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Biomimetic polymeric materials, adopting the basic molecular design principles of biological materials, have
been extensively studied in recent years but it is still challenging to combine assorted mechanical
characteristics in a single material. Here, we present a simple and effective strategy to prepare
mechanically robust yet resilient biomimetic polymer networks by utilizing dual noncovalent and
covalent cross-linkings. Tailoring the dual cross-links consisting of thiourea noncovalent interactions and
epoxy—amine covalent linkages in the biomimetic polymer networks enables a rare combination of
excellent elastic modulus (1.1 GPa), yield stress (39 MPa), extensibility (320%), as well as complete strain
and performance recovery after deformation at room temperature. The biomimetic polymer networks
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Biological polymeric materials are known for their remarkable
combinations of seemingly mutually exclusive mechanical
properties, such as stiffness, strength, toughness, resilience,
and adaptability." However, achieving such combinations of
diverse mechanical properties in a single synthetic material
remains a challenge despite the great progress in polymeric
materials science and technology.”> The understanding and
application of the underlying physical/chemical design princi-
ples of biological materials are thus of increasing interest to
develop biomimetic polymeric materials meeting the disparate
physical requirements of emerging applications.”® The unique
mechanical properties of biological materials originate from
their hierarchical structures constructed with weak noncovalent
interactions as well as strong covalent bonds.* A representative
example is the skeletal muscle protein titin, which contributes
to the mechanical strength, toughness, and resilience of the
muscle.*** Titin is a giant protein (3 MDa, =1 mm long),
composed of =300 repeating units of hard immunoglobulin
(Ig) tertiary structure domains interconnected with soft amor-
phous fibronectin type III domains.* The high molecular weight
and hard Ig domains of titin provide the mechanical strength to
sustain a mechanical load. The Ig domains also unfold via
rupturing noncovalent interactions, releasing hidden lengths,
and dissipating energy, when the load reaches a certain level,
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thereby contributing to the toughness. Without the load, the
unfolded domains refold due to the reversibility of the non-
covalent interactions, thus exhibiting the resilience.*®*

Based on the molecular design principles of biological poly-
meric materials, the sacrificial noncovalent interactions have been
employed extensively in recent years for the preparation of
mechanically robust hydrogel materials.?s While the hydrogel
networks utilizing the noncovalent interactions, such as hydrogen
(H) bonds,” host-guest interactions,® ionic bonds,” and metal-
ligand interactions,® have much improved multifaceted mechan-
ical properties over the conventional ones, their elastic modulus
and strength except for the high extensibility and toughness are
limited intrinsically due to the large content of water in the loosely
networked structures.** A seminal work by Guan et al. described
that a non-hydrated biomimetic polymer based on a quadruple H-
bonding 2-ureido-4[1H]-pyrimidone (UPy) motif, as the modular
domain-forming mimic of the Ig domains in titin, exhibited rela-
tively high elastic modulus (£ = 200 MPa) and yield stress (o, = 5
MPa) as well as the extensibility (strain at break, ¢, = 100%,
without crazing or necking) and resilience (full recovery of shape
and properties with time or upon heat treatment).” Moreover,
adaptive property, such as shape memory behavior, was observed
from the polymer. After which the application of different non-
covalent interactions to non-hydrated polymeric materials has
been investigated,**'® yet imparting high mechanical stiffness and
strength to the polymeric materials while maintaining the tough-
ness and resilience still remains elusive.

Recently, Aida et al reported amorphous poly(ether-
thiourea)s with dense H-bondings, which were mechanically
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robust yet readily repairable at room temperature.** The study
focused on elucidating the interesting healing behaviors of the
polymers in glassy state by investigating the effect of structural
elements, such as thiourea/urea H-bonding units and
oligoether/alkylene spacers connecting the thiourea units.
Although not the main focus in that work, the mechanical
properties of TUEG are also notable for potential applications
other than the healable materials. Despite its low molecular
weight (M, = 9.5 kg mol '), the poly(ether-thiourea) with tri-
ethylene glycol spacer (TUEG) exhibited high elastic modulus (E
~ 1.4 GPa), yield stress (o, =~ 40 MPa), and extensibility (e, =
350%) at 21 °C (=6 °C lower than its glass transition temper-
ature, T,). Thus, based on the robust mechanical properties of
TUEG, we sought to explore its use, as a sacrificial noncovalent
cross-linking building block, in the preparation of non-
hydrated biomimetic polymer networks.

