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Glass transition temperature as a unified parameter to

design self-healable elastomers

Jae-Man Park't, Chang Seo Park't, Sang Kyu Kwak?, Jeong-Yun Sun'3*

Self-healing ability of materials, particularly polymers, improves their functional stabilities and lifespan. To date,
the designs for self-healable polymers have relied on specific intermolecular interactions or chemistries. We
report a design methodology for self-healable polymers based on glass transition. Statistical copolymer series of
two monomers with different glass transition temperatures (7y) were synthesized, and their self-healing tendency
depends on the T of the copolymers and the constituents. Self-healing occurs more efficiently when the differ-
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ence in Ty between two monomer units is larger, within a narrow Ty range of the copolymers, irrespective of their
functional groups. The self-healable copolymers are elastomeric and nonpolar. The strategy to graft glass transi-

tion onto self-healing would expand the scope of polymer design.

INTRODUCTION

Self-healing materials are of great advantages for preserving their
original functionality and extending their lifespan (1, 2). Viscoelastic
nature of polymers, wherein the polymer networks can restore elastic
energy or flow under external load, potentiates their self-healing
from mechanical damage (3, 4). The potential has led to intensive
studies on developing self-healable polymers over decades (5).

To achieve self-healing, polymer chains require sufficient mobil-
ity and interchain interactions (Fig. 1A) (5). Therefore, many studies
have investigated to incorporate diverse molecular interactions, in-
cluding hydrogen bonding (6-12), host-guest chemistry (13, 14),
metal-ligand coordinations (15-18), ionic (19-22), hydrophobic
(23), ion-dipole (24, 25), n-n (26, 27), van der Waals (28), and
dipole-dipole interactions (29, 30), into flexible polymer networks
or gels (plasticized networks). Dynamic covalent bonds (31-33) or
hard-soft multiphase (34, 35) has also been incorporated into the
polymer networks for self-healing.

Since the interchain interactions and the chain mobility were
considered individual properties, the paradigm of designing self-
healable polymers has been focused on finding specific chemistries
or molecular interactions and applying them to flexible chains. We
believed and hypothesized that a simple but holistic parameter
would exist in designing self-healable polymers. In this work, we
present a design methodology for self-healable polymers based on
glass transition (Fig. 1B). We synthesized a series of statistical (ran-
dom) copolymers of two nonpolar acrylic monomer units with dif-
ferent T, values (Fig. 1C). We found that the self-healing tendency
can be explained by the T values of both the copolymers and the
constituent monomer units.

RESULTS

When polymer chains have a Ty lower than room temperature (RT),
the chains can flow because of enough chain mobility, whereas when
polymer chains have a T, higher than RT, the chains are rigid because
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of interchain interactions, such as molecular interactions or fric-
tions. We thought that tailoring the Ty of polymers and their con-
stituent segments would be a methodological approach to designing
self-healable polymers (Fig. 1B). To verify our conception, we de-
signed random copolymers composed of two types of commercial
nonpolar acrylate monomers as a model system (Fig. 1C). One
monomer segment has a Ty higher than RT, while the other segment
has a T lower than RT. The former segment with diverse functional
groups is referred to as Ry, whereas the latter as Ry. A series of
copolymer films with diverse Ry-Ry combinations were prepared by
bulk free-radical polymerization. Briefly, the two kinds of mono-
mers were mixed with varying their compositions, and then 0.1 wt
% of a photoinitiator was added. The precursor solutions were cured
by ultraviolet (UV) light for 12 hours with a film shape. The ob-
tained films were cut into desired shapes for further tests (see Mate-
rials and Methods for details). The synthesized copolymers have
relatively high molecular weights (table SI1).

