Gel-like polymer N.T.
8 N 100 0.5 0.8 Decomposed —
9 Y 100 0.5 1.0 Gel-like polymer N.T.C
10 Y 100 0.5 0.6 Gel-like polymer P1 13 MPa

Reaction conditions: (1) sorbitol (1 mmol) and indicated amount of
furan-2,5-dicarbaldehyde (FDC) and catalyst were dissolved in DMSO
(0.5 mL, where indicated) and stirred for 16 h under a constant stream
of Ny; (2) vacuum oven, 24 h, 120 °C; (3) hot-press, 140 °C, 5 bar,
30 min. “TsOH was added as catalyst. ”In a sealed tube instead of
under N, stream. °N.R. = no reaction. ¢ Only the gel-like polymers in
entries 7, 9 and 10 were hot-pressed. *N.T. = cannot be tested as
samples easily broke upon handling.

ditions, we began with catalyst-free and melt-polymerization
type conditions, under steady stream of nitrogen (Table 2,
entries 1-3).>>°° At temperatures higher than 130 °C, some
reaction occurred, with dimer and trimer species observed by
mass spectroscopy. However, under these conditions, furan-
2,5-dicarbaldehyde was observed to sublime (typically at temp-
eratures higher than 100 °C), resulting in loss of material. As
such, we introduced DMSO as a solvent (entry 4). However, the
results were similar to that without the solvent, as the stream
of nitrogen gradually removed the solvent over time. When the
reaction was instead performed in a sealed tube under N,,
little reaction was observed, and the starting materials were
recovered (entry 5). We then added 0.5 mol% of p-toluenesulfo-
nic acid (TsOH) (entry 6).°*> Pleasingly, a gel-like solid was
observed at the end of the reaction. Even at temperatures as
low as 100 °C, the reaction was still productive, and a gel-like
solid is observed (entry 7). Unfortunately, attempts to remove
the solvent from the reaction resulted in the reaction mixture
rapidly turning black and the formation of a hard black solid
(entry 8).

We thus proceeded with the reaction conducted in DMSO,
with 0.5 mol% of TsOH, under stream of nitrogen. The reac-
tion was scalable to 50 mmol (~10 g) through careful adjust-
ment of the stream of nitrogen to ensure that most of the
DMSO is removed at the end of the reaction. The gel-like solid
was then fully dried in a vacuum oven at 120 °C for 24 hours to

This journal is © The Royal Society of Chemistry 2022
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obtain a hard brown solid. The obtained polymer could then
be directly hot-pressed at 140 °C, then cut into strips, or
blended into fine powder before being hot-pressed in a mold.
However, after hot-pressing, the polymer was found to be
brittle and easily broke upon handling. Thus, the ratio of sor-
bitol and furan-2,5-dicarbaldehyde was adjusted. Increasing
the amount of furan-2,5-dicarbaldehyde to 1 equivalent (eq.)
still resulted in a very brittle material (entry 9). However, when
the amount of furan-2,5-dicarbaldehyde was decreased to 0.6
eq., the polymer (P1) was observed to be significantly less
brittle (entry 10). Polymer P1 was found to be hard and rigid at
room temperature, but flexible and malleable at elevated temp-
eratures. This was attributed to the high density of rings
(furans and acetals) in the network, which has been shown to
improve mechanical strength and rigidity due to inhibition of
rotation of the polymer chain.>”»>®

NMR analysis of the pre-cured sample (Fig. S31) revealed
that only traces (~1%) of the starting furan-2,5-dicarbaldehyde
was present, with most of the dialdehyde material converted to
either the singly or doubly coupled moiety. Distinctive acetal
peaks were also observed in the 5.5-7.0 ppm region, confirm-
ing the formation of acetal bonds.>® FTIR analysis of the
sample showed that the strong OH peak (~3400 cm™") of sorbi-
tol and C=0 peak (1682 cm™') of furan-2,5-dicarbaldehyde
were present in P1 both before and after curing (Fig. S41). A
noticeable decrease in intensity of the C=0O peak was observed
from the monomer to the pre-cured polymer to the post-cured
polymer, indicating an increasing extent of acetal formation.
However, extended curing time in the vacuum oven did not
result in complete disappearance of the C=O0 peak, suggesting
that residual free aldehyde groups are present even in the fully
cured sample, likely due to steric hindrance in the highly
cross-linked network with multiple cyclic moieties.

