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Abstract

A study on the preparation of stimuli-responsive

hydrogels and their applications

Kyoung Min Lee
Department of Materials Science and Engineering

Seoul National University

A hydrogel is a three-dimensional network polymer that is comprised of
hydrophilic polymer chains physically or chemically cross-linked. This materials
has the ability to retain a large amount of water within its network. In particular,
stimuli-responsive hydrogels that can respond to external stimuli have gained
significant interest because of their applicability in the development of new
responsive systems taking advantage of elasticity, volumetric change, storage
capability, and chemical diversity. In this study, a variety of stimuli-responsive
hydrogels capable of exhibiting different functions were designed, synthesized
and characterized.

Firstly, stimuli-responsive hydrogels films were prepared. In general, when
processed as films, hydrogel materials show enhanced properties, including

faster responses and higher loading capacities, and enhanced interfacial



interactions. In this study, A functional polyacrylamide hydrogel film containing
a rhodamine-based probe was prepared. The probe plays two fundamental roles:
in the fabrication of the film via redox-initiated radical polymerization and in
providing a fluorescence response to AI**. The amine-containing probe initiated
the polymerization reaction at room temperature; the resulting film synthesized
through the one-step reaction was transparent and stretchable, elongating by
more than five times under tensile tension. The fluorogenic probe in the film
showed a sensitive, selective response to AI** with a detection limit of 1.5 mM.
Furthermore, after detection, the addition of ethylenediaminetetraacetic acid
(EDTA) to the film turned off the fluorescence from the probe; this facilitated
reversible fluorescence sensing when the film was repeatedly exposed to AlI3*,
The facile preparation method can be expanded to incorporate other multi-
functional amine probes that can impart hydrogel films with autonomous,
responsive systems.

Secondly, the multifunctional effect of molybdenum disulfide (MoS2) has
been studied, which enables a bottom-up design of nanocomposite hydrogels.
The MoS; nanoplatelet forms radical species through a redox reaction with
persulfate under aqueous conditions while initiating the polymerization of acrylic
monomers and providing non-covalent cross-linking points without requiring

external stimuli or extra cross-linkers, leading to the formation of hydrogels that



are in situ embedded with the inorganic flakes. Furthermore, the addition of
MoS: could induce more rigid and elastic networks compared to those in control
hydrogels using a typical cross-linker at the same level; for example, 0.08 wt%
MoS; resulted in a composite hydrogel of which the elastic modulus was 2.5
times greater than that from a hydrogel using N,N’-methylenebis(acrylamide) as
the showing phase transition during polymerization. The composite hydrogels
are self-healable, taking advantage of reversible physical cross-links. Thus, two
cut hydrogel strips could be readily re-joined by heating at 70 °C, and the
resulting whole strip showed mechanical strength similar to that of the pristine
sample before it was cut. This synthetic approach would give way to the modular
design of MoS»-containing composite hydrogels.

Lastly, The study focused on the preparation of hydrogels by reweighing
the effect of cross-linking density on physical properties, which provided green
fabrication of bilayered hydrogels that consist of homogeneous structural motifs
but show programmed responses via sequential radical polymerization. In
particular, when two hydrogel layers containing different cross-linking densities
were joined together, an integrated linear bilayer shows heterogeneous
deformation triggered by water. The linear hydrogel bilayer bending into a circle
was checked. In addition, An electric circuit switch using a patterned hydrogel

was demonstrated. Anisotropic shape change of the polyelectrolyte switch closed



an open circuit and lights a light-emitting diode in red. This proposed fabrication
and engineering could be expanded to other superabsorbent systems and create
smart responses in cross-linked systems for biomedical or environmental

applications.

Keywords: hydrogel, stimuli-responsive materials, redox polymerization, rhodamine
6G, hydrogel film, aluminum sensor, bilayer hydrogel, superabsorbenet polymer,

molybdenum disulfate, self-healing
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I-1. Introduction to hydrogels

I-1-1. Definition of a hydrogel

Traditionally, there are many ways to define a hydrogel. The most common
definition is that a hydrogel is a three-dimensional polymeric network that has
the ability to retain a large amount of water within its network [1,2]. Another
definition is a polymeric network structure that exhibits the ability to swell and
maintain a significant fraction of water [3,4]. Hydrophilic groups on a polymer
backbone allow hydrogels to absorb water, whereas the cross-links between
polymer chains prevent them from dissolving in water. Many hydrophilic
materials, both naturally occurring and synthetic, meet the definition of
hydrogels [5-8].

Recently, researchers have defined hydrogels as a three-dimensional
network of polymer chains consisting of two- or multi-component system, and
water that fills the pores of the network between the chains [9]. Depending on
the properties of the components used and the cross-link density, the hydrogel
network can adsorb various amounts of water in equilibrium. Capillary, osmotic

and hydration forces that are related to water absorption, are counterbalanced by



expansion resisting forces generated by the crosslinked polymer chain. The
hydrogel network absorbs water until these two forces achieve an equilibrium
state. The physical properties of the hydrogel such as mass transport, diffusion
ability, and mechanical strength, are determined by the amount of water in the
equilibrium swollen state. Hydrogels exhibit excellent biocompatibility because

of their high water content [10].

I-1-2. Classification of hydrogels

Hydrogels can be prepared using different kinds of material and synthetic
methods. Therefore, they can be categorized based on their different
characteristics as shown in Fig. I-1. The most popular classification is based on
the type of crosslinking method, which includes physical and chemical
crosslinking. Physical crosslinking hydrogels are prepared by the reversible
interaction between crystallization, van der Waals forces, hydrogen bonding, and
ionic interaction [11-14]. In particular, ionic interactions can induce crosslinking
at ambient conditions. The main advantage of physical crosslinking is
biomedical or environmental safety, due to the absence of chemical crosslinking

agents. In addition, physical crosslinking hydrogels exhibit stimuli-responsible



properties in addition to self-healing and injectable properties at room

temperature [15].

| cationic | | Anionic |

lonic Charge

| Nonionic | | Amphotric |
Preparation | Copolymerization | | Irradiation |
Method | complex Coacervation || Enzymes |
Source | Natural | | Synthetic | | hybrid |

Crosslinking | Physical | | chemical |

Biodegradability IBiodegradabIeII Non-Biodegradable

Figure I-1. Categorization of hydrogels according to different criteria.

Chemical crosslinking involves a permanent reaction, which entails the
grafting of a monomer onto the main polymer backbone, or the connection of
polymer chains via crosslinking agents [16]. In this approach, a very small
quantity of multi-functional crosslinking agents is added to a solution of

polymers. The polymer must have a suitable functional group to react with the

et e



crosslinking agent. This technique is appropriate for the preparation of hydrogels
from naturally-occurring as well as synthetic polymers. When the main
component of a hydrogel is not a polymer but a monomer, chemical crosslinking
hydrogels are prepared by various polymerization methods such as chain-growth
polymerization, gamma and electron beam polymerization, and addition and
condensation  polymerization. Among these methods, chain-growth
polymerization is the most common approach and includes free radical
polymerization of a hydrophilic monomer containing a carbon double bond [17].

Compared with physical crosslinking hydrogels, chemical crosslinking
hydrogels exhibit enhanced stability under physiological condition, and excellent
mechanical properties [18]. In particular, dynamic covalent chemistry is used as
a potent approach to design thermodynamically-controlled materials, by utilizing
a reversible covalent bond as a linkage. This concept can be applied to hydrogels
[19,20]. The incorporation of reversible covalent bonds that are illustrated in Fig
I-2 into a hydrogel network, presents a new strategy for the design of hydrogels
with dynamic properties.

Another classification standard of hydrogels is the source used for hydrogel
preparation. Hydrogels can be categorized as natural, synthetic, or hybrid,
depending on the materials used for fabrication. Natural polymers that can be

used to prepare hydrogels include collagen, gelatin, and polysaccharide (alginate,



cellulose, agarose) [21-23]. They can be easily obtained from natural sources at
low prices and exhibit excellent biocompatibility. Therefore, natural-polymer-
based hydrogels are used in the preparation of physiological hydrogels because
they are components of the in vivo extracellular matrix.

In contrast, synthetic hydrogels are made from artificial materials such as
acrylamide, poly(vinyl alcohol), (Hydroxyethyl)methacrylate, and acrylic acid
[24]. These materials are more reproducible than natural source materials.
Although polymerization conditions such as temperature and humidity affect
their final structure, synthetic hydrogels also show flexibility in terms of altering
physical properties and chemical composition.

Hybrid hydrogels are a combination of natural and synthetic materials.
They benefit from the advantages of natural and synthetic hydrogels. For
example, synthetic vinyl monomers are grafted onto natural polysaccharides to
add additional functionality to the polysaccharides polymers, without loss of

biodegradability [25].
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I-2. Properties of hydrogels

Hydrogels are characterized by their swelling/deswelling behavior,
excellent mechanical properties, absorption capacity, cytotoxicity, and
biocompatibility. Based on these properties, hydrogels are promising materials in
a wide variety of fields [26-28]. The type and concentration of the materials used
in the preparation of hydrogels play an important role in the determination of the
properties of hydrogels [29]. In the following section, the properties of hydrogels

are discussed based on several factors.

I-2-1. Swelling/deswelling behavior

The ability to absorb aqueous solutions is the most important property of
hydrogels. Most hydrophilic networks in hydrogels have a high capacity for
water uptake [30]. They can swell, absorb, and retain aqueous solutions up to
hundreds of times of their dry weight. The change in a hydrophilic network via
the absorption of an aqueous solution is illustrated diagrammatically in Fig 1-3,

and this phenomenon is known as swelling.



‘Water \ Water

Hydration

Dehydration
Water
e

Hydrophilic networks

/

Dried state Swelled state

Figure 1-3. Depiction of volumetric change in hydrogels during hydration and

dehydration

When a dried hydrogel is immersed in distilled water at room temperature,
they begin to swell. Swelling can be estimated by weighting the dry sample and
the swollen-state sample. Before weighing, the swollen-state sample is displaced
from water, and the surface of the sample should be carefully wiped with tissue
paper to remove any surface moisture, which can significantly affect the weight
of the swollen-state. The swelling ability was quantified using the swelling ratio

as represented in eq. 1-1.

swelling ratio = (W, —wy)/wy  (eq. I-1)

where Wy is the weight of the dried hydrogel sample and Wsis the weight of
the swollen-state hydrogel at a specific time.

The swelling kinetics of hydrogels can be divided into relaxation-controlled



(non-Fickian) and diffusion-controlled (Fickian) swelling kinetics [31]. The
swelling kinetics is controlled by diffusion when the relaxation of the hydrogel
polymer chain occurs at a slower rate compared to water diffusion into the
hydrogel network.

The cross-linking density is the most significant factor that influences the
swelling behavior of hydrogels [32]. The definition of the cross-linking density is
the density of the chains or segments that connect two infinite parts of the
polymer network. Therefore, the higher the crosslinking density, the more
polymer structures are integrated using cross-linking agents. Hydrogels with a
high cross-linking density exhibit a compacted structure, and absorb a smaller
amount of water compared to those with a lower cross-linking density.

The cross-inking density of hydrogels and the equilibrium volumetric
swelling ratio are calculated based on the following procedure. Died hydrogel
samples were immersed in distilled water for several days until the samples
reached an equilibrium state. The equilibrium volumetric swelling ratio (Q) was
calculated using eq. 1-2 based on the swollen-state mass (Ms) and lyophilized

hydrogel (Mq) as follows:

o Ms
Q=1+00 (@ 1) @
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where p poly is the density of the polymer solution and p s is the density of
the solvent. The cross-linking density ( px) was calculated using a modified form

of the Flory-Rehner equation (neglecting chain ends) as shown eq. -3 [33] as

follows:

p, = V—1 <1n(1—vpl)+fp+xvp2> eq. 1-3)
vp3—@vp
where Vson iS the molar volume of the solvent, y is the solvent polymer
interaction parameter, and v, is the equilibrium polymer volume fraction (1/Q).

