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Tremendous attention has been focused on the design and fabrication of intrinsic self-healing materials in
recent years; however, the fabrication of self-healing materials with high transparency and high adhesion
strength is still a challenge. Here, we develop a novel transparent self-healing adhesive with multiple
functions by simply blending poly(2-ethyl-2-oxazoline) (PEOZ), poly(4-hydroxy styrene) (PHS), and CaCly,,
and discover that the anion Cl™ also plays a significant role in accelerating the self-healing process by
anion-ligand coordination in the form of hydrogen bonding, which has been seriously neglected in
previous work. Unlike the common single metal-ligand coordination approach, the enhancement of
self-healing results from novel co-existing ternary bridging bonds: metal-ligand coordination, ionic
bond, and anion coordination. The universality of the new concept has been verified with other typical

soluble salts MgCl,, NaCl, and Ca(NOs),, providing a new dimension in the comprehension of the self-
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DOI: 10.1039/d0ta06535¢ = 98.9%), adhesion strength (2.57 MPa), and self-healing efficiency (91%), enabling its application as an
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Introduction

Inspired by the biological world, self-healing materials have
attracted growing interest since the past decade and have yiel-
ded fruitful results.'”® Self-healing materials are classified as
extrinsic- and intrinsic-healing materials based on their fashion
of healing. Materials that heal extrinsically encapsulate healing
agents or nanoparticles, which are released once the material is
scratched and move to the fracture to repair the damage.
Materials that heal intrinsically restore the damages by
reforming or exchanging the interactions within the network.
Typically, intrinsic healing systems are designed with either
non-covalent interactions, for instance, van der Waals forces,*
host-guest interactions,® hydrogen bonding,”** halogen
bonding," and m-m stacking interaction,*™* or chemical cova-
lent bonds including metal-ligand coordination,>*>"” acylhy-
drazone bonds,*® Diels-Alder reactions,'®?® boronic esters,??
and disulfide bonds.”® In recent years, self-healing systems
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optical material, an adhesive and also a conservation material for cultural heritage.

constructed by doubly dynamic connections demonstrate rapid
self-healing and high mechanical strength.**” In terms of the
intrinsic self-healable coatings and films, several exquisite
synthetic structures are employed in the form of backbones or
side chains, for instance, polyaniline (PANI),*® poly-
dimethylsiloxane (PDMS),>** polyurethane (PU),” poly-
ethylenimine (PEI),* polyimine,* catechol,** poly(vinyl alcohol)
(PVA),* and ureidopyrimidinone (UPy).**** Self-healable adhe-
sives have also attracted attention recently.*®*” However, the
fabrication of self-healing materials with both high trans-
parency and high adhesion strength is still a challenge.

Among the self-healing mechanisms mentioned above,
metal-ligand coordination has been deeply studied in recent
years.*® Several metal salts, especially salts of transition metals,
show excellent coordination strength and have been widely
adopted in the fabrication of self-healing materials as the cross-
linker between the functional groups of polymers. Bode and
coworkers and the group of Bao have discovered that the
interaction strength of the anions on metal ions influences the
self-healing behavior.'**** However, the interaction of salt
anions with the polymer matrix has not been reported. In this
study, we discovered that the anion also interacts with the
polymer and participates in the self-healing process by anion
coordination.

Herein, a transparent hybrid material, which self-heals in
a wet environment, is proposed based on poly(2-ethyl-2-
oxazoline) (PEOZ), poly(4-hydroxy styrene) (PHS), and CacCl,

This journal is © The Royal Society of Chemistry 2020
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salt. The preparation procedures are relatively simple, and all of
the ingredients are commercially available. Ca®" has been re-
ported with moderate coordination ability with ligands®**>*
and does not change the color of the polymer matrix compared
with other common metal cations like Cu** or Fe*" for self-
healing. The resulting hybrid material illustrates a healing
efficiency of more than 90% in tensile strength. The material
also shows remarkable adhesion ability in both humid and
ambient environments. Most importantly, it was found that the
addition of the CaCl, salt into the hybrid plays a vital role in
promoting the self-healing rate. Theoretical simulations and
experimental results reveal that both the cation and the anion of
CacCl, work as the connectors between PEOZ and PHS (Scheme
1). Different from that the combination of two orthogonal
dynamic behaviors provides a dual dynamism to the recon-
nection of the self-healing system;* in our study, the resulting
system accelerates the self-healing process by a ternary bonding
effect. Moreover, it is transparent in the range of visible light,
capable of mechanical damage recovery, and adheres to
different substances, which can be beneficial in various appli-
cations, especially in the conservation of cultural heritage.

