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Supramolecular thermoplastics and thermoplastic
elastomer materials with self-healing ability based on
oligomeric charged triblock copolymers

Lenny Voorhaar"»®, Maria Mercedes Diaz?%, Frederic Leroux®?, Sarah Rogerss, Artem M Abakumov*,

4

Gustaaf Van Tendeloo*, Guy Van Assche®, Bruno Van Mele® and Richard Hoogenboom!

Supramolecular polymeric materials constitute a unique class of materials held together by non-covalent interactions. These
dynamic supramolecular interactions can provide unique properties such as a strong decrease in viscosity upon relatively mild
heating, as well as self-healing ability. In this study we demonstrate the unique mechanical properties of phase-separated
electrostatic supramolecular materials based on mixing of low molar mass, oligomeric, ABA-triblock copolyacrylates with
oppositely charged outer blocks. In case of well-chosen mixtures and block lengths, the charged blocks are phase separated from
the uncharged matrix in a hexagonally packed nanomorphology as observed by transmission electron microscopy. Thermal and
mechanical analysis of the material shows that the charged sections have a T closely beyond room temperature, whereas the
material shows an elastic response at temperatures far above this T ascribed to the electrostatic supramolecular interactions.
A broad set of materials having systematic variations in triblock copolymer structures was used to provide insights in the
mechanical properties and and self-healing ability in correlation with the nanomorphology of the materials.

NPG Asia Materials (2017) 9, €385; doi:10.1038/am.2017.63; published online 26 May 2017

INTRODUCTION
Thermoplastic elastomers generally consist of phase-separated
block copolymers in which higher glass transition temperature (Ty)
segments form physical crosslinks that control the entropy-elastic
modulus, whereas lower T, segments provide the material with
flexibility and elasticity. The prime examples of such materials
are styrene-butadiene—styrene rubbers based on high molar mass
polystyrene-butadiene—styrene triblock copolymers. Different block
lengths will lead to different morphologies, ranging from a spherical
and/or cylindrical dispersed morphology (thermoplastic elastomer)
to a co-continuous morphology and eventually to phase inversal
(high-impact thermoplastic). The main advantage of thermoplastic
elastomers is that they behave similar to a rubber at the application
temperature, similar to chemically crosslinked elastomers, but they can
also be processed as viscous melts at temperatures above the highest
Ty, due to the reversible nature of the physical crosslinks. However,
processing higher molar mass polymers requires significant energy
input to shape and transport the highly viscous melts that are formed
at highly elevated temperatures.

Supramolecular polymer networks provide new possibilities
for materials with special properties, such as self-healing and stimuli-

responsiveness, including a strong decrease in viscosity upon heating
enabled by dissociation of the supramolecular interactions.!=> Several
examples of supramolecularly crosslinked thermoplastic elastomers
have been reported previously. The crosslinks can for example be

formed by multiple hydrogen bonds,*!> 1617

18-21

7—r stacking interactions,
ionic interaction or metal-ligand interaction.?>”>> Supramolecular
materials based on self-assembly of oligopeptides?® and nucleobases?’
have also been reported. Even relatively weak hydrogen bonds
in combination with phase segregation can form a rather strong
network from low-molecular-weight components.?® Even though
supramolecular networks based on electrostatic interactions in the
form of hydrogels based on mixtures of high molar mass triblock
copolymers?-32
blending of immiscible polymers having a charged end group
have been reported,’>>” we are not aware of examples of bulk
supramolecular materials with phase separated charged nanodomains
based on oligomeric triblock copolymers. As there is a significant
difference in chain mobility between hydrogels and bulk materials,

, as well as the use of ionic interactions to facilitate

similar types of interactions may lead to very different material
properties and it cannot simply be assumed that using such charged
triblock copolymer materials also leads to dynamic bulk materials.
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Here we report a new type of supramolecular thermoplastic
(elastomer) material, consisting of mixtures (blends) of oppositely
charged oligomeric ABA-type triblock copolymers with an uncharged
hydrophobic middle block B and oppositely charged outer segments.
Separately, these polymers are not charged and behave as viscous
liquids, whereas a phase-separated supramolecular network is formed
through electrostatic interaction between the oppositely charged outer
segments, which become charged upon mixing by a proton transfer
between acidic and basic groups (Figure 1). In contrast to most other
examples of thermoplastic elastomers, the electrostatic interactions
lead to phase separation even in low molar mass oligomers, allowing
for easier processing due to lower viscosity. These materials show
unique properties with high potential for use as semi-conductive and
self-healing coatings and materials.

