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Abstract: Tuning the mechanical properties of ultrahigh molecular
weight (UHMW) physically crosslinked hydrogels remains a
significant challenge. We address this by utilizing Fenton-initiated
reversible  addition-fragmentation chain  transfer  (RAFT)
polymerization to synthesize poly(methacrylic acid) (PMAA) with
molecular weights of up to 1,700 kg mol~" under mild aqueous
These UHMW polymers leverage extensive chain
entanglement and hydrogen bonding to form strong and tough

conditions.

supramolecular hydrogels, exhibiting a tensile strength of up to 0.16
MPa, a fracture strain of 2000%, and a toughness of 2.93 MJ m™.
Furthermore, the incorporation of PMAA-stabilized nanoparticles
(spheres or worms) as secondary physical crosslinks significantly
enhances energy dissipation and overall mechanical properties,
resulting in a 2.5-fold increase in toughness relative to the neat
UHMW PMAA hydrogel. This approach offers a versatile framework
for designing high-performance soft materials through hierarchical
molecular and nanoscale engineering.

Introduction

Poly(methacrylic acid) (PMAA) is an important water-soluble
polymer that is widely used in drug delivery, biosensors,
hydrogels, surface brushes, and water treatment owing to its
excellent hydrophilicity, pH-responsiveness, and
biocompatibility.['! Traditionally, PMAA is synthesized via free-
radical polymerization (FRP),? which provides rather limited
control over molecular weight and architecture, thereby restricting
the material's ultimate performance. More recently, reversible
deactivation radical polymerization (RDRP) techniques have
been employed to synthesize well-defined, low-dispersity

PMAA Bl Despite these synthetic advances, existing strategies
are largely restricted to low molecular weights (typically M, < 100
kg mol™"). Moreover, such methods frequently require demanding
conditions, such as elevated temperatures, strongly acidic media,
high metal catalyst loadings, or organic solvents, which limit their
practicality and sustainability. As a result, the controlled synthesis
of high molecular weight PMAA under mild conditions remains a
formidable challenge in polymer science.

Accessing ultrahigh molecular weight (UHMW, M, > 1000 kg
mol~') polymers via RDRP offers exciting prospects for
investigating polymer physics on exceptionally large length scales
and designing next-generation advanced functional materials.®!
The influence of chain entanglements is particularly evident for
UHMW hydrogels. For example, Harrisson and Destarac
demonstrated that UHMW triblock copolymers enable thermally
induced gelation at remarkably low concentrations,®! while Kope¢
et al. revealed a transition in mechanical behavior from
crosslinker-mediated elasticity to entanglement-dominated
toughness in the UHMW regime.®! We previously reported that
increasing molecular weight significantly enhances the storage
modulus for chemically crosslinked networks.[”’ However, these
systems typically yield either soft physical hydrogels or static,
covalently crosslinked networks. The design of strong
supramolecular hydrogels that combine extensive chain
entanglement with reversible noncovalent bonding is highly
desirable and may offer remarkable mechanical properties. We
hypothesized that UHMW polymers that are capable of forming
cooperative, reversible networks should bridge this gap. More
specifically, UHMW PMAA represents a promising candidate,
whereby extensive chain entanglements could be synergistically
reinforced by strong hydrogen bonding via carboxylic acid dimer
formation.®
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Scheme 1. a) Schematic representation of (a) Fenton catalyst-mediated RAFT polymerization of MAA for in situ hydrogel formation, and (b) fabrication of

nanoparticle-reinforced PMAA hydrogels.

