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ABSTRACT: Dynamic polymers with remarkable energy dissipa-
tion and dampening are highly sought after for advanced
applications. Here, spring-like aromatic foldamers were incorporated
into the backbones of polymer networks cross-linked with dynamic
Diels—Alder (DA) adducts or nondynamic static cross-linkers.
Improved mechanical, self-healing, and dampening properties were
found in networks with shorter chains, more aromatic stacked
foldamer units, and dynamic DA adduct cross-links. These enhanced
properties were attributed to the synergistic effects of the reversible
elastic response to stress of spring-like aromatic foldamers and the
DA adducts.

Bl INTRODUCTION

Polymers with excellent dampening, energy dissipation, and
self-healing properties are highly desirable due to the
increasing environmental noise and vibration pollution from
various anthropogenic activities. Developing dynamic and
responsive polymers with enhanced energy dissipation and self-
healing properties is essential for avoiding material failure and
prolonging the lifespans of materials.'~> Nature has often
inspired solutions to these challenges in material properties.
Many biomaterials have excellent energy dissipation, such as
cartilage, which is essential for the function of joints in many
animals.” Similarly, the autonomous healing of human skin
after minor cuts, with restored sensory and operational
functionalities, has inspired self-healing behaviors in polymer
networks.”® Contrarily, many synthetic materials are brittle
and can crack or degrade, which reduces their lifetimes.
Incorporating dynamic bonds into synthetic materials can
enhance not only their self-healin§ properties but also their
toughness and energy dissipation.”

Over the past decades, significant research has focused on
self-healing chemistry through dynamic linkages.””"" Dynamic
chemistry, without the use of external healing agents, can be
achieved using supramolecular'”"® or dynamic covalent
linkages.””* Exam})les of supramolecular interactions include
hydrogen bonds * or host—guest interactions.'”” Dynamic
covalent linkages include thiol-Michael (TM) addition,'®"”
Diels—Alder (DA) adducts,'®"’ disulfides,””*" imine forma-
tion,”>** and boronic esters.”**° These chemistries have been
extensively explored due to their excellent responses to stimuli
(ie, pH, light, heat).® However, there remains an ongoing
need for self-healing or energy dissipation in the absence of
stimuli for many dynamic systems.
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Recently, foldamers have gained attention due to their
interesting elastic behavior, which can be harnessed to improve
the mechanical properties of polymers, with aromatic
foldamers being a particularly useful class of synthetic
responsive molecules.”*™*" Aromatic foldamers are synthetic
oligomers with folded molecular conformations that mimic the
3D functions and structures of biomacromolecules, especially
proteins.’>*> A notable class of aromatic foldamers is ortho-
phenylenes (oPs), a type of polyphenylene comprising benzene
rings that are connected at the ortho positions.”® They adopt
helical structures through offset aromatic stacking interactions,
which are parallel to the helical axis.”*** These folded
structures offer a unique synergy between ultimate stability
due to covalent bonding and responsiveness due to non-
covalent aromatic stacking.26

Mechanically responsive materials have several potential
applications, ranging from strain sensors to materials with
enhanced toughness.””™** Some important strategies have
been devised to develop bulk mechanoresponsive polymer
materials, including proton catalyst generation,””™"" release of
small molecules,””™** color changes,45747 isomerization,**™%°
and incorporation of foldamers, among others.”*™*" The
foldamer-based strategy is promising due to the reversibility
of unfolding and folding properties, which enhance energy
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Scheme 1. Synthesis of Poly(EA-FMA) Dynamic DA Cross-Linked Networks Based on Aromatic Foldamer RAFT Agents, oP*

and oP%, with Hydroquinone (HY) as the Nonfolded Control
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dissipation.”* ™" Like proteins, oP-based foldamers unwind
when stretched at their ends and then promptly rewind upon
relaxation.”® Therefore, integrating these properties into a
polymer network can result in materials with remarkable
responses to mechanical forces and excellent energy dis-
sipation.”® However, the effects of the incorporation of
aromatic foldamers into dynamic polymer networks, coupled
with other dynamic covalent bonds, are not well understood.

Herein, we have developed dynamic polymer networks with
molecular spring-like aromatic foldamers along the main
backbone and thermoresponsive Diels—Alder adduct cross-
linkers. This unique strategy presents dynamic polymer
networks with increased energy dissipation, dampening,
mechanical, and self-healing properties. This innovation is
enabled by the ability of the foldamer to unfold and assume
unstable elongated configurations upon the application of
strain and return to its folded state when relaxed. This is in
addition to the thermally driven dynamic exchange of DA
linkers, which enables self-healing. This work expands the
possibility of harnessing and integrating excellent self-healing
properties with folding and unfolding properties into networks
to develop dynamic mechanoresponsive materials for emerging
technologies in polymer science.

