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n of N-CNTs/P(AA-co-AM)
composite hydrogel via frontal polymerization and
its mechanical and conductive properties

Bin Li, *a Xiaojia Xu,a Zhigang Hu,a Yongjing Li,b Mengjing Zhou, a Jizhen Liu, a

Yajun Jianga and Peng Wangc

Deep eutectic solvent (DES) was prepared by using acrylic acid (AA) and acrylamide (AM) as hydrogen

bonding donors (HBD) and choline chloride (ChCl) as hydrogen bonding receptors (HBA). Nitrogen-

doped carbon nanotubes (N-CNTs) were dispersed in DES as fillers, and N-CNTs/P(AA-co-AM)

composite hydrogels were prepared by FP. The interaction mode between the hydrogel and N-CNTs

was characterized by Fourier infrared spectroscopy (FTIR) and scanning electron microscopy (SEM). The

mechanical properties, pH response and electrical conductivity of the composite hydrogels were

studied. The results showed that the mechanical properties of the hydrogel were significantly enhanced

with the increase of N-CNT content. The tensile strength and compressive strength of the FP4

composite hydrogel reached 5.42 MPa and 4.29 MPa, respectively. Due to the dissociation of carboxyl

groups in AA in an alkaline environment the composite hydrogel showed excellent pH response

performance. The conductivity of the hydrogel was also found to be improved with the content of N-

CNTs. When the content of N-CNTs is 1.0 wt%, the conductivity of the hydrogel was 4.2 times higher

than that of the hydrogel without N-CNTs, and connecting it to a circuit can make an LED lamp emit

bright light. In this study, a simple and green method was proposed to prepare composite hydrogels with

excellent mechanical properties and electrical conductivity by FP of DES in less than 5 min.
1. Introduction

Hydrogels are polymers with a three-dimensional network
structure, and have wide application in drug delivery systems,1

articial muscle,2 sensors,3 biomaterials,4 electrochemical
biosensors5 and so on. Nowadays, with the development of
environment-friendly exible conductive materials, hydrogels
with good mechanical properties and high conductivity are
getting more and more attention.6,7 Conductive hydrogels can
be divided into polyelectrolyte conductive hydrogels,8,9 acid-
doped conductive hydrogels,10,11 inorganic conductive hydro-
gels12,13 and conductive polymer-based conductive hydro-
gels.14,15 The mechanical strength and stability of single
polyelectrolyte conductive hydrogels are not satisfactory. On the
other hand, the conductive hydrogels with inorganic additives
or conductive polymer materials show good conductivity and
good mechanical strength, and show higher practical applica-
tion value.16,17
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As a conductive polymer material, carbon nanotubes (CNTs)
have high aspect ratio, high strength, excellent mechanical and
electrical properties,18 and can be used to prepare high strength
composites and electrical functional materials.19,20 By replacing
the carbon atoms on the CNTs' six-membered ring skeleton
with nitrogen atoms, a free electron is provided as a carrier for
the fermi layer of carbon nanotubes, and nitrogen-doped
carbon nanotubes (N-CNTs) with better electrical properties
are formed.21 In addition, N-CNTs have good dispersion prop-
erties and can be uniformly dispersed in the polymer matrix,
which opens a new way for its application in the electronic
eld.22

Compared with other methods of preparing polymers,
frontal polymerization (FP) is a new type of polymerization, its
principle is to convert low molecular weight monomers into
high molecular weight polymers through the local reaction
region,23 which has the advantages of short reaction time and
good self-propagation. Compared with traditional polymeriza-
tion, the self-propagating property of FP reduces the energy cost
of polymer preparation and provides high conversion in
a shorter reaction time.24 Deep eutectic solvent (DES) is a new
type of ionic liquid solvent composed of two or more compo-
nents at its eutectic point, consisting of hydrogen-bonded
receptors (HBA, such as quaternary ammonium salts, alkyl
ammonium salts, etc.) and hydrogen-bonded donors (HBD,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Preparation schematic diagram of composite hydrogel.
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View Article Online
such as acids, amides and alcohols, etc.).25,26 As a reaction
solvent, DES can reduce the use of toxic organic solvents and
reduce environmental pollution.27 At the same time, DES has
the advantages of low cost, low volatility, recyclability and good
biocompatibility,28,29 which can provide effective help for the
self-propagating characteristics of FP.