Herein, we address this challenge by developing
ferrocenemethanol-mediated Fenton catalysis that enables the
reversible addition-fragmentation chain transfer (RAFT)f!
polymerization of MAA directly in water at ambient temperature
(Scheme 1a). This approach generates a sustained low flux of
hydroxyl radicals, which is crucial for achieving controlled chain
growth and suppressing termination, thereby yielding low-
dispersity UHMW PMAA (M, up to 1700 kg mol~'). Remarkably,
MAA polymerization directly results in the in situ formation of
highly elastic, tough hydrogels, driven by the synergistic interplay
of extensive chain entanglement and dynamic hydrogen bonding.
Incorporating functional nanofillers has emerged as a powerful
strategy to enhance mechanical properties.'” Given that
interfacial compatibility, stress transfer, and reinforcement
efficiency are profoundly influenced by the nanofiller
morphology,'1 we incorporated well-defined PMAA-stabilized
diblock copolymer spheres or worms into the PMAA network to
create nanoparticle-loaded hydrogels that are reinforced by
synergistic chain entanglement and hydrogen bonding (Scheme
1b). In contrast to previous work that employed nanoparticles as
covalent crosslinkers,['" we utilize hydrogen bond-mediated
crosslinking to produce supramolecular hydrogels. This study not
only resolves a longstanding challenge in the controlled synthesis
of UHMW PMAA but also establishes a versatile framework for
engineering high-performance soft materials that are both tough
and strong.

Results and Discussion

Fenton-Initiated RAFT Polymerization

We and others have demonstrated that enzymatic catalysis can
sustain a low radical flux during RDRP,['? thus enabling the well-
controlled synthesis of various UHMW polymers.["® Inspired by
these prior studies, we sought a catalytic system capable of
operating under the inherent acidicity of a concentrated aqueous
solution of MAA (30% w/v, pH ~ 2.5). Fenton catalysis was
identified as an ideal candidate owing to its efficient production of
hydroxyl radicals under such conditions and its proven efficacy as
an initiator for RAFT polymerization.[?e 13 141 After screening
various catalysts, ferrocenemethanol (Fc-OH) coupled with H,O;
was selected for its favorable radical production profile and
superior polymerization control (Figures $1-S2). RAFT
polymerization of MAA was conducted directly in water at 30 °C
using 4-((((2-carboxyethyl)thio)carbonothioyl)thio)-4-cyano-
pentanoic acid (CTPA) as the RAFT agent. CTPA was chosen for
its high water solubility and established efficacy for the controlled
polymerization of methacrylic monomers.l'" Kinetic studies
(Figure 1a) targeting a degree of polymerization (DP) of 1500
revealed pseudo-first-order behavior with near-quantitative
conversion achieved within 10 h.
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Figure 1. Kinetic data obtained for the Fenton-initiated RAFT

homopolymerization of MAA using CTPA when targeting a DP of 1500: (a) MAA
conversion and pseudo-first-order plot of In([MAAJo/[MAA]:) versus time, (b)
GPC traces recorded for the corresponding methylated polymers (PMMAs)
obtained at varying time, and (c) plots of number-average molecular weight, M,
and dispersity versus conversion. [CTPA)/[Fc-OH)/[H202] =
1/0.05/0.1, 30 °C, [MAA]o = 30% w/v. (d) GPC traces recorded for a methylated
PMAA200 homopolymer and the corresponding chain-extended methylated
PMAA200-b-PMAA200 pseudoblock copolymer.

Conditions:

Gel permeation chromatography (GPC) analysis of the
corresponding methylated polymers revealed monomodal
molecular weight distributions with experimental M, data in good
agreement with theoretical values and low dispersities (D = 1.10).
These results confirm the high degree of control afforded by this
Fenton-RAFT system. Moreover, chain extension experiments
(Figure 1d) indicated excellent end-group fidelity, as evidenced
by complete reinitiation and a clear shift to higher molecular
weight while maintaining a narrow molecular weight distribution.