METHODS
Details of the synthesis and characterization can be found in the Supplementary
Information.

Synthesis

Polymers were synthesized via reversible addition-fragmentation chain transfer
polymerization using a bifunctional chain-transfer agent). A solution of
2-(((butylsulfanyl)carbonothioyl)sulfanyl)propanoic acid®*® (16.90 g, 71 mmol)
and ethylene glycol (2.00 g, 32 mmol) in dichloromethane (300 ml) was cooled
in an ice bath. A solution of N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide
hydrochloride (16.57 g, 81 mmol) and 4-(dimethylamino)pyridine (0.79 g,
0.64 mmol) in dichloromethane (100 ml) was added dropwise, and the reaction
was stirred overnight at room temperature. The product was purified by
washing with aqueous solutions and column chromatography to yield 12.27 g
(76%) of bifunctional chain-transfer agent. Reversible addition-fragmentation
chain transfer polymerization of n-butyl acrylate was performed using a
[n-butyl acrylate]:[bifunctional chain-transfer agent]:[AIBN] ratio of 100:1:0.1
at 1.8 M monomer concentration in dimethylformamide at 60 °C. The polymer
was purified by precipitation in a methanol and distilled water 2:1 mixture, and
dried under reduced pressure. The poly(n-butylacrylate) (PBA) homopolymer
was used as a macro chain-transfer agent for subsequent reversible addition-
fragmentation chain transfer polymerizations. 2-(Dimethylamino)ethyl acrylate
(DMAEA) was polymerized using a [DMAEA]:[PBA]:[AIBN] ratio of 100:1:0.1
at 1.7 M monomer concentration in dimethylformamide at 70 °C, purified by
precipitation in hexane/diethyl ether mixture and dried under reduced pressure.
2-Carboxyethyl acrylate was polymerized using a [2-carboxyethyl acrylate]:
[PBA]:[AIBN] ratio of 100:1:0.05 at 0.56 M monomer concentration in
dimethylformamide at 70 °C, purified by precipitation in distilled water and
dried under reduced pressure.

Characterization

Size-exclusion chromatography was performed on a Agilent (Santa Clara,
CA, USA) 1260-series high-performance liquid chromatography system using
dimethylacetamide as an eluent and molar masses were calculated against
poly(methyl methacrylate) standards. Nuclear magnetic resonance spectra were
recorded on a Bruker (Billerica, MA, USA) Avance 300 MHz spectrometer at
room temperature in deuterated solvents. Thermogravimetric —analysis
was performed on a TA Instruments (New Castle, DE, USA) TGA Q5000IR
at 20°Cmin~!. Modulated temperature differential scanning calorimetry
(MTDSC) was performed on a DSC Q2000 from TA Instruments using a
heating rate of 2 °C min~!, amplitude of +0.4 °C and a period of 80s. The
second heating run is analyzed to erase the thermal history of the samples.
Dynamic mechanical analysis (DMA) was performed in a TA Instruments DMA
Q800 using a ramp of 2.5 °C min !, a strain percentage of 0.05 and a frequency
of 1 Hz. The mechanical recovery of properties was evaluated in DMA and was
performed at 25 °C using a strain percentage of 0.05 and a frequency of 1 Hz.
Dynamic rheometry measurements were performed in a TA Instruments ARG2
rheometer using a ramp of 2 °C min~! in either a cone and plate geometry or
using parallel plates. Small-angle neutron scattering (SANS) was carried out
on the Sans2d small-angle diffractometer at the ISIS Pulsed Neutron Source
(STEC Rutherford Appleton Laboratory, Didcot, UK). High-angle annular dark
field scanning transmission electron microscopy (HAADF-STEM) measure-
ments were performed using an FEI (Hillsboro, OR, USA) Titan transmission
electron microscope on cryosectioned ultrathin sections of 60 nm of the
polymer mixtures stained with osmium tetroxide. Conductivity measurements
were performed using a Fluke (Everett, WA, USA) 1587 multimeter on film
pressed sampled of 0.2 10 mm at a potential of 100 and 250 V. Atomic force
microscopy nanolithography and measurements were performed in an Asylum
research (Goleta, CA, USA) MFP-3D Atomic force microscope equipped with
an Olympus AC (Asylum Research, Santa Barbara, CA, USA) 160TS-R3
cantilever and a MFP-3D Cooler Heater Stage (Asylum Research).