At present, there are few studies on the preparation of
conductive hydrogels by FP. On the basis of previous studies,30

we prepared N-CNTs/P(AA-co-AM) composite hydrogels with
good conductivity in DES by FP, and studied the effect of N-
CNTs content on the related properties of the composite
hydrogels. Using acrylic acid (AA) and acrylamide (AM) as HBD,
choline chloride (ChCl) as HBA. These three raw materials were
heated and mixed at 1 : 1 : 1, and the polymerizable DES was
obtained. Then different mass fractions of N-CNTs were added
and heated in the test tube to get N-CNTs/P(AA-co-AM) hydrogel.
The composite hydrogels were characterized by Fourier infrared
spectroscopy (FTIR) and scanning electron microscopy (SEM).
The effects of different contents of N-CNTs on the mechanical
properties, pH response and electrical conductivity of the
composite hydrogels were studied.
2. Materials and methods
2.1 Materials

Choline chloride (ChCl), acrylic acid (AA) and acrylamide (AM)
were purchased from Shanghai Aladdin biochemical Tech-
nology Co., Ltd; potassium persulfate (KPS) was purchased from
National Pharmaceutical Group Chemical Reagent Co., Ltd; N-
methylene bisacrylamide (MBA), citric acid, sodium citrate,
sodium carbonate and sodium bicarbonate were purchased
from Tianjin Komeo Chemical Reagent Co., Ltd. Nitrogen-
doped carbon nanotubes (N-CNTs), 10–30 mm in length and
30–50 nm in diameter, were purchased from Hangzhou Hang-
dan Optoelectronic Technology Co., Ltd. All raw materials are
analytically pure and directly used without purication. ChCl
needs to be vacuum dried at 80 �C for two hours to remove
moisture before use.
Fig. 1 The formation equation of DES.

Table 1 The composition of FP samples

Samples ChCl (g) ChCl (g) ChCl (g) KPS (wt%)

FP0 4.189 2.162 2.132 0.3
FP1 4.189 2.162 2.132 0.3
FP2 4.189 2.162 2.132 0.3
FP3 4.189 2.162 2.132 0.3
FP4 4.189 2.162 2.132 0.3

© 2022 The Author(s). Published by the Royal Society of Chemistry
2.2 Preparation of DES

AA and AM were selected as HBD, ChCl was selected as HBA.
These three kinds of raw materials were mixed in a beaker with
a molar ratio of 1 : 1 : 1, and heated and stirred in an oil bath at
80 �C until the liquid become clear and transparent, and the
polymerizable DES was obtained. Then different contents of N-
CNTs were added to DES and stirred sufficiently to make it
uniformly dispersed in DES to obtain DES/N-CNTs mixed
solution. The formation equation of DES is shown in Fig. 1.

2.3 FP of the mixture of DES and DES/N-CNTs

The cross-linking agent (MBA) and initiator (KPS) were mixed
into DES/N-CNTs solution with different N-CNTs content, the
specic content of each composition for different samples were
given in Table 1. The solution was poured into a test tube with
a diameter of 12 mm and a length of 100 mm aer stir. An
electric iron was used to trigger a liquid front at the top of the
test tube for FP. When the polymerization front moved to the
end of the reaction at the bottom of the test tube, the hydrogel
was taken out and set aside. The FP preparation ow chart was
shown in Fig. 2.