Encouraged by these very promising results, we prepared a
series of PMAA homopolymers with target DPs ranging from 500
to 30 000 (Table 1). High MAA conversions (> 90%) were
consistently achieved without compromising control over the
molecular weight distribution. For DPs < 10 000, the number-
average molecular weight, M,, closely matched the theoretically
predicted value and low dispersities were obtained (b < 1.20). For
higher target DPs, slight deviations from theoretical values and
higher dispersities were observed owing to inefficient chain
transfer within the increasingly viscous reaction solution.
Nevertheless, well-defined PMAA with M, up to 1700 kg mol™" (D
= 1.39) was obtained under optimized conditions. Furthermore,
the versatility of this approach was demonstrated via statistical
copolymerization of MAA with either N,N-dimethylacrylamide
(DMA) or diacetone acrylamide (DAAM), yielding UHMW
copolymers with similarly high efficiency.

Table 1. Summary of PMAA homopolymers and statistical copolymers synthesized via Fenton catalyst-mediated RAFT polymerization.

Entryel  Fuaa®?  [MUICTPAVIFC-OHIH:02]  Fc.OH (uM)  H;0:(mM)  Time(h)  Conv. (%) (kgM:;‘,'}[:::) (g"ﬁz:j) Bl
1 500/1/0.05/0.45 348 2.07 8 81 35 33 113
2 2000/1/0.05/1.5 87.0 116 11 91 157 158 147
3 5000/1/0.12/6 835 4.12 16 95 409 413 120
4 100% 10000/1/0.15/15 52.2 5.22 20 92 792 739 118
5 15000/1/0.3/20 69.6 464 24 95 1230 967 143
6 30000/1/0.35/35 406 4.06 24 85 2220 1650 139
7 15000/0/0.3/20 69.6 464 24 94 \ 812 174
8 90% 15000/1/0.3/20 68.4 2.85 20 99/99 1310 951 148
o 80% 15000/1/0.3/20 67.5 2.81 20 99/99 1320 1190 128

100 70% 15000/1/0.3/20 66.6 2.78 20 99/99 1340 980 137
18 90% 15000/1/0.3/20 65.7 265 20 95/92 1500 1020 148

[a] Polymerization conditions: [MAA]Jo = 30% w/v, 30 °C. [b] MAA mole fraction. [c] Monomer conversion determined by 'H NMR spectroscopy in either D20 or

DMSO-dé. [d] Theoretical molecular weight: Mnin = McTea + target DP x conv.% x Muaa. [e] Experimental molecular weight and dispersity determined by GPC after

methylation. [f] P(MAA-co-DMA). [g] P(MAA-co-DAAM).
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Rheological and Compressive Performance

The ability to access a broad molecular weight range allows for
precise tuning of hydrogel mechanical properties. Rheological
characterization revealed that all PMAA hydrogels exhibited
frequency-independent storage moduli (G') that consistently
exceeded the corresponding loss moduli (G"), characteristic of
elastic-dominated, solid-like behavior (Figure 2a and Figure S7).
Increasing M, from 143 to 1400 kg mol~" resulted in a two-fold
enhancement in G’ (up to 70 kPa) (Figure 2b). This is attributed
to the higher density of physical crosslinks derived from extensive
chain entanglements. The PMAA hydrogels (pH ~ 2.5) underwent
complete dissolution in deionized water (pH 6.8). Because this pH
is above the pK, (~ 5.0) of the methacrylic acid units, the
deprotonation of carboxylic acid groups disrupts the sacrificial
hydrogen bonds. The complete dissolution of the material, rather
than mere swelling, confirms the absence of covalent crosslinks
and highlights the supramolecular nature of the PMAA network.['”!
In contrast, PMAA hydrogels prepared by conventional FRP
exhibited poor reproducibility, as evidenced by the substantial
discrepancy in modulus (15.5 kPa and 53.2 kPa) for samples
prepared under identical conditions—a consequence of
uncontrolled molecular weights. Furthermore, the maximum
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moduli attainable via FRP generally remain lower than those of
UHMW PMAA hydrogels produced by Fenton-RAFT, primarily
due to the inherent inability of FRP to reach comparable molecular
weights. Notably, at equivalent molecular weights, the mechanical
properties of both systems appear to be similar, despite the
challenges of achieving such control with FRP. This suggests that
molecular weight is the primary determinant of the mechanical
properties in these supramolecular networks.

