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Triblock copolymers having glassy PMMA block and 
dynamic hydrogen bonding blocks were synthesized by 
sequential atom transfer radical polymerization (ATRP). The 
dynamic triblock copolymers self-assemble into 
nanocomposite materials exhibiting a combination of 10 

mechanical strength, toughness, and self-healing capability. 

Self-healing materials have attracted much attention recently 
because they can potentially improve the safety, lifetime, energy 
efficiency, and environmental impact of manmade materials. 
During the last decade, there are many exciting advances in the 15 

development of self-healing polymeric materials.1 A number of 
important strategies, including encapsulation of healing agents2 
and employment of irreversible3 and reversible4 covalent 
chemistry, have been reported for self-healing polymers. Due to 
their inherent dynamics, various supramolecular interactions, 20 

such as hydrogen-bonding,5 π-π stacking,6 metal-ligand 
interactions,7 and ionic interactions,8 have been widely used to 
prepare novel self-healing materials. 

 For most supramolecular self-healing materials, there is often a 
trade-off between mechanical properties and dynamic healing: 25 

strong interactions result in stiff but less dynamic systems, 
precluding autonomous healing, while weak interactions afford 
dynamic healing, but yield relatively weak materials.9  To address 
this conundrum, our laboratory has proposed a multiphase 
concept for self-healing materials design, in which the hard phase 30 

provides stiffness and strength to the material while the 
multivalent supramolecular interactions in the soft matrix enable 
autonomous self-healing.5c The key for our design is to program 
dynamic supramolecular interactions into the soft phase, 
preserving the dynamic nature of supramolecular interactions for 35 

autonomic healing. By applying such multiphase concept, we 
were able to obtain materials that are mechanically robust and 
truly self-healing without the need of any additives, healing 
agents, or external stimuli.5c We have demonstrated this concept 
in a few multiphase polymer systems including hydrogen-40 

bonding brush copolymers,5c block copolymers,5d and core-shell 
nanoparticles.10 Despite these progresses, it remains a challenge 
to design self-healing materials that are both stiff and tough. Here 
we report novel self-healing block copolymers to address this 
problem. 45 

 In our previously reported self-healing block copolymer 
design, a single quadruple hydrogen-bonding motif, 2-ureido-4-
pyrimidinone (UPy), was introduced to each diblock copolymer 

chain end to facilitate dynamic self-healing.5d While the 
quadruple UPy:UPy interaction is relatively strong, a single 50 

supramolecular motif per chain limits the ultimate strength of the 
material.  The synthesis of that material is also laborious.  To 
address these issues, in this study we report a simple ABA 
triblock copolymer architecture by employing multivalent, 
pervasive hydrogen bonds in soft blocks as dynamic self-healing 55 

motif (Scheme 1).  Through this design, we can achieve self-
healing materials with a combination of strength, toughness, and 
self-healing capability.  

 

Scheme 1 Synthesis of self-healing ABA triblock copolymers by atom 60 

transfer radical polymerization. Self-healing block copolymers were 
synthesized by sequential polymerization of MMA (a) and 5-AAPA (b) 
monomers. PMDETA = N, N, N', N', N"-pentamethyldiethylenetriamine, 
DMF = dimethylformamide. 
 65 

 We chose the well-established atom transfer radical polymeri-
zation (ATRP)11 to synthesize our block copolymers. Following a 
literature procedure, a bifunctional initiator, ethylene glycol 
bis(2-bromoisobutyrate) (2BriBu),12 was used to first polymerize 
methyl methacrylate (MMA) to form a glassy, telechelic  PMMA 70 

block (Scheme 1a). The number average molecular weight (Mn) 
of the PMMA was controlled at 49.2 kDa with a polydispersity of 
1.19 as measured by GPC with PMMA standards. 
 Using the telechelic PMMA as macroinitiator, subsequent 
ATRP of our previously reported 5-acetylaminopentyl acrylate 75 

