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SUMMARY

Hierarchical multiphase fibrous morphologies provide strength and elasticity
for biological species, facilitating responses to environmental changes. Wound
closure of leaves is one example. If polymers can be formed in a similar manner
by introducing multiphase-separated morphologies, self-healing in a variety of
commodity materials can be achieved. In these studies, we demonstrate the role
of phase morphologies, interphases, and viscoelasticity-driven shape memory
effects on self-healing. We synthesized phase-separated polycaprolactone-
polyurethane fibrous thermoplastic polymers in which microphase separation
facilitates the formation of stable interfacial regions between hard and soft seg-
ments. Self-healing can be repeated many times. This behavior is attributed to
the shape memory effect, given that micron-scale interphase reduces chain slip-
page, enabling entropic energy storage during damage. Chemically identical
but nanophase-separated copolymers do not exhibit this behavior. These
studies show that self-healing can be achieved by morphology control and facil-
itated by thermal or other volume-induced transitions.

INTRODUCTION

Biological species are able to self-repair repeatedly and autonomously on multiple
scale lengths, from DNA macromolecules to larger organs, such as veins, soft
or hard tissues, and muscles. Over the last couple of decades, numerous studies
have focused on mimicking biological systems to develop self-healing materials.
The main motivation behind these efforts is to prolong the lifespan while retaining
desired functions of man-made materials. Recent advances in materials capable of
self-healing can be classified by a handful of approaches: (1) embedding reactive
encapsulated fluids that burst open upon crack propagation to fill and repair
damaged areas,'? (2) incorporating reversible covalent and non-covalent bonds
into existing structures capable of rebonding after damage,®'® (3) physically
dispersing superparamagnetic or other nanomaterials that remotely respond to
magnetic, electromagnetic, or other energy sources,'”'® and (4) embedding living
organisms capable of re-mending damaged structural features.'”?° Although
these inherently different chemical and physical approaches significantly advanced
our understanding of synthetic self-healing materials, biological systems are
capable of on-demand self-healing with an incredible degree of efficiency. One
example is healing upon mechanical damage of the Delosperma cooperi leaves
shown in Figure 1A, where wounds can be closed within 60 min by tissue bending
or contraction. This response is believed to be due to stored elastic stress built-
in within the heterogeneous structure during growth.?’ When the equilibrium
is disturbed by mechanical damage the energy will be released, causing
viscoelastic shape transformation, bringing the wound edges into contact to
heal. Similarly, in mammals, microstructural heterogeneity in cancellous bones is
responsible for enhanced shape recovery upon mechanical deformations.?
Achieving similar functions in real-world polymer-based materials is challenging
to say the least.”

The Bigger Picture
Developments of self-healing
polymers are primarily driven by
the desire to prolong materials’
lifetime while maintaining their
functions. Significant synthetic
efforts have been made over the
last two decades via the
incorporation of dynamic bonds
capable of reversible breaking
and reforming. However, the role
of physical network design in
achieving self-healing properties
in commodity polymers remains
unclear.

Inspired by the self-healing
behavior of leaves, we built self-
healing into polycaprolactone-
polyurethane fibers by controlling
morphological features.
Favorable viscoelastic properties
originating from interphase
features facilitate shape memory
effects and lead to autonomous
damage closure and subsequent
self-healing. The creation of
morphology-controlled dynamic
polymers can be utilized in
numerous applications ranging
from soft robotics to molecular
actuators or morphology-induced
information storage to
thermomechanical sensing and
other devices.
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Figure 1. Self-Healing Polycaprolactone-Polyurethane Fibers Inspired by Leaves of Plants
Figure@GOD For a Figure360 author presentation of Figure 1, see http//dx.doi:10.1016/j.chempr.2018.06.

001#mmc2.

(A) Succulent plant Delosperma cooperi (left) and a leaf showing a healed injury (right, arrow in

circled area). Image reprinted from Speck et al.”’ © 2018 Speck et al.; licensee Beilstein-Institut

under CC BY 4.0.

(B) Chemical composition of thermoplastic polycaprolactone-polyurethane (PURP) fibers.

(C) Self-healing of PURP fibers upon making a 100-pm deep cut.

