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Self-healing metallo-supramolecular polymers
from a ligand macromolecule synthesized via
copper-catalyzed azide—alkyne cycloaddition
and thiol—ene double “click” reactions¥
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In this study, we develop a series of hew materials that can simultaneously and reversibly self-heal without
external stimuli based on metallo-supramolecular interactions. Multiple tridentate 2,6-bis(1,2,3-trizaol-4-yl)-
pyridine (BTP) ligand units synthesized via a copper-catalyzed azide—alkyne cycloaddition (CuAAC) “click”
reaction are incorporated into the polymer backbone of a ligand macromolecule through a thiol-ene
“click” reaction. 3D transient supramolecular networks are formed from the ligand macromolecule upon
coordination with transition and/or lanthanide metal ions. As compared to the ligand macromolecule, the
resultant supramolecular films exhibit improved mechanical properties, such as Young's modulus, strength

and toughness, which can be readily tuned by the stoichiometric ratio of Zn?* to Eu** to Tb®*. The
Received 22nd July 2013 lecular films exhibit characteristics of weakl linked networks where the st dulus G
Accepted 20th October 2013 supramolecular films exhibit characteristics of weakly crosslinked networks where the storage modulus

and loss modulus G” scaled with normalized frequency wat by the same slope of 0.5. Both the
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Introduction

Self-healing, which refers to the ability to recover an original set
of properties after damage, is one of the most striking features
of biological systems. Self-healing materials are expected to
exhibit the advantages of improved durability, enhanced safety
and prolonged lifetime of service. The last decade has witnessed
a rapid development in exerting such features into artificial
systems that can sense environmental changes and repair
themselves accordingly.'” In 2002, a milestone work was
reported by White et al. where reactive agents were encapsu-
lated in the matrix and subsequently released and polymerized
in situ to repair mechanical damage.'® Some other approaches
have been developed, including hollow glass fibers,'* solvent
encapsulation,” 3D microvascular networks,>'* magnetic and
electrical heating>'® and coaxial electrospinning.’” Of most of
the methods listed above, the repair was irreversible and
involved relatively complex systems. More recently, Tang and
coworkers developed hyperbranched polymers through
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of the kinetically labile nature of the metal-ligand interactions.

metal-free “click” polymerizations of bis(aroylacetylene)s and
triazides and demonstrated that the films and sticks made of
the polymers exhibited very interesting irreversible but repeat-
able self-healing.'® By taking advantage of the remaining reac-
tive arylacetylene and azide groups on the peripheries of the
polymers, the healing could be simply triggered by heating,
without catalyst or other added substances.

On the other side, reversible self-healing systems based on
dynamic covalent chemistry and non-covalent interactions*>*
open new routes towards constructing more interesting self-
healing materials that are capable of repetitive mending in
virtue of their reversible nature. Examples in view of dynamic
covalent bonds have been exploited through the use of Diels-
Alder reactions,”?> [2 + 2] cycloadditions,* alkoxyamine
bonds,” hydrazone bonds,*® disulphide bonds,*#° trithiocar-
bonate units,** and olefin metathesis.**** The responsiveness of
these dynamic covalent bonds to external stimuli, such as
temperature, pH, light and oxidants, impart the resultant
materials with repetitive self-healing properties. Non-covalent
interactions, including hydrogen bonding,***° hydrophobic
associations,” m-1 stacking,***° ionomers,*** metal-ligand
interactions***” and host-guest interactions*®* and/or their
orthogonal combinations,* have also been demonstrated to be
successful in constructing self-healing materials.

