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In this work, we correlate network dynamics, supramolecular reversibility and the macroscopic surface
scratch healing behavior for a series of elastomeric ionomers based on an amorphous backbone with
varying fractions of carboxylate pendant groups completely neutralized by Na', Zn?" or Co®" as the
10 counter ions. Our results based on temperature dependent dynamic rheology with simultaneous FTIR
analysis clearly indicate that the effective supramolecular bond lifetime (z,) is an important parameter to
ascertain the ideal range of viscoelasticity for good macroscopic healing. The reversible coordination
increased with higher valence metal ions and ionic content. Both rheological and spectroscopic analyses
show a decrease in supramolecular assembly with temperature. The temperature dependent z, was used to
calculate the activation energy (E,) of dissociation for the ionic clusters. According to self-healing

o

experiments based on macroscale surface scratching, a supramolecular bond lifetime between 10 and 100
s results in samples with complete surface scratch healing and good mechanical robustness.

long lifetime yields materials without dynamic behavior. It has
Introduction been reported that in an intermediate range of bond lifetimes, 1 ps
<1, < 1 min, materials with attractive and tunable properties such
as adaptability, responsiveness and self-healing can be obtained.**
so  In the field of supramolecular self-healing polymers, ionomers
are one of the most studied systems due to their high versatility.'”
18, 25.26 Tonomers are polymers with a nonpolar backbone and up
to 15 mol% of pendant ionic groups. The development of
intermolecular interactions and reversible crosslinks in these
ss materials is due to microphase separation into a polar, cluster-
forming ionic phase, and the non-polar polymer phase. In these
networks, the thermally reversible crosslinks are formed by the
interaction of the metal ion with the carboxylate group, which
give rise to multiplets and clusters of these reversible bonds as
6 shown schematically in Figure 1. Therefore the effective
supramolecular bond lifetime (z,) in ionomers corresponds to the
relaxation time of these reversible tie points. 7, depends on
temperature, fraction of ion content and molecular weight of the
polymers. Apart from 7, the parameters associated with the
strength of a supramolecular network are the average molecular
weight between physical and chemical crosslinks (segment length
M.) and the strength of the reversible interactions.”" 2* The
relation between the network strength and the extent of reversible
interactions determine the mechanical properties of the polymer
70 and its healing efficiency. The corresponding time-dependent
dynamic mechanical properties can be measured by frequency-
modulated rheological measurements.
The present work is a first detailed systematic study on the role
of the ionic fraction and type of metal counter-ion for the
75 temperature-dependent  dynamic-mechanical  properties  of

Self-healing in polymeric systems can be broadly classified into
extrinsic and intrinsic healing approaches.'? While in
extrinsically healing systems, the healing agent is added to the
matrix material as micro- or nanocapsules or fibres,® intrinsic
systems rely on the natural chemical or physical reversibility of
the material. This reversibility can be in the form of covalent
bonds,”'® metal-ligand interactions,'"™"® hydrogen bonds,'*'® or
ionic supramolecular clusters,'™ '® to name a few. The advantage
of the intrinsic self-healing approach based on dynamic self-
assembly in polymeric materials is that the high density of
intermolecular interactions can ultimately result in mechanically
30 robust materials under working conditions, while upon damage,

the molecular rearrangement induces repair of the damaged site.

In addition, by tuning the nature, strength and concentration of

the dynamic bond the supramolecular networks become sensitive

to environmental variables, such as temperature, allowing design
;s and synthesis of tunable or responsive reversible polymer
networks.

The two key parameters for the design of self-healing
supramolecular polymers are chain dynamics and strength of
reversible interactions. The dynamic nature of the defining
interactions determines the mechanical properties of a material
and the time scale of reversibility, which is referred to as the
supramolecular bond lifetime (z). 7, has recently shown to be a
key characteristic ~describing the dynamic nature of
supramolecular interactions.'®?> When the bond lifetime is short,
45 the macromolecular assembly is amenable to flow, whereas a
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ionomeric elastomers, and their correlation to the macroscopic
surface scratch healing efficiency. Model copolymers of butyl
acrylate with varying molar fraction of acrylic acid units, yet with
constant molecular weight were synthesized, and subsequently
neutralized with different metal salts of sodium, zinc and cobalt
were used. Sodium and zinc are some of the most commonly
studied metal ions in ionomers,*'33 and thus used in this work to
study the differences between monovalent and divalent cations.
Cobalt was also used to further compare the differences between
different divalent transition metal cations. Microscale scratching
followed by controlled annealing was used to quantify the healing
characteristics.

