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1. Introduction

Hydrogels are three-dimensional polymeric networks that can absorb and maintain a high content of
water. The presence of networks enables hydrogels to swell in aqueous media without dissolving [1].
Hydrogels can be classified based on the type of networks (i.e., single, semi-interpenetrating,
interpenetrating, double network, or mechanically interlocked) [2]. An interpenetrating polymer
network (IPN) is a polymer comprising two or more networks that are at least partially interlaced on a
molecular scale but not covalently bonded to each other, and cannot be separated unless chemical bonds
are broken [3]. The semi-interpenetrating polymer network (semi—IPN) is a polymer comprising one or
more networks and one or more linear or branched polymer(s) characterized by the penetration on a
molecular scale of at least one of the networks by at least some of the linear or branched macromolecules
[3]. Semi—IPN hydrogels are versatile materials with tunable properties, making them suitable for
various applications. Their combined properties of hydrophilic, swelling capability, and mechanical
strength make them potentially useful in areas such as biomedical engineering [4], drug delivery systems
[5], tissue engineering [6], agriculture [7], and other fields where water-responsive materials with
tailored mechanical properties are desired. In general, there are many factors affecting the properties of
a semi-IPN hydrogel such as the nature of the monomers, the ratio of different monomers inside the
copolymers, the cross-linker and the linear polymer content introduced in the network structure.

In general, hydrogels of N-substituted polyacrylamides refer to hydrogel materials that are composed
of polyacrylamide polymers with N-substituted functional groups. Polyacrylamide is a polymer derived
from acrylamide monomers, and the N-substituted polyacrylamides have additional substituents
attached to the nitrogen atom in the acrylamide units. The N-substituted functional groups in
polyacrylamides can vary and include a wide range of chemical moieties, such as methyl, ethyl, propyl,
butyl, or other alkyl groups [8]. Hydrogels made from N-substituted polyacrylamides are typically
formed through the process of polymerization, where the acrylamide monomers are cross-linked to form
a three-dimensional network structure [9]. This crosslinking can be achieved through various methods,
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such as chemical crosslinking agents [10], [11] or physical crosslinking techniques like temperature or
pH-induced gelation [12]. The presence of N-substituted groups in the polyacrylamide backbone can
introduce specific properties to the hydrogel such as hydrogels of N-isopropyl-acrylamide exhibit a
lower critical solution temperature (LCST) behavior, where they undergo a phase transition from a
swollen state to a collapsed state above a certain temperature called the LCST [13]. Overall, hydrogels
of N-substituted polyacrylamides offer a versatile platform for developing smart materials with tailored
properties, making them valuable in various fields of research, and applications [14]-[17].

N, N’-Dimethylacrylamide (DMA\) is a non-ionizing monomer, easy to polymerize, highly reactive,
and the reaction initiation temperature is low, which is favorable for the copolymerization process [18].
DMA can also be used as a monomer in the synthesis of semi—IPN hydrogels. Semi—IPN hydrogel-
based DMA combines the properties of both hydrogel networks and linear polymers, resulting in
materials with unique properties. They can exhibit enhanced mechanical properties compared to
traditional hydrogels, such as increased tensile strength, toughness, and elasticity, which makes them
suitable for applications where mechanical properties are required highly [19].

Maleic acid (MA) is a multifunctional organic compound that has the unique properties of enhancing
the hydrophilicity of the polymer network, improving compatibility, and forming hydrogen bonds to
complement the network structure [20]. In addition, MA is cheap, saving input costs. Semi—IPN
synthesis-based MA, MA is often mixed with a monomer or pre-polymer containing functional groups
that are capable of reacting with —COOH. This mixture is then polymerized to form a polymer network.
Then, a linear polymer was added to form a semi—IPN structure. Maleic acid can form covalent bonds
with functional groups of monomers or pre-polymers, resulting in cross-linking networks that can
increase tensile strength, toughness, and elasticity for semi—IPN materials [21].