Herein, we report a new class of biomimetic polymer
networks (BMPNs), consisting of densely H-bonding thiourea
units, randomly coiled TUEG chains, and covalently cross-
linked epoxy-amine linkages (Fig. 1). By tailoring the chem-
ical composition of the networks, we have controlled their
mechanical properties, consequently achieving the intriguing
combination of resilience (complete strain and performance
recovery within 48 h) as well as high stiffness (E = 1 GPa),
strength (o, = 40 MPa), and toughness (Ur = 80 MJ m™°, with
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Fig. 1 (a) Chemical structures of poly(ether-thiourea) (TUEG),
poly(alkylene-thiourea) (TUC), poly(ether-urea) (UEG), and trigly-
cidyl isocyanurate (TGIC). (b) Schematic illustration of biomimetic
polymer networks (BMPNs) based on TUEG and TGIC. The smaller
red circle in the schematic network represents thiourea unit con-
nected by blue-colored triethylene glycol spacers and the larger
green circle represents TGIC cross-linker.
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& = 300%) at room temperature (26 + 1 °C). In addition, the
BMPNs are found to present adaptive mechanical properties in
response to stimuli such as strain rate, temperature, light, and
solvent.

A series of poly(ether-thiourea)s with triethylene glycol
spacer (TUEG#, where # indicates the average degree of poly-
merization) were synthesized by polycondensation of 1,1’-thio-
carbonyldiimidazole (TCDI) and 1,2-bis(2-aminoethoxy) ethane
(EGDA) (Fig. S1at).'* "H/**C nuclear magnetic resonance (NMR)
and gel permeation chromatography (GPC) revealed that the
polymers were successfully synthesized (Fig. S2-S4 and Table
S11). The number-average molecular weights (M, nwmr, esti-
mated by 'H NMR end group analysis) of TUEGs were controlled
to be in the range of 1500-6700 ¢ mol ', varying the EGDA to
TCDI feed ratio. A poly(alkylene-thiourea) with octamethylene
spacer (TUC46) and a poly(ether-urea) with triethylene glycol
spacer (UEG107) were also prepared for comparison purposes
(Fig. S1 and Table S1+).

The presence of both thiourea unit and triethylene glycol
spacer in the TUEGs is important for exhibiting the robust
mechanical properties. Under an applied tensile load, the
TUEG34 undergoes a sequence of deformation mechanisms at
progressively higher strains, displaying initial elastic stretching,
yielding at =10% strain, and large deformation up to =500%
before rupture at 26 £+ 1 °C, whereas both TUC46 and UEG107
are highly brittle and fracture within 10% strain (Fig. S6 and
Table S27}). Urea units in UEG107 are known to form H-bonded
linear arrays adopting only a trans/trans conformation (Fig.-
S7at),'"*> which results in the brittle, semicrystalline structure
(Fig. S57). In contrast, the amorphous nature of TUEGS origi-
nates from the non-linear arrays of H-bonded thiourea units
adopting cis/trans and strained trans/trans conformations.'>*>
Meanwhile, compared to the octamethylene spacer in TUC46,
the triethylene glycol spacer in TUEGS also contributes to their
large stretch behavior, possibly by working as temporal H-bond
acceptors under chain slip motions (Fig. S7bf)."* Therefore, the
TUEG chains can serve as the noncovalently cross-linked
random coil network in the BMPNs for providing initial stiff-
ness and strength as well as toughness and extensibility.

The biomimetic polymer networks (BMPN#s) in this study
are composed of covalently cross-linked TUEG and triglycidyl
isocyanurate (TGIC) moieties, wherein the weight percentage of
TGIC cross-linker (#) in BMPNs was controlled to be 4, 8, and
17 wt% in order to investigate the effect of the cross-linking
density on the mechanical properties (Table 1). BMPN films
were prepared via simple solution casting of the TUEG and
TGIC mixture onto a Teflon plate, followed by drying on a hot
plate at 50 °C overnight and subsequent thermal treatment (at
80 °C for 1 h, 120 °C for 2 h, and 150 °C for 2 h) under vacuum.
The molar feed ratio of amine end group of TUEG to epoxy
group of TGIC ([amine] : [epoxy]) was fixed at 1 : 1.5 for all the
films, so TUEG7, TUEG18, and TUEG34 with different molec-
ular weights were used for the preparation of BMPN17, BMPNS,
and BMPN4, respectively. The completion of curing reaction
between epoxy groups of TGIC and terminal amine groups of
TUEG could be confirmed by Fourier transform infrared (FT-IR)
spectroscopy, where the characteristic peaks of epoxy at 929 and
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Table 1 Characteristics of the biomimetic polymer networks (BMPNs)

