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Chapter 1: General Introduction

1.1 Overview

A polymer network is a three-dimensional structure formed by polymers that are
crosslinked via chemical (covalent bond) or physical (ionic interactions or entanglements)
crosslinks. The physical properties of polymer networks vary depending on factors such as the
chemical species of the constituent monomers and the crosslinking density.[1, 2] And these
factors enable them to be shaped into a wide range of materials. Polymer networks are widely
encountered in everyday life, for instance, in tires, soft contact lenses, and ion exchange resins.
It is no exaggeration to say that many aspects of modern life rely on the utility of these polymer

network materials.

One key unique feature that sets polymer networks apart from traditional materials
like metals or ceramics is their open system—that is, their ability to exchange matter with the
external environment.[3—5] When a polymer network is immersed into a good solvent, the
polymer network absorbs solvent molecules and expands in volume, and this process are well-
known as swelling. This swelling is driven by an osmotic pressure difference that arises from
the concentration difference between inside and outside the polymer network. However, the
polymer network cannot diffuse out into the external solvent because they are crosslinked. As a

result, the network swells instead—this is the fundamental mechanism behind swelling.[6]

When a polymer network contains a large amount of absorbed solvent, it is referred
to as a polymer gel (hereafter, simply "gel"). Gels have bio-tissue like physical properties like
high water content, deformability, and low friction.[7, 8] And they are expected to be
biocompatible materials. Accordingly, numerous studies have investigated the application of

gels as biomaterials, for instance, as fillers for tissue defects or as actuators.[9—13] It is quite



important to understand the relationship between the macroscopic mechanical behavior of the
swollen gel and the microscopic stretched state of its network strands to ensure that implanted
gels exhibit the desired mechanical properties and functionalities within the body. Ideally, one
should be able to predict and control gel properties over a wide range of swelling states. To

achieve this, it is essential to understand swelling behavior of gels.

Then arises the fundamental question: To what extent can a gel swell in a solvent,
and what determines this swelling limit? From the structural perspective of polymer networks,
the potential swelling range of a gel may be considered span from the fully contracted state to
the fully stretched state of the network strands. However, in reality, gels does not swell until the
network chains reach their maximal stretched state. Rather, swelling does not proceed exceed at
a certain regime—this is known as the equilibrium swelling state. A gel has the equilibrium
swelling state depending on its network structure, solvent type, temperature, and external
constraints.[14] According to the theory proposed by Flory and Rehner, the total swelling
pressure of a gel, w_total, can be divided into the elastic pressure, m_el, which works to suppress
swelling, and the osmotic pressure, ©_os, which works to promote swelling.[15—17] The elastic
pressure originates from the elastic energy stored in the gel network.[17] The osmotic pressure
consists of a mixing contribution, ©_mix, which is based on the free energy of mixing of the gel
network and solvent, and an ionic contribution, ©_ion, which originates from the difference of
the mobile counterion concentration between the inside and outside of the gel.[15, 16] When the
elastic and osmotic pressures are balanced, gels reaches its swelling equilibrium and the

following equation holds:

Tiotal = — el T (T[mix + T[ion) =0. (Equation 1)



At this equilibrium state, the free energy of the system is minimized, and further swelling
beyond this equilibrium becomes thermodynamically unfavorable (Figure 1-1). As a result, gels
rarely reach an excessively swelling state beyond its equilibrium in typical conditions. Also
reproducing such excessively swollen gels experimentally has long been a challenge.
Consequently, most previous studies on the relationship between swelling and mechanical
properties of gels have been restricted to the equilibrium or lower swelling regime, and the

mechanical behavior of excessively swollen gels remains largely unexplored.[18-21]

To overcome this thermodynamic limitation and access the excessively swelling
regime, the molecular stent method has been invented. [22—24] In this method, dense linear
polymers—referred to as molecular stents—are introduced into the interest gel (Figure 1-2). A
gel with introduced molecular stents is termed a St gel. Unless these molecular stents form
chemical crosslinks or strong physical interactions with the original gel network, their
contribution to the gel’s elasticity is negligible. However, the introduced molecular stents
significantly increase the osmotic pressure, m_os, of the system. This method enables
independent tuning of osmotic pressure without affecting the elastic pressure from the original
gel network. As a result, the increased osmotic pressure allows the St gel to absorb additional
solvent molecules, and St gels reach a new swelling equilibrium state beyond that of the native
gel network alone. This method successfully enables the experimental realization of excessively

swollen gels where the states were previously inaccessible.

Although the molecular stent method has succeeded in expanding the
experimentally accessible swelling range, the previous method only introduced molecular
stents once. Consequently, molecular stents concentration in the St gels was limited and

insufficient to induce excessively swelling up to the structural swelling limit where the most



network strands are maximally stretched. In this study, we aim to swell the gel network
excessively around the structural swelling limit or even beyond it, by employing a multi-step
molecular stent method. In this approach, molecular stents are introduced multiple times,
thereby incrementally increasing the stent concentration within the gel (Figure 1-3). We
successfully demonstrated, for the first time, the systematic swelling of gels across the entire
structurally allowable swelling range. Furthermore, we report a previously unobserved
phenomenon, which we term "osmotic explosion"—a catastrophic collapse of the gel caused by

network strand scission when the gel swells excessively beyond its structural swelling limit.



1.2 Outline of this dissertation

Chapter 2 first derives the expressions for osmotic pressure and elastic pressure
and summarizes their relationships at the equilibrium swelling state. Subsequently, we provide
an overview of the background of research on the correlation between swelling degree and gel
properties, and describe a method for swelling gels around the structural swelling limit. One
such method to swell gel network beyond the equilibrium swelling is the molecular stent
method. A gel with molecular stents is called an St gel. The introduced molecular stents
significantly increase the osmotic pressure of the St gel. This enables independent control of the
gel’s osmotic pressure apart from the elasticity of the original gel network. Due to the elevated
osmotic pressure induced by the molecular stents, the St gel absorbs more solvent molecules in
a good solvent, and reaches a new swelling equilibrium beyond that of the original gel network.
This method has successfully expanded the experimentally accessible swelling range of gels.
However, conventional molecular stent method have been limited in the achievable
concentration of introduced molecular stents into gels, which has proven insufficient for
reaching the structural swelling limit. To address this issue, this study aims to achieve excessive
swelling of the gel network around its structural swelling limit or even beyond via multi-step
molecular stent method. Enough high dense molecular stents of different chemical species are

introduced repeatedly in multiple steps.

Chapter 3 reports the mechanical property changes with swelling toward the
structural swelling limit and the bulk collapse observed beyond this limit. In this study,
molecular stents were introduced into the gel in three successive steps. The gel introduced with
molecular stents twice (referred to as St* gel) exhibited a swelling ratio of approximately 7-8

times (uniaxial swelling ratio) in water, which is very close to the structural swelling limit



estimated based on the monomer length and bond angle of the network strands. The St gel,
swollen nearly to the structural swelling limit, showed a stiffness approximately 2—3 times
greater than that of the as-prepared original gel state. Furthermore, the elastic energy stored per
network strand in the swollen gel was estimated from the gel’s elastic modulus. The results
revealed that the elastic energy per strand in the St* gel was almost three orders of magnitude
greater than that in the as-prepared original gel state, suggesting that the stiffening observed
near the structural swelling limit reflects rigid behavior of the highly stretched network strands.
Next, the gel into which molecular stents were introduced three times (St* gel) was immersed in
water and swelled them beyond the structural swelling limit. Approximately three hours after
immersion, the St* gels exhibited swelling from the surface and ruptured into microgels—a
phenomenon we call “osmotic explosion.” Numerous microgels ranging from sub-millimeter to
several millimeters in size were formed following osmotic explosion, and their surfaces were
covered with many fine and coarse cracks. This osmotic explosion is considered to result from
rupture of overstretched network strands driven by excessive osmotic pressure generated by the

highly concentrated molecular stents.

Chapter 4 discusses the conditions under which osmotic explosion—i.e., gel
collapse beyond the structural swelling limit—occurs, as well as the mechanism of microgel
formation. The condition for osmotic explosion was evaluated based on the elastic energy stored
in the network strands. Let U denote the elastic energy stored per strand estimated from the
elastic modulus of the gels, and U _max the maximum energy that single strand can withstand
estimated from the bond dissociation energy.[25] Osmotic explosion was found to occur when

the following inequality holds:

U = Upax (Equation 2)

10



This relationship was found to hold regardless of the preparation conditions of the original gel
before molecular stent introduction. Potential causes of the hierarchical disintegration behavior
observed in the St* gel include leakage of molecular stents during the disintegration process,
stress concentration due to the molecular weight distribution of the network strands, and

differential swelling rates between the gel surface and interior.

Chapter 5 summarizes the findings of this study and discusses future perspectives.
This work is the first to systematically realize the full structurally allowable swelling range of
gels and to report osmotic explosion beyond the structural swelling limit. Furthermore, it
demonstrates that osmotic pressure can exert sufficient force to destruct and process polymer
network materials, suggesting potential applications in addressing environmental issues
associated with polymer disposal. The findings are also expected to contribute to the
advancement of osmotic-pressure-driven mechanochemistry by sophisticating this method since

the force applied to network strands can be controlled via the swelling degree.

11
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Chapter 2: Background

2.1 Theoretical framework of osmotic and elastic pressure

As described in Section 1.1, when a gel is immersed into a suitable solvent, it
absorbs the solvent and swells up to reduce the osmotic pressure difference between the inside
and outside of the gel. The gel reaches an equilibrium swelling when the osmotic pressure,
7_os, balances with the elastic pressure, m_el.[1-3] In the following sections, we describe in
detail the derivation of m_mix and n_ion, and establish the corresponding relationship among
these components at equilibrium swelling.