Experimental

Materials

Poly(2-ethyl-2-oxazoline) (PEOZ, M,, = 200 000 g mol ') was
purchased from Alfa Aesar (China) Co. Ltd. Poly(4-hydroxy
styrene) (PHS) with M,, = 11 000 g mol ' was purchased from
Sigma-Aldrich Inc. N,N-Dimethylformamide (DMF) was ob-
tained from Sinopharm Chemical Reagent Co., Ltd. Calcium
chloride dihydrate, sodium chloride, magnesium chloride
hexahydrate, and calcium nitrate tetrahydrate were purchased
from Sinopharm Chemical Reagent Co., Ltd. PEOZ with an
average molecular weight of ~10400 was synthesized by
cationic  ring-opening  polymerization  according  to
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Hoogenboom et al.** Dimethyl sulfoxide-ds (DMSO-dg, D.99.9%
+0.03% TMS) was purchased from Macklin Inc., China.

Sample preparation

The hybrids of PEOZ and PHS were made via solution blending
in DMF at a concentration of 15 wt%. The hybrid films were cast
on a PTFE mold at room temperature for 48 h to evaporate DMF
and dried in a vacuum oven at 60 °C for 48 h. In order to prepare
samples containing soluble salts, CaCl,-2H,0, for example, was
dissolved in DMF and then added in the polymer hybrid
(30PHS/PEOZ) in the DMF solution at different molar ratios of
metal ion to the active group. After stirring for 24 h, the solution
was ready for making film specimens and for chemical analysis.

Characterization methods

Optical images of the self-healing process of each sample were
captured using an Olympus BX51 microscope under visible
light. The three dimensional (3D) morphology of the scratches
in the self-healing tests was measured using a Leica SP8
confocal laser scanning microscope with an excitation laser of
488 nm, scanning area 1.55 mm X 1.55 mm. Micro-Fourier
Transform Infrared (micro-FTIR) mapping was carried out by
using a Thermo Nicolet Scientific iN10 infrared imaging
microscope. Ultraviolet-Visible (UV-Vis) spectroscopy titration
experiments were implemented using a Perkin Elmer Lambda
35 UV-Vis spectrometer. The spectra were recorded 2 min after
mixing the salt with the polymers in DMF. The spectra were re-
recorded after five minutes to ensure the accuracy of the results.
The infrared spectra of the samples were recorded through 32
scans on each sample using a Thermo Scientific Nicolet iS50 FT-
IR spectrometer with the ATR module in the range of 650-
4000 cm ™. Solid state **C Nuclear Magnetic Resonance (NMR)
and liquid state "H NMR measurements were carried out using
a Bruker AVANCE III 400 spectrometer. X-ray Photoelectron
Spectroscopy (XPS) spectra were recorded on a Shimadzu/Kratos
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Scheme 1 Schematic diagram of the self-healing structure composed of the hydrogen bonds, metal-ligand coordination, and ionic bonds.
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Axis Supra spectrometer. All spectra were calibrated to the
neutral carbon peak at 284.8 eV.

An Instron 5942 tensile testing machine equipped with
a 500 N load cell was used to perform the mechanical strength
test, in which the dumbbell-like type 5B samples were cut from
the films according to ISO 527, and the gauge length was 10
mm. The test speed was set at 2.5 mm min ', and Young's
modulus was derived from the curve in the elongation range of
0.05% to 0.25%. In the single-lap tensile shear strength test, the
sizes of the specimens were: 50 x 12 mm? (aluminum), 61 x 18
mm?* (plywood), 76 x 25 mm? (glass), and the bonded area sizes
were 12 x 6 mm® (aluminum), 18 x 8 mm? (plywood), 25 x 8
mm? (glass). The specimens were left to cure for 3 days before
the test, and the thickness of the adhesive layer was about 100
um. The test speed was 5 mm min~". All the mechanical tests
were replicated at least five times.

Molecular dynamics simulations

Molecular Dynamics (MD) simulation was utilized to calculate
the interaction energy and to simulate the self-healing process
of the 30PHS/PEOZ hybrid. Materials Studio 7.0 (Accelrys, USA)
was employed to establish the initial model with PEOZ and PHS
molecular chains. The model of the 30PHS/PEOZ consisted of
eight chains of PEOZ and three chains of PHS. There were 105
repeat units in each chain of PEOZ with a molecular weight of
about 10 400 and 92 repeat units in each chain of PHS with
a molecular weight of approximately 11 000. PEOZ/PHS/CacCl,
under dry conditions was developed by adding 390 molecules of
crystal H,0, 195 Ca”* ions, and 390 Cl~ ions into the PEOZ/PHS
system. And 147 molecules of H,O were respectively added into
the two hybrid systems in order to further simulate the wet
condition according to the water vapor absorption experiment.
The size of the initial computational cells was 300 A x 300 A x
300 A with the 3D periodic boundary condition. GROningen
MOlecular Simulation (GROMOS) force field version 54A7 (ref.
45) was adopted to characterize the atomic interactions in the
PEOZ/PHS/CaCl, system. GROningen MAchine for Chemical
Simulation (GROMACS)*® was used to carry out the molecular
simulations of the self-healing. The force field parameters of
PEOZ and PHS residues were obtained on the Automated
Topology Builder (ATB) platform.*”

