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We report the employment of single-boron compounds as readily
available cross-linkers for strengthening ethylene-methacrylic acid
ionomers. The novel cross-linking strategy effectively strengthened
the ionomers with enhanced mechanical and rheological pro-
perties, affording excellent (re)processability without changing the
transparent appearance.

Semi-crystalline ionomers composed of polyethylene-co-
methacrylic acid partially neutralized by metal cations such as
sodium, zinc or others, known as SURLYN™, are important
industrial materials.'™ Such ionomers are characterized by the
presence of strong electrostatic interactions between metal
cations and carboxylates in cluster domains, as well as crystal-
line domains from polyethylene segments (Fig. 1).°"® The com-
bination of two physical interactions into one system dramati-
cally enhances the mechanical properties of the ionomer,
including high tensile strength, good stiffness, and outstand-
ing resistance to abrasion/puncture, some of which are even
better than those of crystalline polyethylene and its copoly-
mers with carboxylic acid.’

In recent years, polymers with dynamic networks have
received great research interest.'®'® The incorporation of
dynamic covalent/non-covalent interactions into polymer
matrices has furnished promising solutions to improve physi-
cal properties without losing the ability to be (re)processed,
allowing cross-linked polymers to be reconfigured like
thermoplastics.'®™"? A variety of chemical and physical inter-
actions have been shown to fulfill demands in various chemi-
cal structures.®*> Among many elegant approaches, polymer
networks derived from boron chemistry have displayed rapid
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and reversible thermodynamic responses,'”'® enabling

covalent adaptable networks for polymers including polyethyl-
ene,” polystyrene,*® poly(methyl methacrylate),>>*' poly(di-
methylsiloxane)** and others.?*”*" For example, Sumerlin,>*>°
Guan,” Leibler'>?° and Guo®” demonstrated the employment
of boronic esters as reconfigurable dynamic bonds to yield
high-performance materials. You®* and Guan®® disclosed mal-
leable thermosets based on boroxine networks. Our group
reported strategies of dynamic covalent macro-cross-linkers®
and polymer network additives®® based on boronic esters to
strengthen commodity thermoplastics. Previous methods
with boron-based multi-arm cross-linkers have successfully
expanded opportunities toward reconfigurable thermosets.

Due to the strong Lewis acidity, boron compounds (e.g.,
boronic acids, boronic esters, etc.) have been applied in
studies ranging from biomolecule adsorption,®>* organic
transformation®*™” and so on,*® where the sp> hybrid boron
centre transforms into a sp® hybrid centre coordinated with
one or more carboxylate groups. Those studies are different
from the ones utilizing boronic esters or boroxines in dynamic
covalent networks, and represent a weaker interaction between
boron atoms and nucleophiles. Inspired by these results, we
hypothesized that organic molecules with single boron atoms
could be adopted as novel cross-linkers for carboxylates in
ionomers. In this work, we report the investigations of employ-
ing single-boron-based compounds as readily available addi-
tives for ionomers, demonstrating that boron compounds of
higher Lewis acidities exhibit stronger interactions with car-
boxylate groups. Studies on the mechanical and rheological
properties indicate that rational selection of boron compounds
could enhance Young’s modulus, yield strength, creep resis-
tance, and storage/loss modulus of an ionomer without com-
promising the advantages of (re)processability, transparent
appearance, etc.

At the beginning of this work, in order to investigate the
Lewis acidity of boron compounds, which is used as the basic
parameter to evaluate the strength of their interactions with
electron-donating groups (carboxylates) in ionomers, we exam-
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Fig. 1 Structure and physical interactions of the unmodified and modified ionomers.
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Fig. 2 (a) Chemical structures of boron compounds studied in this
work (B1 to B6). (b) *'P NMR results of EtsP=0 in the presence of boron
compounds. (c) Acceptor numbers of boron compounds determined by
the Gutmann—Beckett method.