We first describe the method for calculating #_mix. The mixing contribution due to
polymer—solvent mixing, ®_mix, can be determined by the Flory—Huggins lattice model.
Assuming that the volume change upon mixing between the polymer network and solvent is

negligible, the change in Helmholtz free energy due to mixing, AF _mix, can be expressed as:

AF,,; 10
nlrchl'x = Nlngo + @slng; + xpp;. (Equation 3)

Here, n is the total number of lattice sites in the system, and » is related to the total volume,
denoted as V and the volume per lattice site, denoted as v_s, by the following relation

V =n-v_s. Now, the lattice volume v_s is defined as the volume of a water molecule,

v_s=3 x [0 m’ N is the number of lattice sites occupied by a single polymer and
corresponds to the polymerization degree. ¢ and ¢ s are the volume fractions of the polymer
and solvent, respectively, and satisfy the following relation ¢_s = I — ¢. y is the Flory
interaction parameter between the polymer and solvent. Assuming that polymerization degree is

enough large (i.e., N — o), Equation 3 simplifies to:

AF, mix
nkT

= pslnes + yoe;. (Equation 4)

18



7_mix is obtained by differentiating the mixing free energy change AF mix with respect to
volume V. Since the volume change of the system is assumed to occur only due to the migration
of solvent (water) molecules, we write:

dV = v.dn,. (Equation 5)
where n_s is the number of lattice sites occupied by water molecules. Accordingly, ©_mix is

given by:

1 0F,ix

y— = -
mix Vs ans

kT .
= ——{Ing; + ¢ + xp(1 - 9:)} (Equation 6)
S

Equation 6 is applicable only to binary systems, such as those in which a gel
composed of a single type of polymer chain swells by absorbing water. In this study, however,
two types of molecular stents with different chemical species are introduced into the gel,
making it a quaternary system. Therefore, the following discussion extends the formulation to a
four-component system.[4] Based on Equation 3, the change in Helmholtz free energy due to

the mixing of three types of polymers and one solvent is expressed as:

AFyix _ @ % @
n]:l]l"x = Filnﬁol + N_zln(ﬂz + N_zln‘P3 + @sIngg + X120102 + X130193 + X23P203 + X15P10s

T X2sP2Ps + X35P3Ps- (Equation 7)
Here, N i is the number of lattice sites occupied by a single molecule of i, ¢ i is the volume
fraction of component i, and _ij is the Flory interaction parameter between components i and j,
where 1, j=1, 2, 3, and s represent the original polymer network, 1* molecular stent,
2" molecular stent, and water molecules, respectively. 1* molecular stent and 3" molecular
Assuming that the polymerization degree of molecular stents are also enough large, as in the

case of the polymer network, Equation 7 simplifies to:

19



AFmix
nkT

= @slng + X1201902 + X13P1903 + X2390203 + X15P1Ps + X25P2Ps

+ X3sP3Ps. (Equation 8)
Following the same derivation procedure as in Equation 6, the osmotic pressure contribution

from mixing, ®_mix, is given by:

1 0Fix
v, Ong

Tmix =

IR

kT
T {Ings + @1 + Q2+ P3 — X120102 — X13P19P3 — X23P2P3 + X191 (1 — @5)
S

+ X2s92(1 = 9) + Xx3503(1 — 95)}. (Equation 9)
Next, we describe the method for calculating ionic contribution, ©_ion, which
originates from the ionic molecular stents introduced into the gel. For the estimation of &_ion,
we assume that only the concentration difference of mobile counterions contributes to m_ion and
the effect of repulsion of the fixed ions are negligible. Under this assumption, ©_ion of the St
gels immersed in water, originating from the introduced ionic polymer as the molecular stent,

can be calculated by using the following equation; [4]

- ap, .
Tion = kT - (Equation 10)
1

Here, a is the ratio of mobile counterions to the total ionic polymer concentration, and v_1 is the
volume of the monomer unit of ionic molecular stent. The value of a can be estimated from the
Donnan potential measurement of the St gel immersed into the dilute salt aqueous solution with
the following equation; [5, 6]

Cs

a=—rg (Equation 11)

102.3RTCg

Here, z, F,R,and T are the valence of the mobile ion in consideration, the Faraday constant,
the gas constant, and the absolute temperature, where the value are z =1, F = 9.65 X 10* C/

mol, R =8.31]/mol-K,and T = 298 K, respectively. C_s is the monovalent salt concentration

20



of outside solution of the gels, @ is the Donnan potential between the outside solution and the
gels, and C_g is the total counterion concentration inside the St gels.

As described above, Equation 1 holds at the equilibrium swelling state. Previous
studies have reported that the elastic pressure ©_el can be estimated from the elastic

modulus £ of the gel as:

Mg = —G =—E/3. (Equation 12)
Therefore, at equilibrium swelling, the following expression is valid:
Tos = Mmix T Tion = — 3

kT
= _v_{ln‘Ps + @1+ P2t Q3 — X1201P2 — X13P193 — X23P2P3 + X1591(1 — @)
S

aQ .
+ Xas2(1 = 95) + X353 (1 = @)} + KT —=. (Equation 13)

1
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2.2 Physical properties change with swelling

The mechanical properties of as-prepared gel differ from those of the same gel after
swelling in a solvent. This is because swelling reduces the number density of network strands
while simultaneously stretching them. For a swollen gel—such as one implanted in the body—
to exhibit its intended functionality, it is desirable to be able to predict the mechanical property
changes with swelling. Although many studies have investigated changes in elastic modulus and
the rate of stimuli responsiveness with swelling ratio, these discussions have primarily been
based on changes in the number density of network strands.[7—10] In contrast, little attention
has been given to the stretching degree of network strands. The main reason for this is thought
to lie in the inherent structural heterogeneity of the polymer network structure within
conventional gels.
2.2-1 Tetra-PEG gels: A platform for investigating the structure—property
relationship

Gels synthesized via free-radical polymerization typically exhibit a broad
distribution in the polymerization degree between crosslinking points of the network strands. As
a result, when such gels swell, both highly stretched and loosely coiled strands coexist within
the network, leading to heterogeneous swelling at the microscopic level. In gels with such
structural inhomogeneity, it is difficult to correlate the macroscopic swelling ratio with the
microscopic stretching ratio of network strands. This network inhomogeneity makes it
extremely difficult to establish a clear relationship between the stretching ratio of strands and
the mechanical properties of the gel.

However, in 2008, Sakai et al. reported the development of Tetra-PEG gels, which
possess a relatively uniform network structure.[11, 12] Tetra-PEG gels can be easily

synthesized by mixing two types of tetra-functional prepolymers with reactive end groups. By
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tuning the molecular weight and concentration of the prepolymers when preparation,
polymerization degree between crosslinks and the extent of structural defects of the network can
be precisely controlled. Since this pioneering work, numerous studies have employed Tetra-
PEG gels, highlighting the interest in understanding the relationship between internal network
structures and gel properties.[13—16] As mentioned above, Tetra-PEG gels exhibit a remarkably
narrow distribution in the polymerization degree between crosslinks. Consequently, the network
strands are expected to swell uniformly unlike conventional gels. Therefore it becomes possible
to quantitatively correlate the mechanical properties of the gel, swelling ratio, and the network
strands stretching ratio by utilizing Tetra-PEG gel.
2.2-2 Molecular stent method to exceed the equilibrium swelling

Numerous studies, including those on Tetra-PEG gels, have discussed the
correlation between swelling degree and gel properties change. However, the majority of these
studies have been limited to the equilibrium swelling state or lower swelling regime. As
described in previous chapter, the elastic pressure, ©_el, balances with the osmotic pressure,
7_os, at swelling equilibrium. When a gel swells beyond this equilibrium, a high elastic pressure
is generated due to the accumulated elastic energy in the highly stretched network strands.
However, conventional gels typically do not possess sufficient osmotic pressure to overcome
this elevated elastic pressure. As a result, excessively swelling of gels is almost impossible
without special manipulation. Consequently, the mechanical properties of such an excessively
swollen gels have not been extensively studied.

To achieve excessively swelling, it is necessary to increase the osmotic pressure
independently of the elasticity originating from the original gel network. For this purpose,
the molecular stent method was developed by Nakajima et a/..[17] In this method, linear

polymers—either ionic or nonionic—are introduced into the gels. These polymers are
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termed molecular stents, in analogy to medical stents used to expand blood vessels. Unless
molecular stents do not form chemical crosslinks with the original gel network and interact
physically, they behave as dangling chains within the gel and are considered to have negligible
impact on its elasticity. When such a stent-introduced gel, St gel, is immersed in a good solvent,
the osmotic pressure generated by the molecular stents allows the St gels to absorb additional
solvent and swelling excessively. The St gels reaches a new equilibrium state where the osmotic
pressure balances with the elastic pressure from the stretched network strands.

