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This study describes a simple yet efficient approach for the
preparation of an ionic gel that is also elastomeric in its solid-
state bulk form. A series of poly(2-(diethylamino)ethyl
methacrylate-co-lauryl methacrylate) P(DMAEMA-co-
LMA) copolymers were synthesized first by radical
polymerization. Quaternization of the PDMAEMA component
in tetrahydrofuran enables the formation of supramolecular
network, giving rise to an ion gel. An elastomer with an
elongation at break of over 600% was obtained from the gel.
The elastomer, connected by supramolecular ionic cross-links,
is solvoplastic in certain solvents. The simple yet efficient
approach of the formation of ion-gel and the dried elastomer
allows fast preparation of both gel-like and solid-state elastic
materials for various applications where recyclability is
required.

1. Introduction
Gels are highly useful materials possessing properties of
both liquids and solid materials. Ion gels, commonly formed
from polymers in an ionic liquid, were found to have
unique properties as polymer electrolytes, particularly when
used as transistors in electronics due to their high ion
conductivity [1–3]. Supramolecular ion-gels have drawn specific
research attention over the years mostly because of their facile
preparation and tunable functionality [4,5]. Supramolecularly
cross-linked gels have shown potential for self-healing [6],
drug release [7] and external stimuli responsiveness [8–12].
The introduction of physically cross-linked networks through
quaternization is a very convenient and effective method
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Table 1. Monomer feed ratio of P(DMAEMA-co-LMA)s and their quaternized copolymers.

starting copolymer LMA/DMAEMA wt. monomer/anisole vol. corresponding quaternized copolymer

P1 1 1 Q1
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

P2 3 1 Q2
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

P3 5 1 Q3
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

P4 10 1 Q4
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

[13–15]. The combination of supramolecular strategy and ion conductivity allows the tuning of the
physical shape of the gels/elastomers and is of interest for wearable electronics [16].

Most of the ion-gels reported to date have been prepared by dissolving a triblock copolymer in an
ionic liquid [17–19]. The preparation of a block copolymer, however, is more labour-intensive and less
cost-effective than statistical/random copolymerization. It is worth mentioning that random copolymer
has more dispersed monomer combination and more convenient preparation process, which can self-
assemble to different morphological aggregates, such as spherical micelles and vesicles, in a selective
solvent [20–22]. On the other hand, use of ionic liquid also complicates the procedure, for that ionic
liquids need specific synthesis and care, which sometimes can also bring certain environmental issues
[10,23,24]. In addition, most of the ion-gels were primarily used as transistors by taking advantage of
their ionic conductivity. In cases where mechanical properties are required, for example as free standing
films, ion-gels that can withstand external forces are required. In order to obtain an ionized polymer,
quaternization of contralateral chains is convenient and efficient [25,26].

In general, there is little research on the mechanical properties of the solid-state materials that are
formed upon collapse of the gel network through solvent removal. Thus, in order to study the mechanical
properties of gel products after solvent evaporation, we designed and synthesized a series of copolymers
of lauryl methacrylate (LMA) and quaternized 2-(diethylamino)ethyl methacrylate (DMAEMA) that
gave mechanically robust free-standing films ideal for investigations of mechanical properties in solid
state. The mechanical properties of the gel were examined by rheometry. The bulk form of the gel, which
is an elastomer, was also investigated by tensile test. The elastomer could also be dissolved and recast
into free standing film with mechanical properties that are similar to those of the initial film.

2. Experimental
2.1. Materials
All materials were obtained from Chengdu Kelong Chemical Inc. unless otherwise indicated. Anisole,
iodomethane, n-hexane, DMAEMA and LMA were obtained from the Aladdin Corporation and passed
through an aluminium oxide column just before polymerization to eliminate the inhibitor. 2,2′-Azobis(2-
methylpropionitrile) (AIBN) was recrystallized once from ethanol before use.

2.2. Synthesis of P(DMAEMA-co-LMA) copolymers
P(DMAEMA-co-LMA), abbreviated Px (P for starting polymers), where x is a number distinguishing the
four polymers, in order of their PDMAEMA content. The preparation of P1 is given as an example. In a
50 ml Schlenk flask, DMAEMA (5.0 g, 31.8 mmol), LMA (5.0 g, 19.6 mmol) and AIBN (6.4 mg, 0.1 mmol)
were mixed under stirring for 10 min. The flask was then put in a heating bath at 65°C for 5 h. After
concentrating the solution, the product was precipitated once in n-hexane cooled by refrigerator. The
sample was dried in a vacuum oven at 50°C for 2 days and kept in sealed vial. Monomer feed ratios of
the copolymers are summarized in table 1. 1H NMR (400 MHz, CDCl3), δ (TMS, ppm): 4.09 (d, J = 3.81 Hz,
2H, O-CH2), 3.94 (d, J = 5.61 Hz, 2H, O-CH2), 2.59 (d, J = 5.52 Hz, 2H, CH2-N), 2.31 (d, J = 5.92 Hz, 6H,
N-(CH3)2), 1.82 (s, 2H, CH2), 1.63 (s, 2H, CH2), 1.45 (s, 2H, CH2-CH3), 1.29 (s, 2H, CH2), 1.04 (s, 3H,
CH3-CH2), 0.91 (t, 3H, J = 6.56 Hz, CH3).

