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ABSTRACT: Self-healing materials are those that can recover from
physical or chemical damage autonomously. To be applied in underwater
applications such as water treatment, self-healing materials need to
demonstrate sufficient healing ability in complex water matrices. Herein,
we investigated how monovalent (NaCl) and divalent (MgSO,) ions at
concentrations relevant to brackish and seawater salinity impact the self-
healing efficiency of a model 2-acrylamido-2-methyl-1-propanesulfonic
acid (AMPS) and N,N’-methylenebis(acrylamide) (MBA) hydrogel. It has
been assumed that divalent ions would form ionic bonds and act as
crosslinkers between viable functional groups (negatively charged oxygens,
etc.). However, our results suggest that this assumption needs to be
reconsidered. Under concentrations relevant to seawater (35 g/L),
magnesium ions hindered self-healing efficiency by ~30% as measured
by recovery of ultimate tensile (UT) strength. On the other hand, they
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improved self-healing efficiency by ~100% as measured by recovery of UT strain. A similar trend was also observed for sodium ions.
The chemical crosslinker ratio when doubled did not impact self-healing efficiency. These results challenge the assumption that
divalent ions always form ionic bonds that enhance healing and that chemical crosslinking alters the self-healing performance.
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1. INTRODUCTION

Over time, materials degrade from physical and chemical wear,
which results in mechanical failure. This compromises safety
and reduces the lifetime of systems that rely on these materials
for critical functions. For example, the formation of micro-
cracks in airplane fuselage or wings can result in catastrophic
accidents, cracks in concrete used for housing and bridges can
lead to structure collapse, or a small scratch in protective
coatings on metal surfaces can cause severe corrosion. In
addition to safety concerns, the need to replace damaged
materials creates waste and leads to system downtime, which
results in process inefficiencies. To combat this issue, materials
that can recover from physical and chemical wear autono-
mously (self-healing materials) have been explored and
developed in the past few decades.' Inspired by the
phenomena seen in the human body as well as plants, these
materials can recover from damage with the help of external
stimuli (high temperature, pH, and UV light) or without the
need for any intervention at all.”’ Self-healing materials have
been studied for applications in the aerospace industry, water
purification, soft electronics, corrosion protective coatings, and
biomedical applications.”™”

These materials can heal via two different mechanisms,
which are defined as extrinsic or intrinsic. Extrinsic self-healing
materials incorporate an embedded, encapsulated healing agent
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that is released upon damage. The released healing agent
covers the damaged area and reacts with the outside
environment to solidify in place. In contrast, intrinsic self-
healing materials rely on the underlying physical and chemical
bonds that hold materials together. These bonds include
covalent, supramolecular, and ionic as well as polymer chain
entanglements. If these bonds are broken, they can reform.
This results in self-healing and restoration of the material’s
original properties.” Due to their reliance on a material’s
physical and chemical interactions to grant healing instead of a
healing agent, intrinsic self-healing materials can recover from
repeated damage. This is desired for long-term mechanical
integrity and chemical resistance. Of the different intrinsic self-
healing mechanisms, supramolecular chemistry is advantageous
because of the fast reversibility (dynamic dissociation/
association) of the bonds under ambient conditions. Due to
the rapid reversibility, an equilibrium state is quickly reached.
Supramolecular chemistry includes hydrogen bonding, metal—

EEIAPPLIED

Received: April 17, 2023
Accepted: June 26, 2023
Published: July 13, 2023

https://doi.org/10.1021/acsapm.3c00805
ACS Appl. Polym. Mater. 2023, 5, 6143—6150


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Durnian+C.+Parulski-Seager"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Amanda+Suarez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bezawit+A.+Getachew"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsapm.3c00805&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.3c00805?ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.3c00805?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.3c00805?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.3c00805?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.3c00805?fig=abs1&ref=pdf
https://pubs.acs.org/toc/aapmcd/5/8?ref=pdf
https://pubs.acs.org/toc/aapmcd/5/8?ref=pdf
https://pubs.acs.org/toc/aapmcd/5/8?ref=pdf
https://pubs.acs.org/toc/aapmcd/5/8?ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsapm.3c00805?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/acsapm?ref=pdf
https://pubs.acs.org/acsapm?ref=pdf

