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Tuning the Mechanical and Dynamic Properties of Elastic Vitrimers
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Elastic vitrimers, ie., elastic polymers with associative dynamic covalent bonds, can afford elastomers with
recyclability while maintaining their thermal and chemical stability. Herein, we report a series of boronic ester-based vitrimers with
tunable mechanical properties and recyclability by varying the substitute groups of boronic acid in polymer networks. The dynamic
polymer networks are formed by reacting diol-containing tetra-arm poly(amidoamine) with boronic acid-terminated tetra-arm
poly(ethylene glycol), which possesses different substituents adjacent to boronic acid moieties. Varying the substituent adjacent to
the boronic ester unit will significantly affect the binding strength of the boronic ester, therefore affecting their dynamics and
mechanical performance. The electron-withdrawing substituents noticeably suppress the dynamics of boronic ester exchange and
increase the activation energy and relaxation time while enhancing the mechanical strength of the resulting elastic vitrimers. On the
other hand, the presence of electron-rich substituent affords relatively reduced glass transition temperature (T,), faster relaxation,
and prominent recyclability and malleability at lower temperatures. The developed pathway will guide the rational design of
elastomers with well-tunable dynamics and processabilities.
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chemical resistances, allowing their utilization in a wide

In recent years, due to the active implementation of polymeric range of applications; however, the presence of permanent
materials in different applications including packaging, cross-links in their structure limits their chance to be
electronics, insulation, the automotive industry, etc., the
problem with polymer waste has occurred at an unprecedented
rate and poses huge challenges with growing populations.’
Conventional polymeric materials are inherently resistant to owning dynamic covalent cross-links have been developed,
degradation and have long-term persistency in the environ- exhibiting excellent mechanical performance, solvent resist-
ment; therefore, inappropriate disposal has led to extreme
pollution hazards to the environment.” Therefore, to facilitate
waste management of polymers, recycling is a “greener” option
for polymer sustainability.”* Thermoplastic polymers have the
potential to be recycled; however, their poor chemical
resistance and lack of dimensional stability at elevated
temperatures limit their wide range of applications. On the
other hand, thermoset polymers are durable materials with
high mechanical robustness and exceptional thermal and

recycled.”~® Therefore, to combine the advantages of thermo-

plastics and thermosets, a new class of polymeric materials

ance, and dimensional stability like thermosets and the
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Scheme 1. Ilustration of the Chemical Pathway for the Fabrication of Elastic Vitrimers with Variable Boronic Acid

Substituents
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capability to be reshaped/recycled under exposure of external
stimuli such as heat and light.”~"*

Polymeric materials fabricated via associative dynamic
covalent bonds commonly called “vitrimers” have been
extensively studied in the past decade due to their prominent
advantages including exceptional mechanical performance,
chemical/thermal resistance, and good reprocessability.”"”
The overall performance of vitrimers mainly depends on the
chemical structure of polymer segments, the degree of cross-
linking, and the type of dynamic bonding. The dynamics and
mechanical properties of vitrimers not only rely on the
structural features of the polymer network but also depend on
the nature of dynamic exchange processes.'*”'® To tune the
mechanical properties of vitrimers, several strategies have been
implemented including but not limited to tuning the cross-link
density and mobility of polymer segments, altering the catalyst
system and stoichiometric ratio of starting materials, etc.'”~°
Commonly, the presence of external contributors is required
for the desired dynamic exchanges. For example, external
catalysis, the addition of nanofillers, etc. are employed to afford
the vitrimer with on-demand viscoelastic behavior.”* However,
tuning the dynamics by modifying the polymer network or
incorporating external fillers or triggers may cause challenges
with reprocessability and cross-influences of mechanical
reinforcement.*” Till now, tuning the network kinetics without
the use of external contributors still remains a challenge.