RESULTS

The defined oligomeric ABA-type triblock copolymers were
reproducibly synthesized by reversible addition-fragmentation chain
transfer-free radical polymerization using a bifunctional chain-transfer
agent (further details are included in the Supplementary Information).
PBA was chosen as a middle block to form a soft matrix. As oppositely
charged outer blocks, poly(2-(dimethylamino)ethyl acrylate)
(PDMAEA) and poly(2-carboxyethylacrylate) (PCEA) were chosen
as precursors for the positively and negatively charged blocks,
respectively (Figure 2). The characteristics of the synthesized triblock
copolymers are summarized in Table 1. The triblock copolymer chains
had to be relatively short to obtain materials with low viscosities, high

charged phase

.t - / high T,
PP PRSP O -
+ + + +  mixing
_—
s - «— uncharged phase
.‘-‘."""_'. low T,
charged ABA-type triblock copolymers phase-separated material
P :"{:‘\'
mixing sy
« P o
Cd ' F)

Figure 1 Schematic representation of the developed phase-separated supramolecular materials based on mixing of the viscous oppositely charged triblock
copolymers. The pictures below show representative images of the viscous triblock copolymers (left), as well as the formed supramolecular materials (right).
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Figure 2 Schematic view of the structure of the electrostatic supramolecular thermoplastic elastomers (Mix 2).

mobility and migration through the matrix. Two different lengths of
the core PBA blocks were chosen, around 7000 Da (P0-2) and
2500 Da (P3 and P4). The length of the positively charged PDMAEA
blocks was kept constant at 2000 Da (POa—d), whereas the negatively
charged PCEA blocks were varied between 1000 and 2000 Da. (further
information in the Supplementary Information). To gain a deeper
fundamental understanding of the resulting supramolecular materials,
the block lengths were varied to monitor the effect of the weight
fraction of the charged phase, as well as the block lengths.

The supramolecular triblock copolymer blends were prepared by
dissolving the oppositely charged triblock copolymers separately in
tetrahydrofuran (10 wt%), mixed in equimolar amounts of charged
monomers, see Table 2, to enable the proton exchange by acid-base
reaction, followed by solvent evaporation. Mixing of the oppositely
charged viscous triblock copolymers leads to the formation of a
solid supramolecular material (see Supplementary Information and
Supplementary Figure S1 for representative pictures). A simpler
reference material was also prepared by mixing PO with a PCEA
homopolymer, but this resulted in a very brittle material indicating the
importance of mixing two triblock copolymer components. The
material properties of the individual triblock copolymers and their
mixtures were characterized by thermogravimetric analysis, MTDSC,
DMA and dynamic rheometry (Figures 3,4 and 5). Earlier work by
Horrion et al.*® on mixtures of telechelic polymers with charged end
groups revealed that significant aging effects had a role, as well as the
thermal history. In our samples, the thermal properties of the mixtures
did not change in consecutive heating and cooling cycles (after the first
heating run), and the results obtained in the second heating runs will
be discussed in the following. Even though we have not performed
in-depth analysis of aging effects, it may be anticipated that this will be

