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Supramolecular polymers, a combination of secondary interactions and a polymer material, can be used to control

supramolecular self-assembly in a polymeric matrix; these materials exhibit unique stimuli-responsiveness and self-healing

www.rsc.org/

properties making them highly attractive for various applications. Herein, we developed a novel supramolecular polyurea

containing a urea-cytosine (UrCy) quadruple hydrogen bonding moiety that undergoes a dynamic healing mechanism,

“supramolecular polymer networks (SPN)”, and rapidly repairs after damage under mild conditions. Interestingly, this

newly-developed material can also self-heal at room temperature without external intervention, as evidenced by repeated

restoration of mechanical properties. Given its simplicity, efficiency and reliability, this material offers a unique paradigm

for developing SPN-based self-healing materials.

Introduction

In recent years, bioinspired materials have become a hugely
important topic in polymer science due to their ability to
spontaneously heal when damaged; however, it is necessary to
improve the long-term durability and lifetime of these
materials.'” Like human skin, self-healing polymers can self-
repair microscopic damage,® and it is also easy to modify the
functional structures within self-healing polymers.”® Many
research groups have begun to explore the wide range of
potential applications for self-healing polymers, such as self-
healing thermosetting materials,”® electrical conductors'® " and
tissue engineering.'*"> Although there has been significant
progress in self-healing materials over the last few years, it is
difficult to create multi-functional polymers with excellent
healing properties, as traditional polymers are vulnerable to
damage and not easy to restore to their original state due to
complicated entanglement of the polymer chains. Therefore, the
challenge remains to design effective synthetic routes for self-
healing polymers that exhibit finely-tuned dynamic behavior
with rapid transition times.

In an attempt to resolve the issues described above, stimuli-
responsive systems have attracted a great deal of attention in the
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field of self-healing materials due to their ability to allow precise
control over the healing process, as they respond to changes 1
their internal and external environments.'®'” Several stimuli
responsive self-healing polymers have been developed as
promising intelligent materials with outstanding physical
properties, through incorporation of microencapsulated'® or
photosensitive™ healing agents, dynamic covalent bonds,*'*
coordination  complexes™  or reversible non-covalent
bonding”'>**** into the polymer matrices. Nevertheless, the
sustainability and effectiveness of these approaches have been
consistently limited by a lack of understanding regarding the
dynamic response of these materials during spontaneous healiig
processes,”> and many challenges still remain in the construction
of an appropriate system that can simultaneously improve both
stimuli-responsiveness and self-healing abilities. As far as the
above-mentioned desirable characteristics are concerned,
supramolecular polymer networks (SPN) have been confirmed tc
undergo transient physical interactions that efficiently promote
polymer self-assembly, and their polymeric conformation anc
dynamic behavior can be directly manipulated to create a variety
of multifunctional  polymers.®® The introduction o1
supramolecular interactions in synthetic self-healing polymers
may be a promising approach towards the development of a new
generation of stimuli-sensitive materials, which may enable the
formation of a physically cross-linked structure to obtain rapid
and stable response properties under different environmental
conditions, and thus increase the reliability and longevity of the
SPN polymer. Therefore, polymers constructed using different
types of noncovalent interactions may be able to bind with the
building blocks of SPNs to achieve the required qualities withiu
self-healing polymers.
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Scheme 1. (a) Chemical structure of PU-UrCy. (b) Self-healing
mechanism for the network formed by thermal and stretching
triggering of the hydrogen-bonded UrCy dimer.

