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ABSTRACT: Polymers that repair themselves after mechanical
damage can significantly improve their durability and safety. A
major goal in the field of self-healing materials is to combine
robust mechanical and efficient healing properties. Here, we
show that incorporation of sacrificial bonds into a self-repairable
network dramatically improves the overall mechanical proper-
ties. Specifically, we use simple secondary amide side chains to
create dynamic energy dissipative hydrogen bonds in a
covalently cross-linked polymer network, which can self-heal
via olefin cross-metathesis. We envision that this straightfor-
ward sacrificial bonding strategy can be employed to improve mechanical properties in a variety of self-healing systems.

■ INTRODUCTION

In contrast to biological systems that can spontaneously self-
repair, most synthetic materials cannot self-heal following
mechanical damage. Mimicking nature’s ability to heal would
result in new materials with improved durability and safety. A
variety of self-healing polymers have been developed. Healing
agents1 as well as reversible covalent2−12 and noncovalent
bonds,13−19 with stimuli such as heat4 and light,15,20 have been
used to promote healing. A major challenge in the expanding
field of self-healing polymers is to combine robust mechanical
properties and high healing efficiency under mild condi-
tions.21,22 Currently, most spontaneous and intrinsically self-
healing materials are limited to relatively weak polymeric
systems due to the necessity of high chain dynamics required
for healing. The weak mechanical properties of efficient self-
healing materials will limit their potential applications.
An important strategy employed in biological materials to

enhance mechanical properties is incorporation of sacrificial
noncovalent bonds.23 Noncovalent sacrificial bonds in poly-
meric materials can efficiently dissipate large amounts of energy
through reversible bond rupture, affording a unique combina-
tion of high toughness and the ability to reversibly recover after
large strain.24,25 Reversible sacrificial bonds commonly used as
transient cross-linkers in synthetic materials include ionic,26

metal−ligand,27 and hydrogen-bonding interactions.28−31

Whereas a few covalent self-healing polymers contain sacrificial
bonds,12 to the best of our knowledge, such sacrificial bond
strategy has not been carefully studied nor purposely used to
enhance the mechanical properties of self-healing polymers.
Herein, we demonstrate that incorporation of a simple,
sacrificial hydrogen-bonding amide functionality dramatically
enhances the mechanical performance of a covalent self-healing
polymeric network (Figure 1).

The covalent self-healing system we used to illustrate this
concept is based on the dynamic olefin metathesis reaction that
our laboratory has previously demonstrated for efficient
covalent self-healing.5 Specifically, we introduced secondary
amide side chains into a cyclooctene (CO)-based, olefin-
containing polymer backbone. After cross-linking the polymer
and incorporating the Grubbs’ second-generation ruthenium
catalyst (G2), a self-healing network was created with both
transient and covalent cross-links. Upon stress, the hydrogen
bonds are broken to dissipate energy, which results in an
increased overall toughness of the material. Due to the
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Figure 1. Design concept for (a) reversible, energy dissipative rupture
of sacrificial hydrogen bonds in a (b) G2-mediated self-healing olefin-
containing network.
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reversibility of hydrogen bonds, unloading of stress allows
hydrogen bonds to re-form, thereby increasing toughness over
multiple loading cycles (Figure 1a). Following mechanical
damage, G2-mediated olefin metathesis at the fracture interface
results in self-healing (Figure 1b). A secondary amide was used
for its dynamic hydrogen-bonding capability,13 compatibility
with G2,32 and synthetic simplicity.

■ RESULTS AND DISCUSSION
Synthesis and Characterization. The synthesis of

secondary amide-containing CO networks (ACON) is
summarized in Scheme 1. First, hydroxylated CO (2) was

synthesized from cyclooctadiene (COD) via stoichiometrically
controlled epoxidation33 followed by epoxide opening with
DIBAL-H (Scheme 1a).34 From precursor 2, we prepared the
secondary amide-functionalized CO derivative (3) via carbo-
diimide coupling with N-acetylglycine.35 An analogous control
monomer was synthesized with the hydrogen-bonding
capability blocked through N-methylation of the amide group
(4).
ACON was synthesized from monomer 3 via ring-opening

metathesis polymerization with G2, a robust and functional-
group-tolerant catalyst.32,36,37 We chose to copolymerize 3 with
CO to control the amide mole fraction in ACON (Scheme 1b).
Following our reported protocol,38 the ACON polymer was
cross-linked by radical reaction and G2 was incorporated by
swelling ([olefin]/[G2] = 2000) to form the ACON network.
For comparison, we synthesized a control CO network with the
amide hydrogen bond blocked (BACON) through copoly-
merization of 4 with CO. The properties of both polymer
networks are summarized in Table 1. The molecular weights for
the hydrogen bonding and control polymers are very close. The

small differences in molecular weight should not significantly
affect the mechanical properties of the networks because the
polymers are covalently cross-linked.39 ACON was synthesized
with incorporation of 3 at 20 mol % because this composition
affords a combination of enhanced mechanical properties and
efficient healing. Non-cross-linked prepolymers of ACON and
BACON possess identical melting transitions (Tm) of ∼20 °C.
Furthermore, the similar swelling ratios of ACON and BACON
indicate that cross-linking densities are nearly identical.