After establishing the initial configuration, energy minimi-
zation, equilibrium, and dynamic simulation were performed in
this order. The optimal system was when the forces reached the
reset tolerance of 10 k] mol~" nm ™", or minimization steps were
performed up to the maximum number of iteration steps that
were set at 20 000. After energy minimization, the configuration
was later equilibrated under the NVT ensemble (constant
number of particles (N), volume (V), and temperature (7)). The
total simulation time was 1 ns with a 1 fs time step at 1 atm and
300 K. To simulate the real temperature rising, annealing
simulations were used under the NVT ensemble. The compu-
tational cells were about 60 A x 60 A x 60 A, and the density of
the system was 1.08 g cm ™2, which was close to the densities of
the as-received PEOZ and PHS (1.14 g cm > and 1.16 g cm ?,
respectively).
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The self-healing of the hybrid was determined by setting the
periodic boundary condition in the x-y direction. NVT and NPT
(constant number of particles (N), pressure (P), and temperature
(7)) equilibrations were repeated to obtain an appropriate and
steady molecular configuration as another procedure of
sequential energy minimization. A copy of the cell was created
close to the first to form a layered artificial crack of 10 A rep-
resenting the self-healing interface.*® The process of self-
healing was simulated using the equilibrium MD simulation
for 2 ns. MSD is defined as:

MSD = (Jri(t) — r(0)]*) (1)

where ( ) refers to the average of all atoms, ri(¢) is the position
vector of atom i at time ¢ and ;(0) is the position vector of atom i
at the initial time. Finally, a non-equilibrium pulling simulation
was carried out for 2 ns to evaluate the bonding strength of the
self-healing interface.

Results and discussion

Self-healing of PHS/PEOZ and the effect of CaCl, on the self-
healing property

In order to optimize the amount of PHS, a series of blend
materials were prepared at a PHS/PEOZ weight ratio of 0 : 100,
15:85, 30:70, 50:50, 70:30, and 100:0 (labeled PEOZ,
15PHS/PEOZ, 30PHS/PEOZ, 50PHS/PEOZ, 70PHS/PEOZ, and
PHS, respectively). DSC and FTIR were adopted to characterize
the hybrid materials (Fig. S1 and Table S17}). The results suggest
that the hybrids of PEOZ and PHS have good miscibility due to
the hydrogen bonding between PEOZ and PHS.

Then the films of the hybrids cast on glass slides were
scratched with an approximately 30 um wide cut by a scalpel
blade. The self-healing process of the films was observed when
the samples were placed in a humidity chamber at 95% relative
humidity (RH). The 15PHS/PEOZ film heals the fastest among
the hybrids (within 50 min) (Fig. S2at), and the cut of 30PHS/
PEOZ heals gradually within 70 min (Fig. S2bt). In contrast,
the 50PHS/PEOZ and 70PHS/PEOZ films do not have self-
healing ability (Fig. S2c and S2d,t respectively). The self-
healing systems generally have a mobile phase around the
damaged area.*” Based on the DSC measurements recorded in
Fig. S1a,t the increase of PHS enhances Ty, indicating lower
polymer chain mobility, which thereby results in longer healing
time. On the other hand, it is found that the addition of PHS
decreases the moisture uptake (Fig. S3af), which shows the
same trend with the self-healing speed. Therefore, it is obvious
that water contributes to triggering the self-healing process,
similar to the reports that water increases the chain mobility of
the polymers as the plasticizer for self-healing.***>* Addition-
ally, under the same dew point, when the temperature is raised
(RH will decrease relatively), the healing rate is much slower
(Fig. S471), indicating that the relative humidity is more crucial
than the dew point.

The 30PHS/PEOZ sample was selected to perform further
investigation of the self-healing properties because it exhibits
excellent self-healing ability and good adhesion in a humid

This journal is © The Royal Society of Chemistry 2020
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environment at the same time (Fig. S3b¥). CaCl, was mixed with
the polymer hybrid at different molar ratios (Ca**: carbonyl
groups of PEOZ equals1:6,1:4,1:2,1:1,and 2 : 1). After the
evaporation of the solvent, the cured films with more than 0.5
equivalent of CaCl, (Ca®*:C=0 of 1:2) illustrate the salt
efflorescence (Fig. S51). The crystallization of CaCl, appears
obviously, which affects the optical properties and further
application of the films. Therefore, Ca** : C=0 molar ratios of
1:6 and 1:4 were respectively selected in the self-healing
experiments. A confocal laser scanning microscope was
employed to measure the width and depth of each scratch.
There is no significant difference in the healing rate when 0.17
equivalent of CaCl, is added (Fig. 1b). By comparison, the self-
healing is accelerated with the addition of 0.25 equivalent of
CaCl,, and the scratch heals within 60 min (Fig. 1c), faster than
the neat 30PHS/PEOZ (Fig. 1a) even taking into consideration
the larger scratch.