The gel fraction and swelling ratio of P1 were measured in
toluene, chloroform, and water (Fig. S5t). A high gel fraction
was observed in toluene (97%) and chloroform (89%), while
that in water is lower (74%). This is attributed to the high
polarity of the starting materials, which would likely make
even oligomers soluble in water. It is also possible that some
degree of hydrolysis occurs over time in water due to the pres-
ence of TsOH catalyst, resulting in degradation to oligomers.
Solvent polarity also directed the compatibility and thus swell-
ing of the polymers: while the swelling ratio was relatively low
in toluene (104%), that in water and chloroform was consider-
ably higher (194 and 196% respectively). These results indicate
a relatively high degree of organic solvent resistance at room
temperature, though the resistance was modest for water.

Thermomechanical properties

We went on to investigate the thermomechanical behaviors of
the acetal network P1 via TGA, DSC, and DMA. P1 displayed a
Tas0 (temperature corresponding to a 5% weight loss) of
216 °C (Fig. S67), demonstrating the good thermal stability of
the resultant polymer network. The storage modulus (E') curve
revealed a temperature-dependent viscoelastic behavior with a
high E' of 4000 MPa in the glass state, and a low E' of 11.82

Green Chem., 2022, 24, 5978-5986 | 5981
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Fig. 2 Thermomechanical properties of P1. (a) DMA curves of P1
showing variation of storage modulus and tan s with temperature. (b)
DSC curves of P1 with acid catalyst (red line) and without catalyst (black
line). (c) Stress relaxation curves of P1 at temperatures from 120 °C to
150 °C. Dotted line shows 1/e of initial stress. (d) Arrhenius analysis of
relaxation time against 1000/T, showing an E, of 110 kJ mol™,

MPa in the rubbery state (Fig. 2a). The T, of P1 was determined
to be 120 °C based on the tan § trace (peak value). This value
is consistent with the DSC analysis, where T, was located at
134 °C (Fig. 2b, red line), with the slight difference commonly
observed between measurement methods.®” Notably, in the
DSC curve, another transition was observed at around 55 °C
(T,). However, when the TsOH was removed by soaking the
sample in KOH, this transition completely disappeared
(Fig. 2b, black line), even though FTIR shows that the chemical
composition of the polymer network remains intact (Fig. S47).
As such, we attribute transition T, to the small-scale local
network rearrangement enabled by acid-catalysed endothermic
dissociation and reassociation of some acetal bonds.®’ This
also corresponds to a small peak observed in the tan § trace at
about 60 °C. The cross-linking density (p) of the polymer
network was calculated to be 1095 mol m™ based on the E’
value in the rubbery state according to the following
equation:*®%?
B

P =3RT

where E' refers to the storage modulus of P1 network at (T +
40 °C), R and T represent the gas constant and absolute temp-
erature, respectively. The high cross-linking density arises
from the large number of cross-linking sites in the polymer
network and contributes to the rigidity of the network.

We next studied the dynamic properties of the P1 network
based on stress relaxation analysis in the temperature range
120-150 °C (at the initial stages of the rubbery region, to avoid
thermal decomposition) with an applied strain of 1% via DMA
(Fig. 2c). An exponential decrease in stress over time was
observed, with a decrease in time required at higher tempera-

5982 | Green Chem., 2022, 24, 5978-5986
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ture. For instance, the relaxation time (¢*) required to reach 1/e
of the initial stress was only 8 s at 150 °C, but this increased to
26 s at 130 °C and 115 s at 120 °C, respectively. A plot of In(z¥)
against 1000/T demonstrated an Arrhenius relationship®*®*
with E, of 110 kJ mol™" (Fig. 2d), similar to that reported by
Ma and coworkers for linear acetals (126-136 kJ mol™).** E, is
an important indicator not only of the bond exchange reactiv-
ity, but also network viscosity change upon heating. The high
E, of the P1 network with acetal linkage suggests a high energy
barrier of bond exchange, leading to the good dimensional
stability of P1. Furthermore, the high E, also results in high
sensitivity of viscosity upon temperature change, enabling fast
processing on demand. The topology freezing transition temp-
erature (7,) is another important parameter for dynamic
network, at which point the bond exchange rate is sufficiently
fast to endow the material transition from a viscoelastic solid
to a viscoelastic liquid. This transition is conventionally
chosen at the point where a viscosity of 10" Pa s is
reached.®®®* The T, of P1 was thus calculated to be 45 °C
based on the extrapolation of the Arrhenius fitted line when z*
is 2.5 x 10° s, which corresponds to the minor transition T
observed in the DSC and DMA tané traces. At this tempera-
ture, even though the rate of acetal bond exchange is rapid,
the polymer network is unable to achieve macroscopic flow
since the dynamic linkages are trapped in a glassy matrix (T ~
120 °C), with only some localized network rearrangements
possible. When P1 is further heated to above Ty, the long-
range polymer chain segmental motion is accessible, impart-
ing the network with viscoelastic-liquid-like properties.

