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Chapter 1: General Introduction

Chapter 1: General Introduction

Biological tissues are open and dynamic systems that alter their properties to grow and
adapt to surrounding environments. Some load-bearing tissues have an ability to upgrade
(or sometimes positively reduce) their size and properties to adapt to the mechanical
environment. If you work out in a gym, your skeletal muscles may get strength with
increase of size. Bones also change their strength, density and structure under the
mechanical stressing to optimize the overall mechanical property to support the applied
load. Such mechano-adaptive growing, i.e. enhancement of mechanical properties
induced by mechanical stress, is intriguing character of the biological materials in our
body. On the contrary, man-made materials are usually static materials without changing
their property under their environment that may change from moment to moment. When
gigantic or repetitive mechanical stress is applied to typical synthetic materials, their
mechanical properties deteriorate, and the materials finally get broken or become no
longer usable. To extend the working lifetime of materials, strengthening and toughening
to make the materials endurable to larger force and tolerant to crack are the typical
approaches for the structural materials. In recent tens years, self-healing materials have
been intensely pursued to extend the working lifetime of materials. On the self-healing
materials, the goal is to recover to the original state after being damaged. These strategies
—strengthening, toughening and self-healing— are no doubt crucially important in the
materials science for our daily lives to be safety and happily; however, these strategies
are namely passive approaches for the materials to fight against mechanical force. Can
we create materials, in analogous to muscles and bones, that positively use the mechanical

force to alter their properties with the time? How such materials will change our life?
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This research devotes to find such new class “mechano-responsive” material. |
have investigated to create the materials that increase their size and mechanical properties
such as strength, using mechanical stress applied to the materials’ body. Considering
living tissues grow step by step with a time in the life, the growing properties in a
repetitive way will put broader values both for the scientific and engineering fields. In
this work, 1 call the new stuff as “self-growing materials” because the term “grow”
essentially includes the repetitive enhancement with the time. Considering the inspiration
from the muscles and bones, | focused on the growth of size and mechanical performances
in response to a repetitive mechanical stressing; even though the “growing” is not limited
in the mechanical features but also includes other various activation ways (temperature,
electromagnetic waves, magnetic force, electric potential, sound waves, ...) and various

properties changes (shape, color, intelligence, ...).

As described above, the main goal of this dissertation is to create a self-growing
material that repetitively increases strength and size in response to repetitive mechanical
stressing. This dissertation comprises eight chapters including this general introduction
as Chapter 1.

In Chapter 2, the background of this research is summarized especially from the
aspects of scientific research including recent progresses. At first, the previous researches
on the mechanoresponsive materials or molecular mechanisms related to self-growing
materials is overviewed. Considering the research history, the fundamental issues that
block achieving the creation of self-growing material are extracted. To overcome the
issues, | employed a double-network (DN) gels in this research. The major strategic

hypothesis here is: “A lot of mechanoradicals are generated in a stressed DN gel owing
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to the internal fracturing. The mechanoradicals can induce radical polymerization in the
DN gels, which can increase the strength and size of the materials.”

In Chapter 3, before describing the main result and discussion on the self-
growing DN gels, synthetic procedure and fundamental properties of these DN gels used
in this research are summarized.

In Chapter 4, plenty of mechanoradical generation in stressed DN gels is
confirmed. By using ferrous ion oxidation triggered by radicals in an aqueous media,
mechanoradical generation in the DN gels are investigated systematically and
quantitatively. In Chapter 5, radical polymerization in the stressed DN gels initiated by
the mechanoradicals is described. Efficient mechanoradical polymerization is found in
the stressed DN gels. In Chapter 6, by using the efficient polymerization in the DN gels,
self-growing DN gel is demonstrated. First, one-shot self-strengthening owing to the
mechanoradical network-polymerization is systematically investigated. Afterwards, such
self-strengthening effect is improved from one-shot event to repetitive way, to achieve
the self-growing phenomenon. Repetitive size increase is also demonstrated. In
consequence, the self-growing material is successfully developed.

The self-growing strategy essentially roots in the unique internal fracturing
nature of the DN gel which generates abundant mechanoradicals. Looking ahead the
widespread future applicability of the discovered growing system, not only a hydrogel
but also other various materials to exhibit internal fracturing are required. Hence, in
Chapter 7, strategy to fabricate solvent-free DN elastomers with intrinsic internal
fracturing nature is reported.

Finally, in Chapter 8, the conclusion and contributions of this research are

summarized along with outlooks.



Chapter 2: Background

Chapter 2: Background

2.1. Mechanoresponsive living tissues

As described in Chapter 1, some biological tissues have a function to change their
properties in response to mechanical force. Most famous example is skeletal muscles.
When the muscles experience mechanical stress through daily life or active physical
training, the power of the muscles become bigger along with the hypertrophy, i.e., size
increase of the muscles through a growth in size of its component cells.! The muscle
strengthening is often called as muscle adaptation because the muscle adapts to the
applied load. The muscle growth effect depends on the training type such as training
volume, intensity and frequency.?® In molecular biological point of view, such muscle
growth is initiated by potential primary messengers, such as mechanical stretch, calcium
flux, redox state, phosphorylation state and/or others, followed by multiple signaling
transductions, and finally new proteins are formed from a series of generated amino
acids.?

Bones are one of the most intensely investigated tissues that remodel in response
to mechanical stress. The bone remodeling is often referred to as “Wolff’s law”, which
roots in the term “over time, the mechanical load applied to living bone influences the
structure of bone tissue” by Julius Wolff, a German anatomist and surgeon in 19th
Century.* Nowadays, the bone remodeling effect has been experimentally confirmed and
detail mechanisms are getting unveiled gradually.> For example, it has been proposed
that, mechanosensory osteocyte could detect the stimuli such as bone deformation, load-
induced flow of canalicular fluid and/or electrical streaming potentials.®

As well as the muscles and bones, other various biological tissues sense the

mechanical stress: skin feels “pain™; vascular responds to blood shear flow;* tumor
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growth can be inhibited by mechanical stress;! tissue feels and responds stiffness of
substrate in vitro,!? and so on. Some possible mechanosensing molecular mechanisms,
such as membrane protein that opens Ca?* channel responding to force,** have also been
investigated.

As shown above, various mechanoresponsive phenomena and inherent possible
mechanisms are widely investigated on the living tissues; however, truly-important
mechanoreceptor(s), mechanotransduction pathway and overall mechanisms are still big
open questions on this research field.!* Anyway, the transduction process from
mechanical stress through biological signals to biological functionalization is considered
to be complicated process.}* Therefore, direct mimic of the biological phenomena for

application for the synthetic materials would be difficult.

2.2. Polymer mechanochemistry for mechanoresponsive materials

To change the materials’ properties, a direct way is inducing chemical reaction in the
materials. A research field for inducing/activating chemical reaction by mechanical
force/stress/energy is called as “mechanochemistry”. It has known that mechanical energy
can activate chemical potential, which induces chemical reaction for organic synthesis,
inorganic synthesis, ceramics phase transition and polymer reaction. There are various
ways to apply mechanical energy to the molecule: Stretch, compression, grinding, milling,
rubbing, fracturing of solid materials; ultrasound irradiation (sonication), mastication,
vigorous stirring, elongational shear flow of the liquid materials and solutions, and so
on.">2% One effective way to transmit the bulk mechanical force to the molecular level is
using polymers due to the easiness in transferring the external mechanical force to the

molecular chains.?%#' Hence, polymer mechanochemistry get increasing attention
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recently. The historical overview, current progress and issues of the polymer

mechanochemistry are summarized below.

2.2.1. Mechanoradicals

The history of polymer mechanochemistry dates back to more than half century ago. In
1930s, several researchers including Staudinger found that polymer chain can break
during the sonication of polymer solution or mastication of rubbery polymer.?22% Melville
and Murray considered that when a polymer chain that are jointed with C—C covalent
bonds is broken, radical species, now called as mechanoradicals, would be generated at
the ends of the broken polymer (Figure 2-1). They found that the mechanoradical might
be generated in the sonicated polymer solution from several weak evidences.?* Afterwards,
such mechanoradical was successfully confirmed by such as mechanoradical-initiated
radical polymerization.?>?® Since the polymerization starts from the broken end of the
polymer, block copolymer was synthesized using the mechanoradical polymerization.
The bond breaking-initiated radical polymerization has been also used to form graft
polymer on the broken surface of a solid polymer.?” Around 1960—1970s, mechanoradical
generation by polymer chain fracture was clearly confirmed by using electron
paramagnetic resonance (EPR or ESR).2® Because EPR detects unpaired electrons
(including radicals) that usually do not exist in normal polymers and organic molecules,
EPR is the powerful technique to detect and quantify the mechanoradicals. Sohma et al.
have systematically worked on the polymer mechanoradicals using various tools such as
ball milling, sonication, strong stirring and radical trapping method, combined with ESR
technique.?® Most recently, Baytekin et al. found that mechanoradicals can react with

water to generate hydrogen peroxide to induce subsequent chemical reactions,? and can
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induce deposition of metal nanoparticles from metal salts in a solution.®® As shown above,
there are abundant historical knowledges and techniques on the mechanoradicals and
some recent fascinating researches; however, the number of current researches on the
mechanoradicals is quite few. This may be because progressed techniques of controlled
polymerization are better way than breaking-induced mechanoradical copolymerization
to synthesize block copolymer or grafting polymer, and human interests on the

mechanochemistry have shifted to designed mechanophores described in section 2.2.2.2

2.2.2. Mechanochemistry using mechanophores.

Mechanochemistry is getting much attention in these 10-20 years. Specifically, the
concept of mechanophore that change their structure against mechanical stimuli opens
the wide possibilities of the mechanochemical reactions. Various mechanophores have
been designed and incorporated to polymers to realize various functions such as force-
responsive color change,3"3? luminescence,® biasing reaction pathway,>* isomerization®®,
catalyst,%®>” small molecule release® and cross-linking.>>*° To activate the mechanophore
in polymer, sonication of a polymer solution is widely used because effective force
transmittance is typically observed. Such mechanophores are also incorporated in
polymer materials to realize the new functional materials that response to mechanical
force. Recently, mechanophore to change color or emit photon/fluorescence such as
spiropyran, dioxetane and Diels—Alder adducts of n-extended anthracene are used for not
only demonstrating the mechanochromic property but also analyzing the materials’

mechanics and fracture behavior.* 46
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2.2.3. Mechanochemistry for self-strengthening or related objectives
Most recently, mechanophores for the self-strengthening of the materials, which relate to
the objective of my work, have been also reported. The first report for the mechanophore-
based self-strengthening is a force-induced crosslinking reaction using gem-
dibromocyclopropanes (gDBCs) (Figure 2-2a).3® When the gDBCs polymer is
mechanically stretched, ring opening reaction occurs, which subsequently leads
crosslinking reaction with dicarboxylate. They achieved to detect the reaction progress
and solidification (gelation) from the polymer solution; however, strengthening of the
bulk solid materials by incorporating the polymer in the solid materials was never tested
(or not succeeded). The other examples of the self-strengthening or mechano-crosslinking
reactions are using latent olefin methathesis catalyst bearing two polymeric N-
heterocyclic carbene (NHC) ligands*” or spirothiopyran®® (Figures 2-2b and 2-2c). In
these researches, the cross-linking reaction in the stressed bulk solid polymer as well as
in the sonicated soliton was detected. However, even though reaction was observed, the
increase of mechanical property of the solid materials was not observed. Other related
works to report mechanochemical crosslinking reactions achieved the gelation or
solidification from solution, but they also did not report self-strengthening of the bulk
material.*®->2 Such situation implies that many researchers working on mechanochemistry
want to create a self-strengthening (or self-growing) materials in response to mechanical
activation, but that is difficult to achieve.

In addition, other material scientists have created self-stiffening composite
materials without using mechanochemical reaction.>*®® In these examples, internal
structure of the materials are orientated or are biased to the other stable state by single or

repetitive stressing, resulting the stiffness increases. Considering that these researches
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were reported in the recent decade, not only mechanochemists but also many material
scientists are trying to create self-adaptive materials that evolve their properties in
response to applied mechanical force, which would become a new stream of materials

science.

2.3. Core issues on the self-growing materials and the strategy of this
work

Given the long history of the researches on mechanoradicals including mechanoradical
polymerization and current distinctive progress of the mechanochemistry using
mechanophores, it is surprising that no one has achieved to create the self-strengthening,
self-growing or self-adaptive materials that positively respond to mechanical stress using
mechanochemical reaction. The expected reason is that the efficiency of the
mechanochemical reaction in a material is not enough to strengthen it. Such possible poor
reaction efficiency is divided into two reasons.

First, the reaction efficiency in solid state materials is usually poorer than
solution environment. This is because low mobility of the polymers and/or small
molecular reactants. It is reasonable that mechanochemical crosslinking reaction occurred
in sonicated solution because high mobility of the polymers and good diffusivity of the
small molecular reactants enable high reaction efficiency.

Next, importantly, the amount of the activated mechanophores may be very low.
According to a previous research on quantitative investigation of the gDBC
mechanophore-embedded poly(butadiene), the activated mechanophores are only 0.3%
in a compressed polymer, and it was even less effective under the uniaxial stretching.>"%®

The other group (Otsuka et al.) has reported that, for radical-type mechanochromic
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polymers incorporated with e.g. diarylbibenzofuranone (DABBF), the fraction of
activated mechanophores in stretched polymer is less than 0.1% (e.g. 0.03%,%° 0.05%,%
and 0.02%°%) even though the activation has reached more than 10% in ground polymer
(e.. 14%,%° and 42%°%%). The ground polymer powders are probably break into rather
smaller pieces. The low efficiency of the activation without breakage of bulk materials
could be explained by the mechanics of the polymeric materials. Considering the
deformation of soft polymeric materials, the strong chain extension in the materials
occurs first on relatively short chains or chains closed to the defects. Mechanophores in
the chain would be activated, then the chain reaches the extension limit and eventually
breaks. When a polymer chain is ruptured, a microcrack would initiate auto-accelerated
crack propagation to cause catastrophic failure of the materials. Given such a failure
mechanism, the amount of activated mechanophores would be too few to perform
efficient mechanochemical reaction in the materials.

To solve these possible essential issues on the creation of self-growing material,
| here employed double-network (DN) hydrogel.®® A polymer gel, consisting of cross-
linked polymer network solvated with abundant of solvent, is liquid at the scale smaller
than the network size (typically several to hundreds nm) and elastic solid at scale larger
than the network size. Given such a unique property, the reactant molecules have good
solubility and diffusion ability in a gel for efficient chemical reaction.5% Accordingly,
polymer gels are potential good mechanochemical reactors to solve the first issue.
Furthermore, it is also possible to continuously feed the reactant to the DN gels, which
would enable growing property with repetitive mechanical activation along with freshly
supplied reactant.

A conventional hydrogel, however, is much more brittle than the other polymeric

10
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materials, so that the amount of activated mechanophores would be much lower.
Therefore, | use tough DN gel that have a unique internal fracture mechanism.®-%° A
mechanically tough DN gel, containing large amount of solvent (typically 80-90 wt.%),
consists of two interpenetrated polymer networks with contrasting structure and
mechanical properties. The first network, given very short and prestretched strands, is
rigid and brittle; and the second network, given very long and coiled strands, is soft and
ductile. When the DN gel is deformed, the load bearing first network strands break,
transferring the load to the second network that maintains the integrity of the gel without
breaking. As a result, the auto-accelerated crack propagation of the first network is
avoided, and the amount of strand scissions of the first network gradually increases with
increasing strain and finally reaches quite large. The massive strand scission of the first
network generates abundant of mechanoradicals, which possibly trigger mechanoradical
polymerization in the DN gels with high efficiency.

In summary, the strategy of this research is, by using possible large amount of
mechanoradical generation in the DN gels due to its internal fracture, mechanoradical
polymerization in the stressed DN gels is used to reconstruct the network structure that
stiffen and strengthen the gel. Furthermore, with such mechanoradical polymerization,

repetitive growth in size and strength may also be granted.
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Chapter 3: Synthesis and Characterization of DN Gels
3.1. Introduction
In this research described in Chapters 4-6, | used single-network (SN) and double-
network (DN) hydrogels synthesized by reported procedure.l? By using this procedure in
which relatively high concentration of the initiator (1 mol%) is used at the first network
synthesis, the first and second network are virtually not connected each other because
most or all of the covalent bonds of the crosslinker was reacted. The DN gels are called
as truly independent DN gels.! The DN hydrogels used here are composed of poly(2-
acrylamido-2-methylpropane sulfonic acid sodium salt) (PNaAMPS) first network and
polyacrylamide (PAAm) second network. The chemical structure and schematic
illustration of this DN hydrogel are shown in Figure 3-1. Many previous researches on
DN hydrogels, including the first paper to report a DN gel and the truly independent DN
gels, have used poly(2-acrylamido-2-methylpropane sulfonic acid) (PAMPS) as the first
network.'® In this research, not PAMPS but neutralized sodium salt PNaAMPS was used
for the first network because of following two reasons: (1) In this research, several kinds
of chemical reactions are carried out inside of the gel as shown in the following chapters.
Considering chemical reaction, neutral condition is more normal situation than acidic
condition. (2) The polymer networks in the hydrogels are crosslinked with N,N'-
methylenebisacrylamide (MBAA) that contains amide bonds. In acidic condition,
hydrolysis of amide bonds is faster than that in neutral condition.” In order to reduce the
possible hydrolysis event, neutralized PNaAMPS was used.

In this chapter, synthetic procedure and fundamental properties of the hydrogels

are described, including water content and mechanical properties.
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3.2. Experiment

3.2.1. Materials

Deionized water (Milli-Q) was used. 2-Acrylamido-2-methylpropanesulfonic acid
sodium salt (NaAMPS) (49.7 wt.% aqueous solution) was provided by Toa Gosei.
Acrylamide (AAm) was purchased from Junsei Chemical. N,N'-Methylenebisacrylamide
(MBAA) and 2-oxoglutaric acid were purchased from Wako Pure Chemical Industries.
Chloroform was purchased from Kanto Chemical. All the materials except AAm were
used as received. The purchased AAm was recrystallized from chloroform before use.
The abbreviations and chemical structures of some important compounds are listed in

Table 3-1.

3.2.2. Synthesis of PNaAMPS SN hydrogels

Aqueous solutions of C1 = 1.0 M NaAMPS monomer, x1 (mol%) MBAA as a crosslinker,
and 1.0 mol% 2-oxoglutaric acid as a photo-induced radical initiator were prepared. The
crosslinker and the initiator concentration (mol%) are denoted as respected to the
monomer. The crosslinker concentration x; was varied from 1.0 to 4.0 mol%. Each
precursor solution containing NaAMPS, MBAA and 2-oxoglutaric acid was moved to an
argon glovebox (MBRAUN, oxygen concentration <100 ppm in typical). Then, the
solution was poured into a cuboid mold comprising two flat soda-lime glass plates (3-mm
thickness, 10 cm % 10 cm) separated by a silicone rubber (0.5—10.0 mm; typically, 0.5 or
1.0 mm) as a spacer in the argon glovebox. Each solution was irradiated with ultraviolet
(UV) light (365 nm, 4 mW cm2) from both sides of the glass mold for 8-9 hours in the
glovebox. The as-prepared PNaAMPS gels were used for the next step (section 3.2.4) to

synthesize DN gels. When the SN gel was used as the control SN gel, the as-prepared
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PNaAMPS SN gel was immersed in large amount of water to swell the gel and to extract
unreacted molecules from the gel. Each PNaAMPS gel is coded as (C1-x1) PNaAMPS SN
gel, where C1 and x; are the monomer concentration (C; = 1.0 M) and the cross-linker

concentration molar ratio (mol%) respective to C1 (x1 = 1.0—4.0 mol%), respectively.

3.2.3. Synthesis of PAAm SN gels

An aqueous solution of C2 =2.0-4.0 M AAm monomer, x2 =0.01 mol% MBAA and 0.01
mol% 2-oxoglutaric acid was prepared. The crosslinker and the initiator concentration
(mol%) are denoted as respected to the monomer. The precursor solution was moved to
the argon glovebox. Then, the solution was poured into a cuboid mold comprising the two
flat soda-lime glass plates separated by a silicone rubber (1.0 mm) as a spacer in the argon
glovebox. Each solution was irradiated with UV light (365 nm, 4 mW cm2) from both
sides of the glass mold for 9 hours in the glovebox. The as-prepared PAAm SN gel was
immersed in large volume of water to swell the gel and to extract unreacted molecules
from the gel. Each PAAm gel is coded as (C2-x2) PAAm SN gel, where C and x: are the
monomer concentration (Cz = 2.0—4.0 M) and the cross-linker concentration molar ratio

(%) respective to C2 (x2 = 0.01 mol%), respectively.

3.2.4. Synthesis of PNaAMPS/PAAmM DN hydrogels
Each as-prepared PNaAMPS SN gel (section 3.2.2) was immersed in a second network

precursor aqueous solution containing C> (M) AAm (C2 = 2.0, 3.0 or 4.0 M), x = 0.01
mol% MBAA and 0.01 mol% 2-oxoglutaric acid for more than 1 day at 5-10°C. Then,

the gels swollen with the second network precursor solution was sandwiched between the

two flat soda-lime glass plates. Air bubbles between the gel and each glass plate were
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removed as possible. Each gel sandwiched between glass plates was moved to the argon
glovebox and irradiated with the UV light for 9 hours in the glovebox to synthesize the
second PAAm network in the presence of the PNaAMPS first network. The synthesized
DN gels were immersed in large volume of water for more than 1 day to swell the gel and
to remove any unreacted reagents. Each DN gel is coded as (C1-x1/C2-x2) DN gel, where
C1and C; are the feed monomer (NaAMPS and AAm, respectively) concentration for the
first and second network, respectively, and x1 and x2 are the cross-linker concentration

molar ratio (%) respective to the corresponding monomer concentration, respectively.

3.2.5. Characterization of the weight fraction of each component in gels
The weight fractions of the polymer and water in each gel, f, and fw, respectively, were
calculated from the weights of the gel before and after drying, wwet and wary, respectively,

using the following equations:

2o
fw = 1_fp (3.2)

The water-swollen gel samples (approximately 5-10 g gel for PNaAMPS SN gels and
approximately 1-2 g gel for PAAm SN gels and DN gels) were dried at 120 °C for 7 h in
vacuo (< 20 mbar). The polymer weight fraction of a DN gel, f,pn, is the sum of the
weight fractions of the brittle first network and the stretchable second network. The
weight fractions of the brittle first network and the stretchable second network of the DN

gel, f1,on and f2,pn, respectively, were approximately calculated as follows:

tisn)
fuow = fusn (—2) (33)
DN
fz,DN = fp,DN - f1,DN (3.4)
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where f1sn is the polymer weight fraction of the original PNaAMPS SN gel at swollen
state and ton and tisn are the thicknesses of the swollen DN gel and the original
PNaAMPS SN gel, respectively. In equation (3.3), | assumed density (g/cmq) of the

swollen PNaAMPS SN gels is identical to that of the swollen DN gels.

3.2.6. Uniaxial tensile test

Various DN gels and SN gels, 3.0-4.1 mm thick, were cut into dumbbell-shaped pieces
following the IEC-540(S) standard (17 mm gauge length and 4 mm width, Figure 3-2)
by using sample cutter with razor blade (Dumbbell Co.). The cut gels were immersed in
water for at least 3 days. Uniaxial tensile tests of these gels were then carried out using a
commercial tensile tester (Instron 5965, Instron Co.) at a crosshead velocity of 300
mmmin~! in typical. The strain (¢) was measured using a noncontacting video
extensometer (AVE, Instron Co.), and the nominal stress (o) was calculated as the

measured load divided by the original cross-sectional area vertical to the load.

3.3. Results and Discussion

3.3.1. Weight fraction of each component in gels

The weight fraction of each component (first network, second network or water) in the
SN gels and DN gels is summarized in Table 3-2. The sample codes are also shown in
the Table. On this measurement, the weight of three individual gels (n = 3) for each sample
were measured before and after drying. Observed as standard deviation of polymer weight
fraction fp, the error range is quite small even for high water content samples. For example,
fp of the (1-1) PNaAMPS SN gel was measured as f, = 0.200 + 0.005 wt.% (3% error).

Note that, although the analyzed polymer weight might contain small amount of bounded
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water, it seems that most of water was removed from the gel at the drying condition
(120°C, < 20 mbar, 7-8 hours).

As seen in Table 3-2, water content of the PNaAMPS SN gels, PAAm SN gels and
PNaAMPS/PAAmM DN gels are 97.5-99.8 wt.%, 91-93 wt.% and 81-93 wt.%,

respectively.

3.3.2. Mechanical properties characterized by uniaxial tensile test

The stress (o)-strain (g) curves of some of the synthesized SN and DN gels are shown in
Figure 3-3. Note that swollen PNaAMPS SN gels were too brittle to stretch with the
tensile tester. The o—¢ curves are varied with the composition, similar as previous
PAMPS/PAAmM DN gels.? Yielding stress was increased with the crosslinker
concentration of the first network x1 because yielding stress is proportional to the areal
chain density of the first network.® Briefly, the volumetric chain density of the first
network in a DN gel, vi, is related to the first network concentration f, and the average
polymerization degree of the first network strands between crosslinking point Nm1, as v1
~ f1 Nm1~L. At higher x1, higher f1 is observed (Table 3-2) because swelling degree of the
first network is restricted by the high crosslinking density. Nm 1 should be smaller at higher

X1. Therefore, vy is higher at higher x1, so yielding stress is larger with increasing Xi.

3.4. Summary

| prepared PNaAMPS/PAAmM DN gels with various mechanical properties. The water
content of the DN gels are from 81 to 93 wt.%. As reference samples, PNaAMPS SN gels
and PAAm SN gels are also prepared. The DN and SN hydrogels are used in Chapters

4-6.
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Figures and Tables
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Figure 3-1. Chemical structure and schematic representation of the polymeric network
structure of the DN gel. The first network (PNaAMPS, blue) and the second network
(PAAm, pink), both covalently crosslinked by MBAA, are interpenetrated and ideally not
connected with each other. The ratio n/m corresponds to the molar ratio of the monomer
(NaAMPS or AAm) and crosslinker (MBAA) in feed. This figure is from Science 363,
504-508 (2019). Reprinted with permission from AAAS.
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Table 3-1. Abbreviations and structures of the chemical compounds

Chemical name Abbreviation Chemical structure

2-Acrylamido-2-methylpropanesulfonic o
NaAMPS \)J\N></503Na
H

acid sodium salt

o
Acrylamide AAmM \)J\
X NH,
] @]
N,N'-Methylenebisacrylamide MBAA \)J\N/\NJJ\/
H H
o
Poly(2-acrylamido-2-
PNaAMPS N SOsNa
methylpropanesulfonic acid) sodium salt H
o
Poly(acrylamide) PAAM NH
2

30



Chapter 3: Synthesis and Characterization of DN Gels

50 mm

8.5

IEC-540(S) 10 mm
]

Figure 3-2. The dumbbell-shaped geometry (IEC-540(S) standard) of the sample used
for the uniaxial tensile test.
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Table 3-2. Sample codes and formulations of the SN and DN gels and the weight fraction

of each component at the equilibrium swollen state in water.