Fig 1. Schematic representation of the hierarchical formation of the
ionomer morphology: ion pair = multiplet - ionic cluster -
network with encircled regions of restricted polymer mobility.

Experimental
Materials

n-Butylacrylate (nBA) (Aldrich, 99%) and fert-butyacrylate
(tBA) (Aldrich 98%) were purified by filtering over a basic
aluminium oxide plug and flushing with argon (Linde) for 20
min. Methyl-2-bromopropionate (MBrP) (Aldrich, 97%) was
used without further purification. CuBr (Aldrich, 98%) was
purified by stirring with concentrated acetic acid for 12 h,
filtered, washed with ethanol and diethylether, and dried under
vacuum at 75 °C. N,N,N’,N”,N’-pentamethyl diethylene triamine
(PMDETA) (Aldrich, 99%) was used without further purification.
Trifluoroacetic acid (Solvay Organics, 99%) was used for
hydrolyzation. The corresponding amount of zinc(IT)acetate
dihydrate (Merck, 99.5%), cobalt(IT)acetate tetrahydrate (Merck,
99%) or sodium hydroxide (Fisher Chemicals, >97%) dissolved
in 1,3-dioxane (Applichem, 99%) was used for the synthesis of
the ionomers.

Polymer Synthesis

Ionomers with a controlled ion fraction and molar mass were
prepared by a three-step procedure according to a recently
published protocol.* First, copolymers of n-butylacrylate and
tert-butylacrylate were obtained by atom-transfer radical
polymerization (ATRP) with CuBr/PMDETA, with a molar
fraction of tert-butylacrylate, later resulting in ionic groups,
between 2 to 10 mol%. After polymer workup, the pendant tert-
butyl groups were quantitatively hydrolyzed to carboxylic acid
moieties with trifluoroacetic acid. Neutralization of the
carboxylic acid groups to carboxylates of various metal cations
was performed in 1,3-dioxane at 80 °C for 2 h by addition of the
respective metal acetate (Zn?*, Co*") or hydroxide (Na"). The
ionomers are labelled with PM-x; with M: metal counter ion, x:
molar percentage of ionized repeating units. All synthesized
polymers were characterized by NMR and GPC and details are
presented elsewhere.™*
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Differential scanning calorimetry (DSC)

Differential calorimetric thermal analysis to obtain the glass
transition temperature (7,) and the ionic cluster transition
temperature (7;) were performed via DSC using a heat-flux
calorimeter DSC-1 (Mettler-Toledo), and measured from -100 °C
to 150 °C with a heating rate of 10 K min™".

Rheology with in situ FTIR

Rheological experiments with in situ Fourier transform infrared
(FTIR) spectroscopy were performed on a combined system
(Haake Mars III, Thermofisher coupled with Nicolet iS10) with
integrated data collection. The bottom plate of the rheometer has
the diamond attenuated total reflectance (ATR) element which
for spectroscopic while
simultaneously measuring viscoelastic changes. Oscillatory shear
rheology with 20 mm diameter stainless steel parallel plate
geometry was used for all the experiments. For all the samples,
thickness was between 1-2 mm, and a constant shear strain y of
1%, which was within the linear viscoelastic regime of the
materials, was used. Frequency sweep experiments between 107
Hz - 10° Hz were performed at temperatures of 25, 40, 60, and
80 °C, and with an isothermal hold for 20 min prior to each
temperature step. FTIR data was collected immediately after
every frequency sweep measurement. Quantitative information
for cluster formation was obtained from FTIR by monitoring the
carboxylic acid coordination peak.”® The peak area of the
carboxylic coordination peak ranging from 1660 cm™ -1512 cm’!
was normalized to the peak area of the main carbonyl stretch
ranging from 1776-1667 cm™ and centered at 1721 cm™.

allows in situ measurements

Table 1. Theoretical and experimental polymer composition
and nomenclature.
Theoretical polymer Experimental ion Nomenclature

content (%)

P(nBA-2.0-co-AAM)-2.0% 2.0 PM-2
P(nBA-3.0-co-AAM)-3.0% 2.6 PM-3
P(nBA-4.0-co-AAM)-4.0% 42 PM-4
P(nBA-5.0-co-AAM)-5.0% 5.2 PM-5
P(nBA-6.0-co-AAM)-6.0% 6.2 PM-6
P(nBA-8.0-co-AAM)-8.0% 8.6 PM-8
P(nBA-9.0-co-AAM)-9.0% 9.2 PM-9
P(nBA-10.0-co-AAM)-10.0% 9.9 PM-10

where M indicates the metal ion Na”, Zn*" or Co*".

