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Preparation of SA/P(U-AM-ChCl) composite
hydrogels by frontal polymerization and its
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Deep eutectic solvent (DES) was synthesized from urea (U), acrylamide (AM) and choline chloride (ChCl),
sodium alginate (SA) was selected as filler, and SA/P(U-AM-ChCl) composite hydrogel was prepared by
thermal initiation frontal polymerization (FP). The hydrogels were characterised by Fourier transform
infrared spectroscopy (FTIR) and scanning electron microscopy (SEM). The effects of SA on the swelling
properties, mechanical properties and self-healing properties of the composite hydrogels were
investigated. The results show that the swelling properties of the composite hydrogel with the addition
of SA are greatly enhanced due to the large number of hydroxyl groups contained in the SA chain. The
tensile strength of the hydrogel gradually increased with increasing SA content, with the maximum
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Accepted 6th April 2023 tensile strength increasing by a factor of 2.89. The self-healing efficiency of the composite hydrogel
gradually increased with the increase of SA, and the healing rate of FP5 reached 94.4% after 48 h of

DOI: 10.1035/d3ra01478a healing. This study provides a simple and rapid method for the preparation of composite hydrogels with
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1 Introduction

Hydrogel is a polymer with a three-dimensional cross-linked
network of internal hydrophilic groups." There are already
applications in many fields such as drug delivery,>* waste water
treatment,*® sensors,*” supercapacitors®® etc. However,
conventional hydrogels have limited their widespread applica-
tion due to disadvantages such as low mechanical strength and
poor tensile properties. Therefore, the preparation of multi-
functional composite hydrogels has become a current research
hotspot. Biomass materials (e.g. sodium alginate,’ carbox-
ymethyl cellulose,* etc.) have attracted the attention of
researchers due to their cheap price and ease of degradation.*>**

Sodium alginate (SA) is a linear anionic polysaccharide
extracted from the cell wall of brown algae or Sargassum and
consists of B-o-mannuronic acid and a-r-guluronic acid units in
different proportions.* SA is biocompatible, biodegradable and
inexpensive, and is widely used as a food and medical mate-
rial.”® It has been increasingly shown that the incorporation of
SA into hydrogels can improve the water absorption and self-
healing properties of hydrogels,'®"” partly because of the large
number of hydrophilic groups such as hydroxyl (-OH) and
carboxyl (-COOH) on the SA structure,'® and partly because SA
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good mechanical properties and self-healing properties.

contains a large number of -OH, which constitutes a dynamic
non-covalent bond within the hydrogel.*®

Frontal polymerization (FP) is a simple and rapid method of
converting monomers into polymers. The FP reaction process
uses external energy to initiate polymerisation to form the front-
end front, after which only the front-end front needs to be
maintained by its own exotherm to propagate steadily through
the monomer mixture.’** Common FP initiation methods
include thermal initiation, UV initiation, CO, laser initiation,
plasma initiation and magnetic field initiation.”® Compared to
traditional polymerisation, frontal polymerisation is a new type
of polymerisation. It is a polymerisation method in which low
molecular weight monomers are converted into high molecular
weight polymers by means of a localised reaction region and has
the advantages of short reaction times and good self-
propagation. The energy cost of polymer preparation and the
high conversion rate provided in a short reaction time, the
significant reduction in reaction time and savings in reaction
costs when preparing polymers make it a new, effective and
economical form of reaction.***”

Deep eutectic solvent (DES) is composed of a hydrogen bond
donor (HBD) and a hydrogen bond acceptor (HBA).> Due to the
hydrogen bonding interactions between the components, the
melting point of DES is lower than that of each individual
component,* and the raw materials used to make up DES are
low in toxicity, biocompatible and renewable.>*** The ease of
preparation and low cost of the synthesis process compared to
conventional ionic liquids®** are properties that have led to the
widespread use of DES in many fields.*

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Schematic diagram of the internal hydrogen bonding structure
of DES.

Based on previous research, we have developed a self-healing
SA/P(U-AM-ChCI) composite hydrogel by adding sodium algi-
nate (SA) to DES. The effect of SA content on the behaviour of FP
was investigated, and the pattern of SA content on the relevant
properties of the composite hydrogel was explored. Polymer-
isable DES was prepared by heating and mixing urea (U),
acrylamide (AM) and choline chloride (ChCl) in a molar ratio of
1:1:1, and then adding different levels of SA to DES for FP, and
successfully prepared SA/P(U-AM-ChCl) composite hydrogels. It
was characterized by Fourier transform infrared spectroscopy
(FTIR) and scanning electron microscopy (SEM), and the effects
of different levels of SA on the swelling properties, mechanical
properties and self-healing properties of the composite hydro-
gels were further investigated.

