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Toward Strong Self-Healing Polyisoprene Elastomers with 
Dynamic Ionic Crosslinks
Yohei Miwa,*a,b Junosuke Kurachi, a Yusuke Sugino, a Taro Udagawa a and Shoichi Kutsumizu a

To compromise high mechanical strength and efficient self-healing capability in an elastomer with dynamic 
crosslinks, optimization of the molecular structure is crucial in addition to the  tuning of the dynamic properties 
of the crosslinks. Herein, we studied the effects of molecular weight, content of carboxy groups, and 
neutralization level of ionically crosslinked polyisoprene (PI) elastomers on their morphology, network 
rearrangement behavior, and self-healing and mechanical properties. In this PI elastomer, nanosized sphere-
shaped ionic aggregates are formed by both neutralized and non-neutralized carboxy groups that act as 
stickers. The number density of the ionic aggregates that act as physical crosslinks increased with increase in 
the stickers’ concentration, although the size of the ionic aggregates was independent of the molecular weight 
and the stickers’ concentration. The ionic network was dynamically rearranged by the stickers’ hopping 
between the ionic aggregates, and the rearrangement was accelerated by decreasing the neutralization level. 
We found that the 2Rg of the PI must be significantly larger than the average distance between the ionic 
aggregates to obtain a mechanically strong PI elastomer. We also found that further increase in the molecular 
weight is effective to enhance the dimensional stability of the elastomer. However, this approach reduced the 
elastomer’s self-healing rate at the same time because the diffusion and randomization of the polymer chains 
between the damaged faces were reduced. In this work, we clearly demonstrated the principle in the 
optimization of the molecular structure for the ionically crosslinked PI elastomers to tune the mechanical and 
autonomous self-healing properties.

Introduction

Recently, elastomers consisting of reversible rubber network 
crosslinked with dynamic bonds, such as dynamic covalent bonds1–18, 
hydrogen bonding19–29, – interaction30, ionic interaction21,31–44, 
host–guest chemistry45,46, metal–ligand interaction46–53 have received 
considerable attention. Because of the dynamic nature of the bonds 
that spontaneously associate and disassociate at ambient or specific 
conditions, dynamically crosslinked elastomers exhibit unique 
behaviors such as self-healing, enhanced fatigue, fracture resistance, 
and ultra-stretchability. Recently, several dynamically crosslinked 
elastomers that spontaneously self-heal after damage even at room 
temperature without inputs of external energy (such as heat or light) 
or healing agents (such as monomers, solvents, and catalysts) have 
been developed.19,20,22–24, 26–29,31–35,37,39,42,48–53 Such autonomous self-
healing properties are potentially useful for many advanced 
applications such as wearable devices and the skin of robots.54–56 
Although the overall mechanical performance of these materials is 
important for practical applications, such elastomers tend to be soft 

and viscoelastic because of the formation of weak dynamic bonds 
during crosslinking. Therefore, designing elastomers that 
spontaneously self-heal and exhibit high strength is necessary. 
Recently, a simple ionically crosslinked polyisoprene (PI) elastomer 
that demonstrated high fracture strength and spontaneously self-
healed at room temperature was designed and developed by the 
authors.37 Moderately modified polymers with ionic groups are 
generally called ionomers. In our study, unlike the previously reported 
telechelic PI ionomers57-61, neutralized and non-neutralized carboxy 
groups which acted as stickers, were attached along the main chain of 
PI. Both the neutralized and non-neutralized carboxy groups formed 
small ionic aggregates that acted as physical crosslinks. However, 
stickers attached to the PI chains continually hopped between 
neighbouring ionic aggregates at room temperature, i.e., the 
crosslinked structure was not permanent because the network 
dynamically rearranged at room temperature. As the result of the 
network arrangement at room temperature, the ionic PI elastomer 
spontaneously healed after damage without healing agents or any 
input of external energy. Furthermore, the elastomer behaved as 
strong elastic material under rapid deformation; however, it switches 
to highly stretchable and viscoelastic material against slow 
deformation due to the network rearrangement.37 Moreover, the self-
healing rate and tensile property of the ionic elastomer was easily 
tunable by the neutralization level of the carboxy groups because of 
the network rearrangement rate that increased with decreasing the 
neutralization level. Additionally, the molecular weight of the PI 
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backbone and sticker concentration must be important parameters to 
finely optimize the network rearrangement and the mechanical 
properties of the elastomer. In this study, we focus on the effects of 
the molecular weight and sticker concentration of the ionically 
crosslinked PI elastomer based on the network rearrangement, self-
healing rate, and mechanical properties.

Experiments
Sample preparation

Materials. Isoprene (>99%) and N,N,N',N'-
tetramethylethylenediamine (TMEDA, >98%) were purchased from 
Tokyo Chemical Industry Co., Ltd. sec-Butyllithium (sec-BuLi, 1 mol 
L−1 in cyclohexane (95%) and n-hexane (5%)), cyclohexane (extra-
pure reagent), tetrahydrofuran (THF, extra-pure reagent), methanol 
(extra-pure reagent), hydrochloric acid (HCl, 35%), and CDCl3 
(99.8%) were obtained from Nacalai Tesque, Inc. and used without 
further purification. Molecular sieves (3A 1/16, Nacalai Tesque) and 
aluminium oxide (activated, Kanto Chemical Co., Inc.) were dried 
before use.