Sample Wreic” ve? (mol m~?) 1 E? (GPa) o, (MPa) ep? (%) Ur? (MJ m™3)
BMPN4 0.04 53 0.63 0.9 £ 0.0 29+ 2 370 + 40 79+t7
BMPNS8 0.08 110 0.77 1.1+ 0.1 39+2 320 + 30 83 +9
BMPN17 0.17 637 0.91 1.4 +0.2 61 +2 12+ 2 4+1

@ Weight fraction of TGIC in the BMPNs. ? Cross-linking density, calculated by v, = E'/3RT, where E, R, and T are the storage modulus, universal gas
constant, and absolute temperature in the rubbery region (ca. 353.15 K), respectively. © Gel fraction, obtained by f, = W,/Wg, where Wy and W, are
the weights of dried film before and after N,N-dimethylformamide (DMF) solvent extraction. ¢ Determined from tensile testing at room temperature
and humidity (26 + 1 °C, RH 45 + 8%) and a strain rate of 0.013 s~ ', where E, ay, e, and Ur are elastic modulus, yield stress, strain at break, and

toughness, respectively.

843 cm™ " disappeared after the thermal treatment (Fig. S9at).*®
The characteristic peak at around 3060 cm™*, corresponding to
the NH deformation vibration of nonlinearly H-bonded thio-
urea units, is still observed in the BMPNs, thus attesting the
presence of the amorphous H-bonded TUEG chains in the
networks (Fig. S9bt).** Although the BMPNs exhibit some
irregular surface topologies with root-mean-square roughness
of 1-3 nm (Fig. S11%), possibly originating from subtle phase
separation of the TUEG/TGIC and/or different degree of
shrinkage in the networks during the curing reaction, there is
no distinct microphase separation or crystallinity as confirmed
by X-ray scattering profiles (Fig. S12 and S13t).

The integrity of the networks, in terms of cross-linking
density and gel fraction, monotonically increases with
increasing the TGIC content in the BMPNs (Table 1), which
results in gradual increase of T, of the BMPNs (Fig. S14bf)."* In
comparison to the TUEG34 (Table S2 and Fig. S67), the BMPNs
with covalent cross-links exhibit similar deformation behaviors
under the tensile load, but have much improved elastic
modulus (E), yield stress (oy), and toughness (Ur) (Table 1 and
Fig. S15t). Moreover, the mechanical properties of BMPNs
could be controlled by the cross-linking density. The elastic
modulus and yield stress tend to increase as the cross-linking
density increases, whereas the strain at break decreases due
to the decrease of the random coiled TUEG chain length in the
networks. When the TGIC content is 17 wt% (i.e., BMPN17), the
elastic modulus and yield stress reach 1.4 GPa and 61 MPa,
respectively, with much decreased extensibility of 12% at 26 +
1 °C. It should be noted that the use of TGIC as the cross-linker
is important for constructing mechanically robust polymer
networks. The TGIC contains a rigid isocyanurate ring structure
with H-bond accepting carbonyl groups (Fig. S9at)."* Accord-
ingly, when compared to BMPN17 cross-linked by 17 wt% of
trimethylolpropane triglycidyl ether (TMPTGE) without the ring
structure and H-bond accepting moieties (Table S3 and
Fig. S167), the BMPNS8 with 8 wt% of TGIC cross-linker exhibits
comparable or even better mechanical properties in terms of
modulus, strength, extensibility, and toughness.

