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Abstract  16 

Stimuli responsive semi-interpenetrating polymeric network (Semi-IPN) hydrogel 17 

forms an important class of polymeric materials for its tunable gel properties via molecular 18 

design. They are widely investigated for a diverse range of important applications including 19 

drug delivery, sensors, actuators, and osmotic agents. However, detailed studies on some of the 20 

critical design principles affecting diffusion/leaching of linear polymer from semi-IPN 21 

hydrogel are lacking. Herein, for the first time, by focusing on a series of model semi-IPN 22 

hydrogels based on thermally responsive N-isopropyl acrylamide (NIPAM) network and linear 23 

poly (sodium acrylate) (PSA), a systematic and quantitative study concerning linear polymer 24 

chain retention and swelling/deswelling kinetics is reported. The study shows that PSA 25 

retention is significantly affected not only by PSA molecular weight and concentration but also 26 
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by polymerization temperature, which could be linked to homogeneity and internal morphology 1 

of the hydrogel. Surprisingly, there is no obvious influence of crosslinking density of PNIPAM 2 

network towards PSA retention. Although faster swelling and deswelling at higher crosslinking 3 

density was observed in terms of swelling rate constant and deswelling activation energy. These 4 

findings offer new insights on the factors affecting structural and physicochemical properties 5 

of such semi-IPN hydrogels, which should in turn serve as a general guideline for materials 6 

design.  7 

 8 

Hydrogels are three-dimensional, physically or chemically crosslinked, hydrophilic 9 

polymeric networks with high permeability and water absorption capacity.[1] To enable specific 10 

functions, hydrogels can be designed to be responsive to stimuli e.g. pH, temperature, ionic 11 

strength, etc.[2] Such stimuli-responsive hydrogels have found wide applications in drug 12 

delivery and tissue engineering[3-7], wound dressing[8], bio actuators[9, 10], microsensors[11-13] and 13 

as osmotic agents[14, 15]. The most intriguing properties of stimuli-responsive hydrogels, also 14 

highly relevant for the abovementioned applications is the high reversibility of physicochemical 15 

changes. Among them, poly (N-isopropyl acrylamide) (PNIPAM) as a thermally responsive 16 

hydrogel has gained a lot of research interest. Their hydrophilicity/hydrophobicity is governed 17 

by the polymer-solvent interaction which triggers a conformational change marked by volume 18 

phase transition temperature (VPTT).[16] At a temperature above the VPTT, the breaking of 19 

hydrogen bonds between PNIPAM and water molecules results in the collapse of the polymeric 20 

network.[17, 18] However, conventional non-ionic PNIPAM hydrogel alone has a low swelling 21 

ratio (SR) and slow response to a thermal stimulus, as it relies on diffusion of water; limiting 22 

its applications.[19-21] Approaches to tailor the PNIPAM hydrogel properties include 23 

copolymerization, generation of macroporosity and nanostructures.[22-25] Although 24 

copolymerization with ionic monomers can increase the SR, it compromises the deswelling 25 
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kinetics.[26-28] There have been reports of PNIPAM hydrogel with fibrillar morphology and fast 1 

deswelling. However, the mechanical strength was sacrificed.[29]  2 

A promising alternative to tailor the swelling/deswelling properties of the PNIPAM 3 

hydrogel is to generate a semi interpenetrating polymeric network (semi-IPN). This can be done 4 

through the inclusion of hydrophilic linear polymer within the relatively hydrophobic PNIPAM 5 

polymer network. Several PNIPAM-based semi-IPN hydrogels combined with linear 6 

poly(acrylic acid)[30], poly(vinyl alcohol)[31], poly(hydroxyethyl methacrylate)[32], chitosan[33], 7 

alginate[34, 35], gelatin[27] etc. are reported in literature. Compared to homopolymeric and 8 

copolymeric hydrogels, these systems possess superior properties including better mechanical 9 

strength[36-38] and rapid swelling/deswelling[29, 31, 39]. Although much significance is given to 10 

rapid deswelling, little emphasis is given to fast water uptake. Despite several studies on semi-11 