In the case of autonomic healing without external stimuli,
not only the sufficient lability of the dynamic covalent bonds
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and the supramolecular interactions, but also the sufficient
mobility of the polymer chains (or oligomers) must be ensured.
Of particular note are the works reported by the Leibler and
Guan groups. In 2008, Leibler and co-workers demonstrated the
room temperature self-healing of a supramolecular rubber
which consisted of fatty acids and diethylene diamine func-
tionalized with urea.*® When a sample was cut into pieces and
the pieces were brought into contact at 20 °C, the mobile olig-
omers diffused across the fracture surfaces to allow self-healing.
Guan and his co-workers reported an appealing multiphase
design of autonomic self-healing thermoplastic elastomers
where pendent polyacrylate amide (PA-amide) chains were
grafted to the backbone of polystyrene and formed dynamic
molecular velcro through hydrogen-bonding in the soft phase.*®
The unleashed molecular velcro upon external loading could
quickly reform under room temperature with the release of the
stress owing to the low T, of the PA-amide.

We recently used dihydroxyl functionalized tridentate
2,6-bis(1,2,3-triazol-4-yl)pyridine (BTP) ligand synthesized via
CuAAC “click” chemistry as a chain extender to react with bis-
isocyanate functionalized polytetrahydrofuran (PTHF) based
prepolymer and a novel ligand macromolecule -carrying
multiple BTP units on the polymer backbone was synthesized
which formed multi-responsive self-healing supramolecular
gels in the presence of transition and/or lanthanide metal
salts.>® Although the polyurethane reaction is effective, it is
moisture sensitive and may involve side reactions which can
result in irreversible crosslinking. Thiol-ene chemistry appears
as a new useful and versatile “click” reaction, which is moisture
and oxygen insensitive and can be performed both under
photochemical and thermal initiations.”* Thus, in the present
contribution, we are interested in studying the use of thiol-ene
“click” chemistry in synthesizing BTP carrying a ligand macro-
molecule and the metallo-supramolecular gels and bulk films
made of the ligand macromolecule together with metal ions.

Results and discussion
Ligand macromolecule and metallo-supramolecular polymers

The ligand macromolecule with M,, = 12 000 g mol ' and M,, =
22 000 g mol " (Fig. 1 and S13 to S167) was synthesized using
the UV initiated thiol-ene “click” reaction of bis-propene
functionalized BTP ligands and bis-thiol functionalized PTHF
linkers (see ESI Schemes S1 and S2, Fig. S1 to S18t). Since the
M,, of the PTHF segment is around 2000 g mol ™", 5 BTP ligands
were incorporated on average into the backbone of a single
ligand macromolecule. The transition and lanthanide metal
ions selected, i.e., Zn>", Eu*" and Tb*", can coordinate well with
the BTP ligand to form kinetically labile 1:2 (Zn**) and 1: 3
(Eu®" and Tb*") metal : ligand complexes, respectively. Upon
addition of metal salts into a solution of the ligand macro-
molecule in suitable solvents, gels can be readily formed as a
result of the supramolecular crosslinking and aggregation.
Clean solid films with a uniform thickness of about 0.5 mm
could be harvested by casting the gels in Teflon casters and
ensuing drying in a vacuum. These solid films could be
reswollen in neutral solvent to take the shape of organic gels,
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Fig. 1 (a) Multiple BTP ligand units (represented as bricks) were
incorporated into the backbone of the ligand macromolecule by using
bis-thiol functionalized polytetrahydrofuran (PTHF) linker (represented
as black lines). (b) Bottom left: the BTP ligand units in the ligand
macromolecule coordinate with metal ions (represented as balls) to
form 3D transient supramolecular networks; Bottom right: a repre-
sentative Zn?* containing film (100:0:0).

which also exhibit multiple responsiveness and self-healing
(vide infra). Samples are labelled in the form of k:l:m, where k, [
and m denote the ideal molar percentages of the BTP ligands
that bind to Zn*", Eu** and Tb*", respectively. For instance,
0:100:0 represents the BTP ligands that bind to Eu®* and 0:0:0
denotes the control sample solely made of the ligand macro-
molecule. Fig. 1 shows a schematic illustration of the formation
of the transient and reversible 3D supramolecular networks
using the ligand macromolecule and metal ions (e.g., Zn>*) and
one representative film of 100:0:0.