Polymerization of PI. The PI was synthesized via living anionic 
polymerization using sec-BuLi as an initiator.37 We determined the 
number average molecular weight (Mn) and molecular weight 
distribution (Mw/Mn) by gel permeation chromatography (GPC). We 
prepared three narrow polydispersed PIs having different molecular 
weights: PI1 (Mn = 12,400 Da, Mw/Mn = 1.05), PI2 (Mn = 96,900 Da, 
Mw/Mn = 1.04), and PI3 (Mn = 500,000 Da, Mw/Mn = 1.22). We used 
13C-NMR spectroscopy to confirm the microstructure composition of 
the PIs: PI1 (76% cis-1,4; 18% trans-1,4; and 6% 3,4 
microstructures); PI2 (76% cis-1,4; 18% trans-1,4; and 6% 3,4 
microstructures); and PI3 (75% cis-1,4; 18% trans-1,4; and 7% 3,4 
microstructures).
Preparation of ionically modified PI. The ionically modified PI was 
prepared according to Scheme 1.37 The concentration of the carboxy 
groups attached to the PI main chain was controlled by the amount of 
sec-BuLi and TMEDA added to the PI/cyclohexane solution under N2 
flow. The reaction was terminated via bubbling dry CO2 gas (99.9%). 
The reaction mixture was then dissolved in THF and poured into 
methanol, followed by the isolation of the precipitate. The precipitate 
was then dissolved in THF, and then aqueous HCl was added until the 
solution became acidic. The mixture was then poured into excess 
methanol and the final product was precipitated. The resultant 
carboxylic PI (PI-COOH) was dried under vacuum at 45 °C for >3 
days. We determined the actual concentration of carboxy groups in 
the PI via Fourier-transform infrared (FT-IR) spectroscopy using 
references (mixtures of PI and lauric acid).37 In this study, the degree 
of neutralization with NaOH was typically controlled between 85% 
and 90% using the following procedure. In brief, an appropriate 
amount of NaOH/methanol solution (3.9 g L−1) was slowly added to 
a carboxylic PI/THF solution (10 wt%) with vigorous stirring. The 
viscosity of the solution increased because of the neutralization of the 
carboxy groups. The mixture was then poured into a Teflon petri dish 
and dried at 35 °C to produce a cast film, which was further dried 
under vacuum at 35 °C for >1 day. The thickness of the cast films was 
~0.4 mm. By neutralization, the intensity of the stretching vibration 
of the carbonyl of COOH in the FT-IR band decreased at 1707 cm−1 

while an asymmetric stretching vibration band of sodium carboxylate 
was observed at 1590 cm−1 (Fig. S1). The actual degree of 
neutralization was determined from the reduction of the band intensity 
at 1707 cm−1, which was normalized by the band intensities of the 
C=C stretching vibrations at 1665 and 1644 cm−1. The molecular 
weights of COOH concentration and the degree of neutralization with 
sodium in the prepared samples are listed in Table 1.
Measurements. 1H-NMR and 13C-NMR spectra were obtained on 
JEOL-ECS400 (400 MHz) spectrometer. Prior to analysis, samples 
were dissolved in CDCl3 and tetramethylsilane was used as an internal 
standard. The weight and number average molecular weights of PI 
were determined by GPC using an HLC-8020 apparatus 
(manufactured by Tosoh Co., Ltd.). Two polystyrene gel columns 
(Tosoh TSK gel GMH, G4000HXL and G2000HXL) were connected 
to an RI-4030 RI detector (JASCO). THF was used as the eluent at 40 
°C. The column set was calibrated using standard monodisperse PI 
(Scientific Polymer Products) samples. FT-IR spectra were obtained 
with a Perkin-Elmer Spectrum400 spectrometer equipped with a 
DTGS detector. Prior to analysis, a thin sample film was prepared via 
press molding at 100 °C, while liquid samples were sandwiched 
between KBr plates. The thickness of the sample films was controlled 
to ensure that the absorbances of the bands obeyed the Lambert‒Beer 
law. Measurements were performed in the transmittance mode at an 
optical resolution of 4 cm−1 using 32 scans. Tensile stress–strain 
curves of the sample films were collected using the AND Force Tester 

Scheme 1. Ionic modification of PI.