ACS Applied Polymer Materials

pubs.acs.org/acsapm

ligand coordination, guest—host interactions, 7—n stacking,
ionic bonding, and hydrophobic interactions.®

Current developments in intrinsic self-healing have focused
on material design, examining self-healing ability of common
polymers, and improving mechanical robustness. For example,
some studies have provided new, controlled-architecture
macromolecules with specific placement of functional groups,”
and others have studied the self-healing properties of
commodity polymers such as poly(methyl methacrylate)/n-
butyl acrylate [p(MMA/nBA)] and their derivatives.'"’ In
addition, much effort has been made to ensure that these
materials are strong but also have self-healing proper-
ties.””"'~'° Physical and chemical bonds that can reform
easily are inherently weaker and result in low mechanical
strength; therefore, there needs to be a balance between
mechanical robustness (strength and toughness) and dynamic
healing. If the material is too rigid, it will prevent flexibility and
reformation of noncovalent bonds. Thus far, this balance has
been achieved by having a “hard phase” that imparts rigidity,
while a “soft phase” allows for toughness and healing. It was
found that these materials are mechanically tough due to the
breaking of the weaker covalent bonds that dissipate energy.''
This type of design has been implemented in self-healing
materials through multivalent and multi-strength hydrogen
bonding, metal—ligand bonds, ionic bonds, and guest—host
interactions.””'* "¢

Although progress has been made in the design of self-
healing polymers in the past two decades, most self-healing
polymers are designed to operate in inert, single-component
systems.””'”~*" This presents a challenge in translating these
materials into real-world applications where the environment is
complex (presence of moisture, ions, natural organic matter,
varying pH, high/low temperature, etc.). To be successfully
integrated into real-world applications, self-healing polymers
need to retain their functionality within these environments;
therefore, it is crucial to gain an understanding of how these
factors influence self-healing chemistries. Gaining a funda-
mental understanding will allow us to design polymers such
that the natural environment has a neutral impact on healing or
enhances it.

Some work has been done to evaluate the use of self-healing
materials for corrosion protection coatings in the presence of
sodium chloride (monovalent ion). However, these studies
focused on extrinsic self-healing materials.”* Other work has
been done to study the healing ability of intrinsic materials in
the presence of monovalent and divalent ions; these materials
relied on metal—catechol chemistry or ionic bonding to
heal.'®>*7*® The studies that focused on metal—catechol
chemistry found that divalent ions, Ca** or Mg**, enhance self-
healing, but there is a concentration upper limit to which Ca**
or Mg** improve healing efficiency. After reaching that limit,
the polymer chains can become too rigid, ie., fewer metal—
ligand bonds can reform, and self-healing ability is
impaired.”>** Materials that employed ionic bonding found
that monovalent ions, Na* and Cl7, disrupted ionic bonding.
This resulted in a lower ultimate tensile (UT) strength’(”26 and
higher UT strain.”>*® With this insight, we know that healing
facilitated by metal—ligand bonds may be effective at lower
salinity concentrations but lose functionality at higher
concentrations.