(5-AAPA) monomer5c grew two soft poly(acrylate amide) (PA-
amide) end blocks to form the desired ABA triblock copolymers 
(Scheme 1b). Three block copolymers with different soft PA-
amide block length were prepared by controlling both the feed 
ratio and the conversion of the 5-AAPA monomer (Table 1 and 80 

Supporting Information). The molecular weights for the block 

Page 1 of 3 ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



 

2  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

copolymers were determined by multi-angle laser light scattering 
(MALLS) following size-exclusion chromatography (SEC). The 
number-average molecular weights (Mn) were in good agreement 
with the values estimated from the monomer conversion 
measured by 1H NMR. The molar ratio of the monomeric units in 5 

PMMA and PA-amide blocks was further confirmed by 1H NMR 
after the block copolymers were purified and dried (Supporting 
Information). The ratio of the total monomeric repeating units in 
soft PA-amide block to the hard PMMA block ranges from 1.8 
(BCP1) to 1.1 (BCP3). The weight percentage of the hard 10 

PMMA component in the overall block copolymers was 22, 26 
and 32% for BCP1, BCP2 and BCP3, respectively. 
 
Table 1 Polymerization results of the block copolymers BCP1-3 

 Conver-
siona (%) 

PA-amide 
chain lengthb 

Mn
c 

(kg/mol) 
Mn

d 
(kg/mol) 

PDId 

BCP1 35 430 220 214 1.35 
BCP2 39 360 192 190 1.36 
BCP3 26 260 153 151 1.35 

a Monomer conversion measured by 1H NMR. b The single PA-amide 15 

block length. c The molecular weight estimated by monomer conversion. d 
Molecular weight data determined by SEC-MALLS. 
 
 The morphology of the block copolymers was investigated by 
tapping mode atomic force microscopy (AFM) on thin films. For 20 

BCP1, the AFM image clearly showed a microphase-separated 
morphology with the PMMA domain (~30 nm) dispersed in the 
soft matrix (Figure 1a). However, for BCP3, which has shorter 
PA-amide blocks, aggregates of spherical nanoparticles were 
observed (Figure S1). Presumably, during the solvent evaporation 25 

process, the hydrophobic PMMA block collapsed into the cores 
which were wrapped by polar PA-amide blocks to form core-
shell spherical nanoparticles that further self-assemble into 
nanocomposite.13 Such nanocomposite morphology is desirable 
for the bulk properties: the rigid, glassy PMMA core provides the 30 

stiffness to the material while the dynamic PA-amide layer on the 
nanoparticle surface enables self-healing. For comparison, a 
linear PA-amide with about 200 repeat units10 forms smooth film 
without any morphological feature (Fig. 1b). 

 35 

Fig. 1 AFM images showing morphologies of thin films of the block 
copolymer BCP1 (a) and the linear PA-amide with ~200 repeat units (b). 

 Tensile testing was carried out to evaluate the mechanical 
properties of the block copolymers. The stress-strain curves of the 
three block copolymers were plotted in Figure 2a and their key 40 

mechanical properties summarized in Table 2.  By adjusting the 
length of the PA-amide block, the mechanical properties can be 
easily tuned. By increasing the PA-amide chain length and 
accordingly the weight fraction of the soft block in bulk, the  

 45 

Fig. 2 Mechanical properties of block copolymers. (a) The stress-strain 
curves of the pristine specimens of the block copolymers BCP1-3. The 
mechanical properties of the block copolymers were tunable by changing 
the relative length of between the hard and soft blocks. (b)-(d): Self-
healing tests for the block copolymers BCP1-3. The separate halves of 50 

the specimens obtained from cutting were brought together for one 
minute and allowed to heal for various times at room temperature or at 60 
°C as indicated in the graph: (b) for BCP1; (c) for BCP2; (d) for BCP3. 
The uniaxial pulling rate was 100 mm/min for all tests. 

material becomes less strong and more elastomeric (BCP1). On 55 

the contrary, increasing the weight fraction of PMMA by 
shortening the PA-amide block makes the material stronger but 
less elastomeric (BCP3). As typical for hard/soft 
nanocomposites, the stiffness and strength of the material 
increases with the weight fraction of the hard phase. For example, 60 