The physical properties of hydrogels are affected by the change of
environmental parameters such as pH, electric signal, temperature, and ionic
species [34,35]. When changes in water content and the size of hydrogels occur,
physical change may occur at the macroscopic level. Hydrogels containing ionic
functional groups exhibit different properties depending on the change of the
external environmental pH. A typical example of a pH-sensitive hydrogel is
poly(acrylic acid). The degree of ionization of the carboxyl group on the polymer
backbone significantly affects the swelling ratio of poly (acrylic acid) based
hydrogels.

Poly(N-isopropyl acrylamide) is a temperature-responsive polymer that can
be synthesized from N-isopropyl acrylamide. When a hydrogel is cross-linked, it

forms a three-dimensional structure. The hydrogel undergoes a reversible lower

11



critical solution temperature (LCST) phase transition from a swollen-state to a
shrunken dehydrated state. Temperature-responsive phase transition of poly(N-
isopropy! acrylamide) occurs at a temperature close to that of the human body,
expelling its water contents. As a result, several researchers have attempted to
apply poly(N-isopropyl acrylamide) to tissue engineering and controlled drug

delivery [36-38].

I-2-2. Mechanical properties

The mechanical properties of hydrogels determine the suitable field for
application. For example, hydrogels used for different applications should have
outstanding mechanical properties [39]. The mechanical properties of hydrogel
mostly depend on the crosslinking density [40]. The more cross-linking agents
are involved in hydrogel network structure, the shorter the distance between the
cross-linked segments. A larger force is required to detect these shorter segments.
Thus, hydrogels with a higher cross-linking density exhibit superior mechanical
properties in terms of strength, hardness, and stiffness. For example, when a
hydrogel is prepared using hyaluronic acid (HA) as a crosslinker, a network with
a low cross-linking density is formed, which results in a softer hydrogel.

Therefore, various strategies such as crosslinking or conjugation are used to

12



improve the mechanical properties of HA-based hydrogel [41].

The mechanical strength of the hydrogel is enhanced by increasing the
cross-linking density. However, when the hydrogel has an extremely high cross-
linking density, it becomes too brittle for practical use. Therefore, it is important
to control the amount of cross-linking agents during the preparation of hydrogels
[42].

The method used to determine the mechanical properties of hydrogels is
similar that used for basic mechanical testing. Hydrogels exhibit a time-
dependent mechanical behavior because of their intrinsic viscoelasticity, and
time-dependent deformation mechanism due to fluid flow [43,44]. Thus, time is
an important factor in the mechanical testing of hydrogels. Characterization can
be performed in either the time or frequency domain. There are several common

testing techniques, as illustrated in fig I- [45-49].
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(2) (b) (©)

Figure 1-4. Schematic diagram of the various techniques used for the
determination of the mechanical properties of hydrogels: (a) tensile
test, (b) compressive test, (c) indentation, (d) confined compression,

(e) shear rheometry, (f) dynamic mechanical analysis (DMA).
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I-3. Preparation of hydrogels

I-3-1. Covalent reactions

Radical polymerization is the most potent method to fabricate hydrogels
among the covalent approaches. Hydrophilic monomers such as acrylamide
(AAm), acrylic acid (AA), methacrylic acid (MAA), vinyl acetate (VA; the
monomer for poly(vinyl alcohol), PVA), N,N-dimethylacrylamide (DMA), N-
isopropylacrylamide (NIPAM), and 2-hydroxyethyl methacrylate (HEMA) have
been widely used and polymerized by radical initiation (Fig. I-5a) [50-52]. Other
monomers having water-soluble groups (e.g., carboxylate, sulfonate, quaternary
ammonium, and phosphate groups, or zwitterions) are also used in hydrogel-
based materials (Fig 1-5b) [53-55]. Interestingly, hydrophilic, bio-extractable
monomers (e.g., Tulipalin A and B-pinene) can also be polymerized to make
hydrogel polymers (Fig 1-5¢c) [56]. For cross-linking reactions, bi- or
trifunctional cross-linkers are incorporated during polymerization to establish
entangled network structures (Figure 1-6d).

The monomeric vinyl species mentioned above are polymerized by water-
soluble initiators such as persulfates (e.g., ammonium persulfate, APS; potassium

persulfate, KPS) or acetophenone derivatives (e.g., IRGACURE® series), which
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monomers with water-soluble groups, (c) bioextractable monomers,
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initiate polymerization after exposure to heat or light [57]. Redox reactions also
form initiate polymerization after exposure to heat or light [58]. Redox reactions
also form hydrogels without covalent cross-linking. During radical
copolymerization of DMA and AA, aluminum oxide nanoparticles induced non-
covalent cross-linking via secondary interactions, which gave rise to a three-
dimensional colloidal array of nanocomposites that can be used to monitor the
strain of materials via color change and can be applied for intraocular pressure
tonometry or blood gas analysis (Fig 1-6b) [59].

The acid group was also used for the selective detection of paracetamol, an
analgesic drug, in an electrochemical sensor. Copolymerization of AA, AAm,
and MBAm afforded a hydrogel matrix containing both acidic and basic groups,
which prevented the denaturation of enzyme (polyphenol oxidase, PPO)
incorporated in the matrix. The oxidation of paracetamol was monitored by
cyclic voltammetry (Fig 1-6¢) [60] without covalent cross-linking. During radical
copolymerization of DMA and AA, aluminum oxide nanoparticles induced non-
covalent cross-linking via secondary interactions, which gave rise to a three-
dimensional colloidal array of nanocomposites that can be used to monitor the
strain of materials via color change and can be applied for intraocular pressure
tonometry or blood gas analysis (Fig 1-6b) [61]. The acid group was also used for

the selective detection of paracetamol, an analgesic drug,
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in an electrochemical sensor. Copolymerization of AA, AAm, and MBAm
afforded a hydrogel matrix containing both acidic and basic groups, which
matrix that selectively oxidizes paracetamol and senses it electrochemically
prevented the denaturation of enzyme (polyphenol oxidase, PPO) incorporated in
the matrix. The oxidation of paracetamol was monitored by cyclic voltammetry
(Fig 1-6¢) [62].

In addition to radical polymerization, other chemical reactions that form
diverse chemical linkages have been used for the preparation of hydrogels.
Because radical polymerization is suitable for the construction of various
polymer backbone structures, other bond-making reactions have been adopted
for post-polymerization modification or cross-linking reaction via substitution or
addition reactions. Among the reactions, condensation reactions are primarily
used such as imine condensation. Imine bonds, specifically Schiff bases, are
reversibly formed covalent bonds and can be easily controlled by an acid-

catalyzed condensation reaction, eliminating a water molecule in the process [63].

I-3-2. Supramolecular Chemistry

Self-assembly is an efficient approach for the fabrication of a macroscopic,

well-ordered, polymeric structure, with useful physical or chemical properties.
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Small molecules or polymers are autonomously assembled under controlled
conditions that are mostly dependent on concentration or temperature, thus
forming assembled structures that contain microscopic, crystalline domains. The
resulting hierarchical structures are subject to hydrogen bonding, = - @ stacking,
electrostatic interactions, or van der Waals interactions [64,65]. As an example,
Das’ group synthesized a small-molecule hydrogelator containing fluorescent
pyrene, phenylalanine, and phenylboronic acid receptor moieties (Fig I-7a). The
gelator exhibited thermo-reversible gelation properties in water, and was able to
detect glucose based on changes in fluorescence [66]. Ma et al. prepared
supramolecular hydrogels and investigated a reversible sol-gel transition induced
by external stimuli [67]. A small-molecule gelator was synthesized from a
benzimidazole derivative after functionalization with hydrazide, and further
formed a hydrogel network through metal coordination with terbium(l1I) ions in
water (Fig 1-7b). The resulting hydrogel exhibited not only highly sensitive
luminescence, but also thermo-reversibility in response to heat and pH. A multi-
component hydrogel also was demonstrated by Yang et al. [68]. The system
consists of a cationic organogelator and an anionic, low-molecular-weight dye.
The resulting hierarchical structure can identify adenosine-phosphates. The
addition of mono- or diphosphates such as AMP or ADP preserved the structure,

although ion exchange occurred. However, in the case of the triphosphate ATP,
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the structure collapsed rapidly, allowing the efficient detection of triphosphate
with the unaided eye (Fig I-7c).

The crystallization of polymeric materials also induces dynamic physical
cross-linking in  three-dimensional networks, resulting in improved
responsiveness to external stimuli by enhancing the mechanical properties of the
hydrogel network. Zhang’s group incorporated cellulose nanofibers (CNF) in situ
into cellulose hydrogels. The polysaccharide fibers exhibited concentration-
dependent gelation after loose chemical cross-linking, which further progressed
to induce crystallization. Micro-fibrillated structures formed inside the gel via
physical interactions. Therefore, they fabricated anisotropic, mechano-responsive
hydrogels via a bottom-up approach, which switched on and off polarized light

when an external force was applied.

I-3-3. Coordination bonds

Non-covalent interactions facilitate facile preparation or orthogonal
synthetic methodologies, resulting in synergetic physical properties in hydrogel
materials[69]. Coordination bonds or strong secondary bonds including hydrogen
bonding or hydrophobic interaction are extensively used for this purpose. Among

them, metal coordination is critical in the fabrication of diverse polymeric

22



hydrogels that typically include polysaccharides, for instance, alginate or k-
carrageenan. Such dynamic coordination bonding allows for easy synthesis and
induces stimuli responsiveness, as well as reversibility to the hydrogel [70,71].

Melman’s group designed light degradable hydrogels base on a natural
alginate polysaccharide cross-linked with iron (III) cations [72]. The iron (III)
cations undergo facile photoreduction to iron (II) cations in the presence of
millimolar concentrations of sodium lactate. The formation of iron (II) causes a
decrease in the ability to cross-link the alginate, which results in dissolution of
the hydrogel. A long wavelength or visible light is used for photodegradation at a
neutral pH. The mild condition for photodegradation and the high rate at which it
occurs suggest that the hydrogel can be used as a light-controlled biocompatible
scaffold (Fig 1-8).

Another interesting example was reported by Liao et al. [73]. A hydrogel
was fabricated using multiple non-covalent bonds (e.g., coordination bonds,
hydrogen bonds, and = - & stacking,). These bonds were used as a design concept
to build the entire structure and maximize the desirable properties of the
hydrogel. The reversible coordination bond between the hydroxyl group and
borate was responsible for the formation of a hydrogel matrix, and resulted in the

self-healing properties of a fabricated sensor. Moreover, the inclusion of carbon
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adhesion facilitated the determination of the strain of the hydrogel material on
nanotubes for enhanced electrical conductivity, and polydopamine for epidermal
hydrogels and further be reversibly self-healed skin. Therefore, the developed
multifunctional wearable sensor monitors the change in strain that arises from

human motion (Fig 1-9).

