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Chapter 1. General introduction
Polymer gels consist of an elastic cross-linked network and solvents filling the
interstitial spaces of the network. Due to the characteristic structure, polymer gels look
like solid material but exhibit a flexible response after applying stress or strain and can
undergo deformation depending on the environment. Polyelectrolyte gels is a charged
polymer network with fixed ions on the polymer chains and contain solvent with mobile
ions localized in the network frame. Compared with neutral polymer gels,
polyelectrolyte gels always exhibit significant water-absorbing ability but do not
dissolve in water. The swelling properties of polyelectrolyte gel are sensitive to the
external solvent environment, i.e., the pH value, the salt concentration, and salt types.
The swelling behaviors of the sodium polyacrylate gel strongly depend on the kind of
salt. The swelling ratios of the sodium polyacrylate gel smoothly decrease with the
increase of monovalent salt concentration (NaCl, KCI, CsCl), while the swelling ratios
of gel reduce much faster in a divalent salt solution (CaCl2, SrCl2, BaCl2). Due to
unique swelling properties, the polyelectrolyte gels have attracted considerable interest
in bioengineering. For example, the macroscopic muscle-like actuators, drug delivery,
biosensors, active membranes separation, and scaffolds for tissue engineering are
similar to the similar multi-responsive swelling behaviors as biological systems.!~
These swelling properties relate to the polyelectrolyte gel structure and have been
investigated for an extended period.

The Flory can describe the equilibrium swelling behaviors of neutral polymer

gels—Rehner model, in which the total free energy is minimum in the equilibrium



swelling state.* According to the model, the total free energy (F) is the sum of the elastic
free energy (F,;) and mixing free energy (Fy,;,). In their pioneering works, Flory and co-
workers assumed that elastic free energy has a Neo-Hookean-type potential*>, which
originated from the rubber elasticity and resisted the gel's deformation. Flory and
Huggins estimated the mixing free energy using the lattice approximation®’, which
derives from the polymer-solvent interaction and prevents the polymer network from
collapsing. The elastic pressure (I1;) originated from elastic free energy, and the mixing
pressure (II,;,) derived from mixing free energy described the equilibrium swelling
state of the neutral gel via these assumptions.®!!

Regarding the polyelectrolyte gels, the interaction between the ions within the gel
needs to be considered. There are always two main kinds of interactions inside the
polyelectrolyte gel: the Coulomb energy between two fixed ions with the same charge
and the electrostatic interaction between the counterions and fixed ions with the
opposite charge. The free energy derived from the Coulombic interactions always
contributes to the electrostatic repulsion between the fixed ions on the polymer chain,
leading to the expansion of the polyelectrolyte gel.'> This electrostatic repulsion
between the fixed ions is strongly influenced by the pH and ionic strength.
Conventionally, this contribution to the gel expansion is small and is negligible,
especially when salt is added to the external solvent. The latter electrostatic interaction
between the fixed ions and mobile ions with opposite charges relates to estimating the
effective fixed ion concentration. When the ion-ion interaction is small, compared with

thermal energy, a part of counterions are not distributed evenly throughout the network



but tend to remain in the vicinity of the fixed ions on the polymer chains, and forming

13.14 which was

an ionic atmosphere following the Debye—Hiickel approximation,
derived within the framework of linearized Poisson—Boltzmann equation. The rest part
of the counterions can freely move within the gel. In the case of ion-ion interaction
being larger than the thermal energy, a portion of counterions bind with the fixed ion
and reduce their effective thermodynamic concentration, known as counterion
condensation.!>!® Manning improved the previous counterion condensation theory and
developed a series of empirical formulations that can describe the counterions'
distribution.!” Manning proposed a critical dimensionless parameter for deciding
whether the counterion condensation occurs or not. If the fixed ion density is small,
compared with the critical value, the counterion condensation will not occur, and the
distribution of counterions follow the Debye—Hiickel approximation like the former
case; on the other hand, if the fixed ion is larger than the critical value, a portion of
counterions will condense on the fixed ion and become localized around the network
strand, leading to the decrease of the effective fixed ion concentration. The
uncondensed counterions are assumed to follow the Debye—Hiickel approximation.
This distribution makes it possible to know the displacement probability between any
two arbitrary charges in the chain. Here, I can understand the distribution of freely
moving and restricted mobile ions inside the gel via the above theories.

The ionic contribution was derived from the free energy caused by the difference
in the free mobile ion concentrations inside and outside the gels (F,,,); this effect is well

known as the Donnan equilibrium.'® Mobile ions can be condensed in a medium with
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fixed ions when the medium is connected to the external solution due to the Donnan
potential. This ionic free energy can contribute to the osmotic pressure of the free
mobile ions, which is known as ionic pressure (II;,,). Therefore, the contribution to the
expansion of the polyelectrolyte gel is always considered derived from the
heterogeneous distribution of free mobile ions concentrations inside and outside the gel,
which can be fully understood by the Donnan equilibrium theory.

Ricka and Tanaka!® proposed a model by combining the Flory—Rehner model with
the Donnan equilibrium (F-R-D model) to describe the swelling behaviors of weak
polyelectrolyte gels. In this model, the sum of the elastic pressure, mixing pressure, and
ionic pressure equals 0 when the polyelectrolyte gel is reaching the equilibrium
swelling state. This model successfully described many experimental results of

polyelectrolyte gel with relatively low charge density,?%2°

in which the charge density
is small, compared with the critical concentration of Manning's counterion
condensation theory, the ion-ion interaction is weaker than the thermal energy, and the
distribution of mobile ions follow the Debye—Hiickel approximation. However, this
model does not work well for polyelectrolyte gel with a high charge density, in which
the counterion condensation occurs. Simply considering this problem, the wrong
estimation of ionic pressure causes the failure of the F-R-D model for describing the
swelling behaviors of polyelectrolyte gel.

In contrast, the counterion condensation has not been considered inside this model.
Although there have been some attempts to examine the applicability of Manning's

model for describing the swelling behaviors of polyelectrolyte gels, a significant
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deviation between the predictions and experimental results still exists,?®?” which is
attributed to the heterogeneity of polymer gel, whose structure was not precisely
controlled and the distribution of the fixed ions was heterogeneous.?® Conventionally,
the polyelectrolyte gels are prepared via the random copolymerization of charged and
neutral monomers with cross-linkers. (Figure 1-1). Due to the reactivities, the ionic
monomers and neutral monomers are expected to be randomly localized on the polymer
strand, resulting in the areas with sparse and dense fixed ions.?®% The charge density
is high in dense regions and counterion condensation can occur, resulting in the
decrease of the concentration of both effective fixed ion and free mobile ions. (Figure
1-2). However, the bulk charge density of the gel does not satisfy the requirement of
the critical charge density in Manning's theory, which suggests there is no counterion
condensation occurring inside the gel. This contradiction between the theory and the
real situation always lead to the misunderstanding of the relationship between structure
and properties of polyelectrolyte gel. It is impossible to evaluate the real heterogeneous
distribution of charges inside the polyelectrolyte; thus the validation of the theories is
often inhibited. In order to fully understand the relationship between the structure and
the swelling properties of polyelectrolyte gels, it is important to design a polyelectrolyte

gel with well-controlled heterogeneous distribution of charge as a model for validating

the theories.
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Figure 1-1. Schematic illustrations of the preparation of conventional

polyelectrolyte gel via random copolymerization.
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Figure 1-2. Schematic illustrations of charge distribution inside the

polyelectrolyte gel.

In the last decades, we have designed and fabricated a nearly-ideal polymer
network structure using tetra-armed poly(ethylene glycol) as prepolymers, which is

known as “Tetra-PEG gel”.’® Tetra-PEG gel is formed by AB-type crosslink-coupling
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of two tetra-armed prepolymers with mutually reactive end groups. As the tetra-armed
building blocks were precisely synthesized via anionic polymerization, the resultant
networks were expected to have a regular network structure with four-arm cross-linking
points and a uniform strand length.’! 'H multiple-quantum nuclear magnetic
resonance,’ Fourier transform infrared spectroscopy,®® Ultraviolet-visible light

35,36 and

spectroscopy,®* small-angle neutron scattering, static light scattering
mechanical test’’* was performed to confirm the controllability of the network
structure. Recently, tetra-armed poly(acrylic acid) gel (Tetra-PA A gel) was successfully
fabricated using the end-linking of tetra-armed prepolymers via click chemistry.**4
According to small-angel neutron scattering and small-angle X-ray scattering studies,
Tetra-PAA gel in the uncharged state had a similar concentration fluctuation as that in
an un-cross-linked solution, suggesting that the heterogeneous distribution of polymer
segments was highly suppressed, which is similar as the conventional Tetra-PEG gels.
These studies indicate that a polyelectrolyte gel with a uniform network structure can
be formed via the AB type crosslink-coupling reaction. Based on our previous
experience, I synthesized a regular polyelectrolyte gel (Tetra-PAA-PEG gel) with
alternating neutral/highly charged sequences by tetra-thiol-terminated poly(ethylene

glycol) (Tetra-PEG-SH) and tetra-maleimide-terminated poly(acrylic acid) (Tetra-

PAA-MA) via the click chemistry. (Figure 1-3)
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Figure 1-3. Schematic illustrations of preparation of Tetra-PAA-PEG gels.

In order to understand the effect of heterogeneous distribution of fixed ions on the
swelling behaviors of Tetra-PAA-PEG gel, the main aims in the dissertation are
summarized as follows:

1) To design and fabricate a regular polyelectrolyte gel with well-controlled
heterogeneous distribution of fixed ions and examine the homogeneity of the
network structure;

2) To clarify the swelling behaviors of highly charged polyelectrolyte gel in
monovalent salt solutions;

3) To clarify the effect of the lengths of neutral segments on the swelling behaviors of
highly charged polyelectrolyte gel in monovalent salt solutions;

4) To clarify the swelling behaviors of highly charged polyelectrolyte gel in divalent
salt solutions;

The contents of this dissertation are as follows:
15



Chapter 1: General introduction

Chapter 2: Tetra-PAA-PEG gel is formed by AB-type crosslink-coupling of tetra-
thiol-terminated poly(ethylene glycol) (Tetra-PEG-SH) and tetra-maleimide-
terminated poly(acrylic acid) (Tetra-PAA-MA) via click chemistry. The gelation
condition is optimized by tuning the pH of the buffer solution. The network
homogeneity is examined based on mechanical and spectroscopic measurements. The
relationship between the heterogeneous distribution of fixed ions and the monovalent
salt solution's swelling properties is investigated based on the Flory-Rehner theory,
considering both Donnan equilibrium and counterion condensation effect (F-R-D-M

model).

Chapter 3: I control the molecular weight (M) of Tetra-PEG-SH and investigate the
effect of neutral segment lengths on the mechanical and swelling properties of Tetra-
PAA-PEG gel. The effect of the finite extensibility of the network strand on the

swelling behaviors is precisely deduced.

Chapter 4: The swelling behaviors of Tetra-PAA-PEG gel in divalent solutions are
investigated. The contribution from the aggregation structure between the calcium ions
and acrylic acid groups to the elasticity of the gel is clarified. Furthermore, the
applicability of the F-R-D-M model for describing the swelling behaviors in divalent

salt solutions is estimated.

Chapter 5: Conclusion.
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Chapter 2. Swelling behaviors of hydrogels with alternating neutral/highly

charged sequences in monovalent salt solutions

2.1. Introduction
Polyelectrolyte gels are a network structure that consists of both polymer networks with
fixed ions on network strands and a solvent with mobile counterions. In contrast to
electrically neutral gels, polyelectrolyte gels can always swell or shrink to a significant
degree, depending on the external solution’s pH value and ionic strength.!* For
example, a polyacrylamide-acrylic acid gel is a representative of polyelectrolyte gels
with pKa of 4.2. In the conventional studies, they investigated the swelling ratio of the
polyacrylamide-acrylic acid gel in the presence of various types of salts, i.e., NaCl,
CaCly, AICI3, etc. Therefore, we utilize polyelectrolyte gels in commercial applications,
including diapers, soil modifiers, and seawater desalination. Moreover, polyelectrolyte
gels” multi-responsive swelling behaviors are similar to biological systems such as
nerve excitation, muscle concentration, and cell locomotion. Many attempts to utilize
polyelectrolyte gels for drug delivery, soft actuators, and tissue engineering.>

The Flory—Rehner model can describe the equilibrium swelling behaviors of
hydrogels, in which the equilibrium swelling state requires the minimum of the total
free energy.’ According to the description of the model, the total free energy (F) for the
polyelectrolyte gel is the sum of the free energy of elastic deformation (F), the free
energy of mixing(F,;,), and the free energy caused by the imbalance concentration
distribution of the mobile ions inside and outside the gels (F,,,). Flory and co-workers
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assumed to describe the elastic free energy by the Neo-Hookean-type model®!°. They
estimated the mixing free energy based on the lattice model,!"'?> and the Donnan
equilibrium determines the ionic free energy.'*> Mobile ions condense in a medium with
fixed ions when the external solution connects with the medium. Ricka and Tanaka'
proposed combining the Flory—Rehner model with the Donnan equilibrium (F-R-D
model) to describe the polyelectrolyte gels’ swelling behaviors. Many experimental
studies tried to validate the Flory—Rehner model with the Donnan equilibrium. They
often utilized the polyelectrolyte gels obtained via radical random polymerizations,
such as polyacrylamide-acrylic acid,'* poly(N-isopropyl acrylamide),!>!® poly(N-
isopropyl  acrylamide-co-acrylic  acid),!”! acrylamide-based,?** poly(vinyl
imidazole)* and poly (acrylamide-co-acrylic acid and trimethyl-N-acryloyl-3-
aminopropyl ammonium chloride) gels?®. The model succeeded in describing the
swelling behaviors of polyelectrolyte gels with relatively low charge density. On the
other hand, some research showed that the F-R-D model does not work well for
polyelectrolyte gels with a high charge density. Hopfner et al.?’ observed the model
prediction’s deviation with increasing the fixed ions’ density. They found that the F-R-
D model overestimated the equilibrium swelling ratio by up to 30%. Katchalsky et al.?8
suggested that the substantial deviation from the classical Donnan equilibrium theory
may be due to a significant decrease in the mobile ions’ activity coefficient in the
ionized polyelectrolyte.

Most probably, the overestimation of the contribution of counterions can lead to

these deviations. The relationship between the ion-ion interaction and thermal
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fluctuation influences the ionic contribution. When the ion density is low, the ion-ion
interaction is small compared with the thermal energy. The distribution of ions follows
the Boltzmann distribution, which in accord with the Debye-Hiickel limiting law.?°-!
This agrees with Tanaka’s original situation, where he assumed a weakly charged
flexible gel and the Donnan equilibrium are applicable. However, when the distance
between neighboring fixed ions is small, the counterions’ binding force becomes more
significant than the thermal fluctuation.’>3* In this condition, the counterions are
localized around the network strands. Many experiments reported this phenomenon as
an abnormally low osmotic pressure of the polymer "solution" for the first time.
Oosawa*® suggested that when a portion of the counterions inside the highly charged
polyelectrolyte solution became condensed, the fixed ion concentration decreased
significantly. This phenomenon is currently known as counterion condensation. Kotin
and Nagasawa attempted to estimate the bound fraction of the fixed ions' counterions
based on the Poisson-Boltzmann distribution. They propose a mathematical expression
for describing the degree of counterion condensation.>® Manning developed a series of
empirical formulations and improved the previous condensation theory.>” In Manning's
approach, the density of fixed ions on the polymer chains cannot exceed a specific
critical value, depending on the neighboring fixed ions' distance.