Table 1. Characteristics of prepared samples.
Notation Mn

a Mw/Mn
a COOHb / 

mol%
Nac / 
%

PI1 12,400 1.05 N/A N/A
PI1(1.2)66Na 1.2 66
PI1(1.2)85Na 1.2 85
PI1(2.5)86Na 2.5 86
PI2 96,900 1.04 N/A N/A
PI2(0.4)88Na 0.4 88
PI2(1.4)85Na 1.4 85
PI2(2.7)58Na 2.7 58
PI2(2.7)90Na 2.7 90
PI3 500,000 1.22 N/A N/A
PI3(0.7)88Na 0.7 88
PI3(1.6)90Na 1.6 90

aMn and Mw/Mn were determined by GPC. bThis value is related 
to the non-neutralized sample. cDegree of neutralization with 
NaOH determined by FT-IR.
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MCT-2150 at 27 ± 1°C. Dumbbell-shaped tensile bars, with 
dimensions of 25 × 2.0 × 0.4 mm were cut from the cast films. The 
initial gauge length was set to 11 mm, and the stretching speed was 
selected in the range of 10–300 mm min−1. Each measurement was 
performed at least three times. The tensile stress () was calculated 
using  = F/S0, where S0 is the initial cross-sectional area of the 
sample film and F is the loading force. The strain () under elongation 
was defined as the marker distance (l) compared to the initial marker 
distance (l0) of the specimen, i.e.,  = (l − l0)/l0 × 100%. The increasing 
marker distance was monitored by a video camera. The rheological 
properties were investigated in oscillatory shear mode on a parallel-
plate rheometer (AR-G2, TA instruments) with 8 mm diameter plates. 
The thickness of the sample was ~0.4 mm, and a strain of 0.1% was 
applied. A temperature sweep test was performed at 1 Hz in the range 
between –100 and 150 °C at a heating rate of 3 °C min−1. Frequency 
sweep tests were performed within a dynamic range of 0.01–100 Hz. 
Synchrotron SAXS measurements were performed using the BL-6A 
beam line at the Photon Factory of High Energy Accelerator Research 
Organization (KEK) in Tsukuba, Japan. The wavelength of the X-ray 
beam was 0.15 nm. A PILATUS-1M was used as the detector. The 
distance between the detector and sample position was 1 m. Stearic 
acid and silver behenate were used as the standards.
DFT Calculations. To estimate the interaction energy between the 
stickers, we performed density functional theory (DFT) calculations. 
To narrow down the numerous possible conformations for those with 
lower electronic energies, the global reaction route mapping (GRRM) 
method was explored for isoprene trimers modified with sodium 
carboxylate or carboxy groups. 62-66 The GRRM calculation was 
performed with a large-anharmonic downward distortion (LADD) = 
3, NLowest = 20 and EQonly keywords. Also, the bond condition 
option was adopted to prevent covalent bonds in the given initial 
geometry from breaking. The initial geometry for GRRM calculation 
was obtained using a PM6 geometry-optimization calculation. The 
maximum covalent bond lengths were set to be 20% longer than the 
initial covalent bond lengths. The GRRM calculation was performed 
following the PM6 method in gas phase to produce 82 EQs, which 
were then used for DFT calculations (M0667/6-31G** with 
Int(grid=ultrafine) keyword). The 10 lowest-energy monomer 
conformations were used in building 55 initial geometries for the DFT 
calculation of a combination comprising isoprene trimers modified 
with carboxy groups. The interaction energy of COOH…HOOC was 
then calculated as the average interaction energy of the 10 lowest-
energy combinations. The initial geometries for the DFT calculation 
of COOH…NaOOC and COONa…NaOOC combinations were 
obtained by replacing the H atom(s) in COOH group in the 10 lowest-
energy combinations with Na atom(s). All calculations were 
performed using the GAUSSIAN09 Revision B.01 program 
package.68

Self-healing tests. Using a razor and a spacer, a sample film was cut, 
leaving a thickness of 12.5 m, to avoid completely cutting the film 
into two separate pieces. The cut faces were then placed in contact. 
The sample films were stored at room temperature (27 ± 1 °C) for 64 
h. The healed sample films were then stretched at 100 mm min−1 and 
27 ± 1 °C. The self-healing efficiency was defined as the ratio between 
the areas below the stress–strain curves for the original and self-healed 
materials.

Results and Discussion
Characterization of ionic aggregates. Carboxy and sodium 
carboxylate groups aggregated with each other and formed ionic 
aggregates in the hydrophobic PI matrix. The ionic aggregates acted 
as physical crosslinks in the ionic elastomers. In this section, the 
effects of the molecular weight of PI and the concentration of stickers 
(carboxy and sodium carboxylate groups) on the size and number 
density of ionic aggregates are examined. SAXS profiles of ionized 
samples have a broad scattering peak, usually called the “ionomer 
peak” at q = 0.5–1.5 nm−1 (q = (4/)sin)(Fig. 1(A)). The ionomer 
peak was a scattering from interference between ionic aggregates. The 
experimental scattering patterns simulated based on the Yarusso–
Cooper model.69 In this model, spherical particles, with an ionic core 
(having a radius of R1) and a restricted hydrocarbon shell of a 
thickness of RCA – R1, randomly disperse with the closest approach 
limitation, 2RCA, for neighboring aggregates. The scattering intensity 
for this model is presented by