I-3-4. Double-network hydrogel

There is significant interest in double-network hydrogels due in part to their
superior mechanical properties compared to conventional hydrogels. These
hydrogels consist of two independent but reinforcing networks that form an
interpenetrating structure, which is in contrast to dually cross-linked structures
[74]. This material facilitates energy dissipation by network entanglement or
sacrificial bonding, and thus exhibits outstanding mechanical strength, as first
demonstrated by Gong et al. Furthermore, the orthogonal strategy not only
provides efficient synthetic routes for the double-network structures but also
facilitates tailor-made responses in these materials. As a result, these hydrogels
present diverse functionalization, chemoselectivity to external stimuli, or
reversible properties, due to their dynamic bonds and mechanical strength [75—

79].
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Li’s group prepared double-network hydrogel using an ionically cross-
linked x-carrageenan network and a covalently cross-linked polyacrylamide
network using a one-pot synthesis method. The resulting hydrogel exhibited
good mechanical properties; for example, a high elastic modulus of 280 kPa, and
a fracture energy of 6150 J/m2 Due to thermoreversible aggregate and
dissociation of x-carrageenan, the hydrogel exhibited a recoverable property. The
modulus and energy dissipation of deformed hydrogels could be recovered at
almost 100% when stored at 90 °C for 20 min (Fig 1-10a) [80].

Jung et al. recently demonstrated stimuli-responsive double-network
hydrogels that are formed by sequential polymerization (Fig I-10b), and exhibit
chemical transformation by selective de-cross-linking without structural failure,
due to chemical orthogonality (Fig [-10c). Each self-immolated and
thermoresponsive network was formed via a thiol-ene reaction and radical
polymerization. The resulting hydrogel exhibited enhanced mechanical
properties, but chemically transformed the selective de-cross-linking triggered by
a molecular stimulus. The physical properties of the material, such as tunable
toughness and lower critical solution temperature (LCST) behavior, are altered
by the molecular stimulus. In addition, the hydrogel displayed thermo-responsive

controlled-release [81].
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I-4. Aim and scope of this research

Stimuli-responsive hydrogels show the ability to change their physical
and/or chemical properties upon exposure to various stimuli such as light,
temperature, metal ions, humidity. These hydrogels can be prepared by various
natural and synthetic materials. Free radicals polymerization is a mostly used
process for the preparation of synthetic materials based on stimuli-responsive

hydrogels.

I-4-1. Facile preparation of stimuli-responsive hydrogels via redox initiation

system

Stimuli-responsive hydrogels were prepared by redox initiated radical
polymerization in chapter II. The redox reaction between an amine and a
persulfate group was used to polymerizing vinyl monomer under mild conditions.
The prepared hydrogels show fluorescence in response to AI** that provides
rapid detection and further advances when integrated with other properties. In
chapter III, MoS,-containing composite hydrogels were prepared. The MoS;
promotes radical formation resulting in redox initiation for the polymerization of

vinyl monomer under mild conditions and further provides a non-covalent cross-
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linking point leading to the formation of a composite hydrogel. And resulting
materials show self-healing ability owing to the reversible properties of the non-

covalent cross-linking.

I-4-2. Facile fabrication method of bilayered hydrogels

Superabsorbent polymers contain a large amount of water within three-
dimensional network. In chapter IV, a facile and green fabrication method of
bilayered hydrogels base on superabsorbent polymers was demonstrated. The
bilayered hydrogels show heterogeneous deformation underwater by controlling
the cross-linking density. And the bilayered materials are consist of
homogeneous chemical species. So The method enables low-cost, effort-saving

fabrication through sequential racial polymerization in the aqueous condition .
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Chapter I1.

Facile fluorescent labeling of a polyacrylamide-based
hydrogel film via radical initiation enablesselective and

reversible detection

*This work presented in Chapter II was published in J. Mater. Chem. B, 6, 1244(2018) entitled,
“Facile fluorescent labeling of a polyacrylamidebased hydrogel film via radical initiation enables
selective and reversible detection of AIF*”
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II-1. Introduction

Hydrogels capable of responding to external stimuli are of everincreasing
interest because they offer potential in the development of new responsive
systems based on their general yet crucial properties of elasticity, volumetric
change, storage capability, and chemical diversification [1,2]. Stimuli-
responsivehydrogels have shown distinct, programmable changes in shape,
colour, mechanical strength, adhesion, refractive index, and permeability in
response to pH, ions, light, temperature or chemical analytes due to physically or
chemically cross-linked 3D networks that contain large amounts of water [3-7] .
When fabricated as films, the smart hydrogels further exhibit
remarkablecharacteristics: (i) rapid response, (ii) high loading capacities, (iii)
enhanced interfacial interactions, (iv) versatility for various applications, and (v)
anisotropic shape changes during their use as regulators, catalysts, sensors, or
actuators[8-10].

Recently, from the perspective of synthetic chemistry, functional hydrogel
materials have been achieved using sophisticated dynamic bonding including
hydrogen bonds, ionic bonds, host—guest chemistry, hydrophobic interactions,
and coordination bonds [11]. However, a vastmajority of hydrogelmaterials are

still synthesized via free-radical polymerization, which facilitates the accessible,
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economical, and large-scale synthesis of various waterborne materials. In this
regard, the radical polymerization reaction can be considered that can be readily
initiated by the redox reaction between amine and persulfate functional groups,
which provides a facile preparation route for stimuli-responsive hydrogel films.

The amine—persulfate system is effective in polymerizing vinyl monomers
under aqueous conditions. The amine group induces a redox reaction with
persulfate to generate radicals on both amine and sulfate (i.e., redox initiators)
via electron transfer; this initiates the polymerization reaction. To date,
N,N,N',N'-tetramethylethylenediamine (TEMED), containing tertiary amines,
has been extensively used for redox-initiated polymerization for preparing
functional polymeric materials[12-17]. Feng et al. by amechanistic study
comprehensively demonstrated that other amines, including secondary amines,
also promote the polymerization of monomers such as acrylamide or acrylic
acid[18-20].

The redox initiation system consisting of an amine and a persulfate group
can be very useful for the synthesis of amino groupfunctionalized polymeric
materials under mild conditions [21-27]. In this study, A transparent and
stretchable stimuliresponsive hydrogel film that shows fluorescence in response
to AIP* was reported. The fluorescent film was easily synthesized via the

redoxinitiated polymerization of acrylamide with a rhodamine-based probe
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containing a secondary amine. Rhodamine derivatives have been widely used as
chemosensors that transduce analyteinduced structural changes into
photophysical responses. In thespirolactam form, rhodamine-based molecules are
colourless and non-fluorescent, but the addition of metal ions alters the structure
to a ring-opened form, showing colour and fluorescence [28,29]. Herein, the
probe in the film detects AI** ions, which inhibit the ingestion of other essential
metal ions and, with excessive intake, cause diseases such as bone softening,
anemia, idiopathic Parkinson’s disease, and Alzheimer’s disease [30,31].
Therefore, the rhodamine-based probe performs dual roles in the hydrogel film
by (i) promoting the reaction for fabricating the material and (ii) acting as a
fluorogenic probe for the selective, sensitive detection of AI¥*. The turn-on type
fluorescent system provides rapid detection, involves a binding event that
increases sensitivity and selectivity, and further advances when integrated with
other properties such as large Stokes shift[32,33].

Further exposure to ethylenediaminetetraacetic acid (EDTA) enables
reversible on—off fluorescence switching of the probe in the film that is necessary
for practical use. Therefore, fabricated and resulting material not only (i)
facilitates selective, reversible sensing of AI**, but also (ii) demonstrates a facile,
one-step synthesis of hydrogel, and a heterogeneous sensing system that enables

(iii) recycling of material and (iv) potential removal of APP* in agueous
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environments. In addition, (v) the preparation of the film would suggest an
efficient method to implant functional, less-water-soluble probes into hydrophilic

matrices, allowing various investigations under aqueous conditions.
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I1-2. Experimental Section

Materials.

All reagents used were purchased commercially and used as received unless
otherwise noted. The rhodamine probe 1 was synthesized as described before
[34]. The precursors of 3-formyl-2-hydroxybenzoic acid [35] and 2-amino-3',6'-
bis(ethylamino)-2',7'-dimethylspiro[isoindoline-1,9'-xanthen]-3-one were

synthesized by the following previously reported procedures [36].

Preparation of the stimuli-responsive hydrogel film

Stimuli-responsive hydrogel films were prepared by redoxinitiated radical
polymerization. To a solution of acrylamide 2 (1.0 g, 14 mmol, 4000 equiv.) and
triethylene glycol diacrylate 3 (20 mg, 0.078 mmol, 20 equiv.) in water (4 mL),
compound 1 (2.1 mg, 3.7 mmol, 1.0 equiv.) in water (5 mL) was added.
Themixture was degassed by bubbling with N2 for 1 h. Then, a solution of
potassium persulfate (2.0 mg, 7.4 mmol, 2.0 equiv.) in water (1 mL) and a few
drops of 1 M NaOH in water were addeddropwise to the mixture, and a solution
with a pH value of approximately 6 was obtained. After this, the reaction

solution was poured into a glass mold with a size of 100 mm x 75 mm x 1mm.
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(width x length x thickness) and left at rt for 6 h for polymerization. A free-
standing hydrogel film was obtained after polymerization and purified by gentle

stirring in water for 1 h.

Selectivity test

Chloride salts of metal ions (K*, Ca*, Li*, K*, Na*, Ni?*, Zn?*, Co?", Tb*",
and Fe*) were dissolved in a 1 : 1 ethanol-water mixture (10 mL) at a
concentration of 1.5 mM. The as-prepared hydrogel films were cut into small
pieces (size, 10 mm x 10 mm x 1 mm) and washed with water. Then, the
hydrogel films were exposed to the metal ion solutions for 30 min and rinsed
with 1 : 1 aqueous ethanol. The emission spectra were obtained under excitation

at 500 nm.

Reversible on—off fluorescence switching test

To a solution of ethylenediaminetetraacetic acid (EDTA; 0.29 g, 1.0 mmol,
1.0 equiv.) in water (23 mL), 2 M NaOH in water (2 mL) and ethanol (25 mL)
were added dropwise in sequence. The film sample (size, 10 mm x 10 mm x

Imm)was pre-exposedto a 1.5 mM AI3+ solution (50 mL), rinsed with 1 : 1
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aqueousethanol, and immersed in the EDTA solution for 30 min. After rinsing
with aqueous ethanol, the emission spectra of the films were obtained under
excitation at 500 nm. The films were then re-exposed to the Al3+ solution for 30
min and rinsed with the ethanol solution again to monitor the repeated on—off

fluorescence response.

Instrumentation

Proton nuclear magnetic resonance (1H NMR) spectra were recorded using
Bruker 300 MHz NMR spectrometers at 25 °C. Proton chemical shift are
expressed in part per million (ppm, o scale) and are referenced to
tetramethylsilane ((CH3)4Si 0.00 ppm) or to residual protium in the solvent
(CDCls, 6 7.26 ppm, DMSO, 6 2.51 ppm, and D20, & 4.70 ppm). Date are
represented as follows: chemical shift, multiplicity (s = singlet, d = doublet, t =
triplet, q = quartet, m= multiplet and/or multiple resonances, br = broad peak),
integration. For the tensile test, as-prepared hydrogel films were cut using a laser
cutter. The films were glued between two PMMA clamps with a superglue
following a similar manner previously reported.1 The resulting specimens have a
size of 10 mm x 5 mm x 1 mm (length x width x thickness). Uniaxial tensile

tests were performed using Instron 5543 universal testing machine (UTM) with a
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1000-N load cell at 25 °C in air. The specimens were stretched at a rate of 5
mm/min until the samples were broken. Each hydrogel film sample was
triplicated during the measurement. The stress-strain curve was recorded. The
ultimate tensile strength was determined as the stress at the breaking point. The
ultimate strain was determined as the strain at the breaking point. Young's
modulus was obtained from the initial slope of the stress-strain curve in the strain
range of 10-30%. Toughness was taken from the area under the stress-strain
curve. Dynamic rheological experiments were carried out on a TA Instruments
AR 2000 rheometer using 20-mm cone and plate configuration. The specimen

was tested in frequency sweep mode (from 0.1 rad/s to 100 rad/s).