A few studies also examined Manning's model's applicability to describe the
swelling behaviors of polyelectrolyte gels. They found that the model may still produce

338 Recent works mentioned that

a significant deviation concerning the swelling ratio.
polymer gels' heterogeneity, including the aggregation structures®**° and the fixed ions’
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heterogeneous distribution could lead to the deviation. Researchers conventionally
prepared the polyelectrolyte gels via the random copolymerization of the ionic/neutral
monomers. They expected the ionic monomers to localize on a strand, owing to the
differences in the monomers’ reactivities, with areas of dense and sparse fixed ions.*!#?
However, it is impossible to evaluate the accurate heterogeneous distribution of charges,
inhibiting the associated theories’ validation. To fully understand polyelectrolyte gels’
swelling behaviors, we need gels with well-controlled block structures.

In 2008, our group designed and fabricated a polymer gel with a well-controlled
network structure via an AB-type crosslinking between two tetra-armed polyethylene
glycols, which is known as the Tetra-PEG gel.**** We expect to obtain the resultant
networks with an ideal network structure with tetra-functional crosslinking points and
a uniform strand length by precisely synthesizing the tetra-armed building blocks via
anionic polymerization. As elucidated in our previous reports, we confirm the network
structures’ controllability using 'H multiple-quantum nuclear magnetic resonance,
Fourier transforms infrared spectroscopy and mechanical tests.***7 Thus, the Tetra-
PEG gels’ fabrication method is expected to be a reasonable one to fabricate polymer
gels with well-controlled block structures. Recently, Tetra-armed polyacrylic acid
(PAA) and Tetra-functional PAA gels were successfully synthesized by Oshima et al.
using the end-linking of Tetra-PAA via click chemistry.*® According to small-angle
neutron scattering (SANS) and small-angle X-ray scattering (SAXS) studies,
concentration fluctuation of Tetra-PAA gel in the uncharged state is similar to that in
an un-crosslinked solution. This result suggested that the polymer segments’
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heterogeneous distribution was negligible. The network structure of Tetra-PAA gels is
identical to the conventional Tetra-PEG gels. The gel in the charged state showed a
scattering peak owing to the characteristics of the polyelectrolyte.*” These studies
indicated that I could fabricate a regular polyelectrolyte gel via the AB-type
crosslinking reaction.

In this work, I synthesize regular polyelectrolyte gels with alternating
neutral/highly charged sequences and investigate the influence of the heterogeneous
distribution of fixed ions on the swelling behaviors. We synthesize the neutral and
charged tetra-functional segments composed of polyethylene glycol (Tetra-PEG) and
polyacrylic acid (Tetra-PAA) for fabricating the regular polyelectrolyte gels. The click
chemistry creates the network between the mutually reactive maleimide and thiol end
groups of the Tetra-PEG and Tetra-PAA, respectively (the Tetra-PAA-PEG gel shown
in Figure 2-1). It’s worth noting that the previous Tetra-PEG gels* and Tetra-PAA gel*®
should be different from the Tetra-PAA-PEG gel, which should have alternating
neutral/charged sequences. The reason is that the Tetra-PEG gel is entirely neutral,
while all the monomers of the Tetra-PAA gel are charged depending on the external
solution conditions. I investigate the Tetra-PAA-PEG gel based on mechanical and
spectroscopic measurements; then, we analyze the swelling behaviors of Tetra-PAA-
PEG gel under tuned external solutions. By comparing the observed swelling ratios
with the theoretical model predictions that consider both the Donnan equilibrium and
the counterion condensation effects, I can reveal the molecular mechanism of the
swelling of highly charged polyelectrolyte gels.
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Figure 2-1. Schematic lllustration of the Tetra-PAA-PEG gel design and the

optical image, where yellow and blue parts represent the polyacrylic acid and

polyethylene glycol units, respectively.
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2.2. Materials and Methods

A. Preparation of prepolymers

The Tetra-thiol-terminated polyethylene glycol (Tetra-PEG-SH) was purchased from
NOF CORPORATION (Tokyo, Japan). Tetra-maleimide-terminated poly(acrylic acid)
(Tetra-PAA-MA) was synthesized via the click reaction of Tetra-azide-terminated
poly(zert-butyl acrylate) (Tetra-PtBuA-N3)*® with N-propargylmaleimide in the
presence of copper wire and subsequent deprotection of PtBuA with trifluoroacetic acid.
The details of the synthesis of Tetra-PAA-MA are described in Section 1 of Supporting
Information. The molar masses of Tetra-PEG-SH and Tetra-PAA-MA were 2.0x 10* g
mol! and 1.9x 10* g mol’!, respectively.

B. Fabrication of Tetra-PAA-PEG gels

Equivalent molars of Tetra-PEG-SH and Tetra-PAA-MA were dissolved in citrate-
phosphate buffer solution. The buffer solutions’ pH were set to 3.0, 5.1, 5.9, and 7.1 to
achieve different reaction rates, and the ionic strength of the buffer solutions was 100
mM. In order to obtain the same molar concentrations, Tetra-PEG-SH and Tetra-PAA-
MA concentrations were set to 64.7 g L' and 60.0 g L', respectively. These
concentrations were slightly above the overlapping concentrations for each polymer.
Equal amounts of the prepolymer solutions were mixed for 30 s and poured into the
silicone mold at room temperature. In this study, 48 h were given for the completion of
each reaction.

C. Rheological measurements after gelation

Tetra-PAA-MA and Tetra-PEG-SH’s mixed solution was poured into the interstice of
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the double cylinder of a rheometer (MCR301; Anton Paar, Graz, Austria) at 25°C. In
the cylinder, 48 h were given for the completion of the reaction at 25 °C, after mixing.
After the gelation reaction, I measured the angular frequency (w) dependence of the
storage modulus (G”) and loss modulus (G") with a strain amplitude (y) of 1.0% at 25 °C.
The value of y was determined within the linear viscoelastic region.

D. Ultraviolet-visible light (UV-vis) spectroscopy

Linear-hydroxyl-terminated polyethylene glycol (My =2.0 x 10* g mol') was
dissolved into the Tetra-PAA-MA polymer solution, which was purchased from
FUJIFILM Wako Pure Chemical Corporation (Tokyo, Japan). The linear PEG and
Tetra-PAA-MA polymers’ molar ratios were the same as those of Tetra-PEG-SH and
Tetra-PAA-MA. Turbidity measurements were performed at 500 nm by ultraviolet and
visible light absorption spectroscopy (V-670; JASCO). The samples’ temperature was
controlled to be 25 °C, and the pH of the samples ranged from 1.9 to 12.4.

The reaction conversion (p) of the Tetra-PAA-PEG gel was also estimated using
ultraviolet and visible light absorption spectroscopy (V-670; JASCO). The Tetra-PAA-
MA and Tetra-PEG-SH prepolymer solutions were mixed and stirred for 30 s. The
resultant solution was poured into a cuvette with a PTFE cover (optical path length =5
mm), and the absorption of UV light was measured in the range of 250-350 nm.

E. Swelling experiments

The swelling ratio measurements were performed on rectangular films (length: 5.0 mm,
thickness: 2.0 mm, and width: 3.0 mm). The specimens were immersed in solutions
with pH from 2.0 to 11.0 for 48 h to reach the equilibrium swelling state. I determined
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the equilibrium swelling state when the volume change, measured using the microscope
(see the later), reached a plateau value. The detailed data is shown in Section 2 of the
Supporting Information. The outer solution’s pH was adjusted by titrating a HCI (pH =
2.0) or a NaOH solution (pH= 12.0), respectively. I prepared the solutions for the ionic
strength-dependence by adding different amounts of NaCl to adjust the ionic strength
(10-1000 mM). The Tetra-PAA-PEG gel’s swelling ratio was investigated by measuring
the volume change of the sample using the encoded stereo microscopes (M165 C, Leica
Co.). In this study, the swelling ratio (Q) was obtained from volume measurements
using
Q=W/V (2-1

where I, and V stand for the swollen and initial volumes of the Tetra-PAA-PEG gel,
respectively. The volume change was estimated using the change of the side lengths by
assuming isotropic deformation, as given by

Q = (Ly/Ly)’ (2-2)
where L, is the side length of gel at as-prepared state (= 5.0 mm) and L is the side
length of gel sample at equilibrium swelling state (= 2.30-11.3 mm).
F. Rheological properties of the swollen and deswollen gels
For the rheological measurement of swollen and deswollen gels, the Tetra-PAA-PEG
gel fabrication method was the same as that in the swelling experiment, except that I
shaped the gel into a disk. The swollen and deswollen gel samples were set at the
measuring plate of a rheometer (MCR301; Anton Paar, Graz, Austria) with a parallel
plate fixture having a diameter of 25 mm. The diameter and thickness of the samples at
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as-prepared state were 40.0 mm and 1.5 mm, respectively. The as-prepared samples
were immersed into the outer solutions with pH 2.0-11.4 and ionic strength of 10 mM
for one week to reach the equilibrium swelling state. The angular frequency (w)
dependence of G’ and G" were measured with y=0.01 at 25 °C. The oscillatory shear
strain amplitudes were determined within the range of the linear viscoelasticity for all

the tests.
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2.3. Theoretical Description of the Equilibrium Swelling State
In this section, I use the equations describing the equilibrium swelling state of the
polyelectrolyte gels. According to Flory's assumption,” we can determine the swelling
ratio (Q) by three contributions to the swelling pressure of the system: (i) contribution
of the elastic free energy followed by the swelling of the network strands, Il.; (ii)
contribution of the free energy originated from the mixing of polymer segments with
solvent molecules, II;; and (iii) contribution of the osmotic free energy derived from
the imbalanced concentration distribution of the counterions inside and outside the gel,
IT,,."3>° The sum of the three pressures of the polyelectrolyte gel is zero at the
equilibrium swelling state:!’
[T =TIy + My + I, =0 (2-3)
According to the definition, Il is a change in the elastic free energy (AF,) when
changing the number of solvent molecules (ng) with a constant number of polymers in

the system (n,), and the expression of I is

1 (0AF,
My = -7 (5.) (2-4)
na

Vi \ ong
where N, is Avogadro’s constant, V| is the molar volume of the solvent. In this case
,N,/V, is the number of solvent molecules in a unit volume. According to Flory’s
model,’ which describe the AF.; as’!
AF, = VOTGO(axz +a,’ +a,? —3) (2-5)
Here, V,, is the gel's volume at the as-prepared state, and Gy is the shear modulus of
the gel at the as-prepared state. «; is the elongation ratio in the i axis (i=x, y, z) of the

swollen gel. We can write the elongation ratios by assuming the swelling of the gel is
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anisotropic deformation as

1 V3
ax:ay:azza:Q3:<—) (2_6)
where O and V" are the gel's swelling ratio (equation (2-1)) and volume at swollen state,
respectively. Substituting equations (2-5) and (2-6) into equation (2-4), the following

equation is obtained and expressed as

0. — 1<6AF61) _ 1<6AF61) <6a) _ 13V0602 (60{) 2-7)
7y \ong nA_ Vi\ da /,, \Ong nA_ v, 2 ¢ ong )

np
Here,
V  Vy+ngV
d=—=-0" B (2-8)
Vo Vo
Therefore, I can rewrite the Il as
_L
g = —GoQ 3 (2-9)

¢ is the polymer volume fraction in the gel at the equilibrium swelling state, and ¢,

is the polymer volume fraction in the gel at the as-prepared state. In equation (2-9), the

1
term GoQ 3 equal to the shear modulus of the gel at the swollen state. Thus, measuring

the gel's shear modulus at swollen state by rheological measurement is a method to
validate the I
In the case of the mixing pressure, when we assume the polymerization degree of

gel is infinite, we can calculate ITmix by using the lattice approximation as’

M = —% [In(1 — @) + ¢ + xp*] = —% llnil - (%)} * (%) “((%ﬂ

(2-10)
where V) is the solvent's molar volume, and y is the Flory-Huggins interaction

parameter between the polymer and solvent.
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Due to the fixed ions on the polymer chains, a portion of the mobile counterions
in the external solution can diffuse into the gel. The fixed ions can attract some of these
counterions to keep the neutrality. In this case, the mobile ion concentrations inside and
outside of the gel are imbalanced at the equilibrium state. Thus,

the expression of II;,, is obtained and shown as* '3

Min = RT Z(ci ~¢) @-11)

where C; and C; are the concentrations of the mobile ions inside and outside of the

gel. Here, the subscript i indicates the mobile ions' types. Donnan equilibrium

determines the concentration ratio of mobile ions inside and outside of the gel as

— =K% (2-12)

where K is the so-called Donnan ratio, and Z; is the valency of mobile ions.
Substituting equations (2-9), (2-10), and (2-11) into equation (2-3), the

equilibrium swelling ratio (Q) is achieved when the swelling pressure is zero:

—GOQ_%—%lln{l - (%)}+ (%) +X<(g)) l+ RTZC (K% —1)= 0 (2-13)

In this equation, K is a function of O, which is determined by considering the charge

balance equation inside the gel, given as'

. _[COOH],
ZZK i+ 7, =0 (2-14)
o+ H )

where Z, is the valence of fixed ions, [COOH], is the total concentration of the
fixed ions at the non-ionized state, Cy’ is the concentration of protons in the external
solution, and K, is the dissociation equilibrium constant. In this equation, the first term

on the left side is the concentration of mobile ions, and the second term is the
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concentration of fixed ions on the polymer chain. Finally, we can determine the Q by

satisfying equations (2-13) and (2-14) as a function of pH (Cy').

34



2.4. Results and Discussion

A. Design of Tetra-PAA-PEG gels with controlled reaction time

Following the Tetra-PEG gel fabrication method, I fabricated the Tetra-PAA-PEG gel
by employing two tetra-armed prepolymers with the mutually reactive end groups of
maleimide and thiol. The buffer solution's pH can control the reaction rate between the
end groups maleimide and thiol by altering the buffer solutions' pH. To optimize the
gelation condition, I investigated the effect of pH on the gelation time. Table 2-1 shows
the gelation time against the pH of the buffer solution. The Tetra-PAA-PEG gel's
gelation time decreased from 940 s to 240 s with increasing the pH value. A high pH is
preferred for the maleimide-thiol reaction because the ionized thiol concentration
increases with an increase of pH.>>>* In the high pH region (5.1<pH<7.0), I
successfully obtained the transparent gels.

On the other hand, when pH<3.0, the solution became turbid, and the gelation did
not occur. The tendency was further observed in the UV-Vis spectra, as shown in Figure
2-2. The mixture transmittance (7) decreased when pH<3.8, suggesting the aggregation
formed via an interpolymer complex between PAA and PEG.%-% This reflected that

57,58 and

hydrogen bonds between PAA and PEG forms under acidic conditions
promoted aggregation structure. In contrast, the aggregation structure is not formed in
a polymer solution solely with PAA or PEG. In this study, I chose a citrate-phosphate

buffer solution with pH=5.9 and an ionic strength of 100 mM for fabricating the Tetra-

PAA-PEG gel.
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Table 2-1. Gelation time of the Tetra-PAA-PEG gel under different pH conditions

with an ionic strength of 100 mM. The symbol — means that gelation did not

occur.