2.3. Quaternization of P(DMAEMA-co-LMA) copolymers
P(DMAEMAQ-co-LMA), abbreviated Qx (Q for quaternized polymers), where x is the same number
as in its corresponding starting polymer Px. For the study of the elasticity, the gel of Q4 was dried to
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Scheme 1. Schematic illustration of the preparation of starting copolymer and the subsequent gelation leading to the supramolecular
ion-gel (elastomer when in bulk form).

totally remove the solvent and defined as Q4s. The random copolymers were quaternized according
to a literature procedure [27]. The preparation of Q1 is given as an example. A solution of P1 (0.58 g)
in tetrahydrofuran (THF; 5 ml) was stirred for 10 min in a 25 ml Schlenk flask. Then iodomethane (3 eq,
34.44 µl) was quickly added under stirring. Gelation occurred at about 3 min after completion of addition.
1H NMR (400 MHz, DMF-d7), δ (TMS, ppm): 4.64 (2H, s, O-CH2), 4.01 (s, 2H, O-CH2), 4.26 (s, 2H, CH2-
N+), 3.56 (d, 9H, J = 6.57 Hz, N+-(CH3)3), 1.99 (br, 2H, CH2), 1.68 (s, 2H, CH2), 1.40 (s, 2H, CH2-CH3),
1.32 (s, 2H, CH2), 1.05 (br, 3H, CH3-CH2), 0.90 (s, 3H, CH3).

The synthetic routes of starting copolymers and their corresponding quaternized copolymer ion-gels
are given in scheme 1.

2.4. Instrumentation
Fourier transform infrared spectra on KBr pellets were recorded with a WQF-600 spectrometer, at a
resolution of 4 cm−1. Each sample was scanned 32 times. For Q1, the powder was thoroughly dried and
ground with KBr, followed by pressing into round pellet. All the other samples, i.e. P1–P4 and Q2–Q4,
were first dissolved in THF and then coated on dried KBr pellet prepared in advance. Proton nuclear
magnetic resonance (1H NMR) spectra in deuterated chloroform (CDCl3) were obtained with a Bruker
AVANCE III 400 MHz spectrometer. Number average molecular weight (Mn), weight average molecular
weights (Mw) and molecular-weight dispersities were measured by gel permeation chromatography
analysis with an Agilent 1100 series liquid chromatograph (Agilent Technologies, USA) equipped with
a refractive index detector (G 1362 A) and a series of 10 000 and 100 Å pore sized polydivinylbenzene
columns thermostatically controlled at 35°C. THF with 3 vol% triethylamine was used as the eluent.
The flow rate was 1 ml min−1, and the solution concentration was about 3 mg ml−1. The column was
calibrated with polystyrene standards (Mw). Thermogravimetric analysis (TGA) was performed using
a TA Instruments SDTA851e analyser under a nitrogen atmosphere from room temperature to 500°C
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at a heating rate of 10°C min−1. Differential scanning calorimetry (DSC) was conducted with a TA
Q20 calorimeter. 6–10 mg of sample was first heated to 40°C from room temperature at 10°C min−1

and stabilized for 5 min, followed by cooling to −70°C at 10°C min−1. The heating–cooling cycle was
repeated for another two times. The heat flow of the heating process was recorded. The glass transition
temperature (Tg) was determined as the midpoint of the glass transition region of the heat flow curve.
Rheological studies were performed on freshly prepared copolymer ion-gels using a TA AR 2000ex
rotational rheometer. Silicon oil was used during measurements to cover the samples and limit THF
evaporation. Mechanical measurement was done with a YG 001 A Jigao stretching instrument. The
sample with a dimension of 26 × 3 × 0.26 mm (L × W × T) was stretched to 50%, 100%, 150%, 200%, 250%,
300%, 350% and 400% at 20 mm min−1, where it was kept for 5 min, followed by removal of external force
to allow the recovery to its original state. Lost recovery was then calculated based on the length before
and after stretching.

3. Results and discussion
3.1. Synthesis and characterization
To obtain starting copolymers with suitable softness and subsequent elasticity, as well as to facilitate
the synthesis, LMA, whose homopolymer has a reported Tg of about −70°C [28], was chosen as the
soft segment, whereas DMAEMA was used as the segments to form cross-links after ionic modification
(quaternization). The component of the starting copolymers was regulated by varying the monomer
feed ratio to give rise to copolymers with different softness. The composition of the copolymers was
determined by 1H NMR spectra as shown in electronic supplementary material, figures S1 and S2.

The exact component weight ratio of each copolymer was calculated from equation (3.1):

MLMA

MDMAEMA
= (Sc+h − Sd) × 254

Sd × 157
, (3.1)

where Sc+h is the total integral area of peaks c and h, and Sd is the integral area of peak d, as shown in
electronic supplementary material, figure S1. The molecular weight of DMAEMA and LMA is taken as
254 and 157 g mol−1, respectively. The results from 1H NMR agree well with the theoretical values within
3% of experimental error as shown in electronic supplementary material, table S1, suggesting a successful
preparation of the copolymers with desired component ratio. Furthermore, all the weight-average
molecular weights and polydispersities of the starting copolymers (P1–P4) are also similar to each other,
as shown in figure 1. All the polymers have a relatively wide molecular weight distribution, because
they are prepared by traditional free radical polymerization. Larger molecular weight distribution of
polymer is generally observed in uncontrolled traditional free radical polymerization, as compared to
living free radical polymerization where the polymer chains are equally growing. In this study, the
simplicity of preparation of gels and elastomers is critical and therefore the more facile traditional
radical polymerization was employed. The degree of quaternization of every starting copolymers was
determined by 1H NMR (electronic supplementary material, figures S3 and S4). The calculated results
are shown in electronic supplementary material, table S2.