2 Materials and methods
2.1 Materials

Choline chloride (ChCl), acrylamide (AM), urea (U), sodium
alginate (SA), N,N-methylenebisacrylamide (MBA) were purchased
from Shanghai Aladdin Biochemical Technology Co; potassium
persulphate (KPS) was purchased from Sinopharm Chemical
Reagent Co. All raw materials are analytically pure and can be
used directly; before use, choline chloride needs to be dried in
a vacuum oven at 70 °C for two hours to remove the moisture
from it; the water used for the experiments was all distilled water.

2.2 Preparation of DES

Using ChCl as HBA, U and AM as HBD, the three ingredients
were mixed in a beaker in a molar ratio of 1:1: 1. The beaker is
immersed in an oil bath at 80 °C and stirred continuously until
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Fig. 2 Schematic diagram for the preparation of SA/P (U-AM-ChCl)
composite hydrogels.
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a clear, clarified liquid, DES, is formed. A diagram of the
internal hydrogen bonding structure of DES is shown in Fig. 1.

2.3 Preparation of SA/P(U-AM-ChCI) composite hydrogels by
frontal polymerization

At room temperature of 25 °C, sodium alginate (SA), crosslinker
(MBA) and initiator (KPS) were added to the DES in the ratio
shown in Table 1 and stirred to obtain a mixed solution. After
the tube has cooled to room temperature, the hydrogel sample
is removed from the tube and set aside (Fig. 2).

2.4 Measurement of front-end speed and front-end
temperature

The speed of the front end can be determined by measuring the
change in front end position versus time. That is, before the
polymerization begins insert the K-type thermocouple 70 mm
below the surface of the mixture, then trigger the top of the
mixture with the soldering iron and withdraw the iron after the
front-end front has been formed. The temperature displayed by
the thermocouple is observed and recorded at regular intervals
and the resulting data is collated to obtain a front-end
temperature versus time curve.

2.5 Characterisation of SA/P(U-AM-ChCl) hydrogels

The polymer was first cut into 1 mm thick disc-shaped slices
and soaked in distilled water for 7 days to remove the water-
soluble ChCl. The column thin hydrogel samples were pre-
frozen in a refrigerator and then placed in a freeze vacuum
oven and freeze dried at —60 °C for two days to a constant
weight. The dried gel samples were ground to a powder and the
solid powder samples were mixed with potassium bromide,
ground, pressed and then analysed for spectral characteristics
using Fourier Transform Infrared Spectroscopy (FTIR). The
specimens were freeze-dried in vacuum, gold sprayed on their
cross-sections using a high vacuum ion sputterer, and the cross-
sectional microscopic morphology was observed by SEM scan-
ning microscopy.

2.6 SA/P(U-AM-ChCI) hydrogel performance tests

2.6.1 Hydrogel mechanical properties test. The tensile
properties of the composite hydrogel samples were tested on
a microcomputer-controlled universal testing
machine at a speed of 100 mm min ~ until the maximum
tensile stress was obtained after pulling the samples. The

electronic
—1

Table 1 SA/P(U-AM-ChCl) hydrogel sample ratios

AM/U/ChCI
Samples (molar ratio) SA (Wt%) MBA (wt%) KPS (Wt%)
FPO 1:1:1 0 0.7 0.5
FP1 1:1:1 0.5 0.7 0.5
Fp2 1:1:1 1.0 0.7 0.5
FP3 1:1:1 2.0 0.7 0.5
Fp4 1:1:1 4.0 0.7 0.5
FP5 1:1:1 8.0 0.7 0.5
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compression properties of the composite hydrogels were tested
using a TA. XTC-18 mass spectrometer with a compression head
at a speed of 0.2 mm s~ " until the maximum compressive stress
was obtained. The tensile and compressive strengths were
calculated using the following eqn (1):

F
P= S 6))]
In eqn (1), Fis the applied force and S is the cross-sectional area
of the hydrogel.