Composition in feed Composition of swollen gel
) First Second
Sample code First network Second network Polymer Water
network network
(Cl-X;l/Cz-Xz)
Cy (M) X1 (mol%) C, (M) X2 (mol%) f1 f2 fp (Wt%) fw
(NaAMPS) (MBAA) (AAm) (MBAA) (wt.%) (wt.%) (=A+ 1) (wt.%)
(1-4) PNaAMPS 2.49
1 4 - - 25 - 97.5
SN gel (£0.02)
(1-3) PNaAMPS 1.60
1 3 - - 1.6 98.4
SN gel (+0.01)
(1-2.5) PNaAMPS 1.16
1 25 - - 1.2 98.8
SN gel (£0.01)
(1-2) PNaAMPS 0.800
1 2 - - 0.8 99.2
SN gel (*+0.006)
(1-1.5) PNaAMPS 0.491
1 15 - - 0.5 99.5
SN gel (£0.015)
(1-1) PNaAMPS 0.200
1 1 - - 0.2 99.8
SN gel (£0.05)
(4-0.01) PAAM 8.18
- - 4 0.01 - 8.2 91.8
SN gel (£0.08)
(3-0.01) PAAM 7.4
- - 3 0.01 - 7.4 92.6
SN gel (£0.21)
(1-4/4-0.01) 18.90
1 4 4 0.01 1.6 17.3 81.1
DN gel (£0.05)
(1-3/2-0.01) 11.45
1 3 2 0.01 1.2 10.3 88.6
DN gel (£0.10)
(1-2.5/2-0.01) 10.36
1 25 2 0.01 0.9 9.5 89.6
DN gel (£0.03)
(1-2/2-0.01) 9.44
1 2 2 0.01 05 8.9 90.6
DN gel (£0.21)
(1-1.5/2-0.01) 8.46
1 15 2 0.01 0.3 8.2 91.5
DN gel (+0.16)
(1-1/2-0.01) 7.80
1 1 2 0.01 0.1 7.7 92.2
DN gel (£0.08)
(1-3/3-0.01) 14.63
1 3 3 0.01 1.0 13.1 86.9
DN gel (£0.16)
(1-4/2-0.01) 12.82
1 4 2 0.01 2.0 10.9 87.2
DN gel (+0.11)

The concentrations of monomer (C) and cross-linker (x; molar percentage given with respect to the monomer) during gel
synthesis and the weight fraction of each component in the swollen gels (f) are shown. The subscripts 1, 2 and w denote
the first network, the second network and water, respectively. Standard deviation (n = 3) are shown for f,. Only average
values are shown for fi, f> and fy.
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(a)

——(1-4/4-0.01)DN
(1-3/3-0.01)DN
——(1-3/2-0.01)DN
———(1-2.5/2-0.01)DN
——(1-2/2-0.01)DN
——(1-1.5/2-0.01)DN
——(1-1/2-0.01)DN
(4-0.01)PAAm SN

Stress, o (MPa)

Strain, € (-)

0.1
(b)
0.08 |
0.06 |

0.04

Stress, o (MPa)

0.02

0 0.1 0j2 0t3 Oj4 05

Strain, £ (-)
Figure 3-3. Stress—strain curves of DN gels and a PAAm SN gel at equilibrium swollen
state with water. (a) Full view and (b) expanded view at small strain region of the curves.
The sample codes (C1-x1/C2-x2) denote feed crosslinker concentration of the first network

x1 and the feed monomer concentration of the second network C; (see Table 3-2).
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Chapter 4: Quantification of Polymer Strand Scission in DN Gels

4.1. Introduction

The double-network (DN) structure is the state-of-the-arts strategy to toughen soft
materials.t® The DN structure contains two interpenetrating polymer networks: one is
brittle and sparse network and the other is stretchable and dense network. Currently, it is
well known that toughening mechanism of DN gels are based on energy dissipation
originated from polymer strands scission of the brittle first network?*®. To understand
why the DN gels are tough, we should first understand why conventional gels are so weak
and brittle. Once a conventional hydrogel (i.e. single-network gel) is deformed, some
strands of the polymer network are broken. The polymer strand to be broken is usually at
the weakest part in the network, for example, shortest chains in the network or sparse
region due to the spatial inhomogeneity of the polymeric network in the gels. Such
polymer strand scission creates microcrack in the network structure, which easily
propagates to neighbor chains because of stress concentration at the microscale. Finally,
the crack propagation goes through the global scale; that is, the gel material breaks into
two pieces. Therefore, the conventional gels are weak and brittle.” On the other hand, such
microcrack propagation is restricted in the DN gels. Once a DN gel is deformed, some
strands of the brittle first network are broken as same as in the conventional gels. However,
the microcrack does not propagate due to the existence of the stretchable second network.
As the result, the DN gel can be deformed to higher level accompanying with large
amount of strands scission of the brittle network. The strands scission in the DN gel is
called as internal fracture.® Since the DN gels are insensitive to the microcrack
propagation, or in other word insensitive to weakest link, the DN gel shows high strength

and toughness. The internal fracture dissipates plenty of mechanical energy during the
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deformation, which also toughen the DN gels.?*9

The internal fracture of the DN gels has been confirmed by mechanical
characterization. Na et al. reported that a DN gel showed mechanical hysteresis under
cyclic tensile testing, and the stretched DN gels got soften as the soft second network
single-network (SN) gels.!® This explains the hard and brittle first network is broken in
the deformed DN gel. Webber et al. clearly showed the mechanical hysteresis of DN gels
is originated from network fracture.!* They observed the hysteresis of DN gels is
completely irreversible even after waiting for two weeks. Since (reversible) mechanical
hysteresis is also observed on the other soft materials due to such as viscoelastic
dissipation, the irreversible hysteresis is the clear evidence that there is irreversible
fracture of polymer strands scission. After these reports, irreversible hysteresis is used as
the evidence of the internal fracturing (and the evidence of the “DN gels”) and to
characterize the amount of internal fracture and/or energy dissipation in the DN gels.®!!-
13 Nakajima et al. quantitatively considered the amount of fractured strand from the
hysteresis.® They concluded that 9% of all first network chains broke in a DN gel. The
hysteresis characterization has been the only method to detect and quantify the internal
fracturing of DN gels; however, the quantification still includes some difficulties such as
network inhomogeneity and estimating the energy to break one polymer strand.

In this chapter, detection and quantification of the internal fracture by chemical
approach are reported, which is contrasting to the mechanical approach (hysteresis
analysis). Considering the polymer strand breakage, | focused on “mechanoradicals”. As
shown in Chapter 2, radical species are usually generated at the both ends of a broken
polymer chain when the polymer chain is fractured because the polymer strand is

connecting by covalent bonds such as carbon—carbon bond (Figure 4-1).'*'7 The radical
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species generated by mechanical scission are called as mechanoradicals. Since radical is
chemically active, the mechanoradicals can induce chemical reactions!>2!. According to
a report from Baytekin et al. in 2012, mechanoradical generated in aqueous system
induces generation of hydrogen peroxide (H20-) from water and oxygen.*® In their report,
they quantified the concentration of H.O> generated at the interface of water and stressed
polymeric sponge by using Fenton reaction in which ferrous ion (Fe?*) is oxidized to
ferric ion (Fe**) induced by H,0,.222*

Herein, | applied the Fenton reaction induced by mechanoradicals in the DN gel
system to confirm that (1) the internal fracture is originated from covalent bond rupture
accompanying with mechanoradical generation; (2) the mechanoradical is chemically
active to induce chemical reaction; and (3) to quantify the concentration of the
mechanoradicals (i.e. ruptured polymer strands). The result gives insights of the internal
fracture in the chemical quantitative aspect, which must be a complementary way to the

mechanical hysteresis approach.

4.2. Experiments

4.2.1. Materials

DN gels and SN gels were fabricated by following the method described in section 3.2.
Amonium iron(ll) sulfate ((NHa)2Fe'(SO4)2) hexahydrate, sulfuric acid (H2SOs), 2,2'-
azobis[2-(2-imidazolin-2-yl)propane]dihydrochloride (VA-044), 2,2'-azobis(2-
methylpropionamidine)dihydrochloride (V-50), 2,2'-azobis[2-methyl-N-(2-
hydroxyethyl)propionamide] (VA-086) and hydrogen peroxide (30-35.5%) were
purchased from Wako Pure Chemical Industries. Ammonium iron (ll1l) sulfate

(NH4Fe"'(SO4)2) dodecahydrate was purchased from Sigma-Aldrich. 3'-Bis[N,N-
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bis(carboxymethyl)aminomethyl]-o-cresolsulfonphthalein disodium salt (xylenol orange
(X0)) was purchased from Dojindo Laboratories. 1-[4-(2-Hydroxyethoxy)-phenyl]-2-
hydroxy-2-methyl-1-propane-1-one (1-2959) was purchased from Ciba Specialty
Chemicals. The abbreviations and chemical structures of some important compounds

used here are listed in Table 4-1.

4.2.2. Visualization of oxidized ferrous ions in stretched gels (visual demonstration)
A (1-4/4-0.01) DN gel (~4 mm-thick) at equilibrium swollen state in water was cut into
dumbbell-shaped pieces standardized to the IEC-540(S) (17 mm gauge length and 4 mm
width, Figure 4-2). The cut gels were immersed in water for at least 1 day to quench the
mechanoradicals at the cut surface. Next, each gel was immersed in aqueous solution of
100 pM (NH4)2Fe'(SO4)2 250 pM XO and 20 mM H2SO4 for 4 days. The concentration
was appropriate for observing color change by naked eye. The gel was stretched to the
strain of ¢ = 3.5 with hands (nominal stretching rate of roughly 100s mm/min). The
stretched gel was put on a desk and covered with plastic film (Saranwrap, Asahikasei Co.)
to avoid drying. The color change was observed by naked eye and with video camera

(Sony Co.).

4.2.3. Quantification of oxidized ferrous ions in stretched gels

Various DN gels or SN gels at equilibrium swollen state in water were cut into dumbbell-
shaped pieces standardized to the JIS K6251-2 (20 mm gauge length and 10 mm width,
Figure 4-2). The thicknesses of the gels were set as 3.0+0.5 mm that is appropriate for
the following light absorption measurement by controlling the initial thickness of the first

network (0.5—1.5 mm). The cut gels were immersed in water for at least 1 day to quench
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the mechanoradicals at the cut surface. Next, each gel was immersed in aqueous solution
of typically 100 uM (NHa)2Fe"(SO4)2, 100 pM XO and 20 mM H2SO4 for 4 days. Each
gel was then stretched to a prescribed strain with commercial tensile tester (Instron 5965,
Instron Co.) at a crosshead velocity of 500 mm min™2. The strain of the gel was measured
using a non-contacting video extensometer (AVE, Instron Co.). Once the strain was
reached to the prescribed strain, the gel was immediately unloaded and cut with scissor
to obtain cuboid-shaped gel with length of 15 mm (Figure 4-3). After 30 minutes, each
gel was placed in a quartz optical cell (45 mm x 10 mm x 10 mm), and ultraviolet—visible
light (UV-Vis) absorption spectroscopic measurement was performed (UV-1800,
Shimadzu Co.). The spectrum of DN gels swollen with pure water, which is almost no
light absorption at observation wavelength range (350—-800 nm), was used as the reference.
The time 30 minutes is the period when the color change was completed (discussed in
section 4.3.2). As the control experiment, the same procedure was performed with an
unstretched and uncut gel. To quantify the Fe®* concentration that was oxidized from Fe?”,
the ratio of the absorbance at 580 and 440 nm, Asgo/A440, was compared with that observed

in a calibration experiment (see section 4.2.4).

4.2.4. Calibration procedure for the quantification of Fe** concentration

To calibrate Fe** concentration on the UV-Vis absorption spectroscopy, aqueous solutions
of 0—40 uM NHzFe'"'(SO4), (as an Fe** source), 100 M (NHa)2Fe''(SO4)2, 100 uM XO
and 20 mM H2SO4 were prepared. After 30 minutes, UV-Vis absorption spectroscopy of
each solution was carried out with a quartz optical cell (45 mm x 3 mm optical path length
x 10 mm). The spectrum of pure water, which is almost no light absorption at observation

wavelength range (350-800 nm), was used as the reference. A calibration curve was made
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using the ratio of the absorbance at 580 and 440 nm, Asso/Aspo, Vversus the Fed*

concentration.

4.2.5. Quantification of radicals generated by small-molecular radical initiators
from the oxidation of Fe?*

To quantitatively determine the concentration of radicals required to oxidize the certain
concentration of Fe?*, similar Fe?" oxidation experiment was performed by using
conventional small-molecular radical generators. In the DN gels used here, | assumed that
carbon-centered mechanoradicals are generated (discussed in section 4.3.4). As models
of carbon-centered radicals, three thermoresponsive radical generators, VV-50, VA-044 and
VA-086;%° and a photoresponsive radical generator 1-2959%® were used. When the
thermoresponsive radical generators were used, aqueous solutions of 100 uM
(NHa)2Fe'"(SO4)2, 100 pM XO, 20 mM H.SO4 and specified concentration (Co = 0-100

pM) of each radical generator were heated at its 10 h half-life temperature (56, 44 and
86 °C for the V-50, VA-044 and VA-086, respectively)?” for 10 h. When the

photoresponsive radical generator 1-2959 was used, aqueous solutions of 100 puM
(NHa)2Fe'"(SOa)2, 100 uM XO, 20 mM H,SO. and specified concentration (Co = 0-20
UM) of 1-2959 were irradiated with UV light (314 nm, 3 mW cm™2) for 90 s during which
virtually all of 1-2959 was decomposed to generate radicals (see section 4.3.4). Thirty
minutes after the end of excitation by heating or irradiation, UV-Vis absorption
spectroscopy was performed with a quartz optical cell (45 mm x 3 mm optical path length
x 10 mm) to quantify the Fe*" concentration. The concentrations of generated radicals
were calculated as [R+] =2 Co r, where the factor of 2 means two radicals are generated

from one radical generator molecule decomposition, Co is the feed concentration of the
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radical initiator and r is the decomposition ratio of each radical generator. To obtain the
decomposition ratio r, each radical generator (50 mM for each azo-type initiator and 200
uM for 1-2959) was excited by heating or photoirradiation at the same condition above in
a 20 mM H2SO4 (without (NHa)2Fe''(SO4), and XO) aqueous solution, and then UV-Vis

absorption spectroscopy was carried out.

4.2.6. Cyclic uniaxial tensile test

Various DN gels and SN gels, 3.0-4.1 mm thick, were cut into dumbbell-shaped pieces
following the IEC-540(S) standard (17 mm gauge length and 4 mm width, Figure 4-2)
by using sample cutter (Dumbbell Co.). Uniaxial cyclic tensile tests of these gels were
carried out using a commercial tensile tester (Instron 5965, Instron Co.). Each sample was
first stretched to a certain strain at a crosshead velocity of 300 mm min™!, and then
immediately unloaded at ~1000 mm min~!. Subsequently, the gel was stretched to an
increased maximum strain and unloaded again. The cyclic test was repeated with
increasing the maximum strain each time until the gel broke. The strain (¢) was measured
using a noncontacting video extensometer (AVE, Instron Co.), and the nominal stress (o)
was calculated as the measured load divided by the original cross-sectional area vertical
to the load. The strain and stress were measured only during the loading process because
mechanical hysteresis of DN gel is known to be irreversible. The mechanical hysteresis

area Unys corresponding to the applied strain (eapp) Was calculated as follows:®

€app
Unys = J- (0, —0,)de (4.1)
0

where o1 and o2 are the nominal stresses during the first cycle (maximum strain of &app)
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and the second cycle, respectively.

4.3. Results and Discussion

4.3.1. Visualization of internal fracturing in stretched DN gels

After a (1-4/4-0.01) DN gel was immersed in aqueous solution of 100 uM
(NHa)2Fe'(SO4)2 250 uM XO and 20 mM H,SO4 for 4 days, the DN gel showed yellow
color as same as the original solution of Fe?* and XO (Figure 4-4(i)). The result suggests
that the molecules were fed in the DN gel at the same concentration as external solution,
and no ferrous oxidation happened in the unstretched DN gels. When the DN gel
(containing Fe?* and XO) was stretched to the strain & = 3.5, the DN gel showed necking
phenomenon, which is often observed on DN gels with high stretchability and toughness
accompanied with yielding (Figure 4-4(ii)).1%%2° Since the applied strain € = 3.5 was
between yielding strain (ey = 1.9) and the strain of yielding completion to start strain
hardening (en = 4.2), necked region and un-necked region coexist in the narrow part of
the dumbbell shaped DN gel under stretched state (¢ = 3.5). Afterwards, the gel was
immediately unloaded. Just after unloading, negligible color change was observed,
however, the color at the necked region gradually get brownish color within few 10s
minutes. The Kinetics is discussed in the following section (section 4.3.2). Thirty minutes
after the stretching, obvious color change was observed only at the necked region (Figure
4-4(iii)). On the other hand, when the gel was not stretched, negligible color change was
observed. Since the color change is originated from the Fe*, this is the evidence that the
ferrous ion was oxidized into ferric ions by the mechanical stretching. Considering my
original idea based on a previous paper,*® the ferrous oxidation must be triggered by

mechanoradicals originated by internal fracturing of the first network which generates
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H>O>. The reason why the obvious color change was observed only in the necked region
is explained by internal fracturing insight based on previous literatures. Previous
researches based on elastic modulus measurement, hysteresis analysis and re-swelling
experiment have shown that much larger amount of the first network strands are fractured
in the necked region than in un-necked region, even though partial internal fracturing is
also happen in the un-necked region.281%2° My result here is consistent with these
previous researches.

Importantly, this is the first chemical evidence of the internal fracturing in DN
gels, even though internal fracturing in multiple-network elastomers has detected using
chemoluminescent cross-linking molecules as mechanophores.®® The result also clearly
indicates that covalent bonds in the polymer backbone (including crosslinker) are
ruptured during the internal fracturing, and the ruptured polymer strands generate

mechanoradicals that is chemically active to induce following chemical reaction.

4.3.2. Kinetics of the color change of Fenton reaction

To observe and understand the ~10s minutes delay of the color change of the Fenton
reaction (i.e. ferrous oxidation by generated H>O) in the DN gels, time-laps UV-Vis
absorption spectroscopy was carried out. In this preliminary experiment, I used 1.55 mm-
thick (1-3/2-0.01) DN gel of IEC-540(S)-standardized dumbbell shape (4 mm-width). On
the quantification described in following section (section 4.3.2), | used ~3 mm-thick and
10-mm width gels because | found that wider and thicker sample is better for the UV-Vis
spectroscopic measurement to reduce the experimental error. Nevertheless, the small
sample used in this section was enough to understand the kinetics of the color change.

Figure 4-5a shows the UV-Vis spectra of the stretched (1-3/2-0.01) DN gel containing
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100 uM (NHa)2Fe'(SO4)2 100 uM XO and 20 mM H2SO4 at different time after the
stretching. The spectrum of the unstretched gel was also shown. The absorbance value
are normalized by thickness (~1.6 mm). A peak at around 440 nm gradually decreased
with the time, whereas shoulder at around 580 nm appeared and gradually increased. The
former decreasing peak corresponds to the bare XO, and the latter increasing peak
corresponds to the [Fe3*-XO] complex.®! Next, the absorbance values at 440 nm and 580
nm are plotted as a function of time (Figure 4-5b). The absorbance values rapidly
changed during the initial 15-20 mins and became stable after 25-30 mins, indicating the
color reaction was completed in 30 mins.

What the color reaction Kinetics is dominated? Taking into account the previous
literature,®® the color reaction progress is divided into four major components, (1)
mechanoradical generation; (2) H20: generation by the mechanoradical; (3) Fe?*

oxidation by H,O,; and (4) formation of [Fe3*-XO] complex:

force
(1) wnR—Rwmn ———— »  anR- -Raan mechanoradical generation
R
(2) H0,0, ———— > H0 hydrogen peroxide generation
2+ H202 Fe3* . .
(3) Fe _— ferrous oxidation
(4) Fe¥* +XO — > [Fe**-XO] complex formation

Note that step (1) (mechanical bond cleavage) must happen at the moment of the
stretching. To check which step is rate-limiting, | performed two control experiments.

One is that Fe** ion solution was added into the aqueous solution of Fe?* and XO. As the
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result, the color was immediately changed (within seconds or less), indicating step (4) is
enough fast process in the overall reaction. The other control experiment was H20»
solution was added into the aqueous solution of Fe?* and XO (resulting H20;
concentration was 12 uM). As shown in Figure 4-6, the kinetics of the color reaction is
quite similar as that observed in the stretched DN gel. The result implies that step (3) is
slower than step (1) and (2). Therefore, | concluded that ferrous oxidation by H>O: in step
(3) is the rate-limiting process of the overall reaction, even though the kinetics of step (2)
is still less-known. The conclusion tells us the limitation of this visualization method
using the Fenton reaction. That is, we may not be able to observe the degree of chain
scission in short time scale (e.g. seconds or less) by using this method, which might be of
benefit to the analysis of inhomogeneous deformation such as deformation around crack
tip. In addition, as the reacted small molecules can easily diffuse in the hydrogels, local
measurement (e.g. mme-scale or less) may be difficult with this method. Nevertheless, the
method using Fenton reaction is useful to quantify the degree of chain scission under

homogeneous deformation discussed in the following sections.

4.3.3. Concentration of the ferrous oxidation in various stretched DN and SN gels

In this section, the concentration of the ferrous oxidation is quantified by using UV-Vis
absorption spectroscopy. Before characterizing the UV-Vis spectra of the stretched DN
gels, a calibration curve was made to determine the concentration of Fe3* from UV-Vis
spectra. The UV-Vis spectra of 0—40 uM NHa4Fe"'(SO4). (as an Fe** source), 100 uM
(NHa)2Fe''(SO4)2, 100 pM XO and 20 mM H;SO4 are shown in Figure 4-7a. Then a
calibration curve on the plot of the ratio of the absorbance at 580 and 440 nm, Asgo/As40

as a function of the Fe** concentration was produced. In this analysis for characterizing
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the UV-Vis spectrum of a gel, not the absolute absorbance value but absorbance ratio was
used in order to reduce the experimental error from thickness of the gels. Figure 4-8
shows the calibration curve. The curve was not linear because absorbance ratio was used.
The curve was well fitted by second-order fitting. The calibration fitting is used for the
following quantification.

Next, UV-Vis spectra of stretched (1-4/4-0.01) DN gel was measured and
quantified. In the section 4.3.1, we have confirmed that color change in the necked region
iIs much more significant than that in the un-necked region where internal fracturing also
occurs. Here, | obtained the UV-Vis spectra of the unstretched DN gel (¢ = 0.0), stretched
but un-necked DN gel (¢ = 1.6), and stretched and necked DN gel (¢ =4.7) (Figure 4-7b).
The shapes of these spectra correspond to those of calibration spectra (Figure 4-7a),
indicating desired reaction occurred. | confirmed that the ferrous oxidation also occurred
in the un-necked DN gel (¢ = 1.6) because the absorbances at around 440 and 580 nm
decreased and increased, respectively. By using the calibration curve, the concentrations
of the generated Fe®*" in the un-necked DN gel (¢ = 1.6) and the necked DN gel (g = 4.7)
were characterized as 7.2 and 25.5 pM, respectively (Figure 4-9).

As control experiments, same experiments for (1-4) PNaAMPS SN gel and (4-
0.01) PAAmM SN gel were also carried out. In contrast to the DN gels, almost no ferrous
oxidation was detected in the stretched single-network (SN) gels (Figures 4-7c, 7d and
4-9). The concentration of them is less than few uM which is approximately detection
limit of the current experimental condition. These results show that the DN gel is a unique

hydrogel to generate abundant mechanoradicals by deformation.
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4.3.4. Concentration of the mechanoradicals

As shown in the previous section, the concentration of ferrous oxidation in stretched DN
gels is determined as high as 25 uM which is much higher than that in SN gels. The
question here is that how many mechanoradicals are generated in the gels. To solve this
question, conventional low-molecular radical generators were used as a model
experiment to oxidize ferrous ions. Because the decomposed ratio of the radical
generators is measurable, the quantitative analysis can be performed.

Before discussing the model radical generators, | consider which covalent bonds
are broken in the DN gel in order to select the appropriate model radical generators
(Figure 4-10). In DN gels, the brittle first network is fractured under the deformation.?*°
In this work, PNaAMPS network crosslinked with MBAA was used for the first network.
When this PNaAMPS network is mechanically broken, the C—C bond of the PNaAMPS
main chain and/or the any bonds on the MBAA crosslinker should be broken because
these bonds are directly stressed by the mechanical stretching (Figure 4-10). In the former
case (main chain rupture), a pair of carbon-centered radical should be generated (Figure
4-10a). In the latter case (crosslinker rupture), a weakest bond is expected to be broken.
In a previous paper of computational study based on density functional theory (DFT) with
constrained geometry optimization calculation, the authors have concluded that a-C—C
bond (C—C bond on —CH>—CONH-) is mechanically weakest bond in diglycine because
the C—N bond in the amide bond has considerable double-bond character which weaken
the opposite a-C—C bond.*? Given such consideration, | assumed that a-C—C bond is
broken to generate a pair of radicals when the MBAA crosslinker was broken (Figure 4-
10b).