Investigating the correlation between small molecule kinetics
and the dynamic properties of polymer networks is vital to
addressing such a challenge. Formation of dioxaborolane takes
place without the presence of a catalyst at relatively low
temperatures (e.g., 60 °C), and such cross-link networks are
known to have good dimensional stability, efficient dynamic
exchange reactions, thermal stability, and high tolerance
toward other functional groups.”> Thus, considering its high
dynamics and low activation energy, the dioxaborolane
network is a robust platform for us to investigate the effect
of internal contributors on the dynamics of vitrimer net-
works.”* Till now, several studies have reported the effect of
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small molecule design on the dynamics of boronic ester-based
vitrimers where the nature of the neighboring group in the
boronic acid moiety has a significant effect on exchange
dynamics, malleability, and mechanical performance. Yesilyurt
et al. developed a range of hydrogel networks containing
phenylboronic acid derivatives with different pK, values that
allowed tunable viscoelastic properties via environmental pH
changes and the self-healing ability of formed gels.”> Another
study reports the synthesis of dynamic hydrogels with tunable
viscoelastic properties by varying the structure of boronate
moieties, which directly affects the binding strength between
boronic acids and diols.”® A similar strategy was applied by
Chu et al. to evaluate the electronic effect of phenylboronic
acid substituents on the properties of biopolymer fibers
including tensile strength, ultimate strain, and elastic
modulus.”” However, these studies were mostly focused on
the random choice of substituents in the moiety to tune the
healing ability and mechanical performance of boronic acid-
based vitrimers. Thus, it still remains unexplored how small
molecule perturbation, including the electron density of the
substituent and its specific location, affects the dynamics of the
solvent-free elastic networks and their thermal reprocessability.

Herein, we report a range of boronic ester-based polymer
networks with tunable mechanical properties and recyclability
by varying the substitutes of boronic acid in the elastic
network. This is based on the assumption that the varied
electron density of the boronic ester linkage affords different
binding strengths, which allows tunable viscoelastic and
dynamic behaviors. The presence of the electron-withdrawing
group in the phenylboronic moiety like —F and —Cl
contributes to the higher binding strength of boronic ester
bonds, which enhances the mechanical performance of
resulting elastic networks, whereas the decreased electro-
negativity of the substituent (—OCHj;) considerably decreases
the binding strength of cross-links in boronic ester-based
elastic networks, which improves flexibility and recyclability.
We are aiming to develop a straightforward method to control
the strength and recyclability of these elastic networks via the
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Figure 1. "H NMR spectra of phenylboronic acid-functionalized 4-arm polyethylene glycols (a), FTIR spectra (b), and SAXS spectra (c) of boronic
ester-based vitrimers (red: Cl-vitrimer, black: F-vitrimer, blue: H-vitrimer, green: OCHj-vitrimer).

introduction of neighboring groups with different electron
densities. The recyclable elastic networks with controlled
mechanical properties and recyclability without the presence of
external contributors may serve as a durable platform for next-
generation smart functional materials.

Considering a wide range of applications and outstanding
properties, boron-containing polymers have been extensively
explored for the design of self-healing polymers.”**’ The great
interest in using boron (B) lies in the fact that it is an
inherently electron-deficient and tricoordinate atom, which
provides many unique features to the resulting B-containing
materials.”” Commonly, the B—O bond has been utilized in the
polymer design to control their healing properties due to the
combination of thermodynamic stability and kinetic tuna-
bility.”’ The boron-containing dynamic polymer shows fast
exchange kinetics, malleability, and a self-healing performance.
However, their malleability and self-healability usually require
the assistance of water molecules or high temperatures to
trigger the effective bond exchamge.32 Therefore, tuning the
exchange rate via modifying the intrinsic binding strength of
boronic ester is vital to control the mechanical performance
and dynamics of the resulting elastic networks.”> While most
studies of boronic ester-containing vitrimers are focused on
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tuning self-healing properties, the goal of current research is to
demonstrate an effective approach to tune the recyclability of
those vitrimers via the introduction of neighboring groups.”®*’

