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A Tough Metal-Coordinated Elastomer: A Fatigue-Resistant,

Notch-Insensitive Material with an Excellent Self-Healing

Capacity

Guangjie Gai,” Libin Liu,*® Cheng-Hui Li,® Ranjita K. Bose,' Dong Li,”’ Ning Guo,” and

Biao Kong'®

Self-healing materials can prolong device life, but their relatively
weak mechanical strength limits their applications. Introducing
tunable metal-ligand interactions into self-healing systems can
improve their mechanical strength. However, applying this
concept to solid elastomers is a challenge. To address this need,
polyurethane-containing metal complexes were fabricated by
introduction of a pyridine-containing ligand into polyurethane,
and subsequent coordination with Fe?*. The strong reversible
coordination bond provides mechanical strength and self-

Introduction

In nature, organisms have the self-healing ability to repair
damage spontaneously and thus prolonging their lifespan. In a
similar way, synthetic self-healable polymers are able to repair
themselves and recover functionalities after being mechanically
damaged.™ In such materials, the use of vascular or capsule-
based system for storage and release of healing agents is
employed (also called extrinsic healing method).” This kind of
healing approach depends on the utilized healing agents,
where exhaustion of reagents will lead to repair termination. An
alternative (also called intrinsic healing method) is the utiliza-
tion of dynamic covalent bonds®(e.g. Diels-Alder reaction,
disulfide bond) or noncovalent interactions (e.g. ionic
interactions,” hydrogen bonding,”’ m-m interactions,’” host-

[a] G. Gai, Prof. Dr. L. Liu, D. Li, Dr. N. Guo
Institute of Advanced Energy Materials and Chemistry
School of Chemistry and Pharmaceutical Engineering
State Key Laboratory of Biobased Material and Green Papermaking
Qilu University of Technology (Shandong Academy of Sciences)
Jinan 250353 (P. R. China)
E-mail: Ibliu@qlu.edu.cn
[b] Dr. C-H. Li
State Key Laboratory of Coordination Chemistry
School of Chemistry and Chemical Engineering
Nanjing University
Nanjing 210093 (P. R. China)
[c] Dr. R.K. Bose
Engineering and Technology Institute Groningen (ENTEG)
University of Groningen
Nijenborgh 4, 9747AG Groningen (The Netherlands)
Dr. B. Kong
Department of Chemistry
Shanghai Key Lab of Molecular Catalysis and Innovative MaterialsiChEM
Fudan University
Shanghai 200433 (P. R. China)

Supporting information for this article is available on the WWW under
https://doi.org/10.1002/cplu.201900095

[d

ChemPlusChem 2019, 84, 432-440 Wiley Online Library

healing ability. By optimizing the monomer ratio and Fe’"
content, the resulting complex possesses a very high tensile
strength of 4.6 MPa at strain of around 498% and a high
Young's modulus (3.2 MPa). Importantly, the metal complex
exhibits an extremely high self-healing efficiency of approx-
imately 96% of tensile strength at room temperature and
around 30% at 5°C. The complex is notch-insensitive and the
fracture energy is 76186 J/m?, which is among the highest
reported values for self-healing systems.

guest interactions,” metal-ligand-interactions®), which provide
an efficient path toward autonomous, repeatable self-healing.
Although significant progress has been achieved on the self-
healing materials, design and fabrication of intrinsic self-
healable materials with high self-healing efficiency under mild
conditions as well as robust mechanical properties remain an
ongoing challenge.

Metal-ligand interaction, as one of reversible noncovalent
interactions, is attractive in self-healing systems because it can
provide a certain mechanical property for the composite due to
the moderate bonding energy (50-200 kJ/mol) between the
low hydrogen bonding energy (25-40 kJ/mol) and the high
covalent bonding energy (greater than 350 kJ/mol). Up to now,
a vast range of accessible ligands and metal ions are used in
self-healing systems.”’ For example, Weder and co-workers
reported optically healable supramolecular polymers by using
2,6-bis(19-methylbenzimidazolyl)pyridine as ligands."® The re-
sulting supramolecular complex could heal the damage at high
temperature of 220°C or upon exposure to UV light. Weng and
coworker fabricated different healable metallo-supramolecular
materials by incorporating 2,6-bis(1,2,3-triazol-4-yl)pyridine li-
gands into the polymer backbone."" Gong etal. reported a
superior mechanical metallo-supramolecular polymer with
multi-stimuli responsive self-healing properties.'? Most of these
metal coordinated complexes can heal themselves basically
under external conditions such as light, heating or certain
solvents. Other examples via metal-ligands interactions can heal
at room temperature without any stimuli,"”¥ but these systems
usually have weak mechanical strengths and low fracture
energies (typically at ~100J/m? or less)."™ Thus, developing
metal-coordinated polymeric materials with superior mechan-
ical properties that can be healed in ambient conditions still
remains largely unexplored.
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Because metal-ligand interactions can have single, double
or multiple coordination sites and the binding strengths are
tunable, the resulting metal complexes usually have a variety of
topological structures." By controlling the types of ligands and
metal ions, it is possible to achieve the reversible networks
without external stimuli at room temperature. Indeed, Guan
and coworker demonstrated a self-healing polymer by choosing
a highly dynamic Zn?*-imidazole as the healing motif in a hard/
soft two-phase brush copolymer system, which exhibits super
self-healing ability at room temperature without any
intervention."

