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Sono-mechanical activation-assisted proton-catalyzed self-
polymerization of AMPS in water: Hydrogel formation and its 
application as a functional additive in ordinary Portland cement†

Kuldeep Rajpurohit, Sabrina A. Shaikh, Ashok K. Pandey* and Hemlata K. Bagla*  

A green, initiator-free method for polymerizing 2-acrylamido-2-methyl-1-propane sulfonic acid (AMPS) was developed using 
low-frequency ultrasound (20 ± 3 kHz) in aqueous solution. Unlike conventional sonochemistry, where radical formation 
occurs via water sonolysis, the radical generation originates directly from the AMPS monomer, as verified by ESR, DPPH 
radical scavenging assays and NMR experiments. ESR experiments indicated the radical formation on AMPS at elevated 
temperature, which was lowered by cavitation-induced shear forces caused by low-frequency ultrasound.  Water functions 
as a medium for proton-assisted activation, as no polymerization occurs in aprotic solvents, such as DMF and 1-decanol, as 
well as a hydrogen-bonded deep eutectic solvent (choline chloride: ethylene glycol in a 1:2 mol proportion). Comparative 
experiments showed that acrylamide, methacrylic acid, and (3-acrylamidopropyl)trimethylammonium chloride failed to 
polymerize ultrasonically, underscoring the unique reactivity of AMPS. AMPS also polymerized under microwave heating, 
albeit at a higher temperature, further confirming that cavitation-induced mechanical activation assists but does not solely 
govern radical formation. Mechanistic validation was obtained through model reactions involving acrylamide polymerization 
in the presence of methane sulfonic acid (1:1 mol ratio), and AMPS did not polymerize in its neutralized Na⁺ form. These 
results establish that the sulfonic acid group serves dual functions, as a proton donor and as a charge-balancing counterion, 
thereby enabling an acid-assisted, hydrogen-bond-directed radical polymerization pathway under sono-mechanical 
activation. The poly(AMPS) hydrogels were characterzied by FESEM, thermal analysis and swelling properties.  The tunable 
swelling, governed by crosslinker density, was observed with water uptake decreasing from 1678 wt.% at 2 mol% MBA to 
250 wt.% at 15 mol%. Lightly crosslinked gels exhibited self-healing behavior driven by reversible hydrogen bonding. GPC 
and viscosity analyses revealed simultaneous cavitation-induced depolymerization and radical polymerization, similar to 
ionizing radiation-based polymerization, though rapid crosslinking stabilized the hydrogel network. The incorporation of 
functional polymeric hydrogels into cementitious systems has emerged as an effective strategy for modifying hydration 
behavior, mechanical performance, and microstructural development. The cross-linked poly(AMPS) hydrogel was used in its 
calcium form (Ca-poly(AMPS)) as an additive in ordinary Portland cement, and its effect was evaluated through setting time, 
compressive strength, tensile strength, and heat of hydration.

1. Introduction
Hydrogels are soft materials that find extensive applications in 
wastewater treatment,1,2 energy storage,3,4 agriculture,5,6 
tissue engineering,7 food science,8 sensor development,9 self-
healing cement,10 flexible electronics,11 and separation 
science.12,13 Hydrogels have three-dimensional polymer 
networks that absorb large amounts of water, providing active 
sites for adsorption. The stability of hydrogel under stress is 
achieved through chemical or physical crosslinking, hydrogen 
bonding, or interpenetrating networks. Synthetic hydrogels, 
typically prepared by the free radical polymerization of 
hydrophilic acrylate monomers, are preferred over biopolymer 
hydrogels due to their tuneable properties.14 Free radical 

polymerization can be initiated by heat, light, or ionizing 
radiation, with thermal initiation most common in industry.15 
Large-scale production requires scalability, safety, and purity, 
especially for biomedical uses. Water-soluble acrylate 
monomers and crosslinkers are favoured, as they allow easy 
removal of residual chemicals and avoid harmful solvents. 
Ionizing radiation-based free radical polymerization offers the 
added benefit of simultaneous sterilisation.16 However, its 
wider use is limited by cost and availability.
Mechanochemical activation-based free radical polymerization 
offers several advantages, such as solvent-free polymerization, 
the possibility of new synthetic chemistry, no dependency on 
the solubility of monomer and precipitation, and controlled 
polymerization.17 The mechanochemical activation of 
polymerization or depolymerization is based on the utilization 
of mechanical forces generated by ball-milling to generate 
reactive free radicals. Ball milling and grinding provide higher 
shear forces that lead to solid-state polymerizations of many 
vinyl monomers without the need for initiators.17 Another class 
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of mechanochemical polymerization is activation by 
ultrasonication at high frequency, which is well-suited for a 
solvent medium.18,19 The use of ultrasonic activation for 
chemical reactions is known as sonochemistry.20 Suslick 
classified mechanochemistry into four categories depending 
upon the manner of applying mechanical force, i.e. 
tribochemistry (the chemistry of surfaces in contact), trituration 
(chemistry induced by grinding and milling), macromolecular 
mechanochemistry (from breakage of polymer chains to 
molecular motors and biological motion), and sonochemistry 
(the chemistry generated from the mechanical consequences of 
sound).21 Ultrasonic waves in liquid media generate heat, shock 
waves, and microstreaming via cavitation, enhancing molecular 
motion.22 The sonochemical reactions could be attributed to 
mechanical forces generated due to shock waves and molecular 
motions, and free radicals formed due to cavitation, which can 
be varied by the frequency and intensity (power) of applied 
ultrasonication.23 
Sonochemical radical generation increases with frequency up to 
a maximum in the mid-to-high range (~300-800 kHz), after 
which it declines.23 At low frequencies, cavitation bubbles 
collapse violently due to their larger radius, producing strong 
shear forces but relatively lower radical yields. In contrast, ~500 
kHz offers optimal radical formation, whereas at ~1 MHz, 
bubble size is too small for effective collapse, leading to 
negligible radical production.24 The cavitation is a major factor 
for mechanochemical activation by ultrasound.25 Free radical 
polymerization at low frequencies (20-40 kHz) requires high 
power input and controlled conditions, including an inert 
atmosphere, increased viscosity (e.g., with glycerol), or 
emulsion polymerization using sodium dodecyl sulfate, etc.26-29 
At ~500 kHz, polymerization proceeds more efficiently due to 
enhanced radical availability.30 Alternatively, chemical initiators 
such as AIBN, BPO, or sodium persulfate readily decompose 
under low-frequency cavitation (~20 kHz), and have been 
extensively applied in bulk gel synthesis and in situ gel 
formation within porous polymer membranes.31-33

The additive-free sono-mechanical polymerization is 
the sustainable green route for the bulk production of high-
purity hydrogels for commercial-scale applications such as 
health-care or polymer-reinforced green cement. Therefore, 
this study intended to develop a sustainable, additive-free 
water-based method for synthesizing the poly(2-acrylamido-2-
methyl-1-propane sulfonic acid) (poly-AMPS) based hydrogels 
through sono-mechanical-activation at low frequency (20±3 
kHz) of ultrasound, focusing on understanding the mechanism 
of polymerization, characterization of properties of hydrogel 
and tuning properties for the desired applications. Also, AMPS 
has been studied for initiating free radical polymerization of 
acrylamide under sonication at low frequency without any 
additives, which otherwise does not polymerizes under similar 
conditions.    