Mechanical Properties via Uniaxial Tensile Testing.
The mechanical properties of ACON and BACON were
characterized via static uniaxial tensile testing (Figure 2 and

Table 2). We observe a dramatic increase in maximal strain-at-
break and toughness after the incorporation of sacrificial
hydrogen bonds (Figure 2a). ACON was over 7-fold tougher
than the analogous control polymer, illustrating the energy
dissipative capability of sacrificial hydrogen bonds. ACON
achieved a significantly higher strain-at-break near 950%, while
the control network, BACON, extended to only 150%.

Scheme 1. Synthesis of Cyclooctene Derivatives and Olefin-
Containing Polymersa

a(a) Synthesis of hydrogen-bonding cyclooctene derivative 3 and the
blocked control derivative 4. (b) Synthesis of the amide-containing
CO network (ACON) and hydrogen-bond-blocked control network
(BACON).

Table 1. Molecular and Physical Characterization of ACON
and BACON

sample
mol % of 3 or

4a
Mn

b

(kDa) Mw/Mn
b

Tm
c

(°C)
swelling
ratiod

ACON 20 (3) 155 1.69 21.89 4.39 ± 0.07
BACON 20 (4) 157 2.10 19.70 4.85 ± 0.08

aEstimated from 1H NMR. bDetermined by size exclusion
chromatography using polystyrene standards in THF. cDetermined
via differential scanning calorimetry of polymers before cross-linking.
dCalculated using ASTM protocol D2765-11.40

Figure 2. (a) Representative stress−strain curves for ACON and
BACON (strain rate: 100 mm/min, 25 °C). Bar graphs summarize the
toughness of each sample (three measurements). (b) Isotherm of the
storage (solid) and loss (dash) moduli at various frequencies and
temperatures for the non-cross-linked ACON (left) and BACON
(right) prepolymer samples.

Table 2. Summary of Mechanical and Self-Healing
Propertiesa

sample Eb (MPa)
tensile strength

(MPa) εc (%)
toughnessd

(MJ/m3)

ACON 2.34 ± 0.22 1.66 ± 0.35 938 ± 101 11.13 ± 2.51
BACON 2.51 ± 0.10 1.31 ± 0.01 167 ± 9 1.513 ± 0.09
ACON
(1 h)e

2.15 ± 0.12 1.14 ± 0.15 408 ± 132 3.67 ± 1.57

ACON
(3 h)e

2.32 ± 0.28 1.65 ± 0.26 835 ± 66 9.75 ± 2.06

aAll tensile tests were conducted at a strain rate of 100 mm/min, at 25
°C. bYoung’s modulus. cMaximum strain-at-break. dCalculated by
integration of the area under stress−strain curves. eSelf-healed samples
after the designated time.
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Interestingly, the sacrificial bonds do not contribute to the
initial stiffness, as the Young’s moduli of both networks are near
2.50 MPa. This is in agreement with a previous study on
“mechanically invisible” cross-linked gels27 in which Craig et al.
explored transient metal−ligand cross-links that did not
contribute to the initial stiffness of the sample but sufficiently
dissipated energy to increase the strain-at-break of the material.
Presumably, the lifetime for monodendate hydrogen bonds of
amides in our system is very short, making them “mechanically
invisible” at the time scale of the tensile experiment. Therefore,
the transient hydrogen bonds do not contribute to the Young’s
modulus but increase the strain-at-break and toughness through
energy dissipation.
Investigation of Dynamic Sacrificial Bonds via Melt

Rheology. To further understand the effect of hydrogen bonds
on the dynamic mechanical properties of our system, we
surveyed the rheological properties of both non-cross-linked
ACON and BACON prepolymers by measuring the storage
and loss moduli at various frequencies and temperatures under
constant low strain (0.1%). While the storage modulus for both
samples remained relatively constant across the frequency
range, the loss modulus exhibited a clear frequency-dependent
behavior for ACON samples at lower temperatures (Figure 2b,
left). Given the high degree of polymerization for both
polymers and the relatively low number of hydrogen bonds
along the backbone, the storage modulus should be mainly
determined by the modulus of the entangled polymer
chains.41,42 However, the sacrificial hydrogen bonds have a
more pronounced effect on the frequency dependence of the
loss modulus. At low frequencies, hydrogen-bonding kinetics
are too fast for efficient energy dissipation. As the frequency is
increased to approach the hydrogen-bonding kinetics, dissoci-
ation of transient hydrogen bonds and subsequent chain
relaxation provides energy dissipation under shear stress, thus
contributing to the observed increase in the loss modulus of
ACON (Figure 2b, left). A temperature increase perturbs the
equilibrium and kinetics of the hydrogen bond association,
therefore, reducing their effect on energy dissipation and loss
modulus. Consistent with previous reports of functionalized
polybutadiene with hydrogen-bonding units,28,42 the upward
transition of loss modulus is shifted to lower frequency by
incorporation of hydrogen-bonding units.
Analysis of Sacrificial Bond Recovery via Cyclic