To improve our understanding of how commonly occurring
ions impact intrinsic self-healing of a polymer that heals via
hydrogen bonding and interchain diffusion, we investigated
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how the presence of monovalent (NaCl) and divalent
(MgSO,) ions influence the self-healing ability of a model
polymer, poly(2-acrylamido-2-methyl-1-propane sulfonic acid)
(PAMPS) crosslinked with N,N’-methylenebis(acrylamide)
(MBA) (Figure 1). PAMPS was chosen since its self-healing
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Figure 1. Materials and methods. Poly(2-acrylamido-1-propane
sulfonic acid) crosslinked with N,N’-methylenebis(acrylamide) served
as a model hydrogel. Samples were cut in half and then healed in the
absence of ions (DI water) or in the presence of monovalent (NaCl)
or divalent (MgSO,) ions. To quantify the impact of these ions on
healing ability, bulk mechanical properties were obtained via tensile
testing.

ability has been previously demonstrated*’~* and due to its

ease of synthesis. In addition, this polymer has found use in a
variety of applications such as self-healing membranes for
water filtration,”””*® proton exchange membranes in fuel
cells,’ and superabsorbents for decontaminating water.’"**
We hypothesized that monovalent ions would disrupt
hydrogen bonding by shielding the interactions between the
hydrogen accepting and donating groups. This would hinder
self-healing ability via chemical interactions but enhance self-
healing via interchain diffusion.””*° In contrast, we hypothe-
sized that the positively charged divalent ions would form ionic
or metal—ligand interactions with the partially and fully
negatively charged oxygen groups.””***”** This would
improve self-healing via chemical interactions but disrupt
self-healing via interchain diffusion. The results of this study
can help guide the selection and design of self-healing materials
for applications in complex water matrices and bring us closer
to creating more resilient and sustainable polymers.

2. MATERIALS AND METHODS

2.1. Materials. 2-Acrylamido-2-methyl-1-propanesulfonic acid
(AMPS, 99%), N,N’-methylenebis(acrylamide) (MBA, 99%), and
sodium chloride (NaCl) were obtained from Sigma-Aldrich.
Magnesium sulfide (MgSO,, >99%) was purchased from J.T. Baker.
Deionized (DI) water was obtained from a Millipore Milli-Q lab
water system (conductivity 18.2 MQ cm at 25 °C).

2.2. Hydrogel Synthesis and Characterization. Hydrogels
were synthesized via a heat-initiated cationic polymerization
process.”** This synthesis process was chosen instead of free radical
polymerization due to ease of synthesis. Compared to the commonly
used free radical polymerization, heat-initiated cationic polymer-
ization does not require additional chemical reagents (initiator or
accelerator) to start the polymerization process; it only requires high
temperatures. Aqueous solutions containing 40 wt % monomer
(AMPS) and 0.0897 or 0.1764 wt % crosslinker (MBA) were
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prepared using DI water. To remove air bubbles, these solutions were
degassed for 1 min using a sonicator bath. Reaction solution (S mL)
was pipetted into hexagonal weigh boats, covered in aluminum foil,
and placed in an oven at 80 °C for 3 h. Hydrogels were stored in a
Memmert HCP 50 humidity chamber at 40 °C and 55% relative
humidity (RH).

A Thermo Fisher Scientific Nicolet iS50 FTIR spectrometer was
used for FTIR analysis. Pure AMPS and MBA powder were
characterized as is. PAMPS/MBA hydrogels were dried overnight
under a snorkel to remove water prior to FTIR analysis. Thirty-two
scans of each sample were collected.

A Bruker AV III HD 500 MHz spectrometer was used for 'H NMR
analysis. The NMR spectra were obtained for pure AMPS, pure MBA,
and PAMPS hydrogel. The solvent deuterium oxide (D,0) with
trimethylsilylpropanoic acid (TSP) was used to prepare samples.
PAMPS/MBA hydrogels were synthesized, as described above, but
used D,O as the solvent. Following synthesis, the hydrogels were cut
into strips, placed in the NMR tube, and swollen in D,O. The water
suppression mode was used for all samples to remove the water peak
from the spectrum (AMPS is hygroscopic).