  (1)𝐼(𝑞) =  𝐾
𝑉2

1

𝑉𝑝
Φ(𝑞𝑅1)2 1

1 + (
8𝑉𝐶𝐴

𝑉𝑝
)Φ(2𝑞𝑅𝐶𝐴)

                                          (2)𝑉𝐶𝐴 =
4
3𝜋𝑅3

𝐶𝐴

                                             (3)𝑉1 =
4
3𝜋𝑅3

1

                             (4)𝚽(𝒙) = 𝟑
𝐬𝐢𝐧 𝒙 ― 𝒙𝐜𝐨𝐬 𝒙

𝒙𝟑

Fig. 1 (A) SAXS profiles for (a) PI1(2.5)86Na, (b) PI1(1.2)85Na, 
(c) PI2(2.7)58Na, (d) PI2(2.7)90Na, (e) PI(1.4)85Na, (f) 
PI2(0.4)88Na, (g) PI3(1.6)90Na, (h) PI3(0.7)88Na, and (i) PI2. 
Experimental and simulated data are shown with open circles 
and curves, respectively. (B) Schematic of R1 and RCA. The 
average distance between the ionic cores, dp, is also displayed. 
(C) Plots of R1 (open symbols) and NDp (solid symbols) for the 
samples against sticker (carboxy and sodium carboxylate 
groups) concentration. Red, blue, and black symbols represent 
PI1-, PI2-, and PI3-based elastomers, respectively. The datum 
for PI2(2.7)58Na is omitted.
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wh  ere Vp and K are the average sample volume occupied by one 
particle of ionic core and an adjustable parameter for scattering 
intensity, respectively. The sample values of R1, RCA, and Vp are listed 
in Table 2. The number density of the ionic aggregates (NDp) and the 
average distance between ionic cores (dp) are calculated from the Vp; 
these values are also listed in Table 2. When calculating the dp, the 
sample volume occupied by an ionic core was simply assumed to be 
a sphere having a radius r, and the dp was obtained from 2r − 2R1. The 
R1, RCA, and dp are schematically depicted in Fig. 1(B). Furthermore, 
the R1 and NDp are plotted against the sticker concentration, as shown 
in Fig. 1(C). The value of R1 was ~ 1 nm, irrespective of the PI 

molecular weight and the sticker concentration in the PI since the 
aggregation number of the stickers is limited by steric hindrances 
between the polymer chains around the ionic aggregates.70 However, 
the NDp increased by increasing the concentration of the stickers. In 
Table 2, a double value of the radius of gyration (2Rg) for the PI is 
listed. Here, the 2Rg was calculated for PI1, PI2, and PI3, which are 
PI homopolymers before ionic modification.71 The dp of PI1(2.5)86Na 
and PI1(1.2)85Na was comparable to 2Rg, while the dp was much 
smaller than 2Rg for the other samples. When 2Rg is much larger than 
dp, a polymer chain would bridge between ionic aggregates. However, 
if 2Rg is comparable to dp, the polymer chains bridging between the 
ionic aggregates would be minor, and the elastomer would be weak 
and brittle. The mechanical properties are discussed below.
Rheological property of the precursor PI homopolymers. Fig. 2 
shows the temperature dependences of storage (Gʹ) and loss (Gʺ) 
moduli and tan for PI1, PI2, and PI3 measured at 1 Hz. The glass 
transition temperature (Tg), defined as the peak temperature of the Gʺ 
for PI1, PI2, and PI3, were determined as –64.5 °C, –61.5 °C, and –
61.1 °C, respectively. PI1 showed a slightly lower Tg than the other 
two because of its low molecular weight.72 Nevertheless, the 
difference in these samples is very minimal. On the other hand, the 
plateau region in Gʹ significantly increased with increase in the 
molecular weight. The plateau region in PI1 was negligible, which 
indicated that the entanglement in PI1 was minimal, while 
considerable entanglement existed in PI3 because of its large 
molecular weight.

Effect of sticker concentration on ionic network rearrangement. 
Fig. 3 shows the comparison of the rheological results for PI2 and PI2-
based ionic elastomers. Following ionic modification, there was a 
slight increase in the Tg. This increase was attributed to the restriction 
of segmental motion of the PI chain because of ionic modification 
whose effect was minimal. Moreover, the plateau in Gʹ significantly 
extended toward high temperatures because of ionic modification. 
Furthermore, the presence of new relaxation for PI2(1.4)85Na, 
PI2(2.7)90Na, and PI2(2.7)58Na was observed in the range from −10 
to 50 °C. As described in our previous study, this relaxation was 
ascribed to the hopping motion of the stickers between neighboring 
ionic aggregates,37 which is generally called “ion-hopping.”73−75 
During this motion, the neutralized and non-neutralized carboxy 
groups hop between neighboring ionic aggregates together with the 
attached polymer chains. Consequently, a network rearrangement was 
generated. The transient crosslinking in ionomers with ion-hopping 
provides unique viscoelastic behavior; the behavior has been 

