Open Access Article. Published on 15 July 2024. Downloaded on 6/19/2026 3:56:34 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC
Applied Polymers

i)

Check for updates

Cite this: RSC Appl. Polym., 2024, 2,
891

™ COYAL SOCIETY
ap OF CHEMISTRY

Metal-free thiol-Michael addition for hydrogen
bond-rich poly(dimethyl siloxane) networks
with improved electromechanical properties and

self-healing capabilitiest

Pavle Ramah, Liyun Yu, Anders Egede Daugaard

and Anne Ladegaard Skov (& *

Thiol-maleimide conjugation is a well-established coupling method in biochemistry but with little

reported use within silicone materials. A facile synthetic route of functionalised poly(dimethyl siloxane)

(PDMS) to a prepolymer species capable of non-metal-catalysed cross-linking via thiol-Michael addition

is presented. Two systems are compared: maleimide (Ml) terminated PDMS and its precursor, maleamic

acid amide (MA) terminated PDMS. Despite the traditional view of maleamic acid amide functionalities as

being of inferior value to their maleimide counterparts, we argue for their potential. The increased relative
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Introduction

Poly(dimethyl siloxane) (PDMS) is a polymer known for its
flexibility due to its low glass transition temperature
(<=110 °C)," and it finds use in many novel applications, such
as soft robotics and dielectrics.>® PDMS is also a chemically
inert, thermally stable, and commercially available material
with a high level of hydrophobicity. For specific applications, a
more hydrophilic nature is desirable. The non-polar character
of PDMS is usually tuned by combining it with fillers and addi-
tives, chemically modifying it through side-chain polar groups,
and applying surface activation methods.* Such alterations are
common in soft wearables and dielectric elastomers, where
improved electrical properties benefit higher actuation and
lower voltage demands.® Metal-free elastomers enable curing
or solidification under mild conditions.” This enhances their
potential applications, improves recyclability, and eliminates
the negative impact of metals on the increased conductivity of
the resulting elastomers. A low concentration (ppm) of a con-
ductive metal catalyst may be beneficial for the electrical pro-
perties of the dielectric elastomers due to the charge trapping;
however, at higher concentrations, the conductivity is
increased and will negatively affect the electrical breakdown
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concentration of polar groups in a robust MA network matrix can be exploited for better electrical pro-
perties for self-healable dielectric elastomer actuators, as demonstrated by the MA networks with their
quadruple hydrogen bonding centres, self-healing capabilities, increased polarity, good electrical break-
down strength, and increased dielectric permittivity over both commercial and Ml PDMS networks.

strength.®” While catalyst-free cross-linking is a frequent topic
for silicone elastomers, their self-healing capabilities have
been discussed rarely.® ™

Hydrogen bonds between a proton donor and a proton
acceptor can promote supramolecular organisation within a
given polymer network and is one of the primary pathways
towards self-healing materials.'” Being able to self-organise
without external stimuli is essential for the ability to recover
from damage. Due to their dynamic nature, responsiveness to
external stimuli, and tunable strength, hydrogen bonds are
commonly used to include self-healing ability in elastomers."?
The association constant of hydrogen bonds can vary greatly
but approaches those of covalent bonds for multiple hydrogen
bonding domains.™

Dielectric elastomers, amongst other products, can benefit
from self-healing properties. During operation, dielectric elas-
tomers can experience breakdown due to high applied vol-
tages, reflected through topological failure. If this breakdown
pinhole can be repaired through local reorganisation, it would
improve performance and extend operational life.'> A low glass
transition temperature in combination with physical or chemi-
cal bonding has previously been highlighted as a prerequisite
for ambient self-healing.’® However, using strong hydrogen
bonding domains in PDMS elastomers frequently requires a
more elaborate synthesis procedure.'””® Additionally, con-
straints in mobility and limitations in the crack closure
process of a highly cross-linked network frequently require
special conditions to achieve self-healing.>
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As an alternative to these more elaborate synthetic path-
ways, we here investigate the use of Michael addition reactions
as a simple approach toward self-healing dynamic networks.
Michael additions are highly effective coupling reactions
between a Michael donor (a nucleophile) and a Michael accep-
tor (an unsaturated carbonyl with an electron-withdrawing
group). The reaction can be considered a click chemistry reac-
tion, known for its rapid kinetics, selectivity, and minimal
catalyst requirements.”* Maleimide (MI) moieties make strong
Michael acceptors due to their high reactivity, facilitated by
the five-atom N-ring’s ring strain and its vinyl bond’s electron-
deficient character.”’>® The MI's controlled conversion into
different functionalities under facile conditions is widely
utilised.>*”>” However, the Michael addition reaction between
thiol and vinyl moieties has rarely been explored
within silicones, and most commonly only in combination
with some other chemistry, e.g. Diels Alder.”®*° Research has
tended to focus on the radical thiol-ene reaction.*’* This is
primarily due to the thiol-Michael addition reaction’s high
dependence of the on reaction conditions, susceptible for low
molecular weight compounds.*?