The presence of substituents and their location in phenyl-
boronic moieties have a significant impact on the electron
density of the boron atom, which therefore impacts the
stability of the boronic ester bond and its binding strength with
diols.***> Hence, the introduction of electron-withdrawing or
electron-donating substituents contributes to the inductive and
resonance effects, which directly correlates with the unbinding
process during the exchange reactions.”® The existence of
electron-withdrawing substituents like —F and —Cl with high
electronegativity can attract the electron from covalent bonds,
providing a more stable boronic ester bond.”> The charge
transmission within the phenylboronic moiety results in the
formation of the dipole. On the other hand, electron-donating
substituents like methoxy (—OCH;) provide migration of
electrons to the boron atom, resulting in low binding strength
of boronic ester (Scheme 1). Therefore, varying its electron
density by performing small molecule perturbations will
provide a robust platform for controlling the binding strength
and the exchange rate of polymer networks.

Herein, we designed a range of phenylboronic acid-
functionalized 4-arm polyethylene glycols (4-arm-PEG, MW
2000 g/mol) where the electrophilic character of the
substituent in the phenylboronic moiety was varied. For this
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Figure 2. DSC curves (), Young’s modulus/tensile strength (b), and tensile stress—strain curves (c) of boronic ester-based vitrimers with variable

neighboring groups. Optical image of the OCHj-vitrimer (d).

purpose, carboxyphenylboronic acids with different neighbor-
ing groups including fluorine (—F), chlorine (—Cl), and
methoxy (—OCHj;) along with the unsubstituted were utilized
for the synthesis of phenylboronic acid-functionalized 4-arm
polyethylene glycols (Figure S1). The chemical structure of
phenylboronic acid-functionalized 4-arm-PEGs was confirmed
using '"H NMR spectroscopy (Figures la and S2a). The
electron density of the substituent was a key parameter to
trigger the binding affinity and exchange rate of the vitrimer
networks. The resulting boronic acid-functionalized 4-arm-
PEG molecules were cross-linked with the diol-functionalized
polyamidoamine dendrimer (PAMAM) to form a series of
boronic ester-based vitrimers [see the Supporting Information
for synthesis details and '"H NMR spectra (Figure S2b)]. As
shown in Scheme 1, the boronic ester was formed between
boronic acid moieties and diols to deliver a range of polymer
networks. The resulting vitrimers are cross-linked networks in
which the substituted group affects the stability of such a
dioxaborolane bond. As illustrated by the attenuated total
reflectance Fourier transform infrared (ATR-FTIR) spectra,
the presence of a vibration peak at 1300—1350 cm™!
corresponding to the asymmetric B—O stretching indicates
the formation of boronic ester cross-links (dioxaborolanes)
(Figure 1b). The nature of the substituents in phenylboronic
moieties has a distinctive effect on the formation and stability
of dioxaborolane linkages and hence the ratio of unreacted
diols. The relative amounts of unreacted diols were studied by
integrating the peaks corresponding to the diol group in the
FTIR spectra. It was found that the unreacted diols increased
in the range —Cl < —F < —H < —OCHj;, which was expected
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due to the reduced binding strength of boronic ester linkages
caused by the presence of substituents with different
electrophilic characters. Herein, the OCHj-vitrimer with the
electron-donating group has shown an almost four times
higher amount of unreacted diols compared to the Cl-vitrimer
that contains the electron-withdrawing group. The extent of
dioxaborolane cross-links in the vitrimer network and its
stability are mainly controlled by the nature of substituents in
phenylboronic moieties. The solubility tests showed that the
resulting elastic vitrimer with electron-withdrawing substitu-
ents has a high gel content (>85%) whereas the vitrimers with
—H and OCHj; exhibit a decrease in the gel fraction because of
lower stability of dioxaborolane linkages and possible
hydrolysis during the test (Figure S3). Moreover, in the
presence of alcohol (CH;OH), a noticeable decrease in the gel
fraction of vitrimers was observed in the order of —Cl > —F >
—H > —OCH,; (74.5% > 70.9% > 38.8% > 29.9%) because
favorable transesterification between dioxaborolanes and
alcohols leads to vitrimer hydrolysis in such conditions
where the impact of the substituent also takes place. Thus,
the obtained data from FTIR spectroscopy and the solvent
resistance test clearly confirm that the nature of the substituent
in phenylboronic moieties not only affects the stability of
dioxaborolane but also the extent of its conversion during the
vitrimer formation process. Morphological characterization of
the resulting vitrimers was examined by small-angle X-ray
scattering (SAXS). The distinctive peak in the range of the
scattering vector 0.11—0.12 A~ corresponds to the spacing of
5.1-5.9 nm (Figure 1c). The observed spatial distance can be
attributed to the formed mesh size of the vitrimers, which
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Figure 3. Rheological master curve at the reference temperature Ty = 293 K (a) and the dependence of relaxation time vs temperature (b) for the
Cl-vitrimer. Apparent activation energy profiles (c) and comparative toughness recovery with reprocessing time (d) are for elastic vitrimers with