2.6.2 Hydrogel swelling performance test. A disc-shaped
hydrogel weighing approximately 20 mg was placed in
distilled water, and at regular intervals, the hydrogel was
removed and the water stains on the surface of the hydrogel
were blotted out with filter paper and weighed and recorded
until its weight no longer changed, and then the equilibrium
swelling of the hydrogel (SR) was calculated by eqn (2):

Wt — WO

SR = 7 (2)

In eqn (2), W, is the initial weight of the hydrogel and W, is the
weight of the hydrogel after water absorption time ¢.

2.6.3 Hydrogel self-healing performance test. The prepared
hydrogel sample was cut into two sections and the two sections
cut into the original position were closely fitted together for
30 s, left for a set period of time without any external inter-
vention and only the sections of the sample were reunited to
make them self-heal, and then the maximum tensile strength of
the healed sample was tested using an electronic universal
testing machine. The self-healing rate of the hydrogel is calcu-
lated using the following formula:

P
SHR = = x 100% (3)
Py

In eqn (3), P, is the maximum tensile strength of the uncut
hydrogel and P, is the maximum tensile strength of the hydrogel
after healing time ¢.

3 Results and discussion
3.1 Frontal velocity and frontal temperature measurement

Fig. 3 shows the different patterns of effect of adding different
levels of SA on frontal velocity and frontal temperature. As seen
in Table 2, the frontal velocity (V;) decreases from 1.23 cm min ™"
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Fig. 3 (a) Position of the front end of the hydrogel as a function of
time; (b) temperature of the front end of the hydrogel as a function of
time.
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Table 2 Temperature and speed parameters for frontal
polymerization
Samples SA (Wt%) V¢ (em min™%) Trmax (°C)
FPO 0 1.23 135.7
FP1 0.5 1.00 126.5
FP2 1 0.92 120.5
FP3 2 0.83 117.6
FP4 4 0.71 112.0
FP5 8 0.66 100.3

to 0.66 cm min~ " as SA increases from 0% to 8%. As shown in
Fig. 3(a), the composite hydrogel was prepared within 8 min
with a good linear relationship between frontal position and
time, indicating no spontaneous ontogenetic polymerization
during the reaction.>** Fig. 3(b) shows the frontal temperature
of the hydrogel as a function of time. It can be seen that the
higher the amount of SA, the lower the maximum temperature
(Tmax) of the hydrogel, from 135.7 °C to 100.3 °C. This is because
an increase in SA leads to a decrease in AM per unit volume,
which results in less heat generation per unit time of the
reaction.*"**

3.2 FTIR spectra of SA/P(U-AM-ChCI) hydrogels

FTIR map study of SA, P(U-AM-ChCl), SA/P(U-AM-ChCl), as
shown in Fig. 4. The broad absorption peak at 3433 cm ™' is
attributed to the free stretching vibration of the free -OH in SA,
the stretching vibration of the -CH group causes a small
absorption peak at 2935 cm™*, and the three absorption peaks
at 1618 cm ™', 1417 cm ™' and 1304 cm™* are from the -COO™
group, caused by the symmetric and antisymmetric stretching
vibration of -COO™, respectively.'®*** The stretching vibration
of C-O in SA causes two peaks to form at 1095 cm™ ' and
1030 cm ', and the small absorption peak at 949 cm ™' is
formed by the out-of-plane bending vibration of -OH in -
COOH.** 819 cm ™ * corresponds to the absorption peak of Na-O
in SA*” In SA/P(U-AM-ChCl) hydrogels, the N-H stretching
vibration in AM overlaps with the peak of the -OH stretching
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Fig. 4 FTIR maps of SA, P (U-AM-ChCl) and SA/P (U-AM-ChCl)
hydrogels FTIR maps.
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vibration in ChCl and SA, thus forming a broad absorption peak
at 3431 cm™.*® Compared to the FTIR map of the P(U-AM-ChCl)
hydrogel, the SA/P(U-AM-ChCl) hydrogel showed an increase in
the intensity of the absorption peak of the -CH group at
2927 cm ' In addition, the absorption peak of -COO™ at
1647 cm™ ' was shifted towards high frequencies and the shape
of the peak was changed, probably due to the presence of
hydrogen bonds between P(U-AM-ChCl) and SA.* In summary,
SA has been successfully introduced into the P(U-AM-ChCI)
hydrogel network.