In this work, a commercially available aminopropyl-termi-
nated PDMS (APDMS) is converted in a two-step process into
(i) a, ® - maleamic acid amide terminated PDMS (MA) through
a ring-opening reaction of maleic anhydride with the terminal
amine group to a carboxylate derivative, and (ii) o, ® — male-
imide terminated PDMS (MI) through the ring-closure of MA
PDMS. APDMS is commercially available, relatively cheap, and
the aminopropyl has significant reactivity.**®* The reaction
conditions were based on similar materials reported, being
primarily non-PDMS systems.>"***%4° The synthesised prepo-
lymers were then cross-linked via thiol-Michael addition.
Triethyl amine, a weak volatile base (b.p. 77 °C), was used as a
catalyst, making the cross-linking metal-free and insensitive to
0,.

While the MI functionality has found some use within
PDMS synthesis, the MA functionality is mostly considered a
MI precursor, due to the lower reactivity of its vinyl bond and
its instability.*'"** This work shows both that (a) thiol-Michael
addition is a robust method for synthesising highly cross-
linked PDMS networks with unique properties, and that (b)
MA-containing cross-linked networks have increased inter-
molecular interactions, due to having quadruple H bonding
centres, which lead to emerging intrinsic self-healing, distinct
mechanical properties, and improved dielectric permittivity.

Materials and methods
Materials

All chemicals were reagent grade and were used without
additional purification. Maleic anhydride (MAnh), acetic anhy-
dride (AcAnh), 2-methyl tetrahydrofuran (2mTHF), pentaery-
thritol tetrakis(3-mercaptopropionate) (PETMP), and triethyl
amine (TEA) were purchased from Merck Life Science.
Aminopropyl terminated poly(dimethyl siloxane) (APDMS) was
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purchased from aber GmbH (AB109371, 5000 g mol %,
0.6-0.7% amine content, and AB153374, 25000 g mol™*,
0.11-0.12% amine content).

Methods

'H nuclear magnetic resonance (NMR) spectroscopy. NMR
spectra of the synthesised species were obtained on Magritek
Spinsolve 80 ULTRA (80 MHz) in p-chloroform (Merck). 'H
NMR was used to confirm the stock chemicals and prepolymer
structures (MAPDMS, MIPDMS). The number average mole-
cular weights, M, of the prepolymers was determined from
the ratio between the terminal methyl and the methyl units
attached to the Si-O chain, assuming all polymers were end-
functionalised. The M,, calculated this way was used for all the
following stoichiometry calculations.

Differential scanning calorimetry (DSC). Differential scan-
ning calorimetry measurements were carried out using a
Discovery DSC (TA Instruments) with Tzero aluminum her-
metic pans. The system was cooled with liquid N,. A heating
rate of 10 K min~" was used over three cycles. The first cycle
consisted of equilibrating the temperature at —150 °C and sta-
bilizing for 5 min, followed by heating to 200 °C. The second
cycle was a cooling cycle where the material was cooled back
down to —150 °C. The third cycle was a repeat of the first cycle.
The data obtained was analysed using TRIOS software.

Fourier transform infrared spectroscopy. The attenuated
total reflectance Fourier transform infrared (ATR-FTIR) spectra
of prepolymers (liquid) and cross-linked networks (solid) were
acquired using a Nicolet iS50 ATR spectrometer in the range of
4000-350 cm™" over 32 scans at a resolution of 0.1 cm™".

Rheological measurements. All rheological measurements of
the cross-linked materials were performed on a rheometer
(DHR-1, TA Instruments, US) with a 20 mm parallel plate
(Peltier plate steel 106669) geometry. The strain was set to 1%
which was ensured to be within the linear viscoelastic envel-
ope, and a frequency sweep in the range of 100-0.1 rad s~ was
used. This frequency sweep was repeated at 40 °C, 60 °C, and
80 °C, to gain insight into hydrogen bonding effect on the
cross-linked systems.