An additional advantage of the molecular stent method is that the type of osmotic
pressure component—mn_mix or T_ion—can be selectively tuned. =_mix is proportional to the
concentration of nonionic polymers (or to the blob concentration in the semi-dilute regime),
while ©t_ion is proportional to the concentration of mobile counterions (see Section 2.1 for
details). Typically, ©_ion can generate osmotic pressures approximately 100 times greater than
n_mix.[4] Although gels composed of nonionic polymers generally exhibit limited swelling
depending on their preparation conditions, introducing ionic polymers as molecular stents
enables efficient excessively swelling even in such gels. In this way, the molecular stent method
is applicable regardless of the chemical species of the gels. Indeed, there are reports in which
the combination of Tetra-PEG gels with the molecular stent method has enabled the quantitative

coupling of swelling degree, stretching ratio of network strands, and gel elasticity.[18]
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2.3 Multi-step molecular stent method to achieve swelling around the structural
swelling limit

If we assume that the microscopic stretching limit of the network strands
corresponds to the macroscopic swelling limit of the gel, then the gel should be able to swell
from the most contracted state of the strands (i.e., the dried state) to their fully stretched limit.
Although the molecular stent method has made it possible to access this previously inaccessible
excessively swelling regime, research on excessively swollen gels remains limited. Also no
study has yet succeeded in experimentally realizing a gel in which the network strands are
stretched to their maximum limit. This is because the conventional molecular stent method has
limitation on the concentration of stents that can be introduced into the gel, thereby making it
difficult to generate sufficiently high osmotic pressure to stretch the network strands to their

limit.[17, 18]

In this study, we aim to induce excessively swelling such that the network strands
approach their stretching limit and to investigate the mechanical properties of the gel in that
state. To achieve this, we adopt a multi-step molecular stent method to generate higher osmotic
pressure. Specifically, we alternately introduce ionic and nonionic polymers as molecular stents,
thereby promoting efficient stepwise increases in osmotic pressure. As described in Section 2.2,
7_ion can generate significantly higher osmotic pressure than 1 _mix. One might assume that
repeated increases in m_ion alone would suffice to induce excessively swelling to the structural
swelling limit. However, it is important to note that w_ion arises from the concentration
difference of mobile counterions between the inside and outside of the gel. When a gel with
ionic molecular stents is immersed again in a precursor solution for ionic molecular stents, the
concentration gradient of mobile counterions become small. This results in a significant

reduction of _ion. Consequently, the gel does not swell so much and cannot efficiently absorb
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additional precursor monomers for ionic molecular stents, thereby limiting the final
concentration of ionic molecular stents within the gel (Figure 2-1). In contrast, when a St gel
with nonionic molecular stents is immersed in a precursor solution for ionic molecular stents, it
can swell effectively for 1_mix. As a result, the gel can absorb a larger amount of precursor
monomers for ionic molecular stents, ultimately allowing for a higher internal concentration of

1onic molecular stents.
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Figure 2-1. Illustration showing how multi-step molecular stent method enables dense
molecular stent introduction. St gels with ionic molecular stent cannot swell so much in
the ionic molecular stent precursor solution due to reduction of 7 _ion. Thus, the St
gels cannot absorb enough amount of precursor of molecular stent. However, St gels
with ionic and nonionic molecular stent can swell sufficiently in the ionic molecular

stent precursor solution, due to 7T _mix even if 7T _ion becomes small. Thus, the St

gels can absorb enough amount of precursor of molecular stent.
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Chapter 3: Strategy to Achieve Excessively Swelling around the
Structural Swelling Limit

3.1 Introduction

As polymer gels of interest, we used Tetra-PEG gels with well-regulated network
structures to correlate the macroscopic and microscale deformations (Figure 3-1).[1, 2] As
described in the previous section, Tetra-PEG gels are synthesized via end-linking reactions of
four-armed polyethylene glycols with narrow molecular weight distributions, resulting in
network strands with controlled lengths and low spatial inhomogeneity. Due to this well
controlled structure, it is reasonable to assume that the macroscopic deformation of Tetra-PEG
gels with swelling is well coupled with the molecular-scale deformation of the network
strands.[3—5] In other words, if the gel swells by an uniaxial swelling ratio of 4_s, the network
strands are also expected to be stretched approximately by 4 _s. In this study, Tetra-PEG gels
were prepared using prepolymers with various molecular weights and concentrations. The
preparation conditions of the Tetra-PEG gels are denoted by the average molecular weight of
the prepolymers, Mw, and the prepolymer concentration in the pre-gel solution relative to their

overlap concentration, C*.

To achieve excessively swelling far beyond the original swelling equilibrium, we
employed a multi-step molecular stent method, in which ionic and nonionic molecular stents
were introduced alternately (Figure 3-2). Although various types of polymers can be used as
molecular stents, we used poly(2-acrylamido-2-methylpropane sulfonic acid sodium salt)
(PNaAMPS) and polyacrylamide (PAAm) as the ionic and nonionic molecular stents,
respectively. These polymers commonly used in hydrogel synthesis. Into the Tetra-PEG gels of

interest, we first introduced the ionic PNaAMPS as the 1* molecular stent, followed by the
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nonionic PAAm as the 2™ molecular stent, and again the ionic PNaAMPS as the 3™ molecular
stent. Hereafter, the Tetra-PEG gels with the first, second, and third molecular stents are
referred to as St' (PNaAMPS), St* (PNaAMPS/PAAm), and St (PNaAMPS/PAAm/PNaAMPS)
gels, respectively. This alternate introduction of ionic and nonionic molecular stents generally
increases the swelling ratio of Tetra-PEG gels more effectively than repeatedly introducing only

the ionic stent (Figure 3-4).
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3.2 Experimental-Materials and Methods-

3.2-1 Fabrication of the Tetra-PEG gels

The Tetra-PEG gels were synthesized via cross-end coupling reaction of their
prepolymers. Tetra amine-terminated PEG (PA-PEG, NOF Corporation) was dissolved in
phosphate buffer (pH 7.4), while tetra NHS-terminated PEG (HS-PEG, NOF Corporation) was
dissolved in citrate phosphate buffer (pH 5.8). The average molecular weight, Mw of each
prepolymers was either 10,000 g mol™ (10 k) or 20,000 g mol™" (20 k). For the 10 k system, the
prepolymer concentrations relative to their overlap concentration (C* = 75 g L™') were set to
0.86 C*, C*, 1.26 C*, or 1.4 C*. For the 20 k system, the relative concentrations (with C* = 40
gL ) were 0.75 C*, C* (40 g L™), 1.5 C*, or 2 C*. The two prepolymer solutions were mixed
and injected into a glass mold using a plastic syringe equipped with a filter membrane. The
rectangular glass mold was constructed using two glass plates and a silicone rubber spacer (0.5
or 3.0 mm thick) with an inner area of 80 x 80 mm?. The molds filled with the mixed
prepolymer solution were sealed and left at room temperature for 24 hours to complete the
reaction. Some of the resulting Tetra-PEG gels were wrapped and stored at 5 °C, while the rest

were immersed in water for 24 hours to prepare equilibrium swollen Tetra-PEG gels.

3.2-2 Fabrication of the St-PEG gels

The St-PEG gels were prepared by the introduction of ionic or nonionic molecular
stents. The precursor solution for the ionic stents (used for the 1% and 3™ molecular stents) was
prepared by dissolving 2 M 2-acrylamido-2-methylpropanesulfonic acid sodium salt (NaAMPS;
Toa Gosei Co., Ltd.) and 0.1 mol% (to the monomer) 2-oxoglutaric acid (a-keto; Wako Pure
Chemical Industries, Ltd.), which serves as a radical initiator, in water. The precursor solution

for the nonionic stent (used for the 2™ molecular stent) was prepared by dissolving 3 M
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acrylamide (AAm; Wako Pure Chemical Industries, Ltd.) and 0.5 mol% (to the monomer) a-

keto in water.

To fabricate St'-PEG gels, equilibrium swollen Tetra-PEG gels were immersed in
the ionic precursor solution for 24 hours, picked up the gels from the solution, then sandwiched
them between a pair of glass plates. The sandwiched gels were irradiated with UV light (peak
wavelength: 365 nm) for 6 hours in a glove box filled with Ar gas to synthesize of linear

PNaAMPS (1* molecular stent) within the Tetra-PEG gels.

To fabricate St*-PEG gels, the as-prepared St'-PEG gels were immersed in the
nonionic precursor solution for 24 hours, and PAAm (2™ molecular stent) was synthesized

inside the St'-PEG gels using the same UV irradiation procedure.

To fabricate St*-PEG gels, the as-prepared St>-PEG gels were again immersed in
the ionic precursor solution for 24 hours, and PNaAMPS (3™ molecular stent) was synthesized

within the St-PEG gels using the same procedure.

The resulting St', St?, and St*-PEG gels were stored at 5 °C in sealed plastic bags to prevent

drying.

3.2-3 Measurement of uniaxial swelling ratio of the gels

As-prepared Tetra-PEG gels, St'-PEG gels, and St>-PEG gels were immersed in
water for 24 hours to reach their swollen states, which were regarded as the equilibrium
swelling states. The thickness of the gels was measured using a thickness gauge (SDA-25,
KOBUNSHI KEIKI Co., Ltd.). The uniaxial swelling ratio of a swollen gel, 4_s, was defined as:

Ay =—. (Equation 14)
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Here ¢ is the thickness of the swollen St"?-PEG gel, and # is the thickness of the corresponding

as-prepared Tetra-PEG gel. All measurements were performed in 3 times at 25 °C.
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3.3 Results and Discussion
3.3-1 Distribution of molecular stents inside the St-PEG gels

In this study, quite dense molecular stents were introduced into the Tetra-PEG gels.
For the localization of the molecular stents, all the St-PEG gels were transparent and
homogeneous in appearance, suggesting no large aggregation in the gels. Figure 3-3 shows the
pictures of St>-PEG gels. Moreover, cross section of the St>-PEG gels dyed with methylene blue
to stain PNaAMPS was uniform. Based on these results, the molecular stents distributed
homogeneously within the St-PEG gels. However, at the molecular scale, the molecular stent
distribution would not be perfectly homogeneous because of the interactions between the
polymers.
3.3-2 Excessively swelling behavior of the St-PEG gels by multi-step molecular

stent method

Figure 3-4 shows the swelling ratio of St>-PEG gels prepared by the multi-step
molecular stent method. Regardless of the molecular weight of the prepolymers used for the
Tetra-PEG gel preparation, a clear difference in swelling ratio was observed between St*-PEG
gels repeatedly introduced with the ionic molecular stent (PNaAMPS) and those alternately
introduced with the ionic (PNaAMPS) and nonionic (PAAm) molecular stents. The swelling
ratio of the St>-PEG gels with PNaAMPS/PAAm was about 1.15 times higher (for the 10 k) and
about 1.3 times higher (for the 20 k) than that of the gels with PNaAMPS/PNaAMPS. In the
case of the Tetra-PEG gels (20 k), the prepolymer concentration in the preparation is lower than
that of the gels (10 k), resulting in a lower elastic pressure arising from the network strands. In
semi-dilute solutions, the osmotic pressure generated by molecular stents is determined by their
concentration not their molecular weight.[6] Therefore, the osmotic pressure can be considered

nearly identical if the same concentration of molecular stents is introduced into each gel. Based
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on this assumption, the observed differences in swelling ratio are likely attributable to
differences in the elastic pressure of the gels. It should also be noted that these measurements
were performed after immersing the St*-PEG gels in water for 24 hours. Previous studies have
shown that the leakage of molecular stents during this period is negligible.[7] Thus, the effect of

stent leakage on the swelling ratio can be reasonably disregarded.
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3.4 Conclusion of this chapter