different substituents.

should be around 5.6 nm according to the extended coil model
calculations. The optical image of resulting elastic vitrimers
shows a uniform surface structure without visible defects or
phase separation (Figure 2d).

The thermal properties of boronic ester-based vitrimers were
studied using thermogravimetric analysis (TGA) and differ-
ential scanning calorimetry (DSC). The TGA curves indicate
the outstanding thermal stability of such elastic vitrimers with
no significant decomposition at lower temperatures (Tgsgs, in
the range 400—409 °C, Figure S4a). The initial decomposition
of resulting boronic-ester-based vitrimers starts at ~200 °C
where Ty is determined to be 197.4, 192.6, and 209.7 °C for
F-, H-, and OCHj-vitrimers, respectively. Small decomposition
corresponding to the peaks at 200—220 °C in derivative
thermogravimetric (DTG) curves (Figure S4b) was observed
for elastic vitrimers with H and OCHj; neighboring groups in
the boronic acid moiety, attributed to the removal of hydroxyl
groups that could be introduced through partial hydrolysis of
boronic ester bonds or incomplete conversion to dioxabor-
olanes.”” Such an effect was not observed for elastic vitrimers
with the F neighboring group, potentially due to the high
binding strength and enhanced water resistance. Moreover, as
illustrated by the DSC curves of elastic vitrimers, the
substituents of boronic acid moieties significantly affect the
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chain mobility of these dynamic polymer networks. The
presence of electron-withdrawing substituents (—F and —Cl)
in boronic acid moieties in vitrimers suppresses the polymer
dynamics, leading to higher T, values, whereas the
introduction of a methoxy substituent as a neighboring
group considerably improves the chain mobility, as indicated
by the lower T, value (Figure 2a).

The small molecule perturbations in phenylboronic acid
moieties are designed to tune the mechanical properties of the
resulting elastic vitrimers. Herein, static uniaxial tensile
measurements were performed under ambient conditions for
a range of boronic ester-based vitrimers (Figure 2c). The
ultimate tensile strength of boronic ester-based vitrimers
increases with the following order: —F > —Cl > —H > —
OCH,;, which could be explained that the presence of
neighboring groups with electron-withdrawing character leads
to the formation of nodes with high binding strength of
polymer networks, therefore allowing to withstand higher loads
under stress. Moreover, elastic vitrimers with a wide range of
Young’s modulus (from 32 + 4.3 to 93 + 2.7 MPa) are also
achieved by varying the chemical substitution of a single site on
the phenylboronic acid moiety (Figure 2b).