We conducted tensile stress-stretch tests for the copolymer series at
RT (figs. S1 to S9). To evaluate the self-healing ability of the copolymers,
we cut the middle region of the copolymer films, reattached the two
damaged surfaces within a minute, healed the samples for 24 hours
at RT in air, and conducted the same tensile tests. Self-healing effi-
ciency nNheat Was defined as the strain energy density ratio of healed
to pristine samples (Fig. 2A). For Ry = phenyl (Ph) and Ry = #n-
butyl (Bu) copolymer series (Ph-Bu), as the molar ratio of Ry ()n)
increases, the stiffness increases and the stretchability decreases
consistently (fig. S1) while the npear of the copolymer series peaks at
medium yy, value (Fig. 2B). Similar mechanical and self-healing ten-
dency are observed in different Ry-Bu series, such as tert-butyl
(tBu) (fig. S3), cyclohexyl (Chx) (fig. S4), and isobornyl (Isb)
(fig. S5). However, for benzyl (Bz)-Bu series, where the Ryy segment
has similar functional group with Ph (aromatic), as yy, increases, a
similar mechanical tendency is observed (fig. S2), but self-healing is
inefficient (Fig. 2D). For 2-hydroxyethyl (He)-Bu series, where the
Ry segment has polar functional group (weak hydrogen bonding),
self-healing is also inefficient (Fig. 2E and fig. S6).

The difference in self-healing behavior between the peak-having
copolymer series and the less healable series would be originated
from the T, value of Ry segments, rather than from specific molecular
interactions. Despite having same aromatic functional group, Ph-based
(Ty =47°C) and Bz-based (T = 6°C) copolymer series exhibit distinct
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Fig. 1. The design methodology for self-healable polymers based on glass transition. (A) Self-healing of polymers occurs by two factors: interchain interaction and
chain mobility. (B) The two factors can be regulated by glass transition temperature (T) of copolymers and their constituents. (C) Statistical copolymers with two types of
acrylate monomer units, where one has high T, that stores the interaction energy (named Ry), and the other has low Ty that gives the mobility to polymer chains (named
Ry). Diverse Ry and R, with nonpolar hydrocarbon functional groups are introduced to investigate the self-healing of copolymers. Bz and He are control functional groups
for the investigation of molecular interaction effects on the self-healing phenomenon.

self-healing behaviors, with the difference in npe, more than 60%.
Even the weak hydrogen bonding of He (T; = —15°C) copolymer
series does not assure their self-healing. Instead, when the Ry seg-
ment has a T higher than RT, the copolymer series show high npcal
at an optimum .

The Ty-dependent self-healing behavior is more evident when
the Ry segment is fixed to tBu, and the Ry, segment is varied from
methyl (Me; Ty = 10°C) to ethyl (Et; Ty = —19°C), Bu (Ty = —50°C),
and 2-ethylhexyl (Eh; T; = —85°C) (Fig. 2C and figs. S3 and S7 to
$9). Each copolymer series has optimum self-healing compositions,
where the peak npe, value gradually increases, shifts to higher yp,
and narrows as the T, of Ry, segment decreases. For the case of tBu-
Eh series when ¥y, is 0.8 (named tBu-Eh-0.8), npe, reaches over
100%, indicating that the polymer completely recovers its mechani-
cal properties (Fig. 2A). The fracture of healed copolymer samples
occurs at the positions similar to those of pristine samples, which
suggests complete self-healing (fig. S10). The mechanical damage at
the cut interfaces starts to recover immediately after contact (fig. S11).
Self-healing of Isb-Eh and Ph-Eh series is also investigated (figs. S12
and S13).

The self-healing tendency of copolymer series is affected by the
T, of constituting monomer segments, which raised the question of
whether the T, of copolymer itself would be related to self-healing.
We measured the T of copolymer series (Fig. 2F and figs. S14 and
S15). The T, of copolymer series is linearly proportional to yy, (Fig. 2,
G and H, fig. S16, and see Supplementary Text) (36). The self-
healable copolymers that show peak npea have narrowly distributed
Ty values between 1° and 16°C (Fig. 2I). The T, of copolymers with
TNheal More than 60% is more narrowly distributed between 1° and
9°C (movie S1). From a self-healing perspective, polymer chains
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should have both enough interchain interaction and chain mobility.
In the designed copolymers, the Ry segment can store elastic energy
facilitated by interchain interactions, whereas the Ry, segment en-
ables polymer chains to be mobile at given temperature. The specific
functional groups of each segment can function differently within
the copolymers, which leads to the different optimum self-healing
composition in various monomer combinations of the copolymers.
Nevertheless, the copolymers collectively converge to the optimum
thermodynamic state for self-healing at different components and
compositions, resulting in the narrowly distributed T of highly self-
healable copolymers. This optimum compositional behavior of di-
verse copolymers for self-healing has been reported in recent studies
(28, 29, 37), while we emphasize that the glass transition can ex-
plain the optimum self-healing behaviors appeared in diverse co-
polymer series.