Group number

pH of buffer solution

Tonic strength of

buffer solution/ mM

Gelation time / s

N O N

4.3
5.1
59
7.0

0.8+

0.6

04

02+

00
0

pH

14

Figure 2-2. The transmittance of the Tetra-PAA-MA/PEG mixed solution as a

function of pH values in deionized water. The molar ratio of Tetra-PAA-MA to

PEG is the same as that of Tetra-PAA-MA to Tetra-PEG-SH.

B. Examination of network homogeneity

We performed UV spectroscopy to investigate the reaction conversion (p) of the Tetra-

PAA-PEG gel. Figure 2-3 shows the time-development of pure maleimide absorption

during the gelation reaction. According to our recent studies, the unreacted maleimide

group's absorption peak occurs at around 300 nm.>® However, the absorption peaks

originating from PAA had a severe overlap under the same wavelength. To assess the

time-development of the reaction between the maleimide and thiol groups, I subtracted
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the contribution of PAA from the experimentally obtained spectrum. We show the
detailed procedure in Section 5 of Supporting Information. Then, the peak intensity at
310 nm was purely derived from the maleimide groups, as shown in Figure 2-3. The
concentration of the maleimide in the gel can be estimated by

Asz10 = &,10l[MA] (2-15)
[MA] is the unreacted maleimide's concentration. [ is the cell's thickness. &3y is the
molar absorption coefficient for maleimide. We used the concentration change of the

maleimide to estimate the reaction conversion (p) as

_[MA], — [MA]
[MA],

(2-16)
Inserting equation (2-15) into equation (2-16), the reaction conversion was estimated
to be 0.71, suggesting that one prepolymer chain has one unreacted chain on average.
This value is lower than that of the conventional Tetra-PEG gels (~0.9).* This
difference can be attributed to an insufficient hetero-reaction between PEG and PAA.
It’s worth noting that we can accommodate the effect of incomplete reaction in the
theoretical prediction. The gel fraction is estimated to be approximated 99 % by the

60,61

Bethe approximation®®', suggesting that it did not critically influence the following

analysis.
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Figure 2-3. Time-development of pure maleimide absorption at 310 nm during
the gelation reaction. The spectra range from 1 min to 16 h (as represented by

solid lines).

Figure 2-4 shows the angular frequency-dependence of the storage and loss moduli
of the Tetra-PAA-PEG gel after the completion of the reaction. The storage modulus
was independent of the angular frequency and was more than 100 times higher than the
loss modulus. This result indicated that the gel was elastic with little viscoelastic energy
dissipation. =~ The storage modulus at the rubbery plateau region,
G, was estimated to be 4.29 X 10° Pa.

It remains unclear how to describe the relationships between the structural
parameters and the Tetra-PAA-PEG gel’s elasticity. y parameter of Tetra-PAA-PEG
gel was estimated to be 0.46 (See Section 4.2 of Appendix), which was close to those
of Tetra-PEG gel (=0.475)%? and of PAA (= 0.47 at ionization degree of 6%)%.
Furthermore, the Kuhn segment size of the PEG and PAA is 0.7 nm and 0.64 nm.5+%
These values are also close, suggesting that the Tetra-PAA-PEG gel in the deionized
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state has a similar value of the y parameter and the flexibility to that of the Tetra-PEG
gel. Thus, I assume to describe the Tetra-PAA-PEG gel’s elasticity the same as that of
the Tetra-PEG gel, which is known to possess an ideal network structure. If this
assumption is confirmed, it gives evidence that the Tetra-PAA-PEG gel has a uniform
network structure with uniformly distributed crosslinking points and an almost identical
strand length. According to our previous studies using the Tetra-PEG gel, I can write
Go as

Go=g(v—p) (2-17)
where g is a function depending on the prepolymer concentration (C) and
temperature.*> Under the condition of the overlapping of prepolymers, it is empirically
known that g is approximately equal to nkgT.®® Here n, kg, and T are the number
density of tetra-functional prepolymers, Boltzmann constant, and absolute temperature,
respectively.

In equation (2-17), v and u are the numbers per prepolymer of the elastically
active network strands and the crosslinks, respectively. Adopting the Bethe
approximation, I can write v and u as a reaction conversion function (p).®”-%® Under
the stoichiometric mixing condition, I can presume that the reaction is an AA-type
reaction of the 4-armed prepolymer instead of an AB-type reaction.®” Thus, the
probability of one arm of a 4-armed prepolymer being unconnected to the percolated

network, P(F), is expressed as
1

P(F) = (}9—%)5 —% (2-18)
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Using equation (2-18), I can derive the probability of 3-functional or 4-functional

crosslink (i.e., P(X3) or (P(X4)) from a 4-armed prepolymer as
Per) = (3) P11~ PCEIF (2-19)
P(X,) =[1-PE)]* (2-20)

In this case, I can rewrite v and u as:
p = P(X3) + P(Xq) (2-21)
3

v=5- P(X3) +2-P(X,) (2-22)
By inserting equations (2-21) and (2-22) into equation (2-17) with assuming g =
nkgT, I can calculate Go to be 3.84x 10° Pa, which is close to the experimental result
(Gy =4.29 X 10° Pa). Based on these results, I can consider the Tetra-PAA-PEG gel
to have a regular network structure composed of uniform network strands, although
each crosslink has one dangling chain on average. Regarding the distribution of charged
species, the PAA and PEG units connected alternately because Tetra-PAA only reacted
with Tetra-PEG and vice versa. The Tetra-PAA-PEG gel demonstrates regularly
alternating neutral/highly charged sequences and is, thus, an ideal model

polyelectrolyte gel for examining the effect of counterion condensation.
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Figure 2-4. Angular frequency-dependence (w) of the storage modulus G'
(squares) and loss modulus G" (circles) of the Tetra-PAA-PEG gel in the as-

prepared state. The solid line represents the predicted results (3.84 x 10° Pa)

from equation (2-17).

C. Relationship between the swelling and external environment

Figure 2-5(A) shows the pH-dependence of the Tetra-PAA-PEG gel’s swelling ratio in
salt solutions with tuned ionic strengths. The swelling ratio increased with an increasing
pH, with a drastic increase around pH=5.9 that corresponded to the Tetra-PAA-MA
polymer’s pKa. In contrast, the swelling ratio decreased with increasing of the ionic
strength. These results are consistent with the conventional polyacrylic acid gels’

swelling behaviors, suggesting that the Donnan equilibrium dominates the swelling
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behavior.”®"7> Notably, all the salt concentrations were much larger than the fixed ions,
where the Donnan equilibrium works well.

Figure 2-5(B) compares the experimental results with the Flory—Rehner model's
predictions with the Donnan equilibrium (F-R-D model). Here, we estimated the value
of y to be 0.46 from the swelling ratio at high pH and high ionic strength limits, where
the ion pressure II,,, is negligible. I note that we can estimate y parameter at low pH
and low salt concentration region, where the ion pressure is insignificant. The Tetra-
PAA-PEG gel at a low pH region was not transparent, attributed to hydrogen bonds
forming between PAA and PEG. This heterogeneous structure prevented the precise
estimation of the y parameter. Thus, I had no choice but to obtain the y parameter at
high pH and salt concentration limit, where the hydrogen bond is negligible at pH>4.0.
Except for the y parameter, I utilized the experimentally obtained parameters such as
G, ¢, pH, and salt concentrations.

The swelling ratio’s theoretical prediction was much higher than the
experimentally observed Q. It suggests the underestimation of I, or overestimation

of Il;, or IL,,. We present the detailed discussion in Sections 4 of the Appendix.
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Figure 2-5. (A) pH-dependence of the swelling ratio of the Tetra-PAA-PEG gel

in salt solutions with different ionic strengths of 10 mM (square), 20 mM (circle),

40 mM (triangle), 150 mM (isosceles right triangle), and 1000 mM (rhombus).

We fabricated the Tetra-PAA-PEG gel in a citrate-phosphate buffer solution with

pH=5.9 and a strength of 100 mM. (B) Comparing experimental results with the

Flory—Rehner model predictions with the Donnan equilibrium (dashed lines) (F-

R-D model). The predictions under 10, 20, 40, 150, and 1000 mM are

represented from top to bottom.
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To investigate the discrepancy between the experimental results and theoretical
predictions, I first validated the elastic free energy (Il ). By measuring the shear
modulus at swollen state (Geq) as a function of the swelling ratio (Q), as shown in Figure
2-6, Geq decreased with increasing Q. In the range of 0>1, we found the power-law
exponent 1/3, which agrees with the predictions from equation (2-9). These results
confirmed the validity of Il at highly swollen states. Notably, in the deswollen state
(0<1), G deviated significantly from that of equation (2-9). This unexpected deswollen
state may originate from the aggregation structures formed in the gels. The strain is not
homogeneously applied in such a heterogeneous system, amplifying the stress in the

hard aggregation phase and the soft phase strain.”®’’
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Figure 2-6. Double logarithm plot of Geq and Q of the equilibrium swollen Tetra-
PAA-PEG gels under various pH. The dashed line represents the predictions

from equation (2-9).
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D. Effect of counterion condensation on swelling
According to its definition, y is invariable under a constant temperature, and thus,
I1,;x cannot be modified. It is straightforward that the upward deviation can originate
from the overestimation of II,,,. As described in the previous section, similar
phenomena were observed and explained due to the occurrence of counterion
condensation.”® Counterion condensation is a phenomenon where counterions are
bound to polymer chains, resulting in decreased effective charge density.’> In Manning's
model for a monovalent system, the counterion condensation can be described by the
balance between two characteristic lengths: Bjerrum length (/g) and the average contour
distance between the neighboring fixed charges of a polymer chain (b).?” Ig is the
separation when the electrostatic energy between unit electrostatic charges becomes
equal to the thermal energy, and we can write it as
Iz = q*/€kgT (2-23)
where q is the elementary charge, € is the dielectric constant of the solvent, and kg
is the Boltzmann’s constant. When the solvent and ion species are trapped to water and
sodium, respectively, /s is determined as a constant (7.14 A at 298 K).” Manning
defined a characteristic size ¢ as the ratio of /s to b using
§=1Ig/b (2-24)
The counterion condensation occurs at ¢ > 1.8, In the polyacrylic acid gel, the
ionization degree increased, and b decreases with pH.
In general, there are two ways to estimate b, as shown in Figure 2-7(A). The first
method is by calculating the “true” distance between the neighboring fixed ion groups
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on the PAA chains, where the fixed ions are localized only on the PAA chains and the
PEG chains are negligible. The acrylic acid groups’ ionization degree can be estimated
from the titration measurement (see Section 3 of Appendix). Under this assumption, |
can express b as a function of pH as
p = PAA (10P%a~PH 4 1 (2-25)
Npaa

Here, Lpaa PAA arm’s contour length in a tetra-armed polymer and np, 5 is the number
of acrylic acid groups on the PAA arm. The other method assumes that the fixed ions
are distributed homogeneously along the strand, which is often considered in
conventional studies for random copolymers. I can calculate baye using

Dyye = Lean + Lea (10P%a~PH 4 1) (2-26)

NpaA

where Lpkg is the contour length of the PEG arm in a tetra-armed polymer.

In Figure 2-7(B), lines represent the calculation results using equations (2-25) and
(2-26), respectively. I found that ¢ increased drastically at pH=5.9 and reached a plateau
at high pH regions for all results. ¢ exceeded the unity using equation (2-25), while ¢
remained below 1 using equation (2-26). In other words, I can predict the counterion

condensation from equation (2-25) for the Tetra-PAA-PEG gel, but not from equation

(2-26).
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(A)

(B)

Figure 2-7. (A) Two calculation methods of b. The top panel shows the
illustration obtained by assuming that the fixed ions are distributed only on the
PAA chains. In contrast, the bottom shows that the immobile ions are distributed
homogeneously on both the PAA and PEG chains. (B) Relationships between
¢ and pH, where the solid and dashed lines represent the results from equations

(2-25) and (2-26), respectively.
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Counterion condensation traps a part of the mobile counterions around the
polymer chains. I can derive ionic pressure from the heterogeneous distribution of
'mobile ions' inside and outside the gel. Here, the definition of the mobile ions is the
ions, of which distribution obeys the Debye-Hiickle approximation. The distribution of
the trapped counterions does not follow the Debye-Hiickle approximation, which
cannot contribute to the ionic pressure. The condensed counterion effectively decreases
the fixed ion density, resulting in a decrease in non-condensed mobile ion concentration
inside gel by the Donnan equilibrium. Thus, the counterion condensation reduces the
polymer chain's net charge density and cannot contribute to IT,,,(Figure 2-8). The
effective concentration of the fixed acrylic acid groups reduces, as given by

[COOH],

[COOH]O, effective — 2—5 (2'27)

e
e
T
e

Figure 2-8. Schematic illustration of the counterion condensation. The left
panel is the actual situation, while the right panel is a practical situation.
Counterions within a certain distance from the polymer chains condensed,

resulting in reduced active charge density.
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The change in effective acrylic acid concentration influences the Donnan
equilibrium. Figure 2-9 shows the calculated IT,,, as a function of pH under the
condition of Q=1. I observed that II,,, increased with the increase of pH and
accompanied the acrylic acid's ionization. The apparent acrylic acid concentration
decreased when the counterion condensation occurred, and II,,, was reduced by
approximately ten times compared to II;,, without the counterion condensation. Here,
the cases of with/without the counterion condensation correspond to the top and bottom

illustrations in Figure 2-7(A), respectively.

Mo / x10° Pa

00

Figure 2-9. lon pressure as a function of pH. Solid and dashed lines represent
the calculation without and with counterion condensation, respectively. The

ionic strength is ten mM.

In Figure 2-10, I plotted the theoretical predictions with the counterion
condensation. The Flory—Rehner model with the Donnan equilibrium’s prediction can
well reproduce the swelling behaviors of Tetra-PAA-PEG gels. Notably, the downward
deviation at low pH regions originates from PAA and PEG aggregation structure
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formation. For the predicted results, the significant slope changes at pH=>5.6 arose from
the counterion condensation occurrence. On the other hand, when we used bave, & Was
below unity even in the high pH region with no counterion condensation, resulting in
the same results as those in Figure 2-5(B). These results indicated that the ionic
interaction within the network strand's length-scale could determine the counterion
condensation occurrence. It is vital to find the correct estimate of » on this scale for
predicting the swelling behaviors of polyelectrolyte gels.

In conventional studies using the random copolymerization of neutral and ionic
monomers, they assumed homogeneous distribution of fixed ions. However, ionic
monomers do not distribute homogeneously in the polymer chain in real "random"
copolymers.*! The smaller swelling ratio, compared to the Flory—Rehner model's
prediction with the Donnan equilibrium observed in the previous studies may originate
from the occurrence of counterion condensation at local sequences with dense ionic

monomers.