Mechanical measurements and self-healing. Tensile tests
were performed on a universal testing system (Instron 3340
series, Instron, US). The dogbones had dimensions of 30 mm
(neck length) x 3.5 mm (neck width) x 0.4 mm (neck thick-
ness). The strain rate was 100 mm min~'. The Young’s
modulus was determined from the slope of the stress-strain
curve in the linear stress-strain region (<10% strain). A
mimimum of three measurements were performed for each of
the cross-linked samples.

Tensile self-healing tests were performed as follows: a cut
was made through the dogbone neck, with 0.05 mm left to
help with subsequent alignment during healing. The sample
was not mechanically pressed together in any way and was
simply left to self-heal under room temperature for 24 h before
being mechanically tested.

Broadband dielectric spectroscopy. Broadband dielectric
spectroscopy (BDS) was performed on a Novocontrol Alpha-a

© 2024 The Author(s). Published by the Royal Society of Chemistry
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high-performance frequency analyser (Novocontrol
Technologies GmbH & Co. KG, Germany) operating in the fre-
quency range 10~'-10° Hz. The measurements were repeated
over a temperature range from —150 °C to 80 °C (regulated by
N, (1) heating/cooling in a convection oven) and a temperature
ramp rate of 5 °C min".

Optical imagery and contact angle. A digital microscope
(VHX-6000, Keyence, Belgium) was used to optically image the
self-healing process. The cross-linked samples were examined
before and after a cut was made at 80x and 400x magnifi-
cation. Contact angle measurements were performed on
Contact Angle System OCA (dataphysics, Germany) in sessile
drop mode using the integrated software’s (SCA20) calculation
method.

Electric breakdown measurements. Electric breakdown
measurements were performed on thin MA or MI PDMS
films (~100 pm) on an in-house-built device based on inter-
national standards (IEC 60243-1 (1998) and IEC 60243-2
(2001)). The distance between the two spherical electrodes (d
=20 mm) was controlled with a micrometre stage and gauge
and was based on the sample thickness. An incremental
increasing voltage was applied (50-100 V per step), at a rate
of 0.5-1.0 step per s, until breakdown. Each sample was sub-
jected to ten breakdown measurements, and an average of
the values was indicated as the electric breakdown strength
of the sample.

General procedure for the synthesis of MA and MI PDMS
prepolymers. Amine-terminated PDMS (APDMS, 4530 g mol *,
pale yellow) was added (25 g, 0.011 mol) into a round-bottom,
two-necked 250 mL flask with a magnetic bar. A condenser
with an N, inlet was attached to the main neck, while the side
neck was used for the addition of the chemicals during the
synthesis. 2mTHF (150 mL) was added to the APDMS, which
dissolved over 15 min at room temperature. Then, maleic
anhydride was added (1.09 g, 0.011 mol) to the mixture, and
the flask was heated to 40 °C under an inert nitrogen atmo-
sphere. For the synthesis of MA5, the mixture was held at
40 °C for 48 h and then purified. For the synthesis of MI5,
after 4 hours of heating at 40 °C, AcAnh (2.38 mL, 0.022 mol)
and TEA (3.18 mL, 0.044 mol) were added to the mixture. The
mixture was heated to 60 °C and held for 48 h. The reaction
mixture turned reddish brown colour. After 48 h, the reaction
was stopped.

Both the MA5 and MI5 followed the same clean-up pro-
cedure: a reactive mixture with the prepolymer species was
poured into a liquid-liquid extractor. It was washed with a
saturated NaCl aqueous solution (3 x 50 mL), then with a satu-
rated NaHCO; solution (1 x 50 mL), and finally with deionised
water (3 x 50 mL). The product was dried over MgSO, and fil-
tered through filter paper. Finally, the product was isolated as
an oil after rotary evaporatation to dryness.

'"H NMR (A5PDMS, 80 MHz): 2.67 (t, 4H,
-NHCH,CH,CH,-), 1.49 (m, 4H, -NHCH,CH,CH,-), 0.52 (m,
4H, -NHCH,CH,CH,-), 0.07. M, (ASPDMS): 4530 Da.