Closed-loop recycling

Taking advantage of the versatile dynamic acetal bonds, the P1
network permits both mechanical and chemical recycling
(Fig. 3a). To investigate mechanical reprocessability, the P1
specimen was cut into small pieces, then hot-pressed at 140 °C
and 5 bars. P1 could reform complete films (Fig. 3a, left), with
FTIR analysis confirming that no significant change occurred
during the reprocessing of the sample (Fig. S4t). Fig. 3b
depicts the tensile stress-strain curves of the original and
mechanically reprocessed P1 network after the first and
second reprocessing cycles. The pristine polymer exhibited a
tensile strength of about 13 MPa at a strain of 0.35% before
breaking. A slight decrease in tensile strength to about 9 and 7
MPa was observed for the first and second reprocessed speci-
men, respectively, demonstrating mechanical recoverability
and reprocessibility. The reduction of mechanical strength of
the recycled samples could be due to high humidity in the
environment (average relative humidity ~ 83.9%), which could
hydrolyse the acetal bonds under elevated temperatures, such
as in the hot press, over an extended time.

In addition to mechanical recycling, we also examined the
chemical recyclability of the polymer. Acetal bonds are known
to be labile under acidic conditions but stable under basic
conditions.®® As such, when the polymer was refluxed in KOH,
no obvious degradation was observed and FTIR showed the
structure remained the same (Fig. S4t). However, when heated

This journal is © The Royal Society of Chemistry 2022
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Fig. 3

(a) Mechanical and chemical recycling of P1. (b) Tensile—strain curves, and (c) tensile strength value of pristine, mechanically reprocessed,

and water-mediated recycling samples. (d) NMR study of degradation of P1 in water at 80 °C into furan and sorbitol at time 0 and 500 min; inset:

reaction profile of P1 degradation.

in water, methanol, or ethanol, rapid dissolution was observed
(Fig. 3a, right). This is likely mediated by the TsOH used in the
preparation of the polymer. We went on to study its degra-
dation in D,O by NMR with DMSO as an internal standard.
Furan and sorbitol peaks rapidly appeared within the first
100 min (Fig. 3d, inset). After 500 min, about 86% of the orig-
inal sample has been broken down into its constituent furan
and sorbitol small molecules, which can be clearly identified
in the NMR spectrum (Fig. 3d). This indicated that water-
mediated recycling of the polymer was possible. Thus, we dis-
solved the twice reprocessed polymer by heating in water, fil-
tered off the residue (~5%), and removed the water in vacuo.
The polymer was then reformed by our optimised procedure
(Table 2, entry 10), and strips were reformed via hot press.
Pleasingly, these reformed polymers exhibited tensile strength
comparable to that of the pristine polymer (Fig. 3b and c, blue
line/bar), circumventing the loss in tensile strength observed
after direct mechanical reprocessing. FTIR analysis also con-
firmed the recovery of the water-recycled polymer (Fig. S47),
demonstrating the reformation of the acetal network.
Moreover, instead of reforming the polymer, the monomers
could be isolated and recovered. The small molecules were
separable by extraction, with furan-2,5-dicarbaldehyde parti-
tioning in organic solvents such as ethyl acetate (86% recov-
ery), and sorbitol partitioning in water (90% recovery). While
many other polymers have been reported to be chemically
degradable, to our knowledge, monomer recovery via water as
medium and separation is considerably less common.*’ We

This journal is © The Royal Society of Chemistry 2022

believe these closed-loop recyclable polymers which are syn-
thesized and recycled via green processes would grow in
importance in tandem with the development of a truly circular
economy.