ined the acceptor numbers of a variety of boron compounds
(Fig. 2a) including tri-n-butyl borate (B1), triisopropyl borate
(B2), triethyl borate (B3), n-butylboronic acid pinacol ester
(B4), n-butylboronic acid diethyl ester (B5), and n-butyl boronic
acid cyclic propylene ester (B6) by the Gutmann-Beckett
method to quantify the Lewis acidity.*>*® As analysed by phos-
phine nuclear magnetic resonance (*'P NMR), triethyl-
phosphine oxide (Et;P=0) gave increasing values of *'P
chemical shifts after being coordinated with molecules from
B1 to B6, resulting in increasing acceptor numbers from 16.6
to 21.2 (Fig. 2b and c). The experimental results suggest that
the six boronic esters afford different Lewis acidities, and alkyl
boronic esters (B4 to B6) possess higher Lewis acidities than
trialkyl borates (B1 to B3). Because of the poor compatibility
with boronic acid (e.g., aryl boronic acid), mixing with boronic
acid caused an apparent appearance change in the ionomer,
leading to opaque samples. Moreover, many commercially

© 2024 The Author(s). Published by the Royal Society of Chemistry

available trialkyl boranes and dialkyl alkoxyl boranes are
unstable under air atmosphere. Such compounds were not
explored in this study.

According to the acceptor number, the Lewis acidities of
boron compounds increased from B1 to B6. To probe the inter-
action between the carboxylate group and boron compounds,
we conducted density functional theory (DFT) calculations. As
summarized in Fig. 3a, while the binding energies between
boron compounds and sodium acetate (NaOAc) all give nega-
tive values in a range from -0.19 to —0.35 eV, indicating
exothermic transformations to form the corresponding co-
ordinated species, the energies obtained with B5 and B6 are
higher than those with the other four boron compounds,
which are consistent with their higher Lewis acidities. When
two NaOAc units interact with one boron molecule, the adop-
tion of B5 furnishes a bonding energy of —0.56 eV, implying
the possibility of employing B5 as a cross-linker to interact
with multiple carboxylate pendants in the ionomer. Different
from coordination with one acetate group, the interaction with
two NaOAc units is more likely to form an ionic cluster based
on the B-O distances by calculations (Fig. 3b).

In order to investigate the effect of boron compounds on
the crystal domain of the ethylene-methacrylic acid ionomer,
differential scanning calorimetry (DSC) and wide-angle X-ray
scattering (WAXS) tests were conducted. Firstly, the unmodi-
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Fig. 3 DFT calculations of binding energies between boron compounds
and sodium acetate (NaOAc) and illustration of dynamic networking of
1-B5.
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fied ionomer and modified ionomers from I-B1 to I-B6 were
characterized by differential scanning calorimetry (DSC) at a
scanning rate of 10 °C min~" to analyse melting temperatures
and enthalpy changes. As shown in Fig. 4a (Fig. $10-S137), all
samples clearly exhibit two melting points (Tn,; and Tp,),
which correspond to primary and secondary crystallinities,***
respectively. While I, I-Bl1, I-B2 and I-B3 exhibit Ty
(93.7-93.9 °C) and T, (50.2-50.6 °C) in narrow ranges,
samples from I-B4 to I-B6 exhibit lower melting points of T, =
88.8-90.6 °C and larger deviations of Ty, (46.1-52.3 °C). In
comparison with I, I-B5 shows decreased endotherms (AH,,; =
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Fig. 4 (a) DSC curves of the ionomer and samples from I-B1 to 1-B6 at
a scanning rate of 10 °C min~. (b) Heat of fusion (AHm;) and degree of
primary crystallinity (%) and (c) heat of fusion (AH,,,) and degree of sec-
ondary crystallinity (%) of the ionomer and 1-B1 to 1-B6.
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37.05 vs. 40.56 J g~ in Fig. 4b and AH,,, = 6.15vs. 8.23J g " in
Fig. 4c), attributed to the declined degrees of crystallinities in
primary and secondary domains (12.6% vs. 13.8% for primary
crystallinity and 2.1% vs. 2.8% for secondary crystallinity).
Decreased endotherms for secondary crystallinities are also
observed in I-B4 and I-B6.