14 T T T T

12 @ 10mM
— o 20mM L e S
A 40mM . -
A 150mM ST
o 1000mM .
10 . e

Figure 2-10. pH-dependence of the swelling ratio of the Tetra-PAA-PEG gel in
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salt solutions with different ionic strengths. Dashed lines are fitting results

predicted by the Flory—Rehner model modified using Manning’s model.
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2.5. Conclusions

I successfully designed and fabricated a Tetra-PAA-PEG gel with alternating
neutral/highly charged sequences using the AB-type crosslinking reaction. I measured
the UV-vis spectra and mechanical properties to deduce the network structures of the
Tetra-PAA-PEG gel. Then, I investigated the swelling behaviors for various pH values
and ionic strengths. The significant findings are as follows. (i) The UV-vis
measurements indicate that the reaction conversion (p) of the end groups was ~70%;
(i1) The elastic modulus was well reproduced by the same model as the Tetra-PEG gel
is known to possess an ideal network structure. This finding indicates that the Tetra-
PAA-PEG gel also has a similarly uniform network structure; (iii) The swelling ratio
increased with an increasing pH and a decreasing ionic strength when the pH was
around 5.9 corresponded to the pKa of the prepolymer chain. This finding indicates that
the Donnan equilibrium strongly governs the swelling properties; (iv) I cannot use the
Flory—Rehner model with the Donnan equilibrium to estimate the swelling ratio,
especially for regions with high pH and low ionic strengths. In contrast, the results
obtained based on minimal modification by counterion condensation is consistent with
the experimental results. These findings indicate that the ionic interaction within the
network strand's length-scale can determine the counterion condensation. It is vital to
accurately estimate the distance between the neighboring fixed ions for predicting the

swelling behaviors of polyelectrolyte gels.
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Appendix

1. Synthesis of Tetra-PAA-MA

1.1. Synthesis of Tetra-PtBuA-MA

Tetra-PtBuA-N3 (10.4 g) and 2,2-bypyridine (720 mg) were dissolved in
dichloromethane (110 mL) in a flask filled with nitrogen and shielded from light. N-
propargyl maleimide (250 mg) was added and the solution was stirred for 20 min in an
ice bath. A ball of copper wire ($0.3 mm x 20 m, YAHATA NEJI CORPORATION)
was added and stirring was continued for 1 h in the ice bath and subsequently at room
temperature for 7 h. It should be noted that the surface of the copper wire was sanded
with sand paper (#600, RIKEN CORUNDUM CO., LTD.) immediately before use.
After the copper wire was removed, the solution was evaporated. The residue was
dissolved in a small amount of acetone, and to the solution was added water. The
precipitate was dissolved in diethyl ether and washed with water. The organic layer was
dried over sodium sulfate and evaporated, yielding Tetra-PtBuA-MA (9 g) as a pale

gray powder.

1.2. Synthesis of Tetra-PAA-MA

Tetra-PtBuA-MA (1 g) was dissolved in dichloromethane (18 mL) in a flask filled with
nitrogen and shielded from light. Trifluoroacetic acid (6 mL) was added. The solution
was stirred overnight at room temperature. After the fluid was removed by a pipette,
the precipitate was dried in vacuo. The dry solid was washed with dichloromethane,
dried in vacuo, and crushed in a mortar. The foregoing procedure was repeated for the
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remaining Tetra-PtBuA-MA. The powder was combined, washed with acetone four
times, and dried in vacuo, yielding Tetra-PAA-MA (4.3 g) as a white powder.

The chemical structure of the yielding Tetra-PAA-MA was evaluated by 'NMR.
'"H NMR (CD;0D): § 7.90-8.15 (m, 4H), 6.86 (bs, 8H), 5.40-5.48 (m, 8H), 4.78-4.81

(m, 8H), 4.12 (bs, 8H), 2.22-2.85 (m, 4nH), 1.48-1.95 (m, (8n+8)H), 1.20 (bs, 24H).

2. Time-development of the swelling ratio during swelling test

Supporting figure 1 shows the time-development of the swelling ratio (Q) for the Tetra-
PAA-PEG gel at pH12. The ionic strength of the external solution was 10 mM. Q was
determined as (L,/Ly)>. Lo and L; are the side length of gel at as-prepared state (= 5.0
mm) and that of the gel sample at equilibrium swelling state, respectively. The
equilibrium state of the Tetra-PAA-PEG gel was determined by the volume change of

the swollen gel less than 1% for after 48h.

14 ! ! I ! !
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Supporting figure 1. Time-development of the swelling ratio (Q) for the Tetra-

PAA-PEG gel at pH12.

3. Potentiometric titration
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The polymer solution was prepared by dissolving a weighed amount of Tetra-PAA-MA
in deionized water. The ionic strength of the polymer solution was set at 10 mM by
adding NaCl salt. The Polymer solution was neutralized by adding a standard 0.02 mol
L' NaOH solution. Before the titration measurement, the polymer solution was
carefully degassed with nitrogen to prevent the dissolution of CO,. Titration
measurement was performed using an automatic titrator (COM-1700A; HIRANUMA,
Japan) at room temperature with a combination glass electrode.

The obtained results are shown in Supporting figure 2. pKa of Tetra-PAA-MA was

determined to be pHS5.9, where the ionization degree is 0.5.

1.0

0.8

0.6

0.4

Tonization degree

0.2

0.0

pH

Supporting figure 2. Experimental potentiometric titration exhibiting the
ionization degree of Tetra-PAA-MA as a function of the pH. The ionic strength

is equal to 10 mM.

4. Derivation of the total free energy

To obtain the prediction of Q as a function of pH, I derive three free energies, I,
I, and IT,,, as follows:

4.1. Elastic free energy Il
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As shown in eq. (2-9), I1,, is expressed by G, and Q. G, was the experimental data,
obtained by measuring the shear modulus with rheometer.

4.2. Mixing free energy I1 ;.

According to equation (2-10), I, is a function of Q and y, because ¢, was
estimated to be 0.052 from the feed condition. y parameter was estimated from the
experimental results for the swelling ratio of the gel at pH9.7 and extremely high ionic
strength. In extremely high ionic strength condition, the effect of the fixed ion groups
is screened out. Notably, I chose pH9.7, because at low pH region below pH4.0, the
Tetra-PAA-PEG gel was not transparent due to the effect of the hydrogen bond between
the PAA and PEG chains. There was one report that the hydrogen bond between PAA
and PEG is not formed at high pH region.?! To eliminate the non-ideal condition, I
increased pH when I estimated y parameter.

Supporting figure 3 exhibited the dependence of Q of the Tetra-PAA-PEG gel on
the ionic strength at pH9.7. QO reached a plateau at 1000 mM, which indicates that the
effect of the fixed ion groups is screened out and that the ionic pressure is negligible in
this condition. Equation (2-3) was expressed by equations (2-9) and (2-10) without
considering the ionic pressure, and the balance between elastic pressure and mixing

pressure was given as

oot 5T imfr - ()} + (%) (%) ] =0 (A21)

1

Equation (A-2-1) is rewritten as
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GoVy -t b0\, (@
L 01073+ 1n{; ‘2(60)} +(%) o
(%)

Using equation (A-2-2) and the experimental data of Q at IS =1500mM, y parameter

was calculated to be 0.46. When I calculate Q for various pH and ionic strength, I

utilized this value.
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Supporting figure 3. lonic strength-dependence of swelling ratio of Tetra-PAA-

PEG gel at pH9.7.

4.3. Ionic free energy II,,
According to equation (2-11), II;,, was determined by the concentration distribution of
mobile ions inside and outside of the gel. The total concentration of the mobile ions

inside the gel (C,,) was estimated based on equation (2-12) and is given as

Cm = z ZiKZiCi, (A-2-3)
Inside the gel, the mobile ions were Na*,H*,OH™ and CI".
Cl™
Cn,=K(Na"]+[H'] - [—K] (pH>7.0) (A-2-4)
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[CI7] + [OH]

Cn = K[Na™] —

(pH<7.0) (A-2-5)
The concentration of the fixed ions inside the gel (Cy) is defined by the dissociation
equilibrium constant (Ka). In this study, the fixed group is the carboxyl group (-COOH).

The concentration of the ionized carboxyl groups is written as

[COOH],

OO T = o=

(A-2-6)
where [COOH], is the total concentration of the fixed ions. Here, pKa is influenced
by the molecular weight and salt concentration.®>#3 Thus, I experimentally measured
pK, of the Tetra-PAA-MA polymer based on titration measurements, and the details
are given in Section 2 of Appendix. The concentration of fixed ions inside the gel
C; was given as
[COOH],

Co = Z,——————— (A-2-7)

f a 7
KCy
o1 + 75D

the equation (2-14) was the sum of equations (A-2-3) and (A-2-7).
In the Donnan equilibrium, the distribution of the mobile ion is determined by
equation (A-2-3) and the electroneutrality inside the gel, which can be expressed by

inserting equations (A-2-3) and (A-2-7) to equation (2-14) as
[COOH], [C17]

K([Na*]+ [H*]) — S =0 (pH<7.0) (A-2-8)
o(+ ) ¥
K[Na*] — [COCI)(I[{I]{(’W _Lerd J;{[OH_] =0 (pH>7.0) (A-2-9)
0 (” K, )

From equations (A-2-8) and (A-2-9), K is described as a function of Q depending on

pH:

5 + P30 (eos [ L 1 vin [

K
3A

(A-2-10)
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where

2(B>-349(0)) B - 34(Bg(Q) — 94C)

f(Q) = arc cos (A-2-11)
2\/(32 ~349(0))’
90 = - (% ¥ [H+][cr]) (pH<7.0) (A-2-12)
9(0) = - (% + (O] + [OH‘])) PH>70) (A1)
In equation (A-2-10), the constants, 4, B, and C are expressed below pH7.0:
A= ([Na*]+ [H*D[H"] (A-2-14)
B = ([Na*] + [H')DK, (A-2-15)
C =—[CI']K, (A-2-16)
Above pH7.0, they are expressed as
A = [Na*][H"] (A-2-17)
B = [Na*]K, (A-2-18)
C =—([CI"] + [OH K, (A-2-19)

On the other hand, II,,, can be expressed by inserting equation (A-2-3) into
equation (2-11) as

M, = RT [(K ~ 1)Y([Na*] + [H*]) + (% - 1) [cr]] (PH<7.0)  (A-2-20)

IT,,, = RT [(K — 1[Na*] + (% - 1) (cr]+ [OH]_]] (pH>7.0) (A-2-21)

Q is determined to make the swelling pressure to be zero. Thus, the ionic contribution

(equation (2-11)) is balanced with the sum of the elastic and osmotic contributions

(equations (2-9) and (2-10)).
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() +rfmfi- () + ()< ()]
RT [(1{ ~ )(Na*] + [H]) + (% - 1) [Cl‘]] (PH<7.0)
(A-2-22)
1/3 lln ¢0) +X<%)2‘| _
RT [(K— 1)[Na*] + (E_ 1)([c1 ] + [OH] ]] (pH>7.0)

(A-2-23)

From equations (A-2-22) and (A-2-23), K is described as a function of O depending on

pH:
PELICORRY (;;(Q))Z — 4ab (A2.24)
where
1
GO 1 :
h(Q) = — ‘fT C_ Fllln{l - (%)} + (%) + x(%) ] — ([Na*] + [CI"] + [H'])
(pH<7.0)
(A-2-25)
1
GO 1 :
h(Q) = — fT C_ 71[111{1 - (%)} + (%) + x(%) ] — ([Na*] + [CI"] + [OH™])
(pH>7.0)
(A-2-26)
In equation (A-2-24), the constants, a and b are expressed below pH7.0;
a = [Na*] + [H'] (A-2-27)
b =[CI] (A-2-28)
Above pH7.0, they are expressed as
a = [Na*] (A-2-29)
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b=[CI"] +[OH] (A-2-30)
Finally, Q is determined to satisfy the equations (A-2-10) and (A-2-24). For example,
in the case of pH6.0 and salt concentration of NaCl was 20 mM, [COOH]o= 0.39 mol
L, & = 1.66. In the external solution, [Na*] = [CI"] = 0.02 mol L, [H*] = 10°°
mol L. By inserting all the values of each parameter into equation (A-2-8), the
relationship between Q and K was obtained with equation (A-2-10) and shown in
supporting figure 4. Considering the counterion condensation, [COOH], was replaced
by [COOH]p, cfrective Of equation (2-27) and the relationship between Q and K was
obtained with equation (A-2-24) and was shown in supporting figure 4. The crossover

point was the solutions of Q and K, 0 =7.70 and K = 1.212.
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Supporting figure 4. Relationships between K and Q. The red dashed curve
exhibited the relationship between K and Q obtained from equation (A-2-10);
The blue dashed curve exhibited the relationship between K and Q obtained

from equation (A-2-24). The crossover point was the solution of K and Q.

In the case of pHS.0 and salt concentration of NaCl was 20 mM, [COOH]o= 0.39

mol L', & =2.95. In the external solution, [Na*] = [CI"] = 0.02 mol L', [H*] =
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10® mol L., By inserting all the values of each parameter into equation (A-2-9), the
relationship between Q and K was obtained with equation (A-2-10) and shown in
supporting figure 5. Considering the counterion condensation, [COOH], was replaced
by [COOHIy, efrective Of equation (A-2-27) and the relationship between O and K was
obtained with equation (A-2-24) and was shown in supporting figure 5. The crossover

point was the solutions of Q and K, 0 = 8.44 and K = 1.211.
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Supporting figure 5. Relationships between K and Q. The red dashed curve
exhibited the relationship between K and Q obtained from equation (A-2-10);
The blue dashed curve exhibited the relationship between K and Q obtained

from equation (A-2-24). The crossover point was the solution of K and Q.

5. Detailed analysis of the maleimide peak in UV-vis spectra

Constant amounts of Tetra-PAA-MA and linear PAA (10, 20, 30, 40, 50, 60 g L") were
dissolved in citrate-phosphate buffer solution (pH5.9, 100 mM). The molecular masses
of the Tetra-PAA-MA and linear PAA were 1.9x 10* g mol! and 5.0x 10° g mol!

(which correspond with the molecular mass of one PAA arm in Tetra-PAA-MA
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polymer), respectively. Polymer solutions were poured into a cuvette with PTFE cover
(optical path length, 5 mm), and the absorption was measured in the range of 250-350
nm. The absorption spectra of the polymer solutions were obtained by ultraviolet and
visible light absorption spectroscopy (V-670; JASCO).

Supporting Figures 6 (A) and (B) show the UV-vis absorption spectra for the Tetra-
PAA-MA and linear PAA solutions at different concentrations, respectively. Compared
with the results of linear PAA, Tetra-PAA-MA showed an additional peak around
300nm, which may be attributed to the maleimide peak. To estimate the contribution
from the maleimide groups, I tried to subtract the effect of the acrylic acid from the
spectra of the Tetra-PAA-MA, shown in Supporting figure 6 (C). After the subtraction,
the peak around the 300 nm became pronounced, which is consistent with our previous
study.®* When I estimate the reaction conversion during the gelation process, I utilize
the peak intensity at 310 nm. It is because the UV absorption peak of maleimide at 300
nm overlapped with that of the thioether bond at 250 nm.*> Before the estimation of the
reaction conversion, I confirmed the linearity between the peak intensity at 310 nm and
the concentration, shown in Supporting figure 6 (D). Figure 6 (E) shows the time-
development of the UV spectra during the gelation process. The peak intensity around
300 nm decreased, accompanied by the progress of the Michael reaction. The unreacted

maleimide group shows the absorption peaks around these regions.