Association of intermolecular chains, as well as the interactions, determine how elastomeric networks
are formed [11,29]. In addition to the conventional construction of elastomeric networks where polymer
chains are covalently cross-linked, supramolecular interactions, such as ionic interactions studied in
this contribution, can act as dynamic cross-links and therefore give the resulting elastomers more
processability via, for instance, solvoplastic property. The structures of as-prepared starting copolymers
and their corresponding quaternized copolymers were investigated by both 1H NMR shown in the
supporting information (electronic supplementary material, figures S1 and S2) and infrared spectroscopy
shown in figure 2.

Because the tertiary amine in the starting polymer was quaternized, the positively charged nitrogen
atom became more electrophilic and the steric stabilization of quaternary amine group became larger,
both the strength and position of the bands of the methyl and methylene of amine were changed. All the
peaks of the quaternized copolymers have obvious differences in strength from the starting copolymers;
notably the band at 2773 cm−1, which belongs to the C–H stretching vibration of CH2 next to tertiary
amino group, disappeared after quaternization, and the same change of the peaks has been found in
other literature [30,31]. The results indicate the successful quaternization of PLMA-co-PDMAEMA, and
essentially all the PDMAEMA components were quaternized.
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Figure 1. Gel permeation chromatography elugrams of P1, P2, P3 and P4.

wavenumber (cm–1)

3500

2773

Q4

Q3

Q2

Q1

P4

P3

P2

P1

tr
an

sm
itt

an
ce

 (
ar

b.
 u

ni
ts

)

3000 2500 2000 1500 5001000

Figure 2. Comparison of infrared spectra for the starting neutral copolymers P1, P2, P3 and P4, and their corresponding quaternized
forms Q1, Q2, Q3 and Q4.

3.2. Formation of gel network
Three-dimensional polymer network is regarded necessary for the formation of gel, whether it is a
hydrogel or organogel. Ionic polymers are often found to have strong association between the charged
moieties driving the formation of a network [17,32]. In general, the driving [33] force of the formation
of the gel can be divided into hydrogen bonds [34,35], halogen bonds [36], metal coordination [37],
hydrophobic interaction [38] and π–π stacking or interaction [39]. In our study, after the addition of
methyl iodide, quaternary ammonium groups are first formed. Since these units are insoluble in THF, and
that the LMA segments remain soluble (table 2), a three-dimensional network was established through
the ionic interaction between quaternized DMAEMA units, leading to the trapping of THF within this
network and formation of a gel (scheme 2). The self-assembly of the ionic moieties of the quaternized



6

rsos.royalsocietypublishing.org
R.Soc.opensci.5:180271

................................................

THF

CH3I

PLMA

PDMAEMA the quaternized product of PDMAEMA
(PDMAEMA-Q)
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Table 2. Solubility of copolymer constituents in different solvents at 25°C.

polymer THF DMF DMSO hexane

PLMA
√ × × √

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

PDMAEMA
√ × × ×

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

PDMAEMA-Qa × √ √ ×
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Q1 × √ √ ×
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Q2 × √ √ ×
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Q3
√ × × ×

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Q4
√ × × ×

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

aQuaternized product of PDMAEMA.
√
, soluble;×, insoluble or very slightly soluble.

copolymer does form a homogeneous molecular network where the LMA segments are interconnected
by the DMq segments that act as ionic cross-links.

3.3. Thermal properties
The decomposition temperature (Td) of the copolymers was defined as the temperature at 10% mass loss
on the TGA curves [40]. For the starting copolymers (P1, P2, P3, P4), the Td rapidly declines as the content
of PDMAEMA decreases, as shown in figure 3. The decomposition temperature of P1, P2, P3 and P4 was
at about 327°C, 322°C, 289°C and 284°C, respectively. In addition, all the Td’s of quaternized polymers
were lower than those of the starting copolymers (245°C, 240°C, 259°C and 286°C for Q1–Q4). Therefore,
all the polymers are stable in normal operating temperatures.

The copolymers were synthesized by solution polymerization. The two methacrylate monomers
have very similar reactivity, therefore a uniform distribution of the two components is expected. As
for P1, whose molar ratio between PLMA and PDMAEMA was 1 : 1, a single glass transition was
expected, as was seen in the DSC thermogram in figure 4. The Tg determined by the midpoint
of the transition region for polymers P1 to P4 varied as a function of respective LMA content,
from −20°C to −54°C. The observation of a single Tg for all the polymers further supports the
uniform distribution of LMA and DMAEMA among the copolymer chain. At the same time,
the compatibility of LMA and DMAEMA is also good. In addition, the Tg of the quaternized
copolymers Q1–Q4 was 152°C, 113°C, 78°C, and 12°C respectively. It could be clearly seen that the
Tg of quaternized copolymers was greater than starting copolymers since PDMAEMA formed ions.
Furthermore, the difference of quaternized PDMAEMA content causes the gradual variation of the Tg

[41]. Interactions of ions limited the movement of the molecular chain, leading to an increase in Tg

of copolymers.
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3.4. Rheological properties
According to preliminary tests, it is found that these ionic gels form at a fairly rapid rate. Because of
this, all samples for rheological measurement were done within 3 min of the formation of the gel. Each
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Table 3. Concentration of copolymer component in the gel.