diminished compared with the telechelic ionomers due to the multi-
plicity of the supramolecular interactions. The PDMAEA-containing
triblock copolymers (P0a—d) show a single T, around —50 to =40 °C
(Figure 3, MTDSC), consistent with the similar low values for pure
PBA (Ty=-50°C) and PDMAEA (Tz=-46°C). A possible phase
separation in the DMAEA block copolymers can therefore not be
detected by means of MTDSC. The situation is different for the PCEA-
containing triblock copolymers of different composition (P1—4). The
pure PCEA has a much higher T; than pure PBA around 22 °C. These
block copolymers show a double Ty with an important interphasial
region, indicative for a phase-separated morphology with partially
mixed phases. In P1 and P2, a major PBA-rich phase is observed
(Figure 3a and b). P2 also shows a minor PCEA rich phase with a
broad T, starting at —10°C. P4 has a major PCEA-rich phase
(Figure 3d), whereas P3 shows a co-continuous morphology with a
broad intermediate T; between =40 and 20 °C (Figure 3c). In contrast
to the individual triblock copolymers, each of the block copolymer
mixtures Mix 1 (P0+P1), Mix 2 (P0+P2), Mix 3 (P0+P3) and Mix 4
(PO+P4) (see Table 2) has a phase-separated morphology with two
clear Tgs, one around —50 to —40 °C, resulting from the PBA-rich
phase, and one at a higher temperature, ranging from 30 °C to 50 °C
ascribed to the supramolecular, electrostatically associated domains
consisting of PDMAEA and PCEA.

The volume fractions of the uncharged PBA phase and of the
charged phase (Table 2) suggests that the higher T, charged fraction is
dispersed in the uncharged low-T, matrix for Mix 1 and Mix 2. For
Mix 3 and Mix 4, the almost 50/50 ratio of the volume fractions is
expected to lead to a co-continuous morphology. Indeed, variation of
the volume fractions of both phases gives rise to clearly different
thermomechanical properties as illustrated in Figure 4 (see

NPG Asia Materials
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Table 1 Overview of synthesized polymers

Name Type of block Schematic Picture n?gfz/fa) O(,S\I';’;g ) M;)L(lfigfa)tiizer
PBA PBA 6202620 % 0] 100% BA 8100
PDMAEA PDMAEA o200 2026 0] 100% DMAEA 5000
PCEA PCEA PP 100% CEA 10 700
a | DMAEA-BA-DMAEA OPRRRIARR |, Sf/fg’w?/fE A 10500
. b | DMAEA-BA-DMAEA 0000002000 3906/: fg’MB/f‘E A 8000
¢ | DMAEA-BA-DMAEA ORRRRORRR | oo iy 14100
d | DMAEA-BA-DMAEA 0000002000 403%’,\/"3:'5 A 9200
P1 CEA-BA-CEA PR % 1%%2"0?5/5)\ 4600
. a | CEA-BA-CEA %0000 %0%% % ol 11300
b | CEA-BA-CEA PP % ZZZ’C%AA 4400
a | CEA-BA-CEA “Oc® PRk 7400
P3 b | CEA-BA-CEA ¢9%° ooess 6500
¢ | CEA-BA-CEA 9% 452§Z°C'?EAA 6900
P4 CEA-BA-CEA %% %° 6%9,Z’CBE’; 11400

Abbreviations: BA, n-butyl acrylate; CEA, 2-carboxyethyl acrylate; DMAEA, 2-(dimethylamino)ethyl acrylate; NMR, nuclear magnetic resonance; PBA, poly(n-butylacrylate); PCEA, poly(2-carboxy-

ethylacrylate); PDMAEA, poly(2-(dimethylamino)ethyl acrylate); SEC, size-exclusion chromatography.

Table 2 Prepared polymer mixtures

Volume fractions ~ Volume fractions

Mixture Mixture Mixing ratio® BA charged
Mix 1 PO+P1 POa+P1 1.00 0.72 0.28
Mix 2 PO+P2 POb+P2a 1.00 0.68 0.32
POd+P2b 1.00 0.68 0.32
Mix 3 PO+P3 POc+P3a 1.12 0.59 0.41
POc+P3b 1.06 0.59 0.41
POd+P3c 1.01 0.56 0.44
Mix 4 PO+P4 POC+P4 1.24 0.53 0.47

Abbreviations: BA, n-butyl acrylate; CEA, 2-carboxyethyl acrylate; DMAEA, 2-(dimethylamino)
ethyl acrylate.