(A)
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Supporting figure 6. Concentration-dependence of the UV-vis absorption
spectra of (A) Tetra-PAA-MA, (B) PAA, respectively. Concentration: 10 g L
(gray), 20 g L"(black), 30 g L'(red), 40 g L"(blue), 50 g L"'(green), 60 g L
(orange). (C) UV-vis spectra after removing the contribution of the linear PAA
from the Tetra-PAA-MA. (D) Relationship between the peak intensity at 310 nm
and the PAA concentration. (E) Time-dependence of UV-vis absorption spectra
presenting the gelation reaction process of the Tetra-PAA-PEG gel in a citrate-
phosphate buffer solution with pH5.9 and ionic strength of the buffer solution
equal to 100 mM at 25°C. Spectra ranges from 1 min to 16 h (both are

represented as solid lines)
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Chapter 3. Effect of nonlinear elasticity on the swelling behaviors of Tetra-PAA-

PEG gels in monovalent salt solutions

3.1. Introduction

In Chapter 2, I investigated the swelling behaviors of Tetra-PAA-PEG gel under
tuned external solutions and validated the model that combing Tanaka’s model with
Manning’s counterion condensation theory (F-R-D-M model) for describing the
swelling behaviors of Tetra-PAA-PEG gel. The elastic free energy in this model is
described as the Neo-Hookean function.!* Neo-Hookean model has been considered as
a model for ideal polymer networks with infinite extensibility and without structural
defects, where the regular network composed of the Gaussian chains with uniform
length is assumed.?> In chapter 2, even though the experimental results can be roughly
reproduced by the predictions from the F-R-D-D model, there are still some deviation
existing in high Q region, where the effect of finite extensibility of the polymer chain
on the elasticity of the polymer network became significant. In this condition, Neo-
Hookean model no long can be applicable for describing the elastic free energy of the
polymer chain. Skouri et al.® investigated the swelling and elastic properties of
polyacrylic acid gels, they found the shear modulus can be described by Flory’s model
that derived from Gaussian statistics of the chains within not too high swelling ratios
but failed in high swelling ratios range. There is an upturn in shear modulus under large
deformation due to the non-Gaussian elasticity of the polymer network with highly
stretched conformation. The similar phenomenon has also been reported for
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polyelectrolyte gels of hydrolyzed polyacrylamide.” To account for non-Gaussian chain
effect for the description of the mechanical behavior of the polyelectrolyte gel, some
studies adopt the Gent model and found this model could capture the non-Gaussian
chain effect well.®? Therefore, the predictions from the modification of F-R-D-M model
by considering the non-Gaussian chain effect is supposed to approach the experimental
results.

However, in chapter 2, I only utilized the Tetra-PAA-PEG gel with one network
strand length and the deformation of the gel does not reach to the limitation. Thus, I
need to design Tetra-PAA-PEG gels with different network strand lengths and
investigate the effect of non-linear elasticity on the swelling behaviors.

Here, I can follow the similar strategy of designing Tetra-PEG gel. The mechanical
and swelling properties of Tetra-PEG gel can be controlled by tuning the molecular
weight and molar ratio to achieve. Due to the similar network structure, end groups and
same description of elasticity method between Tetra-PEG gel and Tetra-PAA-PEG gel
at non-ionized state.!? The mechanical and swelling properties of Tetra-PAA-PEG gels
are supposed to be controlled by tuning the molecular weight and concentration of
Tetra-PAA-MA and Tetra-PEG-SH.!!"!* Thus, the swelling ratios of Tetra-PAA-PEG
gels with different PEG segment length are expected to be in a wide range, and the
applicability of F-R-D-M model at large swelling ratio can be revealed.

In chapter 3, I tune the molecular weight of Tetra-PEG-SH to investigate the effect
of the neutral segment lengths on the mechanical and swelling properties of the Tetra-
PAA-PEG gel. The concentration of Tetra-PAA-MA is also set to a specific value, and
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the molar ratio of Tetra-PAA-MA to Tetra-PEG-SH is controlled to 1:1 by adjusting the
concentration of Tetra-PEG-SH to obtain the same crosslink density. Comparing the
experimental swelling behaviors of the Tetra-PAA-PEG gels with predictions by F-R-
D-M model, the effect of the nonlinear elasticity on the description of elastic free energy

1s revealed.
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3.2. Materials and Methods

A. Fabrication of Tetra-PAA-PEG Gels

Tetrathiol-terminated poly(ethylene glycol) (Tetra-PEG-SH) was purchased from NOF
Corporation (Tokyo, Japan). Tetramaleimide-terminated poly(acrylic acid) (Tetra-PAA-
MA) was prepared from the Tetraazide-terminated poly(zert-butyl acrylate) (Tetra-
PtBuA-N3). The details of the preparation of Tetra-PAA and Tetra-PEG precursors were
reported previously.!*!3-17 Constant amounts of Tetra-PAA-MA and Tetra-PEG-SH
were dissolved in citrate-phosphate buffer solution, of which the pH and ionic strength
were 5.9 and 100mM, respectively. The Tetra-PAA-PEG gels fabricated using Tetra-
Tetra-PEG-SH with M,, of 1.0, 2.0 and 4.0 x 10* g mol! are called 10K Tetra-PAA-
PEG gel, 20K Tetra-PAA-PEG gel and 40K Tetra-PAA-PEG gel, respectively. The My
of Tetra-PAA-MA of all the Tetra-PAA-PEG gels were 1.9 x 10* g mol"!. To obtain
the consistent initial fixed ion concentration, the same prepolymer molar concentrations
and tune the strand lengths of PEG, the concentration of Tetra-PAA-MA was fixed 60.0
g L' for all types of Tetra-PAA-PEG gel. In contrast, the concentrations of Tetra-PEG-
SH were set to be 32.3, 64.6, and 129.3 g L! for 10K, 20K, and 40K Tetra-PAA-PEG
gel, respectively. Equal amounts of the prepolymer solutions were mixed for 30 s and
poured into the silicone mold at room temperature. In this study, at least 48 h was given
for each reaction to complete.

B. Rheological Measurements after Gelation

The gel samples were prepared as disk films and set at the measuring plate of a
rheometer (MCR301; Anton Paar, Graz, Austria) with a parallel plate fixture having a
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diameter of 25 mm. The diameter and thickness of the samples at the as-prepared state
were 40.0 mm and 1.0 mm, respectively. The angular frequency (w) dependences of
the storage modulus (G') and loss modulus (G") were measured with a strain amplitude
(y) of 1.0% at 25 °C. The oscillatory shear strain amplitudes were found within the
range of the linear viscoelasticity for all the tests.

C. Swelling Experiments

The gel samples for swelling ratio measurements were prepared as rectangular films
(length: 5.0 mm, thickness: 2.0 mm, width: 3.0 mm). The pH of external solutions was
set from 2.0 to 11.0, then, the specimens were immersed in the solutions for 48 h to
reach the equilibrium swelling state at 25 °C. The pH of external solutions was deviated
from the setting value due to the existence of the carboxyl groups on the Tetra-PAA-
MA polymer; thus, I titrated an HCI (pH = 2.0) or NaOH (pH = 12.0) solution into the
external solutions to adjust the pH to the setting values. In the ionic strength dependence
measurement, the ionic strengths of external solutions were tuned from 10 to 1000 mM
by adding different amounts of NaCl. The effect of Na* and CI (introduced by pH
adjustment) on the ionic strength of external solutions can be neglected compared with
the ionic strength tuning by NaCl.

The swelling ratio of the Tetra-PAA-PEG gel was investigated by measuring the
volume change of the sample by using the encoded stereo microscopes (M165 C, Leica
Co.). In this study, the swelling ratio (Q) was defined by using the initial volume of gel
sample V, and the swollen volumes of gel sample V;: O =V,/V,. Generally, the
swelling of the gels is an isotropic deformation. The volume change was estimated by
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using the change of the initial side length of gel sample at as-prepared state L, and the
side length of gel sample at equilibrium swelling state L, thus the swelling ratio O was

expressed as: QO = (Ly/Ly)>. Ly was 5.0 mm, while L, were in the range of 2.2-17.3

mm depending on the external solutions conditions.
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3.3. Results and Discussion

A. Effect of neutral segments lengths on the swelling behaviors

Figure 3-1 shows the pH dependence of the swelling ratios of 10K, 20K, and 40K Tetra-
PAA-PEG gel in NaCl solution with ionic strength of 2 and 10 mM. The swelling ratios
of all the Tetra-PAA-PEG gels increased with increasing pH. They reached a plateau
when pH > 7.0, which corresponds to the pH dependence of the ionization of acrylic
acid on the polymer chains. On the other hand, the swelling ratios decreased with
increasing the ionic strengths. The pH-dependence and ionic strength-dependence of
the swelling ratios indicate the presence of the ionic pressure by the Donnan
equilibrium, by which the distribution of mobile ions inside and outside the gels is
determined. It is worth noting that the salt concentrations are larger than the fixed ions’
concentration, where Donnan equilibrium works well.

The swelling ratios of 10K Tetra-PAA-PEG gel were twice larger than the swelling
ratios of 20K Tetra-PAA-PEG gel and 40K Tetra-PAA-PEG gel under the same external
conditions. These swelling behaviors were in contrast to the normal Tetra-PEG gel
system, where the swelling ratios of 20K Tetra-PEG gel were larger than those of 10K
Tetra- PEG gel under the same ¢.!? This contradiction will be explained by the

balance between Il and II;, of Tetra-PAA-PEG gel in section B.
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Figure 3-1. The pH-dependence of the swelling ratio of 10K (blue), 20K (red),
and 40K (black) Tetra-PAA-PEG gel in salt solutions with different ionic

strengths. (A) 10 mM, (B) 2 mM.

B. Effect of neutral segments lengths on the mechanical properties

As I mentioned in the theoretical part, the balance among I1,, I1;, and II;,,
determines the swelling ratio of the polyelectrolyte gels. Here, I utilized the same
concentrations of the PAA units among the 10K, 20K, and 40K Tetra-PAA-PEG gels.
Under the same Q, II,,, are consistent for all the Tetra-PAA-PEG gels. Thus, the sum
of Il, and II,;, determines the order of the swelling ratios. Il is determined by the
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shear modulus at as-prepared state and the swelling ratio. Figure 3-2 shows the
molecular weight-dependence of the shear moduli of the Tetra-PAA-PEG gel. G,
increased with My, which exhibits opposite tendency against the rubbery elasticity
theory.>!8-20 In general, the shear modulus is determined by the number density of the
crosslinks, which is inversely proportional to the network strand length. This opposite
tendency is attributed to the difference distance from the overlapping concentration at
the as-prepared state. According to our previous studies,?!-*? the shear modulus deviates
from the classical rubbery elasticity theory, depending on the concentration normalized
by the overlapping concentration of the prepolymers. In our system, the molar
concentration of the crosslinks was set to be identical, while the strand length of the
PEG part was different. As a result, the total concentration increased with increasing

the network strand length. (See sections 1 and 2 of Appendix)
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Figure 3-2. The molecular weight (Mw)-dependence of the shear modulus (Gp)

of Tetra-PAA-PEG gels.
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On the other hand, Il is determined by y parameter, the initial polymer
concentration, and the swelling ratio. The y parameter was experimentally estimated
from Q at pH > 8.0 and 1500 mM NaCl conditions, where the effects of the hydrogen
bond between the PAA and PEG chains,?®?° and the electrostatic potential from the
fixed ions are negligible. The swelling ratios were almost constant under high ionic
strength conditions shown in Figure 3-3. Under this condition, the swelling pressure is
composed only of the elastic and mixing pressures, which is given as

M=1g+ I, =0 (3-1)
I1,; is derived from the elastic free energy, when assuming the elastic free energy has
Neo-Hookean type potential,>?® Tl is expressed as
1
g = =G0 3 (3-2)
I1,;x can be obtained using the lattice approximation based on the Flory-Huggins

theory as>?7-28

el Bea®)] e

where V| is the molar volume of the solvent, and y is the Flory-Huggins interaction
parameter. Substituting equations (3-2) and (3-3) into equation (3-1), the y parameter

was obtained and expressed as

GV -1 ¢ ¢
L 0107+ 1n{; ‘2(60)} +(%) o
(T)

The y parameters were calculated to be 0.46, 0.46, 0.45 for 10K, 20K, and 40K Tetra-

PAA-PEG gels, respectively. It is worth noting that adding NaCl has no strong effect

on the y parameter.?’
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Figure 3-3. lonic strength-dependence of swelling ratios of Tetra-PAA-PEG
gels in NaCl solutions. 10K Tetra-PAA-PEG gel (squares), 20K Tetra-PAA-PEG
gel (circles), 40K Tetra-PAA-PEG gel (triangles). The pH of outer solutions for

10K, 20K, and 40K Tetra-PAA-PEG gels were 8.6, 9.7 and 8.0, respectively.

Using the values of the shear moduli and the estimated y parameter, I can
simulate Il and II;, asa function of Q, shown in Figure 3-4. When Q is larger than
approximate 3.0, the elastic pressure overcomes the mixing pressure. Under the high
swelling region, the elastic pressure dominates the order of the swelling behaviors,

which is the main reason of the abnormal order of O among the Tetra-PAA-PEG gels.
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Figure 3-4. The absolute value of elastic pressure || (solid lines) and mixing
pressure [, (dashed lines) of 10K (blue), 20K (red), and 40K (black) Tetra-

PAA-PEG gel as a function of swelling ratio Q.

Figure 3-5 (A) compares the experimental results of 10K, 20K, and 40K Tetra-
PAA-PEG gels with the predictions by the Flory-Rehner model considering both the
Donnan equilibrium and Manning’s counterion condensation effect (the F-R-D-M
model) under ionic strength 10 mM. The F-R-D-M model predictions can well
reproduce all the swelling behaviors of 10K, 20K, and 40K Tetra-PAA-PEG gels, which
indicates the validity of the F-R-D-M model. Thus, even though the lengths of PEG
segments of 10K, 20K, and 40K Tetra-PAA-PEG gels were different, the estimation of
¢ only depend on the distance between the neighboring fixed ionic groups of the Tetra-
PAA-MA polymer.

Figure 3-5 (B) shows the comparison of experimental results of 10K, 20K, and
40K Tetra-PAA-PEG gels with the F-R-D-M model predictions under ionic strength of
2 mM. The swelling behaviors of 20K and 40K Tetra-PAA-PEG gels still correspond
well with the F-R-D-M model predictions, while the experimental results of 10K Tetra-
PAA-PEG gel are downwardly deviated from the theoretical line. I will discuss the

deviation in Section C.
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Figure 3-5. Comparison of the experimental results with the predictions by the
Flory-Rehner model with considering both the Donnan equilibrium and
Manning’s counterion condensation effects (dashed lines). The ionic strength
of salt solutions: (A) 10 mM, (B) 2 mM. The predictions result of 10K (blue), 20K

(red), and 40K (black) Tetra-PAA-PEG gels are represented from top to bottom.

C. Effect of finite extensibility of polymer chains on the swelling behaviors

The downward deviation of experimental Q of 10K Tetra-PAA-PEG gel under ionic
strength of 2mM from prediction line can be attributed to the failure to describe the
elastic pressure. The Neo-Hookean model described the elastic free energy utilized here,
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which considers the elastic free energy of the ideal polymer networks with infinite
extensibitility.>* Notably, the Q of 10K Tetra-PAA-PEG gel in a salt solution with the
ionic strength of 2mM were much larger than the Q of Tetra-PAA-PEG gel in other
external conditions; the maximum was even up to 35. Under such a large deformation,
the distribution function of segments cannot follow the Gaussian description, and the
Neo-Hookean model is no longer applicable for describing the elastic free energy of
Tetra-PAA-PEG gel.