concentration (g ml−1)

sample copolymer LMAa PDMAEMA-Qa

Q1 0.098 0.048 0.050
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Q2 0.229 0.179 0.050
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Q3 0.296 0.246 0.050
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Q4 0.568 0.518 0.050
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

aAs calculated by using the LMA weight per cent from 1H NMR results.
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concentration of quaternized copolymers for rheological properties is determined as the lowest gel-
forming concentration of each sample. All the gels were formed within 180 s. The lowest gel-forming
concentration is shown in electronic supplementary material, figure S5. Although there is no linear
relationship between gel forming concentration and component ratio of PDMAEMA of copolymers,
it was found that the concentration of each PDMAEMA-Q in THF was very similar (0.051 g ml−1,
0.049 g ml−1, 0.050 g ml−1 and 0.051 g ml−1 for Q1–Q4). The concentrations of copolymer for rheological
properties and each component in polymer are shown in table 3.

It is found that G′ is greater than G′′ for all samples over the entire range of frequency in figure 5,
which indicates that the elastic component of the dynamic modulus was greater, suggesting that the ion-
gels act like a quasi-solid. The storage modulus G′ and loss modulus G′′ come from the contribution of
two parts. One is the ions from the quaternized PDMAEMA, the other is LMA that has a relatively longer
chain. A typical characteristic of physical ion-gel is the gel–sol phase transition, because the gel network
is based on noncovalent interactions [42]. G′ is greater than G′′ over the whole range explored, and the
profiles of G′ and G′′ are nearly parallel with only a slight frequency dependence. This shows that there
was little change of internal structure of the ion-gel with changed frequency. This is somewhat different
from other ion-gels where a structural change was observed [43]. In addition, it is found that G′ and G′′
of Q2, Q3 and Q4 are obviously greater than those of Q1. This may be related to the concentration of the
polymer. Although the elastic modulus will increase with polymer concentration, it is less significant at
higher concentrations [44].

The strain amplitude sweeps also show the elastic response of the ion-gels, as shown in figure 6.
Above 2% of deformation, the border of the linear viscoelastic regime is marked by a subsequent decrease
in strongly nonlinear conditions. At this stage, the physically cross-linked network is subjected to some
degree of damage, which is usually seen for such type of gels [45,46].

3.5. Mechanical properties
Mechanical properties are among the most important factors considered for practical applications of
elastomers. The stress of Q4 gel in THF is relatively low, but a strong elastomer film was obtained after the
evaporation of solvent. Elasticity was evaluated only for the quaternized random copolymer Q4, whereas
Q1, Q2 and Q3 appeared to be too brittle and not elastomeric enough to allow extensive stretching,
as shown in electronic supplementary material, figure S6. The brittleness of Q1, Q2 and Q3 films after
solvent evaporation can be attributed to their high content of the quaternized PDMAEMA, leading to a
high cross-link density and high Tg. In fact, the percentage of quaternized PDMAEMA is so high that Q1
and Q2 have very poor solubility in THF, as shown in table 2. In addition, the unquaternized PDMAEMA
has a Tg of 18°C [47], higher than that of PLMA (−70°C) [28], indicating the former is more rigid even if
in its unionized state.

The ionically cross-linked elastomer film Q4s was found to have an excellent elongation at break
of over 600%, as shown in figure 7. The ultimate tensile strength of this film (nearly 3.8 MPa) is
approximately 80 times higher as compared to the non-quaternized P4 film. Together with the fact that
ionic interactions act as effective cross-links, it is likely that these supramolecular cross-links are in a
dynamic state, where some cross-linking points are destroyed due to stretching while others form when
at proper distance. The ionic cross-linking sites may interconnect with each other in a hop-on and hop-off
manner that allows extra extension of polymer chains without over-sliding while maintaining the overall
network structure, as evidenced by the nearly linear relationship from 50% to 600% on the stress–strain
curve of figure 7, as well as the fact that the recovered samples are also stretchable. It is clear that the
supramolecular interactions provide good strength for the material.

To illustrate its recyclable character, the Q4s elastomer was dissolved and dried for several cycles.
The three stress and strain curves of the redissolved and evaporated films are found to be very similar
to each other as shown in figure 8. Particularly, both the elongation at break and stress at break
are very similar between the samples. This confirms the recyclability of the elastomer, which is a
major advantage as compared to conventional commercial chemically cross-linked elastomers, such as
polydimethylsiloxane, that can only swell when exposed to organic solvents.

For a more quantitative comparison of elasticity of the samples, room temperature lost recovery
measurements were made. The items are defined in equations (3.2) and (3.3):

Strains = (L − L0)
L

(3.2)
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the elastomer being dissolved–evaporated once, twice and three times.

and

Lost recovery = (Lr − L0)
(L − L0)

, (3.3)

where L0 is the length of the film prior to stretching, L is the length to which the film was stretched, and
Lr is the final length after relaxation. Each strain was tested only once per sample.