Inspired by the role of heterogeneous morphologies in biological systems with built-
in stresses, this study explores the role of deliberately introduced phase-separated
morphologies that enable energy storage during mechanical damage and visco-
elastic shape recovery attributed to built-in shape memory effect (SME) leading to
self-healing. Although intuitively SME may potentially contribute to the self-healing
of polymers, molecular-level relationships between these events are not obvious
and have not been addressed. The early approaches focused on practical applica-
tions to improve the self-healing performance of composites by embedding pre-
stretched shape memory alloy wires.?* As the fields of self-healing?® and shape
memory polymers®©=??
emerged.*”¢ Although practical applications are promising, limited molecular-

evolved independently, shape-memory-assisted self-healing

level mechanisms that would correlate SMEs with damage closure were identified.
This study aims to explore how SMEs can facilitate microscale damage closure
and identify the role of polymer heterogeneities, if any, in self-healing.

RESULTS AND DISCUSSION

To develop heterogeneities of desirable sizes, we prepared a polymer consisting of
well-defined thermoplastic polyurethane copolymerized from polycaprolactone diol
(PCL-diol), 1,4-butanediol (BDO), hydroxyl modified spiropyran (SP), and hexamethy-
lene diisocyanate (HDI) drawn into fibers from solution during polymerization (PURP,
where PUR stands for polyurethane and P represents that the fibers are produced Department of Materials Science and

by cold drawing during polymerization). Whereas polymerization methods are pro- ~ Engineering, Center for Optical Materials Science

X . . . X Engineering Technologies (COMSET), Clemson
vided in Supplemental Experimental Procedures, Scheme S1, and Figure S1, Figure 1B Un%ersity, %Iemson, S% 292341 USA )

illustrates PURP copolymer structure. The choice of this copolymer was dictated by the 2Department of Chemistry, Clemson University,
ability of PCL to recrystallize after melting at 65°C and achieve controlled phase-sepa- Clemson, SC 29634, USA

rated morphologies by copolymerizing with BDO and HDI components. As a visual co- 3Lead Contact

lor change indicator of mechanical damage, well-known SP mechanophores were co- *Correspondence: mareku@clemson.edu

polymerized into the polymer backbone.?” Optical images shown in Figure 1C https://doi.org/10.1016/j.chempr.2018.06.001
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Figure 2. Phase Morphology of PURP Polymers Showing Micron-Scale Phase Separation along with Gradient Interphase
For a Figure360 author presentation of Figure 2, see http//dx.doi:10.1016/j.chempr.2018.06.001#mmc2.

(A-1) Schematic representation of PURP cross-section of a 200-um thick fiber.

(»)

Atzag 1 (Aq724 Agggs) (%)

(A-2) IR images of the 1,685 cm ™' (a-d) and 1,724 cm~" (a’-d’) bands due to PUR and PCL C=0 vibrations, respectively, collected from the cross-sections

1-4 marked as the squares in (A-1) for PURP fiber.

(A-3) Corresponding IR spectra recorded from PUR-rich (blue in a’~d’) and PCL-rich (red in a’-d’) domains indicated by the black arrows. The red arrow
indicates that the amide Il band shifted from 1,535 cm ™' for the PUR-rich doamin to 1,530 cm ™' for the PCL-rich domain.

(B-1) IR image of the 1,685 cm ™! band enlarged on a PUR-rich domain (marked by the square in A-2a).

(B-2) IR spectra of carbonyl regions, where traces 0-5 were collected from the corresponding areas shown in (B-1) marked by 0-5, respectively.
(B-3) Percentage of the 1,724 cm " (ester C=0) and 1,685 cm ™ (urethane C=0) band areas (A1724 and A;4g5) within 1,780-1,640 cm ™' region plotted as a
function of the distance from the center of PUR-rich domain shown in (B-1) (0-9 um). The percentage is calculated on the basis of integrated areas of the

deconvoluted bands.

illustrate that when a PURP fiber is damaged, a 100-um-deep cut vanishes within
10 min upon exposure slightly above melting transition of PCL (T, = 65°C).