2. Experimental

2.1. Materials & instruments

 Analytical reagent-grade chemicals and de-ionized water were 
used in the experiments. 2-Acrylamido-2-methyl-1-propane 
sulfonic acid (AMPS), acrylamide, N, N’-methylene-bis-
acrylamide (MBA) and 2,2-Diphenyl-1-picrylhydrazyl (DPPH) 
were procured from Sigma-Aldrich (Steinem, Switzerland). 
N,N’-dimethyl formamide (DMF) was obtained from S.D. Fine 
Chem. Ltd., Mumbai, India. The functional groups of the 
hydrogel and monomer were analyzed using a Perkin Elmer FTIR 
spectrometer equipped with an ATR module. The spectra were 
recorded with a resolution of 4 cm-1 over a range of 400 to 4000 
cm-¹, utilizing 16 scans for each measurement. The Ostwald 
viscometer was used for measuring the viscosity of a solution 
containing uncrosslinked poly(AMPS). Surface and elemental 
composition analyses of the hydrogel were conducted using a 
JEOL JSM-7600F Field Emission Scanning Electron Microscope 
(FESEM) with Energy Dispersive X-ray Spectroscopy (EDS) 
mapping. Gel permeation chromatography (GPC) analysis of un-
crosslinked poly(AMPS) in water was carried out using the 1260 
Infinity II GPC system. An ultrasonic probe sonicator (model DP 
700, procured from Gravity Laboratory) with 20 ± 3 kHz 
frequency, 700 Watts power, and a Titanium probe 1.5 cm was 
used to prepare hydrogels. Electron spin resonance (ESR) 
spectroscopy was performed on a JEOL JES-FA200 spectrometer 
(X-band 8.75–9.65 GHz; sensitivity 7 × 109 spins/0.1 mT; 
resolution 2.35 µT) equipped with aqueous, electrochemical, 
UV-irradiation, sample-mixing, and angular-rotation 
accessories. Thermogravimetric analysis (TGA) was conducted 
using a Hitachi NEXTA STA-300 (RT to 1500 oC; operating up to 
1300 oC; heating rate 0.1- 100 oC min-1). Differential scanning 
calorimetry (DSC) was carried out on a Hitachi DSC7020 (-150 oC 
to 725 oC; 0.1–100 oC min-1) under N2 flow (50-500 mL min-1) 
with liquid-nitrogen cooling. Nuclear magnetic resonance 
(NMR) spectra were recorded in D2O on a JEOL ECZR 600 MHz 
spectrometer fitted with a 5 mm multinuclear broadband probe 
and a TH5 variable-temperature probe (-100 oC to +150 oC) with 
automatic tuning and matching.

2.2. Preparation of poly(AMPS) hydrogel

Poly(AMPS) and crosslinked poly(AMPS) hydrogels were 
synthesized using 2-acrylamido-2-methyl-1-propane sulfonic 
acid (AMPS) as the monomer and AMPS with N,N’-methylene-
bis-acrylamide (MBA) as the crosslinker. The choice of this 
monomer and crosslinker was based on the fact that both are 
acrylate-based and have hydrogen bonding groups. The 
hydrogels were prepared by taking the desired amounts of 
AMPS and 10 mol.% of MBA in 20 mL of deionized water. This 
solution was sonicated with an ultrasonic probe sonicator from 
5 to 20 min using 148 W/cm2 power. For making un-crosslinked 
poly(AMPS), the polymerizing solution was sonicated under 
identical conditions without the crosslinker MBA. Similar 
experiments were carried out using acrylamide as a comonomer 
with AMPS in varying mol proportions in deionized water using 
a similar protocol.

2.3. Characterizations 

The equilibrium swelling of the hydrogels was determined by 
immersing dried samples in a neutral pH medium (pH 6.5-7.5) 
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at room temperature. After 24 h, the samples were removed, 
gently blotted with paper to eliminate excess surface water, and 
weighed. The hydrogels were further soaked to verify 
consistent swelling for 8 h, with weight measurements taken 
every hour. The equilibrium swelling was calculated as water 
uptake (%) using the following equation:

𝑊𝑎𝑡𝑒𝑟 𝑢𝑝𝑡𝑎𝑘𝑒 (%) =
𝑊𝑡 ― 𝑊0

W0
𝑋 100

Where, W0 represents the dried gel weight, and Wt is the gel 
weight after swelling in water. Each swelling experiment was 
performed in triplicate to ensure accuracy and reproducibility. 
Similar experiments were carried out to study the pH 
responsiveness of the hydrogel by equilibrating 1 g of hydrogel 
samples in solutions having pH values of 1, 7, and 13. To 
examine the influence of ionic strength, a separate experiment 
was conducted where the hydrogel was equilibrated in a 0.5 M 
NaCl solution. 
The formation of free radicals was studied by the radical 
scavenging assay using DPPH as described elsewhere.34 To 
prepare the DPPH solution for the radical scavenging assay 
(RSA), 0.08 mg of DPPH was dissolved in 100 mL of methanol to 
achieve a 0.2 μM concentration. In the RSA assay, several 
sample combinations were prepared to assess the effect of 
DPPH presence on radical interactions. The test sample 
included two conditions: one containing 5 g of AMPS, 0.39 g of 
MBA, and 10 mL of distilled water combined with 10 mL of DPPH 
solution, and another prepared without the DPPH solution, 
using only 5 g of AMPS, 0.39 g of MBA, and 10 mL of distilled 
water. To establish baseline controls, a negative control was 
prepared by mixing 10 mL of DPPH solution with 10 mL of 
distilled water, while a positive control consisted of 5 g of AMPS 
combined with 10 mL of DPPH solution. Each mixture was 
allowed to react for 5 minutes, providing sufficient time for 
interaction between free radicals and DPPH, thus enabling 
accurate RSA measurements in different conditions. The 
absorbance at 517 nm was monitored using a UV-visible 
spectrophotometer. The RSA percentage was calculated using 
the following formula:35

RSA = (𝐵―𝑇)
𝐵 ×100

Where B represents the absorbance of the control reaction, and 
T is the absorbance of the test specimen.
The functional groups of the hydrogel and monomer were 
analyzed using by FTIR spectrometer with ATR mode. The 
spectra were recorded with a resolution of 4 cm⁻¹ over a range 
of 400 to 4000 cm⁻¹, utilizing 16 scans for each measurement. 
Surface and elemental composition analyses of the hydrogel 
were studied using an FESEM with EDS mapping. The samples 
were coated with a 10 nm layer of platinum to prevent charging 
effects. Micrographs were captured at magnifications ranging 
from 300X to 30,000X and at an accelerating voltage of 20 kV.
To investigate the effect of sonication on the viscosity of 
poly(AMPS) solutions, a series of experiments was conducted 
with varying poly(AMPS)  concentrations and sonication times. 
Each experiment measured the changes in viscosity using an 

Ostwald viscometer at specific time intervals, providing insight 
into how sonication influences the rheological behaviour of 
AMPS solutions. The molecular weight determination of un-
crosslinked poly(AMPS) was carried out by GPC using water as a 
solvent, and PEG/PEO as the standards for calibration.

2.3. Application in ordinary Portland cement

OPC 53 grade ordinary Portland cement (OPC) was used with 
standard quartz sand conforming to BIS specifications (IS 
650:1966), consisting of three equal fractions: Grade I (1-2 mm), 
Grade II (500 μm- 1 mm), and Grade III (90-500 μm). The setting 
time was determined using a Vicat apparatus as per IS 
5513:1976. Mechanical properties were evaluated by 
measuring tensile strength (IS 269:1958) and compressive 
strength using a 2000 kN capacity motorized hydraulic 
compression testing machine. The heat of hydration was 
measured using a calorimeter as per Bureau of Indian Standards 
(BIS) protocol.36 The exact compositions of the samples are 
given in the supplementary experimental section (†ESI) and 
described briefly below.
 Poly(AMPS) hydrogels crosslinked with 5, 10, and 15 mol%  of 
MBA were immersed in 0.1 M CaCl2 solution to convert these 
into Ca2+ forms. The Ca²⁺-equilibrated gels were dried before 
mixing with OPC. Ca²⁺-equilibrated hydrogel was added in 
varying amounts, 0 (control), 0.3, 0.5, 1.0, and 2.0 wt.%, to a mix 
of 398±2 g of OPC with 102 g of distilled water. The water 
content corresponded to 0.85 times the water required for 
normal consistency (30 wt.% of OPC weight). Mixing was 
completed within 3-5 min at 27 ± 2 oC and 65 ± 5% relative 
humidity. Initial and final setting times were determined using 
a Vicat apparatus in accordance with BIS.37