The BMPNs exhibit combined mechanical properties
including resilience in addition to the high stiffness, strength,
and toughness at room temperature. For example, as shown in
Fig. 2a, the initially stiff BMPNS film (ca. 45 mm (L) X 20 mm (W)
x 0.4 mm (7)) supports a mechanical load of 75 g, which is
deformed without breaking under larger load or tensile stress.
Interestingly, the plastic deformation of BMPN8 is found to be
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temporary, and recover gradually with time or promptly upon
heat treatment above its T,. The strain recovery behaviors of
BMPNs are further characterized by cyclic tensile tests. After the
first loading-unloading cycle within a strain limit of 200%,
BMPNS8 shows a residual, temporary strain of =140%, which
increases slightly up to =160% by the five consecutive cycles
(Fig. 2b). When allowed to rest for 48 h at 25 °C, the pre-stretched
BMPNS fully recovers its original shape and mechanical proper-
ties (Fig. 2c). In comparison to the BMPNS, the BMPN4 also
exhibits similar recovery behavior but shorter time is required for
the strain recovery after deformation (Fig. S171), likely due to the
larger polymer chain mobility as expected by the smaller T, value
(Fig. S14bt). By contrast, the complete recovery behavior is not
observed for the TUEG34 without the covalent cross-linking
(Fig. S8f), confirming that the resilience of the BMPNs is
provided by the TGIC cross-linker through establishing the
permanent covalent networks.>¢ Although showing somewhat
fast strain recovery behavior during 1 h of recovery after the first
deformation cycle, the TUEG34 tends to break without complete
recovery of strain and mechanical properties during the repetitive
cyclic tensile testing even with longer recovery time.

The BMPNs are also found to possess adaptability, present-
ing shape memory behaviors responsive to diverse stimuli as
well as dynamic mechanical properties depending on the strain

Load Borne

Recovered

Sl ININIG | NI
RO T

€T KRICT KRi

Larger
Load

pressed or
RICT KRICT KRICT KRIZ -t | Eiﬂ?ﬂ?ﬂ =gk
” ~Toe BRNEESY BaAeEen o et =
Tensile. S KRICT KRiCH vat  CT KRICT KRl
panaagll
KRICT KRIC resilient
stretched
b 5 € s
— 1" cycle ——1 hrecovery (1")
40 z: cycle a0l ——4 hrecovery (2"")'
—3" cycle —— 22 h recovery (3")
—— 4" cycle A —— 48 h recovery (4"

30 f \\

Stress (MPa)
Stress (MPa)

0 50 100 150 200 o 50 100 150 200
Strain (%) Strain (%)

Fig. 2 Stiff, strong, tough, and resilient properties of BMPN8. (a)
Photographs of load borne, deformed, and recovered BMPN8 (scare
bar =1cm). (b) Cyclic stress—strain curves of pristine BMPN8. (c) Cyclic
stress—strain curves of the pre-stretched BMPNS8 (in (b)) after recov-
ered for 1, 4, 22, and 48 h at 25 °C. The cyclic tensile testing was
performed at strain rate and limit of 0.0067 s~ and 200%, respectively.
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rate and temperature. The BMPNS8, which has optimum
mechanical properties among the BMPNs in terms of the
balanced combination of elastic modulus, yield stress, tough-
ness, and resilience, was subjected to consecutive shape
memory cycles for quantitative analysis (Fig. 3a). A typical
thermally triggered one-way dual-shape memory behavior is
observed from the BMPNS, constructed with covalent cross-
links (TGIC) for the permanent shape formation and switch
segments (T = 31.5 °C) for the temporary shape fixation.*” Once
the extended shape (=28% strain, at 50 °C and 0.2 MPa) is fixed
at 0 °C with released stress, the BMPN8 quickly recovers its
original shape upon heating to 50 °C. The consecutive shape
memory cycles are stable, with the shape fixity (R¢) and recovery
(R,) ratios approaching 100% and 98%, repectively. The shape
recovery can be induced by solvent as well as by the heat
(Fig. 3b), in which the solvent molecules plastisize the amor-
phous phase of BMPNS, thereby leading to the decrease in T, to
a level below the room temperature to trigger the recovery.* It is
shown that different solvents affect the shape recovery time
significantly (Fig. S181), because the BMPNS is a polar, hydro-
philic network with dense thiourea H-bonds. Besides, upon
irradiated with an 808 nm near-infrared (NIR) laser (0.2 W
mm ™ ?), the BMPN8 experiences a temperature rise up to about
32 °C (Fig. S19%), which is above its T,. Thus, this enables
remotely and regionally controlled shape recovery of the BMPN8
via NIR laser irradiation (Fig. 3b). Meanwhile, BMPN4 and
BMPN17 are also found to exhibit similarly stable shape
memory behaviors, although the strains at the same stress value
tend to decrease with increasing cross-linking density of the
BMPNs (Fig. 3a and S207).
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Although the BMPN8 shows high elastic modulus and yield
stress at a certain strain rate (0.013 s~') and room temperature
(26 1 °C), its mechanical properties are found to be affected by
different strain rates and temperatures (Fig. 3c and d). Strain
rate dependence of mechanical properties for solid polymers is
considered more challenging to realize compared to strain rate
dependent fluids.*® It is important to utilize a large amount of
dynamic noncovalent interactions in polymer networks for the
strain rate dependent mechanical properties.'* H-bonding
polyurea-based elastomers have shown strain rate dependence
of modulus under tensile tests, although the variance was not
large (18 MPa to 27 MPa, =1.5X increase)."” In a more recent
study, a solid polymer network with high content of the
quadruple H-bonding UPy groups showed 14 times increase in
elastic modulus (=0.3 MPa to =4.1 MPa), when the strain rate
varied from 1.7 x 10~° to 1.7 s~ .1 For the BMPNS with a large
amount of thiourea H-bonds, as the strain rate increases from
1.3 x 10 to 1.3 x 10~ ' s, the elastic modulus increases from
0.6 GPa to 1.4 GPa (Fig. 3c and S21at). This increase in modulus
(2.3 times) is notable, because the BMPN8 possesses much
higher mechanical modulus (=1000x) than the UPy-based soft
polymer networks. The BMPN8 also shows the temperature
dependence of mechanical properties (Fig. 3d, S21b and S22bf¥).
The high stiffness and strength dominate among the mechan-
ical properties of BMPNS at temperatures below its T, (e.g., at
—10 °C), whereas the large extensibility up to =375%, with
much decreased stiffness and strength, is clearly observed at
temperatures above its T, (e.g., at 60 °C), exhibiting the rubbery
behavior.?

