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ABSTRACT: A new self-healing multiphase polymer is
developed in which a pervasive network of dynamic
metal—ligand (zinc—imidazole) interactions are pro-
grammed in the soft matrix of a hard/soft two-phase
brush copolymer system. The mechanical and dynamic
properties of the materials can be tuned by varying a
number of molecular parameters (e.g., backbone/brush
degree of polymerization and brush density) as well as the
ligand/metal ratio. Following mechanical damage, these
thermoplastic elastomers show excellent self-healing ability
under ambient conditions without any intervention.

Self—healing materials are under intense development
recently because self-healing ability would improve the
safety, lifetime, energy efficiency, and environmental impact of
manmade materials. Several self-healing strategies have been
reported for polymer systems, such as the incorporation of
healing agents"” and the use of reversible and irreversible
covalent bonds®™> as well as dynamic noncovalent bonding
interactions as the healing motifs.**° Metal-ligand (M—-L)
complexes are promising candidates as dynamic healing motifs
because the thermodynamic and kinetic parameters of M—L
complexes are tunable over a broad range, which could
potentially yield materials with highly tunable mechanical
properties.“’12 Furthermore, M—L interactions are less
sensitive to moisture than hydrogen bonds, which should be
advantageous for practical applications. Several self-healing gels
and solid materials have been reported by using reversible
metal—ligand interactions.”>™'® For self-healing solid materials,
the most commonly utilized M—L systems involve multidentate
nitrogen-based aromatic ligands, such as terpyridines.'>"¢
These systems have relatively high M—L association constants
and tend to phase separate with the M—L complexes residing in
hard glassy or crystalline domains. Because of the high
association constants and the fact that the M—L complexes
either form ionic clusters or reside in the hard, nondynamic
domains, external energy such as heat'® or light15 must be
required to reversibly dissociate the M—L complexes to induce
self-healing.

To realize a spontaneous self-healing M—L polymer, we
decided to choose a highly dynamic M—L interaction, Zn*"—
imidazole, as the healing motif. Compared to the previously
utilized multidentate ligands, imidazole has a relatively small
binding constant to metal ions, and its M—L complexes have
fast exchange kinetics."” In particular, Zn**—imidazole inter-
actions are ubiquitous in biological systems, where the ligand
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exchange is known to have fast dynamics.”® In addition, to
combine good mechanical properties with spontaneous self-
healing capability under ambient conditions, we designed a
microphase-separated soft/hard two-phase polymer system
with the M—L complexes strategically embedded in the soft
matrix having low glass transition temperature (T,) (Figure 1).
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Figure 1. Design concept for the multiphasic spontaneous self-healing
materials using metal—ligand interaction as the dynamic motif.

Following our previous design of a spontaneous self-healing
hydrogen-bonding polymer,”’ we chose a brush polymer
architecture to demonstrate our two-phase, M—L system for
self-healing under ambient conditions. Specifically, a glassy
polystyrene (PS) was used as the backbone, from which
multiple imidazole-containing brushes were grown. The
addition of Zn** salts to the brush polymer solution induced
complexation with the imidazole moieties. Upon drying, the
system microphase separated into two phases with the hard PS
domain contributing to the stiffness and modulus of the
resulting material. Importantly, the dynamic Zn*'—imidazole
complexes reside in the soft matrix (Figure 1). With a
combination of fast ligand exchange kinetics for Zn**—
imidazole complex and the dynamics of the soft polymer
matrix, we envision that this system can self-heal in the solid
state with minimal intervention.

The synthesis of the imidazole-containing brush polymers,
ICPs, is described in Scheme 1. The imidazole-containing
acrylate monomer, IMZa (2), was synthesized via Michael
addition of imidazole to 1,4-butanediol diacrylate (Scheme 1a).
The spacer between the imidazole ring and the acrylate moiety
is necessary for lowering the glass transition temperature and
enhancing the dynamics of the ligands in the soft polymer
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Scheme 1. Synthesis of the Imidazole-Containing Monomer
and Brush Copolymers”
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“(a) Synthesis of imidazole acrylate monomer, IMZa (2). (b)
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Synthesis of ICPs. Styrene was first copolymerized with 4-vinylbenzyl
chloride via free-radical polymerization, followed by post-functional-
ization of benzyl chloride to form macro-CTAs. ICPs were synthesized
by growing copolymer brushes of BA and IMZa using RAFT
controlled radical polymerization technique.
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matrix (T of copolymer ~ —38 °C) before the addition of
metal (Supportlng Information, Figure S11).