On the other hand, each segment in the polymer chains still plays
a role in self-healing. The Ry segment with higher T, would give
more interchain interactions, while the Ry segment with lower T
would give more chain mobility to their copolymer chain. From this
perspective, we plotted the peak npea against the Ty difference be-
tween Ry and Ry, segments of the copolymer (ATj), and notable dis-
tributions can be observed (Fig. 2]). The higher AT, leads to more
self-healable copolymer series (movie S2). Note that a poly(methyl
acrylate) (pMeA) homopolymer, whose T (10°C) locates in the
peak self-healing region, does not self-heal efficiently because of the
absence of the role of Ry and Ry, segments (fig. S17).

To understand those Tg-dependent self-healing tendencies, we
plotted the nheal of tBu-Eh copolymer series as a function of time
(Fig. 3, A and B). Self-healing occurs most efficiently at optimum jyy,
of 0.8, with the fastest approach to completing healing within a day
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Fig. 2. Self-healing tendency in the copolymers. (A) Stress-stretch curves of a pristine and a cut-and-healed copolymer films. Ry, R, and xn of the copolymers are tBu,
Eh, and 0.8, respectively. Self-healing efficiency (nheal) is defined as the strain energy density ratio of healed (Upeal) to pristine (Up) samples. (B) nneal Values of diverse
copolymer series as a function of yp, where R, is fixed to Bu and Ry is Isb, Ph, tBu, and Chx, respectively. (C) nheal Values of copolymer series as a function of y,, where Ry is
fixed to tBu and Ry is varied from Me to Eh. (D and E) nneal values of control copolymer series as a function of y, where Ry is fixed to Bu and Ry is low T4 aromatic Bz (D) and
low Ty polar He group (E), respectively. (F) Differential scanning calorimetry (DSC) curves of the Ph-Bu copolymer series. Zero and 1 of y, represent the DSC curves of Bu
and Ph homopolymer, respectively. a.u., arbitrary units. (G and H) T, of copolymer series as a function of y,. The dashed lines are the linear fits for each copolymer
series. (I) Averaged nneal Values of diverse copolymer series as a function of Ty. Peak data of nhea are located in Ty of 1° to 16°C (red-colored area). (J) Maximum fpeal
values of diverse copolymer series as a function of the difference of T, between Ry and R homopolymers (ATg). The dashed line is a guide to the eye. Error bars in (B) to
(E) and (J) denote SDs; N = 3.
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Fig. 3. Proposed self-healing mechanism. (A) Time-dependent nheal values of the copolymers with varying compositions. (B) Time-dependent npeal values of the co-
polymers with varying ATy. (C) Representative master curves of storage (G’) and loss (G”) modulus of the copolymer Isb-Eh-0.5 obtained by classical time-temperature
superposition. (D and E) 7o and 7. of the copolymer series as a function of the T4 of Ry (D) and the T, of R, (E). The yi of the copolymer series is fixed to 0.5. (F) Schematic
of constituent segments in copolymer and molecular structure of Ry-Eh-0.3 random copolymers with varying Ry segments. Black ball and stick model represents the
backbone chain of polymers. The tacticity and the location of Ry segments are same for the copolymers. Bu and Eh were considered as R, segments. (G) Calculated inter-
action energy of copolymers according to the Ry segment species. (H) The first peak value of radial distribution function (RDF) of Ry-Ry segments in copolymer series.
(I) Inverse of the calculated mean square deviation (MSD) and experimentally determined T of Ry homopolymer. Error bars in (G) to (I) denote SDs; N = 3.