Tensile properties of the metallo-supramolecular polymers

All metal ion containing films were non-tacky under room
temperature. Their key mechanical properties were first
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Fig. 2 Stress—strain responses of the control sample (0:0:0) and the
metallo-supramolecular films containing different types of metal ions
(100:0:0, 0:100:0 and 0:0:100) as well as their mixture (33:33:33).
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investigated by tensile testing under a constant strain rate
(0.1 s7) and are depicted in Fig. 2 together with those of the
control sample 0:0:0 in terms of the nominal stress oy as a
function of the nominal strain ey. The control sample was quite
tacky under room temperature as the glass transition temper-
ature T, of the PTHF segments is below room temperature. It
thus showed poor mechanical properties, e.g., a small Young's
modulus (~4 kPa), low mechanical strength (~11 kPa) and
behaved like a viscoelastic liquid during stretching. The
formation of 3D transient networks by the metal-ligand
supramolecular interactions significantly improved the
mechanical properties of the materials. Among the three
samples each containing a single type of metal ion, typical
plastic deformation, i.e., an almost constant nominal stress
right after the yield point until fracture was observed in 100:0:0,
whereas 0:100:0 and 0:0:100 showed typical elastic responses
(sigmoid stress-strain shape). This difference in the mechanical
properties is probably due to their different coordination
numbers (2 for Zn>*, 3 for both Eu*" and Tb*") and morpho-
logical structures, e.g., microphase separation (vide infra). The
four parameters: tensile modulus, strength, fracture strain and
toughness (total area under the tensile curves) are summarized
in Table 1. Interestingly, each sample is in the lead of one
typical mechanical parameter. Zn>* containing films unfold the
largest tensile modulus (227 + 18 kPa) at small strain (<40%,
also see Fig. $19 in the ESI{), while Eu®" containing films can
tolerate more extension (1800 + 120%) than the other two and
the fracture strain is very close to the control sample (1700 +
325%). For a given value of ey that is larger than 50%, Tb*>*
containing films display the highest value of tensile strength.
Apparently, this reinforcement effect imparted by metallo-
supramolecular interactions can be readily tuned by the stoi-
chiometric ratio of the three metal ions (Fig. S20, ESIt). For
instance, the 33:33:33 sample gave a very good comprehensive
performance, as shown in Fig. 2 and Table 1.

Rheological properties of the metallo-supramolecular
polymers

To further understand the correlation between the dynamic
nature of the metallo-supramolecular interactions and the
corresponding self-healing properties, rheological tests were
performed on films containing different types of metal ions.
The master curves (reference temperature: 25 °C) of the three
samples (100:0:0, 0:100:0 and 0:0:100) are shown in Fig. 3a,
which help to give insight into the structure of these
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metallo-supramolecular materials in the linear viscoelasticity
region. The storage modulus G’ and the loss modulus G’ which
represent a measure of the elastic response and a measure of
the viscous response, respectively, are plotted against the
normalized frequency war via time-temperature superposition
under small oscillatory shear amplitude ¢,, where ar is the
horizontal shifting factor. Both moduli are in the same order of
magnitude and have moderate frequency dependence with a
slope of 0.5 on the log-log plot for all three samples (dashed line
in Fig. 3a). This 0.5 power law exponent is an intermediate state
between the terminal response (G’ « w?, G « w') of viscoelastic
materials and the plateau response (G’ « w°) of well developed
network formations and is often observed at the gelation point
during a sol-gel transition (incipient gel) according to the
percolation theory and numerous experiments on various
crosslinking systems.?*** This suggests that our bulk films can
be classified as weakly crosslinked dynamic materials. It is
worthwhile to note that G’ is obviously higher than G in Tb*"
containing films, while they are nearly the same in the Zn>* and
Eu’* containing materials. Moreover, concerning the slope at
very low war, in Tb*" containing films both moduli start to
deviate from the 0.5 power law dependence towards a plateau
response. The above two features reflect the slower dynamics
and more elastic response of the Tb** containing films over the
other two materials. In addition, the absolute values of both
moduli are in the order of Zn*' > Tb*" > Eu®*, which is consis-
tent with the stress response at small strain (Table 1 and
Fig. S19%). The dynamic shear viscosity n* as a function of
normalized frequency war is shown in Fig. 3b. Obviously, the
terminal zone was not reached. Thus it is impossible to obtain
the exact values of the zero shear viscosity 7o, but they should be
well above 100 kPa s. Judging from Fig. 3b at low frequency, the
Zn** containing sample should exhibit clearly the largest value
of n, over the other two at 25 °C, which is consistent with the
previous report by Rowan et al.>® Strain sweep tests were per-
formed on all samples and typical curves of Tb** containing
films are shown in Fig. 3c. As can be seen, a crossover of G’ and
G"” occurs when a critical strain is reached. As the strain is
increased, G is significantly lowered, indicating the effective
crosslinking points formed by metal-BTP complexes were
continuously broken and the corresponding transient network
was rapidly destroyed by the strong shear stress once the strain
exceeds the linear viscoelasticity region. The temperature
sensitivity of these films can be learnt from the master curve
shifting factors ar (Fig. 3d). The Eu®*" and Tb*" containing
samples have almost the same values of ar in all three