2.3. Self-Healing Tests. Tensile testing was selected to assess
self—healing.s’7’l2’13’15’16’23_26’3’4 Samples for testing were prepared by
cutting the hydrogels into strips (30—40 mm X 0.75—1.4 mm X 0.8—
1.1 mmy; length X width X thickness). To obtain a material that was
suitable for tensile testing, samples were equilibrated in a Memmert
HCP 50 humidity chamber at 40 °C, 45% RH for at least 3 h. They
were then cut in half using a guillotine cutter, and the cut interfaces
immediately realigned. DI water or salt (NaCl or MgSO,) solution (3
uL) was pipetted onto the cut interface (see Table 1 for salt

Table 1. Concentration of Salt Solutions for Self-Healing
Tests”

Salinity (g/ Concentration NaCl ~ Concentration MgSO,
L)

(M) (M)

Brackish 17.3 0.295 0.143
‘Water

Seawater 35.0 0.599 0.291

“These concentrations were calculated based on the typical salinities
observed in brackish and seawater.

concentrations used). Samples were left to heal at 40 °C, 45% RH for
3 h. Using an ARES G2 rheometer, tensile stress—strain curves were
obtained. Samples were pulled at room temperature and at a rate of
0.1 mm/s. The normal/axial force of the instrument ranged from
0.001 to 20 N. From these stress—strain curves, the UT strength and
strain®>*® were extracted and used to quantify self-healing. Uncut
samples and samples healed with DI water served as controls. Self-
healing efficiency was calculated using eq 1. All conditions were tested
in at least triplicate (see Tables S1 and S2 for the number of parallel
samples tested for each condition).

MPCut Sample

SE (%) = X 100

(1)

where SE is the self-healing efficiency and MP is the mechanical
property (UT strength or UT strain).

Pristine Sample

3. RESULTS AND DISCUSSION

3.1. Hydrogel Characterization and Optimization.
The conversion of AMPS to PAMPS is achieved through a
heat-initiated cationic polymerization process. Although FTIR
spectroscopy is often employed to monitor the polymerization
process, the C=C bond that disappears during polymerization
is overshadowed by other peaks in the spectra (Figure S1).
Therefore, we monitored and confirmed the conversion via 'H
NMR spectroscopy. Three multiplet peaks were expected from
the three hydrogens on the C=C double bond at 6.48, 6.09,
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and 5.74 ppm on the AMPS spectrum. With the addition of a
hydrogen to the terminal carbon and the formation of a new
C—C bond connecting two monomers during polymerization
(i.e., the presence of two new hydrogen environments), we
anticipated the formation of two new peaks in the range of
1.5-2.5 ppm and the shrinkage or disappearance of the
multiplets that correspond to the hydrogens surrounding the
C=C. As expected, in the AMPS spectra, we see multiplet
peaks from 6.13 to 6.31 ppm, a singlet peak at 1.54 ppm, and a
singlet peak at 3.43 ppm, which correspond to the three
hydrogens surrounding the C=C double, the six hydrogens on
the two methyl groups, and the two hydrogens on the carbon
neighboring the sulfur atom, respectively (Figure 2a). In the
PAMPS spectra, a broad new peak is present at 1.95 ppm,
which represents the new hydrogen environments at the point
of polymerization (Figure 2b) along with the other peaks
present in the AMPS spectra. The presence of a broad singlet
at 1.95 ppm rather than the expected multiplet is likely due to
variations in the chain lengths and network formation, which
result in variable positioning of the relevant atoms. The peaks
from 6.13 to 6.31 ppm are still present in the PAMPS spectrum
but have decreased by about a factor of 10, which indicates
that some unreacted ends remain but at a relatively low
concentration.