Tensile test of hydrogel films

The elastic modulus and toughness were calculated from the initial slope
(strain range of 10-30%) and the area under stress—strain curve, respectively.
Each film type was tested in triplicate; the average and standard deviations from

this set were plotted.
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Model Reaction for Redox-Initiated Polymerization

Acrylamide 2 (1.0 g, 14 mmol, 1.0 equiv) and N-methylaniline 4 (40 mg,
0.28 mmol, 0.02 equiv) were dissolved in water (8 mL). After the mixture
solution was sonicated for 30 min and degassed by bubbling with N2, a solution
of potassium persulfate (76 mg, 0.28 mmol, 0.02 equiv) in water (2 mL) was
added to the mixture dropwise by syringe. Then, the solution mixture was left at
rt for 6h for polymerization. The resulting product was isolated by precipitation
in methanol. The polymer 5 was purified by redissolving in water and
reprecipitating by addition of methanol, and obtained as a white powder. Yield,

75%.

Control Polymerization Initiated by Rhodamine 6G

Acrylamide 2 (0.5 g, 7.03 mmol) and rhodamine 6G (0.9 mg, 1.8 pmol)
were dissolved in water (5 mL). After degassing with N2 bubbles for 1 h,
potassium persulfate (KPS; 1 mg, 3.7 umol) were added to the solution. After
incubation for 2 h at rt, the storage and loss moduli of the polymerizing solution

were measured by an oscillatory rheometer.
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Effect of Cross-Linker on Mechanical Strength

The hydrogel films containing different amounts of 3 were prepared by
following the procedure reported in the experimental section in the main text (for
the 2 wt% film) except for using different amounts of 3. Quantities of 3 required
for the fabrication of hydrogel films: For the 1 wt% film, 10 mg (0.039 mmol) of
3 was incorporated. For the 3 wt% film, 30 mg (0.117 mmol); for the 4 wt% film,

40 mg (0.156 mmol); for the 8 wt% film, 80 mg (0.312 mmol).

Fluorescence measurement

For test, hydrogel films were cut into the same size (width x length x
thickness, 10 mm x 10 mm x 1 mm). After wishing with water for 30 min, the
films were immersed for 30 min into solutions of AI** in an aqueous ethanol (1:1,
v/v) having different concentrations.After rinsing with the ethanol solution, the
emission spectra were measured under excitation at 500 nm. The limit of
detection was calculated as 3 x (SD/m) where SD means standard deviation of

the blank and m means the slope of the initial linear region.
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II-3. Results and Discussion

I1-3-1. Synthesis and Characterization of hydrogel fim
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Scheme I1-1. Synthetic route to the probe 1

Scheme 11-3 shows the synthetic route for probe 1. And fig 11-1 shows the
facile preparation of the stimuli-responsive hydrogel film from acrylamide (2)
and triethylene glycol diacrylate (3) in water via room-temperature, radical
polymerization initiatedby the redox reaction of potassium persulfate (KPS) with

therhodamine derivative 1. KPS is a common water-soluble initiator for vinyl
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polymerization. In an aqueous solution, the initiator forms a dianion, which
further dissociates to provide radicals at temperatures >50 °C. However, in the
presence of amine functional groups, the initiation of polymerization can be
accelerated through the amine—persulfate redox reaction; the resulting amino
radicals react with the monomers during polymerization. Themechanism of
redox-initiated polymerization was well-studied by Feng et al [18-20]. and found
to be effective for vinyl monomers including 2 under aqueous conditions. Herein,
1, containing a secondary amine that promotes the initiation with KPS, has been
used and monomer 2 and cross-linker 3 in water at rt for 6 h were polymerized.
This simple synthetic route yielded a clear, stretchable, and large-scale hydrogel
film. Furthermore, 1 acted as a fluorogenic chemosensor for AI**. In response to
the metal ions, 1 in the spirolactam structure transformed to the ring-opened
form in the hydrogel matrix, translating the chemical signal (metal ions) into a
fluorescence signal. Moreover, the addition of EDTA removed the coordinated
AI**, and the ring-opened structure was simultaneously returned to spirolactam;

this led to reversible on—off fluorescence sensing by the hydrogel matrix.

The waterborne, polyacrylamide film was fabricated in a onestep-reaction.
A solution of the amine probe 1, KPS, monomer 2, and cross-linker 3 in water
was confined by deposition between two planar glass substrates with 1.0 mm-

thick spacers and polymerized in situ. As designed, the aniline moiety in 1
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Figure 11 -1. Schematic of the preparation of a stimuli-responsive hydrogel film.
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underwent a redox reaction with KPS, which subsequently polymerized 2 and 3
at a time, providing a transparent hydrogel film after incubation for 6 h at rt. For
film fabrication, 1 and 2 at a molar ratio of 1 : 4000 (monomer concentration, 2.8
M) have been consistently incorporated. When a ratio of 1 : 8000 (1.4 M) was
used, polymerization was too sluggish to handle; a ratio of 1 : 2000 (5.6 M)
resulted in probe 1 not being thoroughly soluble in the monomer solution. The
polymerization reaction initiated from the probe and transparency of the resulting
film supports the homogeneous distribution of 1. Another monomer of acrylic
acid instead of 2 was tested, but 1 showed low solubility in water in the presence
of acrylic acid. Furthermore, a sodium acrylate monomer (100% degree of
neutralization of acrylic acid) was used under the same conditions, but the
obtained film experienced large volumetric changes in air and was

thusinappropriate for further measurements [37].

a simple model polymerization reaction have conducted to support the
amine—persulfate system that causes the redoxinitiated radical polymerization of
2 in water during the fabrication of the hydrogel film. Figure Il-2a shows the
schematic of the control polymerization reaction using N-methylaniline (4) and 2
to yield polymer 5 in the presence of KPS in water at rt. Feed molar ratio of

4/KPS/2 = 1: 1 : 50 was intentionally used a to prepare 5 with a low molecular

53



NH = KPS n
_—
@ + ‘B'ZO water m

) NH, NH,
(b)
d
|
|
|
'
a | | 1
r— :L b lI l|I'.
N'MIHA " 'VJ \ ﬂ I :
e JL | Mn{/\\“

85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 ppm

Figure Il -2. (a) Schematic of model polymerization and (b) *H NMR
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weight and analysed the end group in the resulting polymer by nuclear magnetic

resonance (NMR) measurement [38].

Figure 11-2b displays the 1H NMR spectrum of the resulting polymer 5 in
heavy water (D20). The peak from bridging methylene next to the methylamine
group appears at 4.02 ppm, together with polyacrylamide peaks (methylene and
methine of polyacrylamide at 2.64-2.11 ppm and 1.68-1.57 ppm, respectively),
which corroborates the generation of the amino radical by the 4/KPS redox
reaction that initiated the radical polymerization of 2 [39]. Upon comparing the
integration ratio of the methylene peaks denoted as b and d in red, it was found
that the number of repeating units in polymer 5 was not equivalent to the feed
ratio. It presume that sulfate radicals also initiate polymerization as well as 1
after the homolytic cleavage of persulfate, or the generated radicals are
transferred to other chain-transfer agents (e.g., water molecules) to form stable

nitroxides.

Investigation of the change in the viscoelastic properties of a polymerizing
solution of 2 further demonstrates the role of 1 as the polymerization reaction
promoter. A polymerizing solution of 1.4 M 2 in water with 1 and KPS (both at
0.2 wt%) was prepared. After incubation for 2 h at rt, the solution showed an
exponential increase in storage modulus over the frequency of 10 rad s? in a

dynamic frequency sweep experiment using an oscillatory rheometer. However,
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the control solution without 1 only exhibited a liquid-like response as the
frequency increased to 100 rad s?; this indicated that 1 promoted the radical
polymerization of 2. In an inverted vial, the polymerizing solution showed gel-
like properties; the absence of 1 caused no change in viscosity for the
experimental time period (Figure 1l -3). Moreover, it found that rhodamine 6G—
a starting material of 1—also polymerized 2 and showed behaviour similar to 1

during measurement.

This further supports the attribution of the polymerization initiation to the

redox reaction between the aniline moiety and KPS (Figure 11 -4).

Overall, the abovementioned two preliminary experiments demonstrate that
the secondary amine-containing 1 can be used for redox-initiated room-
temperature polymerization in combination with KPS as well as a probe in

polyacrylamide materials. The simple polymerization mechanism in water now

allows the fabrication of a hydrogel film using 3, in which 1 gives rise to

designed responses towards AI** in the film materials.

11-3-2. Mechanical propreties of hydrogel

The degree of cross-linking dramatically affects the mechanical properties
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of polymeric materials. Herein, Different amounts of the cross-linker 3 in the
fabricated hydrogel films wincorporated. Figure Il -5a shows the stress—strain
curves of the films containing different amounts of 3, measured by a universal
tensile machine (UTM). As seen, an increase in the incorporation of 3 brings
about increased stiffness and brittleness in the obtained films. In Figure Il -5b,
the Young’s moduli of the films are linearly proportional to the concentration of
3, but the toughness values decrease logarithmically against increased amounts
of 3. When cross-linked with 1 wt% 3, the film is soft and ductile with the lowest
elastic modulus, which hinders additional testing. A representative image of the
tensile measurements is shown in Figure Il -6a of testing the 2 wt% film. The 2
wt% hydrogel film was employed for the fluorescent sensing platform because
the film was stretchable while maintaining the proper mechanical strength. After
drying using a lyophilizer, the dried film revealed a porous network structure
with pore diameters ranging from 4 to 27 mm in scanning electron microscopy
(SEM) imaging (Figure Il -6b). Furthermore, Figure Il -6¢ shows the hydrogel
film stretching under an applied external force. The sample film of 4 cm length
was prepared and applied tensile force by hand. The elastic film was extended to
30 cm and returned to the original length immediately after the force was
removed; this suggested the potential of the film for further application in

wearable or reconfigurable materials.
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I1-3-3. Fluorescent Responses from Hydrogel Film

Figure Il -7a shows the change in yellow fluorescence from the hydrogel
film after exposure to an aqueous solution of AI®* for 30 min. As the
concentration of AI** in 1 : 1 water—ethanol is increased gradually (0-3.00 mM),
the emission of the film increases, ultimately enhanced by 3.8 times at the
concentration of 3.00 mM under 500 nm excitation. Each sample was incubated
in an AI* solution for 30 min to allow sufficient time for the ions to diffuse into
the matrix [40]. when tested with the 1.50 mM AI®* solution (Figure Il -8a). The
films before and after exposure to the 3.00 mM aqueous AI** solution under 365
nm irradiation are shown for comparison (Figure Il -7b). In particular, any
noticeable fluorescence was not observed from the remaining Al3+ solution
(3.00 mM) after incubation of the film; this indicated that the leak of 1 was

negligible (Figure 11 -8b).

These samples measure 1 cm x 1 cm x 0.1 cm and show a weak yellowish
emission even before exposure to AIP*. It speculated that some of 1 were
converted to the ring-opened configuration during polymerization, [41-43]
which would be improved through the modified polymerization conditions under
investigation. Furthermore, the initial linear region was used to calculate the
limit of detection (LOD). The LOD of the hydrogel film was estimated as 1.55

mM, which was below the maximum permissible concentration of AI** (0.1 mg
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L1, 3.85 mM) in drinking water provided by large water treatment facilities

according to the 2004 World Health Organization (WHO) regulations.