Scratch testing and macroscopic healing

Micro-scratch testing (CSM micro-scratch tester) was performed
to obtain quantitative damage healing data following a variant of
a previously described protocol.’® Samples were melt-pressed
onto aluminum substrates and were kept for at least 24 h at room
temperature to equilibrate. Using a 100 pm diameter Rockwell
diamond tip, first a pre-scan at 0.03 N load was performed to
gauge the profile of each coating and subtract the coating
inhomogeneity from the scratch depth measurements. Trial
scratches were produced using a progressive load from 0.03 to
30 N along a 10 mm length to determine the critical load at which
the tip of the indenter touched the aluminum substrate. Constant
load scratches of 10 mm length were subsequently performed at

10 load values just above the measured critical loads, typically

between 0.5 and 2 N. Scratches were performed at 25 °C, which
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Fig 2. Storage modulus (G”) and loss modulus (G”) of ionomer PCo-3 10000
at 25 °C and 80 °C as a function of frequency. (b) Zn .
B,
is well above the T, of the polymers and below their ionic cluster 1000
transition temperatures (7;). A post-scan with 0.03 N load along i
o PZn-
the same track as the original scratch was performed within 60 100 opzn N
i
seconds after the completion of the high constant load scan to - g
. . . . L) &
determine and quantify the elastic recovery. The effective scratch = & Bl
depth (S,) was obtained by subtracting the elastic recovery from .
the penetration depth. After determination of Sy, each sample was ! - .
either kept at 25 °C for up to 24 hours or heated on the heating - A 7S
stage incorporated in the scratch tester at a rate of 50 °C min™ ot 5 P2A-2
and isothermally held at 50 °C or 100 °C up to 24h; this process : S
being the healing step. The depth of the scratch was monitored oot - A 0 A 06
every 10 min by applying a minimal load of 0.03 N on the same Temperature (°C)
scratch, allowing determination of the scratch healing kinetics.
The self-healing efficiency was calculated using equation (1) 100000
n =(1-5/Sp)-100 )
where S; is the scratch depth measured at healing time ¢.
10000
Results and discussion . e .
1000 T e
Polymer synthesis and characterisation s o S
2 s - & A PCo-6
All ionomers had a molar mass in the range of M, ~ 42,000 " i D o © PCo-5
g-mol™! with a low polydispersity index (PDI ~ 1.1), as verified b LE ‘ *PCo-4
by GPC. The theoretical and experimental ion fraction for each e ) u PCo-3
ionomer and the nomenclature used in this work is shown in 10 Tl " o PCo-2
Table 1. The glass transition temperature 7, is below -30 °C for o
all the ionomers, indicating an excellent flexibility of the polymer 14 . -
20 40 60 80 100

main chain under ambient conditions. The characteristic
transition temperature of the ionic clusters, T;, is around +50 °C
for ionomers with an ionic fraction below 6 mol%, and increases
up to 170 °C for increasing ionomer content. The observed trend
is similar for the three series of ionomers with different counter
ions.

All ionomers of the three metal ion series under investigation
show the typical frequency sweep spectrum of dynamic
supramolecular networks as reported elsewhere.’” As can be seen
in the sample spectrum of PCo-3 (Figure 2), at room temperature
the storage/elastic modulus G’ is larger than the loss/viscous
modulus G” and the supramolecular bonds remain intact and
effectively prevent molecular slippage under high frequency
deformation. However, at the long time scales (low frequency
range), G’ is lower than G” indicating the supramolecular bonds

55

Temperature (°C)

Fig 3. Supramolecular bond lifetime (7;,) as a function of temperature
for (a) PNa, (b) PZn, (c) PCo series. Dotted lines are a guide to the
eye.

are subjected to a rearrangement during the slow perturbation.
These phenomena appear more evident at temperatures above the
ionic transition temperature as seen in Figure 2 at 80 °C. The
transition between the time domains dominated by the elastic and
the viscous behavior is given by the crossover frequency (@) of
the G° and G” curves, time 7, = 2/, is good measure of the
ionic relaxation timescale, henceforth referred to as the
supramolecular bond lifetime (z,). This parameter is the
characteristic time scale for the dissociation and association of
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the dynamic bonds responsible for the network mobility is thus
crucial for a proper understanding of the dynamic behavior of the
material.*