ATR-TR (A5PDMS): 2962, 2905, 1983, 1412, 1257, 1010, 863,
789, 700, 661.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The final product of MA5 was isolated as a pale yellow
viscous liquid with a yield of 88%.

'H NMR (MA5, 80 MHz): 6.32 (d, 4H, -CH=CH-), 3.33 (q,
4H, -NHCH,CH,CH,-), 1.53 (m, 4H, -NHCH,CH,CH,-), 0.60
(m, 4H, -NHCH,CH,CH,-), 0.07 (s, 6H, -Si(CH;),-). M,, (MA5):
4860 Da. M, (MA25): 22 980 Da.

ATR-IR (MA5): 2962, 2905, 1709, 1630, 1572, 1411, 1257,
1075, 1008, 862, 786, 700, 635.

In accordance with the general procedure, the longer chain
MA25 was synthesised from amine-terminated PDMS
(A25PDMS, 25 000 g mol ™), in a yield of 80%.

The final product of MI was isolated as a deep brown
viscous liquid with a yield of 85%.

'H NMR (MI5, 80 MHz): 6.65 (s, 4H, -CH=CH-), 3.51 (t,
4H, -NCH,CH,CH,-), 1.60 (m, -NCH,CH,CH,-), 0.65 (m, 4H,
-NCH,CH,CH,-), 0.07 (s, 6H, -Si(CHj),-). M,, (MI5): 4860 Da.
M, (MI25): 22 980 Da.

ATR-IR (MI5): 2962, 2905, 1800, 1714, 1691, 1409, 1257,
1077, 1008, 864, 786, 696, 661.

Analogously, the longer chain MI25 was synthesised from
amine-terminated PDMS (A25PDMS, 22 530 ¢ mol ™), in a yield
of 83%.

General procedure for the cross-linking of Michael-addition
PDMS networks. All cross-linking stoichiometry was based on
the M,, calculated from 'H NMR. As an example of a regular
cross-linking procedure, MA5 (2 g, 0.412 mmol of MAS5,
0.824 mmol of MA moiety) was poured into a vial. Into it,
2mTHF (0.7 mL) was added to keep the total amount of
solvent at 1.5 mL after cross-linking solution addition. PDMS
was solubilised before a stock solution was addFiged to it
(0.8 mL of 2mTHF containing 0.206 mmol PETMP,
0.824 mmol -SH moiety, and 0.020 mmol TEA) to satisfy func-
tional group equimolar conditions. The cross-linking mixture
was stirred with a magnetic bead briefly to ensure homogen-
eity and poured into a rectangular mould (9 x 6 x 3 cm). The
moulds were kept in a fume hood until solvent evaporation.
Cross-linking was completed by keeping the moulds in an
oven at 75 °C overnight, ensuring complete curing. The
polymer was cut out of moulds and cut into dogbones and
discs for further testing. The final networks were named
respectively MASN/MA25N (from MA5 and MA25), which had a
pale yellow colour, and MI5N/MI25N (from MI5 and MI25),
which appeared a red-tinged orange.

ATR-IR (MA5N): 2962, 2574, 1734, 1411, 1352, 1257, 1008,
864, 785, 697.

ATR-IR (MI5N): 2962, 1739, 1710, 1411, 1352, 1257, 1008,
864, 785, 697.

Results and discussion

A simple synthetic process was developed for functionalising
an amine-terminated commercial PDMS with maleimides as
shown in Scheme 1. It consisted of a two-step reaction - first,
aminopropyl-terminated PDMS was reacted with maleic anhy-
dride, under slight excess, to a maleamic acid amide-termi-
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intermolecular organisation of MA system (bottom left) and a traditional MI network (bottom right).

nated PDMS (MA), which was either isolated and purified or
continued reacting in the second step. In the second step, MA
PDMS was reacted with acetic anhydride and triethyl amine to
yield maleimide-terminated PDMS (MI). Both prepolymers,
MA and MI, were consistently synthesised to high yields
(>80%) from two different molar mass PDMSs (5 and 25 kDa).
The total four resulting prepolymers were then cross-linked
into networks using pentaerythritol tetrakis(3-mercaptopropio-
nate) (PETMP), a four-functional Michael donor, under equi-
molar conditions, as shown in Scheme 1.