IPNs, its reproducibility remains a challenge because of lacking requisite diffusion/leaching 12 

quantification of polymeric chains. Diffusion/leaching is an important phenomenon that could 13 

explain the data discrepancy across the literature on semi-IPNs. Although leaching was 14 

occasionally suggested.[40-42] It often goes unreported even though it can critically affects 15 

hydrogel properties which are often misinterpreted and correlated to its synthesis composition. 16 

Hence, it is worth to quantitatively evaluate the effects of synthesis parameters on linear 17 

polymer retention. Thus, allowing for a more systematic and controlled study of the 18 

swelling/deswelling kinetics of stimuli responsive semi-IPN hydrogel. 19 

In this work a series of thermally responsive PNIPAM/PSA semi-IPN hydrogels was 20 

synthesized for quantitative study on linear PSA retention within PNIPAM network. PSA as a 21 

linear polymer has been chosen for two main reasons. Firstly, owing to its hydrophilic 22 

characteristics, it is mostly copolymerized or blended with other ionic polymers to obtain 23 

hydrogels with high SR. Secondly, the residual PSA can be easily quantified because of the 24 

presence of carboxyl functional groups. PSA retention was studied by varying polymerization 25 
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temperature, PSA molecular weight (MW) and concentration, and crosslinking density of 1 

PNIPAM network. The physicochemical properties including transparency, SR, and kinetic 2 

parameters were systematically examined to elucidate the swelling/deswelling behaviour.  3 

A series of  PNIPAM/PSA semi-IPN hydrogels were synthesized following our 4 

previous report[14] (Figure 1), involving crosslinking of NIPAM monomer (0.8 M) in the 5 

presence of linear PSA with different MW (6000, 170000, and 800000 g mol-1) and 6 

concentration (0.2-0.4 M). The concentrations of ammonium peroxydisulfate (APS, initiator) 7 

and N,N,N’,N’-tetramethyl ethylenediamine (TEMED, accelerator) were both 1 mol% with 8 

respect to NIPAM. The synthesis steps are included in supporting document and sample 9 

conditions are summarized in Table S1. The semi-IPN hydrogels were coded as SI-10 

conc.PSA/crosslinker–PSAMW, where conc.PSA, crosslinker and PSAMW indicates the PSA molar 11 

concentration, crosslinker amount (mol% with respect to NIPAM), and PSA MW respectively. 12 

For example, SI-0.2/2-6 refers to NIPAM/PSA ratio of 0.8/0.2 with 2 mol% of N, N’-13 

methylene-bis-acrylamide (MBA, crosslinker) and 6000 g mol-1 PSA. Semi-IPNs were 14 

immersed in DI water for 3 days with periodic water change and then dried at 60 °C prior to 15 

further characterizations.  16 

We first explored the dependence of PSA retention on each synthesis parameter. Since 17 

PSA acts as the hydrophilic component to enhance water absorption capacity of PNIPAM based 18 

semi-IPN, residual concentration of carboxyl group after hydrogel washing was determined. 19 

The PSA retention is defined as the concentration ratio of residual to initial sodium acrylate 20 

units (see Table S2 and S3, supporting information). Preliminary experiments showed that PSA 21 

retention in PNIPAM network can be significantly affected by polymerization temperature and 22 

semi-IPNs with high SR and high PSA retention could be obtained when polymerized at 10 oC 23 

instead at room temperature (see Table S2, supporting information). 24 

The effect of polymerization temperature on PSA retention is reflected in terms of 25 

change in gel morphology. Morphology of SI-0.2/2-800 observed by FESEM (Figure 2a) as 26 
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dense honeycomb structure indicates that low polymerization temperature ensured 1 

homogeneity of dual-polymer system resulting in smaller phase domains. Moreover, the 2 

hydrogels obtained at low polymerization temperature were highly transparent (see inset of 3 

Figure 2a, b), implying good homogeneity without phase separation that is critical for good 4 

optical and mechanical properties of the gels. Use of high polymerization temperature resulted 5 

in high porosity and low SR caused by increased phase separation and PSA leaching, 6 

respectively. Moreover, increased phase separation observed at high polymerization 7 

temperature can be explained in term of decreased entropy of mixing of PNIPAM and PSA.[40] 8 

Hence, all the semi-IPNs in the following section were synthesized at 10 oC (see Table S1, 9 

supporting information).  10 

We next examined the SR of the semi-IPNs. As the SR relies on higher PSA amount 11 