A rheometer is utilized to reveal the effect of substituents on
the chain dynamics and viscoelasticity of the elastic vitrimers.
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A typical time-resolved oscillatory shear master curve is shown
in Figure 3a for the Cl-vitrimer. The validity of time—
temperature superposition was verified by the van Gurp—
Palmen plot (Figure SSc), and the shift factors were also
provided (Figure SS5d) for all of the obtained elastic
vitrimers.”® At 20 °C, a glassy state was noticed around 10
rad/s with a modulus around the level of 1 GPa. As the
frequency decreases, a transition region was followed by the
rubbery plateau at the level of 4 MPa, which was slightly higher
than the H- and OCH;-vitrimers (see the Supporting
Information). With a reference temperature of 20 °C, the
terminal crossover was observed at 107> rad/s, indicating the
observable exchange of ester bonds as well as the flow regime.
It was found that the electrophilic character of the substituent
has a significant effect on the chain dynamics and viscoelastic
properties of the elastic vitrimers. The elastic vitrimers with
electron-withdrawing groups (—Cl, Figure 3b) showed
decelerated polymer dynamics, especially for the terminal
dynamics. The polymer dynamics at the glassy state were not
significantly affected because the ester bonds exhibited a minor
contribution to the mobility of polymer segments at low
temperatures, whereas a differentiation started to show up as
the temperature increased. Moreover, the elastic modulus at
the rubbery plateau was increased for Cl-vitrimers, although
the designed networks should have the same cross-linking
density. This result can be explained by the stronger resistance
of the Cl-vitrimer to hydrolysis, which shows higher apparent
cross-linking density during the rheology test. They also
showed a relatively broader rubbery region (high resistance to
flow), attributed to the higher dissociation energy barrier that
extended the terminal relaxation time. On the other hand, the
electron-donating substituent (—OCH;) affords faster polymer
dynamics and lower resistance to flow. The onset temperature
for the flow of resulted vitrimers decreases in the following
range: —CIl > —F > —H > —OCH,;, which is correlated with the
electrophilic effect of the neighboring groups (Table 1). The

Table 1. Viscoelastic Characteristics of Boronic Ester-Based
Vitrimers

F Cl H OCH;
onset temperature of flow (°C) 99.3 105.2 92.3 74.3
apparent E, (kJ/mol) 109.8 108.0 96.4 96.9
actual E, (kJ/mol) 61.4 68.3 54.3 50.5
T, by max G” (°C) 377 404  —405  —407

obtained mechanical test results have shown a comparable
trend for resulting vitrimers containing electron-withdrawing
groups (—F and —Cl), which have shown much higher tensile
strength than others. The slight difference in the trend for
Young’s modulus vs rheology profile of F- and C-vitrimers
could be attributed to the difference in moisture absorption
because the tensile test was performed at ambient conditions
with high humidity levels (60—70%), while the rheology was
studied in the dry environment under N,.

Due to the reversibility of dynamic cross-link networks,
boronic ester-based elastic vitrimers can relax stress and
rearrange the network through a boronic ester trans-
esterification or exchange with free diols.””” To further
examine the effect of neighboring groups on the dynamic
properties of bulk elastic vitrimers, stress relaxation studies
were performed using dynamic mechanical analysis (DMA) at
the temperature range from 0 to 25 °C. The data show that the
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relaxation process strongly depends on the nature of the
substituent in the boronic acid moiety, which controls the rate
of its malleability. The stress release at 1% strain was achieved
much faster for the elastic vitrimer with the methoxy
substituent that exhibits faster dynamics, in agreement with
the rheological data (Figure S6d). However, for elastic
vitrimers containing electron-withdrawing groups (—F and —
Cl), the relaxation process takes a considerably longer time due
to the higher bond stability (Figure S6a,b). The relaxation
time, 7, is often obtained by the 1/e method using the stress
relaxation results within the temperature range of interest. The
characteristic relaxation time (z*) of vitrimers was defined as
the time of 37% (1/e) of the applied stress (Figure 3c). As
expected, the increasing temperature enhanced the relaxation
rate, which follows the Maxwell model i.e., the Arrhenius law

(eq 1)

In(r) =E,/RT —In A (1)

However, such a method often leads to a misconception of
the stretched exponential nature of relaxation processes.
Herein, a more rigorous methodology is to use time—
temperature superposition (tTS) to reveal the temperature
dependence of relaxation dynamics, which has been applied for
decades. Our group has clearly demonstrated the difference
between the 1/e method and the traditional tTS method in
another work.”” The apparent E, values obtained from tTS
applied to rheological terminal flow data are presented in
Table 1. There is a significant difference in the activation
energies estimated from the 1/e method and from rheological
tTS. Apparently, the 1/e method provided the relaxation time
that significantly deviated from the actual value.*'