Microscopic and dyeing observations confirmed that molecular stents were
homogeneously distributed within the St-PEG gels, without visible aggregation. However, the
interactions between the molecular stents and PEG at the microscopic scale remain unclear.
Swelling experiments using the multi-step stent introduction method revealed that alternately
introduction of ionic (PNaAMPS) and nonionic (PAAm) molecular stents induced greater

swelling than using only ionic molecular stents.
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Figure 3-1. Illustration of the Tetra-PEG gel network in this work. Each prepolymers

are crosslinked via amide bond formation. Figures Reproduced from Small, with

permission from Wiley-VCH.
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Figure 3-2. Schematic illustration of multi-step molecular stent method. Figures
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Figure 3-3. Picture of cross section of St>-PEG gels stained by Methylene blue.
Macroscopic observations showed that the stained PNaAMPS was homogeneously
distributed throughout the gels. Figures Reproduced from Small, with permission from

Wiley-VCH.
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Figure 3-4. Swelling ratio of the swollen St>-PEG gels with different molecular stents.
The black circles correspond to the data of the swollen St>-PEG gels with PNaAMPS as
the 1°t and 2" molecular stents, and the red circles correspond to those of the swollen
St>-PEG gels with PNaAMPS as the 1%t molecular stent and PAAm as the 2" molecular
stent. Prepolymers conditions of the Tetra-PEG gels in the fabrication process are 10 k,
C*, 20 k, C* , respectively. Figures Reproduced from Small, with permission from

Wiley-VCH.
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Chapter 4: Excess Swelling of the Tetra-PEG Gel Networks

4.1 Introduction

In the previous chapter, we confirmed that the multi-step molecular stent method—
where molecular stents of different chemical species are introduced alternately—is an effective
approach for inducing efficient and excessive swelling of the gels. In this chapter, we apply this
method to excessively swelling of the Tetra-PEG gels, and discuss the resulting mechanical
properties in relation to the stretching state of the network strands. In the following sections, we
describe how to derive the structural swelling limit and the elastic energy stored per network

strands, which are essential for the subsequent discussion.

4.1-1 Structural swelling limit

First, we explain the method for deriving the mean square end-to-end distance, Ry, of
the network strands in the as-prepared Tetra-PEG gel. The R, of the Tetra-PEG gels was calculated
based on their prepolymer conditions.[1, 2] Under the affine deformation assumption where the
macroscopic and microscopic deformations are well coupled, the theoretical maximum uniaxial
swelling ratio, A, 1S considered to be estimated to Ry,.x/Rg, where Ry and Ry, are the
mean square end-to-end distance of the as-prepared Tetra-PEG network strands and the average
contour length of the strands, respectively. R, is estimated from the end-to-end distance of the
Tetra-PEG gel prepared from the prepolymer solution at C*. Since Ry is not strongly dependent
on the prepolymer concentration in the Tetra-PEG gel preparation, the following calculations were
performed based on C*, which is commonly used as the standard concentration in Tetra-PEG gel
synthesis.[ 1, 3] At this overlapping concentration, the number density of prepolymers in the Tetra-

PEG gel precursors, d, was calculated by the following equation;
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(Equation 15)

Here, N, is Avogadro’s constant. The value of C* is 75 g L' (for 10 k) and 40 g L™ (for 20 k).
Assuming that prepolymers form a diamond-like lattice in the as-prepared Tetra-PEG gels!'®), the
mean square end-to-end distance between the neighborhood cross-linking points in the as-
prepared Tetra-PEG gels, Ry, can be calculated by the same procedure as that for deriving the
nearest-neighbor atomic distance. Thus, R is written as the following equation;

1

Ry = g5 =2 (Ea) 3 Equation 16
0=73 = <Mw> . (Equation 16)

N

Next, we explain the method for deriving the average contour length of the strands,
Rpax - In aqueous environments, PEG networks typically adopt a trans-trans-gauche
conformation.[4] However, as the network strands approach their extension limit, they transition
to an all-trans conformation. In this all-frans conformation, the ethylene glycol units in the
network strands align on a single plane. Also we assume that bond length and bond angle in the
ethylene glycol does not change by extremely stretching, Ry,.x can be written like the following

equation;[2]
9 .
Rpax = N(r; + 1) sin (E) (Equation 17)

Here, r; and 7, are the bond lengths of C-C (0.154 nm) and C-O (0.143 nm), and 6 is the
bond angle (109.5°), respectively, thus the length of ethylene glycol per unit is 0.36 nm. N is
the average polymerization degree of the PEG strands (112 for 10k and 224 for 20k).[5]
Calculated R, are 4.44 (10 k), 8.14 (20 k), and Ry, 5 are 41 (10 k), 81.9 (20 k), so each A ax

are 9.2 and 10.1, respectively (Figure 4-1).
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4.1-2 Calculation of elastic energy per strand from the elastic modulus of the gels

From the modulus measurements, the elastic energy density of the gel network was
estimated by extending the works of Panyukov ef al.[6, 7] The scaling relationship for the elastic
energy density, W, and the elastic modulus, E, of a gel network is written as a function of the
swelling ratio A as

W = E = v kT A (Equation 18)
where v, is elastically effective network strand density, £ is Boltzmann constant
(1.38x102' ] K™"), and T is absolute temperature (298 K), so the resulted value of k7 is about
4.0x10" J. This equation suggests that the elastic energy per strand, U = W /v,, is around kT x
A;%. The elastic energy per a network strand in the as-prepared Tetra-PEG gels, Us, is given by
Uy = KT. (Equation 19)
Also, W can be written like the following equation:
wW=v, X U. (Equation 20)
From Equation 18 and 19, the elastic modulus, E, can be roughly expressed as follows:
E = v, X U. (Equation 21)
Here, Equation 18 is valid only in the small swelling regime where the network strands can be
regarded as Hookean springs and their elastic energy is proportional to the square of the swelling
ratio A,. Considering the large swelling regime where the network strands are stretched extremely
and the strands cannot be regarded as Hookean springs, Equation 18 can be generalized as
follows:
W =E =v,U(A). (Equation 22)

Equation 19 and 22 leads the following relationship,

U Eveo EA°

— = Equation 23
Us = Eov, E, (Equation 23)

where ve is Ve of an as-prepared gel with the relationship of v, = Ve,O/‘ls_?)-
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Substitution of Equation 19 into Equation 23 leads the following equation for rough estimation

of U as

EASKT _
U= e (Equation 24)
0
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4.2 Experimental-Materials and Methods-

4.2-1 Indentation test of the gels

The indentation test was conducted to determine the Young’s modulus of the gels
using a universal mechanical tester (Shimadzu Autograph AGX-V, Shimadzu Co.). A
hemispherical steel indenter (diameter: 0.5 mm) attached to a 10 N load cell was indented into
the gel at a velocity of 0.5 mm min. This indentation speed was sufficiently low to neglect
viscoelastic effects, yet high enough to prevent water oozing from the gel surface near the
indentation area.[8] The Young’s modulus, E, was calculated based on the following form of
Hertzian contact theory, which is applicable to soft materials under small deformation
conditions: [9-11]

3f(1 —v,?
E = %, (Equation 25)
412R2
where [ is the indentation depth, R is the radius of the indenter (0.5 mm), f is the applied force,
and v is the Poisson’s ratio, assumed to be 0.5. The modulus E was determined from the f-
[ relationship in the range 0 < [ < 0.1 mm. To eliminate any influence from the sample thickness,

all gel specimens were prepared with thicknesses greater than 2 mm. All measurements were

performed 4 times at 25 °C.
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4.3 Results and Discussion

4.3-1 Excessive swelling behavior of the Tetra-PEG gel network

Figure 4-2 show photographs of the Tetra-PEG gels and St' and St>-PEG gels
prepared under prepolymer conditions of (A) 10k, C*, and (B) 20k, C*, respectively. In both
systems, the as-prepared Tetra-PEG gels were shaped into squares with dimensions of 0.5 % 0.5
cm? The Tetra-PEG gels without molecular stents showed minimal swelling in water. In
contrast, the St'-PEG gels which contain molecular stents showed excessively swelling beyond
the original equilibrium swelling state of the Tetra-PEG gels. Furthermore, the St*-PEG gels
which contain a higher dense molecular stents swelled even more than the St'-PEG gels. This
increase in equilibrium swelling ratio due to the introduction of molecular stents is attributed to
the high osmotic pressure generated by the molecular stents. Similar excessive swelling

behavior was observed for St-PEG gels regardless of their prepolymer conditions (Figure 4-3).

Figure 4-4 shows the uniaxial swelling ratio, A5, of the Tetra-PEG gels and the
corresponding St-PEG gels. The dotted lines represent the estimated theoretical structural
swelling limit, 4,,,,, for each gel, based on the average end-to-end distance between
neighboring crosslinking points in the as-prepared Tetra-PEG gels and the contour length of the
corresponding PEG network strands (Section 4.1-1). The A5 values of the Tetra-PEG gels
without molecular stents were below 1.6, far from their structural swelling limits. In contrast,
the St'-PEG gels exhibited a clear increase in A, and the St>-PEG gels showed a further
increase. The A4 values of both St>-PEG gels were close to their respective Apax, suggesting
that the PEG network strands in the St*-PEG gels almost reached an extremely extended state.
Similar excessive swelling was also observed in other Tetra-PEG gels prepared under different

prepolymer conditions.
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Moreover, the A5 values of the 20 k St-PEG gels tend to be larger than those of the 10 k St-PEG
gels (Figure 4-4). As explained above, the equilibrium swelling ratio of a gel is governed by the
balance between osmotic pressure and elastic pressure. Elastic pressure generally increases with
the density of the original network strands. In this study, the as-prepared 20 k Tetra-PEG gels
had a lower network strand density and consequently lower elastic pressure than the 10 k gels.
As a result, the 20 k St-PEG gels swelled more than the 10 k St-PEG gels. St>-PEG gels
prepared by under C* showed a little bit higher A5 than each A,,,x. The Tetra-PEG gels
prepared under conditions below C* have internal defects in the gel network. As a result, the St
-PEG gels synthesized based on these defective Tetra-PEG gels are thought to have swelled
more than usual. Since the value of Ry is largely independent of the Tetra-PEG gel preparation
conditions (Section 4.1-1), the corresponding A, is also generally independent of those
conditions. However, it should be noted that the presence of internal defects in the gel may alter

the effective value of A, 5«.