Considering the strong coordination ability of tripyridine/
dipyridine and metal ion,"” in this work, a simple mono-
pyridine group containing diol (PY) as the ligand was designed
and introduced into polyurethane (PU) (Figure 1a). The resulting

Figure 1. (a) Representative PU structure fabricated by hexamethylene
diisocyanate (HDI), poly(propylene glycol) (PPG) and PY. (b) Schematic metal-
coordinated PU complex and a proposed coordination geometry in the
process of loading and recovery. (c) Photographs of a pristine PU and
corresponding Fe?"-coordinated PU. (d) Photographs of a highly stretched
complex. (e) Photographs of loading 0.98 kg by a complex rod (2.2 mm in
diameter).

metal-PU complexes possess both super self-healing ability and
high mechanical strength through multiple coordination inter-
actions between polyurethane backbone and metal ions (Fe**).
The coordination bonds between pyridine group and Fe®*
function as strong cross-linkers, providing strength of the
complex. The rupture and reconstruction of Fe’"-PY bond and
the weak coordination bonds between the amide and Fe?* will
dissipate the strain energy, thus leading to the self-healing
ability (Figure 1b). As a result, the coordination density of
available metal-ligand interactions can be tuned by PY contents
and the molar ratio of the different segments. The resulting
metal-coordinated PU exhibits super mechanical properties,
such as high tensile strength (up to 4.64 MPa), high elongation
(~497.5%) at strain rate of 100 mm/min, and high Young's
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modulus (~3.2 MPa) and. Importantly, the metal-complex
exhibits outstanding self-healing efficiency of ~96% of tensile
strength at room temperature and ~30% at low temperature of
5°C. More importantly, the complex is notch-insensitive and the
fracture energy is ~76186 J/m?, which is among the highest
values in the reported self-healing polymeric materials.

Results and Discussion

For fabrication of polyurethane, pyridine-containing diol (PY)
was first synthesized as shown in Scheme S1 and experimental
section. The coordination between PY and Fe’" was proved by
the new peak centered at 325 nm, which may be caused by
charge-transfer electronic transfer from metal to ligand (Fig-
ure S2a). When the molar ratio of metal ion to ligand (Fe** :PY)
reaches to 1:6, the peak is saturated (Figure S2b), which is in
accordance with octahedral geometry between Fe?’" and
bipyridine.'”® The PU was synthesized by condensation reaction
by using HDI and PPG and subsequent PY as chain extender
(see experimental section). The obtained PU is weak and sticky.
After addition of FeSO, in PU methanol solution, the UV-vis
spectra revealed the similar changes of the absorption peaks,
which suggested that the Fe’" was coordinated with PY in the
PU backbone (Figure S3). In addition, FTIR spectra revealed that
a characteristic absorption peak at 1594 cm™' was seen on a
spectrum of pure PY, indicating C=N vibration modes on free
pyridine rings. After addition of Fe’", a new shoulder appears at
1605 cm™', suggesting successful coordination of PY and Fe?",
When the PY was incorporated PU, after coordination the peak
slightly shifts to 1607 cm™'I" (Figure S4). The metal-coordinated
PU solutions were poured into a Teflon mold. After evaporation
of solvent, the film was obtained, which is strong and stiff and
can be self-standing films (Figure 1c). The complex film can be
stretched by hand to a great extent (Figure 1d). After heating at
85°C for a few minutes, the complex film was rolled into a rod
with cylinder shape. A metal-coordinated PU rod with a
diameter of 2.2 mm can load 0.98 kg of weight (Figure 1e). The
excellent mechanical performance of the metal-coordinated
PUs is related to the segment ratio and the density of
coordination bonds. Therefore, to optimize the appropriate
segment ratio, different PUs (abbreviated HDI,PPG,PY,, where X,
y, z refer to the molar ratio of HDI, PPG and PY, PPG=400 g/
mol) coordinated with different content of FeSO, (Fe’":PY=
1:4, 1:6, 1:8) were synthesized. The rheological properties of
all complexes are shown in Figure 2a-b and Figure S5, S6. The
linear viscoelasticity regions were first determined by plotting
the storage modulus (G, representing an elastic response) and
loss modulus (G”, representing a viscous response) against
oscillatory strain in the range of 0.1~100% at 10rad/s (Fig-
ure 2a and Figure S5a, S6a). Therefore, to ensure the linear
viscoelasticity and sufficient sensitivity, a strain of 1% was
selected to measure viscoelasticity. For all pristine PUs, the G” is
higher than G, which indicates the liquid behavior. After
coordination with Fe?*, the G’ increases and is higher than G”,
indicating the solid behavior. It should be noted that for all PU/
Fe?* complexes, the complexes with Fe?":PY ratio of 1:6