Recently, the incorporation of hydrogen bonding
supramolecular assembly within polymer structures has been
developed, since the strength of the hydrogen bonds can be easily
tuned by altering the donor (D) and acceptor (A) sites to produce
the desired polymer-like properties without the need for covalent
polymerization.””*® Hailes and co-workers developed a form of
DDAA arrays based on a ureido-substituted cytosine (UrCy)
with a high association constant (K, = 9 x 10° M in deuterated
benzene).” Incorporation of self-complementary UrCy units into
the polymer chain ends facilitated the formation of ordered
structures and resulted in superior physical properties.***' These
results were ascribed to close-packing of the UrCy end-groups
transferring into hard domains, which can aid the supramolecular
binding motif in the bulk state and plays a critical role in
determining the properties of the polymer. Herein, we utilized
this UrCy module to design and characterize a novel self-healing
material, by incorporating UrCy into a low molecular weight
polyurea (PU-UrCy) with polypropylene glycol (PPG) as soft
segments and UrCy as hard segments (Scheme 1la).
Supramolecular assembly leads to the formation of a physically
crosslinked thermoplastic structure with good mechanical
properties that is connected by multiple reversible UrCy dimers
(Scheme 1b). Importantly, this SPN can be triggered by dynamic
interaction of dimerized UrCy moieties, making it highly
attractive for rapid re-bonding/dissociation processes. We show
that a sudden phase transition is achieved in a very short time
frame at the relatively low temperature of 52 °C, which generates
an excellent self-healing capability to restore the mechanical and
viscoelastic properties of the material under mild conditions. In
addition, the interplay between fracture-induced mechanophore
activation and noncovalent interactions, as well as the sequence
of these mechanical responses, are also demonstrated. To the best
of our knowledge, this is the first report of low-molecular-weight
supramolecular polymer that can rapidly change its viscoelastic
behavior to produce autonomous self-healing materials under
mild conditions with good mechanical properties and
dimensional stability. Thus, this newly-developed material has
significant potential for various applications in regenerative
medicine, biomimetic materials and surface engineering.

Experimental section

PU-UrCy and PU were prepared by a combination of Michael
addition and condensation polymerization. The general materials,
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synthetic procedures and instrumentation used in this work are
described in more detail in Supplementary Information.
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Figure 1. Appearance of (a) PU and (b) PU-UrCy. The ing .
photograph in (b) shows the flexibility of PU-UrCy film. (c)
SAXS and (d) WAXS data for PU and PU-UrCy recorded at 25
°C.

Results and discussion

Synthesis, microscopic structure and morphological behavio:
of the UrCy-based supramolecular polymer. A nove!
multifunctional UrCy macromer created via a simple anc
efficient two-step synthesis was developed in this study, as
illustrated in Scheme S1. Poly(propylene glycol) (PPG) was
chosen as the soft segment of the polyurea pre-polymer due to its
low glass transition temperature, high hydrophobicity and good
environmental durability. A low molecular weight oligomer,
cytosine-terminated PPG (Cy-PPG), was obtained by Michael
addition of PPG diacrylate 800 (ca. 14 repeat units) reacted with
cytosine. The final product was obtained by isocyanate-mediat. *
reaction with Cy-PPG, allowing the preparation of
supramolecular PU-UrCy comprising quadruple hydrogen
bonding units within the polymer backbone. This innovative
approach was successfully exploited and able to achieve high
product yields (82.5%), with the resulting PU-UrCy exhibiting
an acceptable polydispersity index (PDI = 1.56) and low
molecular weight (M,, = 7120), as determined by gel permeatior
chromatography (GPC) (Figure S5). A control polymer, a
polyurea without UrCy groups (PU), was also synthesized tc
enable comparative studies (Scheme S1). When the non-
complementary and self-complementary functional groups were
incorporated into the polymeric backbone, PU behaved as a
powdered solid (Figure 1a) and PU-UrCy appeared as a yellow-
colored, translucent, firm, elastic film, respectively, (Figure 1b).
This implies that - in the bulk state - the self-complementary
motif plays a specific and dominant role in affecting the
macroscale properties of supramolecular polymers, prompting ve
to further investigate the phase behavior in more detail throug..
differential scanning calorimetry (DSC) and small and wide-
angle X-ray scattering (SAXS and WAXS) measurements. As
shown in Figure S6, the DSC trace of PU-UrCy film underwen a
single glass transition (7,) at -15.4 °C, whereas control Pc
exhibited two distinct 7,s at -44.2 °C and 70.9 °C indicating t' :
existence of a microphase-separated state. This resi !t
demonstrates the critical importance of the UrCy moieties, which

This journal is © The Royal Society of Chemistry 20xx
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can strongly improve the miscibility of PU-UrCy through
specific quadruple hydrogen bonding interactions.

