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Abstract: Integrating self-healing capability into supramolec-
ular architectures is an interesting strategy, and can consid-
erably enhance the performance and broaden the scope of
applications for this important class of polymers. Herein we
report the rational design of novel V-shaped barbiturate (Ba)
functionalized soft—hard-soft triblock copolymers with a rever-
sible supramolecular healing motif (Ba) in the central part of
the hard block, which undergoes autonomic repair at 30°C.
The designed synthesis also offers a suitable macromolecular
building block to further self-assemble with heterocomplemen-
tary a,w-Hamilton wedge (HW) functionalized polyisoprene
(PI; HW-PI-HW), resulting in an H-shaped supramolecular
architecture with efficient self-healing capabilities that can
recover up to around 95% of the original mechanical
performance at 30°C within 24 h.

The design of polymers with multiple self-healing proper-
ties!!! is an important topic and has generated a number of
different concepts, many of them related to the exploitation of
transient (supramolecular) bonds displaying dynamic proper-
ties.” If such bonds are incorporated in the materials through
networks or clusters, their inherent dynamic nature allows the
repair of damage, even at the same position, leading to
multiple self-healing. Hydrogen-bonding systems,’! metal
complexes,!! as well as reversible bonds with a low activation
energy® (e.g., disulfides or nitroxides, which possess dynamic
properties even at room temperature) have been used to
effect autonomic healing of various polymers.
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However, the use of materials containing dynamic bonds
implies poor shape persistence and a loss of mechanical
performance since such materials often display gel-like
properties. This disadvantage can be avoided by incorporating
additional constraints or a “hard” phase that introduces shape
persistence into the material.’l Cluster formation,**” partial
covalent crosslinking,®! microphase separation,”! or the
introduction of nanocomposite principles!” are possible
strategies to generate self-healing materials that bear both
multiple healing and shape-persistence properties. In partic-
ular, microphase separation has proven to be a viable strategy
to generate stiffer materials that combine a hard phase with
a higher glass-transition temperature (7,) and a soft, low-T,
phase containing the supramolecular moiety that induces self-
healing. Thus several research groups have studied the self-
healing capabilities of microphase-separated polymers con-
taining soft and hard domains by using computational
models" or experimental approaches.” 1!
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Figure 1. Strategy for preparing the V- and H-shaped supramolecular
architectures by RAFT polymerization using CTA | and CTAII.

Herein we report the synthesis and properties of two
novel self-healing materials generated from a V-shaped soft—
hard-soft triblock copolymer functionalized with a barbitu-
rate (Ba) unit in the center, and a subsequently generated H-
shaped supramolecular architecture (Figure 1). The molec-
ular design is based on thermoplastic elastomers (TPEs) with
the difference that soft-hard-soft block copolymers are
designed so that the supramolecular healing motif (Ba) is
placed in the center of the hard middle block (V-shape,
Ba(PS-b-PnBuA),). Although Ba is a significantly weaker
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hydrogen-bonding motif than other supramolecular systems
(such as 2-ureido-4-pyrimidinone (UPy)!'*!), we have
obtained a material with good mechanical and excellent
self-healing properties by the Ba-driven reversible formation
of hydrogen-bonded associates. Furthermore, the precisely
defined design and synthesis offers a suitable macromolecular
building block to further construct the H-shaped supramolec-
ular architecture by self-assembling with heterocomplemen-
tary HW-PI-HW. Our synthetic strategy towards soft—hard—
soft triblock copolymer relies on a reversible addition
fragmentation chain transfer (RAFT) process, where
poly(n-butyl acrylate) (PnBuA) has been chosen as the soft
block and polystyrene (PS) as the hard block, denoted as Ba-
(PS-b-PnBuA),. Subsequent addition of another material
property, achieved by blending with another soft polymer
(HW-PI-HW), furnishes the corresponding H-shaped archi-
tecture. We subsequently investigated the rheological proper-
ties, the kinetics of hydrogen-bond formation, and the self-
healing properties of both the V- and regular H-shaped
supramolecular architectures (Figure 1).
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Scheme 1. Synthetic route for the preparation of the CTA I and
structure of CTA Il

With the aim of developing the proposed self-healing
materials based on dynamic supramolecular architectures, we
initially designed the chain-transfer agent I (CTA I) function-
alized with a Ba unit in the center and the o,w-HW
functionalized CTA II'™¥ (Figure 1). The synthesis of CTA T
is realized as shown in Scheme 1, starting from the prepara-
tion of an undecanol disubstituted malonate 1; subsequent
reaction with urea generates compound 2 on a multigram
scale (see Figure S1 in the Supporting Information), which is
then converted into the dibromoester 3 (Figure S2), followed
by bis-substitution with dithiobenzoic acid 4 to generate the
expected CTA T (see Figures S3-S5 for 'H, >C NMR, and
ESI-TOF MS spectra).
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Initially, the capability of Ba-functionalized CTAT to
associate through hydrogen-bonding interactions with o,m-
HW-functionalized CTA II was examined by '"H NMR analy-
sis (Figure S6), and the association constant (K,,) was
subsequently determined by isothermal titration calorimetry
(ITC) to be 5.13x 10*M~! in CHCI, at 30°C (Figure S7).