433 © 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Rheological properties of HDI,PPG,PY;/Fe?" complex at different
ratio of Fe>™ and PY. Storage modulus (G/, filled symbols) and loss modulus
(G”, empty symbols) are plotted against oscillation strain (a) and angular
frequency (b). (c) DSC data of different PU/Fe?* complexes at Fe’* and PY
ratio of 1:6. (d) Stress-strain curves of the HDI,PPG,PY;/Fe’* complex at Fe**
and PY ratio of 1:4, 1:6, and 1:8, respectively. (e) Tensile behavior of the
HDI,PPG,PY,/Fe** complex (Fe*" :PY = 1:6) under different deformation
rates in the range of 50-500 mm/min. (f) Young’s modulus and tensile strain
of the HDI,PPG,PY,/Fe’* complex (Fe’* :PY=1:6) as a function of
deformation rate.

exhibit higher modulus compared to the complexes with metal:
ligand ratio of 1:4 and 1:8, implying that the appropriate
metal-ligand ratio of Fe?™:PY is 1:6, which is consistent with
the UV-vis titrations experiments. The PU/Fe’™ complex with
higher metal-ligand ratio of 1:8 exhibits lower mechanical
strength, which may be due to that the too many free ligands
make the whole system more dynamic, resulting in a lower
modulus of the complexes.”” We also compared the effect of
the molecular weight of PPG on the viscoelasticity. As shown in
Figure S7, the modulus of the complex by using low molecular
weight of PPG (400 g/mol) is higher than that of the complex
by using high molecular weight of PPG (1000 g/mol). Consider-
ing that our aim is to fabricate polymeric materials with high
modulus and high self-healing efficiency, PPG with molecular
weight of 400 g/mol is used.

Since the increase in the PY contents of the polyurethane
results in more coordination sites, the glass transition temper-
ature (Ty) values of the complexes also increases as the PY
contents increases as confirmed by their differential scanning
calorimetry (DSC) measurements. In specific, at Fe’:PY molar
ratio of 1:6, the HDI,PPG;PY,/Fe** complex with the lowest PY
contents has the lowest T, of —32°C, while the T; of
HDI,PPG,PY,/Fe’* and HDI;PPG,PY,/Fe’* complexes increase to
—16°C and —9°C, respectively. For HDI,PPG,PY;/Fe’* complex
with highest PY contents, T, reaches to the highest value of
—5°C. In addition, to clarify the change of T, upon varying metal
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concentration, HDI,PPG,PY,/Fe*™ complex with different amount
of metal ions is also measured (Figure S8). When the molar ratio
of Fe’™:PY is 0:1, 1:8, 1:6, 1:4, correspondingly, the glass
transition temperature is —13, —8, —5, —6°C, respectively. This
indicates that the T, increases with increasing in the Fe?*
contents. However, excess Fe** results in decrease in the T,. The
highest T of HDI,PPG,PY;/Fe’* complex with the molar ratio of
Fe?":PY at 1:6 indicates the highest mechanical strength, which
is consist with the results measured in rheological and tensile
tests. It should be noted that all the complexes possess T, values
of below room temperature, suggesting that these complexes
are in the viscoelastic state and they have potential for self-
healing at room temperature. The different metal-ligand ratio of
the complex also affects the mechanical strength. For example,
the stress-strain curves in the case of HDI,PPG,PY,/Fe*" demon-
strated that the complex with metal-ligand ratio of 1:4 possesses
stress of 2.36 MPa at strain of ~481.5%, and the complex with
metal-ligand ratio of 1:8 possesses stress of 1.23 MPa, while the
complex with Fe**:PY of 1:6 shows the highest stress of
4.64 MPa at strain of ~497.5% (Figure 2d). This tensile strength is
higher than that of the nano-filler enhanced rubber?” and
comparable to that of recently published carbon dots enforced
polymer matrix, whereas its healing efficiency is low.”? In
addition, the stress relaxation behavior was also measured for
the HDI,PPG,PY,/Fe’* complex with different molar ratio of Fe**
and PY (Figure S9). In fact, the stress relaxation can be measured
by two different methods. In the rheological shear test, the stress
relaxation measurement is performed in the linear viscoelastic
region, which detects the relaxation modulus under shear
strain.”® The stress relaxation of our experiment is tested by a
tensile machine, which detects the tensile modulus under
extensional strain®” In our case, the measurements were
performed by stretching the samples to 50% strain and
maintaining the strain for 30 min. The breaking and rebuilding of
PY coordinated Fe*" occur in the stretched PU/Fe*" complex,
thus allowing the network topologies of the elastomers to adapt
to the applied forces. When the molar ratio of Fe?" :PY is 1:6, the
HDI,PPG,PY,/Fe’™ complex exhibits a slower stress relaxation
rate compared to the complex with Fe?™:PY at 1:4 and 1:8. This
is reasonable for an elastomer with higher mechanical strength
yielding a slower stress relaxation.*®’ Considering higher
mechanical strength resulted by higher PY contents and
appropriate metal ligand ratio, HDI,PPG,PY,/Fe*™ complex with
metal ligand ratio of 1:6 was selected for the following
mechanical and self-healing study.