Table 1 Tensile modulus, strength, fracture strain and toughness of films containing different metal ions as well as their mixture

Tensile modulus

Sample (kPa) Strength (kPa) Fracture strain (%) Toughness (kPa)
0:0:0 3.7+34 11+1 1700 + 325 151 £ 50
100:0:0 227 + 18 64 £ 8 1300 + 200 726 + 175
0:100:0 154 £ 12 161 £ 22 1800 + 120 1765 £ 260
0:0:100 179 £ 13 223 + 44 1000 £ 75 1222 + 260
33:33:33 187 + 18 242 + 64 1400 £ 390 1921 + 290

This journal is © The Royal Society of Chemistry 2014
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Fig. 3 Rheological tests of the metallo-supramolecular films. (a) Master curves of G’ and G” as a function of normalized frequency wat obtained

from time—temperature superposition (reference temperature 25 °C).

The legend indicates different types of metal ions. (b) Dynamic shear

viscosity n* as a function of wat. The dashed line indicates the power law exponent. (c) Strain sweep test of a Tp3* containing film at 60 °C with w
= 20 rad s, (d) Horizontal shifting factor ar of a series of films. The relatively smaller values of Zn?* containing films suggest they are more

sensitive to temperature.

temperatures examined, while the Zn>* containing films exhibit
the strongest temperature sensitivity, presumably due to the
microphase separation (vide infra).

Microscopic structures of metallo-supramolecular polymers

To gain further insight into the mechanical and rheological
properties of the metal ion containing films, the solid state
structures of these materials were investigated by small angle
X-ray scattering (SAXS), as well as wide angle X-ray diffraction
(WXRD). Fig. 4a shows the 1D scattering patterns as a function
of the magnitude of the scattering vector g. At the low g region, a
shoulder peak (indicated by solid arrows) can be identified at ¢,
= 0.50 nm™ " (average domain spacing d; = 13 nm) in Eu’"
containing films (0:100:0), while this value is 0.40 nm™" (cor-
responding d; = 16 nm) in Tb®* containing films (0:0:100),
which indicates weak microphase separation of the Eu*":BTP
and Tb>":BTP complexes with the soft PTHF segments. Further
heating up to 80 °C did not efface this g, peak (Fig. 4b for
0:0:100 and Fig. S21 in ESIT for 100:0:0 and 0:100:0), implying

1948 | Polym. Chem., 2014, 5, 1945-1953

that the phase-separated structures were thermostable up to 80
°C. This is also the reason to perform the self-healing test on
bulk materials at 60 °C (vide infra) since the microscopic
structures are similar to those at room temperature, but the
kinetics can be greatly accelerated. In all the samples contain-
ing metal ions, a second peak is recognized at ¢, = 5.34 nm "
(dashed arrow in Fig. 4a), which corresponds to a spacing of
1.2 nm and may be assigned to the metal-to-metal distance in
aggregates composed of loosely packed metal-BTP complexes.>®
The g, peak was also confirmed by the WAXD tests, as shown in
Fig. S22 (ESI).t All three samples studied (100:0:0, 0:100:0 and
0:0:100) show a peak at 26 of around 7.0-7.5°, consistent with
the g, peak in the SAXS tests. The broad peaks at 26 = 22° are
probably the amorphous halo. Since Zn>* has a different coor-
dinating number and valence from those of Eu®*" and Tb*"
different crosslinking density, chain branching, ionic cluster
formation® and microphase separation of the different metal-
ligand complexes can be expected, leading to the differences in
mechanical and rheological properties. In the Zn>* containing
films (100:0:0), there was the highest density of crosslinkers of