After demonstrating the supramolecular association
between CTA I and II, the capability of CTA I to efficiently
mediate the solution polymerization of different monomers
(styrene and nBuA) to afford the respective hydrogen-
bonding polymers was investigated. The molar masses and
the corresponding polydispersity (PDI) of all the obtained
polymers are given in the Supporting Information (see
Table S1 and Figure S8). Solution polymerizations of styrene
mediated by CTA I show a controlled polymerization behav-
ior. Kinetic studies highlight a linear relationship between
In(1/(1—x)) versus time (Figure S8 A), thus indicating a stead-
ily growth of telechelic polymers with monomer conversion
(Figure S8B), with PDI indices remaining below 1.28. The
good correlation between the theoretical molecular weight
and the experimental values obtained from NMR and SEC
analysis (Table S1 and Figure S8C) also confirms the con-
trolled character of RAFT polymerization.

The hard polystyrene block (Ba-(PS),, M,sgc=
19900 gmol !, PDI=1.22) was employed as macroRAFT
agent for the fabrication of the soft-hard-soft triblock
copolymers, and was further chain-extended with nBuA to
introduce the soft block. As expected, the macroRAFT agent
Ba-(PS), efficiently mediated the polymerization of nBuA,
and showed linear first-order kinetics with progressive shifts
of the SEC traces towards higher molecular weight and low
PDI, thus confirming that the polymerization is living,
together with the successful generation of the triblock
copolymers Ba-(PS-b-PnBuA), functionalized with Ba at
the center (Figure SSD,E and Table S1). The effective
incorporation of the Ba moiety in the center of the hard
middle chain was shown by MALDI-TOF MS (Figure S9) and
'"H NMR analysis, with the appearance of the barbiturate NH
protons at 7.91 ppm (Figure S10A). The capability of the
resulting V-shaped macromolecules to self-assemble into H-
shaped supramolecular architectures was subsequently eval-
uated by '"H NMR spectroscopy and ITC (Figure S10-S12).

In accordance with previous considerations, ' thermog-
ravimetric analysis (TGA) measurements showed that all the
generated polymeric materials are stable until around 315°C
(Figure S13), which indicates a useful thermal stability for
technical applications. Since previous reports and our findings
have shown that it is difficult to directly observe the micro-
phase-separated morphology between PS and PnBuA blocks
by transmission electron microscopy and small-angle X-ray
scattering (Figure S14) because of the low electronic con-
trast,™ differential scanning calorimetry (DSC) was
employed as an indirect technique to investigate the micro-
phase separation of both V- and H-shaped architectures. As
seen in Figure 2 A, Ba-(PS-b-PnBuA), shows two T, values,
thus indicating the phase separation in block copolymers: the
T, located at about 51.1 °Cis ascribed to the PS phase," while
the T, of the PnBuA phase is severely broadened in the region
between about —50 and 0°C, comparable to other PS-b-
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Figure 2. Characterization of the hydrogen-bonding polymers. A) Heat
flow from DSC (2nd cycle). B) Zero shear viscosity (17,) versus temper-
ature. C) log 1, versus 1000 K/T. D, E) Storage modulus (G’) and loss

modulus (G”) at 30°C.

PnBuA-b-PS thermoplastic elastomers."*!>17 In the case of
a 2:1 blend (molar ratio) of Ba-(PS-b-PnBuA), with unfunc-
tionalized PI (Pl,,, M,sec=14100 gmol !, PDI=1.12), in
addition to the T, of the PS and PnBuA phases, the emerging
transition step at —63.6°C corresponds to the PI phase.
Replacing PI,, with hydrogen-bonding PI (HW-PI-HW)
leads to shifts of the T, values of the PS and PI phases to
about 454 and —56.9°C, respectively, thus indicating the
successful formation of microphase segregated, self-assem-
bled structures by hydrogen bonds between Ba-(PS-b-
PnBuA), and HW-PI-HW.

In order to achieve more insight into the relaxation
dynamics of the individual components within the supra-
molecular materials,"® frequency-dependent shear measure-
ments at different temperatures (40-100°C) were performed
(Figure S15) on Ba-(PS-b-PnBuA),, the 2:1 blend of Ba-(PS-
b-PnBuA), with HW-PI-HW, or PI; in the bulk state. From
an extrapolation of these data to low frequencies, zero shear
viscosities (77,) could be determined in a broader temperature
range (Figure 2B). As expected, the 7, value decreases with
increasing temperature and shows a non-Arrhenius-like
temperature dependence in accordance with the Vogel-
Fulcher-Tammann-Hesse equation! (VFTH; Table S2) for
all samples (Figure 2 C). The 2:1 blend of Ba-(PS-b-PnBuA),
with hydrogen-bonding PI (HW-PI-HW) displays higher 7,
values in comparison to both other samples, namely Ba-(PS-
b-PnBuA), and the 2:1 blend of Ba-(PS-b-PnBuA), with
PI,.:, in the entire temperature range where 7, values are

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

available, but with a quite similar temperature dependence
(Figure 2B).