4.3-2 Elastic modulus change and elastic energy per strand

Young’s modulus, E, of the gels was measured by indentation test to estimate the
elastic energy stored in the network strands, U. Figure 4-5 shows the relationship between the
uniaxial swelling ratio and the normalized Young’s modulus, E/E, , of swollen Tetra-PEG, St',
and St>-PEG gels, where Eo is the Young’s modulus of the corresponding as-prepared Tetra-
PEG gels. The dependence of Ey on prepolymer concentration is shown in Figure 4-6. In all
gels, E/Ey decreased with increasing A in the initial swelling regime, and then increased in the
large swelling regime. Around A,,«, E/Eo of the St-PEG gels exceeded 1, even though the
network strands were significantly diluted by swelling. A similar trend was observed for Tetra-

PEG gels prepared under various prepolymer conditions (Figure 4-5).
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Figure 4-7 shows the relationship between the uniaxial swelling ratio A5 and the
stored elastic energy U of the gels. When the deformation is sufficiently small, the end-to-end
distance of the network strands follows a Gaussian distribution. In this regime, the strands
behave elastically like Hookean springs, and U is proportional to the square of Ag.[2] According
to previous studies on Tetra-PEG gel swelling, a linear relationship between U and A4 is
observed at low swelling regime (45<3), while nonlinear behavior appears at large swelling
regime (3<As). As shown in Figure 4-7, the elastic energy, U of both St-PEG gels increased
significantly and deviated markedly from the U « A,” relationship (Equation 18) in the large
swelling regime where 1, approaches 1.,,,. This suggests that the extremely stretched PEG
network strands no longer follow a Gaussian distribution and exhibit stiff, non-Hookean
behavior. Based on equation 22, these results strongly indicate that the increase in E/E, at
high A is due to the dominant effect of highly elongated network strands overcoming the
dilution effect (Figure 4-8). In contrast, the decrease in E/E, at low A is attributed to network
dilution with swelling. Regardless of the molecular weight (Mw) of the prepolymers, the St-
PEG gels prepared at the lowest prepolymer concentrations exhibited the highest elastic
energy: 6.0x10° kJ mol™ (10 k, 0.86 C*) and 3.0x10* kJ mol™" (20 k, 0.75 C*) (Figure 4-7).
This is because the PEG network strands in these gels are stretched to a greater extent due to

their larger swelling.
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4.4 Conclusion of this chapter

The introduction of molecular stents into the Tetra-PEG gels significantly enhanced
their swelling capacity, allowing them to approach their structural swelling limits. The St*-PEG
gels with a higher density of molecular stents exhibited the highest uniaxial swelling ratios, As,
particularly under low prepolymer concentrations due to their defects in the network structure.
Elastic modulus measurements revealed a non-monotonic change with swelling: initial
softening due to network dilution was followed by stiffening as network strands became highly
extended. This was accompanied by a marked increase in stored elastic energy per strand, U,
especially in the highly swollen St>-PEG gels. At large A, deviation from Gaussian chain
behavior indicated highly stretched network strands does not behave non-Hookean springs, with

U no longer proportional to A2
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Figure 4-1. Illustration of the structural swelling limit. PEG network strands reaches
their extension limit by stretching approximately 9.2 (10 k) and 10.1 (20 k),

respectively.
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Figure 4-2. Pictures of the Tetra-PEG gels and corresponding St gels, where the
prepolymer condition was (A) 10 k, C* and (B) 20 k, C*. From the left is as-prepared
Tetra-PEG, swollen Tetra-PEG, St', St>-PEG gels. The swollen gels were stained with

methylene blue for visualization. Figures Reproduced from Small, with permission from

Wiley-VCH.
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10 mm

Figure 4-3. Swelling behavior of the Tetra-PEG gels and the corresponding St gels. (A—
C) Mw:10k, (A) 0.86 C*, (B) 1,26 C*, (C) 1.4 C*, and (D-F) M«:20 k, (D) 0.75 C*, (E)
1.5 C*, (F) 2.0 C*. From the left is as-prepared Tetra-PEG, swollen Tetra-PEG, St!, and
St? gels. Regardless of prepolymers conditions, the St gels showed excess swelling
behavior. Also, As of the St>-PEG gels increased with the decrease of prepolymer

concentration. Figures Reproduced from Small, with permission from Wiley-VCH.

55



10 kDa

1oL Amax =9.2

L]

X 5.5

Eecssively swelling reeien
Lod>
X 7.2
o

Swelling ratio, A

0.86 C*
c*
1.26 C*
14C*

&
1L o o

opono

As-prepared Swollen Swollen Swollen
tetra-PEG tetra-PEG  St'-PEG  St>-PEG

Figure 4-4. Uniaxial swelling ratio, A, of the Tetra-PEG gels and corresponding St!

10

Swelling ratio, Ag

20 kDa

Amax =10.1 o

i 3 f
§ o 075C*

8 o ¢C*
r < A 15C

o 2c¢
As-prepared Swollen Swollen Swollen
tetra-PEG tetra-PEG  St'-PEG  St>-PEG

and St>-PEG gels for various prepolymer conditions. The term “as-pre” stands for

the as-prepared state. Black and red dotted lines show the theoretical uniaxial swelling

limit, A,,.x, based on C* for 10 k and 20 k, respectively. Figures Reproduced
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56




10k

20 k
10 10
O 0.86 C* Ereessively swallig (eefon o 0.75C* Exeessively swellig wifen
o C* o C B
A 1.26 C* A 15C
o 14cC - u) o 20cC N
A )
w4l $ w4l 8
i 8 o © g i
@Q o © 5 & 5
P ’;l A & M
R =
© o
o @ =
0.1 1 1 0.1 L
1 10 1 10
A A

Figure 4-5. Normalized elastic modulus, E/Eo, of the Tetra-PEG and St gels as a
function of their uniaxial swelling ratio. The error bar represents mean+SD (N = 3).

Figures Reproduced from Small, with permission from Wiley-VCH.
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Figure 4-6. Elastic modulus of the as-prepared Tetra-PEG gels, E,, and their prepolymer
concentration. E, of the as-prepared Tetra-PEG gels increased with increasing
prepolymer concentration, regardless of molecular weight of prepolymers. Figures

Reproduced from Small, with permission from Wiley-VCH.
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with permission from Wiley-VCH.
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Figure 4-8. Elastic modulus can be separate into the contribution of v, and U based on

Equation 21.
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Chapter 5: Osmotic Explosion (Bulk Disintegration) of the gels

5.1 Introduction
In the previous chapter, the stiffening of Tetra-PEG gels with swelling was

discussed in relation to the stretching ratio of the network strands. It was found that the network
strands within the swollen St>-PEG gels were stretched to approximately the structural swelling
limit, A,.4. Therefore, when the St*-PEG gels are immersed in water, they are expected to swell
beyond the structural limit. In this chapter, we describe the behavior of the St'-PEG gels when
they swell beyond the structural swelling limit.

5.1-1 Calculation method of each polymer volume fraction

To estimate osmotic pressure generated by PEG networks, PNaAMPS (1% and 3"
molecular stent), and PAAm (2™ molecular stent), each polymer volume fraction, ¢, of the gels

was calculated. The detail method to calculate polymer volume fraction is described as follows.

As basic data, we measured the volume swelling ratio Q (Q = A¢*), total polymer
weight fraction WPelymer ‘and density p of all gels. Superscripts and subscripts on these variables
denote the target component and the state of the gel, respectively. We also used literature values
for the density of each component (for polymers, the density of the dried form):
pPNaAMPS—1 739 + 0.3, and pPAAM=1.43740.2, and pPEC=1.12gcm™3 [1, 2] We first
estimated the weight fraction of each component and then converted it to the corresponding
volume fraction. For the swollen Tetra-PEG gel, which is a PEG/water binary component system,

the total polymer weight fraction equals the PEG weight fraction:[3]

wPrES = pPolymer (Equation 26)

swollen Tetra—PEG gels swollen Tetra—PEG gels*

Based on this, the volume fraction, @5 ec)ien Tetra— PEG gels Was calculated as
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WPEG
swollen Tetra—PEG gels
ppolymer

PEG —
Pswollen Tetra—PEG gels — WPEG 1— PEG
swollen Tetra—PEG gels swollen Tetra—PEG gels

PEG water
p p

. (Equation 27)

The St'-PEG gels is a PEG/PNaAMPS/water ternary component system, formed by introducing
PNaAMPS into the swollen Tetra-PEG gel. Throughout this process, the total mass of the Tetra-
PEG network in the swollen St-PEG gels remains unchanged. Thus, the weight fraction of

Tetra-PEG in the swollen St'-PEG gel, WSF\)/\};::(?llen st1_pEG gels 1S calculated as:

PEG
Wswollen St1-PEG gels

PEG Pswollen Tetra—PEG gels Qswollen Tetra—PEG gels
swollen Tetra—PEG gels

. (Equation 28)