The amount of block copolymers was adjusted to reach equimolar amounts of DMAEM and CEA.
aRatio between the number of repeating units of DMAEA in the DMAEA-BA-DMAEA block
copolymer and the number of CEA repeating units in the CEA-BA—CEA block copolymer.

Supplementary Information for further details). The storage (elastic)
modulus and the loss angle from DMA are compared with the heat
capacity and their derivatives against temperature from MTDSC for
each of the mixtures. All the mixtures revealed elastic modulus in the
GPa range at temperatures below the lower T, of =40 °C, indicating
glassy behavior. The T; can be observed by a drop in the elastic

NPG Asia Materials

modulus and a peak in the loss angle. When the temperature is further
increased, a clear difference between the mixtures becomes apparent.
Mixtures 1 and 2 revealed a rubbery plateau with an elastic modulus
around 1 MPa (Mix 1) and 3 MPa (Mix 2) with a loss angle below 15°,
which is indicative of elastomeric behavior. This elastomeric behavior
of Mix 1 and Mix 2 may be ascribed to the formation of a low Ty
continuous PBA phase with dispersed phase-separated charged
domains acting as physical crosslinks due to the electrostatic supra-
molecular interactions between the oppositely charged outer blocks.
The volume fraction of crosslinks is lower for Mix 1 than for Mix 2;
this lower crosslink density leads to a lower entropy-elastic modulus,
as observed in DMA. The differences between Mix 1 and Mix 2 may
indicate that Mix 1 consists of spherical phase-separated domains,
whereas Mix 2 comprises cylindrical phase-separated domains, as
dictated by the volume fractions of the charged blocks®® as will be later
confirmed by transmission electron microscopy, vide infra. In both
mixtures 3 and 4, the modulus drops in two distinct stages from a few
GPa to ca. 0.5 GPa and further to values below 1 MPa. The loss angle
increases quickly above 0°C with an intermediate peak around
20-30°C indicative for the higher T, of the PDMAEA-PCEA
aggregated phase. Further heating leads to a continuous increase in
loss angle towards a more viscous behavior. This behavior of Mix 3
and Mix 4 is typical for viscoelastic low molar mass thermoplastics.
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Figure 3 MTDSC-specific heat capacity measurements of individual triblock copolymers and the resulting mixtures. (a) Triblocks POa, P1 and Mix 1.
(b) Triblocks POd, P2b and Mix 2. (c) Triblocks POd, P3c and Mix 3. (d) Triblocks POc, P4 and Mix 4. Curves correspond to the second heating run and are
shifted for clarity.
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Figure 4 DMA and MTDSC measurements for the different mixtures. (a) Elastic modulus E'. (b) Loss angle §. (c) Specific heat capacity (curves are shifted
for clarity). (d) Derivative of the specific heat capacity.
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Figure 5 HAADF-STEM images of the different mixtures. (@) Mix 1, (b) Mix 2, (c) Mix 3 and (d) Mix 4. The brighter areas of the images represent the
stained parts of the mixtures. The inserts in the upper right corners show Fourier transforms of the HAADF-STEM images, which can be used as indication of
the prevailing correlation length and spatial anisotropy of the systems. The insert at the left bottom corner of Figure 4b shows the HAADF-STEM image of
the closed-packed cylinders of the DMAEA-2-carboxyethyl acrylate (CEA) phase.
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Figure 6 Rheometry measurements of individual triblock copolymers and the resulting mixtures. (a) Triblocks POa, P1 and Mix 1. (b) Triblocks POd, P2b and
Mix 2. (c) Triblocks POd, P3c and Mix 3. (d) Triblocks POc, P4 and Mix 4.
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The higher volume fraction of the charged phase in Mix 3 and Mix 4
is expected to lead to co-continuous or lamellar morphology, thereby
destroying the dispersed crosslinks and the associated elastomeric
behavior as present in Mix 1 and Mix 2. The change from
thermoplastic elastomer behavior to thermoplastic behavior is inter-
preted in terms of the changed balance in volume fractions of the
higher T, charged phase against the lower T, uncharged phase.
It is noteworthy that the observations of DMA are in agreement
with the results of MTDSC (comparison of Figure 4a and b with
Figure 4c and d). The heat capacity derivative is sensitive for the
low-Tj phase and also demonstrates the interphasial region, especially
for the thermoplastic Mix 3.