Following confirmation of the polymerization process, the
polymer sample properties were optimized so that the sample’s
mechanical properties fell below the instrument’s maximum
normal/axial force (20 N). Four factors influence the
mechanical properties of a hydrogel: the monomers used,
crosslinking density, polymerization conditions, and degree of
swelling.”® The monomers and the polymerization conditions
were kept consistent, while crosslinking density (MBA to
AMPS ratio) and degree of swelling (i.e., water content) were
varied to optimize the mechanical properties. Large amounts of
crosslinker result in stronger, more rigid materials. However,
too much crosslinker could result in a material too rigid to self-
heal because the chains need to be mobile enough to diffuse
across the cut interface and for the non-covalent interactions to
be reformed.”® Too low of a crosslinker ratio could result in
polymer samples that are mechanically weak or completely
untangle in water. At a given crosslinker ratio, a higher water
content results in a softer material, while less water content
gives a tougher material.”**®

We relied on previous work in the literature that used a
0.001 MBA:AMPS ratio”” as the starting point for our
optimization and tested the crosslinker ratio and humidity
levels given in Table S3. We found that crosslinker ratios of
0.003 and 0.006 MBA:AMPS and a relative humidity and
temperature of 45% and 40 °C, respectively, resulted in
samples that were suitable for testing (Figure S2). At the other
MBA:AMPS ratios tested, 1 X 10~ and 0.009, the gel became
a viscous liquid when swollen in DI water or exceeded the axial
force range of the rheometer, respectively.

3.2. Self-Healing of PAMPS Polymers in the Absence
of lons. The self-healing property of the PAMPS polymers in
DI water is shown in Figure 3. The pristine, uncut polymer
sample (0.003 MBA:AMPS ratio) has a UT strength of 19.1 +
2.4 MPa and a UT strain of 0.188 + 0.044 (Figure 3a). After
being cut in half and healed in the presence of DI water, the
rejoined sample has a UT strength of 12.9 + 4.1 MPa and a
UT strain of 0.028 + 0.007, which corresponds to healing
efficiencies of 67.5 + 21.6 and 15.0 + 3.6%, respectively
(Figure 3a,b). When the MBA:AMPS ratio is doubled to 0.006,
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Figure 2. '"H NMR characterization. Hydrogel samples were obtained via a heat-initiated cationic polymerization of the monomer and crosslinker.
'"H NMR spectroscopy was used to confirm the conversion of (a) 2-acrylamido-2-methyl-1-propane sulfonic acid to (b) poly(2-acrylamido-2-
methyl-1-propane sulfonic acid). The conversion was verified by the decline in the intensity of the peaks that are associated with the hydrogen
located around the double bond (labeled 1) and the appearance of the peak that corresponds to the new hydrogen environment created during

polymerization (labeled 4).
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Figure 3. Quantifying self-healing efficiency via tensile stress—strain
curves. Self-healing efficiency was measured by determining the
percent recovery of bulk mechanical properties, specifically UT
strength and strain. (a) The tensile stress—strain curves represent a
pristine and healed hydrogel with 0.003 MBA:AMPS. Healing
occurred in the absence of ions. (b) Self-healing efficiency for the
0.003 and 0.006 MBA:AMPS ratio showed similar efficiencies.
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the UT strength of the pristine sample is 17.0 & 2.18 MPa and
the UT strain is 0.206 + 0.058. At this higher crosslinker
content, the samples recovered 96.3 + 17.8% of their UT
strength and 18.2 + 10.3% of their UT strain (Figure 3b). At
these MBA:AMPS ratios, the hydrogels display similar
mechanical and self-healing properties. This was unexpected
since it has been shown that higher crosslinker-to-monomer
ratios improve the strength of a material and increase its
rigidity.’® In addition, higher crosslinker-to-monomer ratios
typically reduce chain mobility, which can lower self-healing
ability. However, certain ranges of crosslinker-to-monomer
ratios may display similar healing efficiency. For example, a
polyampholyte hydrogel with 0.01 and 0.02 crosslinker-to-
monomer ratios exhibited healing efficiencies (based on
strength at break) of 22.13 + 8.82 and 19.17 + 10.27%,
respectively.”® Our results indicate that the crosslinker-to-
monomer ratios used for this study may fall within a range
where bulk mechanical properties and mechanical property
recovery for pristine samples and those healed with DI water
are similar.