Although we have shown the correct method to estimate the
relaxation time, there is one more piece of the puzzle that is
still missing because the apparent E, seems to be still higher
than the bond energy of the esterification process.*> Our group
has also shown that the segmental relaxation dynamic (z,,) is
non-negligible, and one should consider 7, as the prefactor of
bond exchange

In(z) = E,/RT + In(z,) (2)

where 7, can be extrapolated from the segmental dynamics
using the Vogel—Fulcher—Tammann equation. By taking 7,
into consideration, the actual E, for bond exchange is much
lower than the apparent E, (Table 1), which agrees with the
energy landscape of the esterification process. Moreover, the
actual E, showed a consistent trend with the apparent E, for
terminal relaxation (Table 1), which indicated that the
segmental dynamics was comparable among different systems
in comparison with the bond exchanges. Moreover, as
electron-withdrawing groups, the elastic vitrimers with Cl
and F substituents have a comparable E,.

The neighboring groups in the phenylboronic ester structure
also contributed to the contrast of reprocessing behavior of
boronic ester-based vitrimers. The difference in the binding
strength of boronic ester bonds in the resulting vitrimers
caused by the shift of electron density near the boron atom has
significantly impacted the time required for dynamic exchange
and reprocessing of polymer films. The reprocessability of a
range of boronic ester-based vitrimers was investigated using
compression molding. The films were cut and pressed over
different periods at 70 °C. Toughness recovery was calculated
over different processing times to evaluate the effect of
neighboring groups in boronic acid on the kinetics of dynamic
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Figure 4. Snapshot of the simulation system and corresponding 4-arm PEG polymer and dendrimer (the green and red beads on the terminal
represent a sticker, which is the boronic acid and diol in the experiment) (a), illustration of the reversible interaction for a boronic ester dynamic
covalent bond through a Monte Carlo process (b), the stress—strain curve for different substitutes during the uniaxial extensional tests (c), and
radius distribution function between stickers during the uniaxial extension process (d,e).

bond exchange in resulting vitrimers (Figure 3d). It was found strain curves shown in Figure 4c. During the extensional
that network rearrangement and bond reshuffling occurred process, the stress of all elastic vitrimers increases before
more slowly in F-vitrimers, which is caused by the shift of hitting the maximum values 6,,,,. The maximum stress o,,,, of
electron density from the boron atom providing stabilization of the three systems appears around a strain of 7. The o, of
the boronic ester bond. Therefore, the presence of an electron- substitute —F is larger than those of —H and —OCHj;, while
withdrawing substituent results in the formation of a the —H and —OCH; substitutes almost have the same o,,,,
dioxaborolane with high bond strength, thus slowing the value. The simulation here is consistent with the experimental
dynamics of bond exchange and malleability overall. tests, and this observation about o,,,, also indicates that the

energy barrier AEyg controls the maximum stress. To further
confirm that the AEyg controls the maximum stress, we test

Simulation studies have been conducted to reveal the the radius distribution function (RDE) G(r) between the

dependence of binding energy of boronic estf}r cross-links on boronic acids (green bead) and diol function (red bead) at
the mechanical performance of final materials.”™ Therefore, the strain = 3 and strain = 7. All different substitutes give the same

hybrid Monte Carlo (MC>/ Mollecular. Dynamics. (MD) model G(r) curve at both strain values, suggesting that the three
has been successfully applied to investigate associative polymer systems have the same number of dynamic covalent B—O