The lost recoveries of Q4s are shown in figure 9. With the increase in recovery time, the per cent of
recovery also increases, from 29.6% for 2 min to 101.3% for 120 min at the strain of 400%. Such tendency
becomes less obvious at lower strain; for example, the lost recovery after relaxation of 120 min is 10.2%
compared to 26.7% of 2 min at the strain of 150%. In the small strain range (below 100%), the lost recovery
decreases with increasing relaxation time and reaches a minimum value of 13.2% at the longest waiting
time in this study (≈120 min), suggesting a high elastic response of the material. On the other hand,
there is a small plastic deformation at larger strains of about 350–400%. This is associated with the
intrinsic character of supramolecular cross-linking. When the external force is applied, the movement
of segments in the ion elastomer is affected by internal friction resistance. The movement of segment
cannot keep up with the change of external force, so that the strain is lagging behind the stress where
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Figure 9. Lost recovery for films of Q4s stretched to various strains where they were held for 2 min and then allowed to relax with no
external force for 2, 10, 30 and 120 min (all at 25°C).

the mechanical energy was transformed into heat. As a result, the specimen cannot fully retract after
removing the external force. In addition, because of the physical character of the cross-linking for the
elastomer, connecting points are constantly being destroyed and rebuilt in the process of stretching, much
like in the event of molecular chain slip, where new physical cross-linking points are also re-established.
Since the strength of the physical cross-linking point is lower than that of the chemical cross-linking, the
deformation recovery is somewhat compromised.

4. Conclusion
We have designed and synthesized a series of ion-gels and their corresponding recyclable solvoplastic
elastomers when in bulk form with physically supramolecular cross-linking through ionic interactions.
The starting random copolymers were synthesized from LMA, whose homopolymer has a low Tg, and
PDMAEMA, which could be quaternized. The formation of these ion-gels is fast and efficient, with a
typical gelation time of 180 s. Rheological properties were found to be highly dependent on the content of
LMA. With the increase in LMA, storage modulus G′ and loss modulus G′′ of the copolymer gels increase.
After the evaporation of solvent of the gel, physically cross-linked elastomer with good elasticity was
obtained for which the mass ratio of LMA and DMAEMA-Q is 10 to 1, and the ultimate tensile strength
(3.8 MPa) is 80 times higher as compared to corresponding non-quaternized film, although a certain
permanent chain relaxation was also observed after repeated tensile test cycles possibly due to the
dynamic character of the ionic cross-links. In addition to good elastic modulus, the elastomer is also
solvoplastic and recyclable as evidenced by dissolution in certain solvents such as DMF. The recyclable
characters of the ion-gels and elastomeric ionomer when in bulk form have large potentials for their
applications in wearable devices and as composite materials increasing the elasticity of other materials.
Functionality, such as potential conductivity, and mechanical properties can also be adjusted by varying
the co-monomer ratio, which is readily implementable.

Ethics. Our research was reviewed and approved by School of Materials Science and Engineering, Southwest Petroleum
University. No special collecting permit or ‘animal care protocol’ was required at the time.
Data accessibility. Data are available from the Dryad Digital Repository: http://dx.doi.org/10.5061/dryad.d40s45p [48].
Authors’ contributions. S.B. carried out all the syntheses, performed the measurements and data analysis, and drafted
the framework of the manuscript. X.W. conceived the original idea and planned the experiments, corrected the
manuscript and electronic supplementary material, and revised the manuscript and wrote the response to reviewers.
J.V. was involved in important discussion of the work, particularly in the justification of network formation through
supramolecular interaction, and helped revise the manuscript. X.H. helped supervise the project, contributed to the
rheology study of prepared gels and provided critical feedback of elasticity study. All authors discussed the results
and commented on the manuscript, and gave final approval for publication.

http://dx.doi.org/10.5061/dryad.d40s45p


12

rsos.royalsocietypublishing.org
R.Soc.opensci.5:180271

................................................
Competing interests. The authors declare no competing interests.
Funding. This work was supported by the Education Department of Sichuan Province (17ZA0419) and Scientific
Research Starting Project of SWPU (2017QHZ020). The authors also acknowledge start-up funding from Southwest
Petroleum University. J.V. acknowledges Banting Postdoctoral Fellowship for financial support.

References
1. Lee J, Panzer MJ, He YY, Lodge TP, Frisbie CD. 2007

Ion gel gated polymer thin-film transistors. J. Am.
Chem. Soc. 129, 4532–4533. (doi:10.1021/Ja070875e)

2. He YY, Lodge TP. 2007 A thermoreversible ion gel by
triblock copolymer self-assembly in an ionic liquid.
Chem. Commun. 2732–2734. (doi:10.1039/
B704490a)

3. Susan MA, Kaneko T, Noda A, Watanabe M. 2005 Ion
gels prepared by in situ radical polymerization of
vinyl monomers in an ionic liquid and their
characterization as polymer electrolytes. J. Am.
Chem. Soc. 127, 4976–4983. (doi:10.1021/Ja045155b)

4. WuW, Zhang ZL, Xiong TT, Zhao WG, Jiang R, Chen
H, Li XY. 2017 Calcium ion coordinated
dexamethasone supramolecular hydrogel as
therapeutic alternative for control of non-infectious
uveitis. Acta Biomater. 61, 157–168. (doi:10.1016/j.
actbio.2017.05.024)

5. Lei Y, Lodge TP. 2012 Effects of component
molecular weight on the viscoelastic properties of
thermoreversible supramolecular ion gels via
hydrogen bonding. Soft Matter 8, 2110–2120.
(doi:10.1039/C2SM06652A)

6. Taylor DL. 2016 Self-Healing hydrogels. Adv. Mater.
28, 9060–9093. (doi:10.1002/adma.201601613)

7. Ramin MA, Sindhu KR, Appavoo A, Oumzil K,
Grinstaff MW, Chassande O, Barthélémy P. 2017
Cation tuning of supramolecular gel properties: a
new paradigm for sustained drug delivery. Adv.
Mater. 29, 1 605 227–1 605 232. (doi:10.1002/adma.
201605227)