Mortar for the control mix was prepared using 200 g of cement, 
600 g of standard sand, and 84 g of distilled water. In hydrogel-
modified mortars, OPC was replaced with 0.3, 0.5, 1.0, and 2.0 
wt.% hydrogel, corresponding to 199.4 g cement + 0.6 g gel, 
199.0 g cement + 1.0 g gel, 198.0 g cement + 2.0 g gel, and 196.0 
g cement + 4.0 g gel, respectively, while keeping the sand (600 
g) and water content (84 g) constant. The mortar was placed in 
70.6 mm cube moulds in three layers, each layer being tamped 
and subsequently compacted on a vibrating table at 12,000 ± 
400 vibrations min-1 for 2 min. After 24 h of moist curing at 27 ± 
2 °C and ≥ 90% RH, the specimens were demoulded and cured 
in water for 7, 28, and 60 days. The compressive strength was 
obtained as the average of three specimens as per the BIS 
method.38

For tensile strength determination, the control mortar 
consisted of 40 g of cement, 120 g of standard sand, and 16.8 g 
of distilled water. Hydrogel-modified mixes were prepared by 
replacing OPC partially with 0.12, 0.20, 0.40, and 0.80 g of 
hydrogel, while maintaining constant sand and water contents. 
The mortar was cast in briquette moulds in three layers with 
proper tamping and vibration, stored under moist conditions 
for 24 h, demoulded, and water-cured for 7, 28, and 60 days. 
Tensile strength was determined in triplicate in accordance with 
BIS protocol.39

For the calorimetric study, the control paste consisted of 60 g of 
cement and 24 g of distilled water. In hydrogel-modified 
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systems, OPC was replaced partially with 0.18, 0.30, 0.60, and 
1.20 g hydrogel, while maintaining a constant water content of 
24 g. The paste was hand-mixed for 4 min, transferred to sealed 
plastic containers, and stored in a vertical position until testing 
at 7, 28, and 60 days. The heat capacity of the calorimeter was 
determined using a standard ZnO reaction in a solution 
containing 2 N HNO3 and HF. The heat of solution of anhydrous 
cement and hydrated cement was measured by recording the 
temperature rise after dissolution in the acid mixture. The heat 
of hydration was calculated from the difference between the 
heat of solution of anhydrous and hydrated cement in 
accordance with BIS.35 

3. Results and discussion

3.1. Formation of the hydrogel

The crosslinked poly(AMPS) hydrogel was readily formed in 
water using 20 kHz ultrasound at a power density of 148 W cm-

2. A higher power was avoided to limit heat build-up. However, 
the solution temperature rose to ≈60 °C after 5 min of sonication 
and to ≈70 °C after 20 min. It was observed that the simple 
thermal heating at 70 °C for 30 min did not produce a hydrogel, 
confirming that gelation is not thermally driven. The choice of 
20 kHz ultrasound was based on its well-established ability to 
produce intense cavitation. In this frequency range, shear forces 
generated from cavity collapse are maximal, whereas radical 
formation from water sonolysis is minimal.23,24 Consistent with 
this, radical scavenging assays using DPPH, performed under 
identical power and duration used for polymerization, showed no 
detectable radical generation in DI water. It was also observed 
that gelation also occurred under microwave irradiation, a 
condition that does not generate cavitation-derived radicals, 
indicating that the polymerization does not rely on radicals 
produced from water sonolysis. Collectively, these results 
support that polymerization at 20 kHz is driven predominantly 
by sono-mechanical activation of AMPS monomer via shear 
forces induced by cavitation.
To clarify how monomer structure governs sono-mechanical 
polymerization, a series of acrylate-based monomers with 
distinct functional groups was examined under identical 20 kHz 
sonication conditions using 10 mol% MBA as crosslinker. The 
chemical structures of monomers are shown in Fig. 1. Monomers 
representing weakly acidic (methacrylic acid), neutral 
(acrylamide), and strongly basic ((3-
acrylamidopropyl)trimethylammonium chloride, APMAC) 
functionalities, as well as AMPS in both its protonated (H+) and 
sodium (Na+) forms, were evaluated. Under prolonged 
sonication, none of the comparison monomers underwent 
polymerization to form crosslinked hydrogels of poly(APMAC), 
poly(methacrylic acid), or poly(acrylamide), suggesting that 
neither neutral nor weakly acidic nor strongly basic 
functionalities support sono-mechanical polymerization. 
Although methacrylic acid contains an acidic group, its acidity is 
far lower than that of the sulfonic acid present in AMPS. 
Importantly, AMPS differs from APMAC only like the 
functional groups. AMPS carries a sulfonic acid moiety, whereas 
APMAC bears a quaternary ammonium cation. As shown in Fig. 

1, AMPS contains both an amide segment (similar to acrylamide) 
and an alkane sulfonic acid unit, strongly suggesting that the 
sulfonic acid group plays an important role in enabling sono-
mechanical polymerization. To verify this, acrylamide was 
polymerized in the presence of methane sulfonic acid (1:1 molar 
ratio). Under the same sonication conditions used for AMPS, a 
crosslinked poly(acrylamide) gel formed readily. Acrylamide 
also formed a gel in 0.01 M H₂SO₄. These experiments, 
summarized in Table S1 (†ESI), consistently demonstrated that 
sulfonic acid groups promoted polymerization under sono-
mechanical activation.
The effect of solvent and monomer concentration on the sono-
mechanical formation of poly(AMPS) gels (10 mol% MBA) 
showed that gelation occurred exclusively in water, while no gel 
formed in DMF, 1-decanol and deep eutectic solvent (DES) 
formed by choline chloride and ethylene glycol in a 1:2 mole 
proportion, having low viscosity. This solvent dependence is 
consistent with the unique cavitation properties of water, its high 
vapor pressure, low viscosity, and high surface tension, which 
promote efficient bubble formation and collapse, enabling 
effective mechanical activation of AMPS. Water also dissolves 
AMPS uniformly due to its strong polarity and hydrogen-
bonding ability, preventing phase separation that can occur in 
DMF or 1-decanol, where polarity mismatch limits AMPS 
solubility. As reported in the literature, phase-transfer catalysts 
can sometimes overcome such incompatibility,27,28 but without 
them, polymerization is inefficient in these nonaqueous media. 
Additionally, the hydrogen-bonding environment of water 
stabilizes short-lived reactive intermediates, and its high thermal 
conductivity helps dissipate heat generated during cavitation, 
minimizing undesirable side reactions. In contrast, differences in 
physicochemical properties of DMF and 1-decanol, including 
vapor pressure and surface tension, alter cavitation bubble 
dynamics and reduce the efficiency of energy transfer. Despite 
its moderate viscosity (~40 cP), the crosslinked poly(AMPS) gel 
could not be formed due to reduced AMPS ionization, which 
prevented H+ ions catalyzation for the formation of free radicals 
on AMPS. 

Fig. 1.  Chemical structures of the monomers used for sono-mechanical polymerization 
with MBA as the crosslinker, illustrating that crosslinked gel formation occurs only under 
acidic conditions (presence of H⁺ ions).
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The requirement for proton availability was further validated by 
converting AMPS into its Na⁺ form, see Fig. 1. When the 
monomer solution was neutralized with NaOH (pH ≈ 7) and 
subjected to identical sonication conditions, AMPS–Na+ failed to 
form a hydrogel despite the presence of MBA. This clearly 
shows that protonated AMPS is necessary for chain activation 
and propagation, and that neutralization effectively suppresses 
polymerization. 
While these solvent properties influence cavitation, it is seen 
from Fig.2 that cavitation primarily serves to provide the 
activation energy needed for proton-assisted initiation of 
AMPS. Once this activation occurs, the subsequent 
polymerization becomes strongly dependent on monomer 
concentration rather than on bulk solvent characteristics. This 
trend is evident in Fig. 2, i.e. increasing AMPS concentration 
accelerates gelation and increases conversion. For example, 2.4 
mol L⁻¹ gives complete gelation in 5 min, while 0.6 mol L⁻¹ gives 
only 85% conversion in 20 min. Although increasing water 
volume from 10 mL to 20 mL changes the total liquid volume, it 
dilutes the monomer and lowers the local concentration of 
reactive species, an effect that directly slows network 
formation. Consequently, gelation time is only weakly sensitive 
to moderate changes in total solvent volume, because the rate-
determining steps, after sono-mechanical activation, are 
governed by monomer availability and spatial proximity rather 
than by differences in cavitation intensity across these volumes. 
It was also observed that gelation time was affected by 
sonication power, and no gelation was observed below a 
threshold, which was 50 W/cm2 in the present case. It was 
observed that the poly(AMPS) hydrogel was not in the presence 
of the free-radical scavenger DPPH, confirming that 
polymerization occurred through a free-radical polymerization 
mechanism.