To consider the effect of the finite extensibility of the network strands, I adopt the
Gent model, which describes the effect of finite extensibility by the minimum addition
to the Neo-Hookean model.*® According to the Gent model, the elastic free energy AF

is expressed as

AF, = —VOTGO(Im -3 (1 - 11;:';) (3-5)
where V|, is the volume at the as-prepared state. I; is the first invariant of Green’s
deformation tensor, I, is the maximum value of I; where the stress becomes infinite,
and I, is expressed as®!

I = a4+ ) + a,? (3-6)
where «; is the elongation ratio in the 7 axis (i=x, y, z) of the gel at the swollen state.

The elongation ratios are obtained by assuming isotropic deformation, which are given

as

v =ay=a,=a=0'= (i) 37

where V' is the volume of gel at swollen state. I, is the maximum value of I; under

the ultimate elongation ratio a,,,, is expressed as
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Im = amaxz + 2a{max-1 (3'8)

According to the classical concept of elastomers, a,,,, was given as

aN, q
— N 12
r = e (3-9)

amax -

where a is the Kuhn length and N, is the segment number of the network strand
between the neighboring elastically effective junctions. N, of Tetra-PAA-PEG gel was

given as

Mpppbpan ~ Mppgbprg

N, =

= (3-10)
AMpppQpan  4Mppcapeg

where Mpp, 1s the molecular weight of Tetra-PAA-MA prepolymer, Mprg is the
molecular weight of Tetra-PEG-SH prepolymer, mpy, is the molecular weight of a
monomeric PAA unit, mpgg is the molecular weight of a monomeric PEG unit, bppa
is the monomer length of PAA, bprg is the monomer length of PEG, appa and apgg
are the Kuhn segment size of PAA and PEG, respectively. Substituting the equations.
(3-9) and (3-10) into eq. (3-8), I, is estimated. Table 3-1 summarizes the calculated

results of N., a.x and I,.
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Table 3-1. The molecular weight of Tetra-PEG-SH (Mpgg), of Tetra-PAA-MA
(Mpan ), the degree of polymerization between the neighboring elastically
effective junctions of polymer network (N,) of prepolymers inside Tetra-PAA-
PEG gels, the ultimate elongation ratio (amna) and the maximum value of I,

under the ultimate elongation ratio (/,) of 10K, 20K, and 40K Tetra-PAA-PEG

gels.
Samples Mpgg [g/mol]  Mpp, [g/mol] N [-]  amax -] In [-]
10K Tetra-PAA-PEG gel 1.0 x 10* 1.9 x 10* 53 7.3 53
20K Tetra-PAA-PEG gel 2.0 x10° 1.9 x 10* 81 9.0 81
40K Tetra-PAA-PEG gel 4.0 x10* 1.9 x10* 1.4 x 10* 12 1.4 x10*

The elastic pressure is obtained by derivation of AF, of the Gent model (The

detailed procedure is shown in the Appendix 3) and is given as

I3

1
= 3 -
el I —1, GoQ (3-11)

It is worth noting that I, is invariable as calculated above, while I; is a function of
elongation ratio and is affected by the change of Q. Thus, I, is still a function of Q
and G,. Figure 3-6 shows the swelling ratio dependence of the elastic pressure of 10K
Tetra-PAA-PEG gel predicted by the Neo-Hookean and the Gent model. The Gent
model prediction is larger than the Neo-Hookean model prediction, and the gap between
ITT,;| of two models becomes significant with the increase of the Q. In the higher O than
20, the Gent model predicts 1.6 times larger values than the Neo-Hookean model. This
larger deviation results in the failure to describe the F-R-D-M model for 10K Tetra-
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PAA-PEG gel.
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Figure 3-6. Swelling ratio (Q) dependence of the elastic pressure (|I1g|) of 10K
Tetra-PAA-PEG gel. The dashed-dotted-dashed line represents |I1| predicted
by the Neo-Hookean model, dashed line represents |I1,| predicted by the Gent

model.
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Figure 3-7. Comparison of the experimental results with the predictions by the
F-R-D-M model adopting the Gent model for describing the elastic free energy
(dashed lines). The ionic strength of salt solutions: (A) 10 mM, (B) 2 mM. The
predictions result of 10K (red), 20K (blue), and 40K (black) Tetra-PAA-PEG gels

are represented from top to bottom.

Figure 3-7 shows compares the experimental results with the predictions by the F-R-
D-M model adopting the Gent model for describing the elastic free energy. The
predictions can well reproduce the swelling behaviors of all the Tetra-PAA-PEG gels
in all external conditions. The correspondence is even better than the prediction by the
F-R-D-M model adopting the Neo-Hookean model for describing the elastic free
energy under the low Q region. This good correspondence indicates the validity of the
Gent model for describing the elastic free energy of Tetra-PAA-PEG gel under large
deformation. In Chapter 2, I considered the effect of counterion condensation on
describing the distribution of mobile ions inside and outside the gel. The swelling
behaviors of 20K Tetra-PAA-PEG gel was well reproduced by the F-R-D-M model
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adopting the Neo-Hookean model for describing the elastic free energy. It is because
the swelling ratios were in relatively small range. However, for the Tetra-PAA-PEG gel
undergoing a large size deformation under the low ionic strength, the description of
elastic free energy should be modified by the Gent model.
D. Applicability of the modified F-R-D-M model for the conventional polyelectrolyte
gels

The modified F-R-D-M model can reproduce well the swelling behaviors of Tetra-
PAA-PEG gel system under various external solution, which is benefit from the similar
network structure as Tetra-PEG gel (a near ideal network structure). All the crosslinks
are homogeneously distributed inside Tetra-PAA-PEG gel, and all the fixed ions are
also well controlled heterogeneously distributed only on the Tetra-PAA polymer
network strands. However, the distribution of crosslink and fixed ions of conventional
polyelectrolyte gels are not well controlled and heterogeneously distributed inside the
gel due to the random polymerization fabrication method. Here, I want to test the
applicability of the modified F-R-D-M model to the conventional polyelectrolyte gel.
Figure 3-8 compares the experimental results of polyacrylic acid gel with the
predictions by the modified F-R-D-M model. The details of the polyacrylic acid gel can
be found in Horkay’s research.?’ Within the pure polyacrylic acid gel, the distance
between the ionized neighboring fixed ions is constant under external solution with
high pH. When all the crosslinks are assumed to be homogeneously distributed inside
the gel, which is an ideal condition, I, is calculated to be 410 based on the average
number of the network strand between the neighboring elastically effective junctions.
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It is not surprised to find a deviation between the predictions by the modified F-R-D-
M model and the experimental results. This deviation can be attributed to the random
and heterogeneous distribution of crosslinks, which resulted in the non-uniform
network strand length. The short network strands with small polymerization degree
exhibit lower ultimate elongation ratio a,,,, compared with long network strands, and
bulk «a,,, was determined by the short network strands. Thus, the I should be
decreased compared with the case all the crosslinks are homogeneously distributed
inside the gel. The dotted-dashed-dotted line represents the predictions by the modified
F-R-D-M model considering the effect of heterogeneous distribution and I is assumed
to be 80 for fitting the experiment results. The experimental results can be well
reproduced by the predictions from the modified F-R-D-M model, which indicated the
applicability of the F-R-D-M model to conventional polyelectrolyte gel. It’s worth
noting that the heterogeneity inside the conventional polyelectrolyte can lead to the
non-uniform of the network strand lengths, resulting in the misestimating of a,,,,. In
this case, the value of «a,,,, determined by the stretching measurement is a valuable

method for solving this problem.
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Figure 3-8. Comparison of the experimental results of polyacrylic acid gels with
the predictions by the modified F-R-D-M model (dashed line) and the modified
F-R-D-M model considering the effect of heterogeneity on the network strand
lengths (dotted-dashed-dotted line). The data of the swelling ratios of

polyacrylic acid gels refer to Horkay et al.?®

On the other hand, the conventional copolymer polyelectrolyte gels consist of both
neutral segments and ionic segments, which are more complicated. The distribution of
fixed ions on the network strands is random and cannot be controlled. This problem can
be solved by introducing a parameter a to consider this uncontrollable distribution of
fixed ions. The distance between the ionized neighboring fixed ions of heterogeneous
gel bayve can be expressed by

b,.. = ab (3-12)
where b is the distance between the neighboring ionized fixed ions of pure polyacrylic
acid gels

b= Lpaa

= —— (10°%7PH ¢ 1) (3-13)
NpaA
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Figure 3-9. Schematic illustration of the distribution of fixed ions on the

heterogeneous conventional polyelectrolyte gel.

Figure 3-9 shows the typical situations of the distribution of fixed ions on the network
strands in the conventional copolymer polyelectrolyte gels. In the situation (A), which
is a limitation condition, all the fixed ions are localized within a certain area and the
neighboring groups of each fixed ions are also the fixed ions. In this case, @ = 1, which
is the same as the conventional polyacrylic acid gel. In the situation (C), all the fixed
ions are localized homogeneously on all the polymer chains, and the distance between
the neighboring fixed ions increase to a large value. If the molar ratio of the ionic
segments is extremely low in the copolymer gel, which is also a limitation condition, a
and bave tend to be infinite. Under such condition, this copolymer gel is a weakly
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charged polyelectrolyte gel, the counterion condensation cannot occur around all the
fixed ions and the swelling behaviors of this copolymer gel can be described by the F-
R-D model. In the situation (B), which is an intermediate situation between situations
(A) and (C), all the ionic segments are randomly and heterogeneously distributed. In
this case, the baye in different area is also different, and I can use the parameter a to fit
the experiment result to understand the distribution of fixed ions inside the gel.
Compared with some conventional structure analysis method, such as small angel X-
ray scattering (SAXS) or small angel neutral scattering (SANS), I believe the swelling
measurement is also a potential method for understand the heterogeneity inside the
conventional gel. Unfortunately, I cannot find sufficient data for this analysis yet. In the
future, I plan to induce some controllable heterogeneity into the gel, then design a new
method for investigating the network structure heterogeneity inside the polyelectrolyte

gel based on the swelling measurement.
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3.4. Conclusion

I successfully fabricated Tetra-PAA-PEG gel with tuned neutral segment lengths. Then,
I investigated the swelling behaviors of the Tetra-PAA-PEG gels under various external
conditions. The major findings are as follows: (i) The swelling ratios increased with
increasing pH and decreasing ionic strength; (ii) the swelling ratios decreased with
increasing the network strand lengths; (iii) The swelling behaviors the Tetra-PAA-PEG
gels under ionic strength of 10 mM were well reproduced by the F-R-D-M model
predictions, indicates the validity of the Neo-Hookean model for describing the elastic
free energy under appropriate deformation; (iv) The swelling behaviors of 10K Tetra-
PAA-PEG gel under ionic strength of 2 mM were smaller than the F-R-D-M model
predictions. With the modification of the elastic free energy by the Gent model, the
swelling behaviors corresponded well with the modified F-R-D-M model predictions,
indicating the validity of the Gent model for describing the elastic free energy of gel
under high deformation. These findings indicate that the modified F-R-D-M model is
more valid for describing the swelling behaviors of highly charged polyelectrolyte gel

with a wide range of segment lengths.
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Appendix
1. Overlapping polymer volume fraction of the blend system of Tetra-PAA and
Tetra-PEG

Constant amounts of Tetra-PAA-MA was dissolved in a citrate-phosphate buffer
solution to obtain the polymer solution with concentration ranging from 0 to 120 g L.
The pH and ionic strength of the buffer solution were 5.9 and 100 mM, respectively.
The effect of ionization of acrylic acid was suppressed by applying the buffer solution
as a solvent. The viscosity # of the polymer solutions was measured by a rheometer
(MCR301; Anton Paar, Graz, Austria) with a cone plate at a constant shear rate of 100
s'l. All the experiments were performed at 25 °C. The specific viscosity 7, was

expressed as
1N —1o
Mo

T’sp = (A'3' 1)

where 7, is the viscosity of the buffer solution.

Supporting figure 1 shows the specific viscosity U of Tetra-PAA-MA polymer
solutions as a function of polymer concentration. From the crossover of the two fitting
lines, the Cpaa Of the Tetra-PAA-MA polymer was estimated to be 60 g L', and the
overlapping polymer volume fraction ¢p,, Wwas calculated to be 0.050. Tetra-PAA-
PEG gel was fabricated from Tetra-PAA-MA and Tetra-PEG-SH prepolymers, thus the
blend overlapping polymer volume fraction ¢,y of Tetra-PAA-PEG gel was
determined by ¢* and ¢ of both Tetra-PAA-MA and Tetra-PEG-SH prepolymers
inside Tetra-PAA-PEG gel, which was given as

Poiend = frecPrEG + feaaPran (A-3-2)
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where ¢ppg Wwas the overlapping polymer volume fraction of Tetra-PEG prepolymer,
which were already measured by our previous research. fprg and fpya Wwere the
volume fraction of Tetra-PEG-SH and Tetra-PAA-MA to the total polymer volume,

respectively.

Hsp

0 20 40 60 80 100 120
-1
Cremapaa-ma/ 8L

Supporting figure 1. Specific viscosity of Tetra-PAA-MA polymer solutions as
a function of polymer concentration. The overlapping concentration C* was
estimated to be the point at the intersection of the fitting lines of lower

concentration and high concentration.

Supporting table 1 shows the total polymer volume fraction ¢, and
overlapping polymer volume fraction ¢y.,q of 10K, 20K, and 40K Tetra-PAA-PEG
gel, respectively. ¢ of 10K Tetra-PAA-PEG gel was smaller than the ¢y.,.4, While

Dot 0f 20K and 40K Tetra-PAA-PEG gel was slightly larger than the ¢ nq-

Supporting table 1. Polymer volume fraction (¢pgg) of Tetra-PEG-SH, polymer

volume fraction (¢ppa) Of Tetra-PAA-MA, total polymer volume fraction (o) Of
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prepolymers inside Tetra-PAA-PEG gels and overlapping polymer volume

fraction (¢peng) Of 10K, 20K, and 40K Tetra-PAA-PEG gels.

Samples $reG [-] Gran [-] Grotal [-] Potena [-]
10K Tetra-PAA-PEG gel 0.014 0.025 0.039 0.054
20K Tetra-PAA-PEG gel 0.027 0.025 0.052 0.042
40K Tetra-PAA-PEG gel 0.053 0.024 0.077 0.025

2. Calculation of Gy/Gy

According to our previous studies,'* G, of the Tetra-PEG gel did not obey the simple

rubber elasticity theories?? due to the negative energetic contribution?!. G, is given as
Go=g(v—u) (A-3-3)

where v is the number per prepolymer of the elastically effective network strands, u

is the number per prepolymer of the active cross-link and g is a pre-factor related to

the energetic contribution. Our previous studies suggested that g is a function of

¢/¢* shown in Supporting figure 2.
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Supporting figure 2. The value of g as a function of ¢/¢* of Tetra-PEG gels

(5K, rhombus; 10K, circle; 20K, square; 40K, triangle). The data of Tetra-PEG
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gels are replotted from Akagi et al.?? with permission.