(Fig. 3A). Note that when the healing temperature is increased, self-
healing is accelerated (fig. S18). For the tBu-Eh-0.7, where the ratio
of Ry segment is insufficient than the optimum composition, self-
healing occurs gradually but slow because of insufficient interchain
interactions. A slight increase in yj, to 0.75 accelerates self-healing,
where the copolymer is expected to heal completely at a certain
time, which would be more than 100 hours. When the ratio of Ry
segment is excessive than optimum composition (y, of 0.85), the

Park et al., Sci. Adv. 10, eadp0729 (2024) 10 July 2024

copolymer did not heal within 2 hours and then slowly begins to
heal because of inadequate chain mobility. Self-healing did not occur
when the Ry segment is too excessive (xp of 0.9).

When the T, of copolymer series is in the optimum range, all
copolymer series tend to heal completely, while self-healing occurs
faster when the ATy is larger (Fig. 3B). This phenomenon presents
an important implication: Since the balance between the interchain
interaction and the chain mobility is revealed by the T} of copolymers,
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the copolymers with optimum T can heal themselves, even for
pMeA homopolymer. However, the T, of each segment affects the
self-healing speed, where the required time to complete healing is
more than 20 times for tBu-Bu-0.7 (AT, = 95°C) compared to Isb-
Eh-0.55 (ATg = 177°C). That is, the role of each segment during
the healing process can be elucidated by their homopolymer T,
themselves.

To investigate the role of each segment in the copolymer series,
we conducted rheological experiments (Fig. 3, C to F). Since the
copolymers were synthesized without cross-linkers, they can be
regarded as linear entangled polymer melts (38). Three types of
relaxation time exist in the system: Kuhn segmental relaxation time
(To), entanglement relaxation time (t.), and bulk relaxation time
(Tp). Those relaxation times can be obtained from the reciprocals of
three crossovers in the frequency-dependent rheological responses
(fig. S19). The rheological responses of the copolymer series were
obtained with classical time-temperature superposition method
(Fig. 3C and figs. S20 and S21). When the yj, and Ry, were fixed to 0.5
and Et, respectively, the 7, and the 7. increased by several orders as
the Ty of Ry increased (Fig. 3D). That means that the Ry segment
restricts the movement of polymer chains, which acts as physical
interchain interactions in the networks. The higher T, of Ry seg-
ment provides higher interchain interactions in the same composi-
tion of Ry segment. When the y;, and Ry were fixed to 0.5 and Chx,
respectively, the 7, and the 7. decreased by several orders as the T
of Ry, decreased (Fig. 3E). Those tendency means that the Ry, seg-
ment plasticizes the copolymer chains. The lower T of Ry segment
provides higher chain mobility in the same composition of Ry, seg-
ment. In the above experiments, there is no consideration on the
molecular structure of functional groups; rather, we only consider
the Ty, which means that the self-healing of nonpolar polymers de-
pends on glass transition. Note that the 7}, for all copolymer series is
greater than 2700 hours (110 days), which means that the self-
healing of the copolymers does not originate from bulk relaxation.

In general, for a polymer to be self-healing, it should have a T,
lower than healing temperature, but not every polymer with a T,
below the environmental temperature is capable of self-healing (5).
Through our experiments, we presented that the high T, segment is
crucial for the self-healing. Therefore, the role of Ry segments on
the self-healing of copolymer has been studied in detail using mo-
lecular dynamics (MD) simulations (Fig. 3, F to I, figs. S22 to S26,
and see Materials and Methods and Supplementary Text for details).
We considered a series of Ry-Ry-0.3 random copolymers with vary-
ing Ry segment species at 25°C and 1 atm (Fig. 3F). The location of
Ry segments and the tacticity were kept the same for all considered
copolymers. The Bu and Eh were considered as Ry segments. The
calculated interaction energy between polymer chains, defined as an
interatomic nonbonded interaction of van der Waals and electro-
static interaction, presents that the copolymers with Ph segment
exhibit the highest interaction energy due to m-m interaction be-
tween Ph groups (Fig. 3G). Radial distribution function (RDF)
provides structural information that describes the position of the
analyzed segments relative to the reference segment. While the RDF
values of Rp-Ry segments of copolymer series remain identically
(fig. S23), those values of Ry-Ry segments were different where the
copolymers with Isb segments exhibit the highest peak value at the
first shell distance (Fig. 3H and fig. $24), indicating that the struc-
tural aggregation is more predominant in the Isb groups. These
two interchain interactions, the intermolecular interaction and the