To understand the binding capability, the relationship between the
fluorescence intensity and the concentration of AI** have been interpreted using a
Benesi—Hildebrand plot [44] that offers information on the stoichiometry for
non-covalent complexes and association constants. The linear regression

between the inverse of change in fluorescence intensity {1/(F — Fo)} and the

inverse of AI** concentration {1/[AI**]} evidenced a 1 : 1 binding stoichiometry
of 1 to AI**, showing an R? value of 0.99, which was similar to previous results

[45,46]. The binding constant was also calculated as 1 x10° M from the plot.

The hydrogel film exhibited not only sensitive but also selective and
reversible responses to AI**. Figure 11 -9a, the ions are selectively detected by 1
in the film, showing a significant enhancement in fluorescence by 234% at a
concentration of 1.50 mM at rt in comparison with other metal ions. Other ions
have negligible influences on the fluorescence of 1, independent of size or
valence; Co?" slightly decreases the initial feeble fluorescence; this verifies that
the signal transducer selectively detects AI** [47]. In addition, the cross-linked
hydrophilic matrix allows the investigation of the reversible on—off fluorescence

switching of the film by employing EDTA, which forms a strong complex with
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metal cations. When immersed in excess EDTA (20mM in 1 : 1 water—ethanol)
for 30 min, the yellow emission is turned off as EDTA sequesters AI®* from the
hydrogel. However, re-exposure to the AIPP* solution (1.50 mM) triggers
fluorescence in 1 again, as expected. Figure Il -9b shows three repeating cycles
of on—off fluorescence switching. The intensity of the regenerated fluorescence is
slightly reduced as the cycle is repeated; presumably, EDTA is not fully rinsed
out fromthe film before re-exposure to AI* Herein, the detection of AI®* was

demonstrated

However, diverse hydrogel materials sensing other analytes were created
since rhodamine derivatives respond to anions, reactive oxygen/nitrogen species,
or biomolecules as well as metal ions—contingent on chemical structure or
sensing mechanism [48]—as long as the functional probes hold the initiation

capability.
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II-4. Conclusions

In summary, the facile preparation of a functionalpolyacrylamide hydrogel
film was demonstrated. The polymer film was fabricated using room-temperature
radical polymerization initiated via theredox reaction between KPS and a
rhodamine-based probe. The secondary amine-containing probe promoted the
redox initiation reaction and imparted fluorogenic sensing abilities for AI** to the
film. The hydrogel film selectively detected AI** by showing bright yellow
fluorescence. Subsequent exposure to EDTA reversed the fluorescence response
of the film. In this proof of concept, this study have used the rhodamine probe
and investigated the AI®* sensing capability; however, the functional hydrogel
film can be further investigated for complex physical properties or cytotoxicity
and optimized for creatively designed materials when engineered with a variety
of monomers having orthogonal reactivities or specific-functionalized amine
probes for programmable responsive systems. This could establish a new design
strategy for autonomous interactive responses, as in nerve cells, when applied to

microfluidics, wearable devices, or smart biomimetic materials.
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II1-1. Introduction

Polymer nanocomposites that include nanomaterials in viscoelastic polymer
matrices have so far attracted great attention owing to their capability to
overcome the intrinsic limitations of classical polymers. While a variety of
nanomaterials such as metals, clays, or carbon allotropes have been incorporated,
the resulting composites show enhanced mechanical strength and also provide
designed functionalities beyond the capability of each component; for example,
biomimetic behavior, electrical or thermal conductivity, and optoelectronic
properties [1,2].

In particular, soft, nanocomposite hydrogels have benefited from the elastic,
cross-linked networks that confine a considerable amount of water and additive
nanomaterials that induce tailored, complex properties, and now hold privileged
positions in the development of smart, elastic materials [3-11]. Typically,
colloidal nanoparticles including nanowires or carbon dots have been widely
used [12-15], and more recently, two-dimensional layered materials such as
ceramic nanosheets, carbides, graphene oxides, and covalent organic framework
(COF) have been extensively researched [16-20]. They have relatively weak
intermolecular interactions between the layers, and thus, show large surface areas

and accessible active sites that are exposed on the surface, which imparts
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sophisticated yet essential properties to the polymeric networks [21,22] Among
many layered materials, molybdenum disulfide (MoSz) has been incorporated in
hydrogel networks due to its mechanical or electronic properties; recently, the
embedded hydrogels have been used as a functional platform for energy-related
or environmental applications such as separation or catalysis under aqueous
conditions [23-27].

When designing the materials via a bottom-up approach, MoS; and other
monomeric components are dispersed on a molecular level; thereafter, the
composite networks are set, usually, by radical polymerization while leaving the
inorganic material as an exogenous additive in most cases. Conversely, from the
perspective of polymer chemistry, the chemical function of MoS that can play a
significant role as a reactive component in the formation of hydrogels through
radical polymerization has been rarely investigated. Thus, the role of MoS in the
polymerization reaction and the formation of functional composite hydrogels that
are capable of exhibiting a designed behavior have been explored.

In this study, the facile preparation of MoS,-containing composite
hydrogels has newly been demonstrated. The MoS; nanoplatelets promote
radical formation resulting in redox initiation for the polymerization of
acrylamide under mild conditions and further provide non-covalent cross-linking

points leading to the formation of a uniform, composite material. Therefore, the
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nanocomposite hydrogels could be readily obtained via a single-step, radical
polymerization without requiring external stimulus (e.g., pH, heat, or light) or
additional chemical cross-linkers. Simultaneously, metal chalcogenide flakes
were incorporated in the polymer matrix without severe aggregation,
accompanying the polymerization-induced phase transformation. The resultant
materials had the typical properties of hydrogels but were more malleable and
sturdy than a chemically cross-linked hydrogel at the same level. For example, a
trace amount of MoS: (<0.02 wt%) was able to form a better elastic and tough
hydrogel than a conventional chemical cross-linker; large amounts of MoS>
(>0.2 wt%) still formed the hydrogel composites, although the control cross-
linker no longer produced elastic materials. Interestingly, the hydrogel materials

exhibit self-healing properties owing to the reversible nature of the non-covalent
cross-links. Therefore, hydrogels were able to re-join two cut hydrogel strips by
heating to 70 °C due to the bond exchange at the cross-linking points, while

restoring the mechanical strength as before cut.
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II1-2. Experimental Section

General Experimental

All  reactions were performed in flame-dried glassware. N-
Isopropylacrylamide (NIPAM) was purified by recrystallization in n-hexane
before use, and N,N-dimethylacrylamide (DMA) was also purified by distillation.
Other reagents or solvents were purchased commercially and used as received

unless otherwise noted.

Instrumentation

Uniaxial compressive and tensile tests were performed using a universal
tensile machine (UTM) (MCT-2150, A&D, Japan) with a 500-N load cell at
25 °C in air. Cylindrical or film hydrogels were prepared for the compressive or
tensile measurements, respectively (for compressive test: diameter x height, 15
mm x 10 mm; for tensile test: width x length x thickness, 10 mm x 40 mm x 1
mm). The film samples were glued between two acrylic clamps using a superglue
for the testing. The hydrogel samples were elongated at a rate of 10 mm min?
until broken, and then, the stress—strain curves were recorded in triplicate.

Young's modulus was obtained from the initial slope of the stress—strain curves
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(strain, 0-10%) from three independent samples, and toughness was also
estimated from the area under the curves. Those values were presented with
average and standard deviation.

Morphology of dried hydrogels was observed using a JSM-7500F scanning
electron microscope (SEM) at an accelerating voltage of 1 kV. Before the
measurement, the sample was dried using a lyophilizer and coated with a thin
platinum layer at an accelerating current of 10 mA for 60 sec.

The images of individual MoS; coated with polymers were observed using a
JEM-3010 transmission electron microscope (TEM) at an accelerating voltage of
300 kV.

Dynamic rheological experiments were carried out using a rheometer (HR-2,
TA instrument, USA) with 20 mm cone and plate configuration. The specimens
were tested in a time sweep mode at 1 rad/s. UV-Vis absorption spectra of
aqueous bromophenol blue solutions were measured using a spectrophotometer
(Optizen 2120uv, K LAB, Korea).

Phase transition of MoS, was observed using high-performance X-ray
photoelectron spectroscopy (XPS) (K-ALPHA+, Thermo Fisher Scientific, USA).
Before measurement, the samples were fully dried at reduced pressure to remove

solvent molecules in polymer networks.
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MoS2-containing composite hydrogels synthesis

MoS»-containing composite hydrogels were prepared by radical
polymerization initiated by the reaction from MoS, and KPS. To a solution of
acrylamide (0.5 g, 7.03 mmol, 1.0 equiv) in water (2 mL) was added predesigned

amounts of MoS; flakes (0.5-25 mg; 0.02-0.83 wt%). The mixture was and

sonicated for 30 min to disperse and exfoliate the nanosheets, and further
degassed by bubbling with nitrogen. Then, a solution of potassium persulfate
(5.7 mg, 0.02 mmol, 0.003 equiv) in water (0.5 mL) was added to the mixture.
After which, the reaction mixture was stored at rt for 48 h to afford a free-

standing, three-dimensional, composite hydrogels.

Control hydrogels synthesis

Control samples were prepared by radical polymerization in the presence of
a chemical cross-linker instead of MoS,. To a solution of acrylamide (0.2 g, 2.81
mmol, 1.0 equiv) was added an aqueous solution of N,N'-
methylenebis(acrylamide) (0.8-4 mg; 0.03-0.16 wt%) and a consistent amount
of potassium persulfate (2.28 mg, 0.01 mmol, 0.003 equiv) in water (2 mL).

Then, the reaction mixture was heated at 60 °C for 12 h to afford the control
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hydrogels.

Composite hydrogels with other monomers synthesis

Other acrylic monomers, N,N-dimethylacrylamide (DMA) and N-
isopropylacrylamide (NIPAM), were tested for the formation of composite
hydrogels. These composite hydrogels were prepared following the same manner
as described for the acrylamide-based composite hydrogel except for using
different monomers.

Quantities of reagents: acrylic monomers (0.5 g), MoS2 (2.5 mg, 0.08 wt%),

potassium persulfate (5.7 mg), water (2.5 mL).
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II1-3. Results and Discussion

III-3-1. Synthesis and Characterization of hydrogel

Figure III -1 depicts the preparation of an acrylamide-based hydrogel
initiated by the redox reaction of MoS; flake (2H phase; diameter, <2 pm) and
potassium persulfate (KPS). The combination of the two components produces
radical species that are mainly sulfate radicals or hydroxyl radicals following
their mixing in water at 25 °C, which can initiate the radical polymerization of
acrylamide. In particular, the inorganic material induces cross-linking without
requiring additional cross-linkers, resulting in monolithic composite hydrogels.
For example, a cylindrical hydrogel from an aqueous solution of acrylamide (2.8
M, 2.5 mL) at 25 °C in the presence of exfoliated MoS; (2.5 mg; 0.08 wt%) and
KPS (0.02 mmol; 0.2 wt%) has prepared , as shown in the inset of Figure 1.