In some cases, the standard deviation for self-healing
efficiencies is quite large, up to 34.5%. This could be attributed
to the hydrogels being heterogeneous in structure.”” The
amount of the crosslinker present at and near the cut interfaces
may vary, which would impact the mechanical properties of the
material. Large standard deviation could also be attributed to
how well the cut interfaces are realigned. Good realignment of
interfaces is vital in facilitating self-healing because it allows for
the reformation of bonds and interchain diffusion across the
interfaces. If the alignment is poor, it will result in a lower self-
healing efficiency (Figure S3). Even though good alignment for
all samples was visually observed, there could be differences in
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surface roughness between the cut interfaces such that it
impacts self-healing efficiency.

3.3. Self-Healing of PAMPS Polymers in the Presence
of Monovalent lons. The self-healing property of the 0.0030
MBA:AMPS polymers exposed to NaCl solutions is shown in
Figure 4. The healed samples have UT strength healing
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Figure 4. Self-healing efficiency at different sodium chloride
(monovalent ion) concentrations. Self-healing efficiency was meas-
ured for 0.003 MBA:AMPS hydrogels (a, b) and 0.006 MBA:AMPS
hydrogels (c, d). These MBA:AMPS ratios exhibit similar trends with
increasing ion concentration hindering UT strength healing efficiency
but improving or having little impact on UT strain healing efficiency.
Note: The dashed line connecting the points is only present to guide
the eye, and the error bars represent the standard deviation.

efficiencies of 48.1 + 1.85 and 44.1 + 10.4% at NaCl
concentrations of 17.25 and 35 g/L, respectively. The UT
strain healing efficiencies were 31.0 + 4.34 and 43.9 + 16.9%
at NaCl concentrations of 17.25 and 35 g/L, respectively. It
was anticipated that the UT strength self-healing efficiency
would be impaired by the presence of monovalent ions due to
positively charged Na* ions disrupting hydrogen bonding.***°
The Na* ion would interact with the partially negative oxygen
on the amide group or the fully negative oxygen on the sulfonic
group. Figure 4a shows that these ions appear to hinder self-
healing ability with respect to UT strength. The UT strength
self-healing efficiency is lowered by ~30% when we go from 0
g/L NaCl to 17.25 and 35 g/L NaCl (Figure 4a). Despite the
concentration of NaCl being almost doubled, the self-healing
efficiency based on UT strength is similar. This suggests that
after reaching a certain ion concentration, the impact of NaCl
on UT strength self-healing efficiency may plateau.

In contrast, it was expected that the UT strain self-healing
efficiency would be improved in the presence of monovalent
ions. Due to the positively charged Na* ions interfering with
hydrogen bonding, the polymer chains would be able to slip by
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one another without “getting caught”, i.e., forming hydrogen
bonds, as they diffuse across the cut interface. Insight into
polymer chain diffusion can be gained by comparing UT
strain.”® Figure 4b shows that as the NaCl concentration
increases from 0 to 17.25 and 35 g/L, the UT strain self-
healing efficiency improves by ~15%. The self-healing
efficiency based on UT strain is similar at 17.25 and 35 g/L,
which was expected since the UT strength self-healing
efficiencies were also similar at these concentrations. Generally,
as the strength increases, the strain is hindered, and as the
strength decreases, the strain is improved.

The self-healing property of the 0.006 MBA:AMPS polymers
exposed to NaCl solutions is shown in Figure 4. The healed
samples have UT strength healing efficiencies of 73.4 + 12.6
and 45.4 + 9.88% at NaCl concentrations of 17.25 and 35 g/L,
respectively. The UT strain healing efficiencies were 8.79 =+
3.11 and 27.1 + 21.0% at NaCl concentrations of 17.25 and 35
g/L, respectively. At this MBA:AMPS ratio, the UT strength
self-healing efficiency followed a downward trend similar to
what was seen for the 0.003 MBA:AMPS ratio UT strength
self-healing efficiency (Figure 4c). In contrast, the UT strain
self-healing efficiency appears to decrease at 17.25 g/L and
then increase at 35 g/L (Figure 4d). However, given the fairly
large standard deviation in the first and third data points, the
UT strain self-healing efficiency values lie within the same
range, and we cannot conclude that there is a specific trend.