Table 2. Structural parameters for each sample analyzed by SAXS.
Sample R1

/ nm
RCA

/ nm
Vp

/ nm3

NDp 

/ (10nm)−3

dp

/ nm
2Rg

/ nm
PI1(2.5)86Na 1.1 2.3 210 4.7 5.2 7.0
PI1(1.2)85Na 1.1 2.9 470 2.1 7.4 7.0
PI2(2.7)58Na 1.0 2.1 220 4.5 5.3 20
PI2(2.7)90Na 1.1 2.4 140 7.1 4.2 20
PI2(1.4)85Na 1.1 2.8 330 3.0 6.4 20
PI3(1.6)90Na 1.1 2.7 380 2.6 6.8 45

R1: the radius of the ionic core; RCA: radius of the ionic core plus the hydrocarbon shell; Vp: the average sample volume occupied 
by one ionic core; NDp: the number density of ionic core per (10 nm)3; dp: average distance between ionic cores.

Fig. 2 Temperature dependence of (A) storage modulus (Gʹ), 
(B) loss modulus (Gʺ), and (C) tan for PI1, PI2, and PI3 
measured at 1 Hz.
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theoretically and experimentally studied.43,77-83 The relaxation 
temperatures, defined as the Gʺ peak for PI2(1.4)85Na, PI2(2.7)90Na, 
and PI2(2.7)58Na, were determined as 26 °C, 28 °C, and –1.0 °C, 
respectively. This relaxation was not apparent for PI2(0.4)88Na 
because of its low sticker concentration. From comparison between 
PI2(2.7)90Na and PI2(2.7)58Na, a decrease in the degree of 
neutralization significantly accelerated the rearrangement of the ionic 
network as previously reported.37 This was because of the 
plasticization effect of the non-neutralized carboxy groups in the ionic 
aggregates, which weakened ionic aggregation and accelerated ion 
hopping.72-75 However, the difference in the relaxation temperatures 
of PI2(1.4)85Na and PI2(2.7)90Na was very minimal, although the 
concentration of the stickers was considerably different. This 
indicated that the concentration of the stickers does not affect the 
network rearrangement rate, at least in this concentration range. If the 
concentration of the stickers was significantly increased, the network 
rearrangement would appear to be restricted. Fig. 4 shows the 
rheological results for PI1, PI1(1.2)66Na, PI1(1.2)85Na, and 
PI1(2.5)86Na. The Tgs of the ionized PI1 increased by a few degrees 
compared to normal PI1. This was attributed to the sticker interactions 
that consequently restricted segmental motion of PI. In addition to the 
glass transition temperature, the ionically modified PI1 exhibited an 
additional relaxation, which was ascribed to the rearrangement of the 
ionic network in the range of 0–50 °C. The relaxation temperatures, 

defined as Gʺ peak, for PI1(1.2)85Na, PI1(2.5)86Na, and 
PI1(1.2)66Na were obtained as 18 °C, 18 °C, and 9 °C, respectively. 
Similar to the results for the ionically modified PI2 shown in Fig. 3, 
the network rearrangement rate was insensitive to the sticker 
concentration; however, the decrease in the degree of neutralization 
remarkably accelerated the network rearrangement. Furthermore, the 
ionically modified PI1 exhibited a small relaxation at around –30 °C. 
This relaxation was related to the flow of the unmodified PI 
components in the samples. Because of the short chain length, some 
PI chains were not ionically modified.

Effect of molecular weight on ionic network rearrangement. Fig. 5 
shows the comparison of the rheological results of PI1(1.2)85Na, 
PI2(1.4)85Na, and PI3(1.6)90Na. Their molecular weights were 
largely different from each other, but the sticker concentrations and 
the degree of neutralization for these samples were comparable with 
each other. The Tgs of PI1(1.2)85Na, PI2(1.4)85Na, and PI3(1.6)90Na 
were determined as −63 °C, −60 °C, and −60 °C, respectively. 
However, PI1(1.2)85Na showed a slightly lower Tg compared to 
PI2(1.4)85Na and PI3(1.6)90Na because of its low molecular weight. 
The relaxation temperatures ascribed to the ionic network 
rearrangement for PI1(1.4)85Na, PI2(1.4)85Na, and PI3(1.6)90Na 

Fig. 4 Temperature dependences of (A) storage modulus (Gʹ), 
(B) loss modulus (Gʺ), and (C) tan for PI1, PI1(1.2)66Na, 
PI1(1.2)85Na, and PI1(2.5)86Na obtained at 1 Hz. Green, red, 
and blue arrows indicate a relaxation temperature assigned 
to the ionic network rearrangement for PI1(1.2)66Na, 
PI1(1.2)85Na, and PI1(2.5)86Na, respectively. Open arrow 
indicates the flow temperature of the unmodified PI 
component. 