B RESULTS AND DISCUSSION

Polymer structure was controlled by a reversible addition—
fragmentation chain transfer (RAFT) process. RAFT chain
transfer agents (CTAs) containing oP units in the center were
developed by coupling 2-(propionic acid)yldodecyl trithiocar-
bonate (PADTC) with different hydroxyl-terminated aromatic
foldamer ortho-phenylene linkers (i.e., oP*(OH), and
oP°(OH),) using a 1-ethyl-3-(3-(dimethylamino)propyl)
cardodiimide (EDC) coupling method. oP® has six benzene
rings and exhibits a double turn of the helix, while oP*
possesses four benzene rings and has a single turn of the
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helix. Additionally, a nonfolding CTA based on hydroquinone
(HY) was used as a control and synthesized using a similar
approach. Subsequently, the difunctional CTAs were used to
copolymerize ethyl acrylate (EA) and furfuryl methacrylate
(FMA) monomers. EA was utilized as the major backbone-
forming monomer due to its elastomeric behavior and
relatively low glass transition temperature (T,), which 8gives a
flexible network that can facilitate dynamic exchange.'® FMA
was employed as a comonomer to take advantage of the furan
motif for possible dynamic DA cross-links in the presence of
bismaleimide (BMI). Scheme 1 represents the overall concept
of this study and shows the polymer architecture of the
dynamic materials.

After synthesis of the difunctional CTA with an HY or oP
core, RAFT copolymerization of EA and FMA was performed
at 60 °C for 9 h. Azobis(isobutyronitrile) (AIBN) was used as
the thermal initiator. Well-defined polymers were formed, as
shown in the size exclusion chromatography (SEC) plot
(Figure S1), with dispersities (D) in the range of 1.25—1.45.
There is a high molecular weight shoulder in the GPC traces of
the poly(EA-co-FMA) polymers. The high molecular weight
shoulders seen in the GPC traces in Figure S1 can be
attributed to branching formed by polymerization through the
diene in pendant FMA units.”" This small extent of branching
has been seen in prior acrylate/FMA copolymerizations,'” but
its impact is limited by the preferential reaction between the
propagating radical and the acrylic-based monomers. Typical
monomer conversions were between 80% and 90% as shown in
the 'H NMR spectra (Figure S2). After the polymerization was
completed, the resulting polymer was purified by precipitation
in hexane and dried in a vacuum oven overnight.
Postpolymerization cross-linking between the pendant furan
groups of the polymer and 1,1’-(methylenedi-4,1-phenylene)-
bismaleimide (BMI) was performed. To evaluate the influence
of polymer structure on the properties of the synthesized
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network, a cross-link density of 5% DA adducts (i.e., FMA-
BMI) was used for polymers with a degree of polymerization
(DP) of 50 or 100. In addition, networks cross-linked with the
nondynamic cross-linker ethylene glycol dimethacrylate
(EGDMA) were synthesized to separate dynamic DA
chemistry effects from aromatic foldamer effects. Hydro-
quinone-based CTAs were also used as the control for the
EGDMA systems, creating materials with neither dynamic DA
nor aromatic folding interactions. The polymers synthesized
with the FMA comonomer are referred to as HY-FMA, oP*—
FMA, and oP°—FMA, while networks with the EGDMA cross-
linker are referred to as HY-EGDMA and oP*-EGDMA.
Differential scanning calorimetry (DSC) was used to
determine the glass transition temperatures (Tg) of the
networks. All the synthesized networks have T,s ranging
from —4 to 8 °C (Figure S3), which is below room
temperature and consistent with previous works on poly-
(EA)-based networks.'®"”

Tensile tests were used to examine the mechanical
properties of the synthesized elastomeric polymer networks.
As shown in Figure la, polymers with RAFT oP linkers
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Figure 1. Tensile curve for (a) dynamic cross-linked oP®*~FMA, oP*~
FMA, and HY-FMA and (b) nondynamic cross-linked oP*EGDMA
and HY-EGDMA synthesized networks.