A change in the amount of MoS; can considerably alter the mechanical
properties of the composite hydrogels. Thus, the capability of the MoS; for the
formation of hydrogels from 2.8 M acrylamide in water (2.5 mL; 200 mg/mL) in
the presence of KPS (0.02 mmol; 0.3 mol% to the monomer) was tested. It found
that the resultant composite hydrogels were formed after storing for 48 h at
25 °C using 0.02-0.83 wt% MoS> (0.5-25 mg) incorporated, as confirmed by the

vial inversion method (Figure III-2). Incomplete gelation was observed when
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Figure III -1.
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using less than 0.02 wt% MoS>, while the hydrogel with 0.83 wt% MoS; lost its
elasticity and was entirely no longer compressible. Furthermore, the
compressive stress—strain curves of the hydrogels were examined (Figure I11-3a).
The cylindrical samples had an average diameter of 16 mm and a height of 13
mm, and the compressive Young’s modulus was obtained from an initial linear
region of each curve. The higher the MoS: incorporated from 0.02 to 0.08 wt%,
the higher the Young’s modulus obtained; the material exhibited the highest
modulus of 0.05 £ 0.01 MPa at 0.08 wt% similar to those of the gelatins or
agarose gels [28]. After exceeding the point, the modulus decreased gradually
and reached 0.03 = 0.01 MPa at 0.67 wt%, similar to the value from the 0.02
wt% (Figure I1I-3b). Thus, it found that the increase in the cross-linking points
that are caused by the added MoS; enhanced the mechanical strength resulting in
tough hydrogels; however, the excessive addition of the inorganic flakes
hampered the elasticity of the hydrogel networks and resulted in rather weak
materials instead. Notwithstanding, all the composite hydrogels were still
entirely compressible during the loading—unloading cycles up to 85% strain,
regardless of the amount of MoS. incorporated. When comparing the
compressive stresses of the hydrogels at a strain of 60%, a comparable behavior
as shown in the case of the Young’s modulus was found. The large deformation

would be attributed to the non-covalent cross-linking points that allow the re-
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organization of the viscoelastic, poly(acrylamide)-based matrix surrounding

the inorganic platelets [29]. In addition, control hydrogels using N,N'-
methylenebis(acrylamide) (MBA) at 60 °C without MoS; (Figure III-3b, Figure
I1I-3c) were prepared . The hydrogels increased in toughness linearly as the
amount of MBA increased from 0.03 to 0.16 wt%, and, above this point, only a
very stiff monolith instead of elastic hydrogels were obtained, which were
merely broken into pieces under a strain of 30% due to irreversible, covalent
crosslinking points.

Moldable composite hydrogels could be prepared as a film, which
allowed additional tensile testing (Figure I11-4). The hydrogel films (size: 40 mm
x 10 mm x 1.3 mm) were prepared and found that the materials exhibited similar
performance as achieved in the case of the compressive test. The higher the
amount of MoSy, the higher the tensile Young’s modulus obtained until 0.08
wit%, at which point the modulus then decreased (Figure I1I-4a). The maximum
Young’s modulus was found to be 0.06 = 0.01 MPa while showing a high
extension (strain to fracture, 1110%; toughness, 0.6 MJ m~3) as expected. The
representative tensile stress—strain curves obtained are shown in Figure I1I-4b .

The MoS; flake promotes the generation of radicals and causes the
simultaneous cross-linking while existing as an additive in the hydrogel

networks in contrast to the general chemical cross-linkers, which provide the
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one-step, room-temperature preparation of the composite hydrogels. The
hydrogels could not be obtained when a commercial, linear poly(acrylamide)
(Mn, 150 kDa; 200 mg/mL) was incorporated instead of an acrylamide monomer
under the same conditions in the presence of KPS and MoS»; [30] moreover, the
gelation did not occur apparently only in the presence of KPS without MoSy,
which corroborates the significance of the radical generation for the formation of
the hydrogel network.

The formation of the composite hydrogel, triggered by the redox reaction
of MoS> (0.08 wt%) and KPS (0.3 mol% to the monomer) was investigated
while monitoring the change in the compressive curves, as shown in Figure III-5.

A tangible, cylindrical hydrogel that exhibited a low compressive Young’s
modulus of 0.01 MPa only after 3 min of mixing at 25 °C was obtained.
Afterward, the modulus swiftly increased and eventually reached 0.05 MPa
within 6 h (Figure III-5b). On the contrary, the toughness, which represents the
energy absorbed in the network, gradually increased from 2.4 to 17.4 KJ m™
over 48 h when measured under a strain of 60% (Figure III-5a), which reveals
the rapid formation of the primary covalent structure via radical polymerization
and the steady occurrence of secondary, non-covalent structures on the MoS;
plates [31,32].

Figure II1-5¢ shows the initial change in the viscoelastic properties of
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the polymerizing solution for the composite hydrogel, measured by an oscillatory
rheometer at 1 rad st at rt. The storage modulus of the solution became greater
than the loss modulus after the crossover point at 220 s, indicating that the
solution started becoming viscoelastic; afterward, the value increased
exponentially as time elapsed (black, Figure III-5c). In addition, the temperature
change of the solution was measured. At the initial stage within 10 min, the
temperature sharply increased to 48 °C and cooled in a short time, probably due
to the Trommsdorff effect, as shown in Figure III-5d, indicating the rapid
formation of the covalent structure corresponding to the rheological data [33].
Contrarily, the control solution without MoS; only exhibited a liquid-like
response given that the loss modulus was found to be 1.6 times larger than the
storage modulus under the same conditions at 25 °C during measurement (red,
Figure III-5c). This further supports the dual role of MoS: in the redox radical
initiation and concomitant cross-linking, leading to the hydrogel network.

The generation of radicals are confirmed from the mixture of MoS2 and
KPS in water (Figure III-6). For this, a chromophoric radical indicator,
bromophenol blue (BPB) that scavenges free radicals as indicated by the stark
contrast in color was used. An agueous solution of the dye (7.8 uM, 2.5 mL) was
violet, and it exhibited the absorption maximum at 590 nm when measured by

UV-Vis spectrometry. After the incorporation of M0S2(0.08 wt%) and KPS
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(0.02 mmol) at 25 °C for 6 h, the solution became completely colorless, which
visualized the radical formation via redox reaction; correspondingly, the
absorption peak of BPB at 590 nm also disappeared. It assume that the electron
transfer from defects such as the sulfur vacancies in MoS; (unsaturated Mo) on
basal planes or edges to KPS would occur under aqueous conditions, which
primarily generates sulfate radicals along with hydroxyl radicals when
transferred into water [34,35]. In contrast, the single addition of each component
did not change the color of the BPB solution as expected, indicating the absence
of radicals. The only slight decrease in the absorption intensity was found after
adding MoS,, which would be attributed to the physical adsorption of the
chromophores on the surface of the inorganic flakes. The KPS-containing sample
did not show color change at 25 °C either. However, once heated to 60 °C, the
sample readily became transparent owing to the thermal homolysis of KPS that
forms resultant radicals.

Figure III-7 displays that redox polymerization induces the phase transition
of the MoS; incorporated when observed by X-ray photoelectron spectroscopy
(XPS). The pristine bulk MoS; showed Mo 3d peaks at 233.2 and 230.1 eV and
S 2p peaks at 164.2 and 162.9 eV after deconvolution, which indicates the
semiconducting 2H phase (black). A trace amount of metallic 1T phase was also

found considering that the corresponding XPS peaks for Mo 3d (232.2 and 229.3
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eV) and S 2p (163.7 and 162.3 eV) appeared (red), and were estimated to be 5%
based on the comparison of the Mo 3d peaks (top, Figure III-7). Interestingly, the
addition of KPS slightly increased the degree of the 1T phase after the radical
initiation. The generated radical species can be tightly bound to the surface of
MoS; and induce atomic plane gliding, [36—38] inducing phase transition and the
evolution of a 10% 1T phase, as shown in the middle of Figure III-7. The redox
polymerization of acrylamide remarkably caused the phase transition, and thus,
the metallic phase increased to 45% showing the red-shift of binding energies of

MoS; (bottom, Figure 111-7). The surface-bound radicals are considered to

provide physical cross-linking points and to form the hydrogel network in which
intramolecular interactions or steric hindrance between the polymer chains on the
platelets would give rise to internal strains and promote the phase transition of
MoS2 [39,40]. The broad, certain XPS peak for C 1s was also developed at 288
eV after the reaction, indicating the formation of the poly(acrylamide) network.
Contrarily, the phase of MoS, in the control sample with the linear
poly(acrylamide), in which the composite hydrogel was not formed as mentioned
above, did not change, which further suggests the importance of the adsorption
of radicals and sequential polymerization.

Figure III-8 shows the morphology of the composite hydrogel (MoSo,

0.08 wt%) after the redox initiation. When lyophilized for 48 h at 0 °C, the dried
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measured by SEM (Figure 11I-8a). The MoS: flakes after polymerization was
network was found to have a global porous structure, as similarly found in
normal hydrogel networks. The pore diameter ranged from 0.6 to 2 um,con
firmed through TEM (Figure 11I-8b). When preparing the sample, the aqueous
solution of acrylamide (0.3 M, 2.5 mL) was deliberately diluted to impede the
overall gelation for the measurement; thereafter, the same amounts of MoS;
(0.08 wt%) and KPS (0.02 mmol) were added as previously used. After stirring
for 48 h at 25 °C and vigorous washing by filtration, the individual flake that was
covered with poly(acrylamide), which gives the notion that the cross- linking
mainly resulted from the MoS> nanoplates for the formation of the hydrogel
networks was observed.

The swelling behavior of the composite hydrogel was also investigated
The hydrogel kept absorbing water for over 250 h and the swelling degree
reached near 1500% at saturation, although it did not swell at all in N,N-
dimethylformamide (DMF). The continuous and considerable absorption of
water would be ascribed to the reversible nature of the physical cross-linking in
the hydrophilic network [41,42]

Taken together, conjecture that the electron transfer between MoS; and
KPS causes the redox reaction under agqueous conditions and produces the

radical species, which initiate the radical polymerization of acrylamide. The
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incorporated MoS; flakes simultaneously provide physical cross-linking points,
taking advantage of surface-bound radicals or potential non-covalent interaction
with the polymer chains, such as electrostatic force or hydrophobic effect, which
brings about the formation of composite hydrogels involving the phase transition
of MoS; [43,44].

In addition, I investigated the redox-initiated radical polymerization under
various conditions, which would provide a versatile synthetic route for acrylic,
composite hydrogels. In Figure III-9a, the polymerization was performed as
wrapping the reaction vessel in aluminum foil. After degassing and storing for 48
h at 25 °C, the hydrogels was obtained under dark conditions showing the same
mechanical properties, which would exclude the spurious chance of radical
formation by light. Furthermore, other monomers were tested to form diverse
composite hydrogels. For example, a very soft hydrogel using N,N-
dimethylacrylamide (DMA) at a concentration of 200 mg/mL, of which the
Young’s modulus was measured as an average of 8.1 £+ 1.1 kPa, which is far
lower than the value of the acrylamide-based hydrogels (~0.05 MPa) was
prepared. It presume that acrylamide, which causes highly efficient hydrogen
bonds, resulted in a studier composite hydrogel when polymerized compared to
that from DMA [45,46]. The copolymerization of 1:1 acrylamide-DMA (w/w) in

water at the same concentration also produced the hydrogel without showing
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Figure III-8.