Fig. 3 Temperature dependences of (A) storage modulus (Gʹ), 
(B) loss modulus (Gʺ), and (C) tan for PI2, PI2(0.4)88Na, 
PI2(1.4)85Na, PI2(2.7)90Na, and PI2(2.7)58Na measured at 
1Hz. Blue, purple, and green arrows indicate a relaxation 
temperature assigned to the exchange of ionic network for 
PI2(1.4)85Na, PI2(2.7)90Na, and PI2(2.7)58Na, respectively.
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were obtained at 18 °C, 26 °C, and 24 °C, respectively.  PI2(1.4)85Na 
and PI3(1.6)90Na showed almost the same relaxation temperature, 
although the difference in their Mn was considerable. However, 
PI1(1.2)85Na showed a slightly lower relaxation temperature 
compared to others because of its low molecular weight. As described 
in the next section, the segmental motion of the PI chain was the 
driving force of the ionic network rearrangement. Therefore, if the Mn 
was very small, the relaxation temperature assigned to the ionic 
network rearrangement would significantly be decreased.
Origin of ionic network rearrangement. Our result was that the 
effects of the molecular weight and the sticker concentrations on the 
ionic network rearrangement were very minimal for the studied 
samples. Despite the large difference in the molecular weight, the 
relaxation temperatures assigned to the ionic network rearrangement 
for PI2(1.4)85Na and PI3(1.6)90Na were almost the same. This result 
demonstrated that the network rearrangement occurred at the 
segmental scale of the PI chain. Moreover, the driving force of the 
network rearrangement was because of the segmental mobility of the 
PI chain that was thermally activated. Therefore, the rearrangement of 
the ionic network was accelerated when the aggregation force 
between the stickers was weakened by decreasing the neutralization 
level. Fig.s 6(A) and 6(B) show the frequency dependence of Gʹ and 
Gʺ for the ionic network rearrangement in PI2(1.4)85Na, respectively. 

Moreover, the temperature dependences of the ionic network 
rearrangement in the samples is demonstrated in Fig. 6(C). The 
activation energies (Eas) for PI1(2.5)86Na, PI2(1.4)85Na, 
PI2(2.7)90Na, and PI3(1.6)90N, were determined as equal 111, 110, 
109, and 111 kJ mol−1, respectively. The Eas of these samples were 
almost equal irrespective of their different molecular weights and 
sticker concentrations. Elfadl et al. reported the temperature 
dependence of the segmental mobility of PI homopolymers in a very 
wide temperature range using dielectric spectroscopy and NMR.72,84 
The Ea for the segmental motion of the PI homopolymer with 
molecular weight of 157,000 Da was 66 kJ mol−1 in the range of 20–
80 °C. Compared to the previously reported PI homopolymer, the 
ionically modified PI in this study exhibited much higher Eas because 
of the attractive interaction between the stickers, which restricted 
segmental motion of the PI chains. 
 As a further investigation on the mechanism of the ionic network 
rearrangement, interaction energies for the model combinations 
comprising isoprene trimers modified with sodium carboxylate or 
carboxy groups were calculated using the DFT method; the interaction 

Fig 6. Frequency dependences of (A) Gʹ and (B) Gʺ for 
P2(1.4)85Na at indicated temperatures. (C) The temperature 
dependences of ionic network rearrangement motion for the 
indicated samples. 

Fig. 5 Temperature dependences of (A) Gʹ, (B) Gʺ, and (C) tan 
for PI1(1.2)85Na, P2(1.4)85Na, and PI3(1.6)90Na measured at 1 
Hz. Red, blue, and black arrows indicate a relaxation 
temperature assigned to the ionic network rearrangement for 
PI1(1.2)85Na, PI2(1.4)85Na, and PI3(1.6)90Na, respectively. 
Open arrow indicates flow temperature of unmodified PI 
component. 
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energy for the three combinations is listed in Table 3. Fig. S2 shows 
the chemical structure for the isoprene trimers used for the calculation 
and the molecular model for a particular combination with lowest 
energy. The interaction energy for COONa…NaOOC was the largest 
among the three combinations, which clearly indicated that the 
presence of the non-neutralized carboxy groups in the ionic aggregate 
weakened the sticker interactions. Consequently, the ionic network 
rearrangement was accelerated by decreasing the neutralization level. 
A similar conclusion was reported by Tierney and Register for 
poly(ethylene-co-methacrylic acid) ionomers based on cation 
diffusion measurement.75 They further demonstrated that both the 
neutralized and non-neutralized carboxy groups diffuse in the 
poly(ethylene-co-methacrylic acid) ionomers. Though there has been 
no experimental evidence to date, we expect that both carboxy and 
sodium carboxylate groups hop between the ionic aggregates in our 
ionic PI elastomers.

Table 3. Interaction energy for three combinations calculated by 
DFT method.