(a) nm

(b)

; ,&55 nm

Figure 2. (a) AFM and (b) SEM images of spin-coated PU-UrCy
film.

To further confirm the DSC results, simultaneous SAXS and
WAXS experiments were carried out to analyze the
microstructure of the materials (Figures 1c and 1d). The SAXS
profiles indicated that PU has a long period peak at q = 0.84 nm™,
corresponding to a spacing of d = 7.48 nm, indicating the
occurrence of a phase separation between the hard and soft
segments (Figure 1c). However, PU-UrCy behaved as a typical
amorphous polymer, implying that the polymer chains tend to be
entangled with neighboring chains, resulting in a homogeneous
phase in polymer matrices. In other words, PU-UrCy can self-
assemble to a highly crosslinked network structure via dynamic
interactions between dimerized UrCy moieties, thus improving
the compatibility between the hard and soft domains of the PU-
UrCy matrix. In the higher q region of the WAXS spectra
(Figure 1d), the peak at 12.5 nm™ (d = 0.5 nm) was attributed to
the intermolecular distance of the UrCy dimer, i.e., the distance
between hydrogen-bonded groups.”™” In addition, the

This journal is © The Royal Society of Chemistry 20xx
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amorphous halos of PU-UrCy were obviously shifted to lower ¢
values (14.2 nm") as compared with PU (q = 16.0 nm™
indicating the formation of a higher-order hierarchical
microstructure with a relatively larger size in PU-UrCy.
Comparing the amorphous halos corresponding to the inter-chain
distances of PU-UrCy and PU revealed that introduction of the
UrCy-UrCy interactions expands the intermolecular main-chair.
spacing between polymer entanglements and promotes the
formation of physically crosslinked networks. Furthermore, the
characteristic morphologies of the PU-UrCy and PU films were
examined by atomic force microscopy (AFM) and scanning
electron microscopy (SEM). Worm-like structures were observec
in spin-coated PU-UrCy film (Figures 2a and 2b). The
dimensions of the worm-like fibers were uniform, with a length
of over 500 nm and constant width of approximately 55 to 58 nm
In contrast, PU formed a typically disordered microphase-
separated pattern (Figure S7), implying that the dynamic
interactions of UrCy units within the polymer structure prome*~
the formation of hierarchically-ordered structures. In addition,
the morphological studies also revealed that PU-UrCy fili -
exhibited a robust SPN, resulting in a well-defined morphology
within a fibrous microstructure.
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Figure 3. (a) Variable-temperature NMR spectra for a 40 mM
solution of PU-UrCy in tetrachloroethane-d,. (b) Temperature
dependence of the chemical shift difference (Ad) between the
UrCy protons (H;-H,). (¢) Structural representation of switching
between unfolded and folded PU-UrCy structures.