Polyacrylamide (PAM) is a polyolefin, which can be viewed as polyethylene with amide substituents
on alternating carbons [22]. Due to the presence of amide groups (—-CONH,), the carbon atoms
interspersed in the framework are stereospecific, so PAM can exist in atactic, syndiotactic, and isotactic.
Linear PAM is a water-soluble polymer [23]. Polyacrylamide can be copolymerized with other
monomers, such as N, N’-Dimethylacrylamide, and Maleic acid to form hydrogels. The hydrogel
composition can affect the overall properties of the material, such as water absorption, and mechanical
strength. Hydrogel-based PAM possesses several attractive features. Firstly, they exhibit a high water
absorption capacity, allowing them to swell, and retain large amounts of water without dissolving [24].
Secondly, the mechanical properties can be adjusted, from flexible to stiff, and elastic, depending on the
degree of crosslinking, and molecular weight [25], [26].

As mentioned, semi—IPN hydrogel is a type of hydrogel that exhibits unique properties due to the
presence of two distinct polymer networks in the same structure. The properties of semi—IPN hydrogels,
such as mechanical properties, thermal properties, and swelling properties, can be influenced by various
factors. One of the factors that can be mentioned is the linear polymer content introduced into the
structure. In our previous publications, the effects of monomer nature and the ratio of different
monomers have been studied [27]-[29]. However, in our understanding there has been no research on
the impact of linear polymer PAM on the properties of semi—IPN hydrogel.

In this work, the impact of linear PAM on the properties of semi—IPN hydrogel based on DMA, MA
and Methylenebisacrylamide (MBA) will be studied. The chemical structures, morphology, mechanical
properties, and glass transition temperature (T4) were investigated. Finally, the swelling behaviors of
hydrogels were investigated in pure water by weighing method. The change in properties of semi—IPN
hydrogel is explained based on the effect of linear PAM. These results will contribute useful information
about the main factors affecting the properties of the obtained semi—IPN hydrogel.

2. Materials and Methods
2.1. Materials

N, N’-Dimethylacrylamide (DMA, CsHsNO, 99%) was supplied by Aldrich Chemical Corp (USA);
Maleic acid was received by Shanghai Zhanyun Chemical Co (MA, CsH104, 99%); Polyacrylamide
(PAM; CszHsxNxOy; 99%) was supplied by Shanghai Macklin Biochemical Technology Co., Ltd,;
Ammonium persulfate (APS, (NH4)2S,0s) as a catalyst was purchased from Aencore Chemical Pty. Ltd.
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(Australia); N, N, N’, N’-Tetramethylethylenediamine (TEMED, CsH1sN>) as a promoter, and N, N’—
Methylenebisacrylamide (MBA, C7H1oN202) as a crosslinker were purchased from Alfa Aesar Co
(USA). All reactants were used as received without any further purification.

2.2. Method

The preparation of semi—IPN hydrogels with different PAM ratios, called PAMYX, is illustrated in
Figure 1. It was prepared by free radical polymerization in the aqueous solution of PAM, DMA, and
MA, employing APS/TEMED as a catalyst promoter, respectively. The feed ratios are given in Table 1.

Firstly, semi—IPN hydrogels were prepared by mixing the solution 1% w/w of linear polymer PAM,
and DMA with various volume-designated ratios, 0.12 mg MBA, 1.392 g MA, 7.2 mL solution of APS
and a specified volume of water in a vial under iced-water bath condition. After that, the obtained
mixtures were vacuumed for 30 minutes until the solution became homogeneous. In the next step, 7.2
mL solution of TEMED was added as a redox initiator pair to initiate the final reaction mixture. The
solution was mixed thoroughly, and then quickly poured into a cylindrical plastic mold with the
dimension of 12x5 mm, sealed immediately, and kept at 3 — 5 °C for 24 hours. The obtained hydrogels
were carefully removed from the mold and were washed with distilled water continuously for 7 days at
room temperature to remove unreacted substances. The purified samples were dried at 45 °C until
constant mass to obtain final hydrogels.