This journal is © The Royal Society of Chemistry 2014
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Fig. 4 Scattering intensity / (arbitrary unit) as a function of scattering
vector g. (a) The control sample 0:0:0 and the samples containing
various types of metal ions: Zn®* (100:0:0), Eu®* (0:100:0) and Tb**
(0:0:100). The solid arrows indicate the primary Bragg peaks q; asso-
ciated with microphase separation, while the dashed arrow marks the
second peak g,; (b) the Tb®" containing films were subjected to
heating at different temperatures, as indicated in the legend.

metal-ligand complexes, whereas the chain branching was the
lowest and microphase separation could barely be discerned.
Therefore, chain entanglement is expected to play an important
role in the mechanical properties of the 100:0:0 film. On the
other hand, thermostable ionic clusters and phase separated
hard phases are most likely absent in 100:0:0, consequently the
strongest temperature sensitivity was observed.

Self-healing properties of the metallo-supramolecular
polymers and gels

In the first set of experiments, we adopted rheological analyses
on the three bulk materials (100:0:0, 0:100:0 and 0:0:100). After
the frequency sweep tests demonstrated in Fig. 3a, films were
subjected to strain sweep tests at w = 20 rad s~ ' to certain
oscillatory amplitudes ¢, (usually between 100% and 1000%
depending on the type of metal ion) until G’ fell to nearly half of

This journal is © The Royal Society of Chemistry 2014
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its original value (Fig. 3c and S237). The healing ability of the
films was then immediately monitored by time sweep tests
using w = 20 rad s~ ' and &, = 1% to avoid the effects of shear
stress on the self-healing process. The time interval between the
strain sweep tests and the time sweep tests was about 10 s. As
shown in Fig. 5, the G’ values at the beginning of the time sweep
tests had already recovered remarkably and soon reached their
original values (indicated by the dashed lines) within 20 min for
all the samples studied.

The time required to achieve full recovery of the storage
modulus G', as well as the corresponding dynamic shear
viscosity n* of the pristine materials at w = 20 rad s ', are
shown in Table 2 for the three films containing the different
metal ions. The initial healing efficiency of all the samples is
well above 80%, which again reflects the dynamic nature of the
metallo-supramolecular interactions. Nevertheless, the healing
rates of the samples significantly depended on the type of metal
ions coordinated with the BTP ligands. While the Eu®** con-
taining film (0:100:0) healed within 140 s, the Zn>" (100:0:0) and
Tb** (0:0:100) containing film took about 1180 s and 800 s to
reach complete healing, respectively. Given the fact that the
dynamic viscosity n* of the pristine materials at testing condi-
tions (w =20 rad s~ " and ¢, = 1%) is in an order of Zn** > Tb*" >
Eu®', a strong correlation between the healing time and the
viscosity of the sample was discovered.

Self-healing generally involves the diffusion of the polymer
chains across the wounded interfaces and the reformation of
the metal-BTP complexes and/or their aggregates.*® Therefore,
the healing is highly correlated with the binding constant
and/or aggregation of the metal-BTP complexes, as well as the
diffusion rate of the polymer chains. As there was no phase
separation found in the Zn** containing films (100:0:0) (Fig. 4a),
the longest healing time in this material may originate from the
lowest coordinating number, the highest binding constant
(lowest dynamics of metal-BTP complex) and the lowest chain
diffusion rate among the three. Although Zn>" forms kinetically