As the models of the normal-carbon-radical generators, thermoresponsive azo-
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type radical initiators V-50, VA-044 and VA-086 were selected. As the model of the
radical generators by a-C—C bond cleavage, a photoresponsive Norrish type | radical
initiator 1-2959 was selected. The cleavage reactions are shown in Figure 4-11.72
Excitation conditions were chosen as heating for 10 hours at 56, 44 and 86 °C for V-50,
VA-044 and VA-086, respectively, and UV light (314 nm) irradiation for 90 seconds for
[-2959. At these conditions, approximately half of the feed azo-type radical generators
and all 1-2959 were decomposed. The actual decomposition ratios r in 20 mM H2SOg4 is r
= 0.50, 0.41, 0.44 and 1.0 that are determined by UV-Vis spectroscopy (Figure 4-12).
Therefore, the concentration of the generated radicals from the model radical generators
can be calculated as:
[R]=2Cor (4.2)

where Cy is the feed concentration of the radical generators and the factor of 2 means that
two radicals are generated from one radical generator. Figure 4-13 shows the UV-Vis
spectra of the XO and Fe®* aqueous solution added with each initiator with different
concentration after excitation (heating or UV-irradiation). The spectra shape was identical
with the calibration curve added with Fe®*" (Figure 4-7), indicating Fe** oxidation
occurred by the radicals. Even after heating or UV-irradiation, almost no oxidation was
observed when no initiator was added. Note that a little oxidation was observed when the
solution was heated at 86°C in the VA-086 data set, which is possibly due to oxidation by
oxygen in air accelerated by the high temperature. Figure 4-14a shows the oxidized
ferrous ion concentration [Fe3*] as a function of the generated radical concentration from
the model radical generators [R-]. It is found that [Fe**] is proportional to [R-] when using
same radical generator, and the slopes are varied around 1-3 that are not identical among

the radical generators. The difference may originate from reactivity of the generated
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radicals, recombination of the radicals (that relates to initiator efficiency) and/or
excitation condition difference such as temperature. In addition, it should be noted that
the slopes of more than one mean one radical oxidized more than one ferrous ion. The
fact implies the radical reaction pathway is more complicated than stoichiometric reaction,
for example, radical OH- that is possibly generated during Fenton reaction (ferrous
oxidation by H202) may react with water and/or Fe?*.?* In summary, it is difficult to
determine the exact mechanoradical concentration from the ferrous oxidation.
Nonetheless, it can be concluded from these results that the Fe** concentration is in the
same order of the generated radicals within numerical factor (Figure 4-14b). Therefore,
the order of the mechanoradicals generated in the necked (1-4/4-0.01) DN gels is
determined as ~10™> M, whereas that in the stretched SN gels is ~107° M or less. A recent
report demonstrated a fluorescence change in mechanically compressed polyethylene
glycol (PEG) single-network hydrogels to detect a covalent bond scission.3® Although the
actual concentration of the mechanoradicals was not determined in the report, the
activated fluorescent concentration, 10-10"" M, was approximately consistent with my

result for SN gels (10°® M or less).

4.3.5. Quantitative comparison of the chemical evidence to previous mechanical
evidence of the internal fracturing

When the same chemical component is used in the first network, the concentration of
ferrous oxidation should be proportional to the concentration of mechanoradicals because
same mechanoradical is expected to be generated. Since the concentration of the
mechanoradicals directly correlates with the degree of covalent bond scission in the

stretched DN gel, the concentration of the ferrous oxidation correlates with the degree of
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strand scission. In previous researches, many researchers have characterized mechanical
hysteresis on cyclic tensile test to estimate the degree of the strand scission in DN
gel.31112 In this section, the concentration of the ferrous oxidation is quantitatively
compared to the mechanical hysteresis. Here | characterized the generated Fe*
concentration in (1-4/4-0.01) DN gel stretched to various strains (¢ =0, 1.0, 1.6, 4.7, 6.0)
and in various DN gels ((1-x1/2-0.01) DN gels; x1 = 1.0-3.0 mol%) stretched to the strain
at which necking was completed in all narrow part of the dumbbell shaped gel. The cyclic
stress—strain curves to characterize the mechanical hysteresis are shown in Figures 4-15
and 4-16. Figure 4-17 summarizes the generated Fe3* concentration as a function of the
mechanical hysteresis area for various DN and SN gels. The data points are dropped on
one master curve that is virtually straight line through the (0,0) point. In contrast, the Fe3*
concentration did not exhibit good correlation with either input stress or strain (Figure 4-
18). Therefore, in mechanical point of view, the DN gels must exhibit large (irreversible)
hysteresis to generate large amount of chain scissions and mechanoradicals, which agrees
with the previous consideration for the DN gels®-*2 and a research on multiple-network
elastomers in which bond breaking was observed by a chemiluminescence
mechanophore.®® The insight supports my statement, that is, DN gel is a unique hydrogel
to generate large amount of mechanoradicals because most of chemically crosslinked
hydrogels do not show mechanical hysteresis, except for the hysteresis due to viscoelastic
dissipation due to polymer chain friction/flow or transient/dynamic bonds.

Here, the physical meaning of the correlation between Fe®* concentration and
mechanical hysteresis is discussed. From linear fitting in Figure 4-17, the slope and its
inverse were obtained as:

slope = [Fe®*]/Unys = 10 (umol L1/ MIm3) =108 mol J! (4.3)
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(slope)™* = 108 J mol ! (4.4)
where [Fe**] and Unys are the Fe3* concentration and mechanical hysteresis, respectively.
Note that the mechanical hysteresis obtained from stress—strain curve is the dissipated
energy in unit gel volume (J m3).813% Gjven the Fe3* concentration is in the same order
of the mechanoradical concentration, the inverse of slope indicates that ~10% J of energy
was dissipated when one mole polymer strands were ruptured.

Theoretically, the dissipated energy per mole of strands of the first network was
estimated based on the consideration reported by Lake and Thomas.3* According to their
paper that explains a model of the fracture energy (i.e. crack resistance) of crosslinked
network polymers, the mechanical energy required to break one polymer strand in the
network, Ustrand, iS:

Ustrand = NbUp (4.5)
where Np and Uy are the number of covalent bonds (e.g. C—C bonds) in the backbone of
the polymer strands and the mechanical energy required to break one covalent bond,
respectively. The Np is estimated by the total number density of covalent bonds of main
chain divided by the number density of strands. Assuming all feed monomers were
incorporated in the elastic effective strands, the total number density of covalent bonds at
the preparation state of the first network is defined as 2Cy, where C; is the feed monomer
concentration (1.0 M) and the factor of 2 means one repeat unit of monomer contains two
C—C bonds in backbone. To estimate the average number density of strands in unit volume,
general rubber elastic theory based on affine network model was applied. According to
the theory,* the Young’s modulus, E, is determined as:

E = 3vksT (4.6)

where v, ks and T are the number density of the network strands, Boltzmann constant and
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absolute temperature, respectively. Therefore, average Ny of the first network is calculated
as:
Nb1=2C1vi ! =6CikgTE1as-p (4.7)
The elastic moduli Eiasp for the first networks at their preparation state were
characterized as 9—26 kPa, depending on the crosslinker concentration (Figure 4-19 and
Table 4-2). Therefore, average N1 is estimated to be in the range of 5001800 (Table 4-
2). Note that the value is much (~10-times or more) larger than the Np,1 estimated from
the feed crosslinker ratios to the monomer (x1 = 1.0—4.0%; hence Np1 = 25—100), which
may be due to the crosslinking reaction is not ideally efficient. Bond dissociation energy
Dy is typically used as a represent of Uy, as the first approximation. However, some papers
including the original paper by Lake and Thomas suggest that Up (the “mechanical”
energy required to break one covalent bond) is 15-30% of the bond dissociation energy
Dp.3*3638 Therefore, | assumed a factor of one-fourth and Dy, is the bond dissociation
energy of C—C bond (approximately 350 kJ mol ™ 2):
Ub = (1/4)Dp = 88 kJ mol ™ (4.8)
Consequently, Ustrand Was approximately obtained as:
Ustrand = NpUp = (0.5—1.5) x 10% I mol™* = 108 J mol (4.9)
Even though the calculations above are rough estimation, the obtained result corresponds
well with the experimental result from the slope in Figure 4-17 that ~108 J of energy was
dissipated when 1 mole polymer strands were ruptured.
From the other aspect, the fraction of the broken strands in the total first network
strands can be estimated. The fraction of the broken strands estimated by the chemical
ferrous oxidation, @, is calculated by:

D¢ = Vbroken/V1,DN (4.10)
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where viroken 1S the number density of the broken strands per unit volume in DN gel after
stretched, and v1,pn is the number density of the total first network strands per unit volume
in DN gel before stretching. According to the affine network theory shown above, vi,pn
is calculated as:

V10N = Viasp (VoN/V0) L = Exasp (3keT) ™ (ton/to) (4.12)
where v1asp and E1asp are the number density of strands and elastic modulus of the first
network at the preparation state, respectively, and Von/Vo = (ton/to)® is the volumetric
swelling ratio of the first network from the as-prepared state of the first network to the
swollen state of the first network in the DN gel (Table 4-3). On the other hand, here |
assumed that the vbroken COrresponds to the concentration of generated Fe®*:

Vbroken = [Fe®*] (4.12)
Note that it is order estimation so that there may be numerical prefactor. Therefore, the
fraction of the broken strands is approximately calculated as:

D¢ = Voroken/V1,oN = 3KeT Evas-p + (ton/to)® [Fe3*] (4.13)
The v1,pN, Vbroken and @c are summarized in Table 4-4. For (1-4/4-0.01) DN gel, ~5% and
~16% of the first network chains are fractured at € = 1.6 (un-necked) and € = 4.7 (necked),
respectively. Even though it is rough estimation, approximately ~10% of the first network
strands is expected to be fractured in the necked region. In addition, the fraction @y
obtained from the mechanical hysteresis proposed by Nakajima et al. is also shown in the
Table.® Briefly, the fraction @y is the fractured first network chains out of all nominally
first network chains, which can be calculated from the mechanical hysteresis and the feed
monomer concentration.®

®p = Unys/Urotal = Unys/(2C1,onUp) (4.14)

where Utotal IS energy theoretically required for the fracture of all the first network chains
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within a unit volume, Cypn is the concentration of the monomer component of the first
network in the DN gel, and Uy is the energy required to break one C—C bond. Note that
Nakajima et al. used Up = 347 kJ mol ™! that is the bond dissociation energy Dy; however,
considering current scientific progress, here | used U, = 1/4 D, = 88 kJ mol™! (see
discussion above around equation 4.8). Therefore, @, value with my calculation is 4
times larger than that estimated by Nakajima et al.. As the result, interestingly, even
though both methods include rough estimations, ®. from chemical evidence gives similar

value of @y, for each gel (Table 4-4).

4.4. Conclusion

By using the Fenton color reaction, in which ferrous ion was oxidized to ferric ions,
triggered by mechanoradicals generated at the ends of the mechanically ruptured covalent
bonds, | have visualized and (semi-)quantified the degree of internal fracturing in the DN
gels. The concentration of the generated Fe3* was well-characterized by UV-visible light
absorption spectroscopy of the gels. Radical concentration has found to be in the same
order as the generated Fe3* concentration, though the exact quantification of the
mechanoradicals is still difficult. Therefore, the concentration of the mechanoradicals in
largely-stretched DN gels was defined as ~107° M (= 10?2 m3), which is 10 times or more
larger than that in SN gels. 1 also found that ~108 J of the mechanical energy are released
when 1 mole of strands are ruptured, and ~10s % of the first network strands may be
broken when the DN gels are largely deformed up to necking deformation, which are
consistent with the consideration based on the mechanical hysteresis and Lake—Thomas
theory. The result verified the mechanoradical concentration estimated from the ferrous

oxidation.
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These findings clearly indicate that the DN gel is the unique hydrogel to generate

abundant mechanoradicals by the mechanical stressing, and the mechanoradicals can

trigger chemical reaction as demonstrated by the Fenton reaction.
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Figures and Tables
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Figure 4-1. An example of mechanoradical generation by cleavage of polymer backbone.
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Table 4-1. Abbreviations and structures of the chemical compounds used in this chapter.

Chemical name Abbreviation Chemical structure
o (o]
N,N'-Methylenebisacrylamide MBAA \)]\N/\NJ\/
H H

methylpropanesulfonic acid) sodium salt

(0]
Poly(acrylamide) PAAM /t/gu\NH
2

. (o]
Poly(2-acrylamido-2-
Yz-acy PNAMPS %yv

o o

3,3"-Bis[N,N-bis(carboxymethyl) )H HO o HJ\
HO OH

aminomethyl]-o-cresolsulfonphthalein O ‘
Y]l . p o 1 g [
disodium salt /E ;\
SO;Na

HO o O ONa

(xylenol orange)

2,2"-Azobis(2- i -~
V-50 HoN Noy NHa
methylpropionamidine)dihydrochloride C|?+ ’
N -
2,2'-Azobis[2-(2-imidazolin-2- S H, cl
. . VA-044 N N N
yl)propane]dihydrochloride H d\)
Cl
2,2'-Azobis[2-methyl-N-(2- o 0 N N
hydroxyethyl)propionamide] VA-086 ~N N T ~ o
(o]
1-[4-(2-Hydroxyethoxy)-phenyl]-2- OH
1-2959
hydroxy-2-methyl-1-propane-1-one HO__~,
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IEC-540(S)

100 mm

JISK 6251-2

Figure 4-2. Dumbbell shapes (IEC-540(S) and JIS K 6251-2 standards) used in this
chapter for tensile test.
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Dumbbell-shaped Stretching
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spectroscopy
- B

: =1 ]

~10

100 mm
20

Figure 4-3. Schematic illustration of procedure of UV-Vis light absorption spectroscopy
for stretched DN gels. Dumbbell shape of JIS K 6251-2 standard was used. This figure is
from Science 363, 504-508 (2019). Reprinted with permission from AAAS.
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(1) (iii)  Necked region
<>

Figure 4-4. Optical images of a (1-4/4-0.01) DN gel fed with 100 M (NHa)2Fe"(SOq)2
250 uM XO and 20 mM H2SO4 (i) before, (ii) during, and (iii) 30-min after the stretching
(strain &€ = 3.5). A distinct color change from yellow to brown only in the necked region
was visually observed. This figure is from Science 363, 504-508 (2019). Reprinted with

permission from AAAS.
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Figure 4-5. Kinetics of Fenton color reaction in a stretched DN gel. (a) UV-Vis spectra
and (b) absorbance value at 440 and 580 nm (A40 and Asso, respectively) as the function
of time after the stretching. Absorbance value was normalized by the gel thickness (~1.6

mm).
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Figure 4-6. Kinetics of Fenton color reaction in a solution. Into the aqueous solution of
Fe?* and XO, H20: solution was added. (a) UV-Vis spectra and (b) absorbance value at
440 and 580 nm (As40 and Asgo, respectively) as the function of time after the H2O>

addition. In (b), the data observed in stretched DN gel shown in Figure 4-5 are also shown.

Absorbance value was normalized by the optical pass length.
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Figure 4-7. (a) UV-Visible light absorption spectra of aqueous calibration solutions
loaded with a specified concentration of NH4Fe!"'(SO4)2, 100 uM (NH4)2Fe!'(SO4)2, 100
uM XO and 20 mM H»SOg4. (b—d) UV-Visible spectra of unstretched and stretched gels
fed with ferrous ions and XO: (b) (1-4/4-0.01) DN gel, (c) (1-4) PNaAMPS SN gel, and
(d) (4-0.01) PAAmM SN gels. All gels were fed with 100 uM (NH4)2Fe(SO4)2, 100 uM XO
and 20 mM H>SOa. The peaks at approximately 440 and 580 nm correspond to unbound

X0 and XO complexed with Fe3*, respectively. Absorbance value was normalized by the

optical pass length. This figure is from Science 363, 504-508 (2019). Reprinted with

permission from AAAS.
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Figure 4-8. Calibration curve to determine the Fe®* concentration from the absorbance
value. The data points (blue dots) are obtained from aqueous calibration solutions loaded
with a specified concentration of NH4Fe"'(SO4). as well as 100 pM (NH4)2Fe'(SO4)2,
100 uM XO and 20 mM H2SO4. Some spectra are shown in Figure 4-7(a) as examples.
Black curve is the fitted curve by second-order fitting with Microsoft Excel. The inset
figure is the expanded view of the low concentration regime where the curve fitted well
too.
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Figure 4-9. Estimated Fe®* concentration from ferrous oxidation induced by
mechanoradicals in the stretched and unstretched gels. The error bars represent standard
deviations among three measurements. This figure is from Science 363, 504-508 (2019).
Reprinted with permission from AAAS.
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Figure 4-10. Assumed bond cleavages and radical generation in the PNaAMPS first
network of a deformed DN gel. The PNaAMPS polymer backbone and the MBAA cross-
linker backbone are represented by blue and red colors, respectively. (a) The C-C bonds
of the PNaAMPS main chains and/or (b) the a-C—C bonds of the MBAA cross-linker are
expected to break under a mechanical force. The black arrows indicate the direction of
the mechanical force to the molecules. This figure is from Science 363, 504-508 (2019).
Reprinted with permission from AAAS.
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Figure 4-11. Thermal and photo-cleavage reactions of V-50, VA-044, VVA-086 and 1-2959,
which are model compounds for generating certain concentrations of the carbon-centered

radicals by scission of the C—C or a-C—C bonds.
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Figure 4-12. (a-d) UV-visible spectra of the aqueous solution of low-molecular radical
generators in 20 mM H2SO4 before and after excitation to detect the decomposition degree.
Note that neither Fe?* nor XO was added, so that the absorption originates in each radical
generator. For the azo-type initiator, 50 mM initiator was used. For 1-2959, 200 uM
initiator was used. (e) Absorbance at 300 nm for the 1-2959 shown in d as the function of
UV irradiation time. Relatively short wavelength UV (314 nm) was used. As shown in e,

the initiator seems to be almost completely decomposed at the time more than 90 seconds.
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Figure 4-13. UV-Vis spectra of 100 uM (NHa)2Fe"(SO4)2, 100 uM XO and 20 mM H>SO4
along with certain concentrations of the low-molecular radical generators after excitation.
In all cases, lager amount of Fe3* generation (degreasing the peak at around 440 nm and
increasing the peak at around 580 nm) was observed at larger concentration of generated

radical.
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Figure 4-14. (a) The concentrations of generated Fe* ions as a function of the
concentration of generated radicals. In this experiment, 100 uM (NHa)2Fe(SOa4)2, 100 uM
X0, 20 mM H2SO4 and 0-40 uM of radical generators were used. The generated radical
concentration, [R-], was determined as [R-] = 2Cor, where Co is feed concentration of
radical generator and r is the decomposition ratio determined from Figure 4-12 (see also
main text). The straight lines represent the fitted curves through the origin. The generated
Fe3* concentration is linearly proportional to the radical concentration in each radical
generator system. (b) The number of generated Fe3* ions per radical, as obtained from the
slopes of the fitted curves in (a). The proportional constants, which indicate the number
of Fe?* ions oxidized per a radical, vary only within the order of unity for the different
radicals. This figure is from Science 363, 504-508 (2019). Reprinted with permission
from AAAS.
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Figure 4-15. Cyclic tensile loading curves of (1-4/4-0.01) DN gels and (4-0.01) PAAm
SN gels. This figure is from Science 363, 504-508 (2019). Reprinted with permission
from AAAS.
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Figure 4-16. Cyclic tensile loading curves of (1-4) PNaAMPS SN gel and (1-x1/2-0.01)
DN gels (x1 =1, 1.5, 2, 2.5, 3). For the DN gels, each gel was stretched up to the strain

where necking of the sample was completed in the all narrow part of the dumbbell-shaped

sample. This figure is from Science 363, 504-508 (2019). Reprinted with permission from

AAAS.
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Figure 4-17. Correlation between the mechanical hysteresis areas and the Fe
concentrations in the stretched gels: (1-4/4-0.01) DN gels stretched to various strains (e
=0,1.0, 1.6, 4.7, 6.0); (1-x1/2-0.01)DN gels of various compositions (x; = 1, 1.5, 2, 2.5,
3) stretched until the completion of necking; the (1-4) PNaAMPS SN gel (¢ =0, 0.2); and
the (4-0.01) PAAm SN gel (¢ = 0, 5.0). The dashed line is a guide for the eye. The error
bars represent standard deviations among three measurements. This figure is from Science
363, 504-508 (2019). Reprinted with permission from AAAS. The gel codes were

modified to fit to this dissertation.
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Figure 4-18. Correlation between the applied stress or strains and the generated Fe®*
concentrations in the stretched gels, corresponding to Figure 4-17. The error bars

represent standard deviations among three measurements.
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Figure 4-19. Stress—strain curves of (1-x) PNaAMPS SN gel at their as-prepared state.
Strain were measured by video extensometer. JIS-K 6251-7 sample geometry (12 mm
length and 2 mm width) with the thickness of 1.5 mm (x1 = 2, 2.5, 3, 3.5) or 0.5 mm (x1

=1, 1.5) was used.
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Table 4-2. Young’s modulus E of the as-prepared (1-x1) PNaAMPS SN gels and the
structural parameters calculated from E.

gel code (1-4) (1-3) (1-2.5) (1-2) (1-1.5) (1-1)

E (kPa) 25.7 19.1 16.4 14.1 8.5 8.5

Viasp (Mol m™3) 35 2.6 2.2 1.9 1.1 1.1
Nb,1 (-) 578 776 906 1054 1743 1746

E: elastic modulus of each as-prepared PNaAMPS SN gel characterized from uniaxial stress—strain curve of the gel
(Figure 4-19). Slope at the small deformation was obtained. vy asp: estimated number density of polymer strands of the
first network at the as-prepared state of the PNaAMPS SN gel, calculated by v asp = E/3ksT. Np,1: estimated number of
covalent C-C bonds in the backbone of a first network polymer strand on average, calculated by Np1 = 2CqV1 a5, Where

C, is the feed monomer (NaAMPS) concentration (C; = 1.0 M).
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Table 4-3. Number density of polymer strands of the first network in the DN gels

estimated from elastic modulus and swelling ratio.

gel code (1-4/4-0.01)  (1-3/2-0.01)  (1-2.5/2-0.01)  (1-2/2-0.01)  (1-1.5/2-0.01)  (1-1/2-0.01)

Viasp (MM) 3.5 2.6 2.2 1.9 1.1 1.1
ton/to () 2.8 3.2 3.6 4.0 45 6.3
vion (MM) 0.16 0.081 0.049 0.030 0.013 0.005

V1,asp: NUMber density of polymer strands of the first network at the as-prepared state of the PNaAMPS SN gel; ton/to: one-
dimensional swelling ratio characterized by thickness change; v; pn: Number density of the first network polymer strands

in the DN gels, calculated by vipn = Vi asp (ton/to) .
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Table 4-4. Estimation of fraction of broken chains in the first network.

V1N [Fe® [OX Uotal Uhys (O
(uM) (HM) (%) (MJI m3) (MJ m™3) (%)
(1-4/4-0.01) DN gel,
158 8 4.7 8.0 0.46 6
€=1.6
(1-4/4-0.01) DN gel,
158 26 16 8.0 2.0 25
e=47
(1-3/2-0.01) DN gel,
81 33 40 55 3.4 61
£€=10.1
(1-2.5/2-0.01) DN gel,
49 24 48 3.9 2.1 54
=107
(1-2/2-0.01) DN gel,
30 16 53 2.8 1.3 47
£€=10.2
(1-1.5/2-0.01) DN gel,
13 7 58 1.9 0.53 27
£€=83
(1-1/2-0.01) DN gel,
5 6 124 0.7 0.11 16

£=6.2

vipn: Number density of the first network polymer strands in the DN gels. [Fe*']. oxidized ferrous concentration in the
stretched DN gel. ®.: fraction of broken strands in the total strands of the first network, characterized as ® = [Fe3*]/v; pn.
Uita: €nergy theoretical required for the fracture of all the first network strands within a unit volume, calculated by Uiga =
2C; pnUp. Here 1 used Uy, = 88 kJ mol™ (see main text). ®y: fraction of broken strands in the total strands of the first network,

characterized as ®, = Upys/Uqr.
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Chapter 5: Mechanoradical Polymerization in DN gels

5.1. Introduction

As shown in the general introduction, the goal of my research is to create a “self-growing”
materials that respond to mechanical stressing to upgrade their “mechanical’” properties.
For hydrogels composed of polymer network and water, the mechanical properties such
as elastic modulus and strength rely on the structure of the polymer network, specifically
on the polymer concentration and crosslinking density. Therefore, a direct strategy to
enhance the mechanical properties of hydrogels is creating a new polymer network
structure and/or increase the crosslinking density of a polymer network.

In the previous chapter (Chapter 4), I have found that plenty of mechanoradicals
is generated in stretched DN gels compared to in conventional hydrogels. In general,
radicals can initiate/trigger various chemical reactions especially on organic synthesis.!?
Here, | chose radical polymerization initiated by the mechanoradicals because radical
polymerization can induce creation of new polymer or new polymeric network, which
can directly enhance the mechanical property of the DN gels. However, the
mechanoradical concentration in the DN gels found as ~10° M is not as high as the
concentration of radical initiator that is typically used for conventional radical
polymerization (1073-~10"1 M).2 Hence in this chapter, | show, quantify and discuss the
mechanoradical polymerization initiated by the mechanoradicals when the DN gel is

deformed.

5.2. Experiments

5.2.1. Materials

DN gels and SN gels were fabricated by following the method described in section 3.2.
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2-Acrylamido-2-methylpropanesulfonic acid (AMPS) was provided by Toa Gosei. N-
Isopropylacrylamide (NIPAAm) was purchased from Wako Pure Chemical Industries.
The abbreviations and chemical structures of some important compounds used in this

work are listed in Table 5-1.

5.2.2. Mechanoradical polymerization of AMPS in a DN gel

A (1-4/4-0.01) DN gel, 1.4-1.5 mm thick, was cut into dumbbell-shaped pieces
standardized to JIS K6251-2 (20 mm gauge length and 10 mm width) (Figure 5-1). The
cut gels were immersed in water for 1 day to quench radicals on the cut surface. The gels
were then immersed in large amount of aqueous solution of 2.0 M AMPS. The gels in the
solutions were settled in an argon glovebox (O2 concentration < 50 ppm) for two days to
remove oxygen. Afterwards, the gels were stretched by hands up to € = 5 where necking
was completed in the whole narrow part of the dumbbell shaped sample, and then
unloaded immediately and cut with scissors for separating the narrow part and the grip to
avoid residual monomer diffusion from the grip (unstressed region) to the narrow part
(objective region). The samples were wrapped in plastic film (Saran wrap) and covered
with aluminum foil to avoid drying and photo-polymerization, respectively, and stored in
the glovebox for 12 hours to proceed the polymerization. To prepare a control sample in
which no monomer was polymerized, the same procedure was carried out with an
unstretched and uncut (1-4/4-0.01) DN gel. Another control sample in which all
monomers were assumed to be polymerized was prepared as following procedure. A
cuboid-shaped (1-4/4-0.01) DN gel, ~1.5 mm x ~10 mm x ~10 mm, was immersed in an
aqueous solution of 2.0 M AMPS and 0.01 M (0.5 mol% to the monomer) 2-oxoglutaric

acid (photo-radical initiator) for two days. The DN gel was sandwiched between two glass

82



Chapter 5: Mechanoradical Polymerization in DN gels

plates, placed in argon glovebox and irradiated with UV light (365 nm, 4 mW cm™2) for
~8 hours to polymerize the AMPS monomer in the DN gel by conventional photo-radical

polymerization.

5.2.3. Characterization of monomer conversion by near-infrared light absorption
spectroscopy

The monomer conversion was characterized by Fourier transform transmittance near-
infrared (FT-NIR) light absorbance spectroscopy. A gel sample was sandwiched between
two CaF. plates, and FT-NIR light absorbance spectroscopy was carried out with
commercial spectrometer (FT/IR-6100, Jasco Co.) at transmittance mode.