Park et al., Sci. Adv. 10, eadp0729 (2024) 10 July 2024

structural aggregation, do not show a dependency with T, but
mutually influence the dynamics of polymer chains. The movement
of the amorphous copolymers is represented by a mean square
deviation (MSD). The inverse of calculated MSD of the copolymers,
which represents the degree of restriction of chain movement, is
consistent with the trend in the T, of copolymer, where the higher
T, presents larger movement restriction in the copolymers (Fig. 3I).
This implies that the Ry segments could function as physical inter-
actions through friction within the polymer network, akin to con-
ventional specific moieties used in designing self-healing polymers.

In the context of self-healing, the interchain interactions in poly-
mers play a crucial role to facilitate self-healing, which can serve as
a strong driving force to restore interfacial damages. The healing
process of the copolymer follows the established healing mechanism
(fig. S26 and see Supplementary Text). In the nonpolar polymer
system, the driving force of interchain interaction originates from
Ry segments. In Figs. 21 and 3A, at low y4, the lack of the interac-
tions delays self-healing, while at high yy,, the excess of the interac-
tions causes the lack of chain mobility, which delays self-healing
either. Thus, the optimum always appears at a specific composition,
and it is located within the narrow range of Ty in terms of glass
transition.

While in Figs. 2] and 3B, higher npe, at a certain healing time and
faster healing speed are observed with larger ATg. The higher T, of
the Ry segment corresponds to more effective physical interaction
sites in the polymer network, and the lower T of the Ry, segment
guarantees the amount of Ry segment for the optimum Tg. For ex-
ample, the self-healing behavior of tBu-Eh-0.8 is faster than that of
tBu-Bu-0.7 due to larger yy, while Isb-Eh-0.55 presents faster self-
healing behavior than tBu-Bu-0.7 despite smaller yp, due to stronger
interaction effect of Isb group than that of tBu group, as represented
by their homopolymer T (Fig. 3I). Since the T of copolymers and
their constituents connotes both the effect of interchain interaction
and chain mobility simultaneously, we can eventually design self-
healing polymers by T; as a unified parameter.

Existing self-healable elastomers have often shown yielding at
small stretch (24, 25) or large residual stretch and slow recovery (17,
30, 39). For example, poly(n-butyl acrylate) has very low Ty and self-
healing properties, while it shows yielding at small stretch (fig. S27).
The highly self-healable copolymers exhibit elastic properties (Fig. 4,
A and B, and movie S3), including fast recovery with small residual
stretch (A ~ 1.7) after large applied stretch A, = 7 (Fig. 4C), as well
as low Young’s modulus E, moderate tensile strength o, and large
stretchability A (fig. S28). The values of E, 6, and ) of the self-healable
copolymer series were 1 to 3 MPa, 1 to 4 MPa, and 6 to 10, respec-
tively. Among them, the elastic behaviors of the representative self-
healable copolymers (tBu-Eh-0.8, Ph-Eh-0.65, and Isb-Eh-0.55)
were investigated and compared with commercially available Bu rub-
ber (fig. S29). When the copolymer series were loaded and unloaded,
they returned to its original shape with small residual stretch and
mechanical hysteresis (Fig. 4C and fig. $29, B and C). At small A,pp,
the copolymer series act as damping elastomers with large hysteresis
(fig. S29D). While at large stretch (Aypp > 4), the copolymer series
were more elastic than Bu rubber, with smaller hysteresis and residual
stretch (fig. S29E). After first loading and unloading of the tBu-
Eh-0.8 copolymer, direct reloading showed weaker mechanical
strength. However, after 5 min from the unloading, the copolymer
recovered its tensile strength completely (Fig. 4D). Tensile stress relax-
ation curves of the copolymer and Bu rubber showed similar tendency;,
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Fig. 4. The self-healable copolymers are rubbery and nonpolar. (A and B) Photographs of the cut (A) and reassembled (B) self-healable rubbery copolymers. Scale bars, 1 cm.
(€) Tensile loading and unloading hysteresis cycle of the tBu-Eh-0.8 copolymers with varying applied stretch (A,pp). The stretch rate is 2 min~". The copolymer exhibits moderate
hysteresis even under large stretches. Although the polymer is stretched up to 7, the residual stretch is only 1.7 after unloading. (D) The copolymers are firstly loaded and unloaded
with Aapp of 7, and then one sample is reloaded immediately, while the other sample is reloaded after 5 min with the recovery of its strength. (E) Stress relaxation of the copolymer
and commercial Bu rubber. The A, is 2, measured at RT. (F) Force-distance curves of the rubber (tBu-Eh-0.8). The black line is unnotched sample, and the blue-colored lines are half-
notched samples. Fracture energy (I') is defined as the work done by unnotched sample until the critical distance of notched sample (dc), U(d.), divided by the width (w,) and the
thickness (t,) of unnotched sample. (G) Fracture energy of the representative nonpolar self-healable rubber series. Error bars denote SDs; N = 3. (H) Dielectric constant ¢, of the
copolymer series as a function of frequency. Inset shows a schematic of the dielectric spectra measurement. (I) Stress-stretch curves of the copolymers healed in aqueous environ-
ment. The samples were cut in water or saline (35 per mil of NaCl solution) and then attached and healed in water or saline for 24 hours at RT. Inset shows photograph image of
water microdroplet on the tBu-Eh-0.8 copolymer. The average water contact angle (C.A.) is 103.2° with the SD of 1.7°.
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where the copolymer preserved relative stress more than Bu rubber
for 80,000 s (Fig. 4E and fig. S30). The residual stretch was less than
0.04 after released from applied stretch of A,y = 2 (fig. S31). The
fracture energy of the copolymer series is 13 to 25 kJ m™* (Fig. 4, F
and G, and fig. S32), comparable to that of natural rubbers (40).