7 as a function of temperature is shown in Figure 3 for the (a)
PNa, (b) PZn and (c) PCo ionomer series. As temperature
increases, the relaxation time decreases as the thermally activated
network gains mobility, and the supramolecular linkages become
less effective. This trend is observed independently of the metal
cations and the ionic content. The relaxation time increases with
increasing ionic fraction. Comparison of the three series gives
information about the role of the counter ion on the strength and
dynamics of the ionic clusters. It is observed that the relaxation
times are generally low (z, < 10 s) for Na' based ionomers with
an ion fraction of 6 % and lower. In the case of the Zn*" and Co**
based ionomers (Figures 3b and c), a similar trend is observed.
The results indicate that already at low ion fractions, the most
stable ionic bonds are formed in the Co*‘-based ionomers,
followed by Zn*".

For the 8% and higher ionic content, the PNa series displays a
remarkable deviation from the normal behavior i.e there is no
crossover of G” and G”. At 25 °C and 100 Hz, PNa-8 has a G’
and G” of 1.5 and 0.85 MPa, respectively. In these high Na”
content samples, the G’ stays greater than G” for the entire
frequency range of measurement, indicating that the crossover
frequency w,, and the 7, is beyond the measurement range (i.e.
below 10 Hz). On the contrary, the PZn and PCo series, despite
the higher valence of the involved counter ions (Zn?* and Co*"),
show the typical dynamic crossover frequency above 10 Hz at
room temperature, which further suggests the presence of
different supramolecular interactions in higher Na' content
ionomers. In comparison to the other two cations, the behavior of
PNa series may be attributed to the higher chemical affinity of the
monovalent Na” ion to the carboxylate acid groups resulting in
larger clusters and thus result in a lower density of effective tie
points in the ionomer network.

In order to obtain a better insight into the thermally activated
flow of the materials below the thermal transition temperature of
the ionic clusters (7;), we perform an Arrhenius analysis by
plotting 7, logarithmically against the reciprocal temperature, and
extracting the apparent activation energy (E,) of the relaxation
process.*® Sza

Tp = Ag " erT 2

As illustrated for the PNa, PZn and PCo series in Figure 4, the
results of the Arrhenius analysis is consistent with the qualitative
observations. For the PCo series, E, is significantly higher than
that for PZn and PNa with similar ionic contents, and follows the
trend of E, (PCo) > E, (PZn) > E, (PNa). All E, values
determined are in the range of 40-150 kJ mol ™!, and increase with
increasing ionic fraction. Similar value for the apparent activation
energy E, ranging from 62 to 95 kJ mol™' has been reported for
ethylene-methacrylic acid ionomers neutralized with Na*.*
Similar temperature dependences of activation energy for
breakage of supramolecular bonds has been previously reported
for other systems Noro et al. observed an Arrhenius-type
activation energy for breakage of hydrogen bonds between
copolymer blocks of thermoplastic elastomers.*’ Le et al. reported
an Arrhenius-type temperature dependence of the viscosity with
the activation energy which levels of at low fractions of the
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Fig 4. Relation between activation energy for different ionic contents
for PNa, PZn and PCo series.
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Fig 5. (a) M. vs. temperature for PZn series and (b) comparison of M.
for different ionic content of PNa, PZn and PCo series at room
temperature. Dotted lines are a guide to the eye.

hydrogen bonding moiety.**
Effect of network mobility

The dynamic rheological frequency sweep tests show that for all

70 the studied samples the ionic clusters act as effective crosslinks at

short times (high frequencies), indicated by G’ > G”. The
materials act as effective elastomers characterized by a constant
modulus over a range of frequencies, known as the rubbery

plateau. The storage modulus in this plateau zone is called the

75 plateau modulus (Gy) and is inversely proportional to the

segment length M, according to*
Gn=pRT/M,
where p is the measured density of the ionomers, 1 g cm™;

3)
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Fig 7. Time dependent scratch healing efficiency for PZn-6 and PCo-
6 ionomers at different temperatures.