Thermoresponsive solid-viscous switching. In order tc
understand the stability of the hydrogen bonding interactions
within the PU-UrCy system, we performed variable-temperature
nuclear magnetic resonance (VT-NMR) experiments ir
tetrachloroethane-d, solution. Figure 3a illustrates the UrCy
proton signals for PU-UrCy at 25 °C, in which the characteris** -
protons were observed at 10.78 (H;), 8.98 (H,), 7.71 (H;) anc
7.51 (Hy) ppm, corresponding to the formation of the selective
hydrogen bonded complex between UrCy functional groups.””"
This result demonstrates that UrCy undergoes highly efficient
and directional interactions to build the desired complex. Upon
heating from 25 to 100 °C, the protons at H, and H; did n :
change apparently; however, the protons at H, and H, shift 1
significantly upfield to 9.91 and 7.06 ppm, respectively (Figures
3a and 3b), suggestive of a change in the nature of the hydrog n
bonding. We suspect that these effects are possibly .
consequence of the equilibrium between unfolded and fold: .
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structures (Figure 3c). Increasing the temperature induced a
transition from the dynamically-favorable quadruple hydrogen-
bonded array (at room temperature) to a kinetically-favorable
dual hydrogen-bonded array (at high temperatures). Further
investigation of this transition behavior was carried out using
rheological measurements (Figure 4a). Dynamic storage modulus
(G"), loss modulus (G") and viscosity were plotted against
temperature in a double logarithmic format. As the temperature
increased above 52 °C, the rheological response of PU-UrCy
displayed a sudden phase transition from highly elastic-like (G' >
G") behavior to predominantly viscous-like (G" > G') behavior.
This phenomenon indicates that a temperature-dependent
association between individual UrCy moieties occurs as an
interesting phase transition from an amorphous solid to a leather
state, in which the UrCy dimers can reversibly rebind, although
their recovery remains fragile. At 80 °C, G' became the dominant
modulus again, leading to a rubber state in which the material
had obvious elastomeric properties. At the same time, the
viscosity of PU-UrCy decreased significantly from 1.6 x 10° Pas
at 40 °C to 1.1 x 10* Pa's at 80 °C (Figure 4a). When the
temperature was increased further to 100 °C, PU-UrCy still
maintained a certain amount of viscosity above 5000 Pa-s,
suggesting that a small number of crosslinking points were still
present within the polymer. This suggestion is supported by the
evidence that the hydrogen bonds dissociated and rearranged as
temperature increased, suggesting a change in the nature of the
hydrogen bond conformation. In other words, the elastic rubber
state observed at high temperatures can be attributed to structural
folding-induced formation of weak hydrogen-bonded networks
(Figure 3c). In contrast, the high modulus presented at low
temperatures is presumably a result of the perfect ordering of
multiple hydrogen bonds (Figure 3c) formed by construction of a
supramolecular polymer with a high cross-linked density. These
results also well agree with the VT-NMR data (Figure 3a). To
further determine the stability of the structural phase transition,
PU-UrCy was cycled between 30 °C and 160 °C in a theometer
(Figures 4b and S8). Even after multiple cycles of cooling and
heating, PU-UrCy maintained a conspicuous temperature-
dependent response and the elastic modulus and viscosity
reverted back perfectly to the original values for each state as
temperature decreased; the result of the connection between
phase behavior and elastomeric properties. The control PU
sample behaved like a plastic material under similar
experimental conditions (Figure S9). These observations also
revealed that complete reformation of the hydrogen bonding
network in PU-UrCy occurred during the cooling periods. Thus,
the series of rheological measurements further confirmed the
rapid stimuli-responsive behavior and excellent reproducibility
of PU-UrCy due to the existence of a reversibly crosslinked
network. In addition, it is also noteworthy that the phase
transition observed for PU-UrCy occurs under mild conditions,
underlining  significant potential for rapid, large-scale
manufacture of self-healing materials.

Controlling self-healing ability by heat treatment and
dynamic interactions. The results described above encouraged
us to investigate the self-healing capacity of supramolecular
polymers after repetitive breakage-repair cycles. The flexible
PU-UrCy sample was placed in a 2 mm-deep mold and
subsequently compressed in a heat press at 100 °C and 7 bar for
15 min (Figure 5a), resulting in a transparent, elastic film.
Although processing conditions should be maintained at
temperatures above 80 °C - the beginning of the rubber state - an

4| J. Name., 2012, 00, 1-3

operating temperature of 100 °C was chosen based on the
rheological data depicted in Figure 4a. At 100 °C, a mor-
complete transformation of the intermolecular hydrogen-bonded
conformation was achieved, resulting in a lower viscosity value
and thus promoting more rapid healing, while these conditions
were sufficiently mild to avoid the negative effects of high
temperature on the performance of the material. Figure St
depicts a typical dynamic mechanical analysis (DMA)
thermogram for the original and healed films. During repeated
DMA tests, all samples displayed two tan 6 peaks at —13 °C and
53 °C, corresponding to the 7, of the thin film and structural
phase transitions, respectively. These results were consistent with
the DSC and rheological observations: at a temperature above 53
°C, the conformational transition had an appreciable effect or
mechanical properties, indicating that PU-UrCy undergoes e
rather large elastic deformation during the heating process. When
the temperature exceeded 80 °C, the elastomeric film turned intc
a viscous gel and lost its mechanical properties. However, th~
‘deformed’ samples could be rapidly reshaped in the desirea
form under mild conditions (100 °C) using a heat press. To da
there are no reported examples of self-complementary hydrogen-
bonding supramolecular polymers that exhibit rapid recyclabili*:-
in this manner.
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Figure 4. Rheology data for PU-UrCy: (a) temperature stability
sweep of storage modulus (G'"), loss modulus (G") and complex
viscosity from 30 to 160 °C. (b) Temperature cycling rheolor ;
experiments for PU-UrCy: temperature (open symbols) ai 1
complex viscosity (solid symbols) variations versus time.