According to a previous paper on NIR spectroscopy monitoring polymerization
of AMPS in water, a peak at around 6173 cm! corresponds to C—H stretching overtone
at the C=C double bond of AMPS.* To quantify the residual monomer concentration, the
half-band peak integral at 6173—6265 cm ™ in the difference absorbance spectrum was
calculated following the previous paper.* In my analysis, the error of gel thickness may
affect the quantification. Therefore, The difference absorbance Adifr is modified as Agifr =
aAsample — Astandard, Where Asample IS the absorbance value of the stretched or unstretched
sample, Astandard IS that of the standard sample with photopolymerized AMPS, and a is the
correlation factor that is closed to 1.0 to calibrate the error on the gel thickness. The factor
a is determined by assuming the absorbance at 6265 cm ™ does not change during the

polymerization of AMPS in water.*

5.2.4. Spatially controlled mechanoradical polymerization

A (1-4/4-0.01) DN gel, 1.3 mm thick, was cut into a 70 mm x 40 mm sheet, and immersed
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in water for 1 day. The sample was then immersed in aqueous solution containing 1.0 M
NIPAAmM and the sample in the solution was placed in an argon glovebox at 5°C for two
days to remove oxygen. Cool condition was chosen because NIPAAm polymerization
may be suppressed at high temperature (room temperature or higher) due to phase
separation of growing PNIPAAmM. After two days, the gel was picked up from the solution
and sandwiched between a polyacrylic resin mold with the convex letters “LSW” (1.5
mm-convex height) and a flat plate in the argon atmosphere (Figure 5-2). The mold was
fabricated using a commercial 3D printer (Agilista-3100, Keyence Co.). Compression
was applied to the DN gel to induce internal fracturing in the regions in contact with the
convex letters. Afterwards, the compressed DN gel was wrapped with plastic film (Saran
wrap) and left in the glovebox for 8 hours to allow NIPAAmM polymerization. After the 8
hours, the DN gel was observed in air at the temperature of 5 and 50°C to see the

reversible microscopic phase separation behavior of the synthesized PNIPAAM.

5.3. Results and Discussion

5.3.1. Mechanoradical polymerization of AMPS in DN gels

The monomer conversion was characterized by using near-infrared (NIR) light absorption
spectroscopy at the wavenumber ranged around 6000—7000 cm . With this method, the
conversion of the C=C double bond to C—C single bond is directly observed.** Compared
to normal infrared (IR) spectroscopy (400-3000 cm ™), bulk information in the gel can be
obtained appropriately. Since organic compounds and water is sensitive to the IR
absorption (i.e. having high molar absorption coefficient), the sample thickness <10—100
um should be used for the transmittance mode of normal IR range in usual case. However,

synthesizing thin DN gels (<100 pm) is technically difficult.” If using normal IR,
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reflection mode such as attenuated total reflection (ATR) method would be applicable;
however, the method measures only thin surface (e.g. few um for ATR-IR) in which the
conversion and/or composition of the gel might be different from the bulk. Therefore,
here | used NIR spectroscopy at transmittance mode.

Figure 5-3 shows the FT-NIR spectra of the stretched, unstretched and
photopolymerized DN gels that had initially contained 2.0 M AMPS monomer. The peak
at around 6173 cm* of the stretched sample was almost disappeared as well as that of the
photopolymerized sample. This peak corresponds to the C—H stretching overtone at the
C=C double bond of AMPS.* Therefore, the results clearly indicate that the AMPS was
polymerized in the DN gel when it was stretched. Since mechanoradicals are generated
in the stretched DN gel, the polymerization should be initiated by them. Such
mechanoradical polymerization has also found in previous researches in polymer
solutions, melts and polymer surfaces,® ' though mechanoradical polymerization in a
bulk material has never found before. Next, the monomer conversion was quantified.
Assuming all monomers were polymerized in the photopolymerized sample, the spectra
of unstretched and stretched samples are subtracted by the spectrum of photopolymerized
sample (see method section for detail) (Figure 5-4). Note that the peak at around 6173
cm is asymmetric that is also found in a reference,* because there is other peak
corresponding to C—H stretching at the C=C bond at the lower wavenumber.® To quantify
the monomer conversion, the half-band peak integral values at 61736265 cm ! was
calculated, resulting 0.15+0.08 and 1.57+0.07 cm™* for the stretched and unstretched
samples, respectively. The errors represent standard deviation among three individual
measurements for each sample. Assuming no monomer was reacted in the unstretched

sample, the monomer conversion in the stretched sample was obtained as high as
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90.3£5.1%. The high conversion dramatically increases the weight fraction of polymer in
the gel. Before stretching, the DN gels with monomers contained approximately 20 wt.%
polymer, 30 wt.% AMPS monomer and 50 wt.% water because water content of (1-4/4-
0.01) DN gel without monomer is 81 wt.% and weight fraction of AMPS in 2.0 M aqueous
solution is about 37 wt.%. After stretching at which 90% of monomer were converted,
the DN gel compositions turned into 47 wt.% polymer, 3 wt.% residual monomer and 50
wt.% water. Hence the polymer fraction was increased by more than double, from 20
wt.% to 47 wt.%.

Considering the estimated radical concentration (~10° M) and the reacted
monomer concentration (~10° M), the degree of polymerization and the molecular weight
of each new polymer chain on average is calculated to be ~10° (dimensionless) and ~107
g/mol, respectively, assuming chain transfer reaction is negligible. The values are
comparably high in the synthetic polymers, but such high molecular weight (in the order
of 10°-107 g/mol) of polymers has been reported when polyacrylamide derivatives was
synthesized by free-radical polymerization in aqueous media.**~*3 One possible reason
of the high efficiency is due to the small transfer constant to water. As an example, for
polymerization of methyl methacrylate, the transfer constant to water at 60°C is (0—0.03)
x 107*, whereas those to organic solvents at 60°C are 0.394 x 10°* to butyl alcohol,
(0.45-1.77) x 107 to chloroform, (0.1-0.46) x 10 to ethyl acetate, 0.583 x 107* to
isopropyl alcohol and (0.17-0.45) x 10~* to toluene.!* When a radical is transferred to a
solvent molecule, the diffusivity of the transferred small-molecular radical is much higher
than that of mechanoradical and propagating radical both of which are at the end of a
polymer chain. Hence the possibility of the termination reaction become high when the

radical is transferred to the solvent. Therefore, such high efficiency of mechanoradical
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polymerization in DN gels may depend on the solvent.

It should be noted that almost no polymerization was observed when the
stretching experiment was carried out not in an argon glovebox but in air. This is because
oxygen quenched radical, which is well-known phenomenon in radical chemistry.!® The
solubility of oxygen in fresh water at atmospheric condition (under 1 atm air with 0.21
atm Op) at 25°C is 2.6 x 10* M, that is one-order larger than the estimated
mechanoradical concentration (~10"° M). Therefore, the mechanoradical polymerization
is quenched by the oxygen. The result supports that the polymerization was driven by the
mechanoradicals generated by the mechanicals stressing. On the other hand, the oxygen
will be one problem on this system for future applications because the mechanoradical
polymerization in our DN gels can perform only in inert atmosphere for now. To solve
the problem to open broad applications, one will be possible to use oxygen

trapping/quenching agent or oxygen tolerant techniques in the DN gels.*>18

5.3.2. Spatially controlled mechanoradical polymerization

Since the mechanoradical polymerization in the DN gels is triggered by mechanical
stressing, monomer can be polymerized only at the stressed region. To demonstrate that,
local patterning of the polymerization by local compression was performed. It has been
known that not only stretching but also compression can induce internal fracturing.®2°
Because a hydrogel is “incompressible” material, i.e. material’s volume is constant under
deformation, the gel expands to lateral direction when the gel is compressed. Therefore,
in a compressed DN gel, polymer strands are stretched to lateral direction, and ruptured
when they are stretched until their stretching limit.

Here a DN gel sheet containing N-isopropyl acrylamide (NIPAAmM) monomer
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were locally compressed by a mold with a convex letter “LSW” (abbreviation of the name
of our laboratory: laboratory of soft and wet matter) (Figures 5-2 and 5-5a). The
photographical images of the locally compressed DN gel at 5 and 50°C are shown in
Figure 5-5b. At low temperature, whole of the DN gel sheet was transparent. When the
gel sheet was heated to 50°C, the locally compressed region became untransparent (white)
and the letters “LSW” appeared. The thermal response was reversible. The result
demonstrates that the monomer NIPAAmM was polymerized by mechanoradical
polymerization only at the compressed region. The corresponding polymer poly(N-
isopropyl acrylamide) (PNIPAAm) is known to show thermo-responsive phase separation
at around 35°C because of lowest critical solution temperature (LSCT) phenomenon.?! At
low temperature, PNIPAAm is soluble in aqueous phase, so the gel is totally transparent
at 5°C. On the other hand, because PNIPAAm is insoluble in aqueous phase at high
temperature, the mechanically synthesized PNIPAAmM showed micro-phase separation
and hence the compressed region became opaque at 50°C. The uncompressed region kept
transparent because the monomer in the gel was not polymerized without stressing. Even
after 1 year during which the gel had been stored in water at room temperature, the
embedded letters “LSW” were clearly observed by naked eyes, suggesting the
mechanically synthesized PNIPAAm could not diffused out from the compressed part.
The result implies that the mechanoradical polymerization was mainly or totally initiated
from the broken ends of polymer strands that are connected to the infinite network. If
plenty of radical transfer reaction to small molecule had happen, the PNIPAAmM would
have diffused.

These results explain that the mechanoradical polymerization in DN gels can be

triggered at a desired position by applying spatially programmed deformation. Moreover,
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as demonstrated by the reversible thermo-response of the letter appearance by PNIPAAM,
desired function will be embedded at the desired position by the mechanical
stressing/stamping using appropriate monomer, which may be used in a fabrication

process and/or for recording mechanical history under usage.

5.4. Conclusion

I found that mechanoradicals generated in stressed DN gels can initiate radical
polymerization of vinyl monomers, AMPS and NIPAAm. For the mechanoradical
polymerization of 2.0 M AMPS in a stretched and necked (1-4/4-0.01) DN gel, the
conversion was quantified as high as 90% (1.8 M) by NIR spectroscopy. The high
conversion significantly increased the polymer concentration in the gel from 20% to 47%
as an example. The high conversion essentially roots in radical polymerization. Since
estimated oxygen concentration in DN gel at atmospheric condition is much higher than
mechanoradical concentration, the mechanoradical polymerization could not induced
under atmospheric condition. Additional solution to reduce oxygen concentration will be
required for future applications.

The mechanoradical polymerization in a DN gel can induced by both stretching
and compression. By applying local deformation such as local compression, selective
pattern is imprinted only at the stressed region. As exemplified by imparting
thermoresponsive property by stress-induced NIPAAm polymerization, diverse functions
can be imparted on demand by applying programmed mechanical stimuli to DN gels with

using appropriate functional monomers.
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Figures and Table

Table 5-1. Abbreviations and structures of the chemical compounds used in this chapter.

Chemical name Abbreviation Chemical structure
. o
Poly(2-acrylamido-2-
SOz;Na
methylpropanesulfonic acid) sodium salt PNaAMPS N></ ’
o)
Poly(acrylamide) PAAM /t/gu\NH
2
2-Acrylamido-2-methylpropanesulfonic o
acid AMPS \)l\uksow
. o)
Poly(2-acrylamido-2- ></
- PAMPS N SOsM
methylpropanesulfonic acid) N
o
N-Isopropylacrylamide NIPAAM \)LN)\
N

o
Poly(N-isopropylacrylamide) PNIPAAM /Sju\NJ\
H
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100 mm

JISK6251-2

Figure 5-1. Dumbbell shape (JIS K 6251-2 standard) used in this chapter for tensile

experiment.
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Figure 5-2. (a) Experimental set-up for inducing spatially controlled internal damage in
a DN gel to achieve space-selective mechanoradical polymerization. A stamp with the
convex letters “LSW” was pressed onto the DN gel. (b) A photographic image of the
stamp made of 3D-printed acrylic resin. This figure is from Science 363, 504-508 (2019).

Reprinted with permission from AAAS.
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Figure 5-3. Fourier transform near-infrared (FT-NIR) transmittance spectra of
unstretched (blue) and stretched (red) (1-4/4-0.01) DN gels fed with a 2.0 M aqueous
solution of vinyl monomer AMPS. In addition, the spectrum of a photoirradiated,
unstretched DN gel loaded with 2.0 M AMPS and 0.01 M 2-oxoglutaric acid
(photoradical initiator) is also shown as a control (green). The peak at approximately
6,173 cm™* corresponds to C—H overtone stretching at the C=C double bond of AMPS.
This figure is from Science 363, 504-508 (2019). Reprinted with permission from AAAS.
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Figure 5-4. Difference spectra of the unstretched and stretched (up to the completion of
necking) (1-4/4-0.01) DN gels loaded with 2.0 M AMPS monomer obtained by
subtracting the spectra of the photoirradiated DN gels (see also Figure 5-3). This figure
is from Science 363, 504-508 (2019). Reprinted with permission from AAAS.
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Figure 5-5. (a) Illustration of space-selective mechanoradical polymerization ina DN gel
fed with NIPAAmM monomer under compression with a stamp embossed with the raised
letters “LSW”. (b) Optical images of the (1-4/4-0.01) DN gel after compression with the
stamp at 5°C and 50°C. The letters “LSW” were reversibly displayed or erased by
changing the temperature. This figure is from Science 363, 504-508 (2019) (rearranged).
Reprinted with permission from AAAS.
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Chapter 6: Self-Strengthening/Growing DN Gels

6.1. Introduction

Until the previous chapter, it has been revealed that plenty of mechanoradicals generated
in a stressed DN gel due to its internal fracturing has an ability to induce efficient
mechanoradical polymerization, which dramatically increases the polymer weight
fraction in the gels. Because mechanical properties of a polymer gel essentially root in
polymeric network structure, such mechanoradical polymerization possibly upgrades the
mechanical property of the DN gels which is one of the main goals of my research. On
covalently crosslinked hydrogels including a DN gel, the number density of crosslinkers
affects strongly to their mechanical properties. Hence, adding crosslinker as well as
monomer for the mechanoradical polymerization is a direct approach to positively change
the mechanical properties of a hydrogels effectively. In this research, both “self-
strengthening” and “self-growing” have been investigated. Here, self-strengthening
means the upgrade of stiffness, stress at break and/or the stress—strain behavior. Besides,
self-growing means repetitive upgrade of the mechanical properties and/or the size of the
materials.

In this chapter, at first, self-strengthening of the DN gels is investigated. The
effect of the concentrations of monomer and crosslinker on the self-strengthening is
systematically discussed. The extent of the self-strengthening is characterized by
stress—strain curve and elastic modulus change (self-stiffening). Afterwards, the
experiment and discussion are shifted to the self-growing of the DN gels, i.e. repetitive
upgrade of the properties such as strength and size in response to the repetitive mechanical
stimuli. To achieve the self-growing phenomenon, several issues should be solved. The

issues are found from the results and discussion of the self-strengthening experiment. The
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strategy and solution to solve the issues are discussed, and finally the self-growing

hydrogels is demonstrated.

6.2. Experiments

6.2.1. Materials

DN gels and SN gels were fabricated by following the method described in section 3.2.
2-Acrylamido-2-methylpropanesulfonic acid sodium salt (NaAMPS) (49.7 wt.% aqueous
solution) was provided by Toa Gosei. N,N'-Methylenebisacrylamide (MBAA) was
purchased from Wako Pure Chemical Industries. N,N',N"-Triacryloyl diethylenetriamine
(TADETA) was provided by Fujifilm. 4-Hydroxy-2,2,6,6-tetramethylpiperidine 1-oxyl
(TEMPOL) was purchased from Tokyo Chemical Industry. The abbreviations and
chemical structures of some important compounds used in this chapter are listed in Table

6-1.

6.2.2. Mechanoradical network-polymerization in DN gel using MBAA crosslinker
(preliminary experiment)

A (1-4/4-0.01) DN gel, 2.8 mm-thick, was cut into dumbbell-shaped pieces standardized
to IEC-540(S) (17 mm gauge length and 4 mm width, Figure 6-1). The cut gels were
immersed in water for 1 day to quench radicals on the cut surface. The gels were then
immersed in large amount of aqueous solution of NaAMPS and MBAA of which
concentrations were varied at 0-1.0 M and 0-0.1 M, respectively. The gels in the solutions
were settled in an argon glovebox (O2 concentration < 100 ppm) for 2—4 days to remove
oxygen. Afterwards, the gels were stretched by hands up to € = 6 where necking was

completed in the whole narrow part of the dumbbell shaped sample, and then unloaded
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immediately. The samples were wrapped in plastic film (Saran wrap) and covered with
aluminum foil to avoid drying and photo-polymerization, respectively, and stored in the
glovebox for half day to proceed the polymerization.

After the half-day incubation, the gel samples were taken out from the glovebox
and uniaxial tensile test of the samples was carried out using a commercial tensile tester
(Instron 5965, Instron Co.) at a crosshead velocity of 100 mm min~'. The strain () was
measured using a noncontacting video extensometer (AVE, Instron Co.), and the nominal
stress (o) was calculated as the measured load divided by the original cross-sectional area
vertical to the load. Because the gel exhibits small residual strain, the stress and strain
were normalized to the state of original (unstretched) DN gel. The procedure is shown in

the results and discussion section.

6.2.3. Self-strengthening of DN gel using TADETA crosslinker characterized by
stress—strain behavior

A (1-3/3-0.01) DN gel, 1.5 mm-thick, was cut into dumbbell-shaped pieces standardized
to JIS K 6251-2 (20 mm gauge length and 10 mm width, Figure 6-1). The cut gels were
immersed in water for 1 day to quench radicals on the cut surface. The gels were then
immersed in large amount of aqueous solution of 0.3 M NaAMPS and 0.3 M TADETA.
The gels in the solutions were settled in an argon glovebox (O2 concentration < 100 ppm)
for 2 days to remove oxygen. Afterwards, the gels were stretched to the point at which
the necking of the sample was complete (¢ ~ 6) and then were unloaded in an argon
atmosphere with a commercial tensile tester (MCT-2150, A&D Co.) operating at a
crosshead velocity of 300 mm mint. The samples were wrapped in plastic film (Saran

wrap) and covered with aluminum foil to avoid drying and photo-polymerization,
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respectively, and stored in the glovebox for one day to proceed the polymerization.

After the one-day incubation, the gel samples were taken out from the glovebox.
Then necked part of each samples was cut into smaller dumbbell-shaped piece (JIS K
6251-7; 12 mm gauge length and 2 mm width, Figures 6-1 and 6-2). Uniaxial tensile test
of the small dumbbell gel pieces was carried out using a commercial tensile tester (Instron
5965, Instron Co.) at a crosshead velocity of 300 mm min~!. The strain (g) was measured
using a noncontacting video extensometer (AVE, Instron Co.), and the nominal stress (o)
was calculated as the measured load divided by the original cross-sectional area vertical
to the load. Because the gel exhibits small residual strain, the stress and strain were
normalized to the state of original (unstretched) DN gel. The procedure is shown in the
results and discussion section.

In addition to the (1-3/3-0.01) DN gels fed with 0.3 M NaAMPS and 0.3 M
TADETA, four control samples were also prepared, and their stress—strain curves were
characterized. The same experimental procedure above was carried out for these control
samples except as mentioned below. The first control sample is a (1-3/3-0.01) DN gel
immersed in water, which is a sample without feeding any monomer or crosslinker. The
second control sample is a (1-3/3-0.01) DN gel fed with 1.2 M NaAMPS, which is a
sample with monomer but without feeding any crosslinker. The NaAMPS concentration
was selected as 1.2 M to match the concentration of vinyl group of the fed chemicals. The
third control sample is a (1-3/3-0.01) DN gel fed with 0.01 M TEMPOL as well as 0.3 M
NaAMPS and 0.3 M TADETA, which is a sample with radical trapping agent TEMPOL.
The fourth control sample is a (3-0.01) PAAm SN gel (1.4-mm thick) fed with 0.3 M
NaAMPS and 0.3 M TADETA, which is a sample of a conventional SN (single-network)

gel. Only for the control experiment using an SN gel, the pre-stretching strain in the argon
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glovebox was set as € ~ 4 because € ~ 5-6 is the stretching limit of the gel.

6.2.4. Characterization of polymer weight fraction

Related to the self-strengthening experiment shown in the previous section (section 6.2.2),
polymer weight fractions of the pre-stretched/unstretched gels fed with/without monomer
and crosslinker were also characterized. The DN and SN gel samples were prepared as
described in section 6.2.2. Briefly, each gel fed with/without monomer and/or crosslinker
was stretched (or not stretched) in the argon glovebox, stored in the glovebox for 1 day,
and then picked out from the glovebox.

The weight fraction of polymer for each gel sample was characterized. First, the
weight of each gel, wwet, was measured. The gel is composed of polymer, monomer,
crosslinker and water. Next, the gel was immersed in large amount of water for 2 days in
order to extract the unreacted monomer and crosslinker from the gel. After the immersion,
each gel composed of polymer and water was dried at 120°C for 8 h in vacuo. The weight
of each dried gel, wary, was measured. The weight fraction of polymer for each gel, f,, was

characterized as fp = Wary/Wwet.

6.2.5. Characterization of the kinetics of the self-strengthening

A (1-3/3-0.01) DN gel, 1.5 mm-thick, was cut into dumbbell-shaped pieces standardized
to JIS K 6251-7 (12 mm gauge length and 2 mm width, Figure 6-1). The cut gels were
immersed in water for 1 day, and then were immersed in large amount of aqueous solution
of 0.2 M NaAMPS and 0.2 M TADETA. The gels in the solution were placed in an argon
glovebox (O2 concentration < 100 ppm) for 2 days to remove oxygen. Afterwards, each

gels was stretched to the point at which the necking of the sample was complete (¢ = 6)
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and then was unloaded in an argon atmosphere with a commercial tensile tester (MCT-
2150, A&D Co.) operating at a crosshead velocity of 300 mm mint. The sample was
wrapped in plastic film (Saran wrap) and covered with aluminum foil to avoid drying and
photo-polymerization, respectively. After waiting for certain time (1-720 min), each
sample was stretched again in the argon glovebox with the tensile tester. The reloading

stress—strain curve for each waiting time was characterized.

6.2.6. Self-stiffening of DN gel using TADETA crosslinker

A (1-3/3-0.01) DN gel, 1.5 mm-thick, was cut into dumbbell-shaped pieces standardized
to IEC-540(S) (17 mm gauge length and 4 mm width, Figure 6-1). The cut gels were
immersed in water for 1 day, and then were immersed in large amount of aqueous solution
of 0-0.8 M NaAMPS and 0-1.0 M TADETA. The gels in the solution were placed in an
argon glovebox (O concentration < 100 ppm) for 2 days to remove oxygen. Afterwards,
the gels were stretched to the point at which the necking of the sample was complete (¢ =
6) and then were unloaded in an argon atmosphere with a commercial tensile tester (MCT-
2150, A&D Co.) operating at a crosshead velocity of 300 mm mint. The samples were
wrapped in plastic film (Saran wrap) and covered with aluminum foil to avoid drying and
photo-polymerization, respectively, and stored in the glovebox for one day to proceed the
polymerization.

After the one-day incubation, the gel samples were taken out from the glovebox,
and Young’s moduli of the gel samples were characterized. The Young’s modulus was
characterized by indentation test with a spherical metal indenter (1-mm radius) and a
commercial mechanical testing machine (Autograph AG-X 20 kN, Shimadzu Co.)

operating at a crosshead velocity of 1 mm min?. Silicone oil was thinly applied on the
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gel to avoid the friction effect. The Young’s modulus E was determined by fitting to

Hertzian equation for an incompressible isotropic soft material:!~

9
P=E RY/2 p3/2 (6.1)

where P is the loading force, R is the radius of the spherical indenter, and h is the

indentation depth. Fitting range 0 < h < 0.2 mm was used.

6.2.7. Self-growing of DN gel

A (1-3/3-0.01) DN gel, 1.5 mm-thick, was cut into dumbbell-shaped pieces (15 mm gauge
length and 2 mm width, Figure 6-1). The cut gels were immersed in water for 1 day, and
then were immersed in large amount of aqueous solution of 0.08 M NaAMPS and 0.08
M MBAA. The gels in the solution were placed in an argon glovebox (O2 concentration
<100 ppm) for at least 1 day to remove oxygen. For a “open system” sample, the gel was
stretched to a displacement of 75 mm (¢ = 5) and then was unloaded in an monomer
solution (0.08 M NaAMPS and 0.08 M MBAA, ~500 mL) with a commercial tensile
tester (MCT-2150, A&D Co.) operating at a crosshead velocity of 300 mm min2. The
experimental setup is described in Figure 6-3, in which home-made
polymethylmethacrylate box (ca. 5 x 5 x 25 cm) was used as a solution bath. After
remaining in the monomer solution for 60 min after the first stretching, the gel was
stretched to 75 mm (same displacement as before) and unloaded again with the same
manner as described above. The stretching, unstretching and incubation process was
repeated for four times. For the “closed system” sample, the monomer-fed gel was
repetitively stretched, unloaded and incubated following procedure above, except that the
experiment was performed not in the monomer solution but under the argon atmosphere.

During the 60-min incubation, the gel was wrapped with plastic film (Saran wrap) to
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avoid drying. As a reference experiment, a dumbbell-shaped (1-3/3-0.01) DN gel without
monomer nor crosslinker was repetitively stretched, unstretched and incubated in water.
The procedure was same for the “open system” sample, except that not monomer solution

but water was used.

6.3. Results and Discussion
6.3.1. Mechanoradical network-polymerization in DN gel using MBAA crosslinker
(preliminary experiment)
First, N,N'-methylenebisacrylamide (MBAA) crosslinker as well as NaAMPS monomer
was fed in a DN gel for the mechanoradical network-polymerization. The MBAA having
two acryloyl groups in a molecule is commonly used as the chemical crosslinker to
prepare hydrogels. The (1-4/4-0.01) DN gels fed with NaAMPS and MBAA were
stretched in the argon glovebox, and the stress—strain curves of the stretched DN gels
were characterized. As the DN gel exhibits small residual strain after stretching, the
residual strain should be considered when the stress—strain curve of the stretched sample
is compared to the original unstretched sample. When the residual strain appeared, the
sample length increased and the cross-sectional area decreased for the pre-stretched
sample at their load free state compared to the original unstretched state. In this
preliminary experiment described in this section 6.3.1, the stretched dumbbell shaped gel
was restretched as it was. Therefore, normalized stress oy is calculated as:

on = F/Ao unstretched (6.2)
where F is the applied force and Ao unstretched 1S the original cross-sectional area before pre-
stretching. On the other hand, normalized strain ¢, is calculated as:

en=An—1=2AobsX Ares—1 = (€obs+ 1) (€res+ 1) — 1 (6.3)
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where A and ¢ are the elongation ratio and strain (A = ¢ + 1), respectively, and the
subscribed “n”, “obs” and “res” denotes the normalized, observed and residual,
respectively. In this preliminary experiment, | briefly assumed that the residual strain is
eres = 10%. (In the following section 6.3.2, the residual strain was individually measured
for each sample).