3.3 Microscopic morphological analysis of SA/P (U-AM-ChCl)
hydrogels b

The hydrogel is soaked in deionised water for 7 days to remove
soluble substances such as choline chloride. Afterwards they
were pre-chilled in a refrigerator and dried in a freeze dryer at
—60 °C for 48 h. The morphological structure of the hydrogels
with different mass fractions of SA added was observed by
scanning electron microscopy. As seen in Fig. 5(a), the cross-
linked 3D network structure in the P(U-AM-ChCI) hydrogel
resulted in the hydrogel without SA addition exhibiting a porous
structure, while the pores appearing on its surface were
observed to be sparse and smooth, caused by the sublimation of
ice crystals in the interstices of the frozen hydrogel.** However,
after the addition of SA Fig. 5(b)—(f), the pores are denser and
rougher, and a clear ribbon-like connecting part appears.** The
results indicate that SA can significantly change the
morphology of the P(U-AM-ChCl) hydrogel from a pore structure
to a ribbon structure,* which may be due to the self-assembly of
SA through hydrogen bonding, thus mosaicking and dispersing
in the SA/P(U-AM-ChCl) hydrogel.

3.4 Solubilisation properties of SA/P(U-AM-ChCI) hydrogels

Fig. 6 reflects the swelling curves of six groups of hydrogels with
different mass fractions of SA, from which it can be seen that
the swelling of SA/P (U-AM-ChCI) hydrogels increases with the
increase of SA content, and the swelling rate of FP5 hydrogels is
the fastest and reaches the maximum equilibrium swelling,
which may be due to the increase of hydrophilicity of the
hydrogels due to the carboxyl and hydroxyl groups in SA.** On

Fig. 5 SEM images of lyophilized FPO (a), FP1 (b), FP2 (c), FP3 (d), FP4
(e), FP5 (f) hydrogels.
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Fig. 6 Dissolution kinetic curves of SA/P (U-AM-ChCl) hydrogels.

the other hand, it can be shown in the SEM plots that as the SA
content increases, the hydrogel forms a highly porous structure
that can provide more contact surface area, thus increasing the
water absorption capacity of the hydrogel (e.g. Fig. 5(b)-(f)). As
can be seen in Fig. 6, the six groups of hydrogels essentially
reached solubilisation equilibrium within 120 min, with
maximum equilibrium solubilisation of 7.4, 7.9, 8.5, 8.9, 9.9
and 10.5 for P(U-AM-ChCl) and SA/P(U-AM-ChC]), respectively.
The solubilisation of all the hydrogels was at a high level,
probably due to the high content of amide groups and thus
good hydrophilicity.*!

3.5 Mechanical properties of SA/P(U-AM-ChCI) hydrogels

The stress-strain curves for the stretching of SA/P(U-AM-ChClI)
hydrogels are shown in Fig. 7(a). As seen in Fig. 7(a), the
maximum tensile strengths of the hydrogels are 56.4 kPa, 105.6
kPa, 141.9 kPa, 150.5 kPa, 157.1 kPa and 163.3 kPa for FP0, FP1,
FP2, FP3, FP4 and FP5 respectively. The maximum tensile
strength of FP5 is 2.89 times that of FP0. The low density and
low friction of the polymer chains formed by AM, U and ChCl
were responsible for the lower tensile properties of the hydrogel
FPO without SA addition than the other experimental groups.*
It can be seen that the tensile properties of the hydrogel
increase with increasing SA due to the formation of intermo-
lecular hydrogen bonds between the -OH of the SA chain and
the amide on the polymer chain.*** Fig. 7(b) shows the stress-
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Fig. 7 (a) Tensile property test curve of SA/P(U-AM-ChCl) hydrogel;
(b) compression property test curve of SA/P(U-AM-ChCIl) hydrogel.
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strain curves for the compression of the six sets of hydrogels,
setting the maximum compressive deformation variable at 80%
and the maximum compressive strengths of the FP0, FP1, FP2,
FP3, FP4 and FP5 hydrogels at 1.42 MPa, 0.79 MPa, 0.87 MPa,
0.92 MPa, 0.98 MPa and 1.04 MPa respectively. This shows that
the hydrogel FPO without SA is more rigid and the addition of SA
increases the flexibility of the hydrogel, but the compressive
strength of the SA/P(U-AM-ChCl) hydrogel increases with
increasing SA, probably because the ~-OH on the SA chain forms
hydrogen bonds with the CONH, on the hydrogel, thus
enhancing the compressive properties of the hydrogel.*