.
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Figure 1. Preparation scheme of semi—IPN hydrogels

Table 1. Composition of raw materials used for the preparation of semi—IPN hydrogels

sample [ AM* DMA - MA - MBA APS® TEMED®  Purewater Total volume
(mL) (mL) (g9 (mg) Solution (mL) Solution (mL)  (mL) (mL)
PAM6 54 9.0 1392 012 7.2 7.2 12.6 41.4
PAMS8 7.2 9.0 1392 012 7.2 7.2 10.8 41.4
PAM10 9.0 9.0 1392 0.12 7.2 7.2 9.0 41.4
PAM12 108 9.0 1392 0.12 7.2 7.2 7.2 41.4
PAM14 126 9.0 1392 0.12 7.2 7.2 5.4 41.4

asolution of 2.5 g PAM/247.5 g H20;  Solution of 0.4792 g APS/25 mL H20; ¢Solution of 4 mL TEMED/25 mL H20
2.3. Characterization

Fourier transform infrared (FTIR) spectra was measured by a Jasco FT/IR — 4700 FTIR instrument
(Japan) within 4000 — 400 cm™ having a scan resolution of 4.00 cm™. The ATR technique was applied
directly to the monomers, linear polymers, and dried hydrogels. Background measurements were
performed, and subtracted for all the samples.

Scanning electronic microscopy (SEM) images of freeze-dried hydrogels were taken by a Hitachi
Table Microscope, TM4000PIlus (Hitachi, Tokyo, Japan) to investigate the interior morphology. The
hydrogels were immersed in distilled water to an equilibrium swelling state and freeze-dried at -45 °C
to observe the morphology by SEM. All samples were sputter-coated with platinum to enhance the
conductivity, and SEM images were acquired at an accelerating voltage of 10.0 kV. The pore sizes and
porosity were analyzed by Imagel. The porosity (%) of hydrogels was estimated through
ImageJ/Adjust/Threshold/Analyze Particles function with a fixed area of 1280 pixel x 960 pixel.
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The rheological properties of the hydrogel with dimensions 12x5 mm were performed on the
HAAKE RheoStress 1 (Thermo Fisher Scientific, USA). The value of storage modulus (G’), loss
modulus (G”), and viscosity (n*) are measured from 50 — 180 sec at 25 °C. The test parameters are set
including a frequency of 1.00 Hz and a gap between the two discs of 3.2 mm. The mechanical properties
measurement on the CT3 Texture Analyzer (Brookfield, USA) at 25 °C. The compressive stress test was
performed by a 7 mm diameter flat probe on 12x5 mm cylindrical hydrogels at a measurement rate of
0.05 mm/sec. The stress is determined at the point where the hydrogel begins to break.

The T4 of the hydrogels was determined using a DSC 214 Polyma (NETZSCH, Germany).
Approximately 12 — 15 mg of dried hydrogel was tested at a rate of 5 °C/min in the temperature range
of 50 — 220 °C. Nitrogen gas was used for analysis.

The swelling kinetics of the hydrogels were studied using the weighing method. Dried hydrogels
were immersed in pure water at room temperature. At predetermined time points, swelling hydrogels
were eliminated from the excess water by filter paper and weighing. The swelling ratio (SR, %) was
calculated according to the following equation [30]:

— Ws—-Wq
where W; is the weight of the swelling hydrogel, and W4 is the weight of the freeze-dried hydrogel.

Furthermore, swelling kinetic curves created as a result of dynamic swelling tests were assumed to
have a second degree, the following equation was applied [30]:
ds
a ks. (Smax — S)Z 2
where dS/dt is the swelling speed of hydrogels; Smax (%) is the swelling value of hydrogel at equilibrium;
S is the swelling value at time t, and ks (gnydrogel/gH20.min) represents swelling speed constant.