From the ATR-IR spectra, the two products of the two syn-
thetic steps are readily identifiable (Fig. 1a). The C=O0 stretch
is a characteristic peak for both the MA and MI systems. It is

894 | RSC Appl. Polym., 2024, 2, 891-904

frequently found in the general range of 1650-1820 cm™,

depending on the functionalities (Fig. 1a).** For the MAS5, it
appears as two peaks, at 1709 cm™' and 1630 cm™' showing
the conjugated urethane linkage as well as the conjugated free
carboxylic acid, which in combination with the broad N-H
bending at 1572 cm™' confirms the open structure.
Meanwhile, MI, being an unsaturated cyclic imide, has three
carbonyl stretches, at 1800, 1714 and 1691 cm™,* respectively.
A5PDMS, in contrast, has no signal in this range, confirming
the functionalisation of MA and ML

The synthesis of the prepolymers can be further investi-
gated by '"H HMR (Fig. 1b), through the appearance of peaks
attributed to the vinyl protons of MA5 and MI5, respectively.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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This peak appears with the conversion of ASPDMS to MA5 at
6.31 ppm, and shifts with the synthesis of MI5 to 6.67 ppm.
Additionally, the functionalisation can be followed by the posi-
tion and character of the protons associated with the terminal
—-CH,- of the aminopropyl group. The peak for ASPDMS is a
triplet (2.58-2.75 ppm) that shifts to a characteristic 1:3:3:1
quartet upon the conversion to MA5 (3.22-3.47 ppm). This
corresponds to the now secondary amine of the telechelic mal-
eamic acid amide. Finally, in MI5, this peak is expressed as a
triplet again (3.33-3.65 ppm) due to the loss of a proton upon
imide formation.

Both MA and MI form a homogenous semi-transparent film
at the end of the cross-linking according to the general pro-
cedure as previously described. However, their reactivities
greatly differ. The MI5/25 networks regularly cure within an
hour of solvent, even at room temperature. Meanwhile, the
MA5/25 networks require post-curing at 75 °C overnight to
ensure a high degree of network-forming reactions (Fig. S27).
This agrees well with the steric hindrance and lower reactivity
of the vinyl bond of the MA system compared to that of the MI
system.

All of the cross-linked networks have a significant gel frac-
tion (>85%), comparable to classical PDMS networks, and do
not dissolve in the presence of the solvent. Thus, cross-linking
is considered successful and efficient (Table 1).

ATR-IR spectra of the cross-linked network confirm the
reaction of MA5 and MI5 prepolymers. Since the vinyl bond
overlaps with the PDMS “fingerprint” region, cross-linking was
confirmed by following the C=O peaks. A shift of the C=0
peaks to higher wavelengths as a consequence of the consump-
tion of the vinyl bond is observed for both systems after the
cross-linking process — from 1709 to 1734 cm™" for the MAS5
network, and from 1691 and 1714 to 1710 and 1739 cm™,
respectively, for MI5. Additionally, the MA5 network spectrum
shows a weak peak corresponding to the S-H stretch
(2550 cm™), suggesting excess PETMP in the system (Fig. 2a).
However, a high level of gel fraction (90%) for MA5 systems
indicates almost full integration of MA chains. MA chains
possibly loop around PETMP, leading to one chain occupying
two cross-linking thiol groups of the same PETMP molecule,
as previously illustrated in Scheme 1b. Finally, the FTIR
spectra of both the cross-linked MI and MA networks remain
stable over a month (Fig. S3t). This stability is noteworthy,
especially in the case of the MA5 network, considering the
typical sensitivity of hydrogen-bond-rich systems to
moisture.*®

Table 1 Molar mass, yields, and gel fractions of the synthesised prepo-
lymers and their cross-linked networks

Prepolymer M,,g mol™ Yield, % Cross-linked network Gel. Frac., %
MAS5 4860 81.6 MAS5 91.4
MA25 22980 80.8 MA25 90.3
MI5 4860 85.3 MI5 86.2
MI25 22980 83.7 MI25 88.1

896 | RSC Appl. Polym., 2024, 2, 891-904
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During cross-linking, the MA networks transition through
a visible phase separation within minutes of the start of the
cross-linking process (Fig. 2b), unlike the MI networks. This
difference in behaviour cannot be described by different
amounts of solvents as both systems contain equal amounts.
The ends of the MA prepolymers group in non-covalent clus-
ters due to strong intermolecular interactions between
them.” These clusters begin reacting and the growing
branched polymers separate from the monomer and solvent
mixture. After 20 minutes of cross-linking, the reactive
mixture has grown almost fully uniform and opaque,
suggesting the bridging of these otherwise branched struc-
tures. Upon complete solvent evaporation, the film turns
semi-transparent.