Combination Interaction Energy / kJ mol−1

-COOH…HOOC-  −83
-COOH…NaOOC- −133

-COONa…NaOOC- −184

Effect of sticker concentration on tensile behavior. Tensile stress–
strain curves for the ionically modified PIs with various molecular 
weights and sticker concentrations measured at 27 ± 1 °C and 100 mm 
min−1 are shown in Fig. 7. PI2(0.4)88Na exhibited a very weak 
strength, which is attributed to its low sticker interactions. However, 
PI2(1.4)85Na and PI2(2.7)90Na demonstrate much higher fracture 
stress than PI2(0.4)88Na. Moreover, PI2(2.7)90Na exhibited higher 
fracture stress and lower fracture strain compared to PI2(1.4)85Na 
because of the presence of higher number density of ionic aggregates 
(NDp). As listed in Table 2, the NDp for PI2(2.7)90Na was nearly 
double that of PI2(1.4)85Na. This result indicated that increase in the 
sticker concentration typically enhanced the mechanical strength of 
the elastomer because of the ionic aggregates acting as physical 
crosslinks. Similarly, PI3(1.6)90Na showed a higher fracture stress 
than the PI3(0.7)88Na. Moreover, the upturn in the stress–strain curve 
is observed at high strain for the samples with high sticker 
concentration. This is probably due to the strain-induced 
crystallization.76 In fact, the ionically modified PI becomes opaque 
when the specimen is stretched as described in our previous paper.37 
Effect of molecular weight on tensile behavior. As discussed above, 
the tensile strength depended on the sticker concentrations because of 
the ionic aggregates acting as physical crosslinks. However, despite 
the high sticker concentration, PI1(2.5)86Na demonstrated only brittle 
property (Fig. 7). As described above, dp and 2Rg were comparable to 
each other for PI1(2.5)86Na. Note that the bridging chains between 
the ionic aggregates were minimal, which might be related to the 
brittleness of PI1(2.5)86Na. Therefore, a relatively large molecular 
weight was necessary for synthesizing this elastomer to generate high 
strength. From this viewpoint, the molecular weight of PI2 and PI3 
was large enough because their 2Rgs were much larger than the dps for 
elastomers (Table 2). The fracture stresses for PI2(1.4)86Na and 
PI3(1.6)90Na were comparable with each other, however, 

PI3(1.6)90Na showed lower fracture strain than PI2(1.4)85Na. We 
consider that this was because of entanglement, which restricted the 
stretching of the sample. As discussed above, the entanglement in PI3 

Fig. 7 Tensile stress–strain curves for the indicated samples. The 
measurement was performed at 100 mm min−1 and 27 ± 1 °C.

Fig. 9 Schematic of entanglement trapped by stickers.

Fig. 8 Tensile stress–strain curves for PI2(1.4)85Na and 
PI3(1.6)90Na at indicated speed. The measurement was 
performed at 27 ± 1 °C.
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was much larger than that in PI2 because of its high molecular weight. 
The entanglement was further examined below. Fig. 8 shows the 
tensile stress–strain curves for PI2(1.4)85Na and PI3(1.6)90Na 
obtained at different stretching speeds. As previously reported, the 
tensile property of the ionically modified PI with a molecular weight 
of approximately 100,000 Da depends on the stretching speed, 
balanced with the rearrangement of the ionic network.37 When the 
ionically modified PI was rapidly deformed it behaved like a strong 
elastic material. However, the sample acted like a stretchable and 
viscoelastic material under slow deformation. PI2(1.4)85Na was 
observed to behave in this manner, but the tensile behavior of 
PI3(1.6)90Na was insensitive to the stretching speed, although the 
ionic network rearrangement occurred at room temperature. After 
ionic modified of PI, some entanglements were considered to have 
been trapped by stickers, as shown in Fig. 9.58 To release the trapped 
entanglement, the hopping of the trapping stickers to another ionic 
aggregate was necessary. Therefore, the release of the trapped 
entanglement was less operative compared to the rearrangement of the 
ionic network. Consequently, the stretchable and viscoelastic 
deformation of PI3(1.6)90Na was prevented even under stretching at 
10 mm min−1. However, PI3(1.6)90Na would behave as a stretchable 
material under very slow deformation.

Creep property. The creep behaviors of PI2(1.4)85Na, PI2(2.7)90Na, 
and PI3(1.6)90Na measured under a stress of 100 kPa at 30 °C are 
shown in Fig. 10. For PI2(1.4)85Na, the strain rate was 0.65% h−1 
under a constant stress of 100 kPa. Furthermore, 14 h after the release, 
5% of the strain remained. Because of the network rearrangement, 
PI2(1.4)85Na was slowly stretched under constant stress with a 
relatively large residual strain. However, it was deduced that the 
increase in sticker concentration and molecular weight was effective 
for stabilizing the specimen’s dimension. For example, the strain rate 
and the residual strain for PI2(2.7)90Na were 0.21% h−1 and 3%, 
respectively. These values were approximately half that of 
PI2(1.4)85Na because of its larger number density of ionic 
aggregates, which contributed to the restricted diffusion of the PI 
chains compared to that of PI2(1.4)85Na. Moreover, the strain rate 
and the residual strain of PI3(1.6)90Na were 0.13% h−1 and 1%, 
respectively. PI3(1.6)90Na showed the best dimensional stability 
among the three samples. This result demonstrated that the trapped 
entanglement efficiently works for the dimensional stability of the 
ionically modified elastomers. The reduction of polymer chain 
diffusion based on molecular weight and sticker concentration was 
theoretically predicted by Leibler et al. 77

