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A boronic ester vitrimer with high hydrolytic stability afforded by
fluorinated side-chain protection is reported, withstanding high
moisture and underwater environments with no performance
degradation, which can also be self-healed, reprocessed and
recycled, presenting a significant step towards the design of more
robust and eco-friendly circular materials.

The increasing demand for sustainable materials has catalyzed
significant research in the field of polymer chemistry, particu-
larly focusing on the development of recyclable and reprocessa-
ble polymers. Traditional polymers, while versatile and widely
used, pose significant environmental challenges due to their
persistent nature and the difficulties associated with their dis-
posal and recycling. To address these issues, materials designed
for multiple lifecycles through efficient recycling and reproces-
sing dubbed circular polymers have emerged as a promising
solution." A critical aspect of designing such circular polymers is
the incorporation of dynamic covalent reactions that allow
bonds to exchange or be broken and reformed under specific
conditions, enabling the construction of robust yet adaptable
polymer networks. Current methods leveraging dynamic bonds
in circular polymers primarily include polarized C—C double
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bonds,*? imines,** disulfides,”” boronic esters,®™° and Diels-
Alder adducts."""?

However, several dynamic covalent systems such as boronic
esters and imines suffer from poor stability under ambient
conditions, which hinders the range of applications of such
materials."® Since these dynamic bonds are predominantly based
on condensation reactions, the presence of moisture or protic
solvents could possibly induce reverse reactions and thus
degrade the material properties. For imine-based systems, intra-
molecular hydrogen bonding or post-synthetic conversion into
more stable linkages such as aromatic imines, hydrazones, acyl
hydrazones and oximes are readily available, significantly improv-
ing stability."*'® In contrast, methods to stabilize boronic ester
systems are scarce, which has severely limited the use of this
highly dynamic system in practical applications. Thus far, the
most widely utilized method is to introduce B-N coordination
bonds into the boronic ester network to form more stable 6-
membered cyclic structures (Fig. Sla, ESIY), which was first
reported by Zhang et al.'® More recently, Kirchner et al. used a
sterically-hindered ortho-substituting crosslinker to achieve a
boronic ester cage that was stable in water (Fig. S1b, ESIt)."”
However, the inclusion of B-N coordination bonds and ortho-
substituting boronic ester crosslinkers are not readily available,
restricting this method to specific monomers that require multi-
step synthesis and grafting.

To improve the practicality of materials containing the highly
versatile boronic ester systems, the development of alternative
methods to improve on the water-sensitivity of boronic ester
materials is imperative. Previously, reports of using external
hydrophobic additions or coatings such as hydrophobic plasti-
cizers and hydrophobic finishing over poly(lactic acid) materials
were able to provide a certain level of hydrolytic resistance to the
material.’®*® Intrigued by these attempts, we hypothesize that
the inclusion of hydrophobic polymer side-chains considered as
a protective mechanism would grant the material inherent
hydrolytic stability. Hence, we report a boronic ester vitrimer
with improved hydrolytic stability imparted by hydrophobic
fluorinated side chains (Fig. Sic, ESIt).
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Fig. 1 Synthetic route of linear copolymer LP1 and illustration of dynamic
crosslinking and hydrophobic protection afforded by fluorinated side
chains in FV1.

A linear polymer was first synthesized from a vinyl diol
monomer 2,3-dihydroxypropyl acrylate (DHPA, monomer 1) and
fluorinated vinyl monomer 2,2,2-trifluoroethyl acrylate (TFA,
monomer 2), which was copolymerized randomly under free-
radical conditions with AIBN to obtain a copolymer (LP1) bearing
20% dihydroxy side chains for boronic ester linkages and 80%
hydrophobic fluorinated side chains which were crosslinked to
form the water-resistant boronic ester material by adding 1,4-
phenylenebisboronic acid, leading to a 10% overall crosslinking
degree (Fig. 1).