DSC spectra of the prepolymers and the corresponding
cross-linked networks are given in Fig. S4.f The MI and MA
short-chained prepolymers and networks do not show a
characteristic cold crystallisation peak observed for all long-
chained samples. This suggests that the increased relative
polar group concentration and their intermolecular inter-
actions inhibit crystallisation, since a similar reference system
based on vinyl-hydride bonding shows clear crystallisation
(Fig. S4af).

Rheological properties of networks

Rheological measurements were performed to investigate the
hydrogen bonding capability of the two types of networks. The
MA moiety possesses quadruple H bonding centres (hydroxyl
and secondary amine as donors and two carbonyl oxygens as
acceptors), compared to only acceptor dual H bonding centres
(belonging to the carbonyl O atoms) of the MI systems
(Scheme 1b).

All cross-linked networks are found to be rubber-like (G’ >
G") as expected (Fig. 3a and b).

For shorter chain networks, with a larger contribution of
the MA moieties, hydrogen bonds function as a damping
mechanism. This is evidenced through the MA5 network’s
energy dissipative response at lower frequencies (tan§ =~ 0.65
(0.015 Hz)), where hydrogen bonds begin to break and reform,
before their contribution to energy dissipation diminishes at
higher frequencies as they become unable to respond quickly
enough to the imposed strain (Fig. 3c). The maximum in the
loss factor is outside the investigated frequency range in room
temperature rheological experiments, but becomes apparent at
increased temperatures (Fig. 3d). The peak of the loss factor
occurs at a frequency at which the relaxation time of the hydro-
gen bonding-influenced chains matches the imposed fre-
quency (marked op,p,).***° With an increase in temperature, the
chains have more kinetic energy and hydrogen bonds begin to
break and reassemble rapidly. Hence their relaxation happens
faster (Fig. 3d). In contrast, there are no damping peaks for
the MI networks.

Generally, the MI networks have low tan § values (<0.2) over
the entire frequency range (Fig. S5a and S5bt). For the long-
chain MA system, the rheological loss factor is essentially a

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) ATR-IR spectra of MA5 (dark red) and MI5 (dark blue) cross-linked networks. (b) Images taken during the cross-linking reaction of both
systems. A phase separation is evident in the MA5 network (upper) whereas the MI5 network (lower) does not undergo any visual change.
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Fig. 3 (a) Viscoelastic moduli of MA5 vs. MI5, (b) moduli of MA25 vs. MI25, (c) loss factors of all the samples, (d) the rheological loss factor of MA5

over four different temperatures with marked vy, corresponding to the peak position.

constant value (Fig. S5ct). The maximum storage modulus of
MA networks decreases with an increase in temperature, con-
trary to the MI networks - this is likely due to hydrogen
bonding dominating the properties and their dissipative
nature overcoming the entropic contribution at higher temp-
eratures (Fig. S6t1). Complex viscosities of the cross-linked
samples can be found in ESIt and show shear-thinning behav-
iour, with viscosity decreasing with increasing frequency
(Fig. S7t). This suggests that the terminal viscosity plateau
appears for frequencies lower than the measured range.
Interestingly, the MA5 network, due to increased relative con-
centration of hydrogen bonding domains, has a distinct behav-
iour with a smaller slope as a consequence of the wider, looser
network possessing strong intermolecular organisation.

898 | RSC Appl. Polym., 2024, 2, 891-904

Non-linear mechanical properties of networks

Non-linear stress-strain measurements are found to comp-
lement the conclusions from linear viscoelastic measurements
in contrasting the amide and imide functionalities. Table 2
summarizes common mechanical properties.