Figure 2A-1 shows four 100-pum-thick cross-sections of PURP fibers. As seen, each
sliced cross-section exhibits micron-size phase separation demonstrated by infrared
(IR) images of urethane groups shown in Figure 2A-2, a-d. The micron-size PUR-rich
domains (red) are formed within a PUR-deficient matrix (blue). The corresponding
PCL distribution is detected upon tuning to the PCL ester linkages (Figure 2A-2,
a’-d’), where the PCL segments are mainly distributed within the matrix (red and yel-
low regions). Similar morphologies are detected along the longitudinal direction of
individual fibers. Chemical analysis of PUR- and PCL-rich domains shown in Fig-
ure 2A-3 illustrates the carbonyl and amide Il band intensity differences of the two
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domains. Another feature shown in Figures 2B-1 and 2B-2 is a gradual decrease of
the urethane content (1,685 cm™") when going from the center of PUR-rich domain
outward toward the PCL-rich domain in 1-pm increments (0 = 5). Figure 2B-3 plots
relative intensities of urethane and ester C=0O groups as a function of the distance
from the PUR-rich center. These results show the presence of micron-scale inter-
phase between the two domains. The phase separation is also confirmed by differ-
ential scanning calorimetry measurements with two melting transitions (T,,) at 51°C
and 168°C due to PCL- and PUR-rich domains, respectively (Figure S2).

To achieve nanoscale phase separation, we applied a melt-drawn process to chemically
identical polymers (Scheme S1). Designated as PURM (where PUR stands for polyure-
thane and M stands for the melt-drawing method), nanoscale phase separation
becomes indistinguishable in IR imaging (Figure S3; IR imaging spatial resolution
~1 um), but the presence of two melting points (T,) at 51°C and 162°C (Figure S2) along
with atomic force microscopy phase images (Figure S3) indicate nanoscale phase sepa-
ration. Although a 6°C lower T, signifies smaller-size crystals of the hard segments, in
contrast to microphase-separated PURPs, nanoscale phase-separated PURM fibers
virtually do not self-heal within the same time frame. As seen in Figure 3A-1, a cut in
the microphase-separated PURP (t = 0 min) closes within 10 min. After damage, tensile
strain and stress at break plotted as a function of healing time shown in Figure 3A-2 illus-
trate that compared with the undamaged state with the strain of 1,015% and stress at
29.2 MPa, upon self-healing, 35.8% and 52.5% of the original strain and stress is recov-
ered within first 10 min, to reach 82.6% and 87.0% after 120 min. Parallel experiments
conducted on nanophase-separated PURM fibers are shown in Figures 3B-1 and 3B-2.
The ultimate strain and stress of undamaged PURM are 1,090% and 34.3 MPa, respec-
tively, and after 120 min the recovery reaches only ~48% of the original strain and ~51%
of the original tenacity (note that these values for tensile stress and strain at break repre-
sent an average of six measurements [for standard deviation, see Table S1]; the plots
shown in Figures 3A-2 and 3B-2 represent an example of one measurement). Notably,
at the healing temperature, PURP and PURM maintain elasticity within the rubbery
plateau regions (dynamic mechanical analysis [DMA]; Figure S4).

Since the microphase-separated PURPs exhibit ~35% higher self-healing efficiency,
the question is why chemically identical polymers with the same molecular weight,
but different domain sizes and degrees of heterogeneity, exhibit entirely different
self-healing characteristics. Considering viscoelastic and recently quantified entropic
contributions to SME in synthetic polymers,®® thermomechanical shape memory cy-
cles (SMCs) were conducted in which a “cold” programming cycle was employed to
determine the SME on self-healing under the same conditions. As shown in Figure 3C,
microphase-separated (PURP) and nanophase-separated (PURM) fibers were uniax-
ially deformed to 200% strain (gmax) at room temperature (23°C), which is below their
melting transitions, and ata strain rate of 100%/min. Upon load removal, microphase-
separated (PURP) and nanophase-separated (PURM) fibers contracted to 126% and
147% strains (e, respectively, with fixity ratios (R ¢f/emax) of 63.0% and 73.5%,
respectively. When the temperature was increased to 65°C, shape recovery was initi-
ated, and the residual strains detected after recovery (¢,) were 43% and 85%, respec-
tively. At the same time, the shape recovery ratios (R, = (émax — &)/ €max) Were 78.5%
and 57.5%, respectively. These bulk measurements clearly suggest a relationship
between the degree of phase separation and shape recovery. For comparison, stan-
dard thermomechanical SMCs of PURP and PURM are provided in Figure S5.

To identify molecular processes responsible for SME, we conducted X-ray diffraction
(XRD) and Fourier transform IR analysis. Figure 3Di plots the percentage of
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Figure 3. Self-Healing and Shape Memory Properties of PURP and PURM Fibers
(A-1) Optical images of self-healable microphase-separated PURP fibers.
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(A-2) Tensile stress and strain at break are plotted as a function of self-healing time for PURP fibers. The dimensions of the scratch are 8 x 50 pm (width x

depth), and self-healing was conducted at 65°C.
(B-1) Optical images of self-healing for nano-phase-separated (PURM) fibers.