While the polymer chemistry has been progressed consid-
erably over the past century, it is still difficult to achieve diverse
mechanical properties, especially such as stiffness, strength,
toughness, and resilience, in a synthetic polymer.> These
properties are usually considered mutually exclusive in
conventional synthetic polymers (Fig. S23t). For example,
engineering thermoplastics and thermosets are known for their
excellent mechanical stiffness and strength, but generally have
poor toughness and resilience.> Whereas elastomers possess
high resilience, their stiffness and strength are often restricted.”
In contrast to the conventional synthetic polymers, the BMPNs
in this study have combined the seemingly mutually exclusive
mechanical properties; they exhibit high elastic modulus (=1
GPa) and yield stress (=40 MPa), comparable to polyethylene
(PE) or polypropylene (PP), yet large extensibility (=300%),
intriguing resilience (complete recovery of shape and perfor-
mance), and adaptability for various stimuli as well. To our
knowledge, this can be considered an unprecedented combi-
nation of multifaceted, robust mechanical properties even
compared with other recent reports, concerning the use of
noncovalent sacrificial bonds in polymeric materials (Table
S4t). Despite the application of the biomimetic molecular
design principles, most polymeric materials in the literature
have outstanding extensibility and resilience, but lack high
mechanical stiffness and strength.>*° It should be also noted
that the strong epoxy-amine covalent bonding, combined with
the weak thiourea hydrogen bonding, in this study is still
important for the significant improvements of versatile
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mechanical properties. The linear TUEG34 without any covalent
cross-linking cannot provide complete recovery of shape and
mechanical properties after large deformation over the yield
point (Fig. 2 and S8f). In addition, the robust mechanical
properties of BMPNs, approaching to those of PE or PP in terms
of elastic modulus, yield stress, and toughness, at room
temperature (26 °C) are achieved by the covalent cross-linking
(Tables 1 and S2t).

In summary, we have demonstrated that dual cross-linkings
based on thiourea noncovalent interactions and epoxy-amine
covalent linkages can bestow the biomimetic polymer networks
with a remarkable combination of versatile mechanical char-
acteristics. By the covalent cross-linking of the noncovalent
cross-linking building block (TUEG), the polymer networks (e.g.,
BMPNS) exhibit greatly enhanced overall mechanical proper-
ties, including elastic modulus (1.1 GPa), yield stress (39 MPa),
and toughness (83 MJ] m *) while slightly compromising
extensibility (320%). Furthermore, the complete recovery of
shape and mechanical performance of the BMPNs, even after
large deformation over the yield point, is provided by the
covalent cross-linking. We believe that the present work
provides insight into the design and preparation of biomimetic
polymer networks with advanced properties for various appli-
cations, by taking advantage of the non-crystalline, dense
thiourea H-bondings. In particular, the multifaceted mechan-
ical properties of BMPNs herein, in combination with their
adaptability responsive to multi-stimuli, hold great promise for
emerging applications, such as 4D printing, shape-morphing
devices, and soft robotics.
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