incorporated in the backbone have similar extensibility to those
with HY backbones, with strain at break (g;,.,) ~ 1.05 mm/
mm to ~1.1 mm/mm for oP* and oPS, respectively, compared
with € ~ 0.9 mm/mm for HY. This could be because the
networks have the same DA adduct cross-linkers and the same

cross-link density. Further, as the length of the oP helix
increases, the strength of the polymers with oP linkers
increases to a peak stress (apeak) of 1200 + 200 kPa and
1700 + 300 kPa for oP* and 0P, respectively, compared to 680
+ 40 kPa for materials containing HY at the core of the chain.
The extent of aromatic stacking in oP® is higher than that in
oP*, while HY has negligible helical aromatic stacking. The
increase in strength can be attributed to the unwinding of the
folded oP units with strain, which could increase the material’s
toughness and result in materials that are less brittle. Similarly,
Figure 1b indicates that the one-turn oP* system has superior
mechanical properties in terms of toughness 6, and €peqx
compared to the HY-based control. It is important to note that
materials cross-linked with nondynamic EGDMA cross-linker
are shown in Figure 1b. HY-EGDMA networks have lower
Epreak (~ 0.6 mm/mm) and 6, (at ~ 360 kPa) compared to
oP*EGDMA with higher &, (~ 0.9 mm/mm) and 6, (at
~ 560 kPa). The data in Table 1 and Figure 1 indicate that for
both dynamic DA and static EGDMA-based systems, the
higher the extent of aromatic stacking, the larger the
enhancement in mechanical properties, in terms of both stress
and toughness. However, the effect is substantially more
pronounced for DA systems compared to the static EGDMA
system, perhaps due to the static EGDMA linker reducing
effective load transfer to the oP-based foldamer

The effect of chain length was also evaluated for networks
with the same cross-linker and a cross-link density of 5% (DA
adducts) but different chain lengths of DP 50 and DP 100. As
shown in Figure S4, a network synthesized with oP*-based
CTA using DA cross-links at a DP of 100 has a relatively small
Epreak ~ 0.9 mm/mm and 6, ~ 700 kPa compared to a
similar network with a DP of 50 with €. ~1.05 and 6, ~
1200 kPa. The higher 6,,, observed for DP 50 networks could
be due to shorter chains behaving like a denser network, which
reduces elasticity and increases stiffness and resistance to
deformation, resulting in a higher 6, DP 100, on the
contrary, will have more elastic behavior due to longer chains,
hence lower resistance to deformation that leads to lower 6,
in comparison to shorter DP 50 with the same cross-linker and
cross-link density. In addition, the higher 6,,,,, observed for DP
50 networks could be due to the same number of cross-links
per chain in the shorter chain, which will lead to an effectively
higher cross-link density despite having the same cross-link
density of 5% DA adducts. However, it is important to note
that the spring-like oP* linker is in the middle of the chain.
Therefore, a longer primary chain also gives a lower effective
density of the spring-like oP* linker in the material. It is also
important to note that the dilution of the oP units is
particularly significant here because the primary chains are all
below the entanglement molecular weight of ~12,000.%*

Table 1. Properties of All the Synthesized Poly(EA) Networks with oP* oP% and the Control HY

Material Target DP Gpearc (kPa) Epreax (MM/mm)
HY-EGDMA 50 400 + 100 0.6 + 0.1
oP*EGDMA 50 560 + 40 0.94 + 0.1
HY-FMA 50 680 + 40 0.92 + 0.07
oP*FMA 50 1200 =+ 200 1.1 +03
oP“FMA 50 1700 + 300
oP*FMA 100 600 + 70 0.8 + 0.1

“Storage modulus measured at 35 °C at 0.01 Hz by DMA.

=

(%) at0h E(%)atlh E (%)at2h T Eoor 1, (MPa)

13+4 13+4 135 —4+1 0.19 + 0.0S

19+2 20+ 2 22 +4 2+3 0.58 + 0.08
719 £ 0.5 72.8 + 0.5 71 + 3 1+2 0.6 + 0.2
84.7 + 0.4 85.1 £ 0.7 86 + 1 1+1 0.97 £ 0.05
88.7 + 0.6 882 + 0.2 89.9 £ 0.3 7+1 1.1 +£03

26 £ 6 30+7 23.7 £ 0.5 12+ 4 121 £ 0.02
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Despite having the same cross-linker and cross-link density,
networks with the oP-modified CTAs showed enhanced
mechanical properties. This can be attributed to the unfolding
and folding properties of ortho-phenylene, which can unfold in
the presence of strain and refold in the absence of strain. This
enables an effective energy dissipation pathway that leads to
enhanced toughness. As envisaged, networks with dynamic DA
cross-links showed improved tensile properties compared to
EGDMA-based networks. This further proves that dynamic
DA-based networks can behave mechanically better than
nondynamic EGDMA-based networks, due to DA adducts
creating less rigid cross-links that support chain mobility and
EGDMA creating stiffer cross-links that reduce chain mobility,
hence potentially reducing mechanical strength, as reported in
the literature.'®"”>>%*