LP1 was characterized with "H nuclear magnetic resonance
(*H NMR) and Fourier-transform infrared spectroscopy (FTIR),
confirming the inclusion of both the monomers in the linear
polymer with the presence of the signals of both monomers in
the FTIR and 'H NMR spectrum in a ratio of 8:2, indicating the
successful polymerization of LP1 (Fig. S2-S4, ESIt). The conversion
of LP1 to FV1 was characterized with FTIR (Fig. S5, ESIT) to confirm
the reaction of -OH in LP1 with 1,4-phenylenebisboronic acid
forming the boronic ester, which was evident with the reduction
of the 3300 cm ™ signal belonging to ~OH (Fig. S6, ESI{) after half of
the free -OH groups were used to form B-O-C in the boronic
ester linkages. In addition, the signals corresponding to the
B-O-H stretching and bending of 1,4-phenylenediboronic acid at
1340 cm ' and 643 cm ' respectively showed a clear shift to
1365 cm™ ' and 660 cm " after crosslinking to form B-O-C in
FV1 (Fig. S7, ESIT). To understand the distribution of BO and CF;
moieties in FV1, scanning electron microscopy with energy disper-
sive X-ray spectroscopy (SEM-EDX) was conducted, revealing that the
elements B/O and F are spread evenly throughout FV1, without
being clustered together (Fig. S8, ESIt). Swelling and gel content
analyses were also conducted for FV1 by immersing 0.2 g of FV1
samples in chloroform (CHCl;), ethyl acetate (EA), diethyl ether (DE)
and tetrahydrofuran (THF) for three days before the mass of the
samples was taken before and after drying under vacuum. FV1 was
able to swell significantly in EA (494%), THF (346%), and DE
(287%), but comparatively less in CHCl; (118%). FV1 showed high
gel contents in these solvents, with the lowest being 87% in DE,
indicating the formation of a crosslinked network (Fig. S9, ESIT).

Based on thermogravimetric analysis (TGA) of FV1, the
initial degradation temperature Tyso, (temperature at which
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5% weight loss occurred) under a nitrogen atmosphere was
determined to be 309 °C, indicating a good degree of thermal
stability for FV1 (Fig. S10, ESIT). The glass transition temperature
(Ty) of LP1 was determined to be —1.48 °C, which was increased to
14.3 °C after crosslinking with 1,4-phenylenediboronic acid, due to
a decrease in mobility of the polymer network after crosslinking in

1 (Fig. S11, ESIf). As the T, of FV1 is well below room
temperature, under ambient conditions, topology network rear-
rangement through boronic ester exchange is feasible, which
allows the polymer network to facilitate self-healing. The storage
modulus (E') curve of the FV1 (Fig. S12, ESIT) indicates that the
materials follow a temperature-dependent viscoelastic behaviour
with an E' of 2250 MPa in its glassy state (T, —30 °C), which
decreases to 1.27 MPa in its rubbery state (T, +30 °C). Under a
continuous applied strain of 10%, FV1 was able to relax to 1/e of
the stress applied under 50 s at room temperature (Fig. S13, ESIt),
demonstrating its ability to rapidly rearrange its topology network
even at room temperature, which is optimal for self-healing and
recycling purposes. By correlating the stress relaxation time with
increasing temperatures (Fig. S14, ESIt), it was determined that
stress relaxation of FV1 follows an Arrhenius relationship, with a
determined activation energy (E,) of 31.7 k] mol™*, which is in
agreement with other reported materials with boronic ester
linkages.”® FV1 was also subjected to tensile testing at a rate of
30 mm min " with a Young’s modulus of 34.8 MPa and achieved a
maximum stress of 5.45 MPa and a maximum strain of 242%
before breakage (Fig. S15, ESIT).