Autonomous self-healing behavior. As shown in Fig. 11(A), the 
ionically modified PI exhibited autonomous self-healing behavior at 
room temperature. When a heart-shaped PI2(1.4)85Na film was cut, 
placed in contact, and healed at 27 ± 1 °C, the cut pieces were 
connected. Fig. 11(B) shows the tensile stress–strain curves for 
PI2(1.4)85Na, PI2(2.7)90Na, and PI3(1.6)90Na self-healed at 27 ± 1 
°C for 64 h. The stress–strain curves of the initial specimen are also 
displayed in the same figure. Unlike the high fracture stress for the 
healed PI2(1.4)85Na, those for the healed PI(2.7)90Na and 
PI3(1.6)90Na were <2 MPa. The self-healing efficiencies for the 
PI2(1.4)85Na, PI2(2.7)90Na, and PI3(1.6)90Na are compared in Fig. 
11(C). Here, the self-healing efficiency was calculated as the ratio 
between the areas below the stress–strain curves for the original and 
self-healed materials. Fig. 11(C) clearly demonstrates that an increase 
in the sticker concentration and molecular weight reduced the self-
healing rate. Furthermore, as shown in Fig. 6, the rates of the ionic 
network rearrangement in the segmental scale were almost the same 
for these samples. However, the diffusion of the polymer chains was 
reduced by the increases in the molecular weight and the sticker 
concentration. Both diffusion and randomization of polymer chains 

Fig. 10 Tensile creep results for PI2(1.4)85Na PI2(2.7)90Na, and 
PI3(1.6)90Na at 30 °C. A constant stress of 100 kPa was applied 
for 10 h and relaxed for 14 h. 
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Fig. 11 (A) Images of self-healing behavior of heart-shaped 
PI2(1.4)85Na film at 27 ± 1 °C.  The film was painted red. Images 
(a), (b), and (c) show initial, cut, and self-healed states, 
respectively, while (d) shows that the self-healed film was 
stretched. (B) Tensile stress–strain curves for original (broken) 
and self-healed (solid) PI2(1.4)85Na, PI2(2.7)90Na, and 
PI3(1.6)90Na. The samples were healed at 27 ± 1 °C for 64 h. (C) 
Healing efficiency of PI2(1.4)85Na, PI2(2.7)90Na, and 
PI3(1.6)90Na healed at 27 ± 1 °C for 64 h.
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between the damaged faces were necessary to fully recover the 
strength as suggested by Wool et al.85 To conclude, increasing both 
the sticker concentration and molecular weight was effective to 
enhance the mechanical strength and dimensional stability of the 
ionically modified PI. However, this approach reduced the self-
healing rate at the same time. Further studies to overcome this 
limitation are currently underway and will be reported soon.

Conclusions
In this work, ionically modified PIs with different molecular weights 

and sticker concentrations were prepared to investigate the effects of 
the molecular structures on the morphology, the network 
rearrangement behavior, self-healing rate, and mechanical properties 
of the elastomer. The following insights were obtained. The size of 
the ionic aggregates that acted as the physical crosslinks were 
independent of the molecular weight and concentration of the stickers 
(sodium carboxylate and carboxy groups) in the ionic PI elastomer. 
However, the number density of the ionic aggregate increased with an 
increase in the sticker concentration but was independent of molecular 
weight. When the 2Rg of PI was much larger than the average distance 
between the ionic aggregates, the elastomer was mechanically strong 
because of the presence of several polymer chain bridges between the 
ionic aggregates. As for the network rearrangement behavior, the 
effects of the molecular weight and sticker concentration were 
minimal because the network rearrangement occurred in the 
segmental scale. However, the ionic network rearrangement was 
accelerated by decreasing the neutralization level because the 
presence of the non-neutralized carboxy groups in the ionic 
aggregates reduced the sticker interactions as demonstrated by DFT 
calculations. When the neutralization levels of the specimens were 
almost the same, the increases in the sticker concentration and 
molecular weight strengthened the mechanical properties of the 
elastomer. However, the self-healing rate decreased with increases in 
the molecular weight and sticker concentration, attributed to the 
diffusion and randomization of the polymer chains between the 
damaged faces that were reduced. In conclusion, we clearly 
demonstrated the effects of the molecular weight, content of carboxy 
groups, and neutralization level of the ionically crosslinked PI 
elastomers on their morphology, the network rearrangement behavior, 
and self-healing and mechanical properties. The obtained principle in 
the optimization of the molecular structure is crucial for the ionically 
crosslinked elastomers to tune their mechanical and autonomous self-
healing properties.
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We demonstrate the principle in the optimization of the molecular structure for the 

polyisoprene elastomer with dynamic ionic crosslinks to tune the mechanical and 

autonomous self-healing properties. 
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