Self-healing experiments were conducted to examine the
dynamic properties of the synthesized networks under thermal
stimulus. As shown in Figure 2, the healing characteristics of
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Figure 2. Self-healing tensile curve for (a) nondynamic cross-linked
oP*EGDMA and (b) dynamic cross-linked oP*~FMA synthesized
polymer networks.

the aromatic foldamer-based polymers cross-linked with
dynamic DA adducts were compared to those cross-linked
with EGDMA static cross-linkers. The cut materials were
subjected to thermal healing at 90 °C for 24 h and allowed to
cool overnight before testing the mechanical properties. The
tensile tests showed that materials cross-linked with the static
EGDMA cross-linker possess poor healing properties as they
were only able to regain ~10% (Figure 2a and Table S1) of
their original mechanical properties, which is attributed to
weak van der Waals interactions. In contrast, materials cross-
linked with DA adducts were able to regain more than 75% of
their original mechanical properties (Figure 2b and Table S1).
The self-healing character in the latter can be ascribed to the
presence of dynamic DA bonding, which enables thermores-
ponsive cross-link exchange that facilitates chain mobility to
mend the cracks of the cut samples through network
reconnection.'® EGDMA lacks this bond reconnection
potential, hence low chain mobility, which yields materials
with poor healing potential.

The energy-dissipative potential of the synthesized networks
was investigated by cyclic tensile experiments using a universal
tensile testing machine at a speed of 3 mm min™" and 30% of

the strain at break of each material. Energy dissipation was
calculated using the percent hysteresis loop (E), which is a
measure of the relative area between the loading and unloading
portions of the cyclic stress—strain curve. The hysteresis loop
increases with an increasing number of turns in the oP system,
which shows an indication of increased energy dissipation
potential of oP-based polymers. The loading—unloading cyclic
curve for networks synthesized with aromatic foldamer RAFT
CTAs (oP* and oP?), the control (HY), and cross-linked with a
dynamic DA adduct is shown in Figure 3a. Networks with oP®
and oP* CTAs showed significantly higher Z, as depicted in
Table 1 with hysteresis loops of ~88% and ~85%, respectively.
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Figure 3. Cyclic tensile curve for (a) dynamic cross-linked 0P*~FMA,
oP*~FMA, and HY-FMA and (b) nondynamic cross-linked oP*
EGDMA and HY-EGDMA synthesized networks.

Higher 2 values are envisaged for networks with oP CTAs
because of their unique unfolding and folding capabilities
under strain, which induce spring-like behavior into the
networks. The oP®-based network has slightly higher = than
the oP*-based network, at ~89% and ~84% respectively, which
can be attributed to the presence of more aromatic stacking
interactions from the double-turn spring in oP°~CTA
networks compared to oP*—CTA networks with a single-turn
spring. These networks showed excellent energy dissipation
characteristics, which can be attributed to the synergistic
effects of the dynamic DA adduct and the oP CTAs
incorporated into the materials. Polymers with hydro-
quinone-based RAFT CTA (control) showed notably less
energy dissipation (2 of ~71%) compared to polymers with
oP-based CTAs because the hydroquinone unit has no
aromatic stacking interactions in the oP foldamer; hence it is
unable to unfold/fold and has no spring-like behavior. There
are several possible reasons for this enhanced energy
dissipation in the dynamic DA-oP foldamer system compared
to the control EGDMA-oP system. One possibility is that the
DA units act as a mechanophore,” " leading to selective
bond breaking and possibly even exchange under mechanical
load. Although furan-maleimide units exchange slowly, on the
order of hours days at room temperature,” recent literature
has shown they can also act as selective bonds for breaking
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under force.*® Alternatively, due to the aromatic structure in
the BMI unit and the resulting Diels—Alder adduct, it is
possible that these units can assemble and stack in the
network,*” creating noncovalently bound units that can
dissipate energy under load.