Initial mechanical assessments were performed via
compression testing to evaluate the structural robustness of the
PMAA hydrogels (Figure S8). As M, increased from 158 to 1450
kg mol~', both the compressive strength and toughness increased
substantially (by six-fold and seven-fold, respectively). The
optimized UHMW PMAA hydrogels achieved a remarkable
compressive strength of 64.2 MPa and a toughness of 2.4 MJ m~
3, maintaining macroscopic integrity even at 94% strain. This
superior performance is attributed to the synergy between the
dense chain entanglement network and the formation of
carboxylic acid dimers, which facilitate efficient energy dissipation
while preserving the structural integrity under high-load conditions.
However, to more rigorously probe the fracture resistance and
molecular dynamics of the system, we focused our subsequent
analysis on the tensile properties and cyclic loading behavior.
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Figure 2. Rheological studies of PMAA hydrogels of varying molecular weights: (a) oscillatory rheological sweeps for UHMW PMAA hydrogels conducted at a

constant strain of 1.0%, (b) variation of G’ and G” values with polymer molecular weight.

Tensile Properties

To more comprehensively evaluate the mechanical properties, we
conducted systematical characterization on the hydrogels via
tensile tests. The tensile tests (Figure 3a) revealed an initial
elastic region followed by a pronounced plastic deformation
regime beyond the yield point. The initial elasticity is attributed to
chain uncoiling and bond stretching,'” while the extended yield
plateau indicates progressive chain disentanglement and the
dynamic shuffling of hydrogen bonds.?% As summarized in Figure
3b, both fracture strain (&) and fracture stress (o,) increased
monotonically with molecular weight. Although the o, values (up
to 170 kPa) are moderate when compared to other hydrogel
systems,?'l the exceptional & (2000%) results in a remarkable
toughness (up to 2.93 MJ m=). This value exceeds that of most
reported physical hydrogels?? and is comparable to that of certain
sophisticated double-network systems.?¥! The elastic modulus

determined from the low-strain region (< 20%) of the stress—strain
curve was 285 kPa, which is comparable to that reported for
chemically crosslinked polyacrylamide hydrogels (357 kPa).?4
Importantly, such UHMW hydrogels exhibit superior tensile
strength when compared to the corresponding FRP-derived
PMAA hydrogels, which highlights the critical role of molecular
weight and structural homogeneity in achieving high mechanical
performance. FTIR analysis (Figure $12) revealed a broad O-H
stretching vibration at ~3350 cm~', which is significantly red-
shifted from the free O-H region (~3400-3500 cm™').?% This
indicates the formation of strong hydrogen bonding between the
polymer chains and the aqueous medium. Furthermore, the C=0
stretching vibration is located at 1645 cm™"; this marked redshift
relative to that of free C=0 (~ 1730 cm™")? confirms the
participation of carbonyl groups in the formation of carboxylic acid
dimers. Collectively, these spectroscopic features provide



evidence for the formation of hydrogen-bond-induced physical
crosslinking.

Further tailoring was achieved via statistical copolymerization
of MAA with either DMA or DAAM. These comonomers introduce
additional hydrogen bonding sites or hydrophobic interactions (in
the case of DAAM).?”! Copolymerization significantly increased
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the moduli and fracture stress, albeit with a reduction in fracture
strain (Figure 3d). For example, UHMW P(DAAM-co-MAA)
exhibited a 3.5-fold increase in fracture stress (0.56 MPa) and a
24-fold increase in elastic modulus (6.6 MPa) compared to that
observed for the PMAA homopolymer (Table S6); such values are
comparable to those reported for chemically cross-linked P(DMA-
co-MAA) hydrogels. 28
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Figure 3. Tensile tests conducted on PMAA hydrogels of varying molecular weights: (a) tensile stress—strain curves of PMAA (cylindrical specimen: D =4 mm, H =

10 mm £ 3 mm) at a constant strain rate of 0.1 s=7, (b) summary of stress and strain at break, (c) summary of Young’s modulus and toughness, (d) tensile stress—

strain curves obtained for PMAA homopolymer and two statistical copolymers (DP = 15 000).

