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n of PAM/N-CNT nanocomposite
hydrogels by DEM frontal polymerization and its
performance study

Bin Li, *a Jizhen Liu, a Dandan Fu,a Yongjing Li,b Xiaojia Xua and Ming Cheng a

In this study, a simple and eco-friendly method was proposed to efficiently prepare nanocomposite

hydrogels with excellent mechanical properties and satisfactory pH response behaviour by frontal

polymerization (FP) of DEM in close to 4 minutes. Acrylamide (AM) and choline chloride (ChCl) were

used as raw materials to synthesize deep eutectic monomers (DEMs). Nitrogen-doped carbon nanotubes

were dispersed in DEMs as fillers, and poly(acrylamide)/nitrogen-doped carbon nanotube (PAM/N-CNT)

nanocomposite hydrogels were prepared by FP. The non-covalent interactions between PAM hydrogels

and N-CNTs was verified by Fourier infrared spectroscopy. The mechanical properties of PAM/N-CNT

nanocomposite hydrogels were investigated, as well as the swelling and pH response properties. The

results showed that the compressive strength of PAM hydrogels was significantly enhanced by the

addition of N-CNTs due to the hydrophobic interaction of N-CNTs, which also causes sensitive response

properties of the PAM hydrogels in acid solution.
1. Introduction

Hydrogels are a 3D network conguration with polymer chains.1

When exposed to specic external stimuli, such as water, they
will absorb large amounts of water and then swell; the envi-
ronmental factors like temperature, solvent quality, pH value
and electric eld can also cause the hydrogel to exhibit different
properties, which promotes the wide range of application of
hydrogels in various elds.2–5 However, traditional single-
component hydrogels have limited their applications in ex-
ible wearable electronic devices,6 drug transportation,7 and
environmental protection8 due to their poor mechanical
properties.

Carbon nanotubes are a kind of ideal polymer-reinforced
nano-ller with large specic surface area. It is found that the
mechanical properties of the polymer were signicantly
enhanced by adding a small amount of CNTs to the polymer
matrix.9 However, when CNTs are poorly compatible with the
polymer matrix, it is difficult to disperse CNTs uniformly in the
polymer matrix, which can directly affect the fracture toughness
and tensile properties of the matrix.10 There are many strategies
to assist the dispersion of CNTs, such as: direct mixing,10,11

chemical surface modication of CNTs,12–14 etc. However, the
above methods require complex modication work of CNTs or
hybrid substrates in advance. Nitrogen-doped carbon
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nanotubes, on the other hand, are designed to signicantly
enhance the dispersion properties by replacing the carbon
atoms on the carbon hexameric ring backbone with nitrogen
atoms, which in turn functionalizes the surface of CNTs.15

There are many polymerization methods for hydrogels, such
as in situ polymerization,16 suspension polymerization,17 etc.
These polymerizationmethods have disadvantages such as time
consuming, energy consumption and low conversion rate. In
contrast, frontal polymerization, as a new polymerization
method, is able to rapidly converts monomers into polymers by
reaction heat propagation. Compared with conventional poly-
merization, the self-propagating property of FP provides high
conversion rate in a short time, greatly shortens the reaction
time and saves the reaction cost.18–20 FP has the ability to
synthesize many polymer hydrogels, such as: N-iso-
propylacrylamide,21 poly (acrylic acid-acrylamide)/activated
carbon,22 and poly (N-isopropylacrylamide-acrylic acid).23

However, the difficulty in controlling the front velocity and front
temperature limits its practical application.24–26 Moreover, when
water is used as the solvent, the violent reaction is accompanied
by a large number of air bubbles that tend to lead to uneven
product texture. In order to make the reaction smooth, bubble-
free and continuous, the solvents used in FP are generally high-
boiling organic solvents, such as dimethylformamide (DMF),
dimethyl sulfoxide (DMSO), etc. In the production process, such
toxic organic solvents can be hazardous to health and cause
serious environmental pollution if not handled properly.27

Deep eutectic monomers (DEM) are binary mixtures of
hydrogen-bond acceptor (HBA) and nonionic hydrogen bond
donors (HBD).28 As a new type of ILs with ionic liquid properties
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d1ra06421e&domain=pdf&date_stamp=2021-10-30
http://orcid.org/0000-0002-8414-0435
http://orcid.org/0000-0001-6068-2136
http://orcid.org/0000-0002-3667-9508
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra06421e
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA011056