The self-healing efficiency of the hybrids

The mechanical strength of the healed sample was measured
through tensile and adhesion strength tests to evaluate the
efficiency of the self-healing process. In the tensile strength test,
each sample was cut with scissors into two parts, which were
put together with an approximately 1 mm overlap on a poly-
tetrafluoroethylene (PTFE) board (Fig. 2a).”> Together with the
original samples, the reconnected samples were placed into
a humidity chamber for 5 h to completely self-heal the samples
and ensure that all samples have experienced the same envi-
ronment. The calculation of the stress was based on the single
thickness of the specimens instead of the double thickness
because most of the specimens broke outside the overlapped
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area. Fig. 2b and c show the tensile-strain curves, and the data
are summarized in Table 1. Here, the healing efficiency is
defined as the ratio of the tensile strength of the healed sample
to that of the original sample. For the 30PHS/PEOZ samples, the
healing efficiency is 82% and increases to 91% for the samples
containing CacCl, after the same healing time. It is remarkable
that Young's modulus of the sample containing CaCl, is =40%
higher than that of 30PHS/PEOZ for both original and healed
samples. The tensile strength is also increased by nearly 14%
for the healed samples. The enhancement of Young's modulus
and healing efficiency can be attributed to the increasing
interactions in the system containing CaCl,, as well as the
simultaneous functions yielded by the bond rupture-reforma-
tion and the internal friction of the ionic bonds* of CaCl,.
These findings indicate that CaCl, strengthens the 30PHS/PEOZ
film and promotes self-healing efficiency to a certain extent.
The self-healing property permits 30PHS/PEOZ to be used as
a repeatable adhesive. Fig. 2d shows the schematic procedures
of the single-lap tensile shear test. After the two halves of the
specimens were pulled to failure, they were quickly adhered to
each other again with a force of about 50 N (removed after 30
min) and stored in the humidity chamber at RH = 95% for 5 h.
The debonding-rebonding procedures were repeated two times,
and the healing efficiency was calculated as the ratio of the re-
bonded adhesion strength to the original one. Fig. 2e and f
show the curves of the adhesion strength against the displace-
ment, and the data are listed in Table 2. The results show that
the 30PHS/PEOZ samples containing CaCl, demonstrate higher
healing efficiencies, and the adhesion strength is also stronger
than the neat 30PHS/PEOZ at RH = 95%. In addition, 30PHS/
PEOZ can repeatedly adhere under ambient conditions (RH =

Fig. 1 Self-healing of 30PHS/PEOZ with CaCl,. 3D laser microscopic images and optical photographs of the self-healing process of (a) 30PHS/
PEOZ, 30PHS/PEOZ with (b) 0.17 equivalent CaCl, and (c) 0.25 equivalent of CaCl,. The healing rate of 30PHS/PEOZ was improved by the
addition of 0.25 equivalent of CaCl,. CLSM: confocal laser scanning microscope, OM: optical microscope, w: width, d: depth.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Self-healing efficiency test. (a) Samples were cut and overlapped ~1 mm at RH = 95% for 5 h, and the tensile tests were carried out in an
ambient environment. The tensile stress—strain curve of (b) 30PHS/PEOZ and (c) 30PHS/PEOZ + CaCl, at RH = 95%. (d) Scheme of the single-lap
tensile shear strength test and repeatable adhesion. The repeatable adhesion strength of (e) 30PHS/PEOZ at RH = 95%, (f) 30PHS/PEOZ + CaCl,

at RH = 95%, and (g) 30PHS/PEOZ at RH

= 55%, (h) 30PHS/PEOZ + CaCl, at RH = 55%.

Table 1 Summary of the mechanical properties of the 30PHS/PEOZ hybrids with/without CaCl,

Tensile strength (MPa)

Elongation at break (%) Young's modulus (MPa)

Sample Original Healed Healing efficiency Original Healed Original Healed
30PHS/PEOZ 3.03 £0.22 2.49 £+ 0.08 82.26% 80.59 £5.92 59.89 £ 6.61 99.16 +7.63 90.81 £ 5.87
+ CaCl, 3.11 £ 0.36 2.83 £0.15 91.23% 62.03 = 7.16 41.64 £ 7.35 138.52 +14.10 133.75 + 4.56

55%) as well (Fig. 2g and h). It is noted that because absorbed
water works as a plasticizer, the adhesion strength of both neat
30PHS/PEOZ and hybrids containing CaCl, is higher than that
in the wet environment (RH = 95%), however, the self-healing
efficiency in moderate humidity is slightly lower. In conclusion,
CaCl, is proved to enhance the adhesion strength and the

21816 | J Mater. Chem. A, 2020, 8, 21812-21823

healing efficiency of 30PHS/PEOZ in both wet and ambient
environments.