The variations in melting points and endotherms are
caused by the impact of boron compounds (B4 to B6) on crys-
talline domains. We hypothesize that because B4 to B6 display
higher Lewis acidities than B1 to B3, the addition of such
molecules improves interactions in cluster areas, and further
affects the formation of crystalline domains. Since B4 exhibits
much higher steric hindrance and a lower bonding ability with
carboxylate, cyclic compounds of B4 and B6 are less favourable
to interact with multiple carboxylates as supported by DFT cal-
culations (Fig. S5 and S6%), and the use of B4 and B6 only
decreases the secondary crystalline domains. In contrast,
although the addition of B5 decreased both crystalline
domains, this single-boron-based compound could effectively
interact with multiple carboxylates and act as a cross-linker in
the ionomer matrix. Overall, according to the DSC results, I-B5
exhibited the lowest total crystallinity among all the modified
ionomers, which is also consistent with the WAXS results
(Fig. S14%), which may result in the improvement of the
mechanical and rheological properties.

To demonstrate the ease of processing, we employed a
mechanical mixing process to mix boron compounds and an
ionomer at 160 °C. An ionomer having 15% methacrylic acid
as a co-monomer and 50% of the acid group neutralized by
Na' was selected as the control (sample I). The melt index (MI)
is 5 dg min~", according to a standard method of ASTM
D1238-23 (at 190 °C and 2.16 kg).** The boron compound
(2.5 wt%) and the ionomer (I) were mechanically stirred in an
internal mixer in the melt state. After mixing, the materials
were processed by hot pressing, and cut into a dumbbell shape
for tensile test experiments at room temperature to evaluate
the mechanical properties. As shown in Fig. 5a, the ionomer
(I) and its composites (I-B1 to I-B6) exhibit tensile strengths in
a range of about 20-36 MPa. Although I-B5 and I-B6 resulted
in slightly lower tensile strengths, their Young’s moduli and
yield strengths are higher than those of the unmodified
ionomer (Fig. 5b and c), which may be caused by the inter-
action with ionomers using the boron compound as the cross-
linker. Among all the examined compounds, B5 has the
highest binding energy with the carboxylate group as sup-
ported by simulations, which suggested that the addition of B5
could form a more stable network with ionomers, thus effec-
tively improving the strength and stiffness of ionomers. For
example, I-B5 exhibits a Young’s modulus of 251 MPa and a
yield strength of 22 MPa, while the two values measured for
the ionomer control sample are 114 MPa and 15 MPa, respect-
ively, demonstrating an improved mechanical strength. The
yield ratio determined by yield strength and tensile strength is
employed to illustrate the strain hardening. As shown in
Fig. 5d, samples from I-B4 to I-B6 exhibit clearly enhanced
yield point ratios as compared to the ionomer, where improve-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Stress—strain curves of the ionomer (I) and samples from 1-B1
to 1-B6 conducted at 25 °C. (b) Young's modulus, (c) yield strength and
(d) yield ratio [(yield strength)/(tensile strength)] of the ionomer and
samples from I-B1 to 1-B6.

ments in I-B5 and I-B6 are caused by the higher yield
strengths, and the increase in I-B4 is attributed to the clearly
declined tensile strength. The yield ratio of I-B5 is about 1.7
times that of the unmodified ionomer. In addition, the stabi-
lity of I-B5 in water was investigated. As shown in Fig. S15,f
the tensile properties of I-B5 did not undergo a dramatical
change before and after being soaked in water for 3-10 days,
suggesting the good water stability of the crosslinked material.
I-B5 exhibits good solvent resistance as supported by the low
swelling ratios in a variety of organic solvents (Table S3).