Recently, the mechanisms of water diffusion in swelling polymeric systems have received
considerable attention, because of their important applications in drug delivery, the environment, and
the agriculture field. To determine the nature of water diffusion was conducted based on Fickian
diffusion law for the onset stage of swelling [30]:

_ M _ 1 n

F= M. = kt (3)
where M is the total amount of water intake at time t, M, is the total amount of water intake at an
equilibrium state which is determined by a weighing method, k is a swelling coefficient which is a
parameter correlated with the polymeric network structures, and n is an exponent characteristic of the
swelling which represents solvent diffusion modes inside hydrogels. Based on “n” values, the release
mechanism involved in it can be arbitrated as (n < 0.45: Fickian diffusion) where the rate of diffusion is
less than the rate of relaxation, (0.45 < n < 0.89: non-Fickian diffusion) where diffusion and relaxation
rates are comparable (n > 0.89: Case Il diffusion) where rate of diffusion is faster than the relaxation
rate of the polymer, and (n = 1) the release mechanism follows the first order kinetics [31]. Moreover,
the diffusion coefficient value (D, cm?/min) calculated for the cylindrical hydrogels was determined
with the following equation [30]:

1/n

D= n.rz.(g) (4)

where r represents the radius of the hydrogel (cm).

3. Results and Discussion
3.1. FTIR Measurements

FTIR spectroscopy results of monomer DMA, monomer MA, linear PAM, hydrogel PAM 6, PAM
8, PAM 10, PAM 12, and PAM 14 were shown in Figure 2. Firstly, in the DMA spectrum, oscillations
appear including C—H at 2935 cm™*, C=0 of the carbonyl group at 1644 cm, 973 cm! representing the
CH=CHg, and 1050 — 1147 cm* representing the C—-N [32]. Next, in the MA spectrum, the characteristic
oscillations were observed including C=0 of the carboxyl group at 1706 cm™, C=C at 1628 cm*, -OH
at 2381 — 3328 cm? (due to link overlap =C—H sp? at 3053 ¢cm™) [33]. In the PAM spectrum, the
deformation N-H oscillation was shown at 1601 cm™; 1661 cm™ represents the C=0 oscillation of the
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carbonyl group, and prolonged N-H oscillation occurred at 3182 cm™ [34]. For PAM 6, PAM 8, PAM
10, PAM 12, and PAM 14, the CH=CH, binding characteristic at 973 cm™ was disappeared. The
characteristic peak of the C=0 (carbonyl) at 1608 — 1616 cm™ were observed in both PAMs and
hydrogels. However, the peak area of the hydrogels was clearly larger than that of PAM. This result
shows that the incorporation of PAM into the hydrogels network has been successful. All hydrogels
appeared C=0 (carboxyl) at 1712 — 1725 cm, indicating that the copolymerization between DMA and
MA has been performed.
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Figure 2. FTIR spectra of monomers, linear polymer, and hydrogels

Figure 3. SEM images of (a) PAM 6, (b) PAM 8, (c) PAM 10, (d) PAM 12, and (e) PAM 14

The morphology of hydrogels were shown in Figure 3. SEM observation results show that the
hydrogel samples have a fairly uniform pore structure with the average pore size and porosity listed in
Table 2. The results show that PAM 14 has a much larger porosity than PAM 6, which is evidenced by
the porosity of PAM 14 being 49.95%, and PAM 6 being 42.92%. The presence of linear PAM in the
semi—IPN structure can facilitate the formation of interconnected channels or pathways for water
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diffusion. These pathways allow faster, and more efficient water transport in the hydrogel, which

increases swe

Iling porosity. Besides, the same report by Wei et al has concluded that the size of porosity

increases with increasing linear Salecan [35].

Table 2. Pore size, and porosity of semi—IPN hydrogels

Sample Pore size, um Porosity, %
PAM 6 252.8+4.0 42.92
PAM 8 333.3+121 42.94
PAM 10 664.5+9.0 48.24
PAM 12 679.9+2.2 48.26
PAM 14 888.5+4.8 49.95

3.3. Mechanical properties

700

500000

400000 ~ P 6005 :[ I
n
© rtttt bttt ttde
o e R 500 4
é 300000 4 AAAAAAAAL R ALAAAAALSAAL SR ALAAALSSSASSS ol
N -
. send o
= g 400 I
o 200000 - p %
.é 8 300+
© 100000 2
© 200
£
5 o 20399 0000009900000— PP - it