Tensile Testing. In practical applications, materials often
undergo repeated stress cycles. Therefore, the reversibility and
recovery of the sacrificial hydrogen bonds in ACON were
probed through cyclic tensile testing (Figure 3). For this study,
G2 was not incorporated into the samples to avoid the
complication of plastic deformation due to olefin metathesis.
ACON was pulled to an extensibility (300%) that would be
catastrophic for the control network which breaks at 167%
strain. The ACON sample was loaded, unloaded, and
immediately reloaded 10 times. Significant hysteresis was
observed in the first loading−unloading cycle, indicating a
large amount of energy dissipation through rupture of multiple
hydrogen bonds. However, 80% of the energy dissipation
observed in cycle 1 was lost in cycle 2. A similar phenomenon
has been observed in other systems containing both hydrogen
bond and covalent cross-links29 and is attributed to the buildup
of elastic deformation, which cannot relax to equilibrium on the
time scale of individual cycles. Over subsequent cycles (cycles
3−10), the amount of energy dissipation continued to slightly
decrease, which we attribute to additional elastic deformation.

After 10 cycles, ACON was allowed to relax under ambient
conditions for 30 min to recover its original length. Cycle 11
shows that ∼90% of the original energy dissipation observed in
cycle 1 was recovered in this short time. We propose that the
excellent recovery of energy dissipative properties is due to the
survival of covalent cross-links, which prevent permanent
deformation and assist in the re-formation of sacrificial
hydrogen bonds.

Self-Healing Studies. Finally, the self-healing behavior of
the ACON sample was investigated by following reported
protocols.43 Previous studies have shown that G2 can tolerate a
wide range of polar functional groups including secondary
amide groups.32,36,37 We envisioned that the incorporation of
sacrificial hydrogen-bonding secondary amides should not
negatively impact olefin cross-metathesis in our bulk samples
for self-healing. To test this, ACON samples were damaged
(cut through 70−90% of width) and the cut interfaces were
brought together with slight pressure for 1 min. The sample
was then left to heal at 50 °C in air with no applied pressure for
the remainder of the experiment. Moderate heat is required to
facilitate ACON healing because the sample is semicrystalline
with a broad melting transition in the range of −5 to 40 °C (see
Figure S20 in the Supporting Information). The crystallinity
reduces chain dynamics and impedes the self-healing process.
Heating the sample at 50 °C melts the crystalline phase and
enhances the healing ability. After the desired healing time, the
extent of healing was quantified via percent recovery of pristine
sample toughness (Figure 4a). Each polymer was treated under
identical conditions in triplicate to characterize their healing.
Healing experiments confirm that the new system containing

sacrificial hydrogen bonds shows excellent healing properties.
For all healing times, the stress−strain curves overlap closely
with the original samples (Figure 4a). ACON achieved 90%
toughness recovery after healing for just 3 h in air at 50 °C. The
study suggests that the healing is time-dependent, as 1 h healing
achieved near 30% toughness recovery. Additionally, we
observe fast and complete recovery of the Young’s modulus
after just 1 h of healing (Figure 4a, red curve, and Table 2). The
healing is through olefin cross-metathesis at the cut interface.
For a control study, ACON samples without incorporation of
the G2 catalyst show only minimal healing when following an
identical protocol (Figure 4b). The efficient healing of ACON
samples indicates that G2 turnover frequency is not
significantly affected by secondary amide functionality at the
tested incorporation ratios of 3.