(higher charge density) within the semi-IPN hydrogels, high PSA retention is desirable. For 12 

same composition and synthesis conditions, the PSA retention was directly proportional to the 13 

PSA MW (Figure 2c). For SI-0.2/2-6 semi-IPN hydrogel, the significantly low PSA retention 14 

(CResidual PSA/CInitial PSA <0.01) indicates its inefficiency to form a semi-IPN network. For semi-15 

IPNs with higher MW PSA, i.e. SI-0.2/2-170 and SI-0.2/2-800, PSA retention increased to 0.35 16 

and 0.51, respectively. This is believed to be the result of lower diffusion mobility of PSA of 17 

high MW. Furthermore, longer PSA chains sterically restrict their own movement within the 18 

PNIPAM network through physical entanglement. It is important to note that, since most of the 19 

carboxyl groups are in COO- form and do not form hydrogen bonding with amide groups of 20 

PNIPAM, hydrogen bonds formation is not crucial in determining PSA retention.[40] Note that 21 

PSA with MW > 800000 g mol-1 is too viscous to be used for synthesis. 22 

We next examined the PSA retention for the series of semi-IPNs with different 23 

crosslinking density of the PNIPAM network and different initial PSA concentration (see 24 

Figure 2d, e). With varying crosslinking density, no significant change in the residual PSA was 25 
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observed for samples with 170000 or 800000 g mol-1 PSA. The exact mechanism of which is 1 

not yet clear at this stage. We believe that the range of crosslinker concentration used here might 2 

have cause only insignificant changes.[43] Furthermore, with increased initial PSA 3 

concentration, the PSA retention were found to decrease from 0.5 to 0.39 for SI-0.2/0.5-170 4 

and SI-0.4/0.5-170, and 0.75 to 0.67 for SI-0.2/0.5-800 and SI-0.4/0.5-800 respectively.  5 

FESEM image (Figure 2h) shows evidence of aggregation of PSA chains within PNIPAM 6 

network resulting in fibrillar like structure at PNIPAM/PSA ratio of 0.8/0.4. This can be 7 

attributed to increased incompatibility between the polymers at higher concentration, 8 

suggesting existence of an optimal PNIPAM/PSA ratio. This is consistent with earlier study on 9 

decrease in entropy of mixing with increasing molecular weight and amount of poly acrylic 10 

acid (p(AAc)) chains for PNIPAM/PAAc semi-IPN hydrogels.[40] Irrespective of the 11 

NIPAM/PSA ratio, all semi-IPNs with PSA of higher MW have higher residual PSA 12 

concentration, consistent with previous results.  13 

Figure 3 shows the equilibrium swelling behaviour of the prepared semi-IPN hydrogels. 14 

Thermodynamically, swelling of hydrogels is an osmotic process, where water movement is 15 

driven by the gradient of water chemical potential. Water uptake experiments using completely 16 

dried semi-IPN hydrogels were performed at constant temperatures, i.e. below VPTT (room 17 

temperature) and above VPTT (40 and 50 oC). At all temperatures, the equilibrium swelling 18 

ratio (ESR) of the semi-IPNs increased with increasing PSA retention and decreasing 19 

crosslinking density. All semi-IPNs has considerably high ESR, up to 260 g g-1 for SI-0.4/0.5-20 

800 after 2 days in DI water. This is likely contributed by the increase of osmotic pressure 21 

owing to increased number of carboxyl groups and higher mobility of the polymeric chains with 22 

lower crosslinking density. The increase in the SR of semi-IPNs with PSA of higher MW results 23 

from higher residual PSA (see inset of Figure 3).  24 

To investigate the effect of semi-IPN network formation on thermal response of semi-25 

IPNs prepared in this work, VPTT was determined (see Table S4, supporting information). The 26 
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VPTT were found to be ~37-40°C, not within the same range as reported by previous work 1 

(~33-34 °C) [14] and higher than that of PNIPAM hydrogel.[43] This could result from the dense 2 

network structure as shown previously (Figure 2a). Apart from increased hydrophilicity by 3 

incorporating PSA (with carboxylate groups that contribute to enhanced swelling), smaller 4 

phase domains may result in stronger interaction between the PSA and PNIPAM, which 5 

interferes with the rapid deswelling of PNIPAM by steric hindrance and gives higher VPTT.[28] 6 