Pswollen St1—PEG gels Qswollen St'-PEG gels

Then, the weight fraction and volume fraction of PNaAMPS in the St'-PEG gel ,

PNaAMPS PNaAMPS .
Wswollen St1-PEG gels and Pswollen St1-PEG gels are.
PNaAMPS __ y47polymer __ 17PEG :
Wswollen st'-pEG gels — Wswollen St'-PEG gels Wwollen sti—PEG gels’ (Equation 29)
PNaAMPS
Pswollen St'—PEG gels
PNaAMPS
Wswollen St'—PEG gels
pPNaAMPS
= WPEG PNaAMPS 1 — WPEG — . PNaAMPS - (Equation 30)
swollen St!—PEG gels swollen St!—PEG gels swollen St'—PEG gels swollen St'—PEG gels
pPEG pPNaAMPS + pwater

The volume fraction of PEG in the swollen St'-PEG gel, <p§£gnen St'—PEG gels> WaS estimated

from @LES)  Tetra—PEG gels and their respective swelling ratio:

PEG
Pswollen St1-PEG gels

stollenTetra—PEG els .
g (Equation 31)

— ,,PEG
= Pswollen Tetra—PEG gels
Qswollen St'-PEG gels
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The volume fractions in St* and St*-PEG gels were calculated in a similar manner. For existing
components, the volume fraction was updated from the previous step using the swelling ratio.
For newly introduced components, the weight fraction was first determined by subtracting the
known weight fractions of the other components, and then converted to volume fraction. As an

example, for the swollen St*-PEG gels, the volume fractions of PEG and PNaAMPS were given

by:
PEG _ PEG Uswollen St'-PEG gels .
Pswollen St2—PEG gels — Pswollen St1-PEG gels ) ’ (Equation 32)
swollen StZ2—PEG gels
PNaAMPS ___PNaAMPS stollen St1-PEG gels .
Pswollen St2—PEG gels — Pswollen St1-PEG gels ) . (Equation 33)
swollen St2—PEG gels
The weight fraction of PAAm, a newly added component, was calculated as:
PAAm __ 1p7polymer __ 117PEG __ 117PNaAMPS .
swollen St2~PEG gels — "swollen St2—PEG gels Wswollen St2—PEG gels swollen St?—PEG gels’ (Equatlon 34)
PEG PNaAMPS . . .
where W, olien st?—PEG gels and W, len St2—PEG gels Were estimated like Equation 28.
PAAmM . PAAmM . .
Pswollen St2—PEG gels WaS estimated from W, 1., s2—pEG gels like Equation 30.

Finally, osmotic pressure of each gels was obtained by substituting these estimated volume

fraction into Equation 9 and 10.
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5.2 Experimental-Materials and Methods-

5.2-1 Measurement of Moisture Content and Density of Gels

The weight of the wet gel, wy,t, Was measured using an electronic balance
(XPE204, Mettler-Toledo International Inc.). The gel was then completely dried at 120 °C for
10 hours under vacuum conditions. The weight of the dried gel, wqry, was measured using the
same balance immediately after drying. The moisture content (W Wat€T) and total polymer

weight fraction (WPCY™er) of the gels were calculated from the wet and dry weights as follows:
ypolymer — Wdry/ Wivet) (Equation 35)
wwater — 1 _ polymer (Equation 36)

To determine the density of the gels, wy,; Was measured both in air and in liquid paraffin
(FUJIFILM Wako Pure Chemical Corporation) using an analytical balance (AUY220,

Shimadzu Corporation). The density of the wet gel, denoted as pge), was calculated based on

Archimedes’ principle:

pgel = {Wwet,air/(wwet,air - Wwet,liquid paraffin)} X phquld paraffln. (Equation 37)

Here, Wyyetair and Wyyetliquid paraffin are the weights of the gels in the air and in the liquid
paraffin, respectively, and p'lawidparaffin s the density of the liquid paraffin (0.98 g cm™). All

measurements were performed 3 times at 25°C .
5.2-2 Swelling test of the St-PEG gels

As-prepared St*-PEG gels were cut into square shapes (10 x 10 mm?) using a razor

blade. The cut gels were immersed in water at 25 °C and swelled for 24 hours. The swelling
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behavior was monitored by capturing images every 30 seconds using a digital camera (EOS
Kiss X5, Canon Inc.). After 24 hours, the swollen and degraded St*-PEG gels were gently
agitated at approximately 1 Hz for another 24 hours using a shaker (PIC-100S, As One Co.).
The resulting microgels were observed using the stereomicroscopic mode of a polarized optical
microscope (ECLIPSE LV100 POL, Nikon Co.) with 2x and 5x objective lenses. Images of the

microgels were captured using a digital camera (DS-Fi3, Nikon Co.).

5.2-3 Measurement of the Donnan Potential of St'-PEG Gels

The Donnan potential of the gels was measured using the microelectrode technique.
[4, 5] St'-PEG gels were immersed in a 10* M NaCl solution, which served as the reference
solution. A glass microelectrode (diameter: 150 nm) was used as the working electrode and
inserted into the St'-PEG gels at a speed of 2 um/s using a micromanipulator (DMA-1511,
NARISHIGE Group). A carbon reference electrode was placed in the reference solution. The
potential difference between the working and reference electrodes was measured using an
oscilloscope equipped with a preamplifier. All measurements were performed in 3 times at
room temperature. Under the experimental condition of € = 0.0213 M, and & was measured
as —96.5 mV with the microelectrode technique. From the above values and Equation 11, «

was estimated as 0.201.

5.2-4 Fabrication of the PNaAMPS gels

The precursor solution for the PNaAMPS gels was prepared by dissolving 2 M 2-
acrylamido-2-methylpropanesulfonic acid sodium salt (NaAMPS; Toa Gosei Co., Ltd.) and 2
mol% (to the monomer) N,N'-Methylenebis(acrylamide) (MBAA; Wako Pure Chemical

Industries, Ltd.) as a crosslinker, 1 mol% (to the monomer) Ammonium persulfate (APS; Wako
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Pure Chemical Industries, Ltd.) as a radical initiator, in water. To reduce the number of
unreacted cross linking points, a relatively high concentration of APS was added. Then 0.1
mol% N,N,N',N'-Tetramethylethylenediamine (TEMED; Wako Pure Chemical Industries, Ltd.)
was added in to the precursor solution. The final solution were injected into a glass mold. The
rectangular glass mold was constructed using two glass plates and a silicone rubber spacer (0.5
or 3.0 mm thick) with an inner area of 80 x 80 mm?. The molds filled with the mixed
prepolymer solution were sealed and left at 5 °C for 24 hours to complete the reaction. Some of
the resulting PNaAMPS gels were wrapped and stored at 5 °C, while the rest were immersed in

water for 24 hours to prepare equilibrium swollen PNaAMPS gels.

5.2-5 Fabrication of the St-PNaAMPS gels

The St-PNaAMPS gels were prepared by the introduction of nonionic molecular
stents. The precursor solution for the nonionic stents (used for the 1%, 2™ and 3" molecular
stents) was prepared by dissolving 3 M N,N-Dimethylacrylamide (DMAAm; Wako Pure

Chemical Industries, L.td.) and 0.5 mol% (to the monomer) a-keto in water.

To fabricate St'-PNaAMPS gels, equilibrium swollen PNaAMPS gels were
immersed in the nonionic precursor solution for 24 hours, picked up the gels from the solution,
then sandwiched them between a pair of glass plates. The sandwiched gels were irradiated with
UV light (peak wavelength: 365 nm) for 6 hours in a glove box filled with Ar gas to synthesize

of linear PDMAAm (1* molecular stent) within the PNaAMPS gels.

To fabricate St-PNaAMPS gels, the as-prepared St'-PNaAMPS gels were
immersed in the nonionic precursor solution for 24 hours, and PDMAAm (2™ molecular stent)

was synthesized inside the St'-PNaAMPS gels using the same UV irradiation procedure.
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To fabricate St'-PNaAMPS gels, the as-prepared St>-PNaAMPS gels were again
immersed in the nonionic precursor solution for 24 hours, and PDMAAm (3" molecular stent)

was synthesized within the St-PNaAMPS gels using the same procedure.

The resulting St', St?, and St*-PNaAMPS gels were stored at 5 °C in sealed plastic bags to

prevent drying.

5.2-5 Cyclic swelling test of the St gels

PEG (Mw: 20 k, Wako Pure Chemical Industries, Ltd.) was dissolved in water to
prepare PEG solutions with concentrations of 5, 10, and 20 wt.%. The St gels obtained from
each gels were immersed in the corresponding PEG aqueous solutions and in pure water,
corresponding to the swelling process. Subsequently, the equilibrium swollen St gels in pure

water were immersed in the PEG aqueous solutions, corresponding to the deswelling process.
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5.3 Results and Discussion

5.3-1 Bulk disintegration of the St*-PEG gels

Figure 4-3 showed that the St*-PEG gels nearly reached their structural swelling
limit and stored significant elastic energy in their network strands. To investigate gels swelling
beyond the structural swelling limit, St*-PEG gels were prepared by introducing an additional
molecular stent into the St>-PEG gels and then immersing them in water. Figure 5-1 show the
swelling process of the St'-PEG gels (10 k, C* and 20 k, C*) in pure water. Interestingly, the
St-PEG gels began to disintegrate from the surface during swelling process. This observation
suggests that excessively high osmotic pressure caused the gels to swell beyond their structural
limits, leading to osmotic explosion of the bulk. After 24 hours of immersion, the disintegrated
St*-PEG gels turned into slime-like body due to the entanglement of the linear molecular stents,
which maintained the macroscopic integrity of the material (Figure 5-2). To fully disentangle
the molecular stents and disperse the material, the degraded St*-PEG gels were gently shaken in

water to produce a slurry.