The HDI,PPG,PY;/Fe’* complex also exhibits the deforma-
tion-rate-dependent tensile behavior as shown in Figure 2e. A
pronounced increase in both stress (from 2.3 MPa to 6.3 MPa)
and Young’s modulus (from 3.0 MPa to 4.4 MPa) is detected as
the deformation rate increases from 50 mm/min to 500 mm/
min. At the same time, the fracture strain of the complex is
decreased (Figure 2f).This is a common phenomenon for most
of the polymeric elastomers which is resulted from the
hysteresis effect. At low deformation rate, the response is
typical rubbery due to the dynamic and reversible metal-ligand-
interactions; with increasing the deformation rate, resistance to
polymer chain mobility causes stiffening in these materials.”””

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Therefore, the higher stress and modulus are observed at
higher deformation rate in PU/Fe** complex.

To further investigate the mechanical properties of
HDI,PPG,PY,/Fe’™ complex, 50 continuous cyclic tensile meas-
urements were performed. As shown in Figure S10, the complex
shows obvious hysteresis upon the first loading-unloading cycle
at a strain of 250%, indicating the energy dissipation due to the
coordination bond breakage during stretching. After 5 min
waiting time, the second cycle was performed and showed that
the tensional stress was lower than that in the first cycle.
Correspondingly, the hysteresis loop with energy dissipation of
1.55 MJ/m*® in the second cycle was smaller than that of
1.97 MJ/m? in the first cycle. The results indicate that the
deformation of complex caused by tension cannot be com-
pletely recovered during the stretching process. However, after
first five cycles, the hysteresis loops of the following 45 cycles
reveal no much difference as shown in Figure 3a. This means
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Figure 3. (a) Fifty continuous tensile loading and unloading cycles of
HDI,PPG,PY,/Fe** complex at strain of 250%. A 5 min recovery time is
introduced between each cycle. (b) Recovery degree of dissipated energy
and Young’s modulus for HDI,PPG,PY,/Fe** complex after 50 loading and
unloading cycles. (c) G’ and G” of the HDI,PPG,PY,/Fe?" complex under
alternate strain sweep at strain of 1, 100, 200, 400 and 600 %, respectively.
(d) G’ and G” of the HDI,PPG,PY,/Fe** complex under alternate strain sweep
with a small strain of 1% for 200 s, followed by a large strain of 200 % for
200 s, 400 s and 600 s, respectively. Angular frequency is fixed at 10 rad/s.

that the molecular chain may slip to a certain extent after the
first 5 cycles, then the whole network reaches a relatively stable
state. In order to describe the recovery performance quantita-
tively, the stiffness recovery degree and toughness recovery
degree were defined by calculating the ratios of Young's
modulus and dissipated energy loss at different loading cycles
to those values at the first one, respectively. As shown in
Figure 3b, the HDI,PPG,PY;/Fe** complex can recover its stiff-
ness by 51.2% and toughness by 67.3% after 5 cycles. Even
after 50 cycles, stiffness and toughness recovery degrees can
still remain at 36.2% and 42.3%, respectively, which demon-
strates that HDI,PPG,PY,/Fe’" complex possesses good recov-
ery properties.
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The HDI,PPG,PY;/Fe’" complex not only possesses good
toughness, high stiffness, and high strength, but also exhibits
outstanding fatigue resistance properties. Therefore, we further
checked the stress relaxation property of the complex, which is
an important indicator of the fatigue resistant materials. As
shown in Figure 3¢, the HDI,PPG,PY;/Fe*" complex was first
treated by a small oscillatory shear strain of 1% and maintained
for 100s, G' is slightly higher than G”. When the strain was
increased from 1 to 100% and maintained for 100s, G” was
increased to be higher than G, and they immediately (less than
10 s) returned their original values once the strain was changed
back to 1%. Similarly, G' and G” also quickly returned to the
original values when we applied severe strain deformation (200,
400 and 600%) followed by small strain (1%). The dynamic
alternate strain sweep measurements for different applying
time (1% and 200%) were applied on the HDI,PPG,PY,/Fe**
complex. As shown in Figure 3d, when the HDI,PPG,PY,/Fe**
complex was treated by a 200% strain for different times, G’
immediately dropped and was lower than G”. When the strain
was changed back to 1%, both G" and G” values could revert to
the original values without any loss (Figure 3d). The nature of
rapid recovered to the original state within a few seconds
indicates the good fatigue resistance of the metal-coordinated
complex.