Nanoparticle-Reinforced Hydrogels

We hypothesized that these supramolecular PMAA hydrogels
based on reversible hydrogen bonding and UHMW chain
entanglements could be further reinforced by incorporating
PMAA-stabilized diblock copolymer nanoparticles. Such
nanoparticles can be conveniently prepared using polymerization-
induced self-assembly (PISA),?® a highly versatile and scalable
method for synthesizing bespoke nano-objects with tailored
surface chemistry and morphology. Specifically, dispersion

polymerization of benzyl methacrylate (BzMA) using a PMAA77
macromolecular chain transfer agent (macro-CTA) in ethanol
produced well-defined PMAA77-b-PBzMAs, spheres (diameter =
24.4 nm, Figure S16c) and highly anisotropic PMAA77-b-
PBzMA10o worms (cross-sectional diameter = 25.5 nm; sphere-
equivalent diameter = 398 nm, Figure S16f).*% Nanoparticle-
reinforced PMAA hydrogels were subsequently fabricated by
Fenton-catalyzed RAFT polymerization of MAA (target DP = 30
000) in the presence of varying amounts of such nanoparticles
(Scheme 1b).
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properties of nanoparticle-reinforced hydrogels at various nanoparticle loadings: (c) fracture stress, (d) fracture strain, (e) Young’s modulus and (f) toughness.

Tensile analysis revealed that increasing the nanoparticle
loading from 0.9% to 6% consistently enhanced the fracture
stress, strain, and toughness (Figure 4). Notably, worm-like
nanoparticles provided a more pronounced improvement
compared to their spherical counterparts. This morphology-
dependent reinforcement is attributed to the high aspect ratio and
significant interfacial area, which allows them to effectively bridge
and facilitate extensive hydrogen bonding with the UHMW
polymer chains. These anisotropic worms act as efficient
nanoscale sacrificial units and topological obstacles that hinder
chain slippage. Their presence facilitates long-range stress
transfer and provides an additional energy dissipation pathway
through the reversible "bridge-and-slip" of chians along the
nanoparticle surface, effectively preventing localized failure.[''®:31]

To elucidate the molecular mechanism underlying the observed
mechanical properties, we performed stepwise cyclic tensile
loading—unloading tests on selected UHMW PMAA hydrogels by
progressively increasing the strain amplitude (Figure S11). This
method is a standard protocol for probing the internal network
dynamics of hydrogels.®? The loading curves exhibit significant
hysteresis loops, which we attribute to the reversible rupture of

hydrogen-bonded carboxylic acid dimers acting as sacrificial units.

While initial loading curves closely followed a single master curve,
the unloading curves exhibited increasing residual strain with
higher strain amplitudes. This suggests that the ultrahigh
extensibility is governed by the synergy between the dense
entanglement network, which prevents macroscopic failiure,
and the dynamic hydrogen bonding, which facilitates efficient
energy dissipation.B3 To further investigate the energy dissipation

mechanisms, both the neat UHMW PMAA hydrogel and the
worm-reinforced hydrogels were subjected to fifty consecutive
loading—unloading cycles at 150% strain without inter-cycle rest
intervals (Figure 5). The first cycle revealed a large hysteresis
loop and significant residual strain, which is consistent with
substantial energy dissipation via the irreversible rupture of a
subset of sacrificial hydrogen bonds and chain reorganization
(Figure 5a,b).** In subsequent cycles, the hysteresis area
decreased markedly and stabilized, indicating that while the first
cycle disrupted the initial as-prepared state, the remaining
physical crosslinks are highly reversible and capable of rapid
reformation.®® We propose that these UHMW hydrogels
constitute a dual-scale hierarchical network: the carboxylic acid
hydrogen-bonded dimers serve as fast-exchange dynamic
units that enable continuous energy dissipation, while the UHMW
chain entanglements function as a slow-relaxing structural
backbone, ensuring macroscopic integrity and conferring
excellent fatigue resistance.