70k T T v T & I d
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60k 4
< 50k =
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O 40k} -
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Fig. 5 Recovery of the storage modulus G’ measured by time sweep
tests at w = 20 rad st and &g = 1% under 60 °C immediately after strain
sweep tests for the Zn?* (100:0:0), Eu®* (0:100:0) and Tb** (0:0:100)
containing films. The initial moduli are indicated by the dashed lines.
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Table 2 The time to achieve full recovery of the storage modulus and
the corresponding dynamic viscosity of pristine films made from
different metal ions

Dynamic viscosity Time to achieve

Samples n*atw =20 rad s (Pas) full recovery of G’ (s)
Zn?* (100:0:0) 60 000 1180
Eu®* (0:100:0) 20 000 140
Tb®" (0:0:100) 37 000 800

labile complexes with ligands, the binding constants of Zn>*
with various ligands have been found to be higher than those of
lanthanide ions.***® In addition, as a result of the smaller
coordination number of Zn>* to BTP (1 : 2), chain extension in
Zn** containing films is more favourable over chain branching
and the effective molecular weight of the assembled ligand
macromolecules increases, which will result in more entangle-
ments and higher viscosity. Indeed, it is confirmed by the
experimental observation of the highest Young's modulus in
tensile tests (Table 1) as well as the largest viscosity in rheo-
logical tests (Fig. 3b and Table 2) in Zn>" containing films. A
similar phenomenon has also been well documented by Rowan
et al.>® The highest viscosity of the Zn>" containing samples
significantly hampered the dynamics of the polymer chains
from diffusing towards the damaged region and drastically
delayed the rate of self-healing.

Although there was phase separation for the Eu*" and Tb**
containing materials (0:100:0 and 0:0:100), the phase separa-
tion is weak and the aggregates are expected to be very labile to
mechanical force. As the binding of Eu*" and Tb** with BTP is
weaker than that of Zn**, the complexes are expected to be more
dynamic.® Therefore, Eu>* and Tb*" containing materials
(0:100:0 and 0:0:100) exhibit faster healing rates. Due to the well
known effect of lanthanide contraction,” Eu®*" has a larger
radius than Tb®" and presumably exhibits a lower binding
constant with BTP than Tb*". In fact, Martell and Smith have
listed the binding constant of Tb*" and Eu®** with all amino
acids and Tb*" always has higher binding constant values than
Eu®".®* As a consequence, superior mechanical strengths and
longer healing times were found in Tb®" containing material
(0:0:100) over those for 0:100:0. Collectively, the results from the
tensile, rheological and self-healing tests of the bulk metallo-
supramolecular films were found to be consistent.

In a final demonstration of the importance of metallo-
supramolecular interactions in preserving the mechanical
properties and in activating the self-healing properties of the
materials, another self-healing experiment was conducted.
Three dry films (100:0:0, 0:100:0 and 0:0:100) were swollen in
toluene to form organic gels (Fig. 6a). The gels were then
inspected under UV radiation (254 nm). The BTP ligands can
absorb the UV light and transfer the energy to a nearby
lanthanide ion, which is then able to emit characteristic metal-
centered luminescence (see Fig. S247). This is the so called
“antenna effect”.®> In our system, the colours were blue for
100:0:0, red for 0:100:0 and green for 0:0:100. Therefore, the
different gel blocks can be distinguished solely by their
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Fig. 6 Self-healing of the metallo-supramolecular gels. (a) Gels
containing different metal ions (from left to right are 0:100:0, 0:0:100
and 100:0:0) swollen in toluene; (b) fluorescent image of the three gels
under UV light (254 nm); (c) gels were stacked up before self-healing;
(d and e) the stacked gels were subjected to self-healing under a
saturated toluene atmosphere for 1 h; (f) to (i) the healed gel was then
subjected to bending and stretching until fracture.