To confirm this interpretation of MTDSC and DMA results based
on the volume fractions and the associated phase separation, the actual
phase separation and morphology in these mixtures was studied using
SANS and HAADF-STEM. SANS measurements on each of the
materials showed a single peak (see Supplementary Information),
indicating a characteristic length of the major spatial correlations in
the samples. This correlation length is estimated to be 8.4 & 2.0 nm for
Mix 2, 9.4+ 3.0 nm for Mix 3 and 14.0 + 4.0 nm for Mix 4. In Mix 4,
the peak is much less pronounced.
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Although repeating distances can be accurately determined by
SANS, the exact molecular organization of the multiphase polymers
cannot be univocally determined by scattering data only. Real-space
HAADF-STEM analysis of ultrathin polymer sections provides a
detailed assessment of the nano-morphology of the mixtures.
The well-known advantage of the HAADF-STEM imaging technique
is its sensitivity towards the variation of the scattering density in the
sample. The intensity on HAADF-STEM images scales approximately
proportional to the square of the atomic number.*%*! However,
poor contrast between the phase-separated blocks impedes imaging of
the microstructure without staining. Therefore, osmium tetroxide
0sO, was used as a selective staining agent for the charged
PDMAEA-PCEA phase to enhance contrast before HAADF-STEM
imaging (Figure 6). Uranylacetate staining was also applied and
provided the same morphological information with the charged
PDMAEA-PCEA phase seen as bright domains in the acquired images
(Supplementary Figure S26).

HAADF-STEM images of Mix 1-4 are shown in Figure 6a-d. They
all exhibit a nano-phase-separated morphology, which can be
described as (i) a dispersed phase/continuous matrix morphology
for Mix 1 and Mix 2, and (ii) a co-continuous morphology for Mix 3
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Figure 7 Atomic force microscopy images of the sealing of the supramolecular blend Mix 2: (a) fresh scratch, (b) 4 h at 60 °C, (c) plus 2 h at 70 °C,
(d) plus 4 h at 80 °C, (e) plus 4 h at 90 °C and (f) depth profiles of the total sealing procedure.
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and Mix 4. These HAADF-STEM results are consistent with the
foregoing discussion and confirm the MTDSC and DMA results and
their interpretation. Mix 1 shows dispersed charged PDMAEA-PCEA
domains of spherical or (short) cylindrical shape randomly distributed
in space, as confirmed with images in perpendicular planes and by the
Fourier transform of the HAADF-STEM image (see inset of
Figure 6a). The characteristic size of the dispersed domains is
6.7+ 1.1 nm. Mix 2 shows curled bundles of hexagonally packed
cylinders of the charged PDMAEA-PCEA phase. Figure 6b provides a
view across the bundles, demonstrating characteristic repeat period
between the packed cylinders. The insert at the bottom of Figure 6b is
demonstrating the nearly close-packed hexagonal arrangement of the
cylinders of PDMAEA-PCEA. The upper inset of Figure 6b shows a
Fourier transform of the HAADF-STEM image and provides a direct
comparison with the SANS diffractogram. Two reflection rings can be
observed: a more diffuse ring corresponding to the average interplanar
spacing of ~ 14.7 nm and a sharp ring with the interplanar spacing of
~8.3 nm (as observed with SANS). These rings can be considered as
the 100 and 110 reflections (or 10 and 11 in two-dimensional lattice
notation) of the hexagonal unit cell of the packed array of the
cylinders resulting in the in-plane unit cell parameter a ~ 16.6 nm.
For Mix 3 (Figure 6¢) and Mix 4 (Figure 6d) repeat distances of
8-10nm and 14-18nm, respectively, were obtained from the
HAADF-STEM images, fully consistent with the data obtained from
the SANS measurements. These results show that while Mix 2 has a
well-ordered structure with a regular stacking, the lamellar
(co-continuous) Mix 3 and Mix 4 demonstrate strong disorder.
Owing to the size differences between the core blocks of the blended
triblock copolymers in Mix 3 and Mix 4, it is more difficult to form a
phase-separated material with uniform spacing between the phases. As
the charged PCEA segments in P3 are very short, these are likely to
partially mix within the n-butyl acrylate phase (see partial miscibility
of P3 and interphase of Mix 3 in Figure 3c). In P4, this is not possible
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because of the length of the charged blocks is longer; therefore, it is
expected that these polymers will not be able to extend across the
n-butyl acrylate phase and instead form loops that fold both charged
outer ends into the same charged phase.