2.4 Determination of front-end movement rate and
temperature

Frontal polymerization generally has a constant front-end
moving speed, which can be determined by measuring the
relationship between the front-end position changes and times.
Before the reaction, the K-type thermocouple was inserted into
the 70 mm under the liquid surface and the top of the liquid
surface was triggered by an electric soldering iron. Once the
MBA (wt%) N-CNTs (wt%) Vf (cm min�1) Tmax (�C)

1.0 0 1.92 152.9
1.0 0.2 2.18 156.6
1.0 0.3 2.40 157.4
1.0 0.5 2.80 158.4
1.0 1.0 3.00 163.3

RSC Adv., 2022, 12, 19022–19028 | 19023
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front-end front was formed, the temperature was recorded, and
the relation curve between the front position and temperature
can be obtained. The front-end moving speed and maximum
temperature for each sample were given in Table 1.
2.5 Characterization and performance test of hydrogels

The prepared polymer samples were cut into 1–3 mm thick
columnar slices, and soaked in distilled water for 7 days.
Soluble substances were removed from the sample, it was then
pre-frozen and dried to constant weight in a vacuum freeze
dryer at �60 �C. Aer taking out the dry hydrogel sample for
grinding, the spectral characteristics of the hydrogel samples
were analyzed by FTIR between the wavenumber 500–
4000 cm�1; the internal phase state was observed by SEM; the
tensile properties of the hydrogel sample were tested on an
electronic universal testing machine controlled by a microcom-
puter, the original standard distance was 50 mm and the tensile
speed was 100 mm min�1. The compression property of the
hydrogel was tested by TA.XTC-18 texture analyzer, the
compression speed was 0.2 mm s�1 and the deformation was
80%. The pH responsiveness of hydrogels was studied by
preparing buffer solutions with pH of 3, 4.8 (citric acid/sodium
citrate) and pH of 9.4, 10.8 (sodium carbonate/sodium bicar-
bonate). The acidity and alkalinity of hydrogels were accurately
detected by digital pen acidity meter (PH208, accuracy 0.01).
The swelling property of the hydrogel was tested by gravimetric
analysis, the dry hydrogel was soaked in the prepared buffer
solution, the hydrogel was removed at regular intervals. The
water on the surface was dried with lter paper, and the swollen
hydrogel was weighed until the weight of the hydrogel was no
longer changed. The resistance of the columnar hydrogel
sample was measured by the double electrode method, the
resistance change of the sample was tested within 30 hours at
room temperature, and then the conductivity was calculated
according to formula (3).

The calculation formulas of tensile strength and compres-
sive strength of materials were as follows:
Fig. 3 (a) Variation of the position of the front end of the hydrogel with
hydrogel and the temperature.

19024 | RSC Adv., 2022, 12, 19022–19028
P ¼ F

S
(1)

where, F is the applied force, unit N; S is the cross-sectional area
of hydrogel, unit m2.

The formula for calculating the swelling rate was as follows:

ESR ¼ Wt �W0

W0

(2)

where, Wt is the weight of hydrogel aer swelling at t time, and
W0 is the weight of xerogel before swelling.

The calculation formula of ionic conductivity was as follows:

s ¼ 1

R

d

S
(3)

where, the conductivity is expressed by the greek letter s, unit
mS cm�1; d is the thickness of the hydrogel, unit cm; S is the
cross-sectional area of the hydrogel, unit cm2; R is the tested
resistance, unit U.
3. Results and discussion
3.1 Frontal velocity and temperature measurement