10
R is the universal gas constant, 8.314 J K mol;
T is the temperature of measurement and
M. is the apparent average molecular weight between crosslinks.
The relation is valid for model networks with covalent
15 crosslinks, but can be applied as a relative measure also on more
complex systems. In practice, the modulus of the plateau region
shows the relative changes in the effective segment length M, or
the apparent crosslink density as compared to a standard material.
In samples where a final plateau modulus was beyond the high
2 frequency measurement range of the rheometer (i.e. 100 Hz), an
extrapolated modulus value was used. A low M, value indicates a
network with a greater degree of crosslinks or tie points, and can
be used to describe the mobility of the supramolecular network.*”
#.45 M, calculated from equation (3) is typically considered a net
25 effect, measured as a result of all effective entanglements
including the polymer chain entanglements as well as those
resulting from the ionic clusters. For the pure PnBA polymer, the
plateau modulus Gy is 0.11 MPa, thus resulting in an M, of 22500
g mol”', which is representative of the entanglements resulting
30 from only the polymer backbone. Upon incremental addition of
ionic interactions and clusters, M, is expected to decrease. When
the ionic interactions are weak, i.e. for samples with <2% ionic
groups, the plateau modulus is close to that of the pure PnBA.
The pure polymer and ionomers with <2% metal content behave
35 as viscous gels, and flow at all temperatures used in this study.
Thus, they are not suitable for studying thermally activated self-
healing and hence have been excluded from this work. As
exemplified in Figure 5a for the PZn series, the effective segment
length M, decreases with increasing ion fraction in all three
40 ionomer series, in accordance with the development of a stronger
supramolecular network.

A comparison of the different cations at room temperature is
shown in Figure 5b. For PNa-2 the ionomer acts as a loosely
bound network as suggested by the high values of M,. On the

ss contrary PCo-2 has significantly low M., indicating more

This journal is © The Royal Society of Chemistry [year]
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crosslink points. In the case of PNa series, remarkable drops in
s M. are observed when comparing PNa-3 to PNa-2 and also
comparing PNa-4 to PNa-3. The critical molecular weight for
entanglement of linear poly(butyl acrylate) has been reported as
~25000 g mol* " which is lower than the M, of these
ionomers. For the Over the studied range of temperatures, the
10 ionic clusters gain mobility which is represented in the increase in
M.. However, complete disintegration of the clusters does not
occur for the high metal contents, as shown by M, values ranging
from ~4000 to 8000 g mol™’. For the high metal content, 8% and
greater, M, ranges from ~800 to 1800 g mol' at room
1s temperature and ~1800 to 5000 g mol™ at 80 °C. The M, data for
the PNa series and the PZn series show similar trends. This is in
agreement with the absence of crossover frequency observed for
the high Na content ionomers. Since Na is a stronger cation, it
most likely forms bigger clusters with the highest number of ionic
20 multiplets per cluster. This results in a low cluster density, albeit
with very strong physical tie points and thus exhibit a high M..
On the other hand Zn** and Co®' are larger cations with
delocalized charges and thus form smaller clusters. They most
likely have higher density of clusters, resulting in more physically
25 crosslinked networks and thus with lower M.. Moreover, Co?", is
more electropositive and has a greater delocalization of charge,
resulting in the most physically crosslinked network compared to

dissociation

Temperature
information

40 Figure 6(b),
series,

Na' and Zn?", which is also apparent in the higher E, of

of ionic clusters, shown in Figure 4. Similar

30 aggregation behavior has been observed for monofunctional and
bifunctional supramolecular polymers.

15,24, 48

Cluster formation

dependent FTIR analysis was used to obtain
regarding the extent of dissociation of metal-

35 carboxylate bonds. A representative FTIR spectrum is shown in
Figure 6(a) and the coordination peak from 1660 to 1512 cm’
wavenumber used for quantification is highlighted. The ratios of
the peak area of the coordination peak to the carbonyl stretch are
plotted against temperature for the PNa, PZn and PCo series in

(c) and (d), respectively. With the exception of PNa

the relative intensity of the metal carboxylate peak
decreases with increasing temperature as the ionic clusters gain
greater mobility. The degree of coordination is similar for the 2
and 3% ion content samples but increases more rapidly with the
45 4% and higher samples. This is corroborated by the E, and Gy
data. Remarkably, in the case of the PNa series, the extent of
metal coordination increases with the temperature for the 5% and
higher samples. This is indicative of a higher degree of clustering
with temperature. Upon thermal activation, the network gains
so mobility and recombination of Na* and COO™ groups is induced

This journal is © The Royal Society of Chemistry [year]
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resulting in more clusters. Due to its monodentate nature, Na*
easily forms weak physical tie points at room temperature, which
restrict the network mobility as evidenced by 7, and M, trends.
However, upon increasing the temperature, the polymer chains
become more mobile and subsequently form a higher degree of
supramolecular clustering. This is in good agreement with the
rheology data which shows a permanently crosslinked network
for the higher Na* content ionomers even at higher temperatures.