The normalized stress—strain curves of the pre-stretched DN gels fed with
NaAMPS and MBAA are shown in Figure 6-4. The concentration of NaAMPS Cr was
varied from 0, 0.25, 0.5 to 1.0 M, and that of MBAA Cx was varied from 0, 0.025, 0.05
to 0.1 M. Note that 0.1 M is close to the solubility limit of MBAA in water. In Figure 6-
4, the data are summarized both same Cr, varied with Cyx, and same Cx varied with Cp,.
When only NaAMPS was fed in the DN gel (i.e. no MBAA was fed; Figure 6-4(d)), the
stress—strain curves are almost overlapped with the curve of the control sample in which
neither monomer nor crosslinker was fed (discussed in section 6.3.2). In contrast, when
the MBAA crosslinker was fed as well as NaAMPS, the enhanced mechanical properties
were observed compared to the control stretched sample. The strain hardening began at
small strain when higher Cx was used. When the Cx was fixed, the stress value at certain
strain level is larger for the sample of higher NaAMPS concentration. The result indicates
that new polymer network was synthesized by the mechanoradical polymerization
because the MBAA acted as the crosslinker of the new network.

Even though the stress—strain curve was changed due to the newly formed
network, the stresses at break observed in this experiment were almost constant around
1.4 MPa. However, the result does not reflect the actual strength of the self-strengthened
gel but originates in the experimental setup. When the gel broke into two pieces on this

re-tensile test, the breaking point was not the narrow part of the dumbbell-shaped sample
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where new network polymerization occurred but the un-necked part at the edge of the
narrow part. In the un-necked part, few mechano-polymerization should have occurred
because the amount of the mechanoradicals in the un-necked region is much fewer than
in the necked region (see Chapter 4 especially Figures 4-4 and 4-9). Hence, even if the
necked part became stronger than the original DN gel, the dumbbell-shaped gel would
break at the un-necked part which has similar strength as the original DN gel. Therefore,
the result does not mean that mechanoradical polymerization does not affect to the stress
at break of the DN gels. In order to characterize the actual strength of the necked region,
small sample specimen must be cut off from the necked region, which is performed in the
following section 6.3.2.

Young’s moduli of the stretched DN gels are also characterized (Figure 6-5). To
characterize the Young’s modulus, slope of the normalized stress—strain curve at small
deformation range (10% strain except for the initial noisy region and residual strain; 0.02
<€ <0.10 for the unstretched DN gel and 0.12 < ¢ < 0.20 for the stretched DN gels), was
obtained by linear fitting. As shown in Figure 6-5, the moduli of the stretched DN gels
fed with monomer and crosslinker are higher than that of the stretched DN gel without
feeding monomer and crosslinker. The modulus was virtually increased when higher
concentration of monomer and crosslinker was used. In the series of this experiment, the
highest modulus reached as 0.13 MPa at Cy = 1.0 M NaAMPS and Cx = 0.1 M MBAA,
which is 2.1 times higher than the stretched DN gel. However, the modulus was still much
lower than the virgin DN gels (0.6 MPa). Therefore, self-stiffening effect was not
observed in this series of experiment, even though stress-induced mechanoradical
network-polymerization occurred. The modulus of chemically-crosslinked hydrogels

essentially roots in two terms: one is the number density of the network strands which is
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virtually proportional to the number density of the crosslinking point, and the other is the
elastic stored energy of each chain which relates to the stretching degree of the polymer
strands by swelling. The Young’s modulus of the DN gels is quite high (10°-10° Pa)
compared to the other hydrogels (10%-10° Pa) because the first network strands are highly
stretched state due to the dense crosslinking and high swelling of the polyelectrolyte first
network.3-> Because the strands of newly formed network at the as-polymerized state are
virtually unstretched and coiled state, it is not easy to form enough stiff network in order
to achieve the self-stiffening effect on DN gel. One would be possible to achieve if much
larger amount of crosslinker is fed in the DN gel; however, it is technically difficult when
using MBAA because the current best condition using Cx = 0.1 M MBAA is close to the
solubility limit of MBAA in water. In the followed section 6.3.2, the other crosslinker is
used to solve the issue.

In Figure 6-4, interestingly, yielding-like phenomenon was observed on some
stretched DN gels such as a sample fed with C,, = 0.25 M NaAMPS and Cx = 0.1 M
MBAA. Such yielding-like behavior is the sign of structure destruction in the gel.>® On
a cyclic tensile test for the sample, mechanical hysteresis was also observed (Figure 6-
6). Since the yielding and hysteresis was observed at the strain less than the pre-stretching
strain (¢ = 6), the newly formed network must be broken during the deformation.
Conventionally, the sacrificial bond mechanism (i.e. internal fracturing) of DN gels is
used only at first mechanical stressing because covalent bond is irreversible. Hence, the
mechanoradical network formation at proper condition have a potential to recover the
sacrificial bond mechanism.

As short summary for this section 6.3.1, mechanoradical network-

polymerization was achieved by feeding crosslinker as well as monomer in the DN gel.
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The new network formation was characterized by re-tensile test of the pre-stretched DN
gels. During the experiment and characterization, two issues were found for achieving
and characterizing distinct self-strengthening; (1) small sample specimen should be cut
off from the necked region to characterize the actual strength of the self-strengthen region
and (2) appropriate crosslinker which has high solubility in water should be used instead

of MBAA to achieve distinct self-stiffening.

6.3.2. Self-strengthening of DN gel using TADETA crosslinker

Given the issues shown above, the experimental procedure was changed as follows. (1)
As shown in Figures 6-2 and 6-7, bigger dumbbell-shaped specimen (20-mm gauge
length and 10-mm width) was used for the pre-stretching to induce mechanoradical
network-polymerization, and small dumbbell-shaped specimen (12-mm gauge length and
2-mm width) was cut off from the necked part of the big dumbbell-shaped specimen. (2)
A crosslinker N,N',N"-triacryloy! diethylenetriamine (TADETA, Table 6-1) was used
instead of MBAA. The solubility of TADETA in water is more than 50 wt.% (supplier
information) that corresponds to > 1.8 M which is much higher than that of MBAA (0.1—
0.2 M) or the other conventional water-soluble crosslinkers (typically <0.1 M). The
crosslinker TADETA may also have an advantage for the self-strengthening experiment,
that is, TADETA has three acryloyl groups in one molecule which can enhance the
crosslinking efficiency per molecule. The experimental changes (1) and (2) are the
essential modifications to solve the issues found in section 6.3.1. The experimental details
and the other small modifications of the experimental condition are described in the
method section.

In this experiment described in section 6.3.2, stress and strain are normalized
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similar to that described in section 6.3.1. Here, residual strain of each sample was
individually measured assuming that DN gel is incompressible soft material. Considering
the materials incompressibility, the inverse of residual elongation ratio, Ars *, is
corresponding to the change ratio of cross-sectional area. Hence, by measuring the width
and thickness of each sample before and after the pre-stretching, the residual strain gres (=
Ares — 1) Is obtained. With the residual elongation ratio Ars, the normalized stress on and
strain ¢n are calculated as:

Gn = Gobs Ares (6.4)

&n=n— 1= hobs X hres— 1 (6.5)
where o, A and € are the nominal stress, elongation ratio and strain (A= ¢+ 1), respectively,
and the subscribed “n”, “obs” and “res” denotes the normalized, observed and residual,
respectively.

Figure 6-8 shows the stress—strain curves of the stretched and un-stretched (1-
3/3-0.01) DN gels fed with 0.3 M NaAMPS and 0.3 M TADETA. In this figure, the curves
for control samples are also shown. As another control, the experiment using PAAmM was
also shown in Figure 6-9. For these samples, polymer weight fractions in the gel was also
characterized (Figure 6-10). First, comparison of two virgin DN gels fed with/without
monomer and crosslinker indicates that fed monomer does not affect to the mechanical
property of the DN gel when the monomer is not reacted still. Second, most importantly,
the Young’s modulus, yield stress and stress at break of the pre-stretched DN gel fed with
NaAMPS and TADETA are 1.1, 1.6 and 1.8 times larger than those corresponding of the
virgin DN gel, respectively. This demonstrates the self-strengthening and self-stiffening
of the DN gel triggered by mechanical stressing. The distinctive increase of the polymer

weight fraction was also observed from 14 wt.% to 26 wt.% (Figure 6-10) because of the
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efficient mechanoradical polymerization. Third, the stress—strain curve of a pre-stretched
DN gel fed only with 1.2 M NaAMPS (but without crosslinker) was almost overlapped
with that of a pre-stretched DN gel without feeding of monomer and crosslinker. Even
though the polymer weight fraction was increased from 13 wt.% to 36 wt.% (Figure 6-
10), the newly formed polymer chains do not almost affect to the mechanical property of
the DN gels. Since crosslinker was not fed, each newly formed polymer chain is virtually
grafted dangling chain of which one end is connected to the ruptured first network strand
and the other end is free end. Even if some of the newly formed chains are recombined at
their propagation ends, the small amount of coiled long strands may less effective to the
mechanical properties on the strong DN gel. Note that such concentrated grafted chains
may affect to the mechanical properties of the DN gel if the much faster strain rate was
applied to the gel. Fourth, no self-strengthening was observed when 0.01 M TEMPOL
(radical trapping agent) was added as well as NaAMPS and TADETA to the DN gel,
indicating the self-strengthening definitely originates from (mechano)radical
polymerization. Fifth, neither strength nor polymer weight fraction increased in a
prestretched PAAm SN gel fed with 0.3 M NaAMPS and 0.3 M TADETA (Figures 6-9
and 6-10). The result indicates that the mechanoradical concentration generated in
stretched SN gels is too low to induce effective polymerization. Therefore, a material to
generate plenty of the mechanoradicals, here this is the DN gel, acts the essential role for

this strategy using mechanoradical polymerization in the material.

6.3.3. Kinetics of mechanoradical network-polymerization

Kinetics of the mechanoradical network-polymerization was also investigated briefly. On

this experiment, pre-stretching and re-stretching were carried out with different waiting
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time between the two stretching (Figure 6-11a). Both the first stretching (pre-stretching)
and the second stretching (re-stretching) are carried out in an argon atmosphere. The (1-
3/3-0.01) DN gels fed with 0.2 M NaAMPS and 0.2 M TADETA were used. Figure 6-
11b shows the stress—strain curves of the pre-stretching and the second stretchings with
different waiting time. The stress curve changed with the time especially at the first 60
minutes. To analyze the data quantitatively, the input mechanical work on the second

stretching from strain O to 6, Wo—.s, was characterized (Figure 6-11c):

Wose = jGG de (6.6)
0
As shown in the Figure 6-11d, Wo_s significantly increased at the first 60 minutes, and
it was gradually increased for few hours. The result indicates that the mechanoradical
network-polymerization took 1 hour or more, implying some radicals are alive during the
period. Considering the so-called short lifetime of radicals (e.g. <1 second),® the
relatively long-term stability of the mechanoradicals is surprising. However, it has also
known that half-life of macro-radical (i.e. radical on a polymer chain) such as
mechanoradical in solid polymer is a few-tens minutes, hours, or more than days because
of the poor mobility of the macro-radical in the solid.***> Note that such researches on
radical decay in solid polymer are mostly focused on glassy or crystalline polymers (e.g.
polyethylene and polymethylmethacrylate).!'-'> On my research for hydrogels, the
mobility of radical in DN gels is expected to be slower than low-molecular radical in
solution and faster than the macro-radical in solid polymers because the propagating
macro-radical connected to the ruptured strand is trapped in the polymeric network in
solution-like environment. Therefore, it is possibly reasonable to consider the macro-
radicals in the DN gel are alive during ~1 hour. To further investigate the issue, other

techniques such as electron paramagnetic resonance (EPR) measurement will be required.
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6.3.4. Self-stiffening of the DN gels by the mechanoradical polymerization
In section 6.3.2, self-stiffening of a DN gel was achieved using tri-functional TADETA
crosslinker at high concentration. In this section, the effect of the concentration of the
monomer and/or crosslinker on self-stiffening was systematically investigated. The
Young’s modulus of the stretched (1-3/3-0.01) DN gels fed with various concentration of
NaAMPS and TADETA was characterized by the indentation test. Note that only Young’s
modulus was characterized because of the technical limitation of the amount of TADETA.
Figure 6-12 shows the Young’s modulus of stretched DN gels fed with fixed
concentration (0.3 M) of NaAMPS and varied concentration (0.0001-1.0 M) of TADETA.
The moduli of the virgin DN gel (0.37 MPa) and the stretched DN gel (0.07 MPa) with
no feeding of the monomers are also shown. For these controls, the stretched DN gel
exhibits low modulus compared to the virgin DN gel because the stiff first network was
fractured by the pre-stretching. When the concentration of TADETA was less than ~0.01
M, the elastic modulus was almost constant as similar as the modulus of the stretched DN
gels without feeding the monomers. When the concentration was higher than ~0.01 M,
the modulus was linearly increased. At high concentration of TADETA (>0.3 M), the
modulus was higher than that of virgin DN gel. The modulus reached 0.76 MPa when the
TADETA concentration was 1.0 M, which is 2.1 times higher than that of virgin DN gel.
The critical concentration of ~0.01 M suggest that percolate network formed at the
concentration, or the modulus of the newly formed network was much less than that of
the un-damaged second network of the DN gel.

The self-stiffening experiment using various concentration of NaAMPS and
TADETA at fixed molar ratio of them (NaAMPS:TADETA = 1:1 mol/mol) was also

characterized. As shown in Figure 6-13, the modulus was comparable when 0.2 M
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NaAMPS and TADETA was used, and the modulus was significantly increased by the
factor of 10 and 23 when 0.4 M and 0.8 M monomers were used, respectively. Note that
the modulus of virgin sample was slightly decreased from 0.37 to 0.19 MPa at the
concentrations from 0 M to 0.8 M, which is because the gel slightly shrunk in the high
concentration monomer solution typically with high concentration TADETA. Compared
to the previous result, the significant modulus increase indicates that not only crosslinker
concentration but also monomer concentration also plays important role on the self-
stiffening, even though the number of crosslinking points essentially affect to the modulus
of a hydrogel according to a conventional rubber elastic theory.'® The expected reasons
are that the high monomer concentration can increase the overall conversion of the C=C
double bonds of the crosslinker, and/or the number of trapped entanglements of polymer

strands is larger when higher monomer concentration was used.

6.3.5. Self-growing of the DN gels through repetitive stretching

In this section, the target of the research shift from the one-shot strengthening to the
repetitive strengthening. As described in the sections 6.3.1-6.3.4, self-strengthening and
stiffening after the first stretching were achieved using mechanoradical network-
polymerization in a DN gel. However, considering the high conversion of the monomers
described in section 5.3.1, repetitive mechanoradical strengthening would not happen
effectively because the most of monomers were reacted at the first mechanical activation.
One idea to solve the issue is continuous supplying of the monomer and crosslinker to the
DN gels. Because hydrogel enables permeability to small molecules dissolved in aqueous
solution, the monomer and crosslinker can be continuously supplied if the gel is kept

immersed in the monomer solution. Hence, in this research to achieve the repetitive
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strengthening, repetitive stretching of a DN gel was performed in the solution of monomer
and crosslinker so that the monomers can continuously diffuse in the gel. The
experimental system with continuous monomer supply is called as “open system” (Figure
6-14a). As comparison, the repetitive stretching of a DN gel fed with monomer operated
under argon atmosphere was also carried out, which is called as “closed system” because
no additional monomer was supplied during the repetitive stretching. As a reference
experiment, repetitive stretching of a DN gel in water was also performed.

In addition to the monomer supply, concentration of the feeding monomer and
crosslinker is also important issue to achieve the repetitive strengthening of the DN gel.
Because the brittle network is fractured at the first stretching, the first network is no more
fractured at the second or following stretchings when same or smaller strain is repetitively
applied. Therefore, the newly formed network synthesized by the mechanoradical
polymerization must be fractured to generate mechanoraticals that initiate the
polymerization at the second or following stretchings. Therefore, the newly formed
network should be brittle as similar as the original first network. To synthesize the brittle
network, low monomer concentration but high crosslinker molar ratio to the monomer
should be selected. After several trials to find the appropriate concentrations, | selected
the use of 0.08 M NaAMPS and 0.08 M MBAA.

In this experiment, (1-3/3-0.01) DN gels was stretched from an initial sample
gauge length (15 mm) to a preset length (90 mm), and then unloaded to the initial position.
Such loading—unloading process was repetitively performed with a 60-minute waiting
time between two consecutive cycles (Figure 6-14b, top). Here, the force curves were
described as not stress—strain curves but force—length curves because the load-free length

and cross-sectional area changed with increasing the number of cycles. The result is
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shown in Figures 6-14b (bottom) and 6-14c. First, on the reference sample, mechanical
hysteresis was observed only in the first cycle, and the loading and unloading curves in
the second to fourth cycles were overlapped with the first unloading curve. The
irreversible hysteresis, a typical character of the DN gel, explains that the first network is
fractured only at the first cycle. Second, on the closed system sample in which monomers
were supplied only at the beginning, self-strengthening in terms of stress upturn was
observed at the second loading due to the mechanoradical network-polymerization.
Mechanical hysteresis was exhibited on the second cycle, indicating the newly formed
network was fractured at the second stretching because the network is enough brittle. On
the third and fourth cycles, the force in loading curve was slightly larger than that in the
previous unloading curve and small hysteresis was observed in the cycle. The result
suggests that repetitive mechanoradical network-polymerization was occurred even in the
closed system. The possible reason is that some residual monomers and crosslinkers were
polymerized at the second and third stretching. Nevertheless, the force did not increase
with the cycles after the third cycle because the monomers in the closed system was
almost depleted. Third, importantly, on the open system sample to which monomers were
continuously supplied, the self-strengthening was continuously observed on every cycle.
In the open system, large hysteresis was exhibited in every cycle, suggesting the newly
formed network was fractured during the subsequent stretching. The network fracture
generates mechanoradicals in the DN gel, which induced subsequent radical
polymerization of the freshly supplied monomers from the external solution.
Interestingly, the second stretching curve in the open system exhibits higher
force compared to that of the second stretching curve in the closed system, even though

initial concentration of the monomers in the DN gels were identical. The result suggests
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that, during the 60-minute waiting time, the fresh monomer supplied from the external
solution were also polymerized. This discussion is consistent with the possible long-term
radical stability in this system considered in section 6.3.3. If the lifetime of the radicals
in our system were a second or less, the force curves of the open system would almost
overlap with the closed system with considering the diffusion kinetics of the monomers.

Furthermore, not only strength but also size was increased with the cycles.
Equilibrium gauge length of the gel at the beginning of each cycle are shown in Figure
6-15. Stiffness and mechanical hysteresis in each cycle are also shown. In the open system,
the equilibrium gauge length increased from 15 mm at the first cycle to 41 mm at the
fourth cycle. The size increment originates from two reasons. One is the residual strain
due to the anisotropic internal fracture.”*’ The other is the re-swelling of the DN gel. Once
the first network is fractured, DN gels swell more due to release of elastic pressure of the
first network.>!® In addition to the elastic pressure release, the newly formed network
increases the osmotic pressure in the gels in case of this self-growing experiment. The
two factors shifted the swelling equilibrium of the DN gel, therefore the DN gel swelled
more so that the size of the gel increased.

As shown above, the repetitive strengthening and size growth was achieved
when the DN gel was repetitively stretched with the continuous supply of monomers.
Note that the DN gel was finally broke at fifth or sixth cycle at this condition because the
newly formed network became so strong that the second network could not stop the
microcrack propagation of the newly formed network. Given this result, the maximum
number of cycles can be controlled by changing the concentration of the monomers;
however, the extent of the self-growing, such as maximum strength, has the intrinsic

upper limit that is essentially dominated by the second network property. If new soft
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networks like the second network is also synthesized at some steps in the repetitive cycle,

the upper limit may be increased.

6.3.6. Demonstration of the self-growing DN gel
Finally, two examples of the self-growing DN gel are demonstrated to visually exhibit the
research concept. Corresponding movies are found in reference 19. In the first example,
a (1-3/3-0.01) DN gel connected to a weight (200 g) was repeatedly lifted to a fixed height
in an aqueous solution of 0.08 M NaAMPS and 0.08 M MBAA. The waiting time between
two consecutive cycles was 60 minutes. The photographical images and force—length
curves are shown in Figures 6-16 and 6-17, respectively. In the first cycle, the gel was
just stretched because it was relatively soft at the beginning. During the first stretching,
mechanoradical network-polymerization was occurred which strengthen the DN gel.
Therefore, the DN gel lifted the weight in the second cycle. In the force—length curve, the
force was kept at ~1.7 N when the gel was lifting the weight. Note that the 1.7 N
corresponds to the force originating from 200 g weight with considering buoyancy. In the
second cycle, the hysteresis was exhibited again; hence the gel further got stronger at the
third cycle. In consequence, the gel lifted the weight up to higher level with increasing
the stretching cycles. In the third cycle, only a few hysteresis was observed because the
gel got strong enough for the prescribed force (1.7 N). Therefore, few mechanoradical
polymerization was happen in the gel, resulting force curve and lifting height in the fourth
cycle were similar as those in the third cycle (photographical images of the fourth cycle
are not shown in Figure 6-16).

As like the muscle training in our body, heavier load is required when the

substance get stronger. In the second example, (1-3/3-0.01) DN gels connected to a weight

119



Chapter 6: Self-Strengthening/Growing DN Gels

was repeatedly lifted similar as previous example; except that heavier weight was used at
the third and latter cycles, and monomer concentrations were increased as 0.3 M
NaAMPS and 0.15 M MBAA. The results are shown in Figures 6-18 and 6-19. In the
second cycle, the gel lifted the 200 g weight to higher level than that observed in the
previous example because higher monomer concentrations were used. In this second
cycle, almost no hysteresis was observed because the 200 g weight is too light to train the
grown DN gel. Hence, the weight was changed to 500 g weight. In the third cycle
connected to the 500 g weight, the gel hardly lifted the weight. Instead, large hysteresis
was observed so that the gel was strengthen by the training with 500 g weight. As the

result, the gel finally lifted the 500 g weight in the fourth cycle.

6.4. Conclusion

By using a mechanoradical polymerization with crosslinking agent, DN gels get stiffer
and stronger after mechanical stressing. The degree of such self-strengthening effect can
be tuned by the concentration of feeding monomer and crosslinker. In this research,
increase of stress at break by the factor of 1.5 times and increase of Young’s modulus by
the factor of up to 23 times are demonstrated. Such effective self-strengthening has never
been found in the previous research using mechanochemical reaction in sold-state
materials,?>23 which can be mainly attributed to the difficulty of achieving high-level
activation of mechanophores.?*% Thanks to the efficiency of the mechanoradical
polymerization, the weight fraction of polymer was also significantly increased by the
factor of 2 times for example. The success of the self-strengthening in this research is
hiring the DN gels with internal fracturing mechanism to generate abundant

mechanoradicals. The statement was supported by the fact that no self-strengthening was
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observed on conventional single-network hydrogels. We also observed that the
mechanoradical network-polymerization takes about 1 hour after the stretching. When the
monomers are continuously supplied, the self-strengthening occurs repeatedly. In this
research, such continuous monomer supply is achieved by stretching a DN gel in the
monomer solution. Size of the gels also increases with the repetitive training. The co-
authors and I call the repetitive strengthening and size increase as “self-growing”.

The self-strengthening and self-growing properties will find some applications.
As an example, the mechanism will be used to strengthen the materials only at the point
where huge mechanical stress is applied. The practical application is to use such
technology to strengthen only around a crack tip, which enables to toughen materials
while keeping overall flexibility. Moreover, the self-growing property by mechanical
activation is brand-new concept in the field of materials science. Therefore, it would find
more broad applications such as self-growing soft robotics in response to mechanical

attack or training.
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Figures and Table

Table 6-1. Abbreviations and structures of the chemical compounds used in this chapter.