The self-healing copolymer series are nonpolar, as expected from
their nonpolar parents comprising hydrocarbon functional groups.
The dielectric constant €, of the copolymers is from 3 to 3.3 at 1 kHz
(Fig. 4H), and the dielectric loss (or loss tangent) &"/e’ of them is
below 0.1 to 0.02 (fig. S33). The following feature is hydrophobicity,
where the copolymer is self-healable under aqueous environment
(Fig. 4I). Other features of the copolymers include transparency
(fig. S34) and air stability from the absence of volatile or hygroscop-
ic compounds (fig. S35).

DISCUSSION

The proposed copolymer design has shown a Tg-dependent self-
healing behavior, where it presents as an analogous way to the exist-
ing designs for self-healing polymers. Although the microscopic
behavior of self-healing in polymers is complicated, we can design
the self-healable copolymers by simply regulating a macroscopic
property: the glass transition. The nonpolarity of the copolymers re-
veals the self-healing tendency, where the self-healing does not rely
on specific molecular interactions. Further, the attempt to graft glass
transition onto self-healing would expand the design scope of poly-
mer science and engineering. The simplicity of the design parameter
and synthetic method may be useful for materials engineers to grant
self-healability to diverse polymer types with desired features. Po-
tential applications include the design of encapsulation materials
for stretchable electronics, dielectric elastomers for actuators and
sensors, polymer electrolytes, or commercial rubbers.

MATERIALS AND METHODS

Materials

All monomers used in this work were purchased from Sigma-
Aldrich and TCI Chemicals. A photoinitiator [2-hydroxy-2-methyl
propiophenone (HMPP)] was purchased from TCI Chemicals. All
chemicals were used as received.

Copolymer synthesis

Monomers of desired combinations and compositions were mixed
with 0.1 vol % of HMPP photoinitiator. As a typical example, for the
copolymer of tBu-Eh-0.8, 2.92 ml of tBu acrylate, 1.04 ml of Eh
acrylate, and 4 pl of HMPP were mixed using magnetic stirrer. After
nitrogen gas bubbling for 5 min, the precursor solution was injected
to customized molds, consisting of two Teflon-taped glass slides
with 400-pm-thick stacked polyethylene terephthalate (PET) film
spacer. Then, the polymerization was carried out under 365-nm UV
irradiation (CL-1000L, UVP) for 12 hours. After that, the upper
glass was removed, and the copolymer film was heated on hot plate
at 90°C for 3 hours to remove unreacted monomers. The other
copolymer films were fabricated with the same procedure, with
varying their combination and composition.