To evaluate the effects of the hydrophobic fluorinated side
chains on the hydrolytic stability, a control non-fluorinated
vitrimer sample (HV1) of similar molecular weight was prepared
using the same procedures as FV1 while replacing 2,2,2-
trifluoroethyl acrylate with ethyl acrylate (Fig. S16-S18, ESIY).
DSC, DMA analysis, tensile tests and FTIR analysis were con-
ducted to test the effects of the fluorinated side chains in the
protection of the boronic ester linkages. Samples of FV1 and HV1
were left in an environment of 65% RH at 25 °C up to 7 days with
the samples analysed via DSC after a 3- and 7-day period (Fig. S19
and S20, ESIf). The DSC curve and T, of FV1 showed no
appreciable changes after 7 days, demonstrating strong resilience
in the high moisture environment, a higher humidity compared
to what was observed in Zhang et al.’s work, conducted at 40%
RH."® Surprisingly, a similar observation was made for HV1 with
no appreciable changes in its DSC curve and only a slight drop of
2 °C in its Ty, indicating that a certain level of protection was
present in HV1 as well, which can be attributed to the fact that
—-CHj; side chains are also hydrophobic, albeit to a lesser extent
when compared to -CF; side chains. However, when the FV1 and
HV1 samples were immersed in water for 30 min (Fig. 2c and d), a
clear shift of the DSC curve was observed for HV1 with a drop of
8 °C for its Ty, while FV1 showed no significant changes in the
DSC curve and T, which demonstrated a greater degree of
resilience for the boronic ester linkages in FV1. Similarly, when
analysed with DMA (Fig. S21 and S22, ESIf), FV1 showed no
appreciable changes to its T, while the non-fluorinated vitrimer
HV1 showed a visible drop in T, of 10 °C. To understand the
effects on its mechanical properties, tensile testing was
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Fig. 2 Comparison of FV1 with the non-fluorinated counterpart. (a)
Molecular structure of FV1 with monomer and crosslinker ratio; (b)
molecular structure of HV1 with monomer and crosslinker ratio; (c) DSC
thermogram of FV1 before and after immersion in water for 30 min; (d)
DSC thermogram of HV1 before and after immersion in water for 30 min;
(e) tensile test of FV1 after immersion in water for 0, 30 and 60 min
(stretching rate 30 mm min~); (f) tensile test of HV1 after immersion in
water for 0, 30 and 60 min (stretching rate 30 mm min~3).

conducted on FV1 and HV1 after being immersed in water up to
1 h (Fig. 2e and f). Remarkably, FV1 showed no significant
changes after immersion in water with its Young’s modulus
remaining mostly unchanged from 34.8 MPa to 33.8 MPa (3%)
after 30 min and a slight decrease to 28.7 MPa (15%) was
observed after 1 h of immersion. On the other hand, HV1 showed
clear changes in its Young’s modulus with a decrease from 2.18
MPa to 1.22 MPa (44%) after 30 min, and further to 0.74 MPa
(66%) after 1 h of immersion. In addition, FTIR analysis of the
samples also showed that the signals attributed to B-O-C and B-
O were unaffected in FV1 after 1 h, which started decreasing at
the 1.5 h mark, and only reduced significantly after 2 h of
immersion; however, the signals in HV1 disappeared for HV1
after immersion in water for just 30 min (Fig. S23-S27, ESI¥).
These results indicate that the highly hydrophobic fluorinated
side chains can successfully enhance the hydrolytic stability of
boronic esters, which can be attributed to two possible mechan-
isms of protection, the first being the reduction of water
absorbed into the matrix, the second being the repelling of water
molecules in the matrix from approaching the boronic ester
group. To clarify which mechanism has a higher effect, both
FV1 and HV1 were swelled in water for 3 days to evaluate the
water retention ability, which showed that despite FV1 absorbing
more water than HV1 (Fig. S28, ESIt), FV1 still had a higher
water-resistance than HV1, indicating that the enhanced hydro-
lytic stability effect was more likely to be due to the repelling of
water molecules from the approaching boronic ester group.
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To evaluate the effects of varying the proportion of hydrophobic
side chains on the hydrolytic stability, two additional fluorinated
vitrimers with increased ratios of 2,3-dihydroxypropyl acrylate and
2,2 2-trifluoroethyl acrylate were prepared. The vitrimer bearing a
ratio of 30-70 was labelled FV2 and the one bearing a ratio of 40—
60 was labelled FV3, which were both crosslinked to achieve a
similar 10% overall crosslinking (Fig. S16, S29 and S30, ESIt). DSC
and tensile tests were then conducted to evaluate the effect of
decreased fluorinated side chains and increased free OH groups in
the protection of the boronic ester linkages. As observed from the
DSC results (Fig. S31 and S32, ESIt), after immersing FV2 in water
for 30 min, there is a clear shift of the DSC curve with a drop of
7 °C for the T, while a more drastic shift was observed for FV3 with
a drop of 11 °C for the Ty, indicating the counteracting effects of
free OH groups in attracting H,O being significant. Similar
observations were made in the tensile tests of FV2 and FV3 after
immersion in water (Fig. S33 and S34, ESIt), which showed a
larger decrease in the Young’s modulus with increasing free OH
and reduced fluorinated side chain ratio. These results indicate a
significant effect of the free -OH groups present, with increasing
amounts of free -OH increasing the hydrophilicity of the material
and reducing the efficiency of hydrophobic —-CF; groups.