Chemical name Abbreviation Chemical structure

. o
Poly(2-acrylamido-2-
SOz;Na
methylpropanesulfonic acid) sodium salt PNaAMPS H></ ’

o)
Poly(acrylamide) PAAM /t/gu\NH
2

(2-Acrylamido-2-methylpropanesulfonic

(o]
acid) sodium salt NaAMPS \)]\HKS%NB

o (¢]
N,N'-Methylenebisacrylamide MBAA s A o~ A
H H
o
N,N',N"-Triacryloy! diethylenetriamine TADETA \j\ Y j\/
1IN - A N —
u/\/ \/\H

4-Hydroxy-2,2,6,6-tetramethylpiperidine-

TEMPOL HO —0-
1-oxyl
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Figure 6-1. Dumbbell shapes used in this chapter for tensile test.
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Dumbbell-shaped Stretching Pre-stretched Gel sample Re-stretching
gel sample fed S = sample cut into a smaller
with monomers T dumbbell-shaped
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Figure 6-2. Illustration of the procedure for characterizing the self-strengthening due to
mechanoradical polymerization in a pre-stretched DN gel by tensile testing described in
sections 6.2.3 and 6.3.2. The corresponding photographic images of the result are shown
in Figure 6-7. This figure is from Science 363, 504-508 (2019). Reprinted with

permission from AAAS.
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*All equipment are in argon glove box

Video camera Loadcell

Tensile tester / Background for
video shooting |

Monomer solution in PMMA box

Figure 6-3. Experimental setup of self-growing experiment. A dumbbell-shaped DN gel
Is repetitively stretched in monomer solution with tensile tester in an argon glovebox.
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Figure 6-4. Stress—strain curves of virgin and pre-stretched (1-4/4-0.01) DN gels fed with
or without NaAMPS (concentration Cm) and/or MBAA (concentration Cy). (a)—(c) are
summarized by Cm, and (d)—(g) are summarized by Cx. The stress and strain were
normalized by residual strains induced by pre-stretching (see main text).
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Figure 6-5. Young’s moduli of virgin and pre-stretched (1-4/4-0.01) DN gels fed with or
without NaAMPS (concentration Crm) and/or MBAA (concentration Cx). The moduli were

characterized from the normalized stress—strain curves shown in Figure 6-4.
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Figure 6-6. Cyclic stress—strain curves of pre-stretched (1-4/4-0.01) DN gel fed with 0.25
M NaAMPS and 0.1 M MBAA. The stress and strain were normalized by residual strains

induced by pre-stretching (see main text).
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(a) Before stretching

(b) After stretched

(c) Cut off a small dumbbell piece

10mm

Figure 6-7. Photographic images of the result to explain the procedure for characterizing
the self-strengthening due to mechanoradical polymerization in a pre-stretched (1-3/3-
0.01) DN gel fed with 0.3 M NaAMPS and 0.3 M TADETA.
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Figure 6-8. Stress—strain curves of virgin and pre-stretched (1-3/3-0.01) DN gels fed with
or without NaAMPS and/or TADETA. The pre-stretch strain was € =~ 6. Black curves
(*Monomer-free”): neither NaAMPS nor TADETA was fed. Red curves (“NaAMPS +
TADETA”): 0.3 M NaAMPS and 0.3 M TADETA were fed. Blue curve (“NaAMPS”):
1.2 M NaAMPS was fed without TADETA. Green curve (“NaAMPS + TADETA +
TEMPOL”): 0.3 M NaAMPS, 0.3 M TADETA and 0.01 M TEMPOL (radical trapping
agent) were fed. The stress and strain were normalized by residual strains induced by pre-
stretching (see main text). This figure is from Science 363, 504-508 (2019) with
modifications (changes of overall design including aspect ratio and notations of the key

legends, and adding the data of green curve). Reprinted with permission from AAAS.
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Figure 6-9. Stress—strain curves of the virgin and pre-stretched (3-0.01) PAAm SN gels
fed with 0.3 M NaAMPS and 0.3 M TADETA. The pre-stretch strain was € = 4. The stress
and strain were normalized by residual strains induced by pre-stretching (see main text).
Note that the residual strain of the pre-stretched SN gel was very small as approximately
4%. The data of the unstretched monomer-free (3-0.01) PAAm SN gel was also shown as
a reference. This figure is from Science 363, 504-508 (2019). Reprinted with permission
from AAAS.
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Figure 6-10. Polymer weight fraction in the virgin and pre-stretched (1-3/3-0.01) DN gel
and (3-0.01) PAAm SN gels by the mechanoradical polymerization. Pre-stretch strains
were ¢ = 6 for the DN gel and € = 4 for the PAAm SN gel. The error bars represent standard
deviations for three measurements. This figure is from Science 363, 504-508 (2019). The
notations at the bottom are modified. Reprinted with permission from AAAS.
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Figure 6-11. Kinetic investigation of mechanoradical strengthening (closed system, (1-
3/3-0.01) DN gel fed with 0.2 M NaAMPS and 0.2 M TADETA). (a) Time profile of
strain applied to the DN gel. (b) Stress-strain curves of 1st loading—unloading and 2nd
loading with varied waiting times. (c, d) Quantitative analysis of the kinetics of
mechanochemical strengthening in terms of work of extension from strain zero to pre-

stretched strain.
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Figure 6-12. Elastic modulus of stretched (1-3/3-0.01) DN gels fed with NaAMPS (0.3
M) and various concentrations of TADETA. The pre-stretch strain was € =~ 6. The modulus
was measured with indentation test. The moduli of the virgin DN and stretched DN gels
with no feeding of monomers are shown as blue (0.37 MPa) and red (0.07 MPa) dashed
line, respectively. The error bars represent standard deviations for three measurements.
This figure is from Science 363, 504-508 (2019). The notations are modified. Reprinted

with permission from AAAS.
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Figure 6-13. Elongation-triggered elastic modulus changes of DN gels fed with various
concentrations of NaAMPS and TADETA ina1:1 (mol/mol) composition. The pre-stretch
strain was €~ 6. The modulus was measured with indentation test. The error bars represent
standard deviations for three measurements. This figure is from Science 363, 504-508
(2019). The notations at the bottom are modified. Reprinted with permission from AAAS.
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Figure 6-14. Repetitive stretching-triggered mechanical growth of DN gels. (a)
[llustration of stretching a DN gel with a continuous monomer supply from surrounding
solution, acting as an open system. The applied force and the gauge length are denoted
by F and L, respectively. (b) Time profiles of the repetitive stretching of (1-3/3-0.01) DN
gels (1 mm-thick) in terms of L and the required force F. The red, green and blue curves
represent a (1-3/3-0.01) DN gel stretched in a monomer solution (open system), a (1-3/3-
0.01) DN gel pre-fed with monomer and stretched in an argon atmosphere (closed system),
and a (1-3/3-0.01) DN gel stretched in pure water (reference), respectively. (c) F-L curves
to show the cyclic loading-unloading behavior. For the reference sample, all curves
except the first loading curve overlap. An aqueous solution of 0.08 M NaAMPS and 0.08
M MBAA (crosslinker) were used in the experiment. This figure is from Science 363,
504-508 (2019). Reprinted with permission from AAAS.

139



Chapter 6: Self-Strengthening/Growing DN Gels

——Reference —-Closed system —@—Open system
45

40
35
30
25
20
15
10

Sample length L, (mm)

0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01

Stiffness (N/mm)

80
70
60
50
40
30
20
10

Hysteresis (mJ)

-10

1st 2nd 3rd 4th

Cycle number

Figure 6-15. Sample load-free length, stiffness and mechanical hysteresis as the function
of cycle number under the self-growing experiment. The data are obtained from analysis
of the force—length curves in Figure 6-14c.
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First cycle Second cycle Third cycle
Load-free ifti Load-free Lifting Load-free

Figure 6-16. Optical images showing the growth on strength and length of a (1-3/3-0.01)
DN gel by repetitive mechanical training. In a monomer aqueous solution containing 0.08
M NaAMPS and 0.08 M MBAA, a DN gel (15 mm gauge length, 2 mm width, 1.5 mm
thickness) connected to a weight (200 g) was repeatedly lifted to a fixed height. The
waiting time between two consecutive cycles was 1 h. This figure is from Science 363,
504-508 (2019). Reprinted with permission from AAAS.
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Figure 6-17. Force—length curve of the self-growing experiment corresponding to the
photographic images shown in Figure 6-16. The force kept constant as ~1.7 N during the
lifting of the weight (200 g) from the bottom.
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First cycle (200 g weight) Second cycle (200 g weight)

Load-free Lifting Load-free Lifting

Third cycle (500 g weight) Fourth cycle (500 g weight)
Load-free Lifting Load-free Lifting

Figure 6-18. Optical images of the growth on strength and length of a (1-3/3-0.01) DN
gel by repetitive mechanical training. In a monomer aqueous solution containing 0.3 M
NaAMPS and 0.15 M MBAA, a DN gel (15 mm gauge length, 2 mm width, 1.5 mm
thickness) connected to a weight was repeatedly lifted to a fixed height. The weight was
200 g for the first and second cycle, and 500 g for the fourth and fifth cycle. The waiting
time between two consecutive cycles was 1 h except for that between second and third

cycle (5 minutes).
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Figure 6-19. Force—length curve of the self-growing experiment corresponding to the
photographic images shown in Figure 6-18. The force kept constant as ~1.7 N or ~4.3 N
during the lifting of the weight (200 g or 500 g, respectively) from the bottom.
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Chapter 7: Fabrication of Hybrid Double-Network Elastomers

7.1. Introduction

As described until Chapter 6, self-growing hydrogels that gain their strength and size in
response to mechanical stressing has been created. In order to broaden potential
applications of the self-growing materials, one direction is to apply the growing
mechanism from hydrogels to the other materials. Although there are some criteria to
achieve the self-growing property, the most critical thing is using materials that create
abundant mechanoradicals. Therefore, elaborated network design like DN structure to
effectively destruct the nanostructure to induce polymer chain scission is required to
apply the self-growing mechanism found in this research.

In this chapter, a strategy to fabricate double-network elastomers with internal
fracturing mechanism is proposed. Elastomers are soft and deformable elastic materials
without containing solvent which are found ubiquitously in our daily life such as vehicle
tires.!> Whereas gels contain solvent so that the major application fields of the gels are
usually limited in wet condition such as biomedical applications, elastomers can find
broaden application in dried condition. Because elastomers are usually composed of soft
polymer network similar as gels, the double-network structure having internal fracturing
nature is expected to be straightforwardly applied in elastomers in order to create tough
elastomer.

The creation of the DN elastomer is, however, still challenging due to the
difficulty to create a contrasting two-network structure for the dried elastomer. According
to systematic researches on DN hydrogels, the first and the second network must be brittle
and stretchable, respectively, and the concentration of the first network must be much

lower than that of the second network (the concentration ratio is 1:10 in typical) to yield
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the tough DN gel.*® To satisfy the requirement, a densely-crosslinked polyelectrolyte
network, such as PNaAMPS network used in Chapters 3—6, is typically used as the first
network to fabricate a DN hydrogel. Polyelectrolyte networks largely swell with water
because of high osmotic pressure arising from the dissociated small counterions of
polyelectrolytes.” The high swelling of the network induces triaxial prestretching of each
polymer strand and dilution of the polymer concentration, resulting in a brittle gel. By
synthesizing a concentrated and loosely-crosslinked second network in the brittle
polyelectrolyte first network, a tough DN hydrogel is obtained.*® When applying the
tough DN system for elastomers, however, the polyelectrolyte approach is difficult to
utilize because elastic polymers, rubbery state at room temperature which can be used in
the second network of the DN elastomers, are usually low-polar polymers. Since ionic
dissociation is occurred in polar environment such as in water, neither the low-polar
polymers nor the corresponding monomers can not induce swelling of the polyelectrolyte
network. Without using the high osmotic pressure of the polyelectrolyte, fabricating tough
DN hydrogels and elastomers with showing large hysteresis and stretchability is
difficult.>*12 On elastomer, Ducrot et al. has shown that DN elastomer composed of two
non-electrolyte polymer network is not so tough.'* They demonstrated that a triple-
network (TN) elastomer get toughen because the prestretching degree of the first network
was extended; however, stretchability of the TN elastomer was still small (strain at break
less than 200%) without showing yielding phenomenon compared to the tough DN
hydrogels. Recently, they reported that quadruplet-network (QN) elastomer exhibits high
stretchability with yielding phenomenon.? Although the QN elastomer is possibly
adapted to our self-growing application, proposing another strategy to fabricate DN or

multiple-network elastomer showing internal fracture is also valuable.
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Herein, a polyelectrolyte approach to synthesize DN elastomers that exhibit high
stretchability accompanying a large mechanical hysteresis is proposed. The idea is using
a polar organic cosolvent that has high dielectric constant to fabricate a DN elastomer
composed of polyelectrolyte first network and low-polar elastomeric second network.
Polyelectrolyte gel highly swells in high dielectric polar solvent such as water because
the dissociation of ionic compounds is mainly driven by the high dielectricity of the
environment.'>-'7 Therefore, if the high dielectric polar solvent is used for the solvent to
synthesize the second network and the polyelectrolyte first network highly-swells in the
solution, tough DN elastomer with contrasting network structure can be fabricated after
removal of the solvent. To realize the idea, the major questions here are: (1) whether the
low-polar monomer can be dissolved in the high dielectric solvent because such monomer
is usually hardly soluble in water, (2) whether the polyelectrolyte network actually swell
in the organic mixture, and (3) whether the resulting DN elastomer shows desired
mechanical properties such as toughness and hysteresis. In this chapter, the questions are

systematically investigated to leach fabrication of the DN elastomers.

7.2. Experiments

7.2.1. Materials

Deionized water (Milli-Q) was used as water. 2-Acrylamido-2-methylpropane sulfonic
acid (AMPS) and 2-acrylamido-2-methylpropane sulfonic acid sodium salt (NaAMPS)
were provided by Toagosei. N,N'-Methylenebisacrylamide (MBAA), 2-oxoglutaric acid,
methanol, 1,4-dioxane, anisole, ethyl acetate, tetrahydrofuran, methyl isobutyl ketone, 2-
methoxyethanol, cyclohexanone, ethanol, 2-ethoxyethanol, N-methylpyrrolidone, N,N-

dimethylformamide, acetonitrile, ethylene glycol, dimethyl sulfoxide (DMSO), N-

147



Chapter 7: Fabrication of Hybrid Double-Network Elastomers

methylformamide (NMF), 2,2'-azobis(isobutyronitrile) (AIBN), p-stylenesulfonic acid
sodium salt (NaSS), acrylic acid (AAc), and 2-methoxyethyl acrylate (MTA) were
purchased from Fujifilm Wako Pure Chemical Corporation. Propylene carbonate, N,N-
dimethylacetamide, y-butyl lactone, formamide, lithium chloride (LiCl), ethyl acrylate
(EA), butyl acrylate (BA) and tetraethylene glycol diacrylate (4EGDA) were purchased
from Tokyo Chemical Industry. Acetone and chloroform were purchased from Kanto
Chemical. Polyethylene glycol diacrylate (PEGDA, average molecular weight 250 g/mol),
acrylic acid sodium salt (NaAAc) and basic alumina were purchased from Sigma Aldrich.
Tetramethyl ammonium ethyl acrylic chloride (CIAETMA) was provided by MT
AquaPolymer. 2-(2-Ethoxyethoxy) ethyl acrylate (EEEA) was provided by Osaka
Organic Chemical Industry. All the chemicals except for EA, BA and EEEA were used
as received. For the use of polymerization, EA, BA, and EEEA were purified by passing
through basic alumina before use. The abbreviations and chemical structures of some

important chemical compounds used in this section are summarized in Table 7-1.

7.2.2. Measurement of dielectric constant of solvent and solution

Dielectric constant of solvents and solutions were measured with a commercial double
cylinder type dielectric constant meter (Model 871, Nihon Rufuto Co.) at a frequency of
10 kHz at room temperature. The temperature of the liquid was measured individually.

Calibration of the dielectric constant meter was carried out using air and deionized water.

7.2.3. Synthesis of polyelectrolyte gels for the first network

The synthetic procedure of the first network was well similar as that described in section

3.2.2. Aqueous solutions of C1 (M) monomer, x1 (mol%) MBAA as a crosslinker, and 1.0
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mol% 2-oxoglutaric acid as a photo-induced radical initiator were prepared. The
concentrations (mol%) of the initiator and crosslinker are the molar ratio with respect to
the monomer. As the monomer, NaAMPS was mainly used; and NaAAc, NaSS,
CIAETMA, AMPS and AAc were also used. On the synthesis of PNaAMPS gel, the
concentrations of monomer and crosslinker were C1 = 1.0 M and x1 = 2—-10 mol%,
respectively. For synthesis of PNaAAc, PNaSS, PCIAETMA and PAMPS gel, the
concentrations were C; = 1.2 M and x1 = 3 mol%, respectively. Each precursor solution
containing monomer, crosslinker and initiator was moved to an argon glovebox
(MBRAUN, oxygen concentration <100 ppm). Then, the solution was poured into a
cuboid mold comprising two flat soda-lime glass plates (3-mm thickness, 10 cm x 10 cm)
separated by a silicone rubber (0.5, 1.0 or 2.0 mm). Each solution in the mold was
irradiated with UV light (365 nm, 4 mW cm™) from both sides for 8 hours to promote

radical polymerization.

7.2.4. Measurement of swelling ratio of PNaAMPS gel in various solvent

The synthesized (1-3) PNaAMPS hydrogel (thickness at as-polymerized state to = 1.0
mm) was cut into cylinder-shaped pieces (~6 mm radius). The gel pieces were immersed
in methanol for more than 2 days to exchange the solvent in the gel from water to
methanol. A swollen gel (~0.1 cm?®) with methanol was immersed in a solvent or solution
(~100 mL) for 5 days. The volumetric swelling ratio, V/Vo, from the as-polymerized state
to the swollen state was calculated under the assumption of the isotropic swelling:

VIV = (t/to)? (7.1)
where to and t are the thickness of the gel at as-polymerized state and swollen state,

respectively.
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7.2.5. Measurement of elastic shear modulus p of (1-3) PNaAMPS gel swollen with
solutions

The synthesized (1-3) PNaAMPS hydrogel, 2.0 mm-thick, was cut into cylinder shaped
pieces (approximately 6 mm-diameter). The gel pieces were immersed in water or NMF
for more than 3 days. The solvent choice (water or NMF) was corresponding to the solvent
used in the following solution. Each gel piece (~1 cm3) swollen in water or NMF was
immersed in a solution (~100 mL) of LiCl in water, LiCl in NMF, or EA/NMF binary
mixture for more than 5 days. The volumetric swelling ratio was calculated using
equation 7.1 described in section 7.2.4. Elastic modulus of each gel was measured by the
indentation methods using a spherical indenter (1.0 mm radius) and commercial
mechanical testing machine (Autograph AG-X 20kN, Shimadzu Co.) operating at a
crosshead velocity of 1 mm min~t. The modulus was determined by Hertzian equation for
incompressible soft materials as described in section 6.2.6. In this chapter, elastic shear
modulus p was characterized instead of Young’s modulus E, by using the relationship E

= 3u for incompressible isotropic materials.

7.2.6. Synthesis of PEA organogels and elastomers

The PEA organogels and elastomers were synthesized for preliminary experiment and
control experiment. On the preliminary experiment, a solution of 45 wt.% EA, x2 (mol%)
PEGDA as a crosslinker, xo (mol%) AIBN as an initiator, and 55 wt.% NMF was prepared.
Here x> was varied as 0.005, 0.01, 0.03 and 0.1 mol% that correspond to 0.006, 0.01, 0.03
and 0.11 wt.% for PEGDA and 0.004, 0.007, 0.02 and 0.07 wt.% for AIBN, respectively.
Each precursor solution containing monomer, crosslinker and initiator was moved to an

argon glovebox (MBRAUN, oxygen concentration <100 ppm). Then, the solution was
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poured into a cuboid mold comprising two flat soda-lime glass plates (3-mm thickness,
10 cm x 10 cm) separated by a silicone rubber. Each solution in the mold was irradiated
with UV light (365 nm, 4 mW cm™*) from both sides for 9 hours to promote radical
polymerization.

On the control experiment, a solution of 50 wt.% EA (~5.2 M), 0.2 wt.% 4EGDA
(0.13 mol% to the monomer), 0.1 wt.% AIBN (0.12 mol% to the monomer) and 49.7
wt.% NMF was prepared. The precursor solution was irradiated with UV light in argon

glovebox with same procedure above to proceed the polymerization.

7.2.7. Fabrication of DN elastomers

Here synthetic procedure for a PNaAMPS/PEA DN elastomer is described as a
representative. The PNaAMPS/PEA DN elastomer composed of PNaAMPS first network
and PEA second network is typically used in this research. PNaAMPS hydrogel sheet at
as-polymerized state, 0.5 mm thick, was immersed in NMF for more than 3 days to
exchange the solvent in the gel from water to NMF. The PNaAMPS gel swollen with
NMF was immersed in second network precursor solution for 5 days. The second network
precursor solution is composed of EA as monomer (weight fraction fea = 20-60 wt.%),
4EGDA as crosslinker (weight fraction fc = 0.2 wt.%), AIBN as initiator (weight fraction
fi = 0.1wt.%) and NMF as solvent (weight fraction famr (Wt.%) = 100— fga — fc — fi ). The
second network in the swollen PNaAMPS network was synthesized using identical
procedure described in section 3.2.4. Briefly, the PNaAMPS gel swollen with the second
network precursor solution was sandwiched between glass plates and was irradiated UV
light in argon glovebox for 9 hours. As the result, DN organogel was obtained. Afterwards,

the synthesized DN organogels are immersed in acetone for more than 4 days to exchange
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the solvent in the gel from NMF to acetone. The gel swollen with acetone was then stored
in vacuo (<20 mbar) at room temperature for more than 5 days to remove the acetone,
resulting a DN elastomer was obtained. Before mechanical characterization, the DN
elastomer was stored under room condition (~25 °C and ~50% relative humidity). When
the other DN elastomers were synthesized, same procedure was carried out. Note that
only when the PNaAAc network was used as the first network, the as-polymerized
PNaAAc hydrogel was first swollen in water for one day, and then immersed in NMF.
This is because the gel would shrink if the as-polymerized hydrogels was directly

immersed in NMF.

7.2.8. Characterization of volume fraction of each component

\Volume fraction, ¢, of each polymer component in the PNaAMPS/PEA DN elastomers
and organogels were calculated. In this calculation, we put following assumptions: (1) the
swelling and shrinking was isotropic so that volume change can be calculated from
thickness change; (2) the specific density of each component was always identical even
when surrounding environment (e.g. solvent) changed; (3) the PNaAMPS network
virtually comprised only PNaAMPS (i.e., the amount of crosslinker and initiator was
negligible compared to PNaAMPS main chain); (4) all NaAMPS monomers were
incorporated into the first network (assuming 100% conversion and 0% sol fraction); and
(5) there is no residual solvents in the dried elastomer. Using these assumptions, ¢ of each
polymer component and solvent were calculated as:

CiM; 1

G1st0 =
Y0 DpNaamps 1000 — G M, + G M,
PNaAMPS  PPNaAMPS

(7.2)
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tary\
(I)lst,dry = cI)lst,O <t_y> (7.3)
0
cI)an,dlry =1- (I)lst,dry (7.4)
-3
tgel
q)lst,gel = q)lst,dry (%) (7.5)
dry
t -3
1
q)an,gel = q)an,dry (%) (7.6)
dry
cI)solvent,gel =1- (q)lst,gel + ¢2nd,gel) (7-7)

where ¢1st, d2nd, and dsovent denote the volume fraction of the first and second network and
solvent, respectively. The subscripted “0”, “dry” and “gel” denote as-polymerized state
of the first network, solvent-free dried elastomer state, and organogel state, respectively,
and C1, M1, pnaamps, ppnaamps, and t denote the monomer concentration (1.0 M) in feed,
molar mass of the NaAMPS (229.24 g mol™?), specific density of NaAMPS (1.52 g cm3),

PNaAMPS (1.74 g cm3),'® and the thickness of the sample, respectively.

7.2.9. Uniaxial tensile test and the cyclic test

Tensile test was carried out similar as described in sections 3.2.6 and 4.2.6, but there are
some differences such as specimen size and strain measurement protocol. Fabricated
elastomers and gels, 0.4-1.3 mm thick, were cut into dumbbell-shaped pieces
standardized to JIS K 6251-7 (12-mm gauge length and 2-mm width, Figure 7-1). Tensile
test for each sample was carried out using the tensile tester (INSTRON 5965, Instron Co.)
at the crosshead velocity of 100 mm min* corresponding to a nominal strain rate of ~0.1
s 1. Nominal stress ¢ was calculated from measured force divided by original cross-
sectional area vertical to the load. The elongation ratio, A, was characterized as:

A=1+DlLo (7.8)
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where D and Lo are displacement length (D = 0 at the load free state) and the gauge length
of the sample (Lo = 12 mm), respectively. Note that the elongation ratio was characterized
without using video extensometer that was used in Chapters 3—6 because the
stretchability of some DN elastomers are too large to be detected by the video
extensometer. To characterize the Young’s modulus of the DN elastomers from the c—A
curve, the slope of the curve at small deformation regime (1.01 <A < 1.05) was obtained
by linear fitting. Note that the data around 1 < A < 1.01 was excluded because of the
experimental noise due to inertia. Input mechanical energy density applied until material
break, W, was calculated as:
Ap
Wy = fl o dA (7.9

where A, is the elongation ratio at break. True stress ot was calculated as ot = Ao,
assuming the elastomers are isotropic incompressible soft material. Cyclic tensile test was
also performed using same experimental setup and condition described above.

For the tensile test of the dried PNaAMPS network, the as-polymerized (1-3)
PNaAMPS gel (0.5 mm-thick) was cut into dumbbell-shaped pieces standardized to JIS
K 6251-6 (25 mm gauge length and 4 mm width) and then dried under room condition
(~25°C and ~50% relative humidity) for 5 days. The tensile test of the dried sample (~15
mm gauge length, 2.4 mm width and 0.37 mm thickness) was performed with same

procedure above.

7.2.10. Fracture test with single-edge notched geometry
Fracture test with single-edge notched specimen was carried out, similar to previous
reports for rubbers, gels and multiple-network elastomers.?111%20 The elastomers were

cut into cuboid-shaped pieces (7.8 mm width, ~70 mm length and 0.4—1.0 mm thickness).
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On each sample, a notch (length co = 2.0 + 0.3 mm) was made in the middle of the strip
of the material using a microtome razor blade (Figure 7-2). The length co was individually
measured for each sample. Two white dots were applied with a pen at the lower half of
the specimen to measure the local displacement using video extensometer (AVE, Instron
Co.) (Figure 7-2). The specimen was fixed between two clamps so that initial sample
gauge length between the two clamps was 40 £ 2 mm. The sample was then stretched
with a tensile tester (INSTRON 5965, Instron, Co.) at the crosshead velocity of 10 mm
min~! (nominal strain rate of 0.004 s). During the stretching, force, displacement, and
local deformation between the two dots were measured. The fracture energy G, which is

the critical energy release rate at the initiation of crack propagation, was calculated as:

6W.c,

)\c1/2

G. = 2kW.cy = (7.10)

where k, W, and A are the prefactor close to 3 that depends on elongation ratio,'>?° critical
strain-energy density in the material, critical elongation ratio, respectively. For the
prefactor k, empirical factor k = 31Y2 that is commonly used was utilized.?'%% For the
critical point for W and Ac is corresponding to the point where crack propagation was

started under the extension (see section 7.3.9).

7.2.11. Fracture test with trouser shaped geometry

Tearing fracture test with a trouser-shaped specimen was carried out, similar to previous
reports for rubbers and gels.??'2* The sample (thickness t = 0.4—1.0 mm) was cut into
trouser shape (full width 7.8 mm, each leg’s width b = 3.9 mm) (Figure 7-3). Each leg
was fixed to a separated clamp. Two white dots were applied with a pen to the lower leg
of the sample to measure the local deformation of the leg by a non-contacting video

extensometer (AVE, Instron Co.) (Figure 7-3). The sample was torn with a tensile tester
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(INSTRON 5965, Instron Co.) at a crosshead velocity of 100 mm min. Force,
displacement, and the leg’s local deformation were measured during the tearing. The

tearing fracture energy T was calculated as:

_ 2FA
T, =~~~ 2bW, (7.11)

where Fc, Ac and W, are the average critical force, the average critical elongation ratio of
the leg, and the average critical strain energy, respectively, during the crack propagation.
The Ac and W, were measured by the o—A curve of the sample leg, where A was measured
using the displacement between two white dots observed by the video extensometer. The
critical strain energy density W¢ was assumed to be identical to the input strain energy

density.