In addition to the observed rapid thermal-dependei.
reprocessing for de- and re-bonding of the supramolecu! ..

This journal is © The Royal Society of Chemistry 20xx
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network system, we further investigated the self-healing ability
of the supramolecular polymer at room temperature conditions
without the assistance of an external source. In a typical test
procedure, a hot-pressed PU-UrCy film was cut in half with a
knife, and then the cut faces were simply contacted at room
temperature for different healing times. The tensile strength of
the original PU-UrCy sample was 1.17 £ 0.08 MPa with an
elongation at break of 390 = 8% (Figure 6). For all healing times,
the mended sample exhibited a time-dependent healing behavior;
after 3 h of contact, about 82% of the original strength (0.96 +
0.04 MPa) had been restored. After 24 h, the mended sample had
a tensile strength of 1.15 + 0.07 MPa and an elongation at break
of 243 + 12%, corresponding to a significant recovery of tensile
strength (> 98%) and elongation at break (70%); this is
considered to be a relatively high room-temperature healing
efficiency for a supramolecular elastomeric material. However,
further extending the healing time to 36 h did not further increase
the extensibility of the mended sample. This is possibly due to
the broken hydrogen bonds exposed on the healing interface
becoming increasingly likely to find co-located interaction
partners over time, thus inhibiting their availability as
intermolecular interactions, while longer healing times are
required to increase mechanical properties. In order to confirm
these results, the effect of time on the healing process was
observed using SEM according to the sample preparation routine
described above. The SEM images demonstrated that the cracks
between the fracture surfaces were almost completely healed
after healing at room temperature for 16 h (Figure S10), in
confirmation of autonomic self-healing ability as well as a rapid
dynamic response to mechanical recovery. These studies also
confirmed that the dynamics of multiple hydrogen bonding
environments are responsible for the strength and extensibility of
supramolecular films and are essential to promote multiple
healing actions.

Conclusions

In summary, we have demonstrated a simple and effective
strategy for developing rapidly repairable and stimuli-responsive
materials with improved long-term durability. Incorporating the
quadruple hydrogen bonding UrCy motifs into the polymer
backbone provides a simple self-assembly route towards the
formation of a physically crosslinked polymer network. Due to
the presence of a reversible network and the homogeneity of the
crosslinks, the supramolecular polymer could be reshaped and
reprocessed by hot pressing under mild conditions - a result of
rearrangement of the hydrogen bond conformation during the
hot-pressing process. Moreover, this material can also undergo
self-healing at room temperature without external intervention,
as evidenced by the gradual restoration of mechanical properties
over time. Thus, the material developed in this study is not only
able to support rapid reprocessing of damage during mild heat-
treatment (100 °C), but is also able to dynamically repair the
mechanical properties of fractured samples at room temperature,
making it particularly appealing for the development of high-
efficiency self-healing materials. While the main focus of the
current study was to explore a supramolecular design strategy for
self-healing materials, we envision that this strategy could be
applied in a wide variety of practical applications, especially
tissue materials and regenerative medicine; these aspects are
currently being investigated in our laboratory.

This journal is © The Royal Society of Chemistry 20xx
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Hot-Pressed Supramolecular Membranes
(Length= 3.0 em, Width= 0.8 cm, Thickness=0.2 cm)
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Figure 5. (a) A rapid reprocessing of PU-UrCy through hc
pressing at 100 °C and 7 bar for 15 min (1 and 2). After that time,
the polymer was reshaped in the form of a transparent film (3
and 4). (b) DMA curves for original and healed PU-UrCy
subjected to successive breakage and reshaping procedures.
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Figure 6. Stress-strain curves for original and healed PU-Ur("
films. The hot-pressed films were cut in half with a knife and t e
cut faces were gently contacted at 25 °C for different healine
times.
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