SR of all semi-IPNs decreased gradually with increasing temperature due to change in the 7 

hydrophilicity of the PNIPAM network above VPTT. However, even at temperatures higher 8 

than VPTT, complete deswelling of the semi-IPNs was not observed. This indicates that the 9 

repulsion of the carboxyl groups within the hydrogel counteracts the hydrophobic aggregation 10 

of the NIPAM component and hinders complete collapse of the PNIPAM network.[40]  11 

For applications that need short response time and high reversibility, 12 

swelling/deswelling kinetics are critical and had been studied for the synthesized semi-IPN 13 

hydrogels. Since high SR is desired, we chose semi-IPNs with 800000 g mol-1 PSA. After the 14 

PNIPAM/PSA semi-IPN hydrogels particles of size ~200 µm were completely dried, swelling 15 

experiments were performed at room temperature. Figure 4a shows the time dependent SR for 16 

swelling of semi-IPNs in DI water at room temperature. The normalized SR, i.e. SR/ESR, for 17 

different semi-IPNs is also plotted as function of time to investigate fractional water uptake (see 18 

Figure 4b). It can be observed that all the semi-IPN hydrogels could swell to more than 0.7 19 

times their ESR within 60 minutes, and highest volume change was obtained for SI-0.4/0.5-800 20 

semi-IPN hydrogel. To describe the swelling rate kinetics of semi-IPNs, two empirical models 21 

were used i.e. first order and Schott’s second order absorption kinetic model (see Equation S2 22 

and S3 supporting information).[29, 44] Figure 4c shows the semi-logarithmic plot of fractional 23 

water uptake as function of time following the first order rate equation for the initial stage of 24 

swelling. The swelling rate constant (ks1) is determined from the slope of the curve. It is to be 25 

noted that the ks1 here refer to how fast the gel attains its ESR and not the amount of water 26 
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uptake. The swelling rate constant ks1 and ks2 values for both first and second order kinetic rate 1 

model are summarized in Table 1. As can be seen from Table 1, swelling of semi-IPNs is in 2 

good agreement with first order rate kinetic model. Based on the kinetic rate constant mentioned 3 

in Table 1, swelling rate was found to increase with increasing crosslinking density from 0.5 4 

to 4 mol% for constant 0.8/0.2 PNIPAM/PSA ratio. Similar results are even observed for pure 5 

NIPAM hydrogel synthesized under same synthesis conditions with different crosslinking 6 

density (see Table 1 and Figure S2 supporting information). However, decrease in swelling rate 7 

with increasing PSA concentration for SI-.3/2-800 and SI-0.4/0.5-800 semi-IPN hydrogel was 8 

observed which is counterintuitive to conventional belief. 9 

To better understand swelling kinetics, we determined diffusion mechanism of water 10 

into semi-IPN hydrogel using the empirical power law equation (see equation S4 supporting 11 

information). The values of the diffusional exponents (n) of the PNIPAM/PSA semi-IPN 12 

hydrogels are listed in Table S5 supporting information. For all the semi-IPNs n>0.5 was 13 

observed indicating non-Fickian diffusion mechanism. However, it should be noted that the 14 

mechanism for water uptake was quite different for t <10 min (non-Fickian n>0.5) and t>10 15 

min (mostly Fickian n=0.5 and less Fickian for n<0.5).[44] During the initial stage of swelling, 16 

rate of diffusion of water molecules into empty void space takes place at much faster rate than 17 

its penetration into the dense polymer  network. This results in much higher diffusion rate than 18 

the relaxation rate of polymeric chains (case II non-Fickian diffusion). Since the increasing 19 

crosslinking density limits the polymer chain relaxation, faster swelling rate is observed 20 

compared to lightly crosslinked gels. At the later stage when the polymeric chains get hydrated 21 

the polymer chain relaxation rate becomes much higher thus limiting the diffusion of water 22 

molecules (Fickian diffusion).  23 

Similar to swelling, deswelling behaviour is also important because it directly affects 24 

semi-IPN performance for the desired application. Thermally responsive semi-IPN hydrogels 25 
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undergo reversible volume change when heated above its VPTT. The rate of deswelling is a 1 

diffusion-controlled phenomenon, mainly depending on the internal morphology or 2 

inhomogeneity of the hydrogels.[29, 45] Similar to swelling, the deswelling behaviour of the semi-3 