Surface scratch healing

The surface scratch healing efficiencies for representative
ionomers PZn-6 and PCo-6 are shown in Figure 7. At room
temperature, both ionomers are unable to heal the damage and
healing efficiency plateaus at 60 and 31%. This is most likely due
to a recovery that is predominantly elastic in nature. The PCo-6
has slower rate of scratch healing which can be attributed to a
higher degree of chain entanglement, which reduces polymer
chain mobility. At 50 °C, both ionomers show sufficient chain
mobility, and 100% scratch healing efficiency was observed.
However, the rate of healing is slow, indicating that a thermally
induced delayed elasticity contributes to the recovery.*’ Delayed
elasticity refers to the intermediate range of temperatures where
the viscoelastic polymer behavior is in between that of perfectly
elastic solids and viscous 1iquids.50 At 100 °C, PZn-6 and PCo-6
showed complete recovery at 33 and 11 minutes, respectively. As
shown in Figure 1, healing occurs when the ion pairs undergo
clustering to form a hierarchical network structure. Upon heating
after any macroscopic damage such as a scratch, the polymer
network rearranges to form ion pairs, further resulting in ionic
multiplets and clusters which are regions of restricted mobility.
Thus formation of this hierarchical network structure restores the
original mechanical strength of the network. The scratch healing
results are in agreement with the rheological measurements and
thus the time and temperature conditions for healing of
macroscale damage can be predicted by observing the chain
dynamics of these polymers.

Relation between network mobility and healing

In order to obtain a correlation between network mobility given
by reversible clusters and macroscale flow leading to healing, the
plateau modulus as determined from the rheological data was
plotted against the relaxation time 7, of the ionomers in Figure 8.
We obtain a master plot indicating a direct relationship between
the two characteristic values on a double-logarithmic scale. A
plateau modulus is developed only for materials with 7, of 107 s
and longer. Ionomers with 7, > 100 s develop strong and
permanent elastic properties. Taking into account the scratch
healing data, the materials at different temperatures can further be
classified in four different categories that correlate with their
location in the master plot as indicated by the boxes (Figure 8).
For 7, < 10 s, the ionomer is characterized by weak mechanical
properties at the respective temperature, with either viscous flow
or elastic recovery upon scratching. On the other extreme, if 7, >
100 s, the ionomers show strong mechanical properties and reach
only partial scratch healing due to restricted network mobility.
Finally, in the intermediate range of 7, i.e. 10 s < 7, < 100 s we
find ionomers showing good scratch healing behavior and good
mechanical properties as highlighted in Figure 8. This time
regime is partly in agreement with earlier reports, where a
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dynamic bond lifetime of 1 ps < 7, < 60 s is suggested.* While
the latter is a parameter of the single bond, the network integrity
of ionomers is characterized by multiple involvement of a
polymer chain in several multiplets acting as multifunctional
network points, and thus the relaxation time in such networks is
supposed to be longer than that for the individual bond. In
addition to a critical range of time scale of 10 s < 7, < 100 s, the
master plot delivers the plateau modulus as an additional
important parameter for efficiently self-healing materials.
Moreover, the results show that scratch tests combined with
network dynamics tests enabled a correlation between
macroscopic damage recovery and supramolecular reversibility of
these ionomers.

Conclusions

Model ionomers based on poly(butyl acrylate-co-acrylic acid)
with Var;/ing fraction of ionic groups and the respective Na*, Zn*"
and Co™" counter ions were used to investigate the role of
reversible interactions and network mobility on healing. Upon
increasing the ionic content, there is a significant increase in
cluster formation and a stronger temperature dependence, while
still exhibiting reversibility. The degree of network reversibility
as predicted by rheology and calculated as the activation energy
of cluster dissociation can be correlated to macroscale scratch
healing. Tonomers with 10 s < 7, < 100 s have a good network
reversibility which yields fast and complete scratch healing and
have good mechanical properties. Further research on other
supramolecular systems is needed to ascertain if similar critical
ranges of 7, can be established, which can predict a good balance
between network mobility and reversible interactions resulting in
completely self-healing dynamic networks.
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