Molecular weight measurement
The number-average molecular weight M,,, weight-average molecular
weight M,,, and polydispersity index of the representative copolymer
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series were determined by gel permeation chromatography (Young
Lin YL9100 high-performance liquid chromatography system) cou-
pled with a refractive index detector (Young Lin YL9170 RI detector)
and three columns. Tetrahydrofuran (Samchun Chemicals, high-
performance liquid chromatography, stabilized, >99.9%) was used as
the eluent at 35°C with a flow rate of 0.7 ml min~". Polymethylmeth-
acrylate standards were used for calibration.

Mechanical and self-healing tests

For the tensile tests, the fabricated copolymer films were cut into
5 mm by 20 mm by 0.4 mm (width X length X thickness). The co-
polymer films were then mounted into the holding grips of a univer-
sal testing machine (Instron 3343) with a 50-N load cell. The gauge
length of all specimen was fixed to 10 mm. Stretch rate was kept
constant at 5 min~' unless specified. All mechanical tests were per-
formed at RT (25°C).

For the self-healing tests, the middle part of copolymer films was
cut by razor blade, reattached within 1 min, and healed for 24 hours at
RT, unless specified. The tensile stress-stretch measurements were
performed for the healed copolymer films, under the same condition
with undamaged specimens. The self-healing efficiency npe, was
defined as the stretch energy density (under area of stress-stretch
curves) ratio of healed (Upea) to undamaged (Up) specimens (Fig. 2A).

The tensile loading-unloading of copolymer films were conducted
with the universal testing machine, with varying applied stretch
Aapp- The stretch rate was 2 min~". Fracture test specimens were pre-
pared by half-notched in the middle point of the specimens, and
fracture energy I is defined as the work done by unnotched sample
until the critical distance d. of notched sample, U(d,), divided by the
width wy and the thickness £, of the unnotched sample. The stretch
rate was 5 min~".,

Differential scanning calorimetry measurement

To define the glass transition temperature (T,) of the copolymer
films, the differential scanning calorimetry (DSC) experiments
(Discovery DSC, TA Instruments) were conducted. The sample of
5 to 10 mg was placed in a nonhermetic pan, and an empty pan was
used as a reference. All of the samples were heated from —80° to
80°C with 10°C min~", wherein the thermal transitions for the heat-
ing cycle were recorded. The T, was determined by the inflection
point of the heat capacity in the cycle. The Ty of homopolymer was
also measured with the same measurement procedure. Note that
poly(2-ethylhexyl acrylate) did not show clear inflection point in the
lower limit temperature of the instrument (—80°C); we cited its T
value (—80°C) reported in the literature (41).

MD simulations

MD simulations were conducted using COMPASS II force field
equipped in Forcite module in Materials Studio software (BIOVIA
Inc.). The atactic copolymers with thirty monomers were generated
according to the monomer combination and composition. The 20
chains of copolymers were randomly packed in a box at an initial
density of 0.7 g cm . The generated model system was geometrically
optimized and equilibrated through MD simulation with NPT en-
semble (i.e., isobaric-isothermal) at 298 K and 1 atm for 300 ps using
Nose thermoset and Berendsen barostat. For the production step,
MD simulation was conducted for 100 ps using NPT ensemble. The
time step for all MD simulation set to 1 fs. The interaction energy is
calculated by difference between the energy of total system and the
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sum of energies of separated polymer chain systems. The MSD have
been calculated on the basis of Eq. 1

Npp
_ 1 () 2
MSD = 2 21 |%,() — x,0) | (1)

where Ny, is a number of total chain and x;(t) is the center of mass
of backbone atom of ith polymer chain and end group at time ¢.
RDE, g(r), has been calculated on the basis of Eq. 2

1 221 Zil AN{(r—>r+5,) (2)
g = p4nr? NK

where p is the number density, K is the number of time step, N is
the total number of atom, and AN; is the number of considered
particle between r and r + &,. The simulation was independently
conducted three times with different conformation (fig. $22). Un-
less otherwise stated, the simulations were conducted with afore-
mentioned conditions.