7.3. Results and Discussion

7.3.1. Swelling behavior of a PNaAMPS network in pure organic solvents

To confirm that the polyelectrolyte network can swell not only in water but also in organic
media with high dielectric constant, swelling degree of the (1-3) PNaAMPS network in
many, 23 kinds of, organic solvents with various dielectric constant & were characterized.
The solvents used here and their & are summarized in Table 7-2. In this swelling
experiment, (1-3) PNaAMPS gel synthesized as hydrogel was used. Since some organic
solvents used here (chloroform, anisole, etc.) are not miscible with water, the hydrogel
was first immersed in methanol to exchange the solvent in the gel from water to methanol
that is miscible with any solvents used here. The PNaAMPS gel swelled in the methanol
at the volumetric swelling ratio of V/Vo = 7.4, indicating methanol is good (at least not
bad) solvent for the PNaAMPS. Afterwards, the gel pieces are immersed in each various

organic solvent or water. The results are summarized in Figure 7-4 in terms of the
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swelling ratio as the function of . (Some swelling data for (1-2.5) PNaAMPS gel and
their photographical images are also shown in Figure 7-5 as supplemental information.)
It should be noted that the quantitative values of V/V, for gels with V/Vo < 4 may not be
accurate because V/Vo was calculated from thickness change assuming homogeneous
swelling but most of the gels characterized as V/Vo < 4 collapsed and had curved
inhomogeneous shapes and hard surface, indicating surface-skin layers formed due to the
incompatibility of PNaAMPS with the solvent (see pictures in Figure 7-5). This restricted
the homogeneous shrinking of the gel. On the other hand, the swollen gel with V/Vo > 4
were observed to be homogeneously swollen. Therefore, the quantitative values of V/Vo
for the swollen gel (V/Vo > 4) are considered as accurate, except for experimental errors
on measuring thickness by caliper (< 5% errors in thickness). As shown in Figure 7-4
(blue squares), the PNaAMPS network substantially swells in high-dielectric solvents:
i.e., ethylene glycol (& = 38, V/Vo = 14), dimethyl sulfoxide (DMSO, & = 47, V/Vo = 13),
formamide (er = 111, V/Vo = 16) and N-methyl formamide (NMF, & = 182, V/V, = 18) as
well as in water (er =78, V/Vo = 16). On the other hand, the PNaAMPS network collapsed
in organic solvents having low e;. Clear boundary was observed at around &r = 40, even
though we can observe two exceptions: 2-methoxy ethanol (& = 17, V/Vo = 4.7) and
propylene carbonate (&r = 66, collapsed). In previous researches, similar volume transition
with & has also been observed for other polyelectrolyte networks such as alkali-metal
Poly(acrylic acid) gel, quaternized poly(4-vinylpyridine) gel and alkali-metal
poly(styrene sulfonate) gel, of which the transition values of & typically vary from 20 to
70.151825 The transition value depends on the interaction of solvent with counterions or
polymer backbones,*>!625 which may explain the two exceptions in the result here.

According to the result, we found that polyelectrolyte networks can swell highly in
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organic solvents with ¢ that is higher than the critical values.

7.3.2. Miscibility of high dielectric solvent with a monomer for the second network

To select the appropriate high dielectric solvent, simple miscibility test was carried out.
As a model system, the author selected ethyl acrylate (EA) as a monomer for the second
network. The corresponding polymer poly(ethyl acrylate) (PEA) is rubbery polymer of
which glass transition temperature is enough lower than room temperature
(approximately —20°C).12627 Considering the result in section 7.3.1, DMSO (gr = 47),
formamide (er = 111), NMF (& = 182) and water (er = 78) were chosen to check the
miscibility with EA. As the result, EA was not arbitrarily miscible with formamide and
water because EA is hydrophobic low polar molecule; whereas EA was miscible with
DMSO and NMF at arbitrarily ratio. The important finding here is that NMF was miscible
with low-polar EA even though the & of NMF is quite high as 182 that is much higher
than ¢ of water (78). The other solvents such as N-methylpropioneamide (&r = 172) may
also be used because it seems to have better compatibility with organic compounds
considering the molecular structure. However, considering current commercial
availability and price, NMF seems to be the best solvent to be investigated. Therefore, |

used NMF as an appropriate solvent in this work.

7.3.3. Swelling behavior of a PNaAMPS network in EA/NMF binary mixture

To achieve the purpose of my research, polyelectrolyte network has to swell highly in the
mixture of monomer for rubbery polymer and high dielectric solvent. As the model
system, swelling behavior of a PNaAMPS network in EA/NMF binary mixture was

investigated. For comparison, the swelling behavior in EA/DMSO binary mixture was
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also characterized. The result of the swelling ratio as the function of weight fraction of
EA, fea, is shown in Figure 7-6. The PNaAMPS highly swelled as V/Vo > 10 when fea
was small. The swelling ratio was gradually decreased with the fea, and the volume
transition was observed at around fea = 70 wt.% for EA/NMF and fea = 35 wt.% for
EA/DMSO. At the same fea, the swelling ratio in NMF is higher than that in DMSO.
These results are because NMF has higher & than DMSO. Hence, to achieve the wide
range applicability of the EA concentration, NMF is better than DMSO.

To consider the volume transition for EA/NMF binary mixture, the dielectric
constant ¢, of the binary mixture was measured by commercial dielectric constant meter.
The & of the pure EA was quite low as 5.8 which is comparable with chloroform (4.8)
and ethyl acetate (6.0). As shown in Figure 7-7, & of the dielectric constant decreased
monotonically with increasing the EA weight fraction. The &r kept high value even at
relatively high EA concentration, for example, & = 70.6 for fea = 50 wt.% which is
comparable with pure water. The plots do not behave linear relationship, which is usually
observed for the e of binary mixtures.?®2° With using the measured & values, the swelling
ratio in EA/NMF binary mixture was plotted as a function of the & (Figure 7-4, red
circles). The transition value was observed around & = 40 that is corresponding to the
data for pure solvents (blue squares). The & of EA/DMSO binary mixtures was not
measured; however, we can briefly consider as follows. Although there are various
equations to predict the dielectric constant of binary mixture,?>? one of the simplest
equations to predict is the simple mixing law:

€rave = QAErA t OBEB (7.12)
where ¢ is the volume fraction, and the subscripts A and B are the components (¢a + ¢s

= 1). For the transition point fea = 30 wt.% (fomso =~ 70 wt.%) on the EA/DMSO binary
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mixture, the weight-averaged dielectric constant is close to the critical value 40:

8r,ave ~ (I)DMSOEr,DMSO + cI)EAEr,EA ~ 34 (7-13)
fomso/Ppmso
bomso = ea =1 dpuso) (7.14)
( PMSO fomso/Pomso + fea/Pea EA PMSO

where p is the specific density of each component (pomso = 1.00, pea = 0.92). The result
indicates that the critical concentration to determine the swelling/collapse transition of
the polyelectrolyte gel is mainly controlled by the dielectric constant even for the mixture

solvent.

7.3.4. Effect of salt on swelling, and elastic modulus of the swollen gels
To confirm that the swelling of PNaAMPS gel in NMF results from the osmotic pressure
of dissociated counter ions of polyelectrolyte, the swelling behavior of PNaAMPS gels
in NMF solution containing simple salt (LiCl) was investigated. Swelling ratios of the gel
as the function of the concentration of LiCl are shown in Figure 7-8. Swelling ratio of
the PNaAMPS gel decreased with the LiCl concentration both for NMF and aqueous
solution. Note that all the gels were homogeneously shrunk (i.e. not collapsed with curved
shape) and transparent. For polyelectrolyte gel, the osmotic pressure from the dissociated
counter ions of polyelectrolyte is suppressed in salt solution because of Donnan
equilibrium, which leads to deswelling of the polyelectrolyte gels.>® Therefore, the result
is an evidence that the high swelling of the gel in NMF originates from the high osmotic
pressure caused by dissociation of the counter ions of polyelectrolyte.

For the highly swollen polyelectrolyte gel accompanying with dissociation of
counter ions, stiff elastic modulus is often observed because of the pre-stretching of the
polymer strands. To see the effect, shear moduli, p, of the PNaAMPS gels in NMF with

salt, in EA/NMF binary mixtures, and in water with salt were characterized. As the result,
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a master curve regardless of the solvent was observed for the swelling ratio V/Vo and the
modulus p (Figure 7-9a). Specifically, the modulus moderately decreases and then
increases with the high swelling. Even though the polymer concentration is highly diluted
(more than 1/10) by swelling, the modulus of highly swollen gels (for V/Vo > 10, u > 18
kPa) is higher than that of the as-polymerized gel (u = 14 kPa at V/Vo = 1), which is the
typical observation for the densely crosslinked polyelectrolyte gels. The swelling-induced
stiffening of gels was also observed in the EA/NMF binary mixtures at fea < 60 wt.%
(green triangles in Figure 7-9a), implying the counter ions were also dissociated in the
EA/NMF binary mixtures.

Here, the chain stiffening is quantitatively discussed using some reported
considerations. In general, the modulus of gel (l) is given as the product of the number
density of elastically effective polymer strands (v) and the average energy per strand
(Wtrand) 31

1= VWarrand (7.15)
The strands density v is inversely proportional to the volumetric swelling ratio, v ~ (V/Vo)
1. For the Gaussian chain (flexible chain), Wstrang is proportional to (V/Vo)??, so that the
1 of the soft network with Gaussian chain is proportional to (V/Vo) Y2.3232 The relation is
observed in Figure 7-9a at the swelling-induced softening region (V/Vo < 4). Hence, the
increase of the modulus by swelling (V/Vo > 10) indicates that the network strands become
stiff non-Gaussian chains that are closed to their stretching limit.3+3¢ The average stored
elastic energy in the pre-stretched strand (Wstrana) Normalized to that of the as-polymerized

state (Wstrand,0) 1S described as

Witrand zﬁv_o_ nv

= = —— (7.16)
Wstrando Ho V to Vo

Assuming an affine deformation, the average end-to-end distance of the strand (R) relative
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to that of the as-polymerized state (Ro), is®1*?

1
V\3

) 717

R

R
Ro
The correlation of average stored elastic energy of the pre-stretched strand and the
average end-to-end distance of the strand is plotted in Figure 7-9b. When the R/Ro is
small (R/Ro < 1.6), Wstrang is proportional to (R/Ro)? that corresponds to the Gaussian chain
regime. At large R/Ro, the deviation from the Gaussian regime was observed. At larger
swelling state (R/Ro > 2.6), Wstrand IS SCaled to R/Ro with a strong experimental power
exponent ~11, and reached 100-fold larger than Wstrand,0. These transition points (R/Ro =
1.6 and 2.6) are roughly corresponding to the deviation from neo-Hookean regime and
showing the strain hardening region, respectively, observed in the stress—strain curve for
the uniaxial stretching test of the as-prepared (1-3) PNaAMPS gel (see Figure 4-19, R/Ro
= 1.6 and 2.6 corresponding to strain ¢ = 0.6 and 1.6, respectively, for uniaxial stretching
direction).

Nevertheless, the high swelling of the network brings low extensibility and
dilution of the first network even in the EA/NMF binary mixtures, which are required to

obtain the contrasting DN structure.

7.3.5. Compatibility of PEA with NMF

Before synthesis of DN elastomers, | checked the compatibility of PEA with NMF, and
appropriate condition (e.g. crosslinker concentration) to synthesize second network. As
preliminary experiment, 45 wt.% (approximately 4.3 M) EA was polymerized in NMF
with 0.005-0.1 mol% crosslinker with respect to the monomer. At the crosslinker

concentration of 0.005—0.03 mol% that is normal condition for the second network of
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stretchable DN hydrogels, the solution did not form gel but viscous liquid was obtained,
suggesting the crosslinker concentration was not enough to form the percolated network.
The result implies that effectiveness of radical polymerization in NMF is poorer than in
water. Meanwhile, when 0.1 mol% crosslinker concentration was used, a gel exhibiting
high stretchability (elongation at break >1000%) was obtained. Because the gel was
transparent, PEA seems to have good compatibility with NMF. Considering the high-
stretchable second network is appropriate for the second network of DN hydrogels, the
author determined that the crosslinker concentration at around ~0.1 mol% is the good
condition for the second network synthesis with NMF solvent for the DN elastomer.
Using the obtained PEA organogel, the swelling property of the gel in organic
solvents was investigated to find the good solvent for the PEA and to check the not only
EA monomer but also PEA polymer has good compatibility with NMF. As shown in
Figure 7-10, The PEA was largely swollen in low-polar solvents except for hexane. The
PEA organogel was also swollen well in NMF, suggesting NMF is a good solvent for

PEA, even though the swelling ratio is not as high as that in low-polar solvent.

7.3.6. Synthesis and characterization of a PNaAMPS/PEA DN organogel

Next, a DN organogel possessing the PNaAMPS first network and the poly(ethylacrylate)
(PEA) second network was synthesized using NMF as a solvent. The NMF-swollen
PNaAMPS gel (crosslinking density of 3 mol% with respect to the monomer) was
immersed in a mixture of EA (fea = 50 wt.%) and NMF containing crosslinker (4EGDA,
concentration fc = 0.2 wt.% corresponding to 0.13 mol% with respect to the monomer)
and AIBN initiator (0.1 wt.%) to reach a swelling equilibrium. Then EA was polymerized

into a polymer network by a free-radical polymerization in the highly-prestretched
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PNaAMPS network. Thus-obtained as-prepared DN organogel containing NMF solvent
Is transparent, implying a homogeneous structure at the scales larger than several
hundreds of nanometers. This is because NMF worked as a cosolvent for PNaAMPS and
PEA.

Uniaxial tensile test of the as-polymerized DN organogel and corresponding SN
organogels was conducted. Note that the DN organogel and PEA organogel are as-
polymerized state and PNaAMPS SN gel are swollen state in NMF containing 0.04 M
LiCl, so that the concentration of each polymer component in the gels are approximately
identical. As observed in Figure 7-11, the DN organogel exhibits enhanced mechanical
properties compared to single-network (SN) organogels. The DN organogel shows a
yielding phenomenon (elongation ratio and stress at yield Ay = 4.1 and oy = 0.84 MPa)
and high stretchability (elongation ratio at break A, = 9) accompanying with strain
hardening (A > 7), which are the features of DN hydrogels with high toughness.>3":38

At the synthetic condition, the essential requirements for toughening DN gel are
achieved via prestretching of the first network. First, the first network is much less
extensible than the second network (Ap =~ 1.7 for PNaAMPS SN gel and Ap = 17 for PEA
SN gel). Second, the first network is highly diluted compared to the second network. The
volume fraction, ¢, of the first and second networks are ¢1st = 1.3 vol% and ¢ong = 37
vol%, respectively, meaning that the volume of the second network is 30-fold higher than

the first network. As the result, the DN organogels showed excellent mechanical property

similar to DN hydrogels.

7.3.7. Fabrication and uniaxial tensile test of a PNaAMPS/PEA DN elastomer

A hybrid DN elastomer was subsequently fabricated by removing the solvent from the
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DN organogel. To remove the NMF and some unreacted molecules in the organogel, the
DN organogel was first immersed in acetone that is mixable to NMF and a good solvent
for PEA (see section 7.3.5), so that the solvent in the organogel was exchanged from
NMF for acetone. Then, the sample was stored under a vacuum (<20 mbar for more than
5 days) to remove the acetone from the organogel. All or most of acetone was expected
to be removed since acetone is volatile solvent (boiling point of 56°C at 1000 mbar) and
the vacuuming pressure is much lower than the vapor pressure of pure acetone (308 mbar
at 25°C). Because only solvent was removed, the volume fractions, ¢, of the first and
second networks in the DN elastomer are ¢1st = 3 vol% and ¢znd = 97 VOI%, respectively,
maintaining the same volume ratio of the two networks in the DN organogel (¢1st = 1.3
vol% and d2nd = 37 vOI%, respectively). It is reasonable to consider that the hydrophilic
PNaAMPS is poorly mixable with hydrophobic low polar PEA; however, the dried DN
elastomer is transparent observed with the naked eye (Figure 7-12), suggesting the DN
elastomer has homogeneous structure at larger than several 100s nm scale. It is expected
that macroscopic phase separation is suppressed by the topologically interpenetrated
structure of the two networks at the network scale (typically from several to tens of
nanometers).

The nominal stress (c)—elongation ratio (A) curves on the uniaxial tensile test of
the DN elastomer and its individual components at dried state are shown in Figure 7-13.
The experimental condition was kept as room temperature at ~50% relative humidity
because polyelectrolyte may absorb fraction of water molecules from air which depends
on the humidity. Like DN organogel discussed above and DN hydrogels, the DN
elastomer exhibits excellent mechanical behavior, compared to the single components.

The DN elastomer exhibits clear yielding phenomenon at A = 5.3 and a strong strain
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hardening from A = 10 to the break point (A, = 20 and o» = 4.9 MPa). The o—A curve of
the DN elastomer is weakly dependent on the stretch velocity (Figure 7-14). In addition,
it should be noted that the solvent-free PNaAMPS SN polymer is in a glassy state at room
temperature.®® The maximum stress, 28 MPa, is larger than DN elastomer because glassy
polymer is usually stronger than stretchable elastomer. However, considering the volume
fraction of the first network in the DN elastomer (¢1st = 3 vol%), the stress increase from

PEA SN elastomer to DN elastomer is still surprising.

7.3.8. Cyclic tensile test of a PNaAMPS/PEA DN elastomer to confirm internal
fracturing

Because the concept of DN elastomers is based on conventional DN hydrogels, it is
naturally expected that the toughening mechanism is based on mechanical energy
dissipation by covalent bonds scission, as observed in DN hydrogels. Such internal
fracturing is crucially important character to achieve the self-growing behavior discussed
until the previous chapter. To confirm the internal fracturing, cyclic tensile test of the DN
elastomer was performed. The applied A as a function of time, and the resulting stress
response as the function of A, are shown in Figures 7-15a and b, respectively. As expected,
the DN elastomer exhibits large mechanical hysteresis in its loading and unloading curves.
The shape of cyclic o—\ curve is similar to that observed on conventional DN hydrogels
(Figure 4-15 and references 37 and 40). When carefully observed, the hysteresis of the
DN elastomer was slightly recovered on its reloading curve compared to previous
unloading curve, which is different from irreversible hysteresis observed in DN
hydrogels.3"#! This is probably due to intrinsic viscoelasticity of PEA matrix and/or

possible nanoscopic aggregation structure of PNaAMPS chains surrounded by PEA. As
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the evidence of the former reason, PEA SN elastomer also exhibit hysteresis at the
experimental condition at the strain rate of ~0.1 s (Figure 7-15c). For the latter reason,
even though we have confirmed the possible homogeneous microstructure (> 100s nm
scale) by the visible transparency, nanoscopic phase separation (< 100s nm) is still
unvalidated. These two expected reasons should be deeply investigated in the future to
understand the partial recovery of the hysteresis which is different from DN hydrogels.
Nevertheless, most of the hysteresis in the largely stretched DN elastomer was not
recovered even after waiting for 1 week (Figure 7-16), hence the observed mechanical
hysteresis essentially originates from the internal fracturing of the first network strands.
Therefore, mechanoradicals are expected to be generated in the invented DN elastomers

as well as DN hydrogels during its deformation.

7.3.9. Toughness (crack resistance) of a PNaAMPS/PEA DN elastomer

To confirm the toughening effect on the elastomer, fracture test was performed for the
PNaAMPS/PEA DN elastomer. Two individual methods, single-edge notched fracture
test and trouser-shaped tearing test, were performed. As shown in the method section
7.2.10, the fracture energy characterized by single-edge notched fracture test, G, can be

characterized as:

6W.c,
G. = ACT/Z

(7.10) reproduced

where co, W and Ac are the inserted notch length, critical strain-energy density in the
material and critical elongation ratio, respectively. The critical point for W¢ and Ac
corresponds to the point where crack propagation starts under the extension. The sample

geometry has already shown in Figure 7-2. The o—A curve of the PNaAMPS/PEA DN

elastomers with and without notch are shown in Figure 7-17a. In the experiment, the
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critical point where the crack propagation starts was difficult to detect precisely because
the difference between crack opening (deformation) and crack propagation is not clear.
Thus, | assumed that the point giving maximum force was the critical point (Figure 7-
17b). In original papers proposing the single-edge notched fracture test,'®2° W, was
characterized by stress—strain curve of un-notched sample. In my experiment, W¢ was
measured from the o—A curve of the unnotched region of the notched sample, where the
elongation ratio, A, was corrected via displacement of the two dots on the sample, in order
to reduce the number of the testing samples. As shown in Figure 7-17a, the o—A curve of
the unnotched region of the notched sample was nearly identical to that of the unnotched
sample. In fact, the W value measured from the notched sample was ~10% smaller than
that from the unnotched sample. Considering the G¢ characterization here includes some
assumptions such as the prefacter 3\¢ "2 in the equation and using input energy density
for the W¢, the 10% error is relatively small. Using the experimental data and equation
shown above, the fracture energy by single-edge notched testing, G¢, of the
PNaAMPS/PEA DN elastomer was characterized as 4.7 kJ m2, which is six-fold higher
than the PEA SN elastomer (0.8 kJ m™2).

Fracture energy obtained from trouser-shaped specimen, T¢, was also characterized.
The force—displacement curve under the tearing for the PNaAMPS/PEA DN elastomer is
shown in Figure 7-18. Stick-slip like fracturing was observed for this sample. Although
steady fracture is ideally desired to characterize the tearing fracture energy, T¢ can be
calculated using the average force during the crack propagation. As described in method
section 7.2.11, the tearing fracture energy by trouser-shaped specimen, Tc, can be

calculated as:

2F.A
T, = ; < _2bW. (7.11) reproduced
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where F¢, A, b, and W¢ are the average critical force, the average critical elongation ratio
of the leg, leg’s width, and the average critical strain energy, respectively, during the crack
propagation. This is the original equation proposed in 1953.1° If leg’s deformation is
negligibly small (Ac = 1), and the input energy to the leg would be also small (W = 0),

therefore, an approximated equation:
T. = % (7.18)

has been also used for the T. characterization.??%?2 However, observing at the
stress—strain behavior at the sample leg, Ac = 2.1 was observed for this sample (Figure 7-
19). Therefore, it is desired to use the original equation without approximation. If a
sample with wider legs or thinner sample was used, Ac would be close to 1. By using the
original equation (equation (7.11)), the tearing fracture energy T. of the PNaAMPS/PEA
DN elastomer was characterized as 12.0 kJ m=. Note that each component in the equation
was determined as 2F¢/t = 7.6 kI m™2, Ac = 2.2 and 2bW, = 4.5 kJ m2. The tearing fracture
energy Tc =12.0 k/m? is quite larger than single-edge notched fracture energy Gc (4.7 kJ

m~2), which will be discussed in section 7.3.11.

7.3.10. Mechanical properties of PNaAMPS/PEA DN elastomers with various
formulations under uniaxial tensile test

Next, PNaAMPS/PEA DN elastomers with various formulation were synthesized by
changing the feed composition of monomer or crosslinker. The effect of DN elastomer
formulation on the resulting mechanical properties was systematically investigated. First,
the crosslinker concentration of the first network, xi1, was varied from 2 to 10 mol% with
respect to the monomer concentration (1.0 M), whereas the composition of the precursor

solution of the second network was fixed (monomer (EA) and crosslinker (4EGDA)
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concentration of fea = 50 wt.% and fc = 0.2 wt.%, respectively). The c—\ curves and
parameters including volume fraction of each component and resulting mechanical
properties of the DN elastomers are shown in Figure 7-20a and Table 7-3, respectively.
The volume fraction of the first network ¢ist increased with xi, because the high
crosslinking density of the first network suppressed the swelling ability of the PNaAMPS
network in the EA/NMF binary mixture. The c—A curves are obviously different with the
X1. The elastic modulus and yielding stress and/or stress at break increased with the
increase of x1. The stretchability decreases at large x1 (> 4 mol%) and the distinct yielding
behavior disappears at x; = 8 and 10 mol%. These results on the x;-effect correspond to
that on the conventional DN gels.> Specifically on the stretchability, for DN gel, the
contrast of the first and second networks must be enough high to show yielding and
stretchable behavior. The same tendency is found in the DN elastomers: the highly
stretchable samples exhibiting a large stress plateau after yielding have a high
concentration contrast (¢p1st/dp2nd = 0.02—0.08 for X1 = 2—6 mol%), whereas low stretchable
samples has relatively low contrast (¢1st/d2ng > 0.11 for x1 = 8 and 10 mol%).

| also synthesized various DN elastomers from different monomer
concentrations for the second network, fea = 20-60 wt.%, while the same PNaAMPS first
network (x = 3 mol%) was used (Figure 7-20b and Table 7-3). The concentration of the
second network crosslinker was kept constant at fo = 0.2 wt.%. At higher fea, lower ¢1st
was yielded because of the increase in the concentration of the second network monomer
in-feed. Thus, the yielding stress decreased at higher fea. All samples showed yielding.
All samples except for the sample of fea = 20 wt.% showed high stretchability
accompanying with strain hardening. The low stretchability of the sample of fea = 20

wt.% is because of the relatively low contrast of the two networks (¢1st/ d2nd = 0.08). The
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strain hardening of the samples (fea > 30 wt.%) was steeper with an increase of fea
(Figure 7-20b). Since such steepness difference is hardly observed in the samples with
varied x1 (= 2-4) and fixed fea (Figure 7-20a), the steepness difference possibly
originates in the second network. In general, the steepness of the strain hardening of soft
network polymers (rubbers and gels) is enhanced by the crosslinking density.!:? For the
DN elastomers, the crosslinker concentration in feed of the second network, fc, was kept
constant (fc = 0.2 wt.%). Therefore, the crosslinker concentration (weight fraction) in the
DN elastomer after removing the solvent corresponds to fc/(fc+fea). Because fe/(fc+fea)
decreases with the increase of the fea, the concentration of chemical crosslinker does not
explain the steepness difference. However, it is reasonable to consider for the soft
elastomeric networks that the crosslinking density is strongly affected by the effective
crosslinking of the trapped entanglements of the second network strands, which increases
with the polymer concentration at the second network synthesis. Therefore, the trapped
entanglement density increases with increasing of the fea, which would affect to the
steepness difference. The argument also implies that the entanglement density is more
dominant than chemical crosslinking density for the soft second network.

Here, the concentration contrast, ¢ist/¢zng, is focused. The effect of ¢ist/dong ON
the stretchability and strengths were summarized in Figures 7-21a and b, respectively.
The elongation at break, A, decreases with increase of ¢1st/d2nd, €specially at ¢ist/dong >
0.06. Furthermore, at ¢ist/d2na > 0.1, Ap becomes much smaller without showing the
yielding. The yield stress oy and the stress at break oy increase with ¢1st/d2ng. These results
indicate that concentration contrast is the dominant parameter to obtain the DN elastomers
showing yielding and high stretchability (A, ~ 20). Because the systematic research on

DN hydrogels indicated that the strand number density of the two networks should be
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considered as the essential criterion to show the yielding,® the concentration criteria found
here (¢1st/d2nd > 0.06-0.1) may depend on crosslinking density of the two networks.
However, because similar value of ¢1s/d2na Criteria are also found for DN hydrogels and
multiple network elastomers,>!? so that the quantity can be used as a practical

experimental guide to optimize the contrasting structure of the DN system.