Electrical conductivity measurements were performed on Mix 1 and
Mix 3 at room temperature, 30 °C and 40 °C. Electrically insulating
properties were observed for Mix 1 at all investigated temperatures.
For Mix 3, a conductivity value of 2.87x107>Sm~! (250 V) was
found at room temperature, 5.22x107>Sm™! (100 V) at 30 °C and
1.02x10"#Sm™! (100 V) at 40 °C. All these conductivity values lie in
the range of semi-conductive materials and may be used for flexible
electronics and artificial skin.*> These conductivity results can be
further related to the morphology of the mixtures. For Mix 1, in which
the charged parts are dispersed and have no communication among
each other, no conductivity is observed. However, Mix 3 does show
semi-conductivity given that its charged phase is co-continuous
throughout the material; therefore, it is able to transport charges.
The increased conductivity observed for Mix 3 at higher temperatures
can be explained by the fact that above the second T there is
significantly higher mobility in the charged phase facilitating charge
transfer, while the consistency of the material is retained up to 40 °C.

It should be pointed out that the electrostatic supramolecular
thermoplastic elastomers show interesting rheological properties.
These are illustrated for the different mixtures in Figure 6 where the
loss angle is shown for all mixtures and their individual components as
a function of temperature (for further details see Supplementary
Information). For all PO triblock copolymers, a pure viscous behavior
is observed in the measured temperature range. Triblock copolymers
P1-P3 show a slight visco-elastic behavior at low temperatures and a
pure viscous response at high temperature. P4 reveals visco-elasticity
in the complete measured range, due to its high PCEA fraction. The
mixtures maintain a pronounced visco-elastic response clearly beyond
the higher-T; of the charged phase in all cases. The differences
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Figure 8 Atomic force microscopy images of the sealing of the supramolecular blend Mix 3: (a) fresh scratch, (b) 1 min at 60 °C, (c) plus 2 min at 60 °C

and (d) depth profiles of the total sealing procedure.
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between the mixtures and the individual triblock copolymers are more
noticeable for Mix 1, 2 and 3, where a clear change of properties is
observed due to the mixing of the triblock copolymers. This result is
striking in view of the low molar masses involved and could be
explained by persisting electrostatic interactions between the charges
of the PDMAEA and PCEA blocks. In spite of that, the viscosities of
these blends at temperatures above T, (60 °C above) are significantly
lower than for traditional thermoplastic elastomers such as SBS of
higher molecular weight, making the processing of these materials less
energy consuming.** This is beneficial for self-healing of coatings,
providing sufficient mechanical integrity and form stability of the
coating in mobile sealing conditions.