8. Morita C, Kawai C, Kikuchi A, Imura Y, Kawai T. 2012
Effect of amide moieties for hydrogelators on
gelation property and heating-free pH responsive
gel-sol phase transition. J. Oleo Sci. 61, 707–713.
(doi:10.5650/jos.61.707)

9. Fang Y, Bai CL, Zhang Y. 2004 Preparation of metal
sulfide-polymer composite microspheres with
patterned surface structures. Chem. Commun.
804–805. (doi:10.1039/B314533F)

10. Becker T, Goh CY, Jones F, McIldowie MJ, Mocerino
M, Ogden MI. 2008 Proline-functionalised
calix[4]arene: an anion-triggered hydrogelator.
Chem. Commun. 3900–3902. (doi:10.1039/
B807248E)

11. Steed JW. 2011 Supramolecular gel chemistry:
developments over the last decade. Chem.
Commun. 47, 1379–1383. (doi:10.1039/
C0CC03293J)

12. Lloyd GO, Steed JW. 2009 Anion-tuning of
supramolecular gel properties. Nat. Chem. 1,
437–442. (doi:10.1038/nchem.283)

13. Visentin AF, Panzer MJ. 2012 Poly(ethylene glycol)
diacrylate-supported ionogels with consistent
capacitive behavior and tunable elastic response.
ACS Appl. Mater. Interfaces 4, 2836–2839.
(doi:10.1021/am300372n)

14. Mukesh C, Upadhyay KK, Devkar RV, Chudasama
NA, Raol GG, Prasad K. 2016 Preparation of a
noncytotoxic hemocompatible ion gel by

self-polymerization of HEMA in a green deep
eutectic solvent.Macromol. Chem. Phys. 217,
1899–1906. (doi:10.1002/macp.201600122)

15. Guan J, Li Y, Li J. 2017 Stretchable ionic liquid-based
gel polymer electrolytes for lithium-ion battery. Ind.
Eng. Chem. Res. 56, 12 456–12 463. (doi:10.1021/
acs.iecr.7b03387)

16. Kang J et al. 2018 Tough and water-insensitive
self-healing elastomer for robust electronic skin.
Adv. Mater. 30, e1706846. (doi:10.1002/adma.
201706846)

17. Chen YY, Shull KR. 2017 High-toughness polycation
cross-linked triblock copolymer hydrogels.
Macromolecules 50, 3637–3646. (doi:10.1021/
acs.macromol.7b00304)

18. Klymenko A, Nicolai T, Benyahia L, Chassenieux C,
Colombani O, Nicol E. 2014 Multiresponsive
hydrogels formed by interpenetrated
self-assembled polymer networks.Macromolecules
47, 8386–8393. (doi:10.1021/ma501990r)

19. Krogstad DV, Choi SH, Lynd NA, Audus DJ, Perry SL,
Gopez JD, Hawker CJ, Kramer EJ, Tirrell MV. 2014
Small angle neutron scattering study of complex
coacervate micelles and hydrogels formed from
ionic diblock and triblock copolymers. Phys. Chem. B
118, 13 011–13 018. (doi:10.1021/jp509175a)

20. Li YB, Deng YH, Tong XG, Wang XG. 2006 Formation
of photoresponsive uniform colloidal spheres from
an amphiphilic azobenzene-containing random
copolymer.Macromolecules 39, 1108–1115.
(doi:10.1021/ma052272y)

21. Yi CL, Yang YQ, Zhu Y, Liu N, Liu XY, Luo J, Jiang M.
2012 Self-assembly and emulsification of poly
{[styrene-alt-maleic acid]-co-[styrene-alt-(n-3,
4-dihydroxyphenylethyl-maleamic acid)]}.
Langmuir 28, 9211–9222. (doi:10.1021/la
301605a)

22. Zhu X, Liu M. 2011 Self-assembly and morphology
control of new L-glutamic acid-based amphiphilic
random copolymers: giant vesicles, vesicles,
spheres, and honeycomb film. Langmuir
27, 12 844–12 850. (doi:10.1021/la202680j)

23. Feng XL, Zhang KH, Chen P, Sui XF, Hempenius MA,
Liedberg B, Vancso GJ. 2016 Highly swellable,
dual-responsive hydrogels based on PNIPAM and
redox active poly (ferrocenylsilane) poly (ionic
liquid) s: synthesis, structure, and properties.
Macromol. Rapid Commun. 37, 1939–1944.
(doi:10.1002/marc.201600374)

24. Smith LC, Malati P, Fang J, Richardson W, Ashby D,
Lai CH, Dunn BS. 2016 Sol-gel encapsulated lithium
polysulfide catholyte and its application in
lithium-sulfur batteries.Mater. Horiz. 3, 137–144.
(doi:10.1039/C5MH00228A)

25. Yıldız B, Işık B, Kış M, Birgül Ö. 2003 pH-sensitive
dimethylaminoethyl methacrylate
(DMAEMA)/acrylamide (AAm) hydrogels: synthesis
and adsorption from uranyl acetate solutions. J.
Appl. Polym. Sci. 88, 2028–2031. (doi:10.1002/app.
11709)

26. Jiang F, Fang C, Zhang J, WangWT, Wang ZG. 2017
Triblock copolymer elastomers with enhanced
mechanical properties synthesized by RAFT
polymerization and subsequent quaternization
through incorporation of a comonomer with
imidazole groups of about 2.0 mass percentage.
Macromolecules 50, 6218–6226. (doi:10.1021/acs.
macromol.7b01414)