Utilizing the dynamic boronic ester network in FV1, it is
capable of self-healing from damage in its bulk state via boronic
ester exchange (Fig. 3a) and can also be mechanically and
chemically recycled to prolong its usable service lifespan. To
demonstrate its self-healing capabilities on a bulk scale (Fig. 3b),
a 2 cm x 0.5 cm strip of FV1 was cut in half and joined back
together and left to heal for 2 h. After healing for 2 h, the same
piece of FV1 was able to be stretched to 225% of its original
length before breaking, indicating a good degree of self-healing
capabilities. Similarly on a microscopic scale (Fig. 3c), a 100 um
cut was made along the surface of a piece of 2 cm x 2 cm FV1 and
left to heal over time, based on microscopic images at 20x
magnification, it is observed that the inflicted cut could be closed
after 1 h when left under ambient conditions. Subsequently, 1 cm
% 0.5 cm samples of FV1 were cut in half and joined together and
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Fig. 3 Self-healing demonstration of FV1. (a) Mechanism of FV1 self-
healing by boronic ester exchange; (b) strip of FV1 (2 x 0.5 cm) cut in
two and joined to heal, and stretched to 225% of its original length (left to
right); (c) microscopic images of FV1 at O min (left) and 1 h (right) after
100 um damage was induced with a knife (20x magnification); (d) tensile
testing of pristine and self-healed samples of FV1 at 3 h and 6 h.
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left to heal for 3 h and 6 h, respectively. Tensile testing of these
self-healed samples (Fig. 3d) showed a similar Young’s modulus
as a pristine sample of FV1, which shows a good degree of self-
healing, albeit with a reduction in the maximum strain achieved.

To mechanically reprocess FV1, a sample of 2 g was cut into
small pieces and mechanically pressed using a hot-press at
room temperature and 20 bar for 15 min to reform a singular
piece of FV1, with the duration reduced to 5 min when pressed
at 100 °C (Fig. S35, ESIf). A similar 2 g sample could also be
chemically recycled by the addition of methanol to redissolve
the sample and heated to 60 °C for 4 h to reform the boronic
ester network, yielding a pristine sample of FV1 after removal of
methanol (Fig. $36, ESI). FV1 can also be recycled into its
linear polymer and crosslinker components using methanol
and dialysis at room temperature. Upon stirring FV1 in a
dialysis bag in methanol at room temperature for 24 h, FV1
can be separated into LP1 and 1,4-phenylenebisboronic acid.
LP1 and 1,4-phenylenebisboronic acid recycled in this manner
were characterized using "H NMR characterization (Fig. S37
and S38, ESIT) which showed no significant difference from the
original counterparts. Similarly, when the recycled LP1 was also
analysed using GPC (Fig. S39, ESIt) and DSC (Fig. S40, ESIT),
the recycled LP1 gave similar results to the original. This
method allows 87% recovery of LP1, which can be further
fabricated into a new FV1 elastomer by the addition of 1,4-
phenylenebisboronic acid as a crosslinker. The reprocessed
and chemically recycled FV1 were analysed with FTIR and
showed no significant deterioration from its pristine state
(Fig. S41, ESIt). Tensile tests of the reprocessed and recycled
FV1 also afforded similar stress-strain curves (Fig. S42, ESIT).
The ease of recycling FV1 using simple methods and green
solvents such as methanol further exemplifies its role as a
circular material.

To conclude, we have designed and synthesized a boronic
ester vitrimer with enhanced hydrolytic resistance by incorpor-
ating highly hydrophobic fluorinated side-chains into the poly-
mer structure, which was able to maintain its thermal and
mechanical properties in an RH 65% environment for 7 days
and also demonstrated much slower degradation when
immersed in water. Compared to the current state-of-the-art,
this approach is simpler, more versatile, and achieves an out-
standing waterproof performance. Besides, the utility of FV1 as
a circular polymer was also demonstrated in its excellent
reprocessability and recyclability, which can be achieved by
multiple approaches of hot-pressing at room temperature for
15 min, redissolving in green solvents like methanol and
ethanol, or recycling in methanol, with the resultant FV1
bearing no significant changes from the original. We believe
that the enhanced hydrolytic resistance, along with the closed-
loop reprocessability and recyclability of the boronic ester
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vitrimer presented in this work, holds great potential for the
future development of robust, sustainable materials with a
broader range of practical applications.
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