BCP1 with 22 wt% of PMMA has a Young’s modulus of ~26 
MPa, maximal strength of ~4.38 MPa, and strain-at-break of  
~750%. In contrast, BCP3 with 32 wt% of PMMA has a Young’s 
modulus of ~77 MPa, maximal strength of ~6 MPa, and strain-at-
break of  ~300%.  This family of materials are significantly 65 

stronger than our previously reported self-healing brush5c or 
block5d copolymers (Table 2). In addition, creep and stress 
relaxation tests (Figure S2 and S3) showed that the block copoly-
mers exhibit reasonable creep resistance. The high yield strength 
and large strain-at-break also makes the block copolymers very 70 

tough materials. 
Table 2 Mechanical properties of the block copolymers BCP1-3 

Sample  

name 
Young’s 
modulu 
(MPa) 

Maximal 
strengtha 
(MPa) 

Breaking 
strength 
(MPa) 

Breaking 
strain 

(mm/mm) 

BCP1 26.3±1.2 4.38±0.28 4.30±0.36 7.32±0.43 
BCP2 39.2±3.3 4.13±0.09 1.70±0.34 8.08±0.25 
BCP3 77.1±5.9 6.07±0.17 4.97±0.10 3.16±0.31 

a Strength taken at maximal point along the stress-strain curves. 

 Thermal analysis was performed to investigate the chain 
mobility of the block copolymers at room temperature. The glass 75 

transition temperatures (Tg) observed for the soft PA-amide block 
in BCP1-3 was ~ 2-4 °C, indicating that the PA-amide chains 
were highly mobile at room temperature. Since the PA-amide 
blocks carry the multivalent hydrogen bonding amide groups, the 
dynamics in the soft phase should facilitate self-assembly and 80 

self-healing for the block copolymers.  
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 Following our standard protocol,5c-d self-healing tests were 
conducted by cutting sample specimens into two halves with a 
razor blade followed by bringing the cut surfaces into contact for 
one minute and then healing for a certain time. The self-healing 
test results were summarized in Figure 2b-d. For all samples, the 5 

healing specimens were able to regain the initiate stiffness 
(Young’s modulus) as indicated by the good overlap of the initial 
region of stress-strain curves between the healed and pristine 
samples. As observed in previous systems,5 the healing process 
takes time. Prolonging the healing time led to better recovery for 10 

both tensile strength and extensibility of the specimens. After 
healing at room temperature for 24 h without any treatment, the 
samples recovered 30-60% of their extensibility and 70-90% of 
their ultimate strength. The most elastomeric sample, BCP1, had 
the highest absolute value of strain recovery, ~300% (Figure 2b, 15 

purple curve). The strongest sample, BCP3, regained the highest 
value of tensile strength, ~5 MPa, after healing at room 
temperature for 24 h (Figure 2d, purple curve).  To further 
improve the healing efficiency, we carried out self-healing tests 
with moderate heating. After healing at 60 °C for 24 hours, all 20 

three samples almost quantitatively recovered the mechanical 
properties (Figure 2b-d, brown curves). Understandably, the 
increased molecular dynamics at elevated temperature should 
facilitate the healing process.  
 In summary, we have synthesized a series of ABA block 25 

copolymers composed of a rigid PMMA middle block and two 
dynamic terminal blocks carrying multivalent, pervasive 
hydrogen bonds. The mechanical properties of the block 
copolymers were tunable by simply adjusting the chain length of 
the soft blocks. AFM imaging indicates the block copolymers 30 

self-assemble into spherical microphase-separated morphology.  
The hydrogen bonding block copolymers exhibit a combination 
of mechanical properties and self-healing capability. Compared to 
previously reported self-healing polymers based on hydrogen 
bonding interactions, the current system demonstrates significant 35 

improvement in mechanical properties.  The easy synthesis and 
versatility also renders this approach general applicability to the 
design of different block copolymers carrying various 
supramolecular interaction motifs for further development of 
advanced self-healing materials. 40 
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