27. Wang X, Vapaavuori J, Zhao Y, Bazuin CG. 2014 A
supramolecular approach to photoresponsive
thermo/solvoplastic block copolymer elastomers.
Macromolecules 47, 7099–7108. (doi:10.1021/
ma501278b)

28. Krisanangkura P, Packard AM, Burgher J, Blum FDJ.
2010 Bound fractions of methacrylate polymers
adsorbed on silica using FTIR. Polym. Sci. B Polym.
Phys. 48, 1911–1918. (doi:10.1002/polb.22066)

29. Sangeetha NM, Maitra U. 2005 Supramolecular
gels: functions and uses. Chem. Soc. Rev. 34,
821–836. (doi:10.1039/B417081B)

30. Kong ZY, Wu XQ, Wei JF, Zhang H, Cui L. 2016
Preparation and characterization of hydrophilicity
fibers based on 2-(dimethyamino) ethyl
mathacrylate grafted polypropylene by
UV-irradiation for removal of Cr (VI) and as (V). J.
Polym. Res. 23, 199. (doi:10.1007/s10965-016-
1079-1)

31. Yuan J, Yu CH, Peng J, Wang Y, Ma J, Qiu JY, Li JY,
Zhai ML. 2013 Facile synthesis of amphoteric ion
exchange membrane by radiation grafting of
sodium styrene sulfonate and
N,N-dimethylaminoethyl methacrylate for
vanadium redox flow battery. J. Polym. Sci. A Polym.
Chem. 51, 5194–5202. (doi:10.1002/pola.26949)

32. Henderson KJ, Zhou TC, Otim KJ, Shull KR. 2010
Ionically cross-linked triblock copolymer hydrogels
with high strength.Macromolecules 43, 6193–6201.
(doi:10.1021/ma100963m)

33. Faul CF, Antonietti M. 2003 Ionic self-assembly:
facile synthesis of supramolecular materials. Adv.
Mater. 15, 673–683. (doi:10.1002/adma.200300379)

34. Phadke A, Zhang C, Arman B, Hsu CC, Mashelkar RA,
Lele AK, Tauber MJ, Arya G, Varghese S. 2012 Rapid
self-healing hydrogels. Proc. Natl Acad. Sci. USA 109,
4383–4388. (doi:10.1073/pnas.1201122109)

35. Cui JX, Miguel VS, del Campo A. 2013
Light-triggered multifunctionality at surfaces
mediated by photolabile protecting groups.
Macromol. Rapid Commun. 34, 310–329.
(doi:10.1002/marc.201200634)

36. Meazza L, Foster JA, Fucke K, Metrangolo P, Resnati
G, Steed JW. 2013 Halogen-bonding-triggered
supramolecular gel formation. Nat. Chem. 5, 42–47.
(doi:10.1038/nchem.1496)

37. Barrett DG, Fullenkamp DE, He LH, Holten-Andersen
N, Lee KYC, Messersmith PB. 2013 pH-based
regulation of hydrogel mechanical properties
through mussel-inspired chemistry and processing.
Adv. Funct. Mater. 23, 1111–1119. (doi:10.1002/adfm.
201201922)

http://dx.doi.org/10.1021/Ja070875e
http://dx.doi.org/10.1039/B704490a
http://dx.doi.org/10.1039/B704490a
http://dx.doi.org/10.1021/Ja045155b
http://dx.doi.org/10.1016/j.actbio.2017.05.024
http://dx.doi.org/10.1016/j.actbio.2017.05.024
http://dx.doi.org/10.1039/C2SM06652A
http://dx.doi.org/10.1002/adma.201601613
http://dx.doi.org/10.1002/adma.201605227
http://dx.doi.org/10.1002/adma.201605227
http://dx.doi.org/10.5650/jos.61.707
http://dx.doi.org/10.1039/B314533F
http://dx.doi.org/10.1039/B807248E
http://dx.doi.org/10.1039/B807248E
http://dx.doi.org/10.1039/C0CC03293J
http://dx.doi.org/10.1039/C0CC03293J
http://dx.doi.org/10.1038/nchem.283
http://dx.doi.org/10.1021/am300372n
http://dx.doi.org/10.1002/macp.201600122
http://dx.doi.org/10.1021/acs.iecr.7b03387
http://dx.doi.org/10.1021/acs.iecr.7b03387
http://dx.doi.org/10.1002/adma.201706846
http://dx.doi.org/10.1002/adma.201706846
http://dx.doi.org/10.1021/acs.macromol.7b00304
http://dx.doi.org/10.1021/acs.macromol.7b00304
http://dx.doi.org/10.1021/ma501990r
http://dx.doi.org/10.1021/jp509175a
http://dx.doi.org/10.1021/ma052272y
http://dx.doi.org/10.1021/la301605a
http://dx.doi.org/10.1021/la301605a
http://dx.doi.org/10.1021/la202680j
http://dx.doi.org/10.1002/marc.201600374
http://dx.doi.org/10.1039/C5MH00228A
http://dx.doi.org/10.1002/app.11709
http://dx.doi.org/10.1002/app.11709
http://dx.doi.org/10.1021/acs.macromol.7b01414
http://dx.doi.org/10.1021/acs.macromol.7b01414
http://dx.doi.org/10.1021/ma501278b
http://dx.doi.org/10.1021/ma501278b
http://dx.doi.org/10.1002/polb.22066
http://dx.doi.org/10.1039/B417081B
http://dx.doi.org/10.1007/s10965-016-1079-1
http://dx.doi.org/10.1007/s10965-016-1079-1
http://dx.doi.org/10.1002/pola.26949
http://dx.doi.org/10.1021/ma100963m
http://dx.doi.org/10.1002/adma.200300379
http://dx.doi.org/10.1073/pnas.1201122109
http://dx.doi.org/10.1002/marc.201200634
http://dx.doi.org/10.1038/nchem.1496
http://dx.doi.org/10.1002/adfm.201201922
http://dx.doi.org/10.1002/adfm.201201922