In addition to these good mechanical properties,
HDI,PPG,PY,/Fe*™ complex also exhibits super self-healing
capacity under ambient conditions. Self-healing materials have
been studied for decade and remarkable progresses have been
made P-91011c17a26l Hawever, most of these materials have an
inherent compromise between mechanical strength and self-
healing efficiency; the strong interactions usually lead to high
mechanical strength and low healing efficiency, and healing
process generally requires a certain amount of energy input,
e.g., heat, light, or additives to induce healing; the weak
interactions will make autonomous healing, but yield soft
materials. In our case, the damaged HDI,PPG,PY,/Fe*" soft
elastomer can heal itself with high healing efficiency under
ambient conditions. The self-healing behavior at the micro-
scopic scale was first monitored using optical microscopy. As
shown in Figure 4a-¢, a scratch with 200 pm width could be
filled by material diffusion at room temperature for 24 h. To
further quantify the self-healing behavior, the healing efficiency
of HDI,PPG,PY,/Fe*™ complex at different time was first studied.
The rectangular complex film with 10 mm in width and
0.35 mm in thickness were then cut into halves and then healed
by simple contact at room temperature for different periods of
time. As shown in Figure 4d, the stress-strain curves of the
healed samples basically coincide with that of the original one.
Obviously, the healed complexes not only restored their
Young's modulus but also restored the stress quickly, and their
toughness increased quantitatively with time. After 6 h of
contact, the healed sample recovered 42.2% of its initial stress.
As healing time increases, the tensile strength increases. After
36 h the healed samples achieved 96.4% of their initial stress,
indicating the complex was almost completely restored (Fig-
ure 4e). Further prolonging the healing time does not increase
the tensile strength significantly. Interestingly, the healing

435 © 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Self-healing properties of HDI,PPG,PY,/Fe’" complex. Optical
microscopy images of the complex film with about 200 pm damaged scar (a)
and after healing at room temperature for 12 h (b) and 24 h (c), respectively.
(d) Stress-strain curves of the original complex and healed complex by
contacting two halves for different healing time at room temperature. (e)
Self-healing efficiency of fracture stress of healed complexes for different
healing time. (f) Stress-strain curves of original complex and healed complex
after healing for 36 h at different temperatures. (g) Self-healing efficiency of
fracture stress of healed complexes at different healing temperatures.

process can occur even at lower temperatures (Figure 4f). The
stress-strain curves of the complexes healed at 10°C and 5°C
coincide with that of original sample. Even at 5°C, the healing
efficiency is still at 30.2% of its original stress (Figure 4g). The
relatively low healing temperature and high healing efficiency
may be due to the flexibility of the metal-coordinated PU
caused by a low T, (—5°C), and the high coordination strength
and high dynamics between PY and Fe?".

Previous self-healing systems utilizing metal-ligand interac-
tions with larger terpyridine ligands required heat,!'” UV light-
converted local heat,"” or solvent"' to induce healing. In our
case, Fe?" ions and PY ligand in the freshly cut interface interact
with each other assisted by PU mobility, leading to the
reconstruction of the network on the interface of the two
halves. The observed healing behavior proves our assumption
that introduction of a single pyridine-containing ligand with
Fe’™ in the polyurethane matrix can lead to mechanical
robustness and efficient self-healing. The healing efficiency of
this metal-coordinated complex is even comparable to our
previous reported hydrogel system,”” but the complex has
better mechanical properties. To further monitor the dynamic
metal-ligand interaction in the system, the temperature-
dependent sweeps were performed (Figure 5a). At the temper-
ature of 25°C and 45°C, a large-amplitude sweep (200% strain,
10rad/s) can destroy the network structure, showing G'<G".
The followed small-amplitude sweep (1% strain, 10 rad/s) leads
to the fast recovery of the network (G'>G"). However, at high
temperature of 75 °C, even at small-amplitude sweep (1% strain,
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Figure 5. (a) G’ and G” of the HDI,PPG,PY;/Fe’™ complex under alternate
strain sweep between a small strain of 1% and large strain of 200% at
different temperatures. The angular frequency is fixed at 10 rad/s. (b) Raman
spectra of the HDI,PPG,PY,/Fe** complex at different temperatures. Inset:
high resolution of the Raman spectra indicating the reversible coordinated-
band shifts by heating the complex.