Supporting figure 3 shows the reaction conversion of 10K, 20K, and 40K Tetra-
PAA-PEG gels. The reaction conversion was in the range of 0.81-0.90. Adopting the
Bethe approximation, v and p can be calculated as a function of the reaction
conversion (p).**-** Under the stoichiometric mixing condition, the AB-type reaction
can be instead by presuming that the reaction is an AA-type reaction of the 4-armed
prepolymer. Thus, the probability of one arm of a 4-armed prepolymer was not

connected to the percolated network, P(F), is expressed as

P(F) = (1 _ 3)% _ % (A-3-4)

p 4
Using equation (A-3-4), the probability of 3-functional or 4-functional crosslink (i.e.,
P(X3) or (P(X;)) can be derived from a 4-armed prepolymer as
Per) = (3)- PP - 11 = PCPIT (A5
P(X,) =[1-PE)]* (A-3-6)
Thus, 4 and v can be expressed as:
u=PX;) + P(Xy) (A-3-7)
V= % P(X3) +2-P(X,) (A-3-8)
g for the Tetra-PAA-PEG gel was obtained by inserting equations (A-3-7) and (A-3-8)
into equation (A-3-3).
The obtained values of g were plotted in Supporting figure 4, which obeys the

master curve of the Tetra-PEG gels. These agreements support that the reduction of G,

of the Tetra-PAA-PEG gels with shorter network length can be explained by the
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distance from ¢*.
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Supporting figure 3. The reaction conversion (p) of 10K, 20K and 40K Tetra-

PAA-PEG gels.
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Supporting figure 4. The value of g as a function of ¢/¢* of Tetra-PEG gels
(black: 5K, rhombus; 10K, circle; 20K, square; 40K, triangle) and Tetra-PAA-

PEG gel (red: 10K, circle; 20K, square; 40K, triangle).

3. Calculation of II, of Gent model
I1,; was defined as a change in the elastic free energy (AF,)) when changing the number
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of solvent molecules (ng) with a constant number of polymers in the system (n,), and

was expressed as

M= — > (aAFel) (A-3-9)
cl Vl anB na

where N, is Avogadro’s constant, V; is the molar volume of the solvent, thus N, /V;
is the number of solvent molecules in a unit volume. According to Gent model, the

elastic free energy AF, is expressed as

VoG I =3
AR, = =220~ 3)in (1 _a ) (A-3-10)
2 I,—3
where G, and V| are the shear modulus and volume of the gel at as-prepared state.
I, 1is the first invariant of the Green’s deformation tensor, I, is the maximum value of
I; where the stress becomes infinite, and I; is expressed as
I = a4+ a) + a,? (A-3-11)

where a; is the elongation ratio in the i axis (i=x, y, z) of the gel at swollen state. The

elongation ratios are obtained by assuming isotropic deformation, which are given as

Ay =y =, =a = Q% = <K)3 (A-3-12)
where O and V are the swelling ratio, the volume at swollen state, respectively.
Substituting equations (A-3-10), (A-3-11) and (A-3-12) into equation (A-3-9), the
following equation is obtained

M. — 1<6AF61) _ 1<6AF61) <6a) _ 3alG Im—3<6a)
cl i\ang /), i\ da Jy, \ong/, Vi In—1 \Ong/,

(A-3-13)

Here,

B=—="2_"1 (A-3-14)



Therefore, I1, can be rewritten as

I,—3

1
Hel = - GoQ_§ (A-3-15)
Im - Il

1
In equation (A-3-15), the term of GyQ 3 is equal to the shear modulus at the swollen

state. Thus, Il is experimentally validated by measuring the shear modulus.
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Chapter 4. Swelling behaviors of Tetra-PAA-PEG gel in divalent salt solutions

4.1. Introduction
In Chapter 3, I found the validation of the modified F-R-D-M model for describing the
swelling behaviors of Tetra-PAA-PEG gels even under large deformation by adopting
the Gent model for describing the finite extensibility effect on the network strands. Thus,
the swelling behaviors of Tetra-PAA-PEG gel in monovalent salt solution under various
conditions were understood.

However, the description of the swelling behaviors in divalent salt remain unclear.
The investigation of swelling behaviors of polyelectrolyte gel in divalent salt has
attracted little attention compared with monovalent salt due to the complicated
interaction inside gel system.!? Different from the monovalent salt, which only
influences the ionic pressure inside the gel system, the divalent salt can also coordinate
with the acrylic acid group. Horkay and co-workers®? investigated the swelling
behaviors of the fully neutralized polyacrylic acid hydrogels immersed in the solutions
of monovalent salts and divalent salts. In this research, they found the monovalent ions
only influence the ionic contribution to the total pressure, while divalent ions influence
both the ionic and mixing contributions. In other words, monovalent salts have no effect
on the interaction between polymer and solvent, while divalent salts significantly
influence the interaction between polymer and solvent. They also deduced that the
calcium ion cannot form stable cross-link with acrylic acid groups by uniaxial
compression measurements and concluded there is no enhancement of elasticity.
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However, the mechanical measurement of their research is a static measurement, the
contribution to the elasticity of gel by the crosslink between calcium ions and carboxyl
groups cannot be detected if the lifetime of temporary cross-link shorter than the
duration of the measurement. Some studies indicated the calcium ion can form crosslink
with PAA and stabilize PAA hydrogels by preventing the dissolution of the gel.*
Infrared spectroscopy has also distinguished several stable forms of calcium ion biding
to the carboxyl groups.’ In Zhou’s study, they mentioned that Ca?* acting as ionic
secondary crosslinking forming bridges between neighboring PAA chains and
enhanced the elasticity of the gel.® Thus, the description of the effect of divalent salt on
the mechanical and swelling properties of polyelectrolyte gels remain unclear.
Tetra-PAA-PEG gel possesses a regular network structure with uniformly
distributed cross-linking points and is a model for testing the theoretical model.
Modified F-R-D-M model works well for describing the swelling behaviors of Tetra-
PAA-PEG gel in monovalent salt solution, while the Manning’s counterion
condensation theory can be applied for the precise estimation of the effective fixed ion
concentration. Manning also described the estimation method of the effective fixed ion
concentration in divalent salt system.”” For example, if Tetra-PAA-PEG gel is
immersed in the external solution with monovalent salt, the condensation can occur
when the ionization degree of fixed ions is 0.34. In the case of divalent salt, the
condensation can occur under even lower ionization degree of fixed ions. By precisely
understand the distribution of calcium ions inside the Tetra-PAA-PEG gel based on the
counterion condensation and Donnan equilibrium effect, the molecular mechanism of
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the interaction between Ca?" and PAA and the swelling behaviors of the gel in divalent
salt solution can be understood.

In Chapter 4, I investigated the pH dependence of swelling ratios of Tetra-PAA-
PEG in CaCl; salt solutions with concentrations of 0.1 and 100 mM. By considering
the short lifetime of aggregation structure between calcium ions and acrylic acid groups,
I performed the dynamic rheological measurement to measure the frequency
dependence of the shear modulus. By comparison the experimental shear modulus with
the predictions from the theoretical model, the molecular mechanism of the effect of
calcium ions on the mechanical and swelling properties of Tetra-PAA-PEG gel is

revealed.
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4.2. Experimental

A. Fabrication of Tetra-PAA-PEG Gels

Tetrathiol-terminated poly(ethylene glycol) (Tetra-PEG-SH) was purchased from NOF
Corporation (Tokyo, Japan). Tetramaleimide-terminated poly(acrylic acid) (Tetra-PAA-
MA) was prepared from the Tetraazide-terminated poly(zert-butyl acrylate) (Tetra-
PtBuA-N3). The details of the preparation of Tetra-PAA and Tetra-PEG precursors were
reported previously.!%!3 Molecular weight (My) of Tetra-PEG-SH and Tetra-PAA-MA
were 2.0 x 10* and 1.9 x 10* gmol!, respectively. Constant amounts of Tetra-PAA-
MA and Tetra-PEG-SH were dissolved in citrate-phosphate buffer solution, of which
the pH and ionic strength were 5.9 and 100mM, respectively. To obtain the same molar
concentration, the concentration of Tetra-PEG-SH and Tetra-PAA-MA were set to 64.7
and 60.0 g L', respectively. Equal amounts of the prepolymer solutions were mixed for
30 s and poured into the silicone mold at room temperature for 48 h until the reaction
completion.

B. Swelling Experiments

The gel samples for swelling ratio measurements were prepared in silicon mold with
rectangular shape (length: 5.0 mm, thickness: 2.0 mm, width: 3.0 mm). As for the pH
dependence measurement, [ prepared two groups solutions with pH tuned from 2.0 to
11.0, the volume of the solutions was 50 mL, which is much larger compared with the
size of gel samples. The concentration of CaCl> in two groups solutions were
respectively controlled to 0.1 mM and 100 mM by adding different amounts of CaCl,
salt. The specimens were immersed into the solutions for 48h to reach the equilibrium
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swelling state at 25 °C. The pH of external solutions was deviated from the setting value
due to the existence of the carboxyl groups on the Tetra-PAA-MA polymer, thus I
titrated an HCI (pH = 2.0) or NaOH (pH = 12.0) solution into the external solutions to
adjust the pH to the setting values. In the case of divalent salt concentration dependence
measurement, the salt concentration of CaClz in the external solutions were tuned from
0.1 to 100 mM by adding different amounts of CaCl, at pH 11, under which the
ionization degree of carboxyl groups was larger than 0.99.

The swelling ratio of the Tetra-PAA-PEG gel was investigated by measuring the
volume change of the samples by using the encoded stereo microscopes (M165 C, Leica
Co.). In this study, the swelling ratio (Q) was defined by using the initial volume of gel
sample V,, and the swollen volumes of gel sample V;: Q = V,/V,. Generally, the
swelling of the gels is an isotropic deformation. The volume change was estimated by
using the change of the initial side length of gel sample at as-prepared state L, and the
side length of gel sample at equilibrium swelling state L, thus the swelling ratio O was
expressed as: QO = (Ly/Ly)>. Ly was 5.0 mm, while L, were in the range of 4.3-13.7
mm depending on the external solutions conditions.

C. Rheological Properties of the swollen and deswollen gels

The Tetra-PAA-PEG gel samples were prepared in a silicon mold with disk shape. The
diameter and thickness of the samples at as-prepared state were 35.0 mm and 1.0 mm,
respectively. The gel samples were immersed into the CaCls salt solutions with salt
concentration of 0.1 and 100 mM under pH = 11 for 48h to reach the equilibrium
swelling state at 25 °C. The swollen and deswollen gel samples were set at the
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measuring plate of a rheometer (MCR301; Anton Paar, Graz, Austria) with a parallel
plate fixture having a diameter of 25 mm. The angular frequency (w) dependences of
the storage modulus (G") and loss modulus (G") were measured with a strain amplitude
(y) of 1.0% at 25 °C. The oscillatory shear strain amplitudes were found within the
range of the linear viscoelasticity for all the tests.

D. Small-angle X-ray scattering (SAXS)

The gel samples were transferred into custom-made SAXS cells (1 mm thick) that were
then tightly sealed with glass windows (30 pum thick). The scattering profiles were
obtained using a SAXSpoint 2.0 instrument (Anton Paar, Austria), equipped with an
EIGER R 1M detector. Each sample was irradiated with an X-ray beam having a
wavelength of 0.154 nm for 20 min at a sample-to-detector distance of 0.50 m. The
sample chamber was kept under vacuum (< 0.005 Pa) during the measurements to
eliminate ambient scattering. The samples were held at 25.0 + 0.1°C during these
measurements. All the SAXS profiles were corrected for the exposure time,
transmittance, sample thickness, cell background, and also normalized to the absolute
intensity =~ with a  custom-made  data  reduction  package Red2D
(https://github.com/hurxl/Red2D) on a scientific data analysis software (Igor Pro 8,

WaveMetrics, USA).

111



4.3. Result and discussions
A. Effect of pH on the swelling behaviors (divalent salt)
Figure 4-1 shows the pH dependence of the swelling ratios of Tetra-PAA-PEG gel in
CaCl; salt solutions with concentration of 0.1 mM. The Q of Tetra-PAA-PEG gel
increased with increasing pH, reaching a plateau when pH > 7.0, which corresponds to
the pH dependence of the ionization of acrylic acid groups on the polymer chains. This
swelling behavior in divalent salt solution is similar to the swelling behaviors of Tetra-
PAA-PEG gel in monovalent salt solution, indicating the distribution of mobile ions
that follow the Donnan equilibrium. In Chapter 3, the swelling behaviors of Tetra-PAA-
PEG gel in monovalent salt solution can be well reproduced by the modified F-R-D-M
model predictions. Thus, I also apply the modified F-R-D-M model to predict the
swelling behaviors in divalent salt solution. Here, the y parameter in divalent salt
solution is assumed to be the same as in monovalent salt solution. The effective fixed
ions concentration in monovalent salt solution is expressed as
[COOH], efrective = [COz—céH]O (4-1)

It is important to note that adding salt to solvent can influence the value of Bjerrum
length by changing the dielectric constant. However, this effect can be neglected, since
the maximum concentration of CaCls salt is only 100 mM in this study.!*!?

Dashed line represents the predictions by the modified F-R-D-M model using
equation (4-1) to estimate the effective fixed ions concentration. Unfortunately, there is
a significant gap between the modified F-R-D-M model predictions and the

experimental results. This deviation can be attributed to the overestimation of the
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effective fixed ions concentration. According to the Manning’s theory, the counterion
with larger valence can cause the stronger divergence of the phase integral,® and the
divalent counterions will condense on the fixed ions until the net value of critical
parameter ¢ is lowered to the value 0.5, while the monovalent counterions can only
lower the critical parameter ¢ to 1.0. Thus, the final effective concentration of fixed ions
in divalent salt solution is half of that in monovalent salt solution, and the effective
fixed ions concentration is expressed as

[COOH], efrective = [(304—21{]0 (4-2)
It is worth noting that the counterion condensation can occur under lower pH in divalent
salt solution compared with in monovalent salt solution, because the average contour
distance between the neighboring fixed charges b is govern by the ionization degree of
fixed ions.

Dashed-dotted-dashed line represents the predictions by the modified F-R-D-M
model using the equation (4-2) to estimate the effective fixed ions concentration. With
the modification of the effective fixed ions concentration, the modified F-R-D-M model
predictions can well reproduce the swelling behaviors of Tetra-PAA-PEG gels in CaCl;
salt solutions with salt concentration of 0.1 mM, suggesting the validity of the modified

F-R-D-M model for describing the swelling behaviors of Tetra-PAA-PEG gel in

divalent salt.
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Figure 4-1. pH dependence of the swelling ratios of Tetra-PAA-PEG gel in
CaCl; salt solutions with salt concentrations of 0.1 mM. The dashed line and
dashed-dotted-dashed line represent the predictions by the modified F-R-D-M
model that using equation (4-1) and (4-2) to estimate the effective fixed ion

concentration, respectively.

Figure 4-2 shows the pH dependence of the swelling ratios of Tetra-PAA-PEG gel in
CaCl; salt solutions with concentration of 100 mM. The swelling ratios of Tetra-PAA-
PEG gel were less than 1.0 under the whole pH range, which are 3 times smaller than
the swelling ratios of Tetra-PAA-PEG gel in monovalent salt solution with the same
ionic strength. The experimental results significantly deviated from the modified F-R-
D-M model predictions using equation (4-2) to estimate the effective fixed ion
concentration. However, this deviation under high salt concentration does not mean the
invalidity of the modified F-R-D-M model for describing the swelling behaviors of
Tetra-PAA-PEG gel in divalent salt, while the model predictions can well reproduce the
experimental results in low salt concentration. This deviation is attributed to the
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formation of aggregation structure between Ca?" and PAA, which disturbed the

estimation of elastic pressure and mixing pressure within the modified F-R-D-M model.
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Figure 4-2. pH dependence of the swelling ratios of Tetra-PAA-PEG gel in
CaCl; salt solutions with concentrations of 100 mM (circles). The dashed line
represents the predictions by the modified F-R-D-M model that using equation

(4-2) to estimate the effective fixed ions concentration.