(a) Scanning electron microscopy (SEM) after lyophilization and
(b) transmission electron microscopic (TEM) image of MoS; after

polymerization.
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self- which is in-between the values of the individual hydrogels sorting. The
elastic modulus was found to be an average of 0.02 £ 0.01 MPa, indicating the
inclusion of both components. The obtained curves are shown in Figure I11-9b. |
attempted to prepare a composite hydrogel using N-isopropylacrylamide
(NIPAM); however, the material due to the lower critical solution temperature
(LCST) behavior of poly(NIPAM), which hindered the uniform gelation of the
material could not been obtained[47]. Moreover, other metal chalcogenides were
tesed . For example, MoSe> (0.08 wt%) created an acrylamide-based composite
showing a very low compressive modulus of 0.03 + 0.01 MPa (Figure I1I-9c),
whereas the same amount of WS> could not polymerize the monomer under the
same conditions and agglomerated on the surface . It was deemed that the surface
and electronic properties of the inorganic components would also affect the

formation of the composite hydrogels [48].

II1-3-2. Self-healing of hydrogel

The self-healing properties of the composite hydrogels were further

demonstrated, taking advantage of the nature of the physical cross-linking points

on the MoS; flakes. The composite hydrogel film was similarly prepared using

0.08 wt% MoS, and 0.02 mmol KPS, after which it was cut in half. The two
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half-strips measured 2.75 cm x 0.8 cm x 0.1 cm each, and one strip was dyed in
red by brief immersion in a solution of Rhodamine 6G (0.2 mM, 10 mL) for
visual clarity. After thermal treatment at 70 °C for 3 h, it found that both separate
ends of the two strips were held together due to the intrinsic elasticity and
reversibility of the physical cross-links in the network [49]. Thus, a whole single
strip that exhibited negligible expansion in length (less than 8%) was obtained
and was comparable to the pristine sample. The half portion of the healed strip
was fluorescent under yellow light due to the dye molecules under 365-nm
irradiation using a UV hand lamp, as shown in Figure I1I-10b. Some of the dye
molecules diffused to the other side of the cut, supporting that the two cut strips
were rejoined via the internal exchange of physical cross-linking points at the
interface during the heating process. Moreover, the tensile properties of the
healed sample were investigated (Figure III-10c). Almost 70% recovery in the
elastic modulus and the ultimate strength and 83% recovery in the toughness as
compared to those of the pristine sample before it was cut were achieved.
Meanwhile, the maximum strain at the fracture was measured to be similar,
which implies that some defects or pinholes would be formed during the healing
process, which slightly reduced the mechanical strength of the sample 5.
However, the healed sample was still malleable as before; it could be repeatedly

stretched more than 800% by hand without exhibiting structural failure (Figure
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I11-10d). I further prepared two cut-control hydrogel strips (cross-linked by MBA,
0.16 wt%) that exhibited similar mechanical performance, and found that they
did not cling together when heated. Furthermore, the interface between the
MoS,-containing composite and the control sample did not adhere

either, presumably due to the lackof the exchange of the cross-linking points.
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II1-4. Conclusion

This study has newly demonstrated the multifunctional role of MoS; in the
preparation of composite hydrogels through radical polymerization. The addition
of a trace amount of 2H-phase MoS; remarkably promoted the generation of
radical species when reacted with KPS, which initiated radical polymerization
under aqueous conditions. The inorganic flakes simultaneously provided cross-
linking points and formed the network structure, accompanying the 45%
structural transformation from 2H to 1T phase. The resulting composite materials
exhibited enhanced mechanical strength than the control hydrogels that included
the same amounts of chemical cross-linkers. Moreover, they exhibited self-
healing properties owing to their reversible, non-covalent network. Thus, the
healed materials recovered their mechanical strength as was found prior to the
cutting process. This design approach would not only streamline the synthetic
procedures for general composite hydrogels when expanded to other radical-
mediated polymerization reactions, but also offer a modular design of complex,
functional hydrogelscapable of showing autonomous responses, catalytic

activity, and enhanced mechanical strength.
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Chapter IV.

Rapid accessible fabrication and engineering of

bilayered hydrogels

*This work presented in Chapter IV was published in ACS. Omega., 3, 3096 (2018) entitled,
“Rapid Accessible Fabrication and Engineering of Bilayered Hydrogels: Revisiting the Cross-
Linking Effect on Superabsorbent Poly(acrylic acid)”
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IV-1. Introduction

Since poly(2-hydroxyethyl methacrylate) was reported to form a hydrogel
in the presence of a cross-linker [1], a myriad of hydrogels have been widely
researched for biomedical and environmental purposes. Among them,
superabsorbent hydrogels (SHs) confine considerable amount of water into a
threedimensional, cross-linked network, which is typically greater than hundreds
to thousands times their dry weight, and swell while maintaining the original
shape [2—4]. Acrylic acid (or acrylate) and acrylamide are extensively used as
monomers, along with other monomers such as N-isopropylacrylamide, N,N-
diethylacrylamide, and more interestingly, bioextractable sodium 4-hydroxy-2-
methylenebutanoate [5] or polymers including poly(vinyl alcohol), which are
further cross-linked covalently or noncovalently in situ or ex situ. [2,6] When
exposed to aqueous conditions, hydrophilic groups in the polymer network are
primarily hydrated by water molecules, and then, the additional water can be
absorbed via capillary force and osmotic pressure for filling the space inside the
network. Such wet materials essentially possess small yet functionally crucial
cross-linking density, which not only leads to water absorbency but also
modulates the physical properties of the entire material on demand, for example,

elasticity or swelling ratio.
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The versatility of SHs has offered privileged, sustainable applications. For
instance, from the perspective of polymeric materials, swellable materials have
been used as elastomers, watery matrices, containers, supports, and films, which
can be further applied in many fields such as soil conditioning, tissue
engineering, desalination, catalysis, and health care [6]. In particular, stimuli-
responsive  SHs have gained notable interest because of the following
characteristics [7-21]: (i) bio- and environmental compatibility, (ii) wide range of
functionalmonomers/building blocks including cost-effective natural roducts
(e.g., cellulose, alginate, starch, chitosan, polysaccharides, and proteins), (iii)
possible use of water as an eco-friendly ubiquitous stimulus, (iv) use of a broad
library of wellestablished chemistry for synthesis, for example, radical
polymerizations, (v) distinguishable volumetric change, and (vi) processability
into smart composites integrated with inorganic components that render synergy
effects via hybridization. Besides, responsive SHs have been remarkably used as
a hydrogel actuator under aqueous conditions. The materials show reconfigurable
shape changes in response to Ph [22], temperature [23-25] salinity [26] metal
ions [27,28], light [29], or electric potential [30,31], taking one step forward to
biomimetic responses.

In this study, a green fabrication method of bilayered hydrogels that show

heterogeneous deformation under aqueous conditions by controlling the cross-
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linking density was demonstrated. The bilayer structure consists of homogeneous
chemical species (i.e., cross-linked poly(acrylic acid)) and enables low-cost
effort-saving fabrication through sequential radical polymerization in water
without the need of ancillary Adhesives-eliminating possible interfacial
complexity that raises the outbreak of debonding. Instead, only the gap in cross-
linking density significantly alters the physical properties of hydrogels, building
up programmed responses of the bilayer. Therefore, the effect of cross-linking
density on superabsorbency, mechanical strength, and thermal stability of
hydrogels, which allows a controlled deformation triggered by water was
evaluated . As designed, the bilayered hydrogel curls into a circle when wet; the
behavior is dependent on pH. Each layer can be colored with disperse dyes for
visual clarity, and the bilayer exhibits material properties emanating from both
layers. Furthermore, a circuit switch using a patterned hydrogel was prepared. A
small firmly cross-linked hydrogel patch induces enough hydraulic force to bend
the loosely cross-linkedhydrogel strip, which closes the circuit and switches on a

light-emitting diode (LED).
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IV-2. Experimental Section

Materials.

Acrylic acid, di(ethylene glycol)diacrylate, and KPS were obtained from
Sigma-Aldrich. Disperse dyes such as Synolon N/Blue S-GLS (navy blue color)
and Synolon Rubine S-GEL (red color) were purchased from Kimco. Acrylic
acid was distilled under reduced pressure at 50 °C before use. Deionized water
was prepared using a water purification system (Pure Power I+, DAIHAN
Scientific). All other reagents and solvents used were purchased commercially

and were used as received unless otherwise noted.

Characterization.

For nuclear magnetic resonance (NMR) measurement, hydrogel sample 2
was prepared in an NMR tube using D20 instead of water. *H NMR spectrum
was recorded using a Bruker 300 MHz NMR spectrometer at 25 °C. Proton
chemical shifts are expressed in parts per million (ppm, & scale) and are
referenced to tetramethylsilane ((CHz3)4Si, 6 0.00 ppm) or to residual protium in
the solvent (D20, 6 4.70 ppm). Data are represented as follows: chemical shift,
multiplicity (s = singlet, d = doublet, t = triplet, g = quartet, m = multiplet and/or

multiple resonances, and br =broad peak), integration. Carbon nuclear magnetic
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resonance (*3C NMR) was recorded using a Bruker 500 MHz NMR spectrometer
at 25 °C. Carbon chemical shifts are expressed in parts per million (ppm, 6 scale)
and are referenced to tetramethylsilane ((CH3)4Si, 6 0.00 ppm).

For the tensile test, the as-prepared hydrogel films were cut using a laser
cutter. The films were glued between two PMMA clamps with a superglue. The
resulting specimens have a size of 10 mm x 10 mm x 1 mm (length x width x
thickness). Uniaxial tensile tests were performed using an Instron 5543 universal
testing machine with a 1000 N load cell at 25 °C in air. The specimens were
stretched at a rate of 5 mm/min until the samples were broken.

The elastic modulus and toughness were calculated from the initial slope
(strain range of 10—30%) and the area under the stress—strain curve, respectively.
Each film type was tested in quintuplicate; the average and standard deviations
from this set were plotted. Micromorphology of the dried hydrogel film was
observed using a Carl Zeiss SUPRA 55VP scanning electron microscope at an
accelerating voltage of 2 kV. Before the measurement, the sample was dried
using a lyophilizer for 3 d and coated with a thin platinum layer. Attenuated total
reflection Fourier transform infrared spectroscopy measurements were
performed using a Nicolet-6700 instrument (Thermo Scientific) at room
temperature. The spectrum was obtained by averaging 32 scans over the range of

4000 to 400 cm ™.
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Synthesis of a Poly(acrylic acid)-Based Hydrogel

Hydrogel films were prepared via typical free-radical polymerization. A
representative example of hydrogel 2 was prepared as follows: To a solution of
acrylic acid (14.7 g, 0.204 mol, 1490 equiv) in water (8 mL), sodium hydroxide
(6.6 g, 0.165 mol, 1190 equiv) was added dropwise in water (16 mL), resulting in
80% neutralization of acrylic acid. The monomer solution was degassed by
vigorous N2 bubbling for 1 h. After adding KPS (37 mg, 0.14 mmol, 1.0 equiv,
0.25 wt %) and di(ethylene glycol) diacrylate (50 mg, 0.23 mmol, 1.7 equiv, 0.34
wt %), the reaction mixture was transferred to a glass template having a size of
11.5 cm x 15 cm x 0.1 cm (width x length x thickness) and placed on a heating
plate having a set temperature of 55 °C for 2 h. A freestanding hydrogel film was
obtained after unloading from the mold in a quantitative yield. IR (cm™): 3361,
2932, 2852, 1685.8, 1552, 1405, 1294; 1H NMR (300 MHz, D20): 6 1.82 (br s,
methine protons), 1.23 (br s, methylene protons); 13C NMR (125 MHz, D20): 6
183.6, 44.8, 37.3, 36.1. The amounts of initiator and cross-linker were varied
from 0.05 to 0.75 and from 0.20 to 0.80 wt %, respectively, with reference to the
amount of acrylic acid monomer. For investigating the cross-linker effect (Figure
4), the amount of initiator was set at 0.25 wt %,; for the initiator effect (Figure

S1), 0.34 wt % cross-linker was used, as shown in Table IV-1.
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Table IV-1.. Compositions of Cross-Linker and Initiator

for crosslinker effect for initiator effect
cross-linker Initiator cross-linker Initiator control

(wt %) (wt %) (wt %) (wt %) variables
0.20 0.05
0.34 0.17
0.42 0.25 0.34 0.25 acrylic acid
0.50 0.43 NaOH
0.63 0.56
0.80 0.75

Preparation of Bilayered Hydrogels.