fluorescent colours, without the use of dye (Fig. 6b). The gels
were then stacked up and the jointed gels were then kept under
saturated toluene atmosphere for varied times (Fig. 6¢). After
just 1 h, the jointed gels turned into an integrated one and
could hold themselves with different gestures without breaking
at the joints (Fig. 6d and e), indicating that healing occurred
without any external stimuli (the UV light was turned off during
the self-healing process unless taking images, so the photo-
thermal conversion can be neglected). After 20 h, the integrated
gel was shown to exhibit very good mechanical properties, as it
could be subjected to deformations, such as bending (Fig. 6f)
and stretching (Fig. 6g), without breaking at the joints. It is
clearly seen in Fig. 6h and i that fracture occurred in the vicinity
of the tweezers where the stress concentrated. This examination
on the self-healing of gels clearly demonstrates the dynamic
nature of metallo-supramolecular interactions and their ability
to drive the miscibility and self-healing of the gels and bulk
polymers. It should be noted that the three gel blocks were
prepared at different times. Therefore, the self-healing of the
metallo-supramolecular polymers is almost independent of the
waiting time after damage. The metallo-supramolecular gels
with one single metal ion exhibited a similar self-healing
behaviour (ESI?).

Conclusions

By using CuAAC and thiol-ene double “click” reactions, ligand
macromolecules carrying multiple BTP ligand units onto the
main chain can be readily prepared. The use of the thiol-ene
reaction has many advantages over other reactions. The incor-
poration of metal ions into the ligand macromolecules resulted
in the formation of transient networks crosslinked by supra-
molecular interactions by forming metal-BTP complexes and
sometimes their aggregates as a consequence of microphase
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separation. Rheological tests proved that the bulk films were
typical weakly crosslinked materials. By selection of the metal-
ligand combination and tuning the stoichiometric ratio of
metal to ligand, the mechanical properties of the bulk films can
be readily tuned. Owing to the dynamic nature of the metallo-
supramolecular interactions, the materials were also imparted
with the advantage of fast and effective self-healing. We
envisage that the CuAAC and thiol-ene “click” reactions can be
used in a wide range of responsive and self-healing materials.

Experimental
Materials

Solvents and chemicals were purchased from Sinopharm,
Sigma-Aldrich and Aladdin and used without further purifica-
tion unless otherwise indicated. Toluene, dichloromethane
(CH,Cl,), dimethyl formamide (DMF), and diisopropylamine
(DIPA) were distilled under N, over CaH,, and tetrahydrofuran
(THF) over Na, prior to use.

Synthesis and characterization

Synthesis of the BTP ligand. The detailed procedure can be
found in the ESIT and the characterization of all the interme-
diate substances are listed in the ESI Fig. S1 to S5.7 Briefly, bis-
propene functionalized BTP ligand was prepared via CuAAC
click reaction of 2,6-diethynyl pyridine and 3-azidoprop-1-ene.

Synthesis of the ligand macromolecule. To a 25 mL quartz
flask containing 5 mL chloroform was charged 1.0 g (0.5 mmol,
1.0 equiv.) bis-thiol functionalized PTHF (see ESIT), 0.1 g photo
catalyst 2,2-dimethoxy-2-phenylacetophenone and 0.147 ¢
(0.5 mmol, 1.0 equiv.) bis-propene functionalized BTP ligand.
The mixture was exposed to UV radiation (200 W cm ™ ?) for 1.5 h.
The crude product was then purified by dialysis to afford the
ligand macromolecule (0.7 g, 70% yield). "H NMR (CDCl;, 400
MHz): 6 (ppm) = 8.07 (1H, d, ] = 8.0 Hz, Ca~H), 7.92 (1H, d, ] =
8.0 Hz, Ca~H), 7.52 (2H, s, Ca~H), 7.41 (1H, t, ] = 8.0 Hz, Ca~H),
4.10-4.14 (4H, m, COOCH,), 3.56-3.58 (4H, m, NCH,), 3.37-3.45
((4n + 4)H, m, OCH,), 2.60-3.0 (16H, m, SCH,), 1.54-1.68 ((4n +
12)H, m, CH,). *C NMR (400 MHz, CDCl,): 6 (ppm) = 171.8
(2mnC), 136.9 (mC), 132.8 (mC), 131.0 (mC), 130.0 (mC), 128.9.0
(mC), 138.5 (mC), 128.1 (mC), 126.9 (mC), 120.5 (mC), 70.6
(2m(n + 1)C), 64.6 (2 mC), 52.9 (2 mC); 50.0 (7 mC), 32.2 (2m),
26.5 (2m(n + 2)C). The molecular weights and polydispersity
index estimated from GPC are M, = 12 kg mol !, M,, = 22 kg
mol ™" and PDI = 1.83.