(B-2) tensile stress and strain at break are plotted as a function of self-healing time for PURM fibers. The dimensions of the scratch are 8 X 50 pm (width x

depth), and self-healing was conducted at 65°C.
(C) Thermomechanical SMCs of PURP and PURM polymers.

(D) The degree of crystallinity in deformed (i) and shape-recovered (ii) states for six consecutive SMCs; x._ris the percentage of crystallinity at unload

strain, and x._, is the same after shape recovery.

crystallinity (xo) for microphase- and nanophase-separated fibers at unload strain (&)
for six consecutive SMCs (% x4 (XRD reference data are provided in Figure S6). The
strain-induced crystallinity increases by ~30% after the first SMC, but for the remain-
ing cycles only a slight %x._rincrease for microphase-separated fiber is detected. In
contrast, the %x._f in nanophase-separated fiber initially increases and then de-
creases after first four cycles and levels off. The percentage of crystallinity after
shape recovery (% x._.) plotted in Figure 3Dii shows ~8% increase after the first
SMC for microphase-separated (PURP) and nanophase-separated (PURM) fibers,
which is attributed to the residual strain (Figure 3C). After six SMCs, % x._s and
% Xc—r values are lower in PURM than in PURP. Our hypothesis for this behavior is
that chain slippage of urethane segments from PUR-rich to PCL-rich domains occurs
during deformation of PURM, thus inhibiting PCL chain packing. On the contrary, the
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Figure 4. 2D-FTIR Analysis Identifying Molecular Events during Self-Healing and Shape Memory Cycles

Asynchronous 2D-FTIR correlation spectra of (A-1) PURP before and after self-healing, (A-2) PURP before and after the first SMC, (B-1) PURM before and
after self-healing, and (B-2) PURM before and after the first SMC zoomed in to the 1,555-1,510 cm ™' range. The 2D-FTIR spectra were calculated with no
reference and provide information on the bands’ relative intensity changes. vi corresponds to the IR spectra of the original material before damage or
deformation, and v, corresponds to spectra collected after perturbation such as self-healing or SMC. Schematic illustrations of molecular events in
micro- and nanophase-separated PURP and PURM copolymers upon self-healing are shown in (A-3) and (B-3), respectively.

distribution of PUR-rich and PCL-rich domains in microphase-separated PURP re-
mains less disturbed. These conclusions are also supported by IR imaging analysis
of microphase-separated PURP cross-sections after deformation (at unloading
strain) as well as after the SMCs (Figure S7). The microscale phase-separated inter-
facial regions may act as stable junction points inhibiting chain slippage during me-
chanical deformation.

