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When a polymer network is immersed in a good solvent, it absorbs the solvent molecules and swells
up. Such a swollen polymer network is called a polymer gel, which is a soft and wet material composed of a
solvated polymer network (gel network) and a large amount of solvent. Then, how much can a gel network
swell in a solvent? In this study, we adopt a simple yet reasonable assumption that the structural swelling
limit of a gel network is governed by the extensibility of its network strands. Under this assumption, the
structurally feasible swelling range of a gel spans from its dried state to the structural swelling limit, where
the majority of network strands are fully stretched to their maximum length allowed by swelling. However,
previous studies on gel swelling have mostly focused on relatively small swelling regimes. A gel exhibits a
specific swelling equilibrium in a solvent depending on its network structure and environmental conditions
such as solvent type, temperature, and swelling constraints. A gel reaches swelling equilibrium when the
total swelling pressure, 7_total, becomes zero. According to Flory and Rehner interpretation, w_total can be
separated into the elastic pressure, 7_el, which resists swelling, and the osmotic pressure, ©_os, which
promotes swelling. The elastic pressure arises from the elastic energy stored in the gel network. In contrast,
the osmotic pressure consists of the mixing contribution, 7_mix, derived from the free energy of mixing
between the polymer strands and solvent, and the ionic contribution, _ion (for ionic polymers), originating
from differences in mobile counterion concentration inside and outside the gel. When the elastic and osmotic
pressures are balanced, the following equation (Equation 1) holds, and the gel reaches its swelling
equilibrium:

Tiotal = ~Tel + (Mmix + Mion) = 0. (Equation 1)

At this equilibrium, the system is at a minimum free energy state, and further swelling beyond this point
becomes thermodynamically unstable and thus does not occur spontaneously. Due to such thermodynamic
constraints, it has been experimentally difficult to reproduce excessively swollen gels that swell near their
structural swelling limit, and the mechanical properties of such gels remain largely unexplored.

Chapter 1 introduces the aim and positioning of this study in the context of the current state and
challenges of the field.

Chapter 2 provides an overview of a method for swelling a gel network toward its structural swelling
limit. Molecular stent method has been developed to exceed the swelling equilibrium. In this approach,
dense linear polymers—referred to as molecular stents—are introduced into a target gel. A gel into which
molecular stents are introduced is called St gel. Unless they form chemical crosslinks or strong physical



interactions with the original network, the molecular stents themselves contribute negligibly to the gel's
elasticity. However, they significantly increase the osmotic pressure of the gel. Therefore, this method
enables the control of the gel’s osmotic pressure independently from the elasticity of the network. The
increased osmotic pressure caused by the introduced molecular stents allows the St gel to absorb more
solvent and reach a new swelling equilibrium beyond that of the original gel network. Although the
molecular stent method has successfully expanded the experimentally accessible swelling range of gels,
prior studies employed only a single introduction step. As a result, the concentration of introduced stents was
limited and insufficient to swell the gel to its structural swelling limit. In this study, we aim to excessively
swell a gel to its structural swelling limit—or even beyond—by employing a multi-step molecular stent
method, wherein molecular stents of different chemical species are introduced in multiple steps to achieve a
higher concentration of stents within the gel.

Chapter 3 reports on the changes in mechanical properties of gels with swelling toward the structural
swelling limit, as well as the disintegration behavior of gels swollen beyond the limit. In this work, we
introduced molecular stents into a gel three times in total. The gel with two steps of stent introduction,
referred to as St? gel, exhibited a uniaxial swelling ratio of approximately 7-8 times in water, which closely
approached the theoretical structural swelling limit estimated based on monomer bond length and bond
angles of the network strands. The St* gels, swollen around the structural limit, showed about a 2-3 times
increase in stiffness compared to its original state. Furthermore, we calculated the elastic energy stored per
network strand in the swollen gels using its elastic modulus. We found that St? gels stored
approximately three orders of magnitude more elastic energy per strand than in the original state. This
suggests that the observed stiffening around the structural swelling limit reflects the behavior of network
strands under near-maximal extension. Next, we immersed a gel with three steps of stent introduction (St
gel) in water to swell the gel beyond the structural limit. The St* gels swelled from the surface and
disintegrated into microgelsand we call the phenomenon osmotic explosion. Numerous sub-millimeter to
millimeter-sized microgels were produced, each exhibiting many surface cracks. This osmotic explosion is
considered to have occurred due to the network strands being stretched beyond their limit by the high
osmotic pressure generated by the densely introduced molecular stents.

Chapter 4 discusses the criteria of osmotic explosion, as well as the mechanism behind microgel
formation. The explosion criteria was evaluated based on the elastic energy stored in the network strands. U,
the elastic energy per strand estimated from the gel’s modulus, and U_max, the maximum tolerable energy
per strand calculated from bond dissociation energy. Osmotic explosion was found to occur when the
following condition is satisfied:

U = Upax (Equation 2)

This condition was held regardless of the preparation condition of the gels before molecular stent
introduction. The hierarchical disintegration behavior may be attributed to factors such as leakage of stents
during swelling, stress concentration due to molecular weight distribution of network strands etc.

Chapter 5 summarizes the findings and presents future perspectives. This study is the first to
systematically achieve gel swelling over the entire structurally accessible swelling range and to
report osmotic explosion of the gels. Our findings demonstrate that osmotic pressure can provide sufficient
force to break down or process polymer networks, suggesting potential applications in addressing
environmental issues associated with polymer disposal.