. L 44
netyvorks (see the Supporting Informatllon) . In our coarse- bonds at each strain. On the other hand, the RDF also tells us
grained model, the PEG polymer model is a linear chain with a that the dynamic covalent B—O bond RDF curves maintain

mon(')rne}rl number I())]fi IGV N 12 0, Wit},}}f ach PFfG lp o}yme; a;Eaél their number during the extensional process, which is indicated
arr{l in the 4-a}rr;(1 N po Ymeé- 1 e t;;mma 0 ea}f- h by the fact that strain = 7 just slightly changes compared to
polymer is a sticker (the green bead in Figure 4a), which can strain = 3. Overall, our simulation results are consistent with

interact with the active sticker (the red l?ead in Figure 4a) ona experimental tests showing that the dissociative energy barrier
small molecule that models the dendrimer. The 4-arm PEG . . . .
controls the maximum tensile stress during tension for

polymers and small molecule have the same chain number in different elastic vitrimers.
the simulation box with 2000 chains each. The temperature of
all of the coarse-grained simulations is controlled as T = 1.0
through the Nosé—Hoover thermostat. During the uniaxial

tension process, we used a strain rate of 107°/z with the In summary, we developed a facile and efficient strategy to
Poisson’s ratio set as 0.5. All the simulations are performed fabricate boronic ester-based elastic vitrimers with tunable
through the software of LAMMPS.* The snapshots are mechanics and dynamics via varying the neighboring group in
generated by Visual Molecular Dynamics (VMD) software.*® phenylboronic acid moieties. The presence of electron-
Uniaxial extensional tests were performed for different withdrawing groups on the dynamic boronic ester linkage
substitutes in the coarse-grained simulations, with the stress— endows the elastic vitrimers with higher Young’s modulus and
191 https://doi.org/10.1021/acsmaterialsau.3c00074
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tensile strength. The toughness recovery calculations show that
the incorporation of electron-donating groups allows a faster
recycling process due to lower binding strength and faster
exchange kinetics. The slower segmental (chain) and terminal
(bond exchange) dynamics with the side group changing from
OCHj; to F are clearly observed as well as the molecular-level
influence on the stress—strain relationship. Also, a series of
actual E, values were calculated based on the rheology shift
factor and the bond exchange dynamics and chain dynamics
dissociated. The developed hybrid MC/MD model also
confirmed that the dissociative energy barrier controls the
maximum tensile stress during tension for different elastic
vitrimers. The demonstrated approach on tunable elastic
vitrimers will pave the way for developing recycled thermoset
elastomers with an energy-efficient approach.

Four-arm polyethylene glycol with hydroxyl as the end group (MW =
2000 g/mol, 99% purity) was purchased from Creative PEGWorks
and dried under vacuum at 50 °C overnight. Boronic acid-based
precursors including 4-carboxy-3-fluorophenylboronic acid, 4-car-
boxy-3-chlorophenylboronic acid, 4-carboxy-3-metoxyphenylboronic
acid, 4-carboxyphenylboronic acid, diisopropyl carbodiimide (DIC,
99%), and 4-dimethylaminopyridine (DMAP) were supplied were
purchased from Millipore Sigma and used as received. Anhydrous
dichloromethane (DCM) and methanol as solvents were used without
further purification. The PAMAM dendrimer (20% in methanol, 516
g/mol) and glycidol (96%) were supplied by Millipore Sigma and
used as received.

4-Arm polyethylene glycol (1.0 g, Mw = 2000 g/mol) was dissolved in
50 mL of anhydrous DCM. A 1.38 g (10 mmol) portion of 4-carboxy-
3-fluorophenylboronic acid and 0.95 g of N,N’-diisopropylcarbodii-
mide (DIC) were added sequentially to the reaction mixture and
stirred for 30 min under an argon blanket. Then, 0.917 g of 4-
dimethylaminopyridine (DMAP) was added with continuous stirring.
The reaction was carried out in an ice bath overnight. After the
evaporation of the solvent, the resulting product was diluted with
methanol, dialyzed against methanol for 24 h, and then vacuumed to
remove the remaining solvent. One H (400 MHz, CDCI3, §): 7.7—
7.85 (m, 12H), 3.6 (br s, PEG).