Table 2 Mechanical properties of tested samples

Y, MPa oy, MPa &g, %
Sample Young’s modulus Tensile strength Strain at break
MA5 0.824 + 0.124 0.620 = 0.022 134 +11.9
MA25 0.255 + 0.033 0.544 + 0.045 454 £ 56.4
MI5 0.957 +0.148 0.379 +0.148 46.6 +12.0
MI25 0.423 + 0.074 0.282 + 0.003 112 +2.13

© 2024 The Author(s). Published by the Royal Society of Chemistry
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With respect to tensile test properties, the MI5 network
shows an entirely linear response of the stress versus engineer-
ing strain, while MA5 has a noticeably more rubber-like behav-
iour with strain softening setting in after the linear regime
(Fig. 4a). Considering that the two short-chain networks have
comparable Young’s moduli (0.824 and 0.967, respectively)
and gel fractions (91.4% and 86.2%), this gives a clear indi-
cation of the contribution from hydrogen bonding in the MA
networks. This type of intermolecular interaction between the
functionalised ends of MA prepolymers, inherently situated
close to the cross-linker, can be viewed as an additional local
strengthening factor preventing failure. In particular, the MA5
network has both increased strain-at-break and tensile
strength compared to its MI5 counterpart. Additionally, due to
evidence of phase separation at the beginning of the cross-
linking process and the lower reactivity giving sufficient time
for reorganisation of the terminal polar clusters, the inter-
molecular structures caused by the hydrogen bonding between
MA moieties might be contorting into loops, threads, and
other similar entanglements. This would lead to multiple large
branched structures held together by strong hydrogen
bonding, unlike the conventional covalent “infinite network”
of the MI network. These network imperfections can have a
synergistic effect akin to a reversible cross-link.>>>*

Similarly, the ultimate properties of the long-chain MA net-
works are improved due to the contribution of a larger level of
chain association compared to the more brittle, hydrogen
bond deficient MI networks (Fig. 4b).

Electrical properties of the networks

The electrical properties of PDMS elastomers play a vital role
in their potential application as dielectric elastomers. The
incorporation of a polar cross-linker and the polar terminal
MA and MI moieties should improve dielectric performance,

0.7
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in particular MA, due to its secondary amine and hydroxyl
group.

All of the synthesised networks have a higher dielectric per-
mittivity at room temperature than the commonly used com-
mercial PDMS elastomer (Sylgard™ 184, ¢, = 2.73, as stated by
the producer’s specification sheet) (Fig. 5a). Ionic polarisation
is typically observed at lower frequencies (<1 MHz), where
there is sufficient times for charged entities to respond to the
changing electric field. As expected, MA5 has a significantly
larger contribution of ionic polarisation than its MI5 counter-
part, which results in a significant improvement in its relative
dielectric permittivity at lower frequencies. The increased e, is
stronger for short-chain networks due to the relative increase
in the concentration of polar groups.

Ion polarisation and mobilisation in an electric field at
lower frequencies lead to an increase in dielectric loss at room
temperature (Fig. 5b). In the case of the MI networks, there are
fewer polarisable centres, and their orientation is strained due
to the spatial factor of the larger maleimide group. This is par-
ticularly notable for short-chain networks, where the concen-
tration of polar terminal groups is larger. Consequently, the
dielectric loss of MI5 network is smaller and starts to increase
at lower frequencies than that of the MA5 counterpart.

The influence of temperature on the dielectric properties
can further emphasise the distinct difference between the MA
and MI networks. The short-chain MA5 network has a stronger
temperature dependence than MI5 (Fig. 6). The MA5 network
shows a strong temperature dependency on the dielectric per-
mittivity for frequencies below 1000 Hz. The MI5 network has
temperature-independent properties in the frequency range of
approximately 10°-10° Hz, whereas at lower frequencies, there
is a slight increase in the dielectric permittivity with decreased
frequency. However, high dielectric losses make further
optimisation a requirement (Fig. 5b and S8t). The dielectric

MI25
— MA25

0 50 100 150 200 250 300 350 400 450 500
Tensile strain (%)

Fig. 4 Tensile test of the four network samples where (a) short-chain networks (MA5 v MI5, illustration inset of the two hypothesized network

structures), and (b) long-chain networks (MA25 v MI25).
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Fig. 6 Relative dielectric permittivity of (a) MA5, and (b) MI5 at different temperatures.

permittivity’s dependence on temperature for the long-chain
networks and an overview of the permittivity changes over a
broader temperature range are given in Fig. S9 and S10,}
respectively.

The hydrophilicity of the MA and MI networks is investi-
gated. Both the short-chain MA and MI networks show signifi-
cantly increased hydrophilicity (81° for MA5, 91° for MI5) com-
pared to the literature data on PDMS (113.5°),°> while the
longer-chain networks have intermediate values (99° for MA25,
95° for MI25) (Fig. S117). MI and MA short-chain networks can
then be considered hydrophilic or wettable PDMS, which
increases their application potential.