Self-healing mechanisms

FTIR spectra have shown that PEOZ and PHS are connected via
hydrogen bonding (Fig. S17). Since water vapor would weaken

This journal is © The Royal Society of Chemistry 2020
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Table 2 The adhesion strength and the healing efficiency of the 30PHS/PEOZ hybrids with/without CaCl, under different relative humidities

RH = 95% RH = 55%
Healing efficiency 30PHS/PEOZ + CaCl, 30PHS/PEOZ + CaCl,
Original adhesion (MPa) 0.44 + 0.03 0.64 + 0.06 1.80 + 0.04 2.57 +0.09

First healed
Second healed

72.15 £ 4.76%
61.28 £ 3.29%

the hydrogen bonds between the two polymers,* micro-FTIR
mapping was adopted to monitor whether PEOZ and PHS
move simultaneously. The peak at 1624 cm ' is the C=0
stretching band of PEOZ, and 1509 cm ' is the semicircle
stretching modes of the benzene in PHS.** These two peaks are
used as the characteristic peaks for the two components. Fig. 3a
shows that during the self-healing process of 30PHS/PEOZ, the
intensities of both peaks gradually increase in the scratched
area, which indicates that PHS and PEOZ move to the edges of
the scratch at a similar pace and contact the other side of the
scratch gradually. After 70 min, the intensity distribution of the
two characteristic peaks is relatively homogeneous, which
implies the end of the self-healing process. It also proves that
moisture does not destroy the interaction between PEOZ and
PHS. Fig. 3b shows that the addition of CaCl, does not affect the
synchronization and, instead, accelerates the self-healing
process to finish within 60 min. This acceleration mechanism
by CaCl, was further evaluated through simulations and
experiments in the following sections.

The chemical interactions were studied by Molecular
Dynamics simulations. To simplify the calculations, PEOZ of
lower average molecular weight (~10 400) was used in the
simulation system, which also has the self-healing capability, as
shown in Fig. S6.1 Fig. 3c shows the model of 30PHS/PEOZ and
30PHS/PEOZ + CaCl,-2H,0. The average interaction energies
between PEOZ, PHS, and ions (cations or anions) of CaCl, in
both dry and wet environments are recorded in Fig. 3d. Inter-
estingly, Ca®" and Cl~ exhibit selective interaction with PEOZ
and PHS, respectively. Ca®>" shows higher interaction energy
with PEOZ, whilst CI™ has greater interaction energy with PHS,
indicating that PEOZ strongly pairs with Ca** ions, while PHS
prefers to bond to Cl™ ions. Additionally, the interaction energy
between Ca®" and CI~ in the hybrid system is calculated as
—7.92 x 10°> k] mol~" owing to the strong ionic bonding of
CaCl,. A bridging interaction is established to connect the
30PHS/PEOZ + CaCl, hybrid system as: PEOZ < Ca** & Cl- —
PHS. Moreover, this preferential interaction trend is not
affected by adding environmental water molecules into the
system, which simulates the experimental parameter.

The self-healing process at the molecular scale has also been
simulated by creating a cell with an artificial crack of 1 nm
(Fig. 3e). The motions of the cells during self-healing can be
characterized by the mean square displacement (MSD) at
a particular simulation time. Fig. 3f shows the curves of MSD
against the simulation time of 30PHS/PEOZ and 30PHS/PEOZ +
CaCl,, and the diffusion coefficient D of each system can be

This journal is © The Royal Society of Chemistry 2020

81.36 £ 3.06%
70.31 £ 5.60%

69.14 £ 5.22%
59.36 £ 2.51%

74.06 £ 3.39%
65.83 £ 5.81%

deduced from the increment of MSD with time according to the
simplified equation:

D=¢ (2)
where a is the slope of the straight line fitted from the MSD
curve.”® The diffusion coefficient of 30PHS/PEOZ is 1.717 X
10~° em® s, while the CaCl, containing system has a higher
diffusion coefficient of 2.117 x 10~ ° cm?® s~ !, which agrees with
the experimental results showing faster self-healing with the
addition of CaCl, (Fig. 1c). On the other hand, the potential of
mean force needed to separate the self-healed system contain-
ing CacCl, is nearly four times stronger than that of the neat
30PHS/PEOZ (Fig. 3g), indicating stronger bonding strength of
30PHS/PEOZ + CaCl,, which is consistent with the experimental
results (Fig. 2).