Reversible addition—fragmentation chain transfer polymer-
ization (RAFT) was chosen to synthesize our brush
copolymers.”” The PS macro-chain transfer agent (macro-
CTA) was synthesized by free radical copolymerization of
styrene and varied amount of 4-vinylbenzyl chloride to obtain
PS backbone with controlled amount of benzyl chloride
incorporation (Scheme 1b). This polymer was further
functionalized by treating with in situ generated potassium
ethyl trithiocarbonate salt to introduce RAFT chain transfer
sites.”> Two PS macro-CTAs were synthesized with the PS
backbone of ~140 repeating units and the density of the RAFT
chain transfer group of 5% and 10%, respectively. These macro-
CTAs were subsequently used to initiate RAFT copolymeriza-
tion of n-butyl acrylate (BA) and the custom-made monomer,
IMZa (2), to grow multiple brushes from the PS backbone.
The brush degree of polymerization was controlled at ~180
repeating units and the imidazole mole percent at 25% and
35%, respectively. To avoid the complication of hydrogen
bonding in self-healing studies, we decided to use the N-
substituted imidazole and BA to form our ICPs. For
comparison, two control polymers were also synthesized:
Control-1 is a brush polymer without any imidazole (i.e., only
BA homopolymer on the brushes). Control-2 does not have
the brush architecture; instead, it is a linear copolymer of BA
and IMZa. The composition of all ICPs and control samples
are summarized in Table 1. The synthesis and full character-
izations of both the monomer 2 and all polymers are detailed in
the Supporting Information.

For M—L complexation, zinc di[bis(trifluoromethylsulfonyl)-
imide], Zn(NTf,),, was chosen as the Zn** source for its good
solubility and thermal stability, as well as the high mobility of
the counterion, NTf,”, in the solid state. With the delocalized
charge, bulky size, and unique shape, NTf,” counterion
disfavors clustering of charged species in the solid state.”**
Without the addition of metal ions, the ICPs are viscous oils
with no appreciable mechanical properties. Upon addition of
Zn(NTTf,), and removal of solvent, they form robust non-tacky
elastomers with tunable mechanical properties. Thermogravi-
metric analysis (TGA) confirmed the complete removal of
solvent (Supporting Information, Figure S12).
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Table 1. Molecular Compositions of ICP 1—4 and Control
Samples

backbor%e repeat CTA brush repeat mol %bczf
sample units sites units IMZa™

ICP-1 140 14 180 25
ICP-2 140 14 167 33
ICP-3 139 7 167 25
ICP-4 139 7 160 34
Control-1 140 14 190 0

Control-2 170 35

“Calculated from size exclusmn chromatography (SEC) using
polystyrene standards in THF. “Estimated from 'H NMR. “mol %,
calculated from Npyyz./(Niyza + Npa) X 100, where N is the number of
repeat units for each monomer.

The phase morphology of ICPs—Zn(NTT%,), samples in solid
state was investigated by small-angle X-ray scattering (SAXS)
and transmission electron microscopy (TEM). As shown in
Figure 2a for ICP-4 (L/Zn = 4.0), an intense broad peak in the
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Figure 2. Morphological characterization of ICPs—Zn(NTf,),
samples. (a) Small angle X-ray scattering (SAXS) supports the
microphase separated morphology with inter-domain spacing between
7 and 20 nm for ICP-4 (L/M = 4.0). The control sample (Control-2)
does not show any scattering peak. (b) TEM imaging confirms a
microphase-separated structure with a spherical PS core dispersed in a
soft BA/IMZa matrix, which was selectively stained with uranyl
acetate.

SAXS spectrum indicates the presence of well-defined spherical
form-factor domains with inter-domain spacing ranging
between 7 and 20 nm. In contrast, Control-2, which does
not contain PS backbone, did not show any scattering peak,
suggesting that the Zn(NTf,),—imidazole complex does not
form large ionic clusters or microphase separation in the solid
state.”> TEM provides further evidence for a two-phase
morphology of ICPs (Figure 2b). Consistent with the SAXS
data, spherical PS nanodomains with size ~10 nm are dispersed
in a continuous matrix of soft brushes containing dynamic
zinc—imidazole complexes.

The designed M—L multiphase polymers show characteristic
thermoplastic elastomer (TPE) behavior with tunable mechan-
ical properties by controlling several molecular parameters
(Figure 3a). Consistent with our multiphase design strategy,
the PS hard phase contributes to the high Young’s modulus and
TPE-like behavior. For comparison, the Control-2 samples,
which do not contain PS backbones, have lower Young’s
modulus and do not show the TPE behavior (Supporting
Information, Figure S13). The mechanical performance can be
tuned by adjusting three molecular parameters: the percent
incorporation of IMZa, the ratio of imidazole to zinc (L/Zn),
and the volume fraction of hard phase or brush density. For
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Figure 3. (a) Static tensile tests of ICPs—Zn(NTTf,), samples. It shows
the TPE-like stress—strain behavior, and the mechanical properties can
be tuned over a wide range by changing three molecular parameters,
the IMZa incorporation percentage, the ratio of imidazole to zinc (L/
Zn), and the brush density. (b) Creep-recovery experiments showing
ICP-4—Zn(NTf,),, with L/Zn = 4.0 after application of constant
stress for 300 min followed by relaxation of stress.