Film and gel preparation. The ligand macromolecule (0.5 g)
was first dissolved in chloroform (2 mL) in customized Teflon
molds (3 cm in diameter). Then prescribed amounts of solu-
tions of Zn(OTf), (0.06 mol L"), Tb(OTf); (0.04 mol L") and
Eu(OTf); (0.04 mol L") in methyl cyanide were slowly dropped
into the stirring polymer solutions. The mixture was debubbled
by centrifugation and slowly dried under room temperature for
48 h. The leftover solvent was further removed by vacuum for
another 12 h and clean films were peeled off from the Teflon
molds. The dried films were selectively reswollen with chloro-
form to form organic gels for self-healing studies.
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Stress-strain response. Mechanical curves were obtained on
an Instron machine (3343) with a 100 N load cell. Rectangular
samples 3 to 4 mm wide and about 0.5 mm thick were gripped
onto the clamps and stretched under a strain rate of 0.1 s,
roughly 0.3 to 0.4 mm s ' of the crosshead velocity. Data is
presented in terms of nominal stress ox = F/S, (F is the force
and S, is the area of the unstretched sample) as a function of
nominal strain ey = (L — Ly)/Ly (Lo and L are the distance
between the clamps before and after stretching).

Small angle X-ray scattering (SAXS). SAXS measurements
were carried out on an Anton Paar SAXSess mc” platform using a
slit collimation (slit dimensions: 20 x 0.3 mm?). The scattering
vector is defined as g = 47/2 sin(6), where 2 is the wavelength of
the X-ray beam (0.1542 nm) and 24 is the scattering angle. The
sample-to-detector length was 260 mm calibrated by a Silver
Behenate standard (g = 1.076 nm™"). The scattering intensities
were collected at three temperatures: 25 °C, 50 °C and 80 °C for
all of the samples. At each temperature, samples were first
equilibrated for 10 min followed by an exposure of 15 min. The
1D scattering intensity was automatically desmeared by the
commercial software SAXSqudrant.

Self-healing test. Cylindrical shaped dry films (100:0:0,
0:100:0 and 0:0:100) were first swollen in toluene to form
organic gels (250 mg mol ). Then the gel samples were stacked
up on a clean Teflon sheet and kept under saturated toluene
atmosphere to allow self-healing for different times ranging
from 0 to 20 h. The integrated gel was then subjected to bending
and stretching by tweezers to test the result of self-healing.
Images were taken under UV radiation (254 nm) to demonstrate
the self-healing properties of the metallo-supramolecular poly-
mers at the polymer-polymer interface.

Rheological test. ARES-G2 (TA Instruments) was utilized with
an 8 mm parallel plate setup. Films were first loaded under
40 °C at 0.3 N force and allowed 10 min equilibration to remove
any strain history and to ensure good contact with the plates.
Then the testing temperature was changed to the desired values
(25 °C, 40 °C and 60 °C). The typical gap value was between
0.6 and 0.8 mm and automatically adjusted by the instrument
during the measurements. Frequency sweep tests were per-
formed at each temperature in the range of 0.1 to 100 rad s *
with an oscillatory amplitude ¢, = 1% that was inside the linear
viscoelasticity region from preliminary experiments. After
completing the frequency sweep at 60 °C, samples were sub-
jected to strain sweep tests at the same temperature with a
frequency w = 20 rad s~ until the loss modulus G’ was higher
than the storage modulus G’ and G’ fell to about half of its
original value, followed immediately by a time sweep test at the
same temperature to monitor the recovery of G’ versus time with
w=20rad s"* and ¢, = 1%.
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