Fig.2. Formation of MBA crosslinked poly(AMPS) gel in different solvents, and 
varying conc. Of AMPS.

3.2. Heating effects on AMPS 

To distinguish the effect of simple thermal treatment from that 
of sono-mechanical activation, 1H NMR and ESR measurements 
were carried out at elevated temperatures and compared with 
that of room temperature. The 1H NMR spectrum of AMPS in 
D2O at room temperature shown in Fig. 3a exhibits sharp and 
well-resolved resonances characteristic of the monomeric form 
(δ 6.74 – 6.66 (m, 1H), 6.62 – 6.56 (m, 1H), 6.17 (dddd, J = 11.8, 
6.8, 2.4, 1.2 Hz, 1H), 3.85 – 3.82 (m, 2H), 2.01 – 1.98 (m, 6H)). 
The ¹H NMR spectrum shows well-resolved vinyl proton signals 
between 6.74–6.17 ppm with characteristic coupling patterns, 
indicating freely dissolved monomer. As can be seen from 
Fig.3b, the spectrum exhibited marked difference in 1H NMR 
spectrum of AMPS at 80 oC (δ 6.80 – 6.36 (m, 2H), 6.17 – 6.01 
(m, 1H), 3.92 – 3.59 (m, 2H), 2.13 – 1.70 (m, 6H). The signals 
broaden and partially merge into multiplets in the 6.80–6.01 
ppm region. The persistence of the vinyl proton signals confirms 
that polymerization did not occur at 80 oC temperature. 
However, the spectral changes indicate modifications in the 
molecular environment of AMPS in solution. The temperature-
dependent broadening and partial loss of the characteristic 
vinyl proton coupling patterns suggest enhanced intermolecular 
interactions and dynamic exchange processes. These effects 
likely arise from partial aggregation of AMPS molecules in 
aqueous media through hydrogen bonding involving the amide 
and sulfonic acid groups, together with strong hydration of the 
sulfonic acid functionality. Such interactions can lead to 
transient supramolecular assemblies in solution. These 
aggregates, in combination with water molecules, may establish 
hydrogen-bonded networks that facilitate proton exchange and 
proton mobility through Grotthuss-type mechanisms. Although 
direct proton transfer to the vinyl group cannot be detected by 
¹H NMR, the observed spectral changes and variations in the 
HDO signal seems to suggest an active proton exchange 
processes that modify the local electronic environment of the 
vinyl group. Although this state alone is insufficient to initiate 
polymerization, it provides a microenvironment suitable for the 
polymerization.
The ESR spectra recorded at X-band frequency are expected to 
exhibit the characteristic resonance of organic free radicals in 
the g ≈ 2.0 region (≈336 mT), confirming the formation of 
paramagnetic species. The spectra were acquired at 80, 120, 
150, and 200 °C, and shown in Fig. S1 (†ESI). No detectable ESR 
signal was observed at 80 °C, indicating insufficient thermal 
activation for free radical formation. However, the progressive 
increase in signal intensity and improved spectral quality were 
observed at ≥120 °C, suggesting thermally induced radical 
formation in AMPS.

1-Decanol/DMF/DES

OHN

S

OHO

O N
H
N
H

OO

MBA

AMPS
Solvent

Water

No gel formation

2.4 mol/L, 10 mL
100% conversion 

in 5 min

1.4 mol/L, 20 mL
100% conversion 

in 10 min

0.6 mol/L, 20 mL
85% conversion 

in 20 min

Gel formation

Water

No gel formation

Free radical scavenger
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(a)

(b)

Fig.3. 1H NMR spectra of AMPS in D2O at room temp. (a) and at 80 oC (b).

At 200 °C, the spectrum showed a distinct resonance when 
plotted as intensity versus g-value in Fig. 4, appearing as a broad 
signal centred at g ≈ 2.0. This is a characteristic of carbon-
centred organic radicals. Although hyperfine interactions with 
protons of the polymer backbone are expected, no resolved 
splitting is observed, probably due to motional averaging and 
thermal line broadening at elevated temperatures. 

Fig.4. ESR spectrum of AMPS in water at 200 oC recorded in X-band frequency.

These results confirm the formation of thermally generated 
radicals along the AMPS backbone, with the unpaired electron 
exhibiting delocalized spin density. However, temperature 
required for formation of free radicals on AMPS is higher i.e. 
more than 120 oC. 
3.3. Sono-mechanical activation

It has been shown that two primary effects can originate from 
ultrasonic irradiation are mechanical forces (high shear) and 
chemical effects (radical formation).23,24,40 The free radical 
formation during ultrasonication of an aqueous solution is 
negligible at low frequencies (ca. 20 kHz) and very high 
frequencies (>1 MHz), but in a good yield at 300-800 kHz.23,24  
To understand the free radical polymerization of AMPS, the free 
radical scavenger DPPH was used to inhibit polymerisation by 
sono-mechanical activation, and a radical scavenging assay 
(RSA) was carried out. The EPR provide direct evidence of 
radical species, but the DPPH method was preferred as the 
DPPH assay is possible during sonication. However, DPPH 
method is indirect and does not confirm the free radicals are 
formed on AMPS by sonication. The DPPH method was used for 
in situ monitoring of the initiation of polymerization of methyl 
methacrylate with ultrasound.41 
The radical scavenging activity (RSA) carried out by DPPH during 
the sonication of DI water using the same power and duration 
used in polymerization did not reveal the formation of free 
radicals in water to a significant extent. However, sonolysis of 
water by 20 kHz ultrasound may have generated OH• and H• 
radicals, but yield might have been below detection limit of RSA. 
It was observed that DPPH completely inhibited the formation 
of crosslinked poly(AMPS) hydrogel by sonication (148 W/cm2 
power) of an aqueous solution containing AMPS (2.4 mol/L) and 
10 mol% cross-linker for 10 min, whereas the hydrogel formed 
readily within 5 min in the absence of DPPH. This suggested that 
the polymerisation of AMPS in the present case (20 kHz 
sonication) occurred due to cavitation. This was based on the 
fact that the radical scavenger DPPH was consumed in a 
significant amount (85-90%) during 5 min sonication of an 
aqueous solution containing AMPS (2.4 mol/L) and AMPS (2.4 
mol/L) with 10 mol% MBA, without any gel formation. 
Therefore, the primary source of radicals may be originated 
from AMPS or AMPS-water interactions under sonication field 
rather than bulk water sonolysis. Direct mechanical stretching 
of a small vinyl bond in solution is unlikely. However, 
mechanical stress caused by cavitation may induce distortion 
and elongation of the protonated vinyl bond, facilitating 
homolytic cleavage.