These preferential interactions among PEOZ, PHS, and
CaCl, suggested by the MD simulations were experimentally
validated using spectral analysis. First of all, we used Raman
spectroscopy to confirm the existence of bonding between Ca**
and Cl™ in 30PHS/PEOZ + CaCl, in both ambient and wet
environments (Fig. S7t). In the UV-Vis absorption titration
experiments, the n—-m* electronic transition of PEOZ at 268 nm
gradually red-shifts and becomes broader upon the addition of
CaCl, to PEOZ. Meanwhile, a new absorption at 289 nm is
generated and increases with the increasing ratio of Ca®*
(Fig. 4a). In contrast, the -m* absorption peak of PHS* does
not change, and no new peak is generated when different
amounts of CaCl, are added (Fig. S8at). In the FTIR study, as
shown in Fig. 4b, the C=0 band at 1624 cm ™ of PEOZ shifts to
1606 cm™ ' for the films containing CaCl,, and the O=C-N
amide stretching band at 1472 cm ™' (ref. 56) moves to the
higher wavenumber at 1486 cm ™. The result indicates that Ca**
coordinates with the oxygen in the carbonyl group of PEOZ, but
not with nitrogen, consistent with the coordination between
tertiary amide and metals.”” On the other hand, no shift of the
C-0 band around 1230 cm ! of PHS is observed when CacCl, is
added into PHS (Fig. S8bt), implying that Ca®>" does not coor-
dinate with PHS.?” Besides, XPS reveals that the Ca 2p,,, and Ca
2pss. peaks of CaCl, at 351.6 eV and 348.1 eV shift to 351.2 eV
and 347.8 eV respectively after being blended with 30PHS/PEOZ
(Fig. 4c), further confirming the coordination between Ca®" and
PEOZ. Since the hydroxyl band of PHS in the IR spectra is
heavily affected by the environment humidity and the existing
hydrogen bonds between PHS and PEOZ, it becomes hard to
evaluate the variation of the hydrogen bonding by using the
FTIR spectroscopy. Therefore, the interaction between PHS and
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false-color mapping images, of which the peak at 1509 cm™! refers to PHS, and the peak at 1624 cm™! is assigned to PEOZ, indicate the
distribution of PHS and PEOZ respectively during the self-healing process (scale bars: 100 um). (c) The computational cells of the 30PHS/PEOZ

and 30PHS/PEOZ + CaCl,. (d) The interaction energy of

PEOZ and PHS with Ca?* and Cl~, and the interaction energy between Ca?* and CL~,

respectively, "+H,O" means wet condition. (e) The equilibrated configuration for the wet environment self-healing simulation. (f) Mean square
displacement vs. simulation time of 30PHS/PEOZ and 30PHS/PEOZ + CaCls. (g) The curves of the potential of mean force against the pull-out

distance after self-healing.
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(a) UV-Vis spectra of PEOZ in the titration experiment with the addition of CaCl, in DMF. (b) The carbonyl group red-shifts, and the amide

C-N bond blue-shifts in the FTIR spectra of PEOZ because of the coordination with Ca®*. (c) XPS spectra of deconvolution of Ca 2p peaks for
pristine CaCl, and 30PHS/PEOZ + CaCly. (d) The **C NMR resonance signals of the carbonyl carbon of PEOZ and hydroxyl-substituted carbon of
PHS. (e) Partial 'H NMR spectra of 30PHS/PEQZ in DMSO-ds, the ~OH signal moves downfield with an increasing ratio of CaCl,. The ratio of Cl~
at 1.4 equiv. is the ratio used in the self-healing experiment. (f) XPS spectra of the deconvolution of Cl 2p peaks for pristine CaCl, and 30PHS/
PEOZ + CaCly, the solid line and dashed line refer to the two different deconvolutions of Cl 2p doublets, respectively. (g) Partial FTIR spectra of
PEOZ and the samples containing CaCl,, Ca(NOs),, NaCl, and MgCl,. (h) Partial 'H NMR spectra of 30PHS/PEOZ in DMSO-dg, with the 1
equivalent addition of CaCl,, Ca(NOs),, and MgCl,. (i) Comparison of the interactions between the polymers and different salts, and whether the
self-healing is promoted. M—L: metal-ligand, A-L: anion-ligand. The anion-ligand coordination result of NaCl is not available because NaCl is

not soluble in DMSO, and thus the spectrum is not present.