The self-healing potential of these materials was evaluated in further
detail for two triblock copolymer blends, Mix 2 and Mix 3, having
dispersed and co-continuous morphologies, respectively. Initially, the
sealing capabilities of coatings of the polymer blends were studied for
microscopic defects made by nanolithography using atomic force
microscopy. For Mix 2, a scratch of ~ 3 pm wide and 0.3 pm deep was
made (see Figure 7). The defect was initially treated by heating the
damaged coating during 4h at 60°C, showing a reduction in the
dimensions of the crack. To achieve further sealing, the sample was
heated to 70 °C for 2 h, 80 °C for 4 h and 90 °C for 4 additional hours.
After this procedure, it was found that the scratch was significantly
reduced to 1 pm wide and 0.1 pm deep, showing partial healing. The
same kind of microscopic defect was studied for a coating of Mix 3,
where a scratch of ~ 1 pm deep and 6 pm wide was induced as shown
in Figure 8. As with Mix 2, the damaged coating was first heated to
60 °C revealing a dramatic reduction in defect size after just 1 min and
complete disappearance after two additional minutes at 60 °C. This
very efficient healing of the Mix 3 coating in contrast to the Mix 2
coating can be correlated to the difference in the rheological behavior
and the morphology of both polymer blends. The loss angle of Mix 3
at 60 °C is around 65°, whereas at the same temperature Mix 2 has a
loss angle of 40° indicating that the latter shows a more dominant
elastic character leading to less efficient sealing of the defect. To
achieve similar chain mobility, that is similar loss angle, as for Mix 3 at
60 °C, the temperature for Mix 2 would need to be increased up to
90 °C, being less useful for autonomous repair of a polymer coating.
Importantly, the healing efficiency and the chain mobility of the
blends can also be correlated with the composition of the block
copolymers that determines the phase-separated morphology. The
phase-separated supramolecular domains, which have the ability to
make dynamic connections to heal the material, are dispersed in the
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Figure 9 Recovery of mechanical properties of Mix 3 at room temperature as
a function of time: initial properties (—), damaged sample (- - -) and
recovery in time (*).
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soft PBA matrix in Mix 2 strengthening the material up to high
temperature. The PBA content of Mix 3 is lower and as a result the
supramolecular phase is present as a co-continuous phase providing
enhanced chain mobility of the charged blocks in between the
supramolecular domains at lower temperatures facilitating the healing
process.

As the most successful sealing of defects in a coating was observed for
Mix 3, a second set of experiments was conducted to evaluate the
recovery of the mechanical properties of Mix 3 upon healing after
macroscopic damage of a bulk polymer sample. Initially, the storage
modulus E' of a virgin polymer sample was measured in tension.
Afterwards, the sample was damaged by making a transversal cut in
the middle while in tension, that is,without disconnecting the sides
(see Supplementary Information Supplementary Figure S$26). The
storage modulus E of the damaged sample was then measured keeping
the same measuring parameters as for the virgin sample, showing a
reduced modulus, as expected due to cutting of the polymer material.
A healing procedure was then applied by making contact between both
freshly damaged surfaces and applying slightly elevated temperature
(40°C) for 1 h, while keeping the material clamped in the instrument.
After this initial procedure, the sample was cooled back to ambient
temperature and the storage modulus E' was measured after 30 min,
2 and 12 h (see Figure 9). Within the first 2 h after the mild heating
procedure, the healing process reached completion with a healing
efficiency 5 of 97%, indicating full recovery of the material properties,
suggesting full restoration of the supramolecular dispersed phase.

In summary, supramolecular thermoplastics and thermoplastic
elastomers with different properties can be obtained by the mixing
of oppositely charged triblock copolymers. These phase-separated
materials show unique properties enabled by the strong electrostatic
attraction within the charged phase-separated domains. The volume
fraction of the charged domains dictates the resulting supramolecular
material properties, being thermoplastic elastomers with dispersed
spherical (Mix 1) or cylindrical (Mix 2) domains, or low molar mass
thermoplastics when co-continuous phase separation takes place
(Mix 3 and Mix 4). Importantly, the materials with dispersed charged
domains show thermoplastic elastomeric behavior and retain their
rubber plateau above the highest T, resulting from the electrostatic
supramolecular interactions. These novel materials are highly
promising for future applications in self-healing coatings and as
self-healing materials revealing full recovery of storage modulus within
two hours after a mild heating procedure.
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