There was an obvious interface between the polymer and the
mixture of unreacted monomers during the frontal polymeri-
zation, which was called the front-end front. As shown in
Fig. 3(a), the front-end position had a good linear relationship
with time, and the FP can be completed quickly in less than
5 min. The preparation time of the ve groups of hydrogels was
4.2 min, 3.6 min, 3.3 min 2.8 min and 2.6 min, respectively. At
the same time, from the relationship between the position of
the front end of the hydrogel and time, it can be seen that the
moving speed of the front end of the polymerization was
uniform, which proved that there was no self-polymerization in
the FP reaction.31 With the increase of N-CNTs content, the
front-end reaction rate increases, and when the N-CNTs content
increased from 0 wt% to 1.0 wt%, Vf (frontal velocity) increases
from 1.92 cm min�1 to 3.00 cm min�1. The relationship
between the front position of the hydrogel and temperature was
time; (b) the relationship between the position of the front end of the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) FTIR diagram of AM; (b) FTIR diagram of FP0, FP4 and N-
CNTs.
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shown in Fig. 3(b). Aer the addition of N-CNTs, the maximum
temperature of the reaction increased signicantly from
152.9 �C to 163.3 �C, because N-CNTs acted as a cross-linking
agent, which increased the liquid viscosity of the mixture,
resulting in a higher frontier temperature.32
Fig. 5 SEM diagram of FP0 (a), FP1 (b), FP2 (c), FP3 (d), FP4 (e) and N-
CNTs (f).
3.2 FTIR spectrum and SEM scanning of hydrogels

The infrared spectra of AM, FP0, FP4 and N-CNTs were
analyzed, and the results were shown in Fig. 4. As illustrated in
Fig. 4(a), the absorption peak at 3338 cm�1 and 3165 cm�1 was
attributed to the stretching vibration peak of –NH2 on the amide
groups (–CONH2) in AM, while the absorption peak at
1664 cm�1 was the stretching vibration peak of C]O and the
vibration peak of C]C.33 It can be seen from Fig. 4(b) that FP0
had a strong absorption band of –CONH2 at 3344 cm�1 and
3203 cm�1, which corresponded to the stretching vibration peak
of –NH2 at 3338 cm�1 and 3165 cm�1 in AM.34 The absorption
© 2022 The Author(s). Published by the Royal Society of Chemistry
peak at 1650 cm�1 was the stretching vibration peak of the
binding of C]O in AM amide group to C]O in AA carboxyl
anion –COO�.35 1407 cm�1 was the characteristic peak of C]O
on the carboxyl salts of AA. The intensity of the absorption peak
of pure N-CNTs was very weak, and there was no obvious peak
compared with the infrared spectra of the other two hydrogels.
From the infrared spectrum curve of FP4, it could be seen that
the absorption peak of FP4 was almost the same as that of FP0,
but FP4 added some functional groups on the basis of FP0. The
symmetric stretching vibration peak of C–H in N-CNTs was at
2922 cm�1, and the stretching vibration peak of C–O in N-CNTs
was at 1167 cm�1.36 To sum up, the copolymerization of AA and
AM took place rst, and the N-CNTs molecule entered the
hydrogel network aer the polymerization.

In order to study the distribution of N-CNTs in the hydrogel
matrix, ve groups of FP0–FP4 hydrogels and pure N-CNTs were
analyzed by SEM. Before SEM test, the target hydrogel was pre-
frozen, then freeze-dried in a vacuum freeze dryer for 48 hours.
Fig. 5 showed scanning electron microscopic images of the
internal sections of ve groups of hydrogels. It could be seen from
Fig. 5(a) that the surface of P(AA-co-AM) without N-CNTs was
smooth. Fig. 5(b) indicated that when the content of N-CNTs was
0.2 wt%, the dispersion of N-CNTs was relatively uniform, while
Fig. 5(c) showed that when the content of N-CNTs is 0.3 wt%,
there was a small amount of agglomeration in the polymermatrix.
But it could be seen from Fig. 5(d) and (e), the size of agglomer-
ation increased gradually when the content of N-CNTs were
0.5 wt% and 1 wt%. This may be because the viscosity of the
mixture increased with the increase of N-CNTs content, which
made N-CNTs agglomerate in the polymer matrix, resulting in the
incomplete dispersion of N-CNTs.37
3.3 Mechanical properties of hydrogel

The test of tensile properties of hydrogels were shown in
Fig. 6(a). It could be seen from the gure that the maximum
RSC Adv., 2022, 12, 19022–19028 | 19025
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Fig. 6 (a) Test curve of tensile properties of hydrogel; (b) test curve of
compressive properties of hydrogel.