13

rsos.royalsocietypublishing.org
R.Soc.opensci.5:180271

................................................
38. Menger FM, Peresypkin AV. 2003 Strings of vesicles:

flow behavior in an unusual type of aqueous gel.
J. Am. Chem. Soc. 125, 5340–5345. (doi:10.1021/
ja021298r)

39. John G, Masuda M, Okada Y, Yase K, Shimizu T. 2001
Nanotube formation from renewable resources via
coiled nanofibers. Adv. Mater. 13, 715–718.
(doi:10.1002/1521-4095(200105)13:10<715::AID-
ADMA715>3.0.CO;2-Z)

40. WangWW, Jiang L, Ren WY, Zhang CM, Man CZ,
Nguyen TP, Dan Y. 2016 The crystallinity, thermal
properties and microscopic morphology of di-block
copolymers of L-lactide and several acrylates. RSC
Adv. 6, 31 934–31 946. (doi:10.1039/C5RA24327K)

41. Wang X, Bazuin CG. 2017 Tailoring supramolecular
ionic azo triblock copolymers by partial
quaternization and complexation. Polymer
128, 330–337. (doi:10.1016/j.polymer.2017.
03.069)

42. Nagasawa J, Matsumoto H, Yoshida M. 2012 Highly
efficient and specific gelation of ionic liquids by
polymeric electrolytes to form ionogels with
substantially high gel-sol transition temperatures
and rheological properties like self-standing ability
and rapid recovery. ACS Macro Lett. 1, 1108–1112.
(doi:10.1021/mz3002808)

43. Venerová T, Pekař M. 2017 Rheological properties of
gels formed by physical interactions between
hyaluronan and cationic surfactants. Carbohydr.
Polym. 170, 176–181. (doi:10.1016/j.carbpol.
2017.04.087)

44. Sliozberg YR, Andzelm JW, Brennan JK,
VanlandinghamMR, Pryamitsyn V, Ganesan V. 2010
Modeling viscoelastic properties of triblock
copolymers: a DPD simulation study. J. Polym. Sci. B
Polym. Phys. 48, 15–25. (doi:10.1002/polb.21839)

45. Glassman MJ, Olsen BD. 2015 Arrested phase
separation of elastin-like polypeptide solutions

yields stiff, thermoresponsive gels.
Biomacromolecules 16, 3762–3773. (doi:10.1021/
acs.biomac.5b01026)

46. Jyoti BVS, Baek SW. 2014 Rheological
characterization of metalized and non-metalized
ethanol gel propellants. Propellants Explos.
Pyrotech. 39, 866–873. (doi:10.1002/prep.
201400085)

47. Kryuchkov MA, Detrembleur C, Jérôme R,
Prud’homme RE, Bazuin CG. 2011 Synthesis and
thermal properties of linear amphiphilic diblock
copolymers of l-lactide and 2-dimethylaminoethyl
methacrylate.Macromolecules 44, 5209–5217.
(doi:10.1021/ma200449e)

48. Bai S, Wang X, Vapaavuori J, He X. 2018 Fast
formation of a supramolecular ion gel/solvoplastic
elastomer with excellent stretchability. Dryad
Digital Repository. (doi:10.5061/dryad.d40s45p)

http://dx.doi.org/10.1021/ja021298r
http://dx.doi.org/10.1021/ja021298r
http://dx.doi.org/10.1002/1521-4095(200105)13:10%3C715::AID-ADMA715%3E3.0.CO;2-Z
http://dx.doi.org/10.1002/1521-4095(200105)13:10%3C715::AID-ADMA715%3E3.0.CO;2-Z
http://dx.doi.org/10.1039/C5RA24327K
http://dx.doi.org/10.1016/j.polymer.2017.03.069
http://dx.doi.org/10.1016/j.polymer.2017.03.069
http://dx.doi.org/10.1021/mz3002808
http://dx.doi.org/10.1016/j.carbpol.2017.04.087
http://dx.doi.org/10.1016/j.carbpol.2017.04.087
http://dx.doi.org/10.1002/polb.21839
http://dx.doi.org/10.1021/acs.biomac.5b01026
http://dx.doi.org/10.1021/acs.biomac.5b01026
http://dx.doi.org/10.1002/prep.201400085
http://dx.doi.org/10.1002/prep.201400085
http://dx.doi.org/10.1021/ma200449e
http://dx.doi.org/10.5061/dryad.d40s45p

	Introduction
	Experimental
	Materials
	Synthesis of P(DMAEMA-co-LMA) copolymers
	Quaternization of P(DMAEMA-co-LMA) copolymers
	Instrumentation

	Results and discussion
	Synthesis and characterization
	Formation of gel network
	Thermal properties
	Rheological properties
	Mechanical properties

	Conclusion
	References