7.3.11. Fracture energy of PNaAMPS/PEA DN elastomers with various formulations
Fracture energies of all ten DN elastomers were also characterized using two individual
methods described in section 7.3.9. First, the fracture toughness G¢ using single-edge
notched geometry was characterized. Typical stress—deformation ratio curves of the
notched samples are shown in Figure 7-22. The G ranges around 3-9 kJ m=2. The sample
with ¢1st/d2nd = 0.08 exhibiting distinct yielding and no strain hardening shows the highest
Gc (Figure 7-21c), which contrasts the strengths (i.e., stresses at yield and break, oy and
ob) that monotonically increase with ¢ist/d2ng (Figure 7-21b). The fracture toughness by
a tearing test with a trouser-shaped geometry was also characterized. Typical normalized
force—displacement curves on the tearing experiment are shown in Figure 7-23. Most
samples showed stick-slip phenomenon. The tearing fracture energy, Tc, of the ten DN
elastomers ranges from 8 to 14 kJ m~2, higher than that measured by a single-edge notched
geometry (around 3-9 kJ m=2), especially for the samples showing yielding and strain
hardening. The G¢ and T, of the samples are summarized in Figure 7-21c as the function
of ¢1st/d2nd. The volume ratio to give highest toughness shifts slightly from ¢1st/d2nd = 0.08
for Gc to ¢ast/dand = 0.06 for Te.

There are several expected reasons for the differences between G¢ and Tc. The

intrinsic fracture energy should depend on the local strain rate at the crack tip, that is
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different between testing speed and geometry.?2234345 Both equations characterizing Gc
and T (see sections 7.2.10, 7.2.11 and 7.3.9) contain the critical elastic stored energy (W)
in the bulk elastomer, which is rather complicated for elastomers showing mechanical
hysteresis.!®#* The equation characterizing G contains an empirical factor of 312 that
is not validated for our DN elastomers.>?° Therefore, the small difference within a
numerical factor of the characterized fracture energies of soft materials is less meaningful,
especially when different testing methods are conducted. Even so, the fracture energy of
the DN elastomers is in the order of 10-10* J m~2, which is comparable to conventional
tough elastomers such as unfilled natural rubbers, filled synthetic elastomers, and triple-

network elastomers,11:2345.46

7.3.12. DN elastomers with various polymer combinations

The concept to synthesize the DN elastomer composed of polyelectrolyte first network
and low-polar elastomeric second network using high dielectric solvent is possibly
applied to various combinations of polymer species. In this section, various chemical
structures of polymer are tested to fabricate DN elastomers. Five kinds of polyelectrolyte
first networks were synthesized from five monomers: p-styrene sulfonic acid sodium salt
(NaSS), acrylic acid sodium salt (NaAAc), 2-acryloxyethyl trimethylammonium chloride
(CIAETMA), acrylic acid (AAc), and 2-acrylamido-2-methylpropane sulfonic acid
(AMPS) (Figure 7-24a). The resulting polymers are denoted as PNaSS, PNaAAc,
PCIAETMA, PAAc, and PAMPS, respectively. For the second network, three kinds of
polymers are tested, synthesized from butyl acrylate (BA), 2-methoxyethyl acrylate
(MTA), and 2-(2-ethoxyethoxy)ethyl acrylate (EEEA) (Figure 7-24b). The resulting

polymers are denoted as PBA, PMTA, and PEEEA, respectively. These second network
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polymers are rubbery state at room temperature.

First, swelling ability of these polyelectrolyte networks in NMF and EA/NMF
(50:50 w/w) binary mixture, and of a PNaAMPS network in binary mixtures of NMF and
the monomer for the second network (BA, MTA or EEEA) were investigated. As shown
in Figure 7-24c, the swelling ratios of the polyelectrolyte networks with metal counter
ions (PNaSS and PNaAAc) and chloride counter ion (PCIAETMA) in NMF and EA/NMF
binary mixtures were as high as those in water, suggesting the counter ions are dissociated
in NMF and EA/NMF binary mixtures. The polyelectrolyte networks of polyacids
(PAMPS and PAACc) with proton counter ions also showed high swelling ratio in NMF
and EA/NMF binary mixtures, suggesting the dissociation of protons in the solvents. It
should be noted that the PAAc hardly swelled in water (V/Vo = 2). Since the PAAC is weak
acid of which the pKa in water is 5,*” the most protons are probably not dissociated in the
hydrogel. On the contrary, the PAAc network highly swelled in NMF, suggesting much
larger number of protons of PAAc were dissociated in NMF. This may be owing to the
proton-accepting ability of NMF.23 In addition to the dissociation degree of protons, the
other possibility to explain the large difference roots in the hydrogen bonding. Carboxylic
acid group of PAAc may form dimer with hydrogen bond in water, which may be
weakened or destroyed by the NMF with amide bond. Nevertheless, the high-swelling
ratio of densely crosslinked PAAc gel in NMF suggests some protons of PAAC is
dissociated in the NMF environment.

Swelling ability of a PNaAMPS network in binary mixtures (50:50 w/w) of NMF
and the monomer (BA, MTA, or EEEA) was also characterized. The measured dielectric
constant & of the binary mixtures are shown in Table 7-2. In the all binary mixtures,

PNaAMPS network was highly swollen comparable to that in water (Figure 7-24d).
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Next, DN elastomers comprising polyelectrolyte (PNaSS, PNaAAc,
PCIAETMA, PAAc, or PAMPS) first network and PEA second network, and comprising
PNaAMPS first network and elastomeric polyacrylate (PBA, PMTA or PEEEA) second
network were fabricated using same procedure. Only when the PNaAMPS/PBA DN
organogel containing NMF was fabricated, the gel was slightly opaque, suggesting PBA
is bit incompatible with NMF. After drying, all DN elastomers are transparent. The stress—
strain curves of the DN elastomers are shown in Figure 7-25. All DN elastomers showed
yielding phenomenon, and most of the elastomers show a strain hardening and high
extensibility (A» > 10). Note that the mechanical properties and swelling ratio observed
above are not only depend on chemical feature of side-chain group of the polymer but
also affected by the different architecture of the network, because the kinetics of the free-
radical polymerization and the reactivity ratio between the monomer and the crosslinker
(MBAA) is different. According to the results, the fabrication strategy for DN elastomers
using dielectric solvent can be widely applied for various polyelectrolyte first network

and elastomeric second network combination.

7.4. Conclusion

In this chapter, a procedure to fabricate tough and stretchable DN elastomers is proposed
and the results are systematically discussed. By using high-dielectric organic solvent (e.g.
NMF), DN elastomer composed of contrasting two-network structure of a pre-stretched
brittle polyelectrolyte first network (e.g. PNaAMPS network) and a stretchable
elastomeric low polar second network (e.g. PEA network) was fabricated. The DN
elastomers exhibit high strength (~5 MPa nominal stress and ~100 MPa true stress at

break), large stretchability (~2000%) and high fracture toughness (~10* J m~2). Similar to
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the DN hydrogels, the DN elastomer shows large irreversible fraction of mechanical
hysteresis, suggesting internal fracturing occurred in the DN elastomers. Therefore, self-

strengthening or self-growing property will be possibly given to the DN elastomers.
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Figures and Tables

Table 7-1. Abbreviations and structures of some chemical compounds used in this chapter.

Chemical name Abbreviation Chemical structure
(2-Acrylamido-2-methylpropanesulfonic acid) o ></
SO,N
sodium salt NaAMPS \)J\” che

o
Poly(2-acrylamido-2-methylpropanesulfonic ></
- - PNaAMPS N SONa
acid) sodium salt N

o] o]
N,N'-Methylenebisacrylamide MBAA \)J\N/\NJ\/
H H
e}
Ethyl acrylate EA
\)J\O/\
0
Poly(ethyl acrylate) PEA /i;/gU\ 0"
0
Poly(ethyleneglycol) diacrylate \)L{ o
(average molecular weight 250, n = 3) PEGDA O/\% \ﬂ/\
0
0

Tetraethyleneglycol diacrylate AEGDA \)L(O/\%O\g/\

2,2'-Azobis(isobutyronitrile) AIBN NCXN\\NXCN
O
N-Methylformamide NME H)J\N/CHB
H
O
Dimethyl sulfoxide DMSO d
H,C” “CH,
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Table 7-1. Cont’d

Chemical name

Abbreviation

Chemical structure

p-Stylenesulfonic acid sodium salt

Acrylic acid sodium salt

Acrylic acid

Tetramethyl ammonium ethyl acrylic
chloride

2-Acrylamido-2-methylpropane sulfonic
acid

Butyl acrylate

2-Methoxyethyl acrylate

2-(2-Ethoxyethoxy) ethyl acrylate

NaSS

NaAAc

AAcC

CIAETMA

AMPS

BA

MTA

EEEA

\\—@sosNa

O

\)J\ONa

(0]

s

(e}

\)J\o/\/ N(CHa)sC!

(6]
\)J\NX/S%H
H

(e}

\)J\o/\/\

o

\)J\O/\/o\

o
\)J\o/\/o\/\o/\
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R=3 |
R=3

JIS K6251-7

10 mm

Figure 7-1. Dumbbell shape (JIS K 6251-7 standard) used in this chapter for tensile

experiment.
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0 ) (for local deformation measurement
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= =
Lower
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Figure 7-2. Experimental setup of fracture test with single-edge notched geometry.
Elongation ratio of un-notched region was measured by non-contacting video
extensometer. Reprinted with permission from Chemistry of Materials 31, 3766-3776

(2019). Copyright 2019 American Chemical Society.
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Figure 7-3. Experimental setup of fracture test with a trouser-shaped specimen. The
elongation ratio of the lower leg was measured by non-contacting video extensometer.
Reprinted with permission from Chemistry of Materials 31, 3766-3776 (2019). Copyright
2019 American Chemical Society.
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Table 7-2. Solvents and solutions used in swelling experiment and their dielectric
constants. Reprinted with permission from Chemistry of Materials 31, 3766-3776 (2019).
Copyright 2019 American Chemical Society.

Sovent Dielectric constant® Monomer solution Dielectric constant®
€ [-] (temperature [°C] ) & [-] (temperature [°C] )
dioxane 2.209 (25) EA 5.83 (25.0)
anisole 4.33 (25) EA:NMF 90:10(w/w) 13.52 (23.5)
chloroform 4.806 (20) EA:NMF 80:20(w/w) 24.6 (23.4)
ethyl acetate 6.02 (25) EA:NMF 70:30(w/w) 38.4 (23.6)
tetrahydrofuran 7.58 (25) EA:NMF 60:40(w/w) 53.4 (24.1)
methyl isobutyl ketone 13.11 (20) EA:NMF 50:50(w/w) 70.6 (24.8)
2-methoxyethanol 16.93 (25) EA:NMF 40:60(w/w) 90.0 (24.4)
cyclohexanone 18.3 (20) EA:NMF 30:70(w/w) 111.8 (24.8)
acetone 20.70 (25) EA:NMF 20:80(w/w) 136.4 (24.6)
ethanol 24.55 (25) EA:NMF 10:90(w/w) 163.0 (24.8)
2-ethoxyethanol 29.6 (24)
N-methylpyrrolidone 32.0 (25) BA 5.06 (25.3)
methanol 32.70 (25) BA:NMF 50:50(w/w) 73.4 (24.0)
N,N-dimethylformamide 36.71 (25)
acetonitrile 37.5 (20) 2-MTA 7.80 (25.6)
ethylene glycol 37.7 (25) MTA:NMF 50:50(w/w) 71.6 (25.1)
N,N-dimethylacetamide 37.78 (25)
y-butyl lactone 39 (20) EEEA 7.65 (25.0)
dimethyl sulfoxide (DMSO) ~ 46.68 (25) EEEANMF S0:50wiw) - 78.7 (25.0)
propylene carbonate® 66.1 (25)
water 78.39 (25)
formamide 111.0 (20)
N-methylformamide (NMF) 182.4 (25)

aReference 48 except for b; Preference 49; ‘measured values.
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Figure 7-4. (a) Chemical structure of PNaAMPS network crosslinked by MBAA. (b)
Swelling ratio (V/Vo) of (1-3) PNaAMPS gel in various solvents (blue squares) or in
EA/NMF binary mixtures (red circles), as a function of the dielectric constant of the
solvents (er) (see Table 7-2 for the solvents used here and their values of ). Note that the
values of V/Vq for collapsed gel (V/Vo < 4) are not quantitatively accurate (see main text
section 7.3.1). The dashed line is a guide for the eyes. Reprinted with permission from
Chemistry of Materials 31, 3766-3776 (2019). Copyright 2019 American Chemical
Society.
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Figure 7-5. Photographic images and swelling ratio of (1-2.5) PNaAMPS gel in various
solvents as the supplementary results.
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Figure 7-6. Swelling ratio (V/Vo) of (1-3) PNaAMPS gel in EA/NMF (red circles) or
EA/DMSO (green triangles) binary mixtures, as a function of the weight fraction of EA
(fea). For collapsed gels (V/Vo < 4), the values of V/Vo are inaccurate (see main text
section 7.3.1). The dashed line is a guide for the eyes. Reprinted with permission from

Chemistry of Materials 31, 3766-3776 (2019). Copyright 2019 American Chemical
Society.
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Figure 7-7. Dielectric constant of EA/NMF binary mixture at 24.2+0.8°C, as a function
of the weight fraction of EA (fea) in the mixture. The chemical structures of NMF and EA
are also shown (top). Reprinted with permission from Chemistry of Materials 31, 3766—
3776 (2019). Copyright 2019 American Chemical Society.

190



Chapter 7: Fabrication of Hybrid Double-Network Elastomers

T~ 20F
~ t o 000 o OO
~ 3 o
BN [ o oo®B 0
15 - m] I:ID o O
<} [ - a©
© [ o]
£ 10 f ol
c [ 8
= | © NMF+LCl By,
2 [ 0 Water + LiCl B
n [
(O 5 I T Ll Ll
10 103 102 107 10°

LiCl concentration (M)

Figure 7-8. Swelling ratio of (1-3) PNaAMPS gel in LiCl salt solution in water or NMF,
as a function of the LiCl concentration. Reprinted with permission from Chemistry of
Materials 31, 3766-3776 (2019). Copyright 2019 American Chemical Society.
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Figure 7-9. (a) Shear moduli of the PNaAMPS gels swollen in LiCl salt solution in water
or NMF, or binary mixture of EA/NMF (fea = 10, 20, 30, 40, 50, and 60 wt.%), as a
function of the swelling ratio. The dashed lines are guides for the eyes. (b) Normalized
average stored elastic energy per strand as a function of normalized average strand length
between crosslinking points. The thin solid lines are guides for the scaling exponents.
Reprinted with permission from Chemistry of Materials 31, 3766-3776 (2019). Copyright
2019 American Chemical Society.
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Figure 7-10. Swelling ratio of PEA gel in various solvents. The PEA gel was synthesized
from 45 wt.% EA, 0.11 wt.% PEGDA (0.1 mol% to EA), 0.07 wt.% AIBN (0.1 mol% to
EA) and 55 wt.% NMF.
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Figure 7-11. Typical tensile stress—elongation ratio curves of a PNaAMPS SN, a PEA SN,
and a PNaAMPS/PEA DN organogel containing NMF solvent. The PNaAMPS SN gel is
swollen in an NMF solution containing 0.04 M LiCl to have the same volume fraction of
PNaAMPS in the SN organogel as in the DN organogel. The DN gel and the PEA SN gel
were in as-synthesized state with virtually identical volume fraction of PEA. Reprinted
with permission from Chemistry of Materials 31, 3766-3776 (2019). Copyright 2019

American Chemical Society.
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Figure 7-12. Optical images of a PNaAPMS/PEA DN elastomer after removing of NMF.
Left figure is reprinted with permission from Chemistry of Materials 31, 3766-3776
(2019). Copyright 2019 American Chemical Society.
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Figure 7-13. Typical tensile stress—elongation ratio curves of a solvent-free (1-3)
PNaAMPS SN polymer, a PEA SN elastomer, and a DN elastomer. In the experiment
depicted in this figure, the crosslinker concentration of the first network, x; = 3 mol%,
and the monomer concentration of the second network, fea = 50 wt.%, were selected. The
nominal strain rate was ~0.1 s 1. Reprinted with permission from Chemistry of Materials

31, 3766-3776 (2019). Copyright 2019 American Chemical Society.
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Figure 7-14. Dependence of the strain rate for the tensile stress—elongation ratio curves
of a DN elastomer (x1 = 3 mol% and fea = 50 wt.%). Reprinted with permission from
Chemistry of Materials 31, 3766-3776 (2019). Copyright 2019 American Chemical

Society.
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Figure 7-15. Cyclic tensile test of a DN elastomer and PEA SN elastomer. (a) Applied
elongation ratio as a function of time at the nominal strain rate of ~0.1 s™*. Cyclic tensile
stress—elongation ratio curves of (b) a DN elastomer (x1 = 3 mol% and fea = 50 wt.%)
and (c) a PEA SN elastomer (fea = 50 wt.%). (a) and (b) are reprinted with permission
from Chemistry of Materials 31, 3766—-3776 (2019). Copyright 2019 American Chemical

Society.
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Figure 7-16. Cyclic tensile test of a DN elastomer (x1 = 3 mol% and fea = 50 wt.%)

with different waiting time.
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Figure 7-17. Typical result of stress—elongation ratio curves of fracture test with single-
edge notched geometry. (a) The stress—elongation ratio curves of a DN elastomer (x; = 3
mol% and fea = 50 wt.%) with (number of samples n = 4) and without (n = 2) crack. The
elongation ratio was measured on un-notched region of the sample by non-contacting
video extensometer. (b) Expanded view of a typical result around critical point of the
crack initiation. The deformation speed was 10 mm mint. Reprinted with permission
from Chemistry of Materials 31, 3766—-3776 (2019). Copyright 2019 American Chemical
Society.
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Figure 7-18. Typical force—displacement curve of the trouser-shaped tearing test of a
DN elastomer (x1 = 3 mol% and fea = 50 wt.%). The deformation speed was 100 mm

minL.
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Figure 7-19. Typical stress—strain curve of the leg under the trouser-shaped tearing test
of a DN elastomer (x1 = 3 mol% and fea = 50 wt.%). The deformation speed was 100

mm min L.
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Figure 7-20. (a) Typical tensile o—A curves of PNaAMPS/PEA DN elastomers with
various feed concentrations of crosslinker of the first network, x; = 2, 3, 4, 6, 8 and 10
mol%. The feed concentrations of monomer of the second network were fixed as fea = 50
wt.%. (b) Typical tensile o—A curves of PNaAMPS/PEA DN elastomers with various feed
concentration of monomer of second network, fea = 20, 30, 40, 50 and 60 wt.%. The feed
concentrations of crosslinker of the first network were fixed as x1 = 3 mol%. Reprinted
with permission from Chemistry of Materials 31, 3766-3776 (2019). Copyright 2019

American Chemical Society.
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Table 7-3. Compositions and mechanical properties of the PEA SN and PNaAMPS/PEA
DN elastomers. Reprinted with permission from Chemistry of Materials 31, 3766-3776
(2019). Copyright 2019 American Chemical Society.

b1 b0 b1 Brng E A, g, A, O Orp w, G, T

(vol%)  (vol%) () (MPa) () (MPa) () (MPa) (MPa) (Mim) (Km) (Km)
PEA SN 0 100 0 0.3 - - 20 1.4 29 9 0.8 3.4
DN2/50 2 98 0.02 0.4 5.4 1.3 19 2.8 53 28 3.4 10.2
DN3/50 3 97 0.03 0.8 53 2.1 21 4.8 98 46 4.7 12.0
DN4/50 4 96 0.05 1.2 5.2 3.1 18 5.1 94 52 6.4 12.7
DN6/50 7 93 0.08 2.1 4.5 5.3 13 5.0 66 48 8.1 11.0
DN8/50 10 90 0.11 5.4 4.7 8.5 5 6.6 34 21 7.5 9.8
DN10/50 12 88 0.14 10.2 - - 4 11.5 47 20 7.2 8.4
DN3/20 7 93 0.08 0.8 7.4 3.6 10 3.0 31 21 9.0 12.0
DN3/30 5 95 0.05 0.8 6.0 2.7 20 3.7 74 45 6.1 13.6
DN3/40 4 96 0.04 0.7 5.5 2.2 20 4.3 89 45 5.3 12.7
DN3/60 3 97 0.03 0.8 5.2 2.0 17 4.0 70 35 4.0 11.0

In sample code DNx1/fea, X1 and fea denote the feed crosslinker concentration with respect to the monomer (mol%) of the PNaAMPS
first network and the feed monomer concentration (wt.%) of the PEA second network, respectively. The resulting volume fractions
of the first and second network in the DN elastomers (@1t and ¢ang, respectively) and the ratio (¢1s/ ¢2nd), Young’s modulus (E),
elongation ratio and nominal stress at yield (A, and oy, respectively), elongation ratio, nominal stress, true stress and input energy
density at break (A, ob, o1,0 and Wh, respectively), fracture energies characterized by single-edge notched geometry (Gc) and trouser-

shaped tearing (Tc) are summarized. All values except for @is, @2nd and @1st/@2na are average values among three measurements.
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Figure 7-21. (a) Elongation ratio at break Ay; (b) stresses at yield oy and break op; ()
fracture energies characterized by single-edge notched geometry G¢ and by trouser tearing
geometry T, of the DN elastomers as a function of the volume ratio of the first network
to the second network, d¢ist/dona. The error bars are standard deviations on three
measurements. Reprinted with permission from Chemistry of Materials 31, 3766-3776
(2019). Copyright 2019 American Chemical Society.
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Figure 7-22. Typical stress—deformation ratio curves of un-notched region of the notched

sample in the single-edge notched fracture test of the DN elastomers. (a) x1 is varied as 2,
3,4, 6, 8 and 10 mol%; and fea is fixed as 50 wt.%. (b) x; is fixed as 3 mol%; and fea is

varied as 20, 30, 40, 50 and 60 wt.%. The deformation speed was 10 mm min*,
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Figure 7-23. Typical normalized force—displacement curves of the trouser-shaped tearing
fracture test of the DN elastomers. The force was normalized by the sample thickness. (a)
X1 is varied as 2, 3, 4, 6, 8 and 10 mol%; and fea is fixed as 50 wt.%. (b) x1 is fixed as 3
mol%; and fea is varied as 20, 30, 40, 50 and 60 wt.%. The deformation speed was 100

mm min L.
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Figure 7-24. Chemical structures of monomers for (a) polyelectrolytes as the first
networks and (b) elastomeric polyacrylates as the second networks. (c) Swelling ratio of
the polyelectrolyte gels in water, NMF, and EA/NMF binary mixtures (50:50 w/w). (d)
Swelling ratio of the PNaAMPS gels in water, NMF, and monomer/NMF binary mixtures
(50:50 w/w). Reprinted with permission from Chemistry of Materials 31, 3766-3776
(2019). Copyright 2019 American Chemical Society.
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Figure 7-25. Tensile o—A curves of DN elastomers with various chemical structure of the
networks. (a) DN elastomers with polyelectrolytes and PEA; and (b) DN elastomers with
PNaAMPS and elastomeric poly-acrylates. Reprinted with permission from Chemistry of
Materials 31, 3766-3776 (2019). Copyright 2019 American Chemical Society.
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Chapter 8: General Conclusion and Outlook

Inspired by mechanoresponsive biological tissues, | developed a self-growing hydrogel
that repetitively grows in size and strength in response to mechanical activation through
an efficient mechanoradical polymerization. This dissertation has described the essential
issues and solution to realize the self-growing property through mechanochemical

transduction.

At first, | carefully considered the current stream of the materials science
especially on mechanochemistry. Given the progress and difficulty on the self-
strengthening materials, | focused on an essential issue on this research; that is, efficiency
of the mechanochemical reaction in bulk materials. To achieve the efficient reaction, a
DN gel was used for the candidate material to achieve the self-growing property because
the DN gel contains a lot of solvent, and a lot of polymer strands are fractured during the
deformation of the gel, suggesting plenty of mechanoradicals are generated in the gel.

To confirm the mechanoradical generation, Ferrous ion oxidation triggered by
mechanoradicals is performed. An explicit result was found: ~10° M (=10%? m™3) of
mechanoradicals are generated in the stretched DN gel, which is 10 times or more higher
than conventional SN hydrogels. I also found that approximately 10% of the first network
strands may be broken when a DN gel was largely stretched.

Because plenty of mechanoradicals are indeed generated in the DN gels, highly
efficient mechanoradical polymerization can be performed in the DN gels fed with
monomer. Once large amount of crosslinker was added as well as monomer, distinct self-
stiffening and self-strengthening induced by mechanical stress were achieved, for

example, modulus was 23 times increased by the stretching. Furthermore, when the
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monomer was continuously supplied to the DN gels, the gel showed repetitive growing
phenomena in size and strength. In addition, as exemplified by stress induced NIPAAmM
polymerization at local position, diverse functions can be imparted on demand by
applying programmed mechanical stimuli when appropriate functional monomer was
supplied.

To expand the concept found above, | have created a DN elastomer composed of
polyelectrolyte first network and rubbery hydrophobic second network without solvent.
Even though it does not contain solvent, the large amount of internal fracture was
observed on the mechanical testing, which will enable self-strengthening/growing

property using mechanoradicals.

The advantage of using the DN gel would be not limited for the mechanoradical
generator, but many types of rupture-triggered mechanochemical transduction with
various polymer mechanochemistry may be also applied to the DN gels for diverse force-
initiated or -catalyzed reactions. Even though oxygen typically inhibits a radical
polymerization, such mechanocatalyzed/initiated polymerizations or using oxygen
tolerant technologies will enables widespread applications. This concept could be applied
to develop novel damage- and fatigue-tolerant structural materials that evolve
spontaneously to adapt to their local mechanical environments or strengthen selectively
at highly stressed regions. New functions, such as spatially programmed temperature
and/or pH tunability, redox capacity, electrical conductivity, and biological affinity, could
be gained with the application of mechanical stimuli during use or fabrication. To apply
such self-growing DN systems for practical use, the reactant supply should be designed

in more sophisticated ways. For example, a DN gel with vascular-like microfluidic
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channels would enable the supply of monomers to desired locations at required times on
demand. Such materials have potential applications and implementations in various fields,
such as intelligent soft robots that are not only robust but also grow to acquire specific
strength, functions and shape to adapt to biased mechanical stimuli or in response to

educational mechanical training.

This dissertation has opened a brand-new concept of a material that actively uses

the mechanical force to adapt, strengthen and grow itself. | believe such new material

concept will positively change our lives.
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