Contact 10min

0 + —=—FP0
er  —ppo

Stress/KPa
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Fig. 8 (a) and (b) Macroscopic self-healing experiments of FP5
hydrogel samples; (c) schematic diagram of the self-healing mecha-
nism of SA/P(U-AM-ChCl) hydrogels. (d) | and Il are boundary control
plots of FPO after 24 h of self-healing; Ill and IV are boundary control
experiments of FP4 after 24 h of self-healing. (e) Tensile stress—strain
curves of FPO-FP5 hydrogels after 48 h of self-healing; (f) self-healing
rates of SA/P(U-AM-ChCl) hydrogels at different healing times.
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3.6 Self-healing properties of SA/P(U-AM-ChCI) hydrogels

To investigate the self-healing properties of SA/P(U-AM-ChClI)
hydrogels, macroscopic self-healing experiments and micro-
scopic self-healing experiments were designed respectively. The
FP5 hydrogel sheet is physically divided into six equal sections
of this cylinder as shown in Fig. 8(a). At room temperature,
piece together in the original position to form a complete sheet,
wait 10 s and then use tweezers to be able to hold it intact
without breaking. As shown in Fig. 8(b), the FP5 hydrogel was
cut off and self-healed for 10 min, and the FP5 hydrogel could
withstand the weight of a 100 g weight. As shown in Fig. §(d),
after 24 h of self-healing, the FP4 hydrogel healing gap is almost
invisible compared to the FPO hydrogel healing gap because the
dynamic hydrogen bonds inside the FP4 hydrogel are able to
reorganize freely during the self-healing process (Fig. 8(c))."**

To investigate the effect of different levels of SA on the
healing performance of SA/P (U-AM-ChCl) hydrogels, we
explored the healing efficiency of the hydrogels after five
different healing times (6 h, 12 h, 24 h, 36 h, 48 h). Fig. 8(e)
shows the stress-strain curve of the composite hydrogel after
fracture and self-healing for 48 h. Fig. 8(f) shows the self-healing
rate of SA/P(U-AM-ChCl) hydrogels at different healing times, it
can be found that the self-healing rate of the composite
hydrogel gradually increases during the self-healing process
from 0-48 h. At 48 h, the self-healing rates of FP0, FP1, FP2, FP3,
FP4 and FP5 reached 66.0%, 78.0%, 83.5%, 85.9%, 92.1% and
94.4% respectively.”® The self-healing efficiency of P(U-AM-
ChCl) hydrogels increases with increasing SA content due to
the large number of hydroxyl and carboxyl groups on SA, which
allows more dynamic hydrogen bonds to be formed within the
hydrogel and facilitates the self-healing rate.” The self-healing
rate in SA/P(U-AM-ChCI) hydrogels is related to the hydrogen
bonding between SA molecules and between SA and AM and
U.* In summary, SA/P(U-AM-ChCl) hydrogels have good self-
healing properties. The self-healing rate in SA/P(U-AM-ChCI)
hydrogels is related to the hydrogen bonding between SA
molecules and between SA and AM and U.>

4 Conclusions

In this paper, SA was added as a filler to DES prepared from AM,
U and ChCl, MBA was used as a cross-linking agent and KPS as
an initiator to successfully prepare SA/P(U-AM-ChCl) composite
hydrogels with good self-healing properties through frontal
polymerization, and the structure and properties of the
composite hydrogels were investigated, and the experimental
results showed that:

(1) The experimental analysis of the swelling performance of
the hydrogel showed that the swelling performance of the
hydrogel increased with the increase of SA content. After
120 min swelling, the equilibrium swelling of the hydrogel
reached the maximum.

(2) Tensile and compressive properties tests found that the
tensile strength of the hydrogel increased with the increase of
SA content, which was due to the formation of intermolecular
hydrogen bonds between the -OH of SA and the amides on the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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polymer chain, which could obviously enhance the tensile
properties of the hydrogel. The tensile strength of the hydrogel
with 8% SA content was 163.3 kPa, which was 2.89 times higher
than that of the hydrogel without the addition of SA. The flex-
ibility of the hydrogel was enhanced and the compressive
strength decreased after the addition of SA, but it was gradually
enhanced with the increase of SA content, and the maximum
compressive strength was always smaller than the initial
compressive strength.

(3) The self-healing properties of the hydrogel were signifi-
cantly enhanced by the addition of SA. The self-healing rate of
the composite hydrogel with SA content of 8% reached 94.4%
after 48 h. The self-healing rate of the composite hydrogel with
SA content of 8% reached 94.4% after 48 h. The hydrogel
without SA added reached 66.0% after 48 h. It can be used in
flexible sensors, medical devices and other fields.
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