G “—PAM 14 —@— PAM 12 —p— PAM 10 —y—PAM B8 —l-PAM 6
G- PAM 14 —9-PAM 12 —@-PAM 10 -4 PAMB @ PAMG
100000 0" PAM 14 PAM 12 —s— PAM 10 —4—PAM & —A—PAM & 0
- T T T T T T T T T T T T
40 60 80 100 120 140 160 180 200 PAM6 PAM8 PAM10 PAM12 PAM 14
a) Time, s b) Sample

Figure 4. (a) Rheology, and (b) Mechanical properties of hydrogel

The rheological properties of hydrogels were shown in Figure 4a. The G, G”, and n* values of the
hydrogels were listed in Table 3. From 50 to 180 s at 25 °C, the G’ value does not change significantly,
and it is always greater than the G” value, which indicates that the hydrogel is a viscoelastic material
[36]. As the PAM content increased, the hydrogel network became denser due to the increasing presence
of polymer chains, and entanglement. The network is denser so more efficient energy storage, and
transmission during deformation leads to an increase in G’. In addition, higher PAM content, increased
polymer density, and entanglement impede the movement of polymer chains. This leads to greater
internal friction, and energy dissipation during deformation, causing an increase in G”. A higher G”
value indicates that a larger percentage of the input energy is dissipated as heat within the material,
which is typical for more viscoelastic behavior. Finally, the increased PAM content results in restriction
of the movement of solvent molecules, and polymer chains in the hydrogel, increasing the viscosity.

Table 3. Mechanical properties of PAM 6, PAM 8, PAM 10, PAM 12, and PAM 14

Sample G’, mPa G”’, mPa n*, mPas Stress, kPa
PAM 6 339682.0 £ 9239.7 2445.9 £ 170.0 54091.4 + 1485.7 356.6 £ 5.4
PAM 8 346768 + 19579.7 3370.8 £48.8 55944.4 + 3116.1 365.5+18.4
PAM 10 406165.0 + 4416.2 5991.5 +132.9 64648.1 + 705.0 414.7 £ 68.9
PAM 12 410327.0 £ 15676.2 6022.54 + 66.0 65542.7 £ 2494.1 584.84 £ 27.5
PAM 14 410581.0 + 10921.4 6124.4 + 658.3 66353.1+ 1736.8 585.8 + 52.8

The stress value of hydrogels were shown in Figure 4b, and Table 3. The results show that the stress
of PAM 6 is significantly different from that of PAM 14. It can be seen that when PAM is present in the
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hydrogel structure, it will establish water channels, helping the amount of water absorbed in the network
to move easily transferred from high-stress areas to non-stressed areas, increasing the capacity of the
hydrogel to withstand compressive stress [37]. Besides, PAM also contributes to efficient energy
dissipation due to the high viscosity of polymer chains, thereby contributing to increased stability, and
limiting structural collapse [37]. In addition, the PAM chains interact with the existing polymer network
to form additional physical or chemical crosslinking. This enhanced bonding contributes to a stiffer, and
stronger hydrogel structure, resulting in increased stress. Finally, the combination of PAM, and the
existing polymer network in the semi—IPN structure produces a synergistic effect. The PAM chain can
complement the properties of an existing hydrogel matrix, which improves mechanical performance.
The synergistic effects arise from the unique combination of the two polymers, leading to enhanced
stress [38], [39].

3.4. Thermal properties of hydrogels

The DSC curves of hydrogels were shown in Figure 5. The Ty of PAM 6, PAM 8, PAM 10, PAM
12, and PAM 14 were 109.2, 119.9, 122.8, 123.3, and 123.7 °C, respectively. Thereby, it was found that
the Ty between hydrogels tended to increase when increasing linear PAM content. When PAM is added
to the hydrogel network, PAM can have a reinforcing effect on the network structure, leading to an
increase in Ty Linear PAM can form additional crosslinking points in the hydrogel network. The
increased crosslinking density can restrict the movement of the polymer chains, enhance the structural
integrity of the hydrogel, and increase Ty. On the other hand, the PAM chain can interact with the
polymer chain in the hydrogel, enhancing intermolecular interactions such as hydrogen bonding. These
additional interactions enhance physical or chemical entanglement in the network, leading to increased
T4. Furthermore, the presence of PAM can improve the arrangement, and spatial organization of the
hydrogel network. PAM incorporation can promote a more ordered structure, which requires higher
energy for chain rearrangement, resulting in elevated Tq [38], [40]. This result is completely consistent
with the mechanical properties presented above.