It is generally accepted that the lifetime of supramolecular
bonds (7), which is the characteristic average timescale for the
reversible bonds to break and reform,?” is correlated to the
frequency (w;) where the storage modulus (G’) and loss
modulus (G”) curves intersect according to v =2m/w;.*!! The
shear modulus as a function of frequency at 30°C is shown in
Figure 2D,E. An intercept point of G'(w) and G"(w) at w;
could be observed for both Ba-(PS-b-PnBuA), and the 2:1
blend of Ba-(PS-b-PnBuA), with HW-PI-HW. The lifetime of
the supramolecular bonds 7 was calculated accordingly to be
approximately 0.14 and 0.18 s for the corresponding samples,
respectively (Figure 2D,E). As expected, this bond lifetime
lies in the intermediate range (0.001-60s) which is well
situated in the known time range observed for supramolecular
materials displaying responsiveness, adaptivity, and self-heal-
ing under certain conditions.””

In contrast to the neat HW-PI-HW sample, which could
not be cast into free-standing films, both Ba-(PS-b-PnBuA),,
and the 2:1 blend of Ba-(PS-b-PnBuA), with HW-PI-HW are

Healin Healing
at 30 °C for 24 h at 30 °C for24 h

53 &
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Figure 3. Self-healing tests for Ba-(PS-b-PnBuA), (A, C), and Ba-(PS-b-
PnBuA),/HW-PI-HW (2:1 blend; B, D).

capable of forming robust films. Thus the time-dependent
self-healing tests are focused on Ba-(PS-b-PnBuA),, and the
2:1 blend of Ba-(PS-b-PnBuA), with HW-PI-HW using
stress—strain measurements (Figure 3).

Prior to evaluating the mechanical properties of healed
samples, the original samples were first investigated in tensile
tests. In general, Ba-(PS-b-PnBuA), (Figure3C, green
curve), and 2:1 blend Ba-(PS-b-PnBuA), with HW-PI-HW
(Figure 3D, green curve) shows a low stress but high strain
value at break. At the beginning of tensile tests, the stress
increases and after about 100% of the strain value, it
decreases continuously until the break point, which is
indicative of the stiff PS phase resisting the initial deforma-
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Sample Young's modulus Original After cutting and healing for 24 h
(MPa)
Breaking stress Breaking strain  Breaking stress Breaking strain  Breaking
[MPa] [%] [MPa] [%] strain
recovery [%)]
Ba-(PS-b-PnBuA), 12.054+0.23 0.27+0.07 897432 0.29+0.05 817427 91+£3
Ba-(PS-b-PnBuA),/HW-PI-  3.96+0.05 0.13+0.05 958 +43 0.16+0.04 909 +30 95+3

HW

tion. Ba-(PS-b-PnBuA), has a Young’s modulus of approx-
imately 12 MPa, however its blend with HW-PI-HW shows
a significantly lower value (ca.4 MPa; Table 1). The blend
sample also deforms with even lower stress values. In both
cases, the tensile stress after reaching the maximal tensile
strength decreases with a constant slope, which is indicative of
chain slippage after overcoming the rupture forces.

Time-dependent healing tests were subsequently per-
formed by cutting dog-bone-shaped specimen in half, and
later gently putting the resulting two pieces back in contact
for around 1 min, and then leaving them for a given time at
30°C. This temperature is significantly lower than the T, of
the PS block (Figure 3 A,B). Fast reconnection between the
two pieces as well as a satisfactory recovery of mechanical
stress was observed. As expected, increasing the healing time
results in a better healing of the cut specimen in both cases
(Figure 3C,D). For example, after healing for 4 h, Ba-(PS-b-
PnBuA), reaches around 48 % of the original strain at break.
In case of a 2:1 blend of Ba-(PS-b-PnBuA), with HW-PI-HW,
around 50% of the original strain at break is achieved.
Approximate values of 72-73% and 82-86 %, respectively,
are obtained after 9 and 17 h healing time for the correspond-
ing samples. For even longer healing times (24 h), both
samples show impressive healing capabilities, with optimal
healing of up to about 95% of the original strain at break
values and stress values that approach those of the original
state (Table 1), at least for large deformations (strains >
400 % ). Most importantly, the two samples healed for 24 h
show a mechanical performance comparable to that of the
original uncut samples.

In conclusion, we present the rational design of two new
self-healing materials based on thermoplastic supramolecular
block copolymer architectures: V-shaped soft—hard-soft
functionalized with Ba at the center, and H-shaped supra-
molecular block copolymers. In both compounds, the supra-
molecular moiety is placed in the center of the hard middle
block copolymer, and both display dynamic and self-healing
properties, with a nearly complete recovery of the initial
mechanical performance within 24 h healing at 30°C. The
successful supramolecular blending strategy enables the
generation of nearly any material composition, where the
self-healing properties of the final material are maintained.
We envision that this new concept toward the design of
healable polymers using complex supramolecular architec-
tures may open up new opportunities in the field of self-
healing and tunable polymer materials, where precise molec-
ular structures and architectures determine the final material
properties.
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