The physical properties at elevated temperatures could
influence the application and processing technique of iono-
mers. In order to investigate the mechanical properties and
creep resistance of modified ionomers at high temperature,
the tensile tests and creep tests were conducted at 70 °C and
75 °C, respectively. When the tensile tests were conducted at
70 °C, samples from I-B2 to I-B6 displayed higher tensile
strengths (12.1-16.5 vs. 9.7 MPa, Fig. 6a) and Young’s moduli
(20.2-22.8 vs. 14.1 MPa, Fig. 6b) as compared to the unmodi-
fied ionomer, with the yield strength increasing from 3.2 MPa
to about 4.2 MPa. Creep resistance experiments were per-
formed with dumbbell-shaped samples by loading extra weight
at 75 °C for 40 min (Fig. 6¢). As illustrated in Fig. 6d, I-B3, I-B5
and I-B6 exhibit clearly lower deformation than the ionomer
control, whereas I-B5 provides the best resistance against
deformation, confirming that creep resistance is successfully
improved by adding boron compounds. The Lewis acidic
boron cross-linkers could broaden the application scope of
ionomers by improving their mechanical strength and creep
resistance at high temperatures.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Stress—strain curves and (b) Young's modulus of the ionomer

() and samples from I-B1 to I-B6 measured at 70 °C. (c) Optical images
and (d) results of the elongation experiments of the ionomer, 1-B3, 1-B5
and 1-B6 conducted at 75 °C.

The good reprocessability of ionomers is valuable toward
sustainable polymer materials. We investigated the (re)proces-
sability of modified ionomers (I-B5) and their mechanical pro-
perties. As shown in Fig. 7a, the fragmentized ionomers (I-B5)
were reprocessed via the mechanical mixing process and cut
into samples of dumbbell shape after hot pressing, and the
modified ionomers still maintain high transparency after
reprocessing. This process was recycled three times. By con-
ducting the tensile tests of I-B5 at each time, the stress-strain
curves are obtained and are shown in Fig. 7b; after reproces-
sing 3 times, I-B5 maintains the elongation at around 450%.
The Young’s modulus and yield strength are summarized in
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Fig. 7 (a) Image of the experiment for the investigation of the reproces-

sability of 1-B5. (b) Stress—strain curves of original and recycled I-B5. (c)
Young's modulus (blue column) and yield strength (brown column)
results of original and recycled I-B5.
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Fig. 7c¢, I-B5 maintained the original mechanical properties
without exhibiting a dramatic change. These experiments
suggest that I-B5 with a dynamic network based on the inter-
action between ionomers and B5 could be (re)processed via
the mechanical mixing process without losing transparency
and mechanical strength.

The storage (G') and loss moduli (G") of ionomers I-B1 to
I-B6 were measured by frequency sweeps in an oscillatory rhe-
ometer at 70 °C. As shown in Fig. 8a, all samples exhibit
higher G’ than G” at different frequencies, showing agreement
with their physically cross-linked structures with creep-resist-
ant ability in the measured region. Moreover, the addition of
boron compounds into the ionomer resulted in materials with
improved G' and G” as shown in Fig. 8b. For instance, I-B5
exhibits storage and loss moduli about 3.5 and 3.1 times those
of the ionomer (frequency = 1 Hz), respectively. On the basis of
dynamic mechanical analysis (DMA), I-B5 has the highest
storage modulus (25 MPa) and the highest T, (59.62 °C),
suggesting the reduced chain mobility caused by the formation
of the crosslinking network, which is beneficial for improving
the mechanical performance of materials (Fig. S167).

Conclusions

In this work, we demonstrate the employment of single-boron-
based compounds as easily available additives for ethylene-
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methacrylic acid ionomers. The introduction of such boron
compounds effectively improved the ionomer mechanical pro-
perties (e.g., Young’s modulus and yield strength), and
enhanced the creep resistance and rheological properties at
elevated temperatures. The interaction between boron and car-
boxylate provides polymers with excellent (re)processability
without influencing the transparent appearance of the
ionomer. Although the mixing with a boron compound (e.g.,
B5) results in slightly decreased crystallinities, the single-
boron-based molecule could act as a cross-linker for the
ionomer. Given the broad applications of ionomers and
increasing interest in improving polymers via dynamic inter-
actions, this system provides an alternative path to strengthen
ionomers using simple and low-cost additives, while maintain-
ing their good (re)processability that could be easily handled
using industry techniques.
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