Furthermore, both MI and MA networks show promise as
dielectric elastomer actuators due to their high electric break-

900 | RSC Appl. Polym., 2024, 2, 891-904

Table 3 Electric breakdown strength of the investigated samples

Sample Egp, kV mm™
MA5 65+ 16

MA25 64+9

MI5 77 £ 27

MI25 93 £ 16

down strength (Fig. S12,1 Table 3), compared to commercial
PDMS films (e.g. Sylgard™ 184, Epp = 24 kV mm™", as stated
by the producer’s specification sheet). Commercial films com-
monly use a significant volume fraction of fillers, hence the
performance of MA and MI PDMS can be further improved by

© 2024 The Author(s). Published by the Royal Society of Chemistry
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careful selection of additives and further optimisation of the
cross-linking process to improve homogeneity.

Investigation of self-healing of MA networks

Self-healing is not a property frequently associated with tightly
cross-linked covalent networks. Due to constrained molecular
mobility, the point of fracture cannot be circumvented through
intermolecular diffusion. Normally, self-healing can be
achieved by instead designing a dynamic covalent bonding
network, where the reversibility of the chemical linkages
depending on external conditions results in self-healing.
Another approach is to design a thermoplastic elastomer with
strong intermolecular interactions. Remarkably, both short-
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Fig. 7 Mechanical test comparison of pristine and self-healed over 24 h
sample of MA5 and MA25.
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chain and long-chain MA networks have the ability to self-
heal, whereas MI networks do not.

In terms of self-healing efficiency, the MA networks show
high recovery from an imposed cut (Fig. 7). Self-healing
efficiency, as defined in eqn (1), for both MA5 and MA25
systems equaled 85%.

n=2" % 100% (1)
Ots

The ability of MA networks to self-heal to high efficiency is
explained by the changed intermolecular organisation of the
material. The network has both the traditional cross-linked
network’s advantages while allowing enhanced mobility to
enable self-healing. The strong hydrogen bonding domains
preserve the structural integrity and high strength of the
network. Conversely, MI networks do not have this ability.

While some hydrogen bonding systems show fast healing
without external stimulus, occurring in seconds,”®> MA net-
works seem to require prolonged healing times. This is likely
due to the constraints in the network’s mobility. However,
after healing for 1 h at 75 °C, a level of recovery can be
achieved (Fig. S13t). This correlates well with the rheological
and electrical data presented, suggesting that the MA networks
are temperature dependant systems due to the equilibrium of
the hydrogen bonding domains that govern its properties.

Notably, upon mechanical testing of the self-healed
samples, the inflicted cut was not the point of failure
(Fig. S147). This highlights the ability of the strong hydrogen
bonding domains to retain the material’s original strength.
Optical microscopy shows that the cut remains visible in the
material, despite some diffusive processes beginning to bridge
it (Fig. 8 and S137). This interdiffusion characteristic of MA
networks further points out the difference between the organ-

100pm

Fig. 8 Optical microscopy at 400x magnification of MA25 cross-linked network with an imposed cut visible but healed after self-healing for 24 h

under room temperature.
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isation of MA and MI networks, which do not heal at all nor
show any extent of crack closure.

Conclusion

Two different cross-linked networks based on Michael
addition were prepared. MI networks show fast and facile
cross-linking, and improved dielectric permittivity, but limit-
ations in terms of mechanical properties which require future
optimisation. MA networks exhibit behaviour indicative of
strong intermolecular interactions that lead to significantly
different properties. The increased presence of both H-bond
donating and accepting groups leads to intermolecular
arrangements like loops and threads that make the material
more resilient, enable self-healing, and significantly improve
dielectric permittivity. Self-healing of MA networks is efficient
and does not require any specific conditions. Rheological
measurements and dielectric spectroscopy were used as
primary methods for differentiating these two chemically
similar, yet ultimately different systems.

Potential future research will further explore the maleic
amide/maleimide networks with a stoichiometric variation of
components and consider integrating common and/or special-
ised additives to enhance the properties of the ultimate com-
posites. Due to their self-healing properties, high permittivity
and electric breakdown strength, these materials can be of
great use for wearable electronics in the form of dielectric
elastomers.
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