Figure 5-3 show optical microscope images of the exploded St*-PEG gels (10
k, C* and 20 k, C*). Numerous microgel particles—fragments of the original St*-PEG gels—
were observed within the slurry. The particle size and shape distributions were broad, with
microgels ranging from sub-millimeter to several millimeters in size including other prepolymer
conditions (Figure 5-4). Many of the microgels exhibited hierarchical surface cracks,
suggesting a multi-scale fragmentation process regardless of the Tetra-PEG gel preparation
method. The St*-PEG gels prepared under various conditions exhibited similar osmotic
explosion behaviors, with the exception of certain gels such as those prepared under 10 k,

1.4 C* and 20 k, 0.75 C* conditions (Figure 5-2). In the case of the St*-PEG gels (10 k, 1.4 C*),
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it is presumed that the osmotic pressure generated by the molecular stents was lower than the
elastic pressure of the network strands. It prevented the swelling beyond its structural swelling
limit and thus no osmotic explosion occurred. On the other hand, in the case of the St'-PEG gels
(20 k, 0.75 C%*), it is considered that severe leakage of the molecular stents occurred due to
network defects, which halted the swelling before an osmotic explosion could take place. The
osmotic explosion is reminiscent of osmotic hemolysis in red blood cells placed in hypotonic
solutions, where excessive water uptake causes swelling and rupture of the cell membrane.
While similar osmosis-induced ruptures are often observed in biological systems—for example,
fruit splitting due to overwatering—the fragmentation of bulk 3D materials via osmotic forces

has been rarely reported.

5.3-2 The criteria of the osmotic explosion

As mentioned above, the St*-PEG gels were eventually fragmented into microgels
upon swelling. We hypothesize that this osmotic explosion of the Tetra-PEG gel networks—
corresponding to the rupture of PEG network strands within the gels—occurs when the elastic
energy per PEG network strand, denoted as U, exceeds the maximum elastic energy that a single
PEG strand can withstand, denoted as Unax (Figure 5-5). According to the theory proposed by
Lake and Thomas, Unax is given by the product of the bond dissociation energy of the weakest

bond in the main chain, Uspg, and the number of such bonds, 7:[6]

Umax = Uppg X 1. (Equation 38)

A PEG network strand in Tetra-PEG gels consists of repeating ethylene glycol units and a
linking unit containing an alkyl chain and an amide bond. The bond dissociation energies of the

covalent bonds in the main chain are as follows: 364 kJ mol™ (C—C bond), 331 kJ mol™* (C-O

71



bond), and 397 kJ mol™* (N—C bond in amide).[7, 8] Thus, the Ugpg for Tetra-PEG gels is 331
kJ mol™'. As the main chain of a single ethylene glycol unit includes 3 covalent bonds and the

linking unit includes 9 (Figure 5-6), the total Un.x for a PEG strand can be estimated as:
(3 X 331 X npgg + 9 X 331) X Ny~ k] mol~?

Here, n is the average number of ethylene glycol units per strand (112 for 10 k, 224 for 20 k),
and N, is Avogadro’s number. It should be noted that the actual activation energy required for
strand rupture would be lower than this estimation, due to the assisting effect of stored elastic
energy and the general decrease in activation energy with longer timescales.[9] Therefore, this

estimation serves as an upper bound for Umnax.

We then estimated the elastic energy per strand in the St-PEG gels, Us,s, and
compared it to Unax. Although the St*-PEG gels do not reach a stable swelling equilibrium, we
assumed that they would reach a virtual equilibrium at Amax (the maximum swelling ratio) if no
strand rupture occurred. Thus, using Equation 24, Ug,z was estimated as:

Emaxlmax3 kT

, (Equation 39)
Eo

USt3 =

where Ena is the elastic modulus of the St*-PEG gels at Amax. Since Enma, cannot be measured
directly, we estimated it using osmotic pressure. At equilibrium swelling, the following

relationship holds for isotropic gels:[10, 11]

IR

W] =

Tmix T Tion = el (Equation 40)

This equation allows the estimation of £ from the osmotic pressure, which in turn can be

calculated using the Flory—Huggins theory based on volume fractions. We first estimated the
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osmotic pressure of the St*-PEG gels at Amsx and then used that to calculate Eny. The estimated
osmotic pressure of the gels are almost consistent with the ideal values (Figure 5-7). For the
estimation of 7,,;y, the best fitting parameters for y;, and y;3 in the Equation 13 are used to

minimize the values of (TTpix + Tion + Tel)?.

Figure 5-8 summarizes the estimated values of U and Una.x for various prepolymer
conditions. In cases where St*-PEG gels fragmented, the calculated Ugs was close to or
exceeded Unax. Conversely, in the SE-PEG gels (10 k, 1.4 C*) that did not fragment, Ug,s

remained at least one order of magnitude lower than Unpax.

Several factors may contribute to the observed hierarchical fragmentation. One is
the distribution of polymerization degrees between crosslinking points. Although Tetra-PEG
gels have relatively homogeneous networks, some distribution exists. Thus shorter strands are
more likely to rupture first, forming cracks hierarchically from the surface. Another factor is the
difference in swelling rates between the gel surface and interior. Since swelling begins at the
surface, network strand elongation and breakage proceed from the outside inward, leading to
finer cracks near the surface. Additionally, the oozing of molecular stents from fracture
interfaces should be considered. As the stents are linear polymers, they gradually diffuse out
from the gel surfaces and cracks. Although diffusion from bulk gels is negligible over
experimental timescales, fragmentation shortens the diffusion distance, accelerating this
process. When molecular stents ooze from the cracked surfaces, the local osmotic pressure
drops, suppressing further nanoscale fracturing. Therefore, the St>-PEG gels fragmented only
into microscale domains with surface cracks, rather than degrading to nanoscale (molecular)

levels.
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It is important to distinguish this phenomenon from previously reported swelling-
induced crack propagation in gels.[12] That literature described macroscopic crack propagation
due to stress localization at surface defects but did not observe bulk disintegration. In contrast,
our study shows that excessive swelling applies considerable internal force throughout the entire
gel network, leading to its disintegration into microgel fragments. In the case of St*-PEG gels
(20 k, 0.75 C*), Ugz was significantly higher than Una.x, yet fragmentation did not occur. Tetra-
PEG networks prepared below C* (including 20 k, 0.75 C*) tend to have structural defects,[13]
which may have facilitated premature leakage of molecular stents before sufficient osmotic

pressure could develop—thereby suppressing fragmentation.

5.3-3 Excess swelling behavior of the PNaAMPS (heterogeneous) gel network

The PNaAMPS gel with a heterogeneous network structure was subjected to
excessive swelling using a multi-step molecular stent method, and the resulting changes in its
mechanical properties were evaluated. Furthermore, we examined the influence of network
heterogeneity on the excessive swelling behavior and mechanical properties by comparing it
with the Tetra-PEG gel. In this study, DMAAm was used as a nonionic monomer. Since
DMAAm is both as a monomer and as a solvent, it is expected to allow a higher monomer

concentration to be introduced into the PNaAMPS gels compared to when AAm is used.

Figure 5-9 shows the excessively swelling behavior of the PNaAMPS gel. It was
found that the gel could excessively swell even with the introduction of only nonionic molecular
stents, that is, by increasing only ©1_mix. However, the PNaAMPS gels did not disintegrate into

microgels in a total of the 3 introduction steps unlike the case of Tetra-PEG gels.
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Figure 5-10 shows the swelling ratio of the PNaAMPS gel. Since the PNaAMPS gel is
composed of an ionic polymer, its swelling ratio at equilibrium is approximately 3, which is
larger than that of the nonionic Tetra-PEG gel. With successive introduction of molecular stents,

the swelling ratio further increased to approximately 5, 7, and 11, respectively.

As with the Tetra-PEG gels, the change in elastic modulus with swelling was also
examined for the PNaAMPS gels. In the equilibrium swollen state, the PNaAMPS gels
exhibited an elastic modulus ratio of approximately 2. This is attributed to the fact that, due to
its intrinsic electrostatic repulsion and the contribution of @ _ion, the network strands in
PNaAMPS are already relatively stretched at equilibrium. In the region of 1 <As < 3, the elastic
modulus must decreased and then increased, similar to the behavior observed in the Tetra-PEG
gels. The St'-“PNaAMPS gels showed an exceptionally high elastic modulus, with a modulus
ratio of approximately 15. However, at higher swelling ratio (As > 5), the behavior diverged
markedly from that of the Tetra-PEG gels. Specifically, the elastic moduli of the St* and St*—
PNaAMPS gels decreased substantially, with modulus ratios of approximately 10 and 2,

respectively.

Hereafter, this characteristic change in elastic modulus will be discussed based on
the relationships described in Equations 21 and 23, in the same manner as the analysis of the
Tetra-PEG gels. Based on the change in elastic modulus, we estimated the increase in elastic
energy per single network strand (according to Equation 23). The results are shown in Figure 5-
11. As discussed in the previous section, in the case of Tetra-PEG gels, the elastic energy
increased and ultimately led to gel fragmentation. In contrast, for PNaAMPS gels, the elastic
energy continued to increase even in the St*-PNaAMPS gels where a decrease in elastic

modulus was observed. Also in the St*-PNaAMPS gels, the elastic energy was still maintained,
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where the modulus further decreased,. Furthermore, no fragmentation was observed in the
PNaAMPS gels. These differences are likely attributed to the heterogeneity of the network

structure, which will be discussed in the following section.

5.3-4 Heterogeneity-dependent fracture of the network strands

The differences in the changes in elastic modulus and elastic energy with swelling
between the Tetra-PEG gels and PNaAMPS gels were attributed to the heterogeneity-dependent
rupture of network strands.[14] In this section, we discuss how the rupture behavior of network
strands with swelling is affected by network heterogeneity, based on the results of cyclic
swelling tests. Specifically, both St gels were immersed in PEG aqueous solutions of varying
concentrations to induce swelling, and their elastic modulus were measured. Subsequently, the
swollen St gels in water were transferred to PEG aqueous solutions of different concentrations
to induce deswelling, followed by another measurement of the elastic modulus. By dissolving
PEG into the external solvent, the external osmotic pressure, 7T external, was increased,

thereby controlling the swelling ratio of the St gels.