IPNs with 800000 g mol-1 MW PSA was studied at 50 oC using time dependent SR and 4 

normalized SR as shown in Figure 4d, e. All the semi-IPN hydrogels dehydrated within 2 hours 5 

above VPTT, with 80 percent volume reduction occurring within 60 minutes. Consistent with 6 

the deswelling behaviour of semi-IPNs reported previously, all semi-IPNs with higher 7 

crosslinking density showed faster response to temperature change.[29, 46, 47] To further 8 

investigate the deswelling kinetics, activation energy of deswelling was determined from the 9 

slope of plot of ln K vs. 1/T using Arrhenius plot (see Figure 4f). Here K refers to deswelling 10 

rate constant at absolute temperature T. As seen in Table 1, lower activation energy i.e. 50.4 11 

and 46.5 kJ mol-1 for SI-0.2/2-800 and SI-0.3/2-800 also suggests improved deswelling kinetics 12 

for semi-IPNs with higher crosslinking density. This may be due to increase in crosslinking 13 

points, which act as constraints to bring the polymeric chains close enough for hydrophobic 14 

interaction to become dominant above the VPTT. Low crosslinker concentration may result in 15 

weak hydrophobic interaction due to increased separation among hydrophobic groups.  16 

Understanding the swelling/deswelling properties of semi-IPN hydrogel helps the 17 

design of hydrogel draw solute for forward osmosis. Previously, our group has reported that 18 

thermally responsive semi-IPN hydrogel exhibits better dewatering performance and can be 19 

used as regenerable draw solute for forward osmosis (FO) [14]. Cyclic FO water flux 20 

experiments were demonstrated using SI-0.2/2-800 and SI-0.3/2-800 semi-IPN hydrogels, 21 

grinded to size  less than 50 µm, to test the quantitative water release. These PSA/NIPAM semi-22 

IPN hydrogels maintained the apparent water flux over the repeated cycles, suggesting that the 23 

usefulness of semi-IPN hydrogel for forward osmosis. 24 

In summary, a series of thermally responsive semi-IPN hydrogels based on model 25 

PNIPAM/PSA system were prepared, for quantitatively studying the effects of synthesis 26 
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conditions on network morphology, linear PSA retention, and its subsequent influence on 1 

kinetic parameters of swelling/deswelling. Herein this work, we have synthesised semi-IPNs 2 

with not just high absorption capacity by optimising PSA retention but also fast swelling rate 3 

with controlled synthesis conditions. Fast swelling can be explained based on the non Fickian 4 

diffusion mechanism and results from the dense polymeric structure and high homegenity 5 

obtained at low polyerization temperature. However with increasing PSA amount, the swelling 6 

rate of semi-IPNs was found to decrease which is not yet completely understood and need 7 

further investigation. Nevertheless, it suggests that swelling kinetics need to be decoupled from 8 

SR of the hydrogels for future studies. Furthermore, an optimum inclusion of hydrophillic 9 

polymer is significantly important, as it not only affects the swelling ratio but also network 10 

morphology which indirectly affects the swelling/deswelling rate. We believe that this work 11 

will find utility in designing stimuli responsive semi-IPNs with tailored morphology and 12 

desired response time for both swelling and deswelling suitable for various applications. 13 

 14 

Experimental Section  15 

The semi-IPN hydrogel were synthesized using free radical polymerization of NIPAM 16 

in presence of linear PSA. Details on synthesis and characterization methods can be found in 17 

the supporting information.  18 

  19 
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Figure 1. Schematics of synthesis methodology for fabricating semi-IPN hydrogel, where the 

blue part signifies the PNIPAM network formation and the red part represents the PSA linear 

chains dispersed in the PNIPAM network. The bottom part of the figure shows the leaching of 