3.4. Plausible mechanism of sono-polymerization

As discussed earlier for the polymerization of acrylamide in the 
presence of methanesulfonic acid and H2SO4, H+ ions play a 
crucial role in enabling the direct generation of free radicals on 
the monomer. A similar proton-assisted activation pathway 
applies to AMPS. The NMR results indicate that thermal 
treatment creates a favourable microenvironment for 
polymerization. However, the ESR spectra reveal that 
significantly higher temperatures are required for the actual 
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formation of monomer-centred radicals. This shows that 
thermal activation alone is insufficient for efficient radical 
generation in AMPS. Under 20 kHz sono-mechanical activation, 
the activation energy for radical formation is markedly reduced. 
The cavitation process at this frequency is governed primarily 
by thermal hotspots, shock waves, and microjet impacts, while 
water sonolysis remains negligible. The collapse of cavitation 
bubbles disrupts the hydrogen-bonded sulfonic acid clusters of 
AMPS, leading to the momentary release of labile protons. This 
localized proton surge induces transient protonation of the vinyl 
group, which polarizes the C=C bond and lowers the barrier for 
homolytic cleavage. Simultaneously, the applied mechanical 
stress stretches and distorts the protonated vinyl bond, 
promoting bond scission and generating monomer-centred 
radicals. FTIR analysis supports this mechanism by indicating the 
disappearance of the vinyl C=C stretching band confirms 
polymerization, while the shifts in the amide and carbonyl 
regions indicate protonation and hydrogen-bond 
reorganization during activation. Once radicals are formed, 
chain propagation proceeds through successive radical addition 
to neighbouring monomer units, leading to growth of the 
polymer backbone. Termination occurs either by radical 
recombination or by proton-mediated capping reactions. In this 
process, the sulfonic acid group performs a dual function, as a 
proton donor for activation and as a counterion for charge 
stabilization, thereby enabling an acid-assisted, hydrogen-
bond-directed radical polymerization pathway. The sono-
mechanical based polymerization mechanism of AMPS could be 
explained by integrating proton activation, disruption of 
hydrogen-bonded clusters, and ultrasound-induced mechano-
radical formation, as illustrated in Fig. 5.
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Fig. 5. The plausible mechanism of sono-mechanical polymerization of AMPS.

3.5. Growth of poly(AMPS) chains        

The free radical-initiated growth of poly(AMPS) was studied by 
measuring the viscosity of AMPS solution during sonication for 
different periods of time. Viscosity measurement is an effective 
method for monitoring the growth of AMPS polymer chains in 
water, as both monomer and polymer are highly soluble in 
water, and the viscosity of the solution is directly correlated 
with molecular weight and chain length. As polymerization 
progresses, the increasing chain length and entanglement lead 
to an increase in the viscosity of the polymerizing solution, 
providing real-time insight into polymerization kinetics. The 
variation of viscosity of 20 mL solutions containing 0.6 and 0.8 
mol/L as a function of sonication time at 148 W/cm2 power and 
20 kHz frequency is shown in Fig.6. It is seen from the curves for 
both AMPS concentrations that the viscosity increased initially 
and then decreased within 3 min. Again, viscosity increased and 
reached a maximum at 5 min, then decreased to a minimum in 
10 min. Thereafter, viscosity increased continuously. For 
example, the viscosity of 0.6 mol/L reached 217 cP after 30 min, 
forming a very viscous solution. These rise-fall cycles of viscosity 
and the continuous increase in viscosity suggested that the free 
radical polymerization of AMPS by sono-mechanical activation 
was governed by competing polymerization and 
depolymerization processes. Initially, during the first 5 min, 
viscosity increased due to polymerization induced by 
sonication-generated free radicals, which promote chain 
growth and an increase in molecular weight. Between 5 and 15 
minutes, viscosity decreased as mechanical forces from 
cavitation caused chain scission, breaking polymer chains and 
reducing their molecular weight. However, after 15 minutes, 
polymerization dominated again due to the continued 
generation of free radicals, forming high-molecular-weight 
poly(AMPS) chains, which significantly increased viscosity. This 
behaviour illustrated the dynamic balance between 
polymerization and depolymerization processes during 
sonication.
To study the formation of poly(AMPS) under sonication, the 
number average molecular weight (Mn), weight average 
molecular weight (Mw) and polydispersity index (PD) were 
determined by GPC for the samples sonicated for 10 min, where 
viscosity was reduced as shown in Fig.6, and 20 min of 
sonication, leading to significant rise in the viscosity. The results 
obtained by GPC analyses are given in Table 1. It is seen from 
these results that there were multiple peaks of Mn. However, 
there were two major peaks of Mn in both samples. In 10 min 
sonication, the two major peaks of Mn were at 17885 g/mol 
(72%) and 3677 g/mol (25%). Both the peaks had PD close to 1. 
One major Mn peak grew to 1324599 g/mol (71 %) and PD equal 
to 2.27, which is characteristic of free radicals-based 
polymerization. Other peaks had low molecular weights. For 
example, the second major peak of Mn was 15034 g/mol (25%) 
in 20 min sonicated sample. This suggested that the small 
growing chains were added to the main growing chain, forming 
higher molecular weight chains and an increase in PD. The other 
peaks of Mn appeared to be fragmentations of polymer chains 
caused by cavitation.
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In free radical polymerization by sono-mechanical activation, 
the simultaneous processes of polymerization (chain growth) 
and depolymerization (chain breaking) of poly(AMPS) led to 
multiple molecular weight peaks in GPC after 20 min of 
sonication. During polymerization, radical initiation and 
propagation resulted in chains of varying lengths, while 
termination through combination or disproportionation 
produced a broad molecular weight distribution. 
Depolymerization also occurred by cavitation, as seen by the 
rise and fall of viscosity shown in curves given in Fig.6, where 
polymer chains broke into shorter fragments that could not 
undergo further polymerization. This process introduced 
additional low-molecular-weight species, further diversifying 
the molecular weight profile. In reversible radical systems, such 
as RAFT polymerization or thermal equilibrium conditions, 
polymerization and depolymerization can coexist dynamically, 
which was also observed in the sono-mechanical activation for 
different reasons. This equilibrium resulted in distinct high- and 
low-molecular-weight species, reflecting the balance between 
chain growth and fragmentation. Therefore, the appearance of 
multiple peaks in GPC could be attributed to the interplay of 
polymerization, depolymerization, and termination events. The 
formation of hydrogel in a shorter time suggested that 
depolymerization did not play a significant role, and rapid 
crosslinking stabilized the three-dimensional network of 
hydrogel. Contrary to this, chain growth free radical 
polymerization of poly(AMPS) involved propagation of long 
chains, which was inherently slower because it depended on the 
initiation and addition of individual monomers over a period of 
time. Therefore, shear forces could fragment the growing 
polymer chain. 

Fig.6. The variation of viscosity of AMPS solutions as a function of sonication time with 
constant power 148 W/cm² at 20 kHz.  

Table 1. The molecular weights and polydispersity of poly(AMPS) formed by sonication 
as obtained by GPC.

Sample details Peak (Area) Mn 
(g/mol)

Mw 
(g/mol) 