10 rad/s), the network was destroyed (G'<G"), indicating the
disassociation of the metal-ligand interaction. When the tem-
perature returned to room temperature, the network was re-
established, showing that G’ is larger than G” (Figure 5a). The
in-situ Raman spectra of the solid complex further proves the
temperature-dependent metal-ligand interaction. A variety of
the molecular vibrations in the fingerprint region (1400-
2000 cm™') indicates the association of the PY ligand with Fe?".
As shown in the high resolution of the spectra (Figure 5b, inset),
the peak of Fe?"-PY at 1625 cm™' shifts by 5 cm™' upon heating
the complex and recovers back to the original position upon
cooling. These results are consistent with coordination of Fe?*
and PY monomer as confirmed by Raman spectra (Figure S11,
S12). The heat-resulted reversible shift should be related to a
structural rearrangement of the Fe’'-PY complex, which is
similar to the disassociation of the metal-ligand motifs caused
by UV radiation converted heat.”®

Despite the high mechanical strength and high self-healing
capacity, a very surprising mechanical property of HDI,PPG,PY/
Fe?™ complex is notch-insensitivity. When the complex film was
cut a notch and the notched complex film was stretched, the
notch was relatively insensitive and stable, while the fracture
usually occurred near the metal clamps (Figure 6a and movie
S1). To quantitatively study the fracture energy of the notch-
insensitive complex, we stretched the samples with different
notch sizes at a constant rate of 100 mm/min. The fracture
energy of the complex was determined using a method
introduced by Rivlin and Thomas® and described in the
experimental section in detail. The force-length curves of the
unnotched and notched samples with different crack lengths
were obtained (Figure 6b). When the notched samples are
stretched, the deformation is inhomogeneous; the coordinated
network directly ahead of the notch is stretched more than
elsewhere. The critical stretches are identified when the
notched samples show the crack propagation occurring during
the stretching process. Different notch length results in differ-
ent extent of crack propagation due to stress concentration.
When the ratio of notch length to initial width is lower than 0.5,
the stress concentration is not apparent and the critical
stretches are almost unchanged (Figure S13). However, the
fracture mechanism is a nonequilibrium process, developing
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Figure 6. (a) Photographs of a notched sample under stretching. (b) Force-
length curves for original sample and notched samples with various crack
lengths (represented by Q). (c) Fracture energy of notched samples with
different C/a, ratios. (d) A comparison of HDI,PPG,PY;/Fe** complex to
recent reported work in self-healing elastomers and hydrogels.

with time and involving consecutive rupture of the molecular
chains.®” When the notch length reaches to 50% of the whole
complex film width, the unevenness of the stress per unit area
of the notched sample increases, leading to a significant
incision extension and resulting in rapid fracture of the sample.
Therefore, the fracture energy as a function of crack lengths is
calculated and shown in Figure 6¢c. As a result, a consistent
fracture energy at 76186 J/m? within the range of C/a,<0.4 is
obtained. This value is among the highest reported fracture
energy values for self-healable polymers. For ease of compar-
ison, the fracture energy of self-healing elastomers and tough
hydrogels from the latest literatures listed in Table ST and
Table S2, are plotted in Figure 6d. Our HDI,PPG,PY,/Fe**
complex demonstrates the extremely high fracture energy, far
beyond the healable elastomers®'*3'32 and tough hydrogel.®*
Usually, the stable crack propagation is found in nanoplatelets
reinforced materials and nacre-mimetic nanocomposites.®¥ In
this work, the notch-insensitive behavior of the metal-coordi-
nated complex in sharp contrasts to the stiff and brittle
nanocomposites and displays that multiple metal-ligand inter-
actions facilitate energy dissipation, while stiffening and
toughing the mechanical properties of the materials and
maintaining crack stability. The high fracture energy value is
probably due to the efficient energy dissipation arising from
the association and disassociation of the metal-ligand inter-
action in the system.

From the above discussion, it can be seen that our
HDI,PPG,PY,/Fe’" complex not only possesses multiple good
mechanical properties, including high stiffness, high strength,
good toughness, and fatigue resistance as well as notch-
insensitivity, but also possesses good healing capacity under
ambient condition without any external stimuli. To further
illustrate the critical role of Fe**-PY coordination in the system,
a more detailed analysis was carried out. Firstly, considering the
instability of Fe’* and its ease of oxidation into Fe’*, X-ray
photoelectron spectroscopy measurement for HDI,PPG,PY,/Fe**
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complex was conducted (Figure S14). The multiplet peaks
coincide with the peaks in high-resolution Fe’* 2P, spectra
indicating that the metal ion preserves Fe?" state.”

Secondly, the bonding configurations of Fe?™-PY coordina-
tion should play a key role in the process of self-healing. The
coordination geometry between Fe?™ and PY ligand is typically
octahedral, where Fe?* is hexahedral, as confirmed by UV-Vis
spectroscopy (Figure S2), similar to the coordination between
Fe’" and bipyridine.”® Due to a mono-coordination site of PY,
the coordination geometry between Fe’™ and PY can be
matched in different configurations. Upon loading on the
complex, penta or tetrahedral-coordinated Fe?* complex will be
formed, which is meta-stable.”” The meta-stable state can be
maintained for certain time but not completely disassociated.
Because PY ligands are distributed throughout the whole
network and ease to move due to low T, of the complex, a free
PY ligand is easy to appear around the meta-stable complex.
Thus, the penta or tetrahedral-coordinated Fe’* complex will
combine the free PY ligands to reform a stable hexahedral-
coordinated Fe’" complex (Figure 1b). Meanwhile, in the
process of chain unfolding and sliding the dynamic disassocia-
tion and reconstruction of the Fe’*-PY coordination will
dissipate energy and realize self-healing.