Fig. 8 pH response curve of hydrogels.
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tensile strength of FP1–FP4 hydrogel were 3.77, 4.25, 4.30 and
4.71 times higher than that of FP0 hydrogel (the maximum
tensile strength was 1.15 MPa). Fig. 6(b) showed the compres-
sive stress–strain curves of ve groups of hydrogels. The
maximum compressive strength of FP0, FP1, FP2, FP3 and FP4
hydrogels were 2.06(�0.02) MPa, 2.6(�0.01) MPa,
2.8(�0.03) MPa, 3.07(�0.02) MPa and 4.29(�0.01) MPa,
respectively. It could be seen that the tensile/compressive
strength of the composite hydrogel increased signicantly
with the increase of N-CNTs content, especially the FP3 and FP4
samples. The enhancement degree of N-CNTs on the mechan-
ical properties of hydrogel depended on the interaction between
N-CNTs and polymer.38 This was because N-CNTs had good
hydrophobic properties and can form a denser network struc-
ture.32 At the same time, there were –OH and –COOH on the
surface of N-CNTs, which could form a strong interface
connection with macromolecules through C–O–C chemical
bond in AA free radical polymerization system. The interface
connection made the hydrogel play the role of load transfer
when subjected to external forces, and the load transfer was one
of the important mechanisms to enhance the mechanical
Fig. 7 Swelling kinetics curve (a) pH ¼ 3; (b) pH ¼ 4.8; (c) pH ¼ 7; (d)
pH ¼ 9.4; (e) pH ¼ 10.8.

19026 | RSC Adv., 2022, 12, 19022–19028
properties of polymer composites.39 When the hydrogel matrix
was subjected to external load, the load was transferred to N-
CNTs with higher mechanical properties through the inter-
face, which enhanced the mechanical properties of the gel
network.40

3.4 pH responsiveness of hydrogels

The swelling kinetics curve of the hydrogel was shown in Fig. 7.
It could be seen from the gure that the swelling equilibrium of
the composite hydrogel decreases with the increase of N-CNTs
content. This was due to the fact that the addition of N-CNTs
promoted the physical entanglement of long chains of macro-
molecules, which led to the increase of cross-linking density
and thus reduced the swelling properties of the hydrogels.

Fig. 8 showed the swelling behavior of ve groups of
hydrogels at different pH values. It could be seen from the
diagram that the change trend of swelling properties of N-CNTs
hydrogels with different contents was basically the same with
the increase of pH value. Under the condition of strong acid,
due to the hydrogen bond interaction between –COOH on the
polymer chain, the polymer chain in the whole network was
entangled with each other and contracted, resulting in a low
ESR. In the range of 3–4.8 for pH, the hydrogen bonding
interaction between –COOH groups was obviously weakened
and the electrostatic repulsion was gradually enhanced,41 which
led to an upward trend for ESR. However, most of the –COOH
and –CONH2 groups exist in non-ionized form when pH reaches
4.8, the hydrogen bonding between the two groups may lead to
cross-linking and sharply reduced the swelling ratio of the
hydrogel.41 The drastic change of swelling behavior near pH 7
may be due to the increase of cross-linking density. The growth
density was induced by the intermolecular hydrogen bond
between –CONH2 groups and the hydrogen bond interaction
with carboxylic acid groups, resulting in the shrinkage of the
hydrogel network.42 Under alkaline conditions, due to the
ionization effect of carboxylic acid, –COOH dissociated into
–COO�, and the electrostatic repulsion between ions drived the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Conductivity of FP0, FP1, FP2, FP3 and FP4 hydrogels at
different time.
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polymer chain to diffuse, resulting in more space for water
molecules in the hydrogel and an increase in ESR.43 However,
with the increase of N-CNTs content, the ESR of hydrogel
decreased gradually, which may be due to the fact that a large
number of –OH and –COOH were produced on the surface of
hydrogel aer adding N-CNTs, which increased the force
between polymer chain and N-CNTs, and made the polymer
chain not easy to relax, resulting in the decrease of equilibrium
swelling ratio.44
3.5 Conductive properties of hydrogel

The electrical conductivity of the composite hydrogel depends
on the content of N-CNTs and the degree of modication. The
sample were cut into 10 mm thickness at room temperature,
and then the electrical conductivity of ve groups of hydrogels
at different time periods were recorded. Fig. 9 showed the
Fig. 10 Brightness change of LED connected to FP0, FP2, FP4
hydrogel circuit before and after absorbing water; (a)–(c) before
absorbing water; (d)–(f) after absorbing water.