PD

1 (1.02%) 619 632 1.02
2 (25.7%) 3677 3914 1.06
3 (71.8 %) 17885 18705 1.05

AMPS Conc. 0.8 
mol/L, 10 min 

sonication under 
148 W/cm²  and 20 

kHz 
4 (1.44%) 28886 30564 1.06

1 (3.2%) 85 91 1.07
2 (0.4%) 496 514 1.04

3 (24.0%) 15034 15655 1.04
4 (1.2%) 36579 37211 1.02

AMPS Conc. 0.8 
mol/L, 20 min 

sonication under 
148 W/cm²  and 20 

kHz 5 (71.3%) 1324599 3008040 2.27

3.6. Water uptake in hydrogel

Water uptake or swelling of hydrogels in water is important for 
applications. The water uptake capacities of hydrogels are 
largely dependent on network elasticity, which is correlated 
primarily with crosslinking density, and also with polymer chain 
flexibility to a certain extent. The sulfonic acid groups in 
poly(AMPS) contribute to high hydrophilicity, and, therefore, 
have flexible polymer chains, as can be seen from its chemical 
structure. Therefore, the crosslinking of poly(AMPS)  is expected 
to have a major influence on its water uptake capacity. Fig. 7a 
shows that poly(AMPS) hydrogel crosslinked with 2 mol% MBA 
exhibited a water uptake capacity of 1678 wt.% in deionized 
water, indicating high hydrophilicity. However, water uptake 
capacity decreased systematically with an increase of 
crosslinking in poly(AMPS) hydrogel, i.e. reduced to 250 wt.% at 
15 mol% crosslinking. This seems to suggest that the desired 
water uptake capacity or swelling of poly(AMPS) hydrogel could 
be obtained using the appropriate crosslinking extent. 
It is also important to note that the water uptake capacity is also 
influenced by osmotic forces, which depend on the chemical 
conditions of the equilibrating solution. Therefore, the water 
uptake capacity of the 10 mol% crosslinked poly(AMPS) was 
also studied in solutions having pH=1, pH=13 and 0.5 M NaCl 
and compared with that in deionized water. It is evident from 
Fig.7b that water uptake capacity was in order: DI > pH=1≈ 
pH=13 > 0.5 NaCl. Thus, the equilibrium water uptake capacity 
of poly(AMPS) hydrogels crosslinked with 10 mol% cross-linker 
varied significantly with the chemical composition of the 
equilibrating aqueous solution. The sulfonic acid group (-SO3H) 
is a strong acidic group and therefore remains ionized at both 
acidic and basic pH. This led to similar water uptake capacity at 
lower and higher pH. In salt solutions, however, the ions shield 
the charges on the -SO₃⁻ groups, reducing electrostatic 
repulsion and osmotic pressure, resulting in significantly lower 
water uptake. The higher uptake capacity in DI water could be 
attributed to the higher osmotic pressure in poly(AMPS) 
hydrogel and no charge shielding.
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(a) 

(b) 

Fig.7 Variation of water uptake capacity of poly(AMPS) hydrogel as a function of 
crosslinking (mol% % of MBA) (a), and equilibrium water uptake capacity of 10 mol% 
crosslinked with poly(AMPS) in acid, base, DI water and salt (b).

3.7. Characterizations of poly(AMPS)

The physical structures of MBA-crosslinked poly(AMPS) 
hydrogels prepared under identical conditions but with varying 
concentrations of AMPS monomer were examined using 
FESEM. Representative FESEM images of two hydrogels, 
synthesized from 2.4 mol/L and 1.4 mol/L AMPS and 10 mol% 
MBA in polymerizing solutions under ultrasound irradiation (20 
kHz, 148 W/cm²), are shown in Fig. 8. It is seen from the FESEM 
images shown in Fig.8 that the gel formed with a higher 
concentration had fragmented structures with non-uniform 
density. In contrast, the gel formed by a dilute AMPS solution 
exhibited a uniform monolith with a non-porous structure. The 
crosslinked poly(AMPS) hydrogels formed at higher monomer 
concentrations were non-uniform and fragmented due to rapid 
polymerization and cross-linking, which led to localized 
gelation, phase separation, and mechanical stresses during 
solidification. The fast reaction kinetics created porous 
structures and irregularities, as monomers and cross-linkers 
were consumed unevenly. In contrast, lower monomer 
concentrations resulted in controlled polymerization, allowing 
uniform diffusion of monomers and cross-linkers. This produced 
a homogeneous, dense, and non-porous hydrogel with reduced 
internal stresses. The slower reaction prevented void formation 
and ensured structural uniformity. The FESEM images of Ca2+-
loaded same crosslinked poly(AMPS) hydrogel did not undergo 
physical changes due to additional ionic crosslinking, see Fig. 
S2(†ESI). The EDS spectrum showed the presence of the peaks 
of C, O, N, and S atoms as expected from the chemical structures 
of AMPS and MBA, see Fig. S3(†ESI).

(a) 

(b) 

Fig.8. Representative FESEM images of crosslinked poly(AMPS) hydrogel formed by using 
polymerizing solutions having AMPS concentrations of 2.4 mol/L (a) and 1.4 mol/L (b) 
under similar conditions.

 The chemical structure of crosslinked poly(AMPS) was 
confirmed by studying its FTIR spectrum and comparing it with 
the FTIR spectra of monomer AMPS and crosslinker MBA. The 
FTIR spectra are given in Fig. S4(†ESI). It is seen from the FTIR 
spectrum of poly(AMPS) hydrogel shown in Fig.S4c(†ESI) that 
expected peaks corresponding to the amide group (N-H stretch: 
broad peak around 3330 cm⁻¹, C=O stretch: strong peak near 
1645 cm⁻¹, N-H Bend: peak near 1550 cm⁻¹) and sulfonic acid 
group (S=O stretch: Two strong peaks near 1039–1181 cm⁻¹ and 
smaller peaks due to shift caused by hydrogen bonding with 
water) were present. The C=C stretch peak at 1612 cm⁻¹, 
characteristic of the vinyl double bond in AMPS and MBA, 
disappeared in the poly(AMPS) hydrogel. Instead, a new peak 
appeared in the FTIR spectrum of the hydrogel at 1391cm⁻¹ due 
to C-N stretching vibrations from the MBA crosslinker. Thus, the 
FTIR spectra comparison indicated that the expected chemical 
structure of the hydrogel was formed, and there was no 
degradation of the monomer and crosslinker during sonication.

The DSC thermograms of poly(AMPS) hydrogels crosslinked 
with 5 mol% and 15 mol% MBA given in Fig.9 show 
characteristic thermal transitions associated with water melting 
and the glass transition of the polymer network. It is seen for 
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the 5 mol% MBA-crosslinked poly(AMPS) hydrogel that a single 
broad endothermic peak is observed in the sub-zero (-27 oC) to 
near-zero (8 oC) temperature region and peak at -3.5 oC. This 
endothermic thermal transition could be attributed to the 
melting of freezable water confined within the hydrogel 
network as well as Tg. The broad nature of this peak indicates a 
distribution of water environments, primarily dominated by 
loosely bound or free water, weakly interacting with the 
sulfonate (-SO3-) groups of poly(AMPS).  In contrast, the 15 
mol% MBA crosslinked hydrogel exhibited two partially 
overlapped endothermic peaks in the water-melting region. 
This behavior suggests the presence of two distinct water 
domains within the highly crosslinked network. This first 
endothermic transition could be attributed to free or weakly 
bound water, melting closer to 0 °C. The second endothermic 
transition is due to more strongly bound or confined water, 
associated with ionic interactions and nanoscale confinement 
imposed by the dense crosslinking. The increased crosslink 
density restricts chain mobility and creates heterogeneous 
microdomains, leading to separation of water environments 
and peak splitting. It is also possible that the Tg of poly(AMPS) 
hydrogel with 15 mol% MBA shifts to a higher temperature and 
becomes broader due to restricted segmental motion, which 
may merge with the bound-water endotherm, resulting in the 
observed joined peaks. It is interesting to note that the DSC 
curve of the 15 mol% crosslinked hydrogel shows a more 
negative baseline shift compared to the 5 mol% sample. This 
feature is indicative of enhanced network rigidity, consistent 
with increased crosslink density and reduced polymer chain 
mobility. The stronger polymer-water interactions and higher 
fraction of non-freezable or strongly bound water further 
contribute to this baseline shift. The DSC results suggested that 
increasing MBA content from 5 to 15 mol% significantly alters 
the thermal behavior, water–polymer interactions, and 
microstructural heterogeneity of poly(AMPS) hydrogels.
The thermal properties of 5% MBA-crosslinked poly(AMPS) 
under nitrogen atmosphere were studied by thermogravimetric 
analysis (TGA) and differential thermal analysis (DTA). The 
degradation pathway of crosslinked poly(AMPS) under N2 is 
expected to be an endothermic transition corresponding to 
dehydration and exothermic thermal transitions attributed to 
desulfonation of -SO3H groups, amide linkage decomposition, 
main-chain scission and carbonaceous char formation. The TGA 
and DTA curves given in Fig. S5 a&b (†ESI) exhibit a multistep 
degradation pattern as expected. An initial weight loss of 
~14.6% below 150 °C corresponds to the removal of free and 
hydrogen-bonded water, consistent with the broad 
endothermic DTA peak in the corresponding region. The second 
degradation stage (150-300 °C) could be attributed to the 
degradation of -SO3H groups coincident with the release of 
strongly bound water. The major exothermic peaks at ~279 °C 
and ~326 °C in the DTA curve coincided with mass loss and could 
be assigned to sulfonic acid decomposition, followed by amide 
group cleavage and main-chain scission of the AMPS backbone. 
A minor thermal transition near 396 °C corresponded to 
secondary degradation and carbonization processes. The 
residual mass at high temperature indicated char formation.