Table 1 Feed composition of samples during FP

Samples
AM/ChCl (molar
ratio) N-CNTs (wt%) MBA (wt%) KPS (wt%)

FP0 2 : 1 0 1 0.5
FP1 2 : 1 0.2 1 0.5
FP2 2 : 1 0.5 1 0.5
FP3 2 : 1 1.0 1 0.5
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that are non-toxic and biodegradable. Components (different
molar ratios mixed into different pairs of compounds). At
present, there are numerous studies on the synthesis of poly-
mers using DEMwith frontal polymerization. Based on previous
studies,29 we investigated the effect of N-CNTs content on the
behavior of FP by adding N-CNTs with better dispersion
performance to DEM, and explored the effect of N-CNTs content
on the mechanical properties and pH responsiveness of
composite hydrogels, the polymerizable DEM solvent was
prepared by heating the mixture of AM and ChCl in the molar
ratio of 1 : 1. We found that the N-CNTs could be dispersed in
the DEM uniformly, and the prepared hydrogels (Fig. 1) had
excellent mechanical properties and pH responsiveness. We
further analyzed the effect of N-CNTs content on FP, and
investigated the effect of different N-CNTs content on the
mechanical properties and pH responsiveness of the composite
hydrogels.

2. Experimental
2.1. Materials

Nitrogen-doped carbon nanotubes (N-CNTs) were purchased
from Hangzhou Hangdan Photoelectric Technology Company,
with diameters of 30 � 50 nm, lengths of 10 � 30 mm, and 3%
nitrogen content; acrylamide (AM) was purchased from
Shanghai Aladdin Biochemical Technology Co. Ltd; choline
chloride (ChCl) was dried at 80 �C to remove humidity before
use; all reagents were of analytical grade and used directly; the
water used in this experiment was ultrapure water.

2.2. Preparation of DEM

ChCl was chosen as HBA and AM as HBD. The two ingredients
were physically stirred in a molar ratio of 1 : 2 in an oil bath at
70 �C until a homogeneous clear liquid, i.e. DEM, was obtained.
The prepared DES was le to stand at 25 �C for a period of time,
and the N-CNTs were added to the DEM according to the ratio in
Table 1 and stirred until homogeneous.

2.3. Preparation of hydrogels by frontal polymerizations

The initiator KPS and crosslinker MBA were mixing with the
mixture of DEM and N-CNTs. Aer a rest time of 60 s in a test
tube, it was transferred to a long tube reactor (10 mm diameter
and 100 mm long), and then treated with vacuum to eliminate
Fig. 1 Schematic diagram of the preparation of nanocomposite
hydrogel.

© 2021 The Author(s). Published by the Royal Society of Chemistry
the air bubbles generated during stirring. A 200 �C soldering
iron was placed against the upper face of the solution for
thermal initiation, and the upper end of the reactor was kept
under atmospheric pressure, and the iron was removed when
a reaction front appeared. Aer the reaction, the prepared
sample was removed from the test tube, cut into small pieces
and soaked in deionized water for one week to dissolve the
dissolvable material. The obtained nanocomposite hydrogels
were freeze–dried to constant weight and stored for further
testing.

2.4. Front velocity and temperature measurements

Frontal polymerization reactions generally have a constant
front-end movement velocity (Vf), which can be determined by
measuring the front-end position change versus time. To
monitor the front-end temperature (Tmax) change, the temper-
ature of the front position was measured at room temperature
by clamping the gripper at 10 mm from the top of the tube and
immersing a K-type thermocouple connected to a digital ther-
mometer in the liquid and placing it 70 mm from the liquid
surface.

2.5. Material characterization and performance testing

The solid specimens were made into powder and mixed with
potassium bromide, ground, pressed and tested by FTIR using
a Nicolet 6700 FTIR spectrometer. The freeze–dried specimens
were taken, and their cross-sections were sprayed with gold
using a high-vacuum ion sputterer, and their cross-sectional
microscopic morphology was observed by a MIRA 3 eld emis-
sion scanning electron microscope (SEM).