Conclusion

We have demonstrated the green synthesis and recycling of a
fully biomass-based vitrimeric poly(acetal). The polymer P1 was
synthesised from bio-derived chemicals furan-2,5-dicarbalde-
hyde and sorbitol with >90% atom economy. Although P1 was
hard and rigid at room temperature, with a storage modulus of
3300 MPa and tensile strength of 13 MPa, like other previously
reported acetal based vitrimeric materials,***”*#°° it could be
recycled mechanically at temperatures around its T, of 120 °C.
Small molecule studies established that the dynamic acetal
exchanges proceeded via a dissociative mechanism through an
aldehyde, with the rapid equilibration to a steady state of acetal
and aldehyde allowing P1 to exhibit vitrimeric properties. In the
polymeric form, its vitrimeric properties was demonstrated by
temperature dependent stress relaxation time analysis which
revealed an Arrhenius fit with an apparent activation energy of
110 k] mol™ and a T, of 55 °C. A calculated crosslinking
density of 1095 mol m™ as well as a gel fraction of 89% in
chloroform also supports our proposed crosslinked network
structure. Although a slight reduction in tensile strength was
observed after mechanical reprocessing, P1 could be fully
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restored to pristine strength by water-mediated recycling. Most
impressively, this material could be degraded in water and sep-
arated with green solvents to recover its constituent monomers
with high yield. Such bio-derived recyclable materials, which are
reusable multiple times, and ultimately degradable into its
starting material in a closed-loop process following green prin-
ciples, will play an increasingly important role in the develop-
ment of circular materials, contributing towards a more sustain-
able Earth.

Materials and methods

General experimental procedure

Furan-2,5-dicarbaldehyde, sorbitol, TsOH and all other
reagents were used as supplied from Sigma Aldrich, Alfa Aesar,
or Combi-blocks without further purification.

Nuclear magnetic resonance (NMR) spectra were recorded
on a JEOL ECA-II 500 MHz spectrometer using DMSO-d, as the
solvent. Data are reported as follows: chemical shift (inte-
gration, splitting (s = singlet, d = doublet, t = triplet, q =
quartet, gt = quintet, sxt = sextet, spt = septet, m = multiplet),
coupling constant, assignment).

Fourier-transform infrared spectra (FTIR) were recorded on
a PerkinElmer Paragon 1000 FTIR spectrometer and using
samples pelletized with KBr. Absorption maxima (Amay) are
quoted in wavenumbers (cm™).

Samples were prepared by using Collin hot press (140 °C,
5 bar, 10-30 min) and cut into strips or blended into a fine
powder and pressed into a dog bone shape using a mold.
Mechanical re-processibility was conducted by cutting up pro-
cessed strips, followed by hot pressing the sample under the
same conditions, and cutting into strips for tensile strength
analysis.

Thermogravimetric analysis (TGA) was determined via TA
Instruments Q500. About 10 mg of samples was placed into an
alumina pan and heated from 30 to 900 °C with a ramp rate of
20 °C min™" in nitrogen at a flow rate of 60 mL min™".

Differential scanning calorimetry (DSC) was performed on a
TA Instruments Q100 calorimeter. About 10 mg of sample was
placed into an aluminum hermetic pan. The first heating scan
was from 25 to 120 °C to erase any thermal history, followed by
isothermal for 2 min, cooling to —20 °C, and subsequent
heating (second heating scan) to 160 °C. The heating and
cooling rate for the scans was 10 °C min~" under a nitrogen
flow of 50 mL min~".

Dynamic Mechanical Analysis (DMA) was performed on a
TA Instruments Q800. The samples (100 x 5 x 1 mm?) were
measured using a single cantilever mode from —10 to 160 °C
at a frequency of 1 Hz, amplitude of 20 pm, and a temperature
ramp of 3 °C min~". The storage modulus (E') and tan delta (5)
were recorded as a function of temperature. Stress relaxation
experiments were also performed on the TA Instruments Q800
in “stress relaxation mode”, where a 1% relaxation strain was
applied at temperature of 120, 130, 140, 145, and 150 °C,
respectively.
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Tensile strength measurements were evaluated by the
Instron 5569 Table Universal testing machine in accordance
with ISO 527. Five samples were stretched at a crosshead speed
of 1 mm min~" at ambient temperature.

Swelling and gel fraction measurements were conducted by
immersing samples of P1 (mass m, ~ 50 mg) in the respective
solvents for 72 hours, drying them by paper towel, and
measuring the mass (m;). The sample was then dried in a
vacuum oven (60 °C), and the final mass measured (m,).

m —m
0 100%
mo

Swelling ratio =

my; —m

Gel fraction = % % 100%

mo

Chemical reprocessibility was performed by heating P1
(~100 mg) in the relevant solvent (~2 mL) at 80 °C for
16 hours. Dissolution was observed when methanol, ethanol,
or water was used as the solvent. For the sample using ethanol
as the solvent, the mixture was then cooled to room tempera-
ture, filtered, and 15 mL of water was added to it. Extraction
was carried out by ethyl acetate (20 mL x 10), and the com-
bined organic extract was dried with magnesium sulfate and
the solvent removed in vacuo to obtain furan-2,5-dicarbalde-
hyde (86% recovery). The aqueous portion was also dried in
vacuo to obtain sorbitol (90% recovery).
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