Fig. 9. DSC of poly(AMPS) crosslinked with 5 mol% (dashed line) and 15 mol% (solid 
line) of MBA.

3.8. Self-healing of hydrogel

Su et al. have reported preparation of poly(AMPS) hydrogel via 
UV polymerization, and, unlike chemical crosslinking, this gel 
was stabilized in water by H-bonding.42  This hydrogel showed 
high water uptake capacity and good self-healing efficiency. The 
2 mol% crosslinked poly(AMPS) hydrogel prepared by sono-
mechanical activation also showed high water uptake capacity. 
Therefore, this gel may also have self-healing properties. To 
study the self-healing ability of hydrogel, the 2 mol% crosslinked 
poly(AMPS) sample was cut into two equal parts using a sharp 
blade. The half-cut portion of the hydrogel was equilibrated 
with a water solution of cationic dye methylene blue, which was 
loaded by an ion-exchange process. The unbound methylene 
blue dye was removed by washing with excess water. The cut 
pieces were carefully aligned and rejoined at the cut interface 
without applying external force, and kept for 24 h under humid 
conditions and also under ambient conditions. It is seen from 
Fig.10 that the two cut pieces were joined in 24 h, indicating the 
self-healing properties of 2 mol% crosslinked poly(AMPS) 
hydrogel under humid as well as ambient conditions. This could 
be attributed to the fact that the hydrogel contained significant 
water content, which acted as a plasticizer. This allowed 
polymer chains sufficient mobility to diffuse across a damaged 
region and reconnect via hydrogen bonding interactions, as 
poly(AMPS) hydrogel consisted of hydrogen bonding carbonyl, 
amide and sulfonic groups. Also, sufficient mobility of polymer 
chains due to lower crosslinking would allow redistribution and 
entanglement of polymer chains at the adjoining interface of 
two cut pieces of hydrogel.   
It is important to note from Fig.10a2 that the methylene blue 
dyes diffused to the unloaded cut piece under humid conditions 
but not in the hydrogel gel piece dried under ambient 
conditions, as can be seen from Fig.10b2. This could be due to 
high chain mobility in the hydrogel with higher water content, 
which would allow proximity of fixed binding sites. Methylene 
blue binds to fixed sulfonate sites via reversible ionic bonds, 
allowing exchange with nearby sulfonate groups. This would 
lead to the diffusion of bound methylene blue from one binding 
site to another binding site by jumping,43 and lead to the 
uniform distribution of methylene blue in both cut pieces. 
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However, this would not be possible when the water content is 
lower, leading to insufficient chain mobility required for the 
fixed-site jumping.
The process of self-healing in the lightly crosslinked poly(AMPS) 
involves true network reformation rather than surface sticking 
alone. This is based on the fact that when two cut hydrogel 
pieces, one loaded with MB, were brought into contact, the 
diffusion of the dye across the interface occurred after fusion 
overnight. Such interfacial molecular exchange requires the 
presence of water-swollen, dynamic polymer chains capable of 
interpenetration and reorganization, which is not consistent 
with mere surface adhesion. The microscopic observations 
show a gradual disappearance of the interface and 
reconstitution of a continuous network, supporting a self-
healing mechanism driven by chain mobility and reversible 
hydrogen bonding interactions within the lightly crosslinked 
AMPS hydrogel matrix. The dye-diffusion experiment and the 
visualization demonstrate that the healing process arises from 
chain interdiffusion and network relaxation, rather than simple 
physical adhesion.

(a1) (a2)

(b1)  (b2)  
Fig.10. Images showing two cut pieces of poly(AMPS) hydrogel (2 mol% crosslinking) 
before self-healing, one blank and another loaded with methylene blue (a1) and after 
self-healing for 24 h in humid conditions (a2), before self-healing (b1) and after 24 h (b2) 
self-healing in ambient conditions.

3.9. Application in Portland cement

The incorporation of functional polymeric materials into 
cementitious systems has emerged as an effective strategy for 
modifying hydration behavior, mechanical performance, and 
microstructural development.44,45 The polymer hydrogels have 
been used for immobilizing bacterial spores and chemical 
reagents for imparting self-healing properties to cement and 
concrete materials.45 However, the chemical composition of the 
hydrogel is important as it significantly affects the hydration 
chemistry of the cement, resulting in lower mechanical 
performance of the cementitious materials.45 In the present 
work, Ca-poly(AMPS) was used as the additive in ordinary 
Portland cement (OPC). It was expected that crosslinked 
poly(AMPS) hydrogel would functions as a multifunctional 

additive, regulating  hydration kinetics, provides internal curing, 
and enhances crack resistance without compromising long-
term structural integrity. The use of the calcium form of 
poly(AMPS) is particularly important for cement compatibility. 
In its acidic (H⁺) form, poly(AMPS) contains strongly acidic 
sulfonic groups that significantly lower the compressive 
strength of the cement.46  The acidic sulfonic acid groups retard 
cement hydration by lowering the pore solution pH and 
complexing with Ca2+ ions released during the dissolution of 
clinker phases. Conversion to the Ca-form neutralizes the acid 
functionality and pre-saturates the sulfonate groups with Ca²⁺ 
ions. Small dosages of crosslinked Ca-poly(AMPS), ranging from 
0.3-2 wt.% of cement, were incorporated, and the setting time, 
heat of hydration, and compressive and tensile strengths of OPC 
were evaluated as given in the experimental section. The 
crosslinking extents of Ca-poly(AMPS) were 5, 10 and 15 mol.%. 
The results obtained are summarized in Table 2.
The Ca-poly(AMPS) hydrogel contains calcium sulfate species, 
which are chemically analogous to gypsum commonly added to 
OPC to regulate the hardening process. In view of this similarity, 
both initial and final setting times were systematically 
evaluated. The results indicate that incorporation of the 
hydrogel exerts only a marginal influence on the initial setting 
time, which remains close to that of the control mixture 
(approximately 140-151 min). In contrast, the final setting time 
exhibits a moderate increase with increasing hydrogel dosage, 
reaching up to 239 min in certain formulations. The variation of 
setting times with dosage for the 15 mol% crosslinked Ca-
poly(AMPS) system shown in Fig. 11 suggests that, at the 
maximum dosage of 2 wt.%, the initial setting time decreases 
by about 7%, whereas the final setting time increases by 
approximately 10% relative to the control. The slight 
acceleration of the initial set may be attributed to the 
availability of additional calcium ions that promote early 
ettringite formation,46 while the moderate retardation of the 
final set likely arises from regulated sulfate release and water 
retention within the hydrogel network. Importantly, both the 
acceleration of the initial setting and the retardation of the final 
setting remain within acceptable practical limits for 
cementitious applications.

Fig.11. Variation of initial and final setting times of Ordinary Portland Cement as a 
function of dosage of 15 mol% MBA crosslinked Ca-poly(AMPS) hydrogel.
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Table 2. Comparison of the mechanical performance, heat of hydration, and setting characteristics of Ordinary Portland Cement modified with different dosages (0.3–2.0 wt.%) of 
Ca–poly(AMPS) hydrogels having varying crosslinking densities (5–15 mol%) and .