Other phenylboronic acid-functionalized 4-arm polyethylene
glycols (H-, OCHj;, and Cl- precursors) were synthesized following
the same protocol described above using 4-carboxy-3-fluoro phenyl-
boronic acid. '"H NMR spectra were recorded on a Bruker 400 MHz
NMR spectrometer by using the residual proton resonance of CDCl;
as the internal standard. Chemical shifts are reported in parts per
million (ppm).

2 g of the F-precursor (0.7S mmol) was dissolved in 10 mL of
anhydrous methanol. Then, the cross-linker solution was prepared by
dissolving 0.61 g of PAMAM-diol in 3 mL of anhydrous methanol.
After full dissolution, the F-precursor was mixed with PAMAM-diol in
a molar ratio of 1:1, at which point the polymer samples became more
viscous. The polymer solution was then cast into a Teflon mold and
allowed to slowly evaporate at room temperature overnight on the
benchtop. The cross-linked polymer films were then placed in a
vacuum oven at 80 °C. The samples were vacuumed for 24 h to
remove any residual solvent and moisture that may lead to bond
dissociation and affect the overall cross-linking process. The other
boronic ester-based vitrimers were prepared using the above-
mentioned procedure.
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FTIR spectroscopy was performed using a Nicolet iS50 FT-IR
spectrometer equipped with a deuterated triglycine sulfate (DTGS)
detector. The transmission spectrum of each vitrimer were obtained
with 32 scans in the range 500—4000 cm™' wavenumber. TGA was
conducted using TGA QSO (TA Instruments) to determine the
thermal stability of the resulting vitrimers. The measurements were
conducted in the range of temperatures from 20 to 800 °C with a 10
°C/min rate in the nitrogen atmosphere. DSC measurements were
performed using a DSC 2500 (TA Instruments). The samples were
sealed into aluminum hermetic pans and tested using a heat—cool—
heat regime in the range from —80 to 80 °C at a rate of 5 °C/min
with dry nitrogen purging through of the sample at a 50 mL/min flow
rate to analyze their glass transition temperature (T,). SAXS
measurements were performed at the Xeuss 3.0 X-ray Scattering
Beamline with the Pilatus 3R 300 K detector at the Joint Institute for
Advanced Materials. DMA measurements were performed on a TA
Discovery DMAS8S0. The amplitude and frequency in the oscillation
model were set to 20 ym and 1 Hz, respectively. The rectangular
shape sample specimens were loaded between clamps and soaked at
the starting temperature for S min before testing. The stress relaxation
tests were conducted in the temperature range from 0 to 25 °C by
applying a strain of 1%. Rheology studies were performed on a TA
AR2000ex rheometer with an angular frequency range of 10~ to 10°
rad/s using parallel plate geometries with diameters of 4 and 8 mm.
Strains of 0.03 to 3% were used depending on the temperatures from
—45 to 150 °C. The tTS validity was further verified using the van
Gurp—Palmen plot. Tensile properties of boronic ester-based
vitrimers were determined according to the ASTM D1708 using an
Instron universal testing machine 3343 with SON cell capacity at a
cross-head speed of 1 mm/s. At least five samples were tested from
each composition, and the average data of tensile strength and
elongation at break were calculated.

1 X 1 in. square-shaped films of boronic ester-based vitrimers were
broken into small pieces using a razor and loaded into a 0.5 mm
thickness square-shaped PTFE mold. Then, the sample was placed in
a vacuum oven at 70 °C under applied pressure (500 g) and held for
various periods of time. The recycled films were removed from molds,
cut to a rectangular shape of W X L of 3 X 20 mm, and tested using
tensile testing according to the ASTM 1708 via the method
mentioned above. The toughness recovery (Toughness,..,) was
calculated by calculating the area under the curve and comparing it to
the toughness of virgin samples.

Toughnessrecycled film

Toughness =

recov. Toughness (3)
where Toughness,; i, g is the toughness value calculated for the
vitrimer sample using the area under the stress—strain curve for virgin
film, MJ/m® and Toughness,i,i, fim is the toughness value calculated
for the vitrimer sample using the area under the stress—strain curve

for film after recycling, MJ/ m>.

virgin film

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsmaterialsau.3c00074.
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