© 2022 The Author(s). Published by the Royal Society of Chemistry
change of electrical conductivity of ve groups of samples with
time within 30 hours, it could be seen from the gure that the
electrical conductivity of the ve groups of hydrogels increased
gradually, which could be attributed to the ChCl with strong
water absorption in the composite hydrogel caused the water
molecules in the air to enter the gel, and the pores and water
environment in the hydrogel were conducive to the rapid
transfer of electrons, resulting in the change of electrical
conductivity.45 The highest conductivity of FP1, FP2, FP3 and
FP4 were 0.12(�0.02), 0.15(�0.03), 0.33(�0.01) and 0.42(�0.02)
mS cm�1 respectively, which was 1.2, 1.5, 3.3 and 4.2 times
higher than that of FP0 (the highest conductivity reached 0.1
mS cm�1). Three groups of hydrogels, FP0, FP2 and FP4, were
connected to the circuit, and Fig. 10 showed the brightness
change of the LED in the circuit before and aer water
absorption. It was found that the diodes connected in the circuit
do not emit light before absorbing water, but all the three
groups of diodes emit light aer absorbing water for 30 hours,
and the luminous brightness increased with the increase of N-
CNTs content. The above phenomena showed that the elec-
trical conductivity of the composite hydrogel increases with the
increase of N-CNTs content, which was due to the excellent
electrical conductivity of N-CNTs, and its dispersion into the
hydrogel matrix could enhance the electrical properties of the
hydrogel.46 Therefore, the FP4 hydrogel with the highest N-
CNTs content showed the highest conductivity, and the LED
connected with FP4 hydrogel had the brightest brightness.

Compared with the hydrogels without or with less N-CNTs,
the N-CNTs/P(AA-co-AM) composite hydrogels with 1 wt% N-
CNTs content had the best mechanical properties and
conductive effect, and the composite hydrogels showed excel-
lent pH response properties in alkaline environment. These
advantages give the composite hydrogel a wide application
prospect in the elds of electronic components and biomedical
materials.
4. Conclusions

Ternary DES was prepared by frontal polymerization with AM,
AA and ChCl as raw materials, adding N-CNTs as ller to DES,
N-CNTs/P(AA-co-AM) composite hydrogel was successfully
prepared, the mechanical properties, pH responsiveness and
electrical conductivity of the composite hydrogels were
analyzed. Research shows that:

(1) Due to the strong interfacial connection between N-CNTs
and macromolecules in DES, the mechanical properties of the
hydrogel were signicantly enhanced with the increase of N-
CNTs content. The tensile strength of the composite hydrogel
with 1.0 wt% N-CNTs content reached 5.42 MPa, which was 4.7
times that of the hydrogel without N-CNTs, and the compressive
strength of the hydrogel was 2.08 times higher than that of the
hydrogel without N-CNTs.

(2) The composite hydrogel has excellent pH response in
alkaline environment, which makes N-CNTs/P(AA-co-AM)
composite hydrogel have a certain application prospect in
controlled drug release and so on.
RSC Adv., 2022, 12, 19022–19028 | 19027
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(3) The composite hydrogel with 1.0 wt% N-CNTs content
has the best mechanical properties, and its electrical conduc-
tivity is 4.2 times higher than that of the hydrogel without N-
CNTs. The addition of N-CNTs makes up for the low mechan-
ical properties of hydrogel in the electrical eld.
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