Thirdly, a high bonding strength of Fe’"-PY is responsible
for the high mechanical strength. To further prove this, a new
complex coordinated by Zn’* instead of Fe’" was fabricated
(Figure S15). The HDI,PPG,PYs/Zn’" complex exhibits weak
mechanical strength compared to the HDI,PPG,PY;/Fe?*" com-
plex, which is mainly due to the weaker binding strength and
more kinetic instability of Zn?*-PY.'”" If the binding strength of
the complex is too high we also see no self-healing."’ This is in
agreement with the current work that the coordination
structure of the metal and ligand play a crucial role in
determining the rigidity vs. mobility in these polymer networks.

Fourthly, instead of PY ligand, a control monomer
(benzene-containing diol, BE) with similar structure to PY was
synthesized to further confirm the role of PY ligand (see
supporting information, Scheme S2, Figure S16). The control
PU, (HDI,PPG;BE;) was obtained by using the same molar ratio
monomer to HDI,PPG,PY; and indicates sticky gel-like state
(Figure S17a). After addition of FeSO,, the control PU,/Fe’"
complex with Fe’* to BE ratio of 1:6 still cannot form free-
standing films (Figure S17b). Although the modulus increases
compared to that of pristine PU, due to the weak metal-ligand
interaction between amide in the PU, structure and Fe?", the
control complex still behave soft state (G'<G"). Therefore, PY
ligands are the critical for the mechanical strength of
HDI,PPG,PY,;/Fe*" complex.

Conclusion

We have developed a series of metal-coordinated complexes by
introducing a mono-pyridine-containing ligand into PU. The
complexes with different molar ratio of Fe’* and PY were
studied. By optimizing the monomer ratio and Fe’* content,
the HDI,PPG,PY,/Fe*" complex with Fe’™ to PY ratio of 1:6

437 © 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


https://doi.org/10.1002/cplu.201900095

.
.\ *

@2 ChemPubSoc

possesses multiple good mechanical properties, including high
tensile strength (up to 4.64 MPa), high Young’'s modulus
(3.2 MPa), and high elongation (~497.5%) at strain rate of
100 mm/min as well as fatigue resistance. Importantly, the
metal-complex exhibits outstanding healing efficiency of ~96 %
of tensile strength at room temperature and ~30% at low
temperature of 5°C. The dynamic and reversible metal-ligand
interactions in the solid state can dissipate energy and should
be responsible for the good mechanical performance and self-
healing ability. More importantly, the complex is notch-
insensitive and the fracture energy is ~76186 J/m? which is
among the highest values for the reported self-healing
polymeric materials. Our work provides a new strategy for
fabricating materials with high mechanical properties and high
self-healing ability.

Experimental Section

Materials

2-(chloromethyl)pyridine hydrochloride (98%), diethanolamine,
hexamethylene diisocyanate (HDI), poly(propylene glycol) (PPG,
M, =400 and 1000 g/mol), iron sulfate heptahydrate (FeSO,-7H,0 >
99%) were supplied by Aladdin. Sodium carbonate anhydrous,
methanol anhydrous, acetone, magnesium sulfate anhydrous were
received from Sinopharm Chemical Reagent Beijing Co. Ltd. Beijing,
China. Isopropanol and dichloromethane was obtained from Fuyu
Fine Chemical Co. Ltd. Tianjin, China. All other reagents (analytical
grade) were used directly without further purification.

N-(2-Pyridylmethyl)iminodiethanol (PY)

The ligand PY was fabricated through modifying a previously
reported method."® Typically, Diethanolamine (6.41 g), 2-(chloro-
methyl)pyridine hydrochloride (10.0 g) and sodium carbonate
(19.38 g) were dissolved in isopropanol and the solution was
refluxed overnight. After isopropanol was evaporated, the solid was
extracted with dichloromethane and saturated brine. The dichloro-
methane solution was collected and dried by magnesium sulfate
anhydrous. After dichloromethane was removed, the resulting PY
was obtained (yield 45%): '"H NMR in D,0, 400 MHz, 2.66 (t, 4H,
NCH,CH,), 3.61 (t, 4H, CH,OH), 3.77 (s, 2H, PyCH,N), 7.40, 7.44, 7.81,
8.40 (td, dd, td, dd, 4 H, pyridine H) (Figure S1). Elemental analysis
calculated for C;4H;¢N,0O,: C, 61.20; H, 8.22; N, 14.27. Found: C, 61.15;
H, 8.25; N, 14.23.