To examine this hypothesis and further substantiate whether the same phenomenon
governs SME and self-healing, we utilized 2D-FTIR correlation spectroscopy. Figures
4A-1 and 4B-1 show the results of asynchronous 2D-FTIR correlation of molecular vi-
brations that are affected by the damage-repair cycle in microphase- and nano-
phase-separated copolymers, respectively. For microphase separate PURPs, two
antisymmetric crosspeaks along the diagonal lines are detected, indicating two
types of H bonding: urethane-urethane (1,536 ecm™") and urethane-ester (PCL)
(1,521 cm™"). Detailed 2D-FTIR analysis is provided in the Supplemental Experi-
mental Procedures and Figures S8-512. The presence of the positive crosspeak (Fig-
ure 4A-1) after self-healing is attributed to the increased urethane-urethane
H bonding with respect to urethane-ester counterpart. In contrast, an opposite
trend is observed for PURM. The negative intensity shown in Figure 4B-1 after the
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damage-repair cycle indicates the decrease of urethane-urethane H bonding with
respect to the urethane-ester. If the damage-repair cycle is attributed to the SME,
the same spectroscopic responses are expected after the first SMC. Indeed, Figures
4A-2 and 4B-2 illustrate asynchronous 2D-FTIR correlation before and after one SMC
and clearly show that the same responses are detected for PURP and PURM. Thus, a
micron-scale damage-repair cycle and macroscopic shape memory recovery are
governed by the same molecular events: the increase of urethane-urethane
H bonding in microphase-separated PURP copolymers and further phase separation
at the healing temperatures as the two phases are immiscible. On the other hand,
the increase of urethane-ester interactions in nanophase-separated PURM indicates
that PUR blocks are partially dispersed in PCL-rich domains after SMC and self-heal-
ing, thus indicating that nanosize hard-segment crystals resulting from urethane-ure-
thane Hbonding dissociate during deformation. Further support for the dissociation
of H bonding as well as the % x. decrease after mechanical damage for microphase-
and nanophase-separated fibers is provided in Figures S12-514. The analysis of
junction densities due to hard segments and chain entanglements after the first
shape memory cycle shows that for microphase-separated PURP, there is virtually
no change (0.68-0.65 kmol/m?, corresponding to the molecular weight between
junction points from 1.68 to 1.75 kDa). In contrast, the junction density in nano-
phase-separated PURM is reduced over 3-fold from 1.8 to 0.46 kmol/m?, also re-
flected in the increase of the molecular weight between the junction points from
0.63 to 2.5 kDa (determined from the rubbery plateau moduli of DMA curves; Fig-
ure S4). These results along with 2D FTIR and XRD provide further evidence that mi-
crophase-separated PUR-rich domains along with gradually changing PUR-to-PCL
microscale interphase have a stabilizing effect by reducing the degree of chain slip-
page during thermomechanical SMC, thus allowing entropic energy storage during
damage, which is responsible for shape recovery. On the other hand, plastic defor-
mations associated with the dissociations of hard-segment crystalline domains lead
to lower shape recovery ratios in nanoscale phase-separated PURMs.

On the basis of these results, the following mechanism of wound closure is pro-
posed. For a microphase-separated system (Figure 4A-3), a PUR-rich domain and
the microscale interphase inhibits PUR blocks from disengagement under mechan-
ical forces. As a result, PCL-rich domains are able to store entropic energy, whereby
the crystalline blocks unfold and low Ty amorphous segments elongate, thus
reducing entropy. However, when temperature is raised and the chains in the
PCL-rich domain gain sufficient mobility, they return to the randomized state to
maximize entropy. The stored energy is released and shape recovery occurs, which
is responsible for damage closure in microphase-separated polymers. This is sche-
matically depicted in Figure 4A-3. During this process, localized chain diffusion,
recrystallization of PCL chains, and reformation of H bonds localized within the
damaged interface occur, resulting in self-healing. On the contrary, for nano-
phase-separated copolymers depicted in Figure 4B-3, the disengagement of PUR
blocks from PUR-rich domains and slippage into a PCL-rich phase upon mechanical
deformation leads to energy dissipation during deformation. As a result, shape re-
covery and wound closure do not occur to the same extent. Thus, built-in control-
lable heterogeneities at different physical length scales of chemically identical com-
ponents may facilitate entropy storage that leads to self-healing via SME. Additional
evidence that the role of heterogeneities in self-healing is demonstrated by varying
the PUR-rich domain sizes in microphase PURPs by changing the content of PUR hard
segments (Table ST and Figure S15), which compromises self-healing efficiency.
Reversible color changes during the damage-repair cycle can be induced as a result
of the presence of spiropyran incorporated into the polymer backbone (Figure S16).
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Conclusion

In summary, felicitous heterogeneities intentionally induced in polymers enable
elastic energy storage during damage, which can be recovered during self-heal-
ing. These studies identified the relationship between the SMEs and self-healing
in microphase-separated polymers whereby the ability of polymer networks to
minimize plastic deformation and store entropic energy during deformation is
responsible for shape recovery, thus facilitating damage closure. The presence
of phase-separated microdomains with stabilizing interfacial regions serve as an
energy reservoir, facilitating polymer recovery upon mechanical damage without
elaborate chemical modifications. The damage-repair cycle can be repeated
many times while retaining mechanical properties, thus enhancing the material’s
sustainability. Although it is well known that embedding rigid nano-objects usu-
ally enhances physical properties, introducing stabile interfacial regions facili-
tating energy storage during mechanical damage offers alternative approaches
for the development of self-healable commodity polymers without chemical
modification.

EXPERIMENTAL PROCEDURES

Detailed synthesis and characterization procedures are provided in the Supple-
mental Information.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures, 16 fig-
ures, 1 table, and 1 scheme and can be found with this article online at https://doi.
org/10.1016/j.chempr.2018.06.001.
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