Figure 5-12 shows the modulus of the St gels with swelling process and deswelling
process. In the case of the St'-PEG gels, there was little difference in the elastic modulus
between the swelling and deswelling processes, indicating that almost no network strand
breakage occurred during the swelling process (A <A_max). For the St-PEG gels, a slight
difference in the elastic modulus was observed between the two processes, but the difference
remained small. These results suggested that no significant network strand breakage occurs
during the swelling process below A_max due to the uniformity of the Tetra-PEG gels. In
contrast, for the St' and St*-PNaAMPS gels, a significant decrease in elastic modulus was

observed between the swelling and deswelling processes, which indicates that substantial
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breakage of the network strands occurred during each swelling cycle. This observation reflects

the structural inhomogeneity of the PNaAMPS gel networks.

From these results, it can be concluded that most network strands uniformly reach
and exceed their extension limit around the structural swelling limit, leading to gel
fragmentation in Tetra-PEG gels. On the other hand, in the PNaAMPS gels, relatively short
network strands break first, followed by the gradual extension of longer strands with larger
polymerization degree. This stepwise extension of network strands likely prevents gel
fragmentation. Furthermore, the sustained high elastic energy can be explained by the newly
extended long network strands accumulating elastic energy after the short network strands have

broken.
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5.4 Conclusion of this chapter

This study revealed that the introduction of molecular stents into Tetra-PEG gels 3
times induced excessive swelling beyond their structural swelling limit, leading to bulk
disintegration into microgels—a phenomenon termed “osmotic explosion.” This rupture was
caused because the elastic energy per strand exceeded the maximum energy that single PEG
chain can withstand. In contrast, structurally heterogeneous PNaAMPS gels, despite undergoing
similar osmotic stress, did not fragment. Cyclic swelling tests demonstrated that network strand
rupture occurred uniformly in the homogeneous Tetra-PEG gels, while in heterogeneous
PNaAMPS gels, rupture progressed from short to long network strands. This heterogeneity-
dependent rupture suppressed catastrophic fragmentation and allowed sustained elastic energy

accumulation in extended strands.
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Figure 5-1. Osmotic explosion of the St* gels in water. Pictures of the St-PEG gels
disintegrating in water. The time on each picture corresponds to the elapsed time after
the immersion in water. Figures Reproduced from Small, with permission from Wiley-

VCH.
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Figure 5-2. Pictures of the St>-PEG gels before and after immersion in water. (A, B) 10
k, (C, D) 20 k and (A, C) before immersion, (B, D) 24 hours later. The picture of the
swollen St3-PEG gels (20 k, C*) could not be taken because of the handling problem of
the gel. The entanglement of oozed molecular stents suppresses the spontaneous
fragmentation of the St>-PEG gels. Figures Reproduced from Small, with permission

from Wiley-VCH.
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Figure 5-3. Optical microscope images of the microgels from St3>-PEG gels: (A, B) 10
k, C* and (C, D) 20 k, C*. Figures Reproduced from Small, with permission from

Wiley-VCH.
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10 k

Figure 5-4. Microgels as the disintegrated products of the St>-PEG gels. (A, B, E, F) Low
magnification, (C, D, G, H) high magnification pictures, (A-D) 10 k, and (E-H) 20 k.
Prepolymer concentration is noted at the top of each figure. Figures Reproduced

from Small, with permission from Wiley-VCH.
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Figure 5-6. Number of bond per PEG strand in the Tetra-PEG gels.
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Figure 5-7. Relationship between the estimated osmotic pressure and elastic pressure.
Osmotic pressure of the Tetra-PEG gels were estimated and plotted against their measured
elastic pressure , mg, ; (A) 10 k, (B) 20 k. The dotted line shows the ideal osmotic
pressure of a gel at swelling equilibrium. For the estimation of m,;y, the best fitting
parameters for y;, and y;3 are used to minimize the values of (T iy + Tion + Tep)?.

The values are both 0. Figures Reproduced from Small, with permission from Wiley-VCH.
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Figure 5-9. Pictures of the PNaAMPS gels and corresponding St gels. From the left is

as-prepared PNaAMPS, swollen PNaAMPS, St!, St?, St>-PNaAMPS gels. The swollen

gels were stained with methylene blue for visualization.
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Figure 5-10. Uniaxial swelling ratio, A, of the PNaAMPS gels and corresponding St',

St?, and St3-PNaAMPS gels.
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90



5.5 References

L.

Tominaga T., Tirumala V. R., Lin E. K., Gong J. P., Furukawa H. Osada Y. and Wu W.-L.
“The molecular origin of enhanced toughness in double-network hydrogels: A neutron

scattering study” Polymer 48, 7449—7454 (2007).

Itagaki H., Kurokawa T., Furukawa H., Nakajima T., Katsumoto Y. and Gong J. P. “Water-
Induced Brittle-Ductile Transition of Double Network Hydrogels” Macromolecules 43,
9495-9500 (2010).

Nakajima T., Chida T., Mito K., Kurokawa T. and Gong J. P. “Double-network gels as
polyelectrolyte gels with salt-insensitive swelling properties” Soft Matter 16, 5487-5496
(2020).

Guo H., Kurokawa T., Takahata M., Hong W., Katsuyama Y., Luo F., Ahmed J., Nakajima
T., Nonoyama T. and Gong J. P. “Quantitative Observation of Electric Potential Distribution
of Brittle Polyelectrolyte Hydrogels Using Microelectrode Technique” Macromolecules 49,
3100-3108 (2016).

Nishimura T., Guo H., Kiyama R., Katsuyama Y., Gong J. P. and Kurokawa T. “In Situ
Evaluation of the Polymer Concentration Distribution of Microphase Separated
Polyelectrolyte Hydrogels by the Microelectrode Technique” Macromolecules 54, 10776—
10785 (2021).

Lake G. J. and Thomas A. G. “The Strength of Highly Elastic Materials” Proc. Roy. Soc. A
300, 108-119 (1967).

Kerr J. A. “Bond Dissociation Energies by Kinetics Methods” Chem. Rev. 66, 465-500
(19606).

Marochkin I. I. and Dorofeeva O. V. “Amide bond dissociation enthalpies: Effect of
substitution on N—C bond strength” Comput. Theor. Chem. 991, 182—191 (2012).

Wang S., Panyukov S. V., Rubinstein M. and Craig S. L. “Quantitative Adjustment to the

91



10.

11.

12.

13.

14.

Molecular Energy Parameter in the Lake-Thomas Theory of Polymer Fracture Energy”
Macromolecules 52, 2772-2777 (2019).

Treloar L. R. G. The Physics of Rubber Elasticity (Clarendon Press, Oxford, UK, 1976).
Nakajima T., Chida T., Mito K., Kurokawa T. and Gong J. P. “Double-network gels as
polyelectrolyte gels with salt-insensitive swelling properties” Soft Matter 16, 5487-5496
(2020).

Leslie K.-A., Robert D.-S., Arora S., Curley S. J., Szczepanski C. and Driscoll M. M. “Gel
rupture during dynamic swelling” Soft Matter 17, 1513—-1520 (2021).

Akagi Y., Katashima T., Sakurai H., Chung U.-I. and Sakai T. “Ultimate elongation of
polymer gels with controlled network structure” RSC Advances 3, 13251-13258 (2013).
Ryuji Kiyama, Masahiro Yoshida, Takayuki Nonoyama, Tomas Sedlacik, Hiroshi Jinnai,
Takayuki Kurokawa, Tasuku Nakajima and Jian Ping Gong “Nanoscale TEM Imaging of

Hydrogel Network Architecture” Adv. Mater. 35, 2208902 (2023).

92



Chapter 6: Summary of this dissertation

6.1 General conclusions and outlook

We successfully achieved excess swelling of gels near or beyond their structural
swelling limit through the multiple introductions of molecular stents. Near the structural
swelling limit, the elastic modulus of the gels increases significantly due to the high elongation
of the network strands, potentially enabling the development of low-density yet stiff polymeric
materials. Beyond this limit, the over-swollen gels undergo osmotic explosion, fragmenting due
to the rupture of network strands. Also, we demonstrated that the changes in physical properties
upon swelling vary accordingly by using gels with different degrees of network strand
uniformity. Furthermore, we found that the uniformity of network strands plays a crucial role in
the occurrence of the osmotic explosion. This phenomenon could contribute to the development

of polymeric materials that spontaneously degrade upon exposure to water after use.

This study highlights the remarkable ability of osmotic pressure to break down
molecules and materials. Just as the high pressure generated by explosives can shatter buildings
(macroscopic networks), high osmotic pressure can disintegrate microscopic macromolecular
networks. This insight suggests the potential of osmotic pressure in applications such as osmotic
milling for material processing, as well as in addressing environmental concerns through the

osmotic decomposition of materials at the time of disposal.

Moreover, this work suggests the possibility of using swelling as a general tool to
apply controlled mechanical energy to bulk polymeric materials.[1] Conventional methods for
imparting mechanical energy to bulk materials, such as ultrasonication or ball milling, require
significant energy input and offer limited control over the energy transferred. While the

controlled extension of individual polymer chains has been achieved using atomic force
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microscopy,[2—4] and local swelling or surface tension can induce the stretching of
(hyper)branched polymers,[5—7] these approaches are limited to single-molecule systems and
are not applicable to bulk materials. In contrast, our multiple molecular stent method can, in
principle, deform macroscopic gel networks composed of various chemical species to any
desired extent by regulating the swelling. The mechanical energy accumulated in the network
strands can be tuned via the degree of swelling and predicted from the bulk elastic modulus.
Importantly, no additional external energy input is required during the fragmentation process in
solution—once the molecular stents have been introduced—although UV irradiation is
necessary for their initial incorporation. This method simply requires immersion of the gel into a
solution and does not rely on external energy sources during swelling. We anticipate that this
approach will significantly advance the field of swelling-induced mechanochemistry,

particularly through the implementation of our multiple molecular stent strategy.
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