Compressive Strength
(MPa)

Tensile Strength
(MPa)

Heat of hydration
(kJ/kg)

Setting Time
(min)

Crossli
nking 

(mol%)

Dose 
(wt.
%) 7 d 28 d 60 d 7 d 28 d 60 d 7 d 28 d 60 d Initial Final

Control 0 35 ±2 48 ±3 57±5 2.9 ±0.2 3.5 ±0.3 4.2 ±0.4 298 ±9 335 ±11 347 ±15 150 ±15 210 ±10
0.3 33 ±3 43 ±3 52 ±5 2.9 ±0.2 3.6 ±0.3 4.3 ±0.4 295 ±9 334 ±11 343 ±15 148 ±15 220 ±10
0.5 32 ±3 40 ±3 52 ±5 2.9 ±0.2 3.4 ±0.3 4.1 ±0.4 293 ±9 332 ±11 343 ±15 145 ±15 226 ±10
1.0 33 ±3 41 ±3 49 ±5 2.7 ±0.2 3.7 ±0.3 4.3 ±0.4 291 ±9 330 ±11 346 ±15 141 ±15 227 ±10

5 

2.0 29 ±3 42 ±3 50 ±5 3.0 ±0.2 3.6 ±0.3 4.3 ±0.4 287 ±9 329 ±11 342 ±15 140 ±15 231 ±10
0.3 34 ±3 43 ±3 51 ±5 2.9 ±0.2 3.8 ±0.3 4.4 ±0.4 296 ±9 334 ±11 345 ±15 151 ±15 212 ±10
0.5 31 ±3 40 ±3 50 ±5 3.0 ±0.2 3.6 ±0.3 4.5 ±0.4 293 ±9 331 ±11 341 ±15 149 ±15 218 ±10
1.0 32 ±3 40 ±3 51 ±5 3.0 ±0.2 3.7 ±0.3 4.6 ±0.4 291 ±9 330 ±11 345 ±15 143 ±15 225 ±10

10

2.0 30 ±3 41 ±3 50 ±5 3.1 ±0.2 3.8 ±0.3 4.6 ±0.4 287 ±9 329 ±11 342 ±15 146 ±15 234 ±10
0.3 33 ±3 42 ±3 50 ±5 3.0 ±0.2 3.7 ±0.3 4.4 ±0.4 291 ±9 330 ±11 338 ±15 149 ±15 223 ±10
0.5 31 ±3 40 ±3 51 ±5 3.0 ±0.2 3.7 ±0.3 4.3 ±0.4 291 ±9 332 ±11 334 ±15 148 ±15 225 ±10
1.0 31 ±3 42±3 51 ±5 2.9 ±0.2 3.7 ±0.3 4.5 ±0.4 290 ±9 328 ±11 348 ±15 151 ±15 227 ±10

15

2.0 29 ±3 41 ±3 49 ±5 3.1 ±0.2 3.7 ±0.3 4.7 ±0.4 285 ±9 327 ±11 341 ±15 145 ±15 239 ±10

The cumulative heat of hydration data given in Table 2 suggests 
that the hydration-regulating function of the hydrogel. At 7 
days, total heat release is slightly lower for hydrogel-containing 
systems (approximately 285-296 kJ/kg) compared with the 
control (298 kJ/kg), indicating moderated early hydration 
kinetics. The reduction in early heat evolution is beneficial for 
minimizing thermal gradients and associated cracking risks in 
mass concrete applications. However, at later ages, the 
differences in cumulative heat become marginal, confirming 
that total hydration is not suppressed but temporally 
redistributed.
The incorporation of crosslinked poly(AMPS) hydrogel into OPC 
expected to influence the mechanical performance depending 
upon crosslinking density and dosage. It is seen from Table 2 
that a consistent but moderate reduction in early-age 
compressive strength is observed in all hydrogel-containing 
systems compared with the control mix. At 7 days, compressive 
strength decreased from 35 MPa for the control to values in the 
range of 29-34 MPa depending on hydrogel content. This early 
reduction can be attributed primarily to a localized decrease in 
free water availability for immediate cement hydration. 
Additionally, the swollen hydrogel domains may introduce early 
capillary porosity. Despite this initial reduction, strength 
development at later ages shows substantial recovery. At 28 
and 60 days, compressive strength values approach those of the 
control system, reaching 49-52 MPa at 60 days compared to 57 
MPa for neat OPC. This convergence indicates that the hydrogel 
does not permanently inhibit hydration. However, it 
redistributes the hydration process over time. As internal 
relative humidity decreases during ongoing hydration, the 
hydrogel gradually releases stored water, enabling continued 
reaction of unhydrated clinker phases. This internal curing 
mechanism promotes secondary formation of C-S-H gel, 
contributing to progressive matrix densification and partial 
compensation for early porosity. In contrast to compressive 

strength, tensile strength is maintained or slightly improved in 
hydrogel-modified systems, particularly at later curing ages. 
Values up to 4.6-4.7 MPa at 60 days are observed compared 
with 4.2 MPa for the control, see Table 2. The improved tensile 
response suggests that the hydrogel contributes to stress 
redistribution and microcrack control within the cementitious 
matrix. The polymeric domains may act as localized energy-
dissipating centres, reducing crack propagation and enhancing 
resistance to tensile stresses. This behavior is particularly 
important for durability performance, where crack control is 
requisite.

4. Conclusions 
The present study demonstrates a sono-mechanical activation-
assisted, proton-catalyzed self-polymerization of AMPS in 
aqueous medium under ambient conditions. Variable-
temperature 1H NMR spectra revealed pronounced line 
broadening at elevated temperatures, indicating aggregation 
and restricted molecular mobility of AMPS in water. Such 
aggregation creates a favorable microenvironment for proton-
assisted activation but does not itself leads to polymerization. 
In contrast, ESR measurements clearly showed that thermal 
activation (≥120 °C) is required to generate detectable organic 
free radicals on the AMPS monomer, establishing that purely 
thermal self-initiation demands significant activation energy. 
High-intensity, low-frequency ultrasound (20 ± 3 kHz) 
effectively lowered this activation barrier, enabling self-
polymerization at ambient conditions. The sono-mechanical 
effect is attributed to acoustic cavitation, which generates 
localized hot spots, high shear forces, and enhanced proton 
mobility (proton hopping) in water. Notably, polymerization 
occurred only in aqueous medium and not in deep eutectic 
solvent systems or when H⁺ was replaced by Na⁺ ions, 
confirming the essential role of protonation. These findings 
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support a mechanism in which intramolecular protonation of 
the vinyl group by the -SO3H functionality promotes H+-assisted 
radical self-initiation, but requires sufficient energy to 
overcome the activation barrier, which is substantially reduced 
under ultrasonic irradiation in water. MBA-crosslinked 
poly(AMPS) hydrogels exhibited tunable swelling behavior 
governed by crosslink density, pH, and ionic strength, along with 
intrinsic self-healing due to reversible hydrogen bonding and 
ionic interactions. Thermal analyses (TGA, DTA, and DSC) 
confirmed structural integrity and stability. Initial endothermic 
transitions in TGA/DTA correspond to free and bound water 
loss, while exothermic events at higher temperatures are 
associated with desulfonation and backbone degradation, 
verifying formation of a stable crosslinked network suitable for 
cementitious environments. DSC further indicated the presence 
of two distinct water microdomains at higher crosslink density 
(15 mol%), reflecting heterogeneous water structuring within 
the hydrogel matrix. The conversion to Ca-poly(AMPS) and 
incorporation into Ordinary Portland Cement, the hydrogel 
functions as an internal curing and self-healing agent. It absorbs 
mixing water and gradually releases it during hydration, 
sustaining C-S-H formation and enhancing later-age strength. 
Although early compressive strength is marginally reduced due 
to moderated hydration kinetics, long-term strength recovery 
was substantial, and tensile performance was maintained or 
slightly improved. The swelling capacity enables autogenous 
crack sealing upon water ingress, promoting secondary 
hydration and durability enhancement. Importantly, 
modifications in initial and final setting times remain within 
practical limits. In general, the developed hydrogel offers strong 
potential for internal curing, durability enhancement, and 
immobilization of bacterial or chemical self-healing agents in 
cementitious systems.
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