Figure 3. Recovery and cyclic loading of ACON with no G2
incorporation. ACON specimens were loaded (300%), unloaded, and
immediately reloaded 10 times (strain rate: 100 mm/min, 25 °C).
Cycles 1, 2, 4, 6, 8, 10, and 11 are plotted for clarity. Cycle 11 took
place after no stress for 30 min at room temperature. Bar graphs
summarize the percent energy dissipation for each sample.
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■ CONCLUSION
In summary, we have demonstrated that sacrificial hydrogen
bonds introduced through incorporation of simple secondary
amide side chains dramatically improve the mechanical
performance of a dynamic covalent self-healing material. By
incorporating 20 mol % of our sacrificial hydrogen-bonding
monomer (3) into an olefin-containing network, the strain-at-
break was increased from 150% for the control network to
950%, and the toughness of the network was enhanced by more
than 7-fold. Rheological and cyclic tensile experiments were
used to further probe the energy dissipation and reversible
recovery of the sacrificial hydrogen bonds in our bulk system.
Mediated by the G2 catalyst, the olefin-containing network
displays efficient healing under relatively mild conditions. The
attained robust mechanical properties combined with the
efficient self-healing capability are highly desirable for many
practical applications. We anticipate that this straightforward
sacrificial bonding strategy can be employed to improve
mechanical properties of many other self-healing systems.
These studies are currently underway, and the results will be
disseminated in time.

■ EXPERIMENTAL METHODS
General. Anhydrous solvents were purified before use through a

column of alumina according to the method described by Pangborn et
al.44 Detailed monomer synthesis and characterization can be found in
the Supporting Information. A representative polymerization proce-
dure and polymer characterization data can also be found in the
Supporting Information.
Representative Cross-Linking Procedure. The cross-linking

procedure was adapted from a previously described protocol.38 After
precipitation, the copolymer of CO and 3 (poly-3) was redissolved in
dichloromethane (DCM) (380 mL). Three aliquots (1.5 mL) of the
poly-3/DCM solution were collected and dried to calculate total
polymer mass (8.04 g). Dicumyl peroxide (0.048 g, 0.178 mmol,
[olefin]/[peroxide] = 333) was added to the DCM solution with
stirring. The polymer solution was cast in Teflon molds via slow
evaporation overnight. The polymer was melt pressed (100 °C) to
remove defects and form testable samples. Poly-3 was cross-linked at
150 °C for 2 h in vacuo. Finally, the mass of each sample was recorded
and subsequently swelled in anhydrous DCM overnight to remove
unreacted dicumyl peroxide.

Incorporation of G2. The G2 incorporation procedure was
adapted from a previously described protocol.38 After being swelled in
anhydrous DCM overnight, the swollen mass of each sample was
recorded. The difference in mass between the swollen and dried
sample was used to calculate the volume of DCM in each sample.
Samples were soaked in a DCM solution of G2 to incorporate the
metathesis catalyst ([olefin]/[catalyst] = 2000) into the polymer
network. Swollen samples were equilibrated in G2/DCM solution for
1 h in an ethylene glycol/dry ice bath (−16 °C) and subsequently
dried in vacuo for 2 h at room temperature.

Uniaxial Tensile Testing. The mechanical properties of polymer
samples were measured using an Instron 3365 machine. Standard
stress/strain experiments were performed on samples at room
temperature. Samples were extended at a rate of 100 mm/min. Each
measurement was performed in triplicate to ensure reproducibility.
Uncut samples were heated at 50 °C for 3 h to act as pristine controls
for healing experiments. The average sample size was 15 mm × 7 mm
× 2 mm (length, width, thickness).

Rheological Studies. Rheology data were collected on an AR-G2
rheometer from TA Instruments (20 mm Peltier plate with no solvent
trap, stainless steel, 2800 μm gap width). The instrument was
equipped with Peltier temperature control system. Frequency sweep
experiments were performed at 0.1% strain by varying the frequency
between 10 and 628 rad/s at 10−90 °C for each polymer system.
Rheological data were reported from 10 to 50 °C. Temperature was
increased at increments of 10 °C with 10 min soak time to ensure the
complete equilibration of sample temperature.

Cyclic Tensile Testing. The cyclic tensile test was performed
using an Instron 3365 machine. Before the experiment, the length of
the ACON sample (with no G2 incorporation) was measured. Next,
the sample was loaded, unloaded, and immediately reloaded 10 times
to 300% extensibility at room temperature. The loading rate remained
constant at 100 mm/min. After the initial 10 cycles, the sample was
removed from the clamp and allowed to relax at room temperature for
30 min. After the equilibration period, the length of the ACON sample
was again measured and found to have relaxed to its original length. An
11th loading cycle was completed to measure the recovery of energy
dissipative properties.

Self-Healing Procedure. Samples were cut with a fresh blade
(75% of width) through the center and subsequently pushed back
together for 1 min. Samples were left to stand in air for the duration of
the experiment at 50 °C. Pristine samples were not cut but carried
through an otherwise identical procedure. Samples were allowed to
equilibrate to room temperature for 10 min before uniaxial tensile
testing. Each measurement was performed in triplicate to ensure
reproducibility.
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Figure 4. (a) Self-healing experiments for ACON samples at 50 °C in
air. (b) Control self-healing experiment for ACON with no G2
incorporation at 50 °C in air. Bar graphs summarize toughness
recovery at various time points.
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