Synthesis of Polyurethanes (PUs)

During the polyurethane synthesis, different diols will be used,
which will be related to the hard and soft segments of the
polyurethane. In our case, we selected small molecular PY as the
chain extender. PY can be well dissolved into acetone solvent and
no clustering of the ligands is observed during PU synthesis.
Typically, HDI (3.0 g, 17.8 mmol) and PPG400 (1.78 g, 4.4 mmol)
were added in a dried glass vessel and were heated in an oil bath
with stirring at 100°C under a N, atmosphere for 1.5-2 h. After the
synthesis of the pre-polymer, PY (2.63 g, 13.4 mmol) as a chain
extender and acetone as solvent were added to the reactor. The
reaction was reheated to 100°C under a N, atmosphere for 12 h
until the NCO groups disappeared. The resulting PUs were obtained
by pouring the solution into a Teflon mold for drying at 80°C for
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24 h. Different PUs can be obtained by changing the segment ratio
of HDI, PPG and PY. Different PUs can be synthesized by changing
the molar ratio of HDI, PPG and PY.

Metal-Coordinated PU Complex

The dried PU with different PY content and a certain amount of
FeSO,.7H,0 were dissolved in methanol with stirring for 15 min
followed by ultrasound for 20 min. Then, the solution was allowed
to stand for 10 min. The complex solution was then poured into a
Teflon mold for drying at 35°C for 10 h. The final complex was
obtained by further removing solvent residue in a 70°C vacuum
oven over 2 days. Different metal-coordinated complexes can be
obtained by tuning the ratio of Fe’* and PY.

Mechanical Testing

A universal test instrument (Hensgrand, WDW-02, China) was used
to measure mechanical properties. The metal-coordinated complex
films with 10 mm width, 0.35 mm thickness were measured at
different strain rate at room temperature. By using the Equation (1),
the tensile stress (o) was measured.

o= F/a,b, M

where F represents the load and a, represents the width, b,
represents thickness of the specimen.

The tensile strain (€) was determined by following Equation (2):
e = (Iy)/ly x 100% (2)

where |, is the initial gauge length and / is the tensile length of the
specimen. The Young’'s modulus was determined as the slope of
the stress-strain curve in the first 20 % strain.

The complex films with the same size (10 mm width and 0.35 mm
thickness) were used to measure cyclic tensile tests at the rate of
100 mm/min. At least three specimens were tested. The dissipated
energy (AU) of the complex film for each cycle is calculated by
integrating the area surrounded by the loading and unloading
curves [Eq. (3)I:

AU = /Ioadinga da'/unloadinga de (3)

Dynamic viscoelasticity of the complex films were measured on a
rheometer (TA DHR-2) using a parallel plate of 20 mm diameter.
The linear viscoelasticity region was determined by the dynamic
strain sweep with a constant frequency of 10 rad/s in the range of
0.1 ~100%. The frequency sweep of the complex film was recorded
at a fixed strain of 1% over the frequency range of 0.1~ 100 rad/s.
The alternate step strain (1, 100, 200, 400 and 600 %) sweep of the
complex film was recorded at a constant angular frequency of 10
rad/s. The temperature was controlled by a Peltier plate.

Determination of Fracture Energy

The fracture energy of the complex films was determined by in
tension mode. Firstly, the force-length curve was recorded by an
unnotched specimen. The work done (W(L)) by the force to the
unnotched specimen is determined by integrating the area under
the force-length curve. Then, different specimens of the same
complex were notched with different crack length (C). The notched
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specimens were stretched until the notch turned into a running
crack to determine the critical length (Lc). Fracture energy was
determined as F:'ﬂ,/;i;), where T represents the fracture energy, a,

represents the sample width, b, represents the sample thickness.

Self-healing Process

The metal-coordinated complex film was cut into two halves. Then
the two halves were contacted with each other in air at room
temperature for different times. The healed samples were measured
in tensile mode at a rate of 100 mm/min. For healing at low
temperature, the contacted pieces were put in refrigerator and held
at 10°C or 5°C for 36 h.

Characterizations

'H NMR spectra were recorded with a '"H NMR spectrometer (Bruker
AVANCE Il 400).UV-vis absorption spectra were measured on a UV-
2600 UV-vis spectrometer (Shimadzu, Japan). Differential scanning
calorimetry (DSC) was performed using a TAQ-10 DSC instrument.
The experiments were conducted in heating-cooling-heating cycles
and the data were obtained during the second heating cycle with a
heating rate of 10°C/min from —70°C to 150°C. Raman spectra
were recorded using a LabRAM tHR800 Raman spectrometer
(HORIBA JY, France). An excitation wavelength of 633 nm was used.
X-ray photoelectron spectroscopy (XPS) measurements were taken
in an ESCALAB 250 (Thermo Fisher Scientificc USA) using a
monochromatic Al—Ka X-ray source at 100 W.
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