yExo

80 ' 1."«_‘0 ' 1éO 200
Temperature, °C
Figure 5. DSC curves of the hydrogels
3.5. Swelling behavior

The swelling kinetic curves of hydrogels were shown in Figure 6a. The maximum swelling ratio
(SRmax) of hydrogels were listed in Table 4. Specifically, PAM 6 has SRmax = 1665.14%, PAM 8 has
SRmax = 1831.90%, PAM 10 has SRmax = 2994.56%, PAM 12 has SRmax = 3001.62%, and PAM 14 has
SRmax = 3450.22%. This difference can be explained based on the effect that linear PAM incorporated
into the hydrogel. Firstly, linear PAM is hydrophilic and has a high affinity for water, when PAM is
integrated into hydrogel will enhance the hydrophilic properties of the overall structure. The increased
hydrophilic promotes water absorption of the hydrogel, resulting in enhanced swelling properties.
Moreover, linear PAM is a flexible polymer with a relatively loose structure, when PAM is incorporated
into the semi—IPN structure, flexible polymer chains are added to the hydrogel, these chains allow for a
more mobile, and extended hydrogel structure, facilitating increased swelling behavior. Moreover, the
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addition of linear PAM can increase the porosity of hydrogel. PAM chains can create space in the semi
—IPN structure, which provides more space for water absorption. The increased porosity allows for
greater water infiltration, and retention, resulting in enhanced swelling properties. These observations
were similar to those reported in X. Hu’s study when the linear salecan was incorporated into the
poly(DMAA-co-HEMA) structure, the linear making the hydrogel structure more hydrophilic, and
hydrophilic more consumption leads to increased swelling rate [37].

The plot of t/S vs. t of hydrogels in pure water were shown in Figure 6b. The calculation results of
the swelling at equilibrium (Smax), and the swelling speed constant (ks) were listed in Table 4. The Smax
of PAM 6, PAM 8, PAM 10, PAM 12, and PAM 14 is 1862.2, 2024.29; 2840.91; 3355.70, and
3984.06%, respectively. This is compatible with the experimental data obtained.

Besides, the plot of InF vs. Int of hydrogels were shown in Figure 6¢. The diffusion exponent (n),
the swelling coefficient (k), and the diffusion coefficient (D) were calculated in Table 4, it is found that
the value of n ranges from 0.33 to 0.40 (n < 0.45), so it can be determined that water diffuses into the
hydrogel according to the Fickian mechanism, the hydrogel swelling is shown by the diffusion
mechanism, and the polymer network loosens [30], [41].
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Figure 6. (a) Swelling kinetic curves, (b) The plot of t/S vs. t, and (c) The plot of InF vs. Int of hydrogels in pure
water at 25 °C

Table 4. The swelling kinetics parameter of hydrogels in pure water at 25°C

Sample SRmax, Smax, Ks n k D

PAM 6 1665.14 1862.20 1.93x10* 0.34 0.078 2.65x10°
PAM 8 1831.90 2024.29 2.12x10* 0.34 0.082 2.80x10°
PAM 10 2994.56 3355.70 7.60x10° 0.35 0.067 2.64x10°
PAM 12 3001.62 3267.97 1.14x10* 0.33 0.079 2.95x10
PAM 14 3450.22 3984.06 7.11x10°% 0.39 0.054 5.96x10®
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4, Conclusions

In this work, semi—IPN hydrogels based on PAM, DMA, and MA were synthesized and investigated.
The chemical structure was confirmed by FTIR. A uniform porous structure of the semi—IPN hydrogels
was confirmed by SEM. The equilibrium swelling ratio was influenced by the content of PAM
introduced into hydrogel: increasing the PAM content led to an increased swelling ratio. Moreover, this
work also confirmed that the mechanical properties, Ty of PAMX also increase with increasing PAM
content. Further application of semi—IPN hydrogels based on PAM, DAM, and MA are in progress.
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