The swelling properties of the prepared hydrogels were
measured by weight analysis. A portion of the dry gel was
soaked in deionized water and kept at 25 �C throughout to reach
equilibrium. The soaked hydrogels were then removed at
intervals and weighed aer absorbing the surface water with
lter paper until the swelling equilibrium was reached. The
swelling rate SR was calculated using the following equation:

SR ¼ (Wt � W0)/W0 (1)

where Wt denotes the weight of the dissolved hydrogel at time t
and W0 is the weight of the dry gel.

The hydrogel was tested by compression experiments using
a Shanghai Baosheng TA.XTC-18 type mass spectrometer.
Before the test, the hydrogel was soaked and cut into small
cylinders of 10 mm in diameter and 10 mm in length. The
compression experiments were carried out at a speed of 3
RSC Adv., 2021, 11, 35268–35273 | 35269
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mm min�1 until the maximum compressive stress was ob-
tained. The material compressive strength P was calculated as
follows:

P ¼ F/S (2)

where F is the applied force and S is the surface area of the
hydrogel.
Fig. 3 (a) Front position-time curves of FP; (b) front temperature
profiles of FP.
3 Results and discussion
3.1. Preparation of nanocomposite hydrogels by FP

Nanocomposite PAM/N-CNTs hydrogels were prepared by mix-
ing N-CNTs with DEM using FP. N-CNTs and DEM were mixed
together with strong stirring to obtain a highly dispersed
homogeneous black mixture as shown in Fig. 2. The stirred
DEM (with or without N-CNTs) was transferred to the long test
tube used for FP, and then mixing with initiator KPS under the
action of the initiator, the exothermic property of acrylamide
promoted the temperature of the adjacent part of the test tube
to rise dramatically, which in turn triggered the polymerization
of the dispersed monomers. Meanwhile, the polymerized
monomers raised the temperature of the liquid that promoted
the polymerization reaction, which cyclically inuenced and
promoted each other. Finally, the temperature frontier at the
temperature front would develop along the test tube at
a constant rate, the processes of FP was completed in close to 4
minutes.

The temperature and velocity of the propagation front were
measured by a K-type thermocouple, which was inserted 70 mm
below the solution level. Constant velocity is one of the
important characteristics of FP.30,31 The front position versus
time for different N-CNTs content is shown in Fig. 3a. It is
illustrated that the front position is linear with respect to time,
indicating that the front velocity is a constant and that this is
pure FP with no spontaneous polymerization generated.32,33

The relationship between the content of N-CNTs on the
front-end temperature versus time is shown in Fig. 3b. The front
velocity (Vf) is found to increases from 20 cm min�1 to 28.6
cm min�1 when the N-CNTs content increases from 0.1 wt% to
1.0 wt%. With the increase of N-CNTs content. The isothermal
region and the temperature extreme point (the maximum
temperature of the front–end) can also be observed in the
gure. The front temperature (Tmax) also increased from
156.8 �C to 164.2 �C. This can be attributed to the fact that N-
CNTs increases the liquid viscosity of the DEM as an
Fig. 2 DEM/N-CNTs solutions (N-CNTs: 1.0 wt%).

35270 | RSC Adv., 2021, 11, 35268–35273
additional cross-linker, which leads to a higher front tempera-
ture. As a result, the polymerization rate (Vf) was faster and the
front-end temperature (Tmax) was higher aer the addition of N-
CNTs.
3.2. Characterization

The chemical structure of hydrogels was also characterized by
FTIR. Fig. 4 shows the FTIR spectra of N-CNTs, PAM and PAM/
N-CNTs.