PSA chains after soaking the prepared semi-IPN hydrogel in excess of DI water. 
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Figure 1 The porous microstructure of the lyophilized SI-0.2/2-800 semi-IPN hydrogels 

synthesized at (a) 10 oC and (b) 25 oC. Scale bar 100 µm. The inset of the Figure 2(a), (b) shows 

the digital image of the synthesised semi-IPN at 10 and 25 oC. Quantification of PSA retention 

for semi-IPNs with same synthesis conditions (c) with different PSA MW, (d) different 

crosslinking density of PNIPAM and PSA MW, and (e) different concentration and MW of 

PSA, where 6000, 170000 and 800000 represent the PSA molecular weight in g mol-1. The 

FESEM micrographs show the random regions in the lyophilized samples of the (f) SI-0.2/2-

800, (g) SI-0.3/2-800 and (h) SI-0.4/0.5-800 semi-IPN hydrogels. Scale bar 10 µm. 
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Figure 3 The equilibrium swelling ratio (ESR) of the semi-IPNs 2 days after immersion into 

excess of DI water at RT, and after 1 h at 40 and 50 °C. The inset shows the quantification of 

the residual PSA in the semi-IPNs. The values reported are average of three repeated 

measurements.  
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Figure 4 Swelling/deswelling behaviour of ■ SI-0.2/2-800 ● SI-0.3/2-800 ▼ SI-0.2/0.5-800 ▲ SI-0.4/0.5-800 ♦ SI-0.2/4-800 semi-IPN hydrogels. 

(a) & (b) shows time dependent swelling ratio (SR) and normalized swelling ratio (SR/ESR) during free swelling of dried semi-IPN hydrogel in DI 

water at room temperature (c) logarithmic plot of fractional water uptake as function of time for determination of kinetic rate constant, assuming first 

order rate kinetics. Here M and MInf refers to amount water uptake at time t and at equilibrium (d) & (e) shows time dependent SR and normalized 

SR during deswelling of semi-IPN hydrogel at constant 50 °C (f) Arrhenius plot for determination of activation energy. Here K is the first order 

deswelling rate constant at 40, 50 and 60 °C.
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Table 1 Swelling and deswelling kinetic parameters for semi-IPN hydrogels and pure PNIPAM hydrogel  

 
 

hydrogel  

 

ESR 

(g g-1) 

Swelling kinetics  

Deswelling kinetics First order kinetic model Second order kinetic model  

ks1 (min-1) R2 ks2 (gwater ggel
-1

 min-1) R2 Ea (kJ mol-1) R2 

SI-0.2/4-800 32 0.1221 0.9969 1.03E-2 0.997 49.9 0.9791 

SI-0.2/2-800 53 0.0905 0.9974 3.93E-3 0.9973 50.5 0.9767 

SI-0.2/0.5-800 160 0.0605 0.9806 4.77E-4 0.9897 70.4 0.9973 

SI-0.3/2-800 70 0.0667 0.9942 2.48E-3 0.9967 46.5 0.9618 

SI-0.4/0.5-800 260 0.0328 0.9891 1.04E-4 0.9262 61.3 0.9962 

PNIPAM-0.5a 20 0.0074 0.9615 2.39E-3 0.9761 36.1 0.9752 

PNIPAM-2a 13 0.0100 0.9663 3.29E-3 0.9859 28.3 0.9343 

PNIPAM-4a 8 0.0198 0.9669 4.16E-3 0.9791 23.2 0.9991 

                         a refers to the pure PNIPAM hydrogel synthesised under similar conditions with different crosslinking density  
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Keyword N-isopropyl acrylamide, poly sodium acrylate, linear polymer retention, swelling and 

deswelling kinetics 

 

Nupur Gupta, Yen Nan Liang, Lim Song Kiat, Xiao Hu* 

 

Design rationale for stimuli-responsive semi-IPN hydrogel – A quantitative approach 

 

Based on a model semi-IPN hydrogel system, a systematic and quantitative study on linear 

polymer retention within a thermally responsive crosslinked polymeric network is explored. 

The study provides insight on the affecting design parameters, both structural and synthetic. By 

the determination of kinetic swelling/deswelling rate constants, the impact of polymer retention 

on physicochemical properties of the gel is further elucidated. 

 

ToC figure ((Please choose one size: 55 mm broad × 50 mm high or 110 mm broad × 20 mm 

high. Please do not use any other dimensions))  

 

 