CaCl, was examined using NMR and XPS measurements. The
solid state *C NMR spectra show that the introduction of CaCl,
causes a slight downfield shift of the peak from 155.8 ppm to
156.2 ppm, which corresponds to the hydroxyl-substituted
carbon (C-OH) of PHS (Fig. 4d and S9%). This can be attrib-
uted to the change of the hydrogen bonding acting on C-OH.>*
In addition, comparing the C=O0 signal of PEOZ at 174.4 ppm
in 30PHS/PEOZ versus that in 30PHS/PEOZ + CaCl,, this peak
undergoes a strong downfield shift of Aé = 2.8 ppm in 30PHS/
PEOZ + CaCl, due to the metal-ligand coordination.*® Liquid
state "H NMR spectra are obtained to further investigate the
status of the hydroxyl of PHS by the titration experiment of
CaCl, into 30PHS/PEOZ in DMSO-d, (Fig. S10%). Fig. 4e shows
the change of the chemical shift position of the O-H proton in
PHS. It is clear that the peak shifts downfield gradually with the
addition of CaCl,, implying the formation of a hydrogen bond.*

This journal is © The Royal Society of Chemistry 2020

In the XPS measurements, Fig. 4f shows that the doublet Cl 2p;;,
» and Cl 2p;, peaks become indistinguishable in 30PHS/PEOZ +
CaCl, when compared with the pristine CaCl,. The spectrum
can be deconvoluted into two sets of Cl 2p doublets, which
implies that the chemical state of chlorine has changed. Ebner
et al. have reported that the resolution loss of CI 2p peak is due
to the presence of hydrogen bonding and different types of
chlorine environments.** Additionally, chloride anion shows
fine affinity for phenolic compounds as a hydrogen bond
acceptor.® Thus, it is reasonable to conclude that ClI~ forms
hydrogen bonds with the hydroxyl group of PHS, confirming the
MD simulation results.

In summary, the self-healing mechanism of PHS/PEOZ can
be described as follows. When the hybrid film is damaged, the
intermolecular hydrogen bonds are more likely to break than
the covalent bonds of the polymers. At first, the film absorbs
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water from the environment, which enables the system to form
a mobile phase. When the space between the fractured surfaces
is sufficiently narrow, the hydrogen bonds will regenerate
between PEOZ and PHS. Furthermore, the promoted self-
healing process of the CaCl, containing hybrid system is ach-
ieved by the co-existing ternary bridging bonds: hydrogen
bonding, metal-ligand coordination, and ionic bonding. In this
system, CaCl, acts as the connector between PEOZ and PHS.
This mechanism is different from the reported common metal-
ligand coordination self-healing mechanisms because both
cation and anion contribute to this system. Ca®>" mainly coor-
dinates with the carbonyl groups of PEOZ, while ClI™ forms
hydrogen bonds with the hydroxyl groups of PHS. Upon
absorbing moisture, the coulombic interaction between Ca>*
and Cl~ accelerates the chains of PEOZ and PHS to diffuse
toward the interface of the fracture,”® which promotes the

View Article Online

Paper

healing rate. The use of CaCl, in the self-healing films was
previously reported in conjunction with byssus protein hydro-
lysate®* and catechol polymer;** however, it was considered that
only Ca** forms complexes with the polymer and facilitates self-
healing behavior. In this work, we have evidenced that the CI™
anion also plays a vital role in the self-healing process,
empowering the anion coordination to the design and function
of self-healable structures. The role of the ternary bonds in
enhancing the mechanics of the material is also evaluated by
comparison of the tensile behavior of each component
(Fig. S111).

Moreover, in order to validate this mechanism, MgCl,, NaCl,
and Ca(NOs;), salts were separately added into 30PHS/PEOZ,
and the self-healing rates were compared (Fig. S12t). The
sample with MgCl, shows a comparative healing rate with the
sample containing CacCl,, while the samples containing NaCl or
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Fig.5 Applications of the 30PHS/PEOZ + CaCl, hybrid. (a) The photographs of sandpaper-scratched 30PHS/PEOZ + CaCl, film and self-healed
film in 95% RH chamber for 60 min. (b) The recovery of the transmittance of visible light after self-healing recorded in UV-Vis spectra. (c) Optical
images of the scratched surface and the healed surface of the 30PHS/PEOZ + CaCl; film. (d) Adhesion and (e) the single-lap tensile shear strength
of the 30PHS/PEOZ + CaCl, on different substrates. (f) Comparison of healing time and healing efficiency versus adhesion strength of 30PHS/
PEOZ + CaCl, with the self-healable adhesives reported in the recent three years.®®=77 (g) The self-healing of a consolidated plaster fragment.
Step 1: the fragment was pre-treated with CaCl, solution and split into two parts, and the two halves were joined together. 1.2 mL 30PHS/PEOZ in
DMF at a concentration of 15% was dropped on the sample. Step 2: the sample was cured for 12 h. Step 3: the sample was separated and
reattached. Step 4: the adhesion of the fragmented sample was restored after being put in a wet environment for another 12 h.
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Ca(NO3), did not improve the healing rate. As shown in Fig. 4g,
for the films containing Ca(NOj3), and MgCl,, the C=0 band
and the C-N amide stretching band of PEOZ move as the CaCl,
containing sample does, whereas these two characteristic bands
remain stable for the film with NaCl, indicating that PEOZ
prefers to coordinate with Ca®>* and Mg>* rather than Na™.
Fig. 4h and S13t show the "H NMR spectra of the samples, it is
clear that with the addition of CaCl, and MgCl,, the O-H peaks
move downfield, whereas, Ca(NO3), does not affect the position
of the O-H signal. These supplementarily confirm that CI™
forms hydrogen bonding with PHS, and the hydrogen bonding
between NO;~ and —OH of PHS is rather weak. MgCl, shares
similar coordination behavior with CaCl,, while neither NaCl
nor Ca(NOs), connects the two polymers. Therefore, whether
the cation and anion of the added salt respectively interact with
the polymers to form the ternary bonds in the hybrid is the key
finding of the self-healing mechanism (Fig. 4i).