From Fig. 4a, it can be seen that the PAM without ller
addition has a strong absorption peak at 3430 m�1, which is
formed due to the NH stretching vibration. The absorption peak
at 1656 m�1 is attributed to the stretching vibration band
generated by the C]O group on the amide group. While the
absorption peak at 2936 m�1 is the C–H band of asymmetric
vibration, which is formed due to the C]C cleavage during the
polymerization of acrylamide.34 Fig. 4b represents the FTIR
spectra of pure N-CNTs. The intensity of the absorption peaks of
the N-CNTs is very weak and shows no signicant peaks
compared to the other two hydrogel IR spectral proles. This
indicates that there are fewer meaningful functional groups in
the pristine N-CNTs.35,36 In the FTIR spectra curves of PAM/N-
CNTs, the absorption peaks generated by NH stretching vibra-
tions in PAM and the stretching vibration bands generated by
C]O groups were consistent with the bands of absorption
peaks generated by pure PAM, and no shi of the bands to high
or low frequencies was found, but a small shoulder peak
appeared at 3237 m�1 of the PAM/N-CNTs curve. The above
phenomena suggest that intermolecular noncovalent interac-
tions generated by electron transfer may have occurred in the
PAM/N-CNTs hydrogel, which conrms the formation of
complexation between PAM and N-CNTs.37
Fig. 4 (a) FTIR of freeze-dried hydrogels (b) FTIR of N-CNTs.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 SEM images of freeze-dried (a) FP0, (b) FP1, (c) FP2, (d) FP3
hydrogels; photographs of freeze–dried FP0 (e), FP3 (f) hydrogels.

Fig. 6 The compressive stress-strain curve of nanocomposite
hydrogel.
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The cross-sectional morphology of the hydrogel are shown in
Fig. 5. The effect of N-CNTs on the internal structure of PAMwas
investigated by observing the cross-sectional morphology of the
composite hydrogels aer washing by SEM. Before SEM, the
pre-frozen dissolved target hydrogels were put into a freeze–
dryer at �50 �C. At this time, the sublimation of the ice crystals
lled in the pores of the hydrogel would result in the porous
structure of hydrogels, as shown in Fig. 5. This is consistent
with the results of previous work,29 and the homogeneous
porous structure indicates that the N-CNTs have been uniformly
distributed and bound into the hydrogel. In addition, the PAM/
N-CNTs hydrogel exhibited a homogeneous porous structure
similar to that of pure PAM, except for the difference in porous
densities. The porous size became smaller, while the densities
increased with the addition of N-CNTs due to the effect of
additional cross-linking agent produced by N-CNTs, while the
addition of 1.0 wt% N-CNTs exhibited a slightly larger porous
size. With the addition of N-CNTs, the mesh wall thickness of
the hydrogel increased as shown in the gure. This may be due
to the functionalization of carbon nanotubes, which resulted in
N-CNTs with better dispersion properties and thus better
compatibility with the polymer matrix.
3.3. Mechanical properties of nanocomposite hydrogels

Fig. 6 shows the stress-strain curves of the N-CNTs-doped
hydrogel. The maximum compressive strength of PAM
without ller doping is found to be 19.8 kPa, and the maximum
compressive strength of 1.0% carbon nanotubes doping is 59.9
kPa. In the pure PAM compression experiments, the maximum
compressive strength occurred at 25% of the deformation, and
when the ller was doped, the maximum compressive strength
all occurred at 35%. The results indicated that the addition of N-
CNTs can both enhanced the compressive strength and stiff-
ness of the hydrogel. Meanwhile, it is found that the hydrogels
with N-CNTs addition exhibited larger elastic modulus, and the
© 2021 The Author(s). Published by the Royal Society of Chemistry
elastic modulus changed in the order of FP3 > FP2 > FP1 > FP0;
the pure PAM compressive elastic modulus exhibited lower
values and increased with the N-CNTs content. Awasthi38

concluded that the mechanical properties of CNTs-polymer
composites are highly dependent on the dispersion of CNTs,
which directly affects the molecular tube–tube and tube-
polymer interactions in the composites. This intermolecular
interaction plays a key role in the load transfer and interfacial
bonding, which determines the mechanical properties of the
composites. This can be attributed to the presence of hydro-
phobic N-CNTs. The hydrophilic component are replaced by
hydrophobic N-CNTs, resulting in a thinner wall-thick porous
network structure.39 The hydrophobic interaction between the
N-CNTs and water molecules then enhances the intermolecular
forces.40 It also can be observed that the N-CNTs alignment
effect has a greater role in obtaining different elastic moduli for
hydrogel with low N-CNTs content. The stress–strain curves of
all four hydrogels are linear under low stress, indicating that
elastic deformation occurs under low stress conditions, which
means that if the hydrogels are subjected to an applied load, the
polymer chains are rearranged to accommodate the deforma-
tion. At the same time, a retraction elastic force was generated
in the polymer network due to the tendency of the polymer
network to recover its original conformation.41
3.4. Swelling behaviour at different pH values