example, increasing the IMZa incorporation from 25% (Figure
3a, green curve) to 35% (Figure 3a, black curve) increases the
yield strength, tensile strength, and extensibility. Decreasing the
L/Zn from 4.5 (Figure 3a, black curve) to 4.0 (Figure 3a, blue
curve) by adding more Zn>' also significantly improves
mechanical properties of ICPs by increasing the cross-linking
density of polymer samples.’® Finally, consistent with our
previous report,” increasing the volume fraction of the PS hard
phase by reducing the brush density from 10% (Figure 3a, blue
curve) to 5% (Figure 3a, red curve) resulted in an increase in
Young’s modulus, yield strength, and tensile strength while
decreasing the extensibility of material. A complete summary of
the mechanical properties of ICPs—Zn(NTf,), and Control-2
polymers with L/Zn ratio of 4.0 and 4.5 is included in the
Supporting Information (Table S3). Without any imidazole
moiety, Control-1 only formed viscous oil and its mechanical
properties remained almost unchanged with the addition of
Zn(NTf,),, as shown by oscillatory rheology (Supporting
Information, Figure S14).

The M-L multiphase polymers also exhibit reasonable
creep-resistance despite the fact that the soft polymer matrix is
only held together by transient dynamic M—L cross-links
(Figure 3b). At 24 °C, a stress of 5 X 10* Pa applied to ICP-4
with L/Zn ratio of 4.0 for 300 min resulted in the final strain of
39%, which increased at a characteristic rate of 1.8% per hour.
After releasing the applied stress, the sample completely
recovered its dimension with negligible residual strain (<1%).
Application of a higher stress (1.0 X 10° Pa) for the same time
duration led to a strain of 70% with an incremental increase of
2.2% per hour. Release of stress left a residual strain of less than
5%. As expected, an elastomeric network that is held together
purely by transient dynamic bonds will not be able to maintain
static high load indefinitely.

With the dynamic Zn**-imidazole complexes residing in the
dynamic soft phase of a two-phase polymer system, our M—L
system showed excellent self-healing property in the solid state.
The ICP-2 and ICP-4 with L/Zn of 4.0 were chosen as
representative samples for the self-healing test because of their
better mechanical properties (Figure 4). Samples used in self-
healing studies were annealed by slowly cooling the samples
from 100 °C to room temperature over 12 h to minimize any
residual stress during compression molding. Following a
literature protocol,"® we then made a well-defined cut to the
depth of 70—90% of the sample thickness. The two cut
interfaces were brought back together for 1 min and allowed to
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Figure 4. Self-healing tests for ICPs—Zn(NTf,), samples at room
temperature with ambient humidity. (a) Stress—strain curve for ICP-2
L/Zn = 4.0. (b) Stress—strain curve for ICP-4 L/Zn = 4.0. The bar
graph summarizes the toughness recovery for each sample. Error bars
are standard deviation for three measurements.

heal under ambient conditions (room temperature in air)
without any treatment.

The damaged samples showed excellent healing with time.
For all healing times, stress—strain curves show characteristic
TPE behavior and follow closely the shapes of the original
uncut samples. Remarkably, the damaged samples not only
recovered the Young’s modulus and yield stress quickly, but
also recovered toughness almost quantitatively in 3 h. In
contrast, previous M—L systems utilizing tergyridine—metal
interactions required light-converted local heat," relatively long
healing time under heat,'® or solvent exposure to induce
healing.'” The observed efficient healing proves our hypothesis
that incorporation of pervasive dynamic M—L interactions in
the soft-phase of a multiphase polymer can result in
mechanically robust materials with efficient self-healing under
ambient conditions. The healing efficiencies of metal—ligand
system even surpasses our previous reported hydrogen bonding
system.”’ Notably, our M—L polymers heal efficiently at
ambient conditions without showing sensitivity to moisture,
which is advantageous to hydrogen-bonding based self-healing
polymers that are usually more sensitive to moisture.

In summary, we have demonstrated a new self-healing
multiphase polymer by strategically programming a pervasive
network of dynamic metal—ligand (zinc—imidazole) interac-
tions in the soft matrix of a hard/soft two-phase brush
copolymer system. The mechanical and dynamic properties of
the materials can be conveniently tuned by varying several
molecular parameters (such as the backbone composition and
degree of polymerization, the brush density, and the ligand
density) as well as the L/M ratio. Our multiphase M—L
polymers show excellent self-healing properties under ambient
conditions with minimal intervention. Compared to hydrogen-
bonding based self-healing systems, the M—L system may offer
advantages of being less moisture sensitive and having a broad
range of tunability of thermodynamics and kinetics. Several
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other molecular parameters, such as the identity of the metal
ion, counterions, and ligand, can be varied to further improve
the mechanical and self-healing properties of this new class of
materials. These studies are currently undergoing in our
laboratory, and the results will be reported in due course.
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