3.4. Self-Healing of PAMPS Polymers in the Presence
of Divalent lons. The self-healing property of the 0.003
MBA:AMPS polymers exposed to MgSO, solutions is shown
in Figure S. The healed samples have UT strength healing
efficiencies of 66.5 + 3.23 and 35.0 + 13.2% at MgSO,
concentrations of 17.25 and 35 g/L, respectively. The healing
efficiencies based on UT strain were 34.9 + 9.25 and 111.8 +
34.5% at 17.25 and 35 g/L MgSOM respectively.

Based on previous studies,””***” we hypothesized that the
divalent ion Mg** would form ionic bonds or metal—ligand
coordination interactions with the fully negative oxygen on the
sulfonic group. Due to this interaction, it was expected that the
polymer samples would display a UT strength higher than
those healed with DI water, while the UT strain would be
lower than samples healed with DI water. However, samples
healed in the presence of 35 g/L MgSO, displayed a UT
strength healing efficiency that was ~30% lower than the
efficiency displayed for samples healed in the absence of ions
(Figure Sa). This suggests that the Mg>* ions are behaving like
the Na® ions and disrupting hydrogen bonding. Interestingly,
at 17.25 g/L MgSO,, the UT strength healing efficiency (66.5
+ 3.23%) is similar to the healing ability exhibited at 0 g/L
MgSO, (67.5 +21.6%). A similar effect was seen for UT strain
(Figure Sb). At 0 and 17.25 g/L MgSQO,, the UT strain healing
efficiencies were 15.0 + 3.6 and 34.9 + 9.25%, respectively.
However, at 35 g/L, the UT strain healing efficiency improved
by ~100% compared to samples healed with DI water. This
large improvement in strain suggests that the Mg2+ ions may be
enhancing polymer chain diffusion more than the Na" ions
(~15% improvement). When Mg*" is hydrated, it has a radius
of 0.428 nm, while hydrated Na* has a radius of 0.358 nm.*®
Due to Mg** having a larger hydrated radius, it may cause the
hydrogen bonding groups to be farther away from one another
compared to when Na" is present. This could result in better
interchain diffusion since the Mg®" ions may weaken the
hydrogen bonding more than the Na". Therefore, the polymer
chains may be able to diffuse more easily across the cut
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Figure 5. Self-healing efficiency at different magnesium sulfate
(divalent ion) concentrations. Self-healing efficiency was measured
for 0.003 MBA:AMPS hydrogels (a, b) and 0.006 MBA:AMPS
hydrogels (c, d). These MBA:AMPS ratios exhibit similar trends with
increasing ion concentration impairing UT strength healing efficiency
but enhancing UT strain healing efficiency. Note: The dashed line
connecting the points is only present to guide the eye, and the error
bars represent the standard deviation.

interface in the presence of Mg2+ than Na“; ie., the chains
would be able to slip by one another without getting “caught”
(forming hydrogen bonds). Greater interchain diffusion can
lead to a higher strain.”’

These findings imply that the Mg®* ion may not be acting as
a crosslinker between partially or fully charged oxygen groups
present on the polymer chain. Mg** may have a higher affinity
to interact with the surrounding water molecules.*”* In
addition, the oxygen groups may not be oriented in a
conformation favorable for Mg?* interactions.”’ These results
also indicate that the system may have different regimes where
multiple concentrations of MgSO, produce similar healing
properties and that the concentration of MgSO, needs to reach
a certain threshold before having an impact on healing.
Another possibility could be that Mg®" ions are disrupting
hydrogen bonding and forming ionic bonds or metal—ligand
coordination interactions, but the disruption of hydrogen
bonds is greater than the crosslink-like bonds being formed.