Notably, the stabilized hysteresis ratio of the worm-reinforced
hydrogel was approximately double that of the neat UHMW PMAA
hydrogel (Figure 5c¢), clearly demonstrating that the incorporation
of worm-like nanoparticles enhances energy dissipation within the
PMAA network.['™ ¢l This improvement is attributed to the
relatively large interfacial area and highly anisotropic nature of the
worm-like  nanoparticles, which promotes the efficient
reorganization of dynamic hydrogen bonds and act as nanoscale
sacrificial units. This efficient energy dissipation mechanism is
ultimately responsible for the enhanced fracture energy and
toughness of the composite hydrogel.



a) o1z b) o020 - c) o
PMAA hydrogel Worme-reinforced hydrogel PMAA hydrogel
50 mm Worm-reinforced hydrogel
0.09 4 7 0.15 9
—_ 7 = ~
a 7 S . g 4
£ = v/ g
«» 0.064 » 0.10 © 30
(7] 0 3
£ 2 i 2
n —— Normal loading & — Normal loading 8
— st —st % 20
0.03 1 —5th 0.05 —gth :>:‘
—20™" — 20" 10
50" 50t
0.00 T v v v 0.00 0
0 50 100 150 200 0 50 100 150 200 250 1 5 20 50

Strain (%)

Strain (%)

Cycle number

Figure 5. Tensile stress—strain cycling at a strain = 150%: (a) PMAA hydrogel, (b) worm-reinforced hydrogel, and (c) comparison of hysteresis ratios.

Conclusion

We have developed a Fenton catalyst-initiated RAFT
polymerization protocol that provides remarkable control over the
synthesis of PMAA under mild aqueous conditions, enabling
convenient access to molecular weights up to 1700 kg mol™". This
method allows for the in situ formation of supramolecular PMAA
hydrogels that exhibit excellent mechanical properties, owing to
the synergistic effect of extensive chain entanglement and dense
hydrogen bonding. Integrating PMAA-stabilized nanoparticles—
particularly highly anisotropic diblock copolymer worms—further
enhanced the energy dissipation for such supramolecular
networks, resulting in simultaneous improvements in modulus,
strength, strain, and toughness. This work highlights the critical
importance of ultrahigh molecular weight in the design of high-
performance soft materials and provides a versatile strategy for
engineering tough, strong supramolecular hydrogels for future
load-bearing applications.

Supporting Information

Experimental details, additional NMR spectra, UV-vis spectra,
fluorescence spectra, GPC traces, stress—strain curves of
compression and tensile, FTIR spectra and polymerization data
can be found in the Supporting Information.
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« Ultrahigh molecular weight

Q Q Fenton-RAFT * High chain entanglement

Q Q polymerization
0% e

methacrylic acid

« Dense hydrogen bonding

+ Nano-object reinforcement

« High strength and toughness

Fenton-initiated RAFT polymerization enables the controlled synthesis of ultrahigh molecular weight poly(methacrylic acid) (PMAA)
under mild aqueous conditions. The resulting chains form supramolecular hydrogels in situ with high elasticity, strength, and toughness.
Furthermore, incorporating PMAA-stabilized worm-like nanoparticles significantly enhances the energy dissipation capacity. This work
highlights the critical importance of ultrahigh molecular weight in the design of high-performance soft materials through hierarchical
molecular and nanoscale engineering.