The dissolution kinetic curves of hydrogels with different mass
fractions of N-CNTs added are shown in Fig. 7. It can be seen
from the gures that the equilibrium swelling of the hydrogels
decrease with the N-CNTs content. Since the addition of N-CNTs
promoted the physical entanglement of the long chains of
macromolecules, which led to the increase of cross-link density
and thus the decrease of the swelling properties of hydrogels. In
addition, since PAM is a hydrophilic macromolecule, the equi-
librium swelling of each group is kept at a high level.

PAM is a nonionic polymer, which cannot be ionized in
water, but can be hydrolyzed in different pH solutions, so the
adsorption of water molecules by the three-dimensional
network of the polymer will give different results in different
pH values. Fig. 8 show the swelling behavior of PAM hydrogels
RSC Adv., 2021, 11, 35268–35273 | 35271
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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.

Fig. 8 Effect of nanocomposite hydrogels at various pH values.
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and PAM/N-CNTs composite hydrogels at different pH values.
As can be seen from the gure, the PAM/N-CNTs hydrogel
samples maintained high equilibrium swelling in all pH ranges
due to the fact that PAM is a hydrophilic macromolecule in
which the amide group can form hydrogen bonds with water
and is highly hydrophilic. For pure PAM, the PAM long chain
solubility stays at a more stable level at pH < 7, while at pH > 7,
the PAM solubility produces a large increase at a certain pH
value. This is because under acidic conditions, –CONH2 is not
hydrolyzed and the polymer network is in a contracted state, so
the change of pH value has little effect on the swelling perfor-
mance, while under alkaline conditions, due to the hydrolysis of
polyacrylamide side chain –CONH2 into –COOH or –COO–, the
ionization of –CONH2 increases the swelling permeation pres-
sure, while the negatively charged –COO– brings a negative
charge to the network, and there is mutual repulsion between
similar charges, these reasons lead to the swelling between the
35272 | RSC Adv., 2021, 11, 35268–35273
long chains of the polymer, and the polymer swelling
increases.42,43 The introduction of carbon nanotubes aer the
introduction of carbon nanotubes (FP1, FP2, FP3 compared to
FP0), the swelling properties of the hydrogels are reduced to
some extent, probably due to the attachment of the bundled N-
CNTs to the surface of the macromolecular chains through
noncovalent interactions (as demonstrated in FTIR spectros-
copy), which causes the oxygen-containing groups on the long
polymer chains to be “swallowed”, reducing the number of
hydrophilic groups, while this noncovalent interactions may
make the binding ability between PAM long chains and water
molecules weaker, which in turn slows down the adsorption of
water by polymer long molecular chains.44,45
4. Conclusions

The PAM/N-CNTs nanocomposite hydrogels were prepared by
using FP to synthesize polymerizable DEMwith AM and ChCl as
raw materials and N-CNTs as llers. The structure and proper-
ties of the composite gels were experimentally investigated, and
the results showed that:

(1) Compared with the conventional preparation method, FP
has a faster reaction and greener raw materials in the prepa-
ration of nanocomposite hydrogels. PAM/N-CNTs nano-
composite hydrogels were synthesized by FP, and with the
increase of N-CNTs content, Vf increased from 20 to 28.6
cmmin�1 and Tmax increased from 156.8 to 164.2 �C. Due to the
good dispersion of N-CNTs, the composite hydrogels showing
a uniform porous structure were prepared, while N-CNTs were
well compatible with the polymer matrix.

(2) The composite hydrogel has pH responsiveness, and the
composite hydrogel containing N-CNTs shows better respon-
siveness in the acid solutions, which has certain application
prospects in the slow release of drugs.

(3) Due to the hydrophobic effect of carbon nanotubes, the
compressive strength and stiffness of the hydrogel increased
with the increase of N-CNTs content. The compressive strength
of the composite hydrogel containing N-CNTs 1% can reach up
to 59.9 kPa, which was 3.03 times that of the pure PAM hydro-
gel. This improvement is expected to make up for the short-
comings of the hydrogel with limited application scope due to
the lack of mechanical properties.
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