The self-healing property of a 0.006 MBA:AMPS polymer
can be seen in Figure S. The healed samples have UT strength
healing efficiencies of 53.0 + 4.93 and 28.7 + 7.48% at MgSO,
concentrations of 17.25 and 35 g/L, respectively. The UT
strain healing efficiencies were 67.2 + 19.5 and 57.2 + 25.4%
at MgSO, concentrations of 17.25 and 35 g/L, respectively. At
this MBA:AMPS ratio, the UT strength self-healing efficiency
followed a downward trend (Figure Sc) similar to what was
seen for the 0.003 MBA:AMPS ratio UT strength self-healing
efficiency. In contrast, the UT strain self-healing efficiency
increased ~40% in the presence of MgSO, (Figure 5d).
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3.5. Impact of the Crosslinker-to-Monomer Ratio on
Self-Healing Efficiency. The healing ability of two different
crosslinker-to-monomer ratios, 0.003 and 0.006 MBA:AMPS,
was studied to determine if and how the crosslinker influences
self-healing in NaCl and MgSO, ion conditions. When
comparing 0.003 and 0.006 MBA:AMPS hydrogels, we see
that they display similar self-healing efficiencies and trends
(Figure 6). This indicates that there may be ranges of
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Figure 6. Impact of the crosslinker-to-monomer ratio on self-healing
efficiency in sodium chloride conditions. Self-healing efficiency was
calculated based on UT (a) strength and (b) strain. The error bars in
these plots represent the standard deviation, and the data is the same
as that seen in Figures 4 and S but has been replotted.

crosslinker-to-monomer ratios where similar healing ability is
exhibited, which could be useful to note when designing self-
healing polymers for applications in complex matrices.

4. CONCLUSIONS

This work shows that certain divalent ions may not enhance
self-healing ability by forming ionic or metal—ligand
interactions. Under divalent (MgSO,) as well as monovalent
(NaCl) ion conditions, the UT strength self-healing efficiency
declines as the salinity increases. In contrast, the UT strain self-
healing efficiency improves with increasing ion concentration.
From these findings, it may imply that self-healing polymers
that primarily rely on hydrogen bonding for healing ability may
not be ideal for underwater (brackish or seawater) applications
that require high strength. Mechanistically, our findings suggest
that MgSO, and NaCl ions may be disrupting hydrogen
bonding and improving interchain diffusion. However, the
mechanisms by which the ions are interacting with the
hydrogen bonding groups cannot be confirmed through bulk
mechanical testing.

To build upon the work completed in this study and
continue advancing the field of self-healing polymers, further
work should be conducted. This work should include gaining a
better understanding of how these ions interact with polymer
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functional groups on a molecular level. In addition to
elucidating the molecular interactions of NaCl and MgSO,
ions with hydrogen bonding groups, the impact of other ions
and common water constituents on self-healing should be
explored. By studying how other ions influence healing ability,
it can be determined if our conclusions can be generalized.
Even though Mg®" does not appear to form ionic or metal—
ligand bonds with the oxygen groups present, other ions may
interact differently with such functional groups. For example,
Ca’" strongly complexes with the oxygen groups present on
polysaccharides such as alginate.”>** In addition, ions with the
same charge can have different binding energies to the same
functional group.** Further studies should also include
examining self-healing properties in the presence of mono-
valent and divalent ions for hydrogen bonding-based systems
without a negatively charged group. The absence of a
negatively charged group could result in a larger disruption
of hydrogen bonding due to ions solely interacting with the
hydrogen bonding groups, i.e., no ionic interactions with a fully
dissociated group. It may also be beneficial to study self-
healing properties at different monomer weight percents as
these polymers may be used at lower weight percents when
incorporated into existing materials.””*’ Through this type of
work, the selection and design of self-healing materials for
underwater, real-world applications can be improved.
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