Applications of 30PHS/PEOZ with CacCl,

The 30PHS/PEOZ + CaCl, film shows excellent visible light
transmittance. At a thickness of the cast film of about 50 um,
the transmittance is higher than 95% over the wavelength from
380 to 750 nm (7550 = 98.9%), which indicates that the use of
the hybrid as an adhesive or a coating brings minimum
aesthetic effects on the adhered surface. Fig. 5a demonstrates
that the film becomes obscure after being scratched by sand-
paper, and the light transmittance visibly decreases (Fig. 5b).
Interestingly, the light transmission of the film can be effec-
tively restored in the humid environment within 60 minutes
due to the excellent self-healing property of the 30PHS/PEOZ +
CaCl, hybrid (Fig. 5b and c).

In addition, most of the self-healable adhesives nowadays
are hydrogels,* but their physical properties and low adhesion
strength hinder their broader applications. Here, the 30PHS/
PEOZ + CaCl, hybrid displays good adhesion on impermeable
and porous surfaces. For example, the 30PHS/PEOZ + CacCl,
solution was used to bind two slices (each) of aluminum,
plywood, and glass, and all the samples are able to bear a load of
1 kg (Fig. 5d). The adhesion strength on aluminum, plywood,
and glass is 2.57 £ 0.09 MPa, 0.88 + 0.08 MPa, and 1.07 +
0.03 MPa, respectively (Fig. 5e), which leads to a promising
application of 30PHS/PEOZ + CaCl, as a self-healable trans-
parent adhesive material. Additionally, the 30PHS/PEOZ + CaCl,
hybrid shows outstanding performance compared with the
most recently published room temperature self-healing coat-
ings and hydrogels taking into consideration transparency,
adhesion strength, and self-healing conditions (Fig. 5f and
Table S21).

Nowadays, the majority of the conservation materials are
polymeric materials, and they often function as adhesives,
consolidants, and protective coatings. However, not only the
cultural heritage but also the conservation materials suffer from
degradation, especially from mechanical damage, resulting in
micro-cracks on the materials. The damaged conservation
materials are generally difficult to be cleaned and replaced by
new materials.®® Novel materials with healing properties for the

This journal is © The Royal Society of Chemistry 2020
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conservation of cultural heritage are more desirable. As an
example of potential applications, the 30PHS/PEOZ hybrid has
been used for the preservation of cultural heritage by taking
advantage of self-contained water-soluble salts in the ancient
supporting layer of wall paintings (for the elemental contents,
refer Table S3 in the ESIf). More importantly, the onsite
conservation environment of wall paintings usually has high
relative humidity. Here, a simulating consolidation treatment
was carried out on a fragment of plaster. Before the test, the
fragment absorbed a CaCl, solution of 10 mg mL ™" by capillary
absorption and was split into two parts. Fig. 5g shows the
treatment of the broken fragments with the hybrid, and the
fragments were left curing for 12 h in order to completely
recombine the two halves (Step 1 and Step 2). Then the fragment
was separated by breaking the adhesion at the interface. Next,
the fragments were tightly reattached together and placed in the
humidity chamber (RH = 95%) for 12 h (Step 3). The SEM
images (Fig. S1471) suggest that the porous organic film adhered
to the fracture of the sample, demonstrating one exemplary
application of self-healing materials in the field of conservation
of cultural heritage.

Conclusions

A multifunctional self-healing material of the PEOZ, PHS, and
CaCl, hybrid has been developed and can be used as a strong
transparent adhesive in both ambient and wet environments
(RH = 95%), demonstrating excellent self-healing capability
and repeatable adhesion. A new mechanism of the self-healing
process is proposed and it has been proved that both the cation
(Ca®") and anion (CI7) interact selectively with the polymers to
promote the self-healing process: Ca** coordinates with PEOZ,
and Cl™ coordinates with PHS in the form of hydrogen bonding.
As a result, the synergistic effects among hydrogen bonds,
metal-ligand coordination, and ionic bonds improve the heal-
ing rate and efficiency as well as mechanical strength to
a certain extent. This hybrid material could potentially be used
as a self-healable coating for the surfaces containing visual
information or with optical functions, a repeatable adhesive
with strong mechanical strength, and also as a conservation
material for cultural heritage in both wet and ambient
environments.
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