B. Effect of divalent salt concentration on the swelling behaviors

Figure 4-3 shows the CaCl, salt concentration-dependence of the swelling ratios of
Tetra-PAA-PEG gel in salt solutions at pH = 11, the acrylic acid groups on the polymer
chains are totally dissociated under this pH condition. The Q of Tetra-PAA-PEG gel
decreased with the increase of salt concentration, and the Q reduced much compared
with the Q of Tetra-PAA-PEG gel in monovalent salt solution. Here, I plot the modified
F-R-D-M model predictions against salt concentration and compare with the
experimental results. The swelling ratios of Tetra-PAA-PEG gel under 0.1 mM salt
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concentration corresponds well with the predictions, which is consistent with the pH
dependence measurement result of Tetra-PAA-PEG gel in divalent salt solution with
concentration of 0.1 mM. When the salt concentration was larger than 0.1 mM, the gap
between the predictions and experimental results became significant with the increase
of salt concentration. This deviation also suggests the formation of aggregation
structure. With the increase of the salt concentration in the external solution, the amount
of Ca?* that diffuse into the gel also increase. Thus, more aggregation structure is

formed and the deviation increases with increasing salt concentration.
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Figure 4-3. CaClz concentration-dependence of the swelling ratios of Tetra-

PAA-PEG gel in salt solutions at pH = 11.

C. Effect of divalent salt concentration on the mechanical properties

To verify the existence of the aggregation structure, the mechanical measurement was
performed. Figure 4-4 shows the angular frequency dependence of the storage modulus
(G’) and loss modulus (G ”) of the Tetra-PAA-PEG gel in the CaCls salt solutions with
different salt concentrations at pH = 11. I plot the prediction of G’ by Flory’s model,

116



which successfully described the elasticity of the Tetra-PAA-PEG gel in monovalent

salt solution, the expression is given as
1

g = —GoQ 3 (4-3)

The experimental G’ of Tetra-PAA-PEG gel in divalent salt solution with

concentration 0.1 mM can be well reproduced by the theoretical line, which indicates

there is no effect of divalent salt on the elasticity. However, the experimental G’ of

Tetra-PAA-PEG gel in divalent salt solution with concentration 100 mM deviated from

the theoretical line in the whole @ range. The experimental G’is 1.8 times larger values

than the predictions at 0.1 rad s™!. This deviation suggests the formation of aggregation,

leading to the enhancement of the elasticity of the gel.

G', G"/Pa
=
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Figure 4-4. Angular frequency dependence (w) of the storage modulus G’
(squares) and loss modulus G” (circles) of the Tetra-PAA-PEG gel in the CaClz
salt solutions with different concentration of (A) 0.1 and (B) 100 mM,
respectively. pH of external solutions is set to 11. The solid line and dashed line

represent the predicted results from Flory’s model.

Figure 4-5 shows the SAXS profiles of the gel in pure water, gel with 0.1 mM CaCl,,
gel with 300 mM NaCl, and gel with 100 mM CacCl.. To prevent the effect of high ionic
strength on the spectrum of Tetra-PAA-PEG gel in 100 mM CaCl; solution, I also
measured the SAXS profile for Tetra-PAA-PEG gel in 300 mM NacCl solution that has
the same ionic strength. For the gel samples without a peak in the profile, a power-law
decrease in the scattering intensity was observed. These profiles are qualitatively
similar to those previously reported for pure tetra-PEG'® and pure tetra-PAA!7
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hydrogels. Scattering from such relatively homogeneous semi-dilute gels is dominated

by concentration fluctuations and is expressed by the Ornstein-Zernike (OZ) function.

I
I(q) = T (qo)2 + Igkg (4-4)

where 1(0) is the scattering intensity at the limit of ¢ = 0, & 1is the correlation length
associated with the concentration fluctuation of the gel network, and Igkg is the
background scattering. Good agreement between the observed intensity and the OZ
function was observed, indicating that the polymer chains are molecularly or
homogeneously dispersed in the solvent. Indeed, it was expected that these gel samples

have no significant aggregation because little to no CaCl; salt was added.

-

o Pure water

0.1 mM CaCl, (pH=11)
o 300 mM NaCl (pH=11)
o 100 mM CaCl, (pH=11)
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Figure 4-5. Small angle X-ray scattering (SAXS) profiles for the Tetra-PAA-PEG
gel samples in different external solutions: pure water (blue), 0.1 mM CaClz
solution (gray), 300 mM NaCl solution (green), 100 mM CaClz solution (brown).
The solid lines (pure water, 0.1 mM CacClz solution and 300 mM NaCl solution)
for indicate fitting based on the Ornstein-Zernike (OZ) function. The solid lines

(100 mM CaCl, solution) indicate fitting based on the polydisperse “fuzzy”
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sphere model.

For the gel sample with 100 mM CaCl, a peak was observed which can be
attributed to the structure factor or the correlation between the domains of aggregates
formed upon the addition of divalent salt. Using the g value of the peak @, the
interdomain distance d can be calculated using Bragg’s law: d = 27m/qpei . The
calculated value of d was 205.2 A. To obtain quantitative information on the aggregate
structure, a polydisperse sphere model with fuzzy interface was used to fit the data. For

this model, the experimentally observed scattering intensity is described as

I(q) = N P(q) S(q) (4-5)
where
_ s _
N = Vs (4-6)
Vis = gﬂRHS3(1 +3p?) 4-7)

N is the number density of the hard spheres, ¢yg is the volume fraction, Vg is the
mean volume, Ryg is the mean radius with a Gaussian distribution, and p is the
polydispersity. P(q) is the form factor representing scattering from individual
domains and is given by

P@) = [ FR PG, ROP aR: 49)

Where

3(sin(gR.) — qR. cos(qR.))

(qR.)? (4-9)

4

F(qr Rc) = gT[RSAp
R, is the radius of the domain core assuming tetra-PA A aggregates primarily constitute
the core, f(R.) is the Gaussian distribution function for R, and Ap is the scattering
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length density (SLD) difference between the polymer and the solvent. Note that the
difference in SLD between PEG (1.04 x 105 A=) and PAA (1.03 x 105 A?) is
negligibly small and is also smaller than that between H,O (9.47 x 10-° A-2) and either
PEG or PAA. Therefore, SAXS is not able to discriminate between PEG and PAA and
it is assumed that the domains have a uniform SLD. S(q) is the structure factor
representing correlation between domains for which the hard sphere case was used, as

given by the Percus-Yevick approximation'® through the direct correlation function ¢,

1
S(q) ZW (4-10)

Ncy(q) = x3(A(sinx — x cos x) + B[(2/x* — 1)x cosx + 2sinx — 2/x]

— (pus A/2)[24/x% + 4(1 — 6/x*) sinx

— (1 —=12/x> +24/x"x cos x]) (4-11)
142 2

A= —24¢HS% (4-12)
2 2

B = 36¢H52E1f—m (4-13)

x = qDys (4-14)

where Dyg is the mean diameter of the hard spheres.

Model fitting using the entire g range in the present study well reproduced the
scattering profile of the gel sample with 100 mM CaCl,. This excellent agreement
between the model and the experimental data indicates that the system undergoes
microphase separation into polymer-rich domains and a matrix consisting of the
remaining polymers and the solvent. The values of the structural parameters R, =52.9
A, Rys =998 A, N =6.6 x 10® A= and p = 0.27 were then obtained from the
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model fitting. The length scales R, and Ryg of the domains are much smaller than
the visible light wavelength (~4-7 x 10° A), which agrees with the observation that the
gels are transparent. Since the R, of tetra-PEG (M,, =20k g/mol, 64.7 g/L) is around
25 A and is much smaller than d =205.2 A in this study,' it is likely that several tetra-
PAA chains are collapsed to form a single domain. Because of the chain connectivity,
this must be accompanied by the contraction of tetra-PEG chains.

The aggregation structure has two effects to leading to the deviation between the
theoretical predictions and experiment results of the swelling and mechanical
measurements. The first effect is that aggregation structure behaves as elastic hard cores
and enhances the elasticity of the gel. The second effect is that aggregation structure
can decrease the solvated polymer fraction, resulting in the decrease of mixing pressure.
Both two effects can lead to the deviation between the predictions and the experimental
results. Thus, the modified F-R-D-M model can successfully predict the swelling
behaviors of Tetra-PAA-PEG gel in divalent salt solution at low concentration, in which
no aggregation structure is formed. In the case of high salt concentration, the existence
of aggregation structure can lead to the misestimation of the pressure.

Conventional studies that consider the divalent salt can only change the y
parameter of the system and have no effect on the elasticity. However, according to my
study on the Tetra-PAA-PEG gel in divalent salt system, the aggregation structure can
form under high ionic strength condition and significantly enhance the elasticity of gel.
Also, the validation of the modified F-R-D-M model for predicting the swelling
behaviors of Tetra-PAA-PEG gel in divalent salt solution is verified.
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4.4. Conclusion

In this chapter, I investigated the swelling behaviors of 20K Tetra-PAA-PEG gel in
divalent salt solution with different pH values and salt concentrations. Then, I measured
the mechanical properties of gel to deduce the formation of aggregation structure. My
major findings are as follows: (i) The swelling behaviors of Tetra-PAA-PEG gel in
divalent salt solution of 0.1 mM concentration can be well reproduced by the modified
F-R-D-M model, while the swelling behaviors of Tetra-PAA-PEG gel in divalent salt
solution of 100 mM concentration deviated from the predictions by the F-R-D-M model;
(i1) The swelling ratio of Tetra-PAA-PEG gel deviated from the predictions by the F-R-
D-M model with the increase of the divalent salt concentration; (iii) The shear modulus
of Tetra-PAA-PEG gel in divalent salt solution of 0.1 mM concentration can be well
reproduced by the predictions, while the shear modulus under 100 mM concentration
has a strong frequency dependence and deviated from the predictions, indicating the
formation of aggregation structure that contribute to the elasticity; (iv) The SAXS
measurement results support no aggregation structure formed in 0.1 mM concentration
and aggregation structure formed in 100 mM concentration. The aggregation structure
can lead to the enhancement of the elasticity and decrease the osmotic pressure. These
findings indicate the validation of the modified F-R-D-M model for describing the
swelling behaviors of Tetra-PAA-PEG gel in divalent salt solution, and the formation

of aggregation structure strongly depend on the salt concentration of external solutions.
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Chapter 5. Summary and Conclusion

This dissertation attempts to discuss two fundamental questions from experimental
viewpoint: (1) how does the heterogeneous distribution of the fixed ions influence the
swelling behaviors of polyelectrolyte gels; and (2) how are the swelling behaviors of
highly charged polyelectrolyte gels based on the theoretical models.

From the viewpoint, a polyelectrolyte gel (Tetra-PAA-PEG gel) with di-block
copolymer network structure fabricated by thiol-terminated poly(ethylene glycol)
(Tetra-PEG-SH) and maleimide-terminated poly(acrylic acid) (Tetra-PAA-MA) via
click chemistry was chosen as the model system, since the network structure owns
tetrafunctional crosslinking points and a uniform strand length, which is similar to
Tetra-PEG gel system that corresponds to nearly-deal network with good controllability
of the network structures. This dissertation focuses on understanding of the
heterogeneous distribution of acrylic acid groups on the swelling behaviors of Tetra-
PAA-PEG gel in various external solutions. The principal results and conclusions are

summarized below.

In Chapter 2, I investigated the optimized gelation condition for fabricating Tetra-
PAA-PEG gel, and performed the swelling measurements for Tetra-PAA-PEG gel under
various pH and ionic strength conditions in monovalent salt solution to validate the
conventional polyelectrolyte theories. I discuss the deviation from the conventional
models and proposed new model modified by counterion condensation theory for
describing the swelling behaviors of highly charged polyelectrolyte gel. The major
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findings are as follow:

1. The reaction between thiol and maleimide end groups is controlled by the pH of
buffer solution, the gelation time can be optimized to 10 mins by setting the pH of
buffer solution to 5.9.

2. The experimental storage modulus G’ of Tetra-PAA-PEG gel can be reproduced by
the phantom network model.

3. The conventional polyelectrolyte model (Flory-Rehner model combined with
Donnan theory) cannot describe the swelling behaviors of Tetra-PAA-PEG gel.

4. 1 modified the conventional polyelectrolyte model by combining with counterion
condensation theory (F-R-D-M model), which successfully describe the swelling

behaviors of Tetra-PAA-PEG gel.

In Chapter 3, I fabricated the Tetra-PAA-PEG gels with the different neutral
segment lengths while controlling the consistent fixed ion concentrations and crosslink
density. The effect of neutral segment lengths on the mechanical and swelling properties
is investigated by performing the rheological and swelling measurements. I discuss the
deviation of experimental swelling ratios from the predictions by the F-R-D-M model
under relatively large deformation and modified the F-R-D-M model by adopting the
Gent model to describe the effect of finite extensibility of the network strands. The
major findings are as follow:

1. The shear modulus is deviated from the classical rubbery elasticity theory,
depending on the concentration normalized by the overlapping concentration of the
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prepolymers.

2. The F-R-D-M model successfully describe the swelling behaviors of Tetra-PAA-
PEG gel under relatively small deformations, but failed to describe the swelling
behaviors under relatively large deformations.

3. I'modified the F-R-D-M model by adopting the Gent model that consider the finite
extensibility of network strands instead of the Neo-Hookean model, and

successfully describe the swelling behaviors under larger deformation.

In Chapter 4, I investigated the swelling behaviors of Tetra-PAA-PEG gel in
divalent salt solutions under various conditions. The major finding are as follows:

1. The modified F-R-D-M model predictions can well reproduce the swelling
behaviors of Tetra-PAA-PEG gel in CaCly salt solution with relatively low
concentration (0.1 mM).

2. The elastic modulus of Tetra-PAA-PEG gel in CaCl; salt solution with relatively
low concentration (0.1 mM) was well reproduced by the Flory’s model, but deviated
from the Flory’s model in CaCl: salt solution with relatively high concentration
(100mM).

3. SAXS measurement result indicate the deviation in relative relatively high
concentration is attributed to the formation of aggregation structure, which

enhances the elasticity of the gel and decreases the mixing pressure.

In conclusion, I established the prepared condition of Tetra-PAA-PEG gel, and
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evaluated the structure analysis, mechanical and swelling properties using this gel. This
gel possesses well controlled heterogeneous distribution of fixed ions inside the gel
system, and is a good model for investigating the relationship between the distribution
of fixed ions and swelling behaviors. In monovalent salt system, the swelling behaviors
can be well described by Flory-Rehner model considering both the Donnan equilibrium
and Manning’s counterion condensation effects under relatively small deformation. By
adopting the Gent model instead of the Neo-Hookean model, the swelling behaviors
under relatively high deformation can also be well described (the modified F-R-D-M
model). In divalent salt system, the swelling behaviors can be well described by the
modified F-R-D-M model under relatively low salt concentration condition. Calcium
ion and acrylic acid groups can form aggregation under relatively high salt
concentration, enhancing the elasticity of the gel and decrease the mixing pressure.
Through the investigation on the Tetra-PAA-PEG gels, the model for describing
the swelling behaviors of highly charged polyelectrolyte gel is defined. These findings
will help better understand the relationship between the distribution of fixed ions and

the swelling behaviors of polyelectrolyte gels in various external solutions.
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