Calculation of the T of random copolymers

by MD simulation

To calculate the T, of the random copolymer series, 20 chains of
random copolymer were randomly arranged, and then the geome-
try was optimized and equilibrated at a sufficient high temperature
and 1 atm using the NPT ensemble for 200 ps. The equilibrated tem-
perature is varied according to the species. The equilibrated struc-
ture was cooled down with the temperature interval of 15 K for 150 ps.
The MSD of last 50 ps was averaged and reported as a MSD at each
temperature. The MSD was plotted according to the temperature
and linear-fitted into two lines grouping the points with similar
slope. The T of copolymer was calculated as the temperature of the
cross-point of two fitted line (fig. S25).

Microcrack MD simulations

Initially, the 40 chains of tBu-Eh-0.8 random copolymers were equili-
brated at 298 K and 1 atm for 200 ps. The length of the simulation box
along x axis was elongated to 200 A and equilibrated under 298 K for
100 ps. The microcracks were generated by splitting the polymer chains
in half (i.e., 20 each) along the x axis and separating them by crack size,
L—15, 7, and 2 A. Each of five carbon atoms of different polymers lo-
cated on the leftmost and rightmost surfaces was fixed. The polymer
chains that interact with those at the opposite side of crack were defined
as interfacial chains. After geometrically optimization step, the simula-
tion was conducted under constant temperature of 298 K using the
NVT ensemble (i.e., isochoric-isothermal) for 400 ps. The pristine state
was obtained by conducting simulation under same condition without
initial crack to obtain sufficiently randomized structure. The interaction
energy of the system was defined as a nonbonded interatomic interac-
tion of van der Waals and electrostatic interaction and calculated ac-
cording to the simulation time. The first peak value of RDF between
tBu-tBu was calculated to investigate the extent of chain diffusion and
randomization of polymer chains. The obtained properties of the pris-
tine state are the average of the last 100 ps of the simulation.

Dielectric spectra measurement

To measure the polarity of copolymers, dielectric constant measure-
ment was performed using LCR meter (E4980A precision LCR meter,
Agilent Technologies), equipped with accessories of dielectric test
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fixture and software (16451B and N1500A). The specimens were
located within two parallel metal plates of the fixtures and gently
contacted. Dielectric constant €, and dielectric loss €”/¢’ of the

copolymers were obtained by frequency sweeps from 200 Hz to
1 MHz at RT.

Hydrophobicity measurement

To verify the hydrophobicity of the copolymers, the contact angle
between 5-pl droplet of deionized water and the specimen was mea-
sured using a contact angle analyzer (FEMTOFAB, Smart Drop) at
RT. To verify water effect on mechanical and self-healing properties
of the copolymers, the samples were firstly immersed in water or
saline (3.5 wt % of sodium chloride solution and artificial seawater).
After 30 min, the middle point of specimens was cut, attached with-
in 1 min, and then healed in water or saline for 24 hours at RT. Then,
the samples underwent tensile stress-stretch measurements.

Transmittance measurement

Transmittance of the copolymer films (thickness of 400 pm) in the
range of 300 to 800 nm was obtained by a UV-visible spectrometer
(Cary 60 UV-Vis, Agilent Technologies).

Rheological properties measurement

Tensile stress relaxation tests were performed by the universal test-
ing machine. The specimens with 30 mm by 10 mm by 0.4 mm
(width X length X thickness; 5 mm of gauge length) were mounted on
clamps and subjected to stretch two times of its original length dur-
ing 1 min. Then, the specimens were hold at the stretch for 80,000 s.
The obtained stress-time curves were fitted to Zener model, where
the obtained parameters are shown in fig. $30. For the comparison,
commercial Bu rubbers (pieces of Bu gloves, IN-G800B, iNexus
Inc.) were subjected to same stress relaxation tests.

The viscoelastic response of the copolymers was determined by
using DHR-2 (TA Instruments). Rheological frequency sweeps,
from 0.1 to 100 rad s~ with 0.1% applied shear strain in parallel
plate geometry, were performed over a wide range of temperature
from 0° to 125°C. The copolymer samples were cut to disc-shape
specimens with a thickness of ~400 pm and a diameter of 20 mm.
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