To further investigate the recovery properties of the
networks, the materials were allowed to rest at 0% strain for
1 and 2 h, and the cyclic tensile testing was carried out again.
The results are shown in Figure SSa and b for 1 and 2 h (of
rest at 0% strain), respectively. The oP-CTA (oP* and oP®) and
hydroquinone-based networks all demonstrated a remarkable
recovery of the initial loading curve. This result implies the
reversibility of the deformation sustained due to chain
relaxation, in addition to the refolding of the oP units from
the cyclic tensile curve after a resting interval, leading to a
restoration of the mechanical properties of the network
materials. Four repeated cycles without a rest interval between
cycles (Figure S6) revealed that energy dissipation potential is
predominantly determined between the first loading and
unloading curve, with no significant difference in the loading
and unloading curves of the subsequent 3 cycles. This is
consistent with cyclic tensile results reported in our previous
work.”®

To further understand the mechanical properties of the
synthesized networks, the hysteresis of the networks with static
EGDMA cross-linkers was also evaluated, as shown in Figure
3b and Table 1. The polymer with a hydroquinone-based CTA
showed a lower E of ~13%, while the polymer with oP*~CTA
showed a somewhat higher = of ~18%, as envisaged due to the
aromatic stacking interactions in oP-based networks. Similar to
networks cross-linked with dynamic DA adducts, networks
with EGDMA also showed excellent recovery of ~98% to the
original loading curve after a resting interval of 1 h (Figure
S7a) and 2 h (Figure S7b).

Furthermore, the effect of chain lengths on energy
dissipation properties was examined by carrying out cyclic
tensile tests on the network synthesized from oP*—CTA, DA
adduct cross-linked, with a DP of 100, as shown in Figure S9.
The 2 is ~26%, significantly lower compared to the similar
network with a DP of 50, which has ~84% =. This indicates
that the energy dissipation effects of the incorporated oP*
reduce as the chain length increases because of the increased
poly(EA) to oP ratio (100:1); hence, minimal effects of oP will
be observed. Overall, comparing the hysteresis of the networks
with static cross-linkers to the networks cross-linked with
dynamic DA adducts, it is apparent that the DA-based network
showed enhanced energy dissipation properties because of the
combined effects of both the DA adduct, which could
participate in dynamic exchange, and oP, which is able to
unfold under strain, hence leading to a higher stress relaxation
rate.

Dynamic mechanical analysis (DMA) measurements were
performed to examine the damping and viscoelastic properties
of the synthesized networks. The DMA experiment was done
at a temperature 35 °C, far away from the T, of the networks
(—4 to 12 °C) to avoid restricted motion induced by a glassy
material. DMA was also used to estimate the plateau rubbery
modulus, taken as the modulus at 0.01 Hz at 35 °C, of the
synthesized networks, as shown in the storage modulus (E’) vs
frequency plot in Figure 4A,B and Table 1. All of the network
materials possess a modulus of 1 MPa at 0.01 Hz and 35 °C,
with most systems having a relatively level storage modulus at a
low frequency. However, the oP*FMA system is the least flat
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Figure 4. Dynamic mechanical analysis curves of the networks: (a)
damping coefficient (tan & vs frequency) for dynamic cross-linked, (b)
nondynamic cross-linked networks, (c) storage modulus E’ vs
frequency for dynamic cross-linked, and (d) nondynamic cross-linked
networks.

in storage modulus over this lowest decade in frequency;
however, a storage modulus at lower frequency of ~1 MPa is
consistent with the data in this system. Figure 4C and Table 1
show the damping coefficient factor (tan &) vs frequency
profiles at 35 °C for the oP-CTA and HY-CTA in both
dynamic and nondynamic cross-linked networks. The dynamic
oP°~CTA-based network with DA cross-links shows the
highest tan 6 values, hence better energy dissipation compared
to dynamic cross-linked oP*~CTA and HY-CTA-based
networks with relatively similar damping potentials. In
contrast, only a modest increase in tan & was seen between
oP* and HY-based systems in both dynamic Diels—Alder and
static EGDMA cross-linked systems. This suggests that the
substantially longer spring in oP® led to better energy
dissipation than the shorter spring in oP* or the HY unit.

Bl CONCLUSION

Polymer networks containing oP units in the middle of the
chain were developed. Well-defined polymer networks cross-
linked by dynamic DA adducts and the static cross-linker
EGDMA were synthesized. Networks with oP units in the
backbone and cross-linked with dynamic DA adducts showed
increased mechanical, dynamic, and damping properties
compared to networks cross-linked with EGDMA and without
oP units. The enhanced properties increase as the number of
helical turns in the aromatic foldamer increases; hence, oP®-
Diels—Alder adduct-linked materials showed the most
significant mechanical and dynamic properties.
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