Bilayered hydrogels were prepared by sequential radical polymerization.
Di(ethylene glycol)diacrylate (50 mg, 0.233 mmol, 1.7 equiv, 0.34 wt %), KPS
(37 mg, 0.14 mmol, 1.0 equiv, 0.25 wt %), and a navy blue dye (10 mg) were
added to 80%-neutralized acrylic acid (14.7 g, 0.204 mol, 1490 equiv) solution.
The first polymerizing solution was poured into a glass template (11.5 cm x 15
cm x 0.1 cm), which was covered with a glass lid, and heated at 55 °C for 2 h to
afford the first layer. The second layer was synthesized onto the first layer in a
similar manner. After the fabrication of the first layer inside the glass template,
additional glass slides (thickness, 0.1 cm) were placed as a spacer. In this step,
the first layer was masked with glass pieces when preparing the patterned bilayer.
The second polymerizing solution was prepared by adding di(ethylene
glycol)diacrylate (119 mg, 0.556 mmol, 4.1 equiv, 0.80 wt %), KPS (37 mg, 0.14

mmol, 1.0 equiv, 0.25 wt %), and a red dye (10 mg) to the 80%-neutralized

118



acrylic acid solution. The second solution was carefully injected into the gap
between the first layer and glass lid and then heated at 55 °C for 2 h. The
freestanding bilayer hydrogel was obtained in a quantitative yield after unloading

from the mold and cut into pieces of desired sizes by using a laser cutter or razor.
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IV-3. Results and Discussion

IV-3-1. Synthesis and Characterization of hydrogel film

Figure IV-1 shows the synthetic procedure of a poly(acrylic acid)-based
hydrogel film under aqueous conditions by radical polymerization. First, acrylic
acid (14 mL) was added to water (8 mL). Two phases were separated initially,
but 80% neutralization with NaOH gave a homogeneous solution with a molar
concentration of 8 mM. Then, di(ethylene glycol) acrylate (cross-linker) and
potassium persulfate (KPS) (initiator) were added to provide a ready-
topolymerize solution, which was transferred by a syringe to a glass template
having a rectangular space inside (11.5 cm x 15 cm x 0.1 cm) for polymerization.
The template had a high ratio of surface area to volume and could facilitate
efficient heat transfer, which is similar to controlling autoacceleration process in
the sheet-type mold. After the displacement, the monomer solution was
polymerized on a heating plate at a set temperature of 55 °C for 2 h; the cross-
linked hydrogel film was obtained and unloaded from the mold. The soft film
was even and transparent without the inclusion of severe cavitation and had a

size similar to that of the template. The chemical structure of the hydrogel is

shown in the inset of figure IV-1.
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A poly(acrylic acid) film dramatically absorbs water and shows a distinct
size expansion while maintaining its initial shape. During swelling, the diacrylate
cross-linker in the hydrogel films fundamentally affected the superabsorbency.
As shown in Figure 1V-2a, hydrogel films 1-6 containing different amounts of
cross-linker under the same conditions were prepared, the films with deionized
water were wetted, and the effect of crosslinker on the absorbency by calculating
the degree of swelling and cross-linking density (p) was expressed [32].

The initial as-prepared samples had similar values for degree of swelling
(44—47%), irrespective of the amount of crosslinker, because the films were
consistently prepared from 0.8 M monomer solutions in water. However, after
drying and reswelling in water for 48 h, the hydrogel films showed different
swelling ratios, which hinged on the cross-linking density. Film 2 (0.34 wt % of
cross-linker) swelled for a maximum of 200 times, and then, the value decreased
as more cross-linkers were involved. Figure IV-2b shows an isotropic
dimensional change in 2. The initial film had a side of 1.15 cm, which decreased
by 26% when lyophilized, but exposure to water increased the side 4.1x. The
black square behind the hydrogel film indicates the transparency of the film and
supports the size estimation. As expected, the cross-linking density revealed the
inverse proportion against the swelling ratio of the films, except for the case of 1,

which has the least amount of crosslinker. it reason that the partially soluble
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loose network of 1 hindered the capillary force for water that the partially soluble
loose network of 1 hindered the capillary force for water absorption [34]. In
Figure IV-3, the example porous network of 2 was observed using scanning
electron microscopy (SEM), which was developed after swelling in water. The
pore size ranges from 3 to 20 pum. All experimental values of the obtained

hydrogels are summarized in Table IV-2.

Table IV-2. Degree of Swelling and Cross-Linking Density of Hydrogel Films

1-6.
hydrogel cross-linker degree of swelling cross-linking density
film (wt %) (%) (mmol/L)
1 0.20 15912 0.71
2 0.34 20164 0.47
3 0.42 16287 0.68
4 0.50 10011 1.55
5 0.63 7509 2.54
6 0.80 7140 2.77
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Figure IV-3.

(a) SEM images of as-prepared sample and (b) after swelling in

water for 48 h.
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In addition, the actual change in the temperature of the polymerizing
solution during radical polymerization was measured. Therefore, a flexible
thermocouple probe was inserted into the polymerizing solution of 2, which was
cast inside the template on a heating plate (set temperature, 55 °C), and the
temperature was tracked by a digital thermometer, as shown in Figure IV-4a. The
temperature exponentially increased for the initial 20 min and then slightly
elevated more for 15 min, indicating an accelerated polymerization (Figure IV-
4b). In general, Trommsdorff effect aggravates undesirable properties in
polymeric materials, such as cavitation or unevenness, during polymerization
[35,36]. However, the cast solution of 2 exhibited only a weak exothermic
process, from which the regular hydrogel film 2 was produced. The maximum
temperature was found to be 50.4 °C; thereafter, the temperature of the film was
stabilized at 48 °C until the end of the reaction.

Chemical cross-linking provides an effective approach to control the
mechanical strength of polymeric materials. Herein, the stress—strain curves of
the resulting films was measured. As described in Figure IV-5 , toughness values
increased until the amount of cross-linker increased from 0.20 (film 1) to 0.34
wt % (film 2) and then decreased in inverse proportion to the
amount of cross-linker. A similar tendency was observed for elongation at

fracture. As an example, at 0.34 wt %, the toughness of film 2 was found to be
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0.28 MJ m~3 with 300% elongation at fracture. On the other hand, Young’s
modulus only fluctuated within a narrow range of 0.12—0.15 MPa. Presumably,
small change in cross-linker concentration would manipulate microstructures or
induce microdeformation in hydrogels, leading to a change in ductility of
materials rather than stiffness. The initiator concentration was changed, which
can control the molecular weight between the cross-links (Mc), another factor
affecting the crosslinking density, during polymerization [37,38]. Thus, film 2
using different initiator concentrations was polymerized. Toughness increased in
proportion to the amount of initiator until 0.56 wt % of KPS was incorporated (a
maximum toughness, 0.40 MJ m~3) and then decreased; in contrast, elongation at
fracture decreased above 0.43 wt %. Although the total changes were much
smaller than the results from the cross-linker concentration, a detailed future
investigation would elaborate complementary effects of both factors on the
mechanical properties of the hydrogel materials.

Furthermore, 1, 3, and 6 were Taken and their tensile strengths at 80 °C to
investigate a thermal effect were measured. At 80 °C, the films stiffened more-
toughness and elastic modulus increased and elongation reduced-as compared to
the measurement at 25 °C (Figure IV-6a—c). The total exposure time to heat
during testing was less than 2 min. The fractured specimen from 3 (0.42 wt %)

was hard and brittle. To examine the effect of thermal treatment on hydrogels,
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film 3 at 40, 60, and 80 °C for 3 and 10 min were incubated and their mechanical
strengths at the same temperatures were tested (Figure 1V-6d). The longer the
exposure time at a higher temperature, the more rapidly did the Young’s modulus
increase, which indicates that the film hardened by thermal drying. On the other
hand, potential thermal annealing would occur together inasmuch as the modulus

gradually increased even at 40 °C less than the polymerizing temperature.

1V-3-2. Synthesis and Characterization of hydrogel bilayers

A minor modification in the chemical structure (i.e., cross-linking density)
alters the macroscopic physical properties of polymeric materials, highly
encouraging us to develop responsive hydrogels capable of showing designed
behaviors in water. In particular, when two adjacent parts with different cross-
linking densities are joined together, the interface in between gives rise to
heterogeneous deformation of the entire material, taking advantage of the
different swelling ratios in an aqueous medium. Hence, this study have designed
and fabricated bilayered hydrogels by sequential radical polymerization (Figure
IV-7a). In a glass template, the first layer containing 0.34 wt % dyed with of 0.25
wt % KPS was prepared . Each polymerizing solution was dyed with navy blue
and red disperse dyes for differentiation before conducting polymerization.

Therefore, in situ polymerization provided a bilayered structure of hydrogel in
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which the thickness of the first (navy blue) and second (red) layers measured 1.2
and 0.8 mm, respectively. The hydrogel layers adhered tightly to one another
because of the probable interpenetration that would occur at the interface during
the second polymerization reaction. After unloading from the glass mold, the
bilayer was obtained, which had a volume of 2.8 cm x 0.2 cm x 0.3 cm and
displayed an anisotropic shape change.

Figure IV-7b shows the change in the degree of swelling of each layer in
deionized water the navy blue 2 and red 5 hydrogels exhibited a total degree of
swelling that decreased in half when fully swelled, compared to 2 and 5 before
dying. The insoluble dyes also affected the swelling rates of both hydrogel layers,
which reduced from 193 to 177% min* for 2 and from 161 to 96% min* for 5
after dying, calculated from the linear slopes of the initial region (inset in Figure
IV-7b). The dyes in the layers were swapped , which yielded red 2 and navy blue
5 films. However, both samples showed less difference in the swelling ratios,
meaning that the bilayer from navy blue 2 and red 5 can better induce the
reconfiguration. Inclusion of the dyes also altered the mechanical strength of the
hydrogel bilayer (Figure IV-8b). The hydrophobic dyes enhanced the elongation
at fracture of 2 and 5, which could sustain cross-linked structures during the
elongation under tensile stress [40]. However, the bilayer displayed an average

elongation at fracture of both hydrogels as expected, whereas the Young’s
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modulus did not change much. Representative stress—strain curves are shown in
Figure IV-8a.

A designed behavior of bilayer is presented in Figure IV-9 . Here, the
bending of the bilayer in various pHs, which can affect the actuation of
polyelectrolyte materials was investigated . Figure IV-9 shows the bilayer
bending in a neutral pH 7 buffer. As soon as immersed in the buffer, the linear
material bent in a round shape in 15 min, as the navy blue layer (2, 0.34 wt %
crosslinker) that positioned outside swelled more than the red layer (5, 0.80 wt %
cross-linker) inside. A longer exposure to the medium only increased the whole
size of the bilayer to a small extent but did not unfold the shape . In addition, the
effect of pH on the behavior of the hydrogel in aqueous media was investigated.
Figure IV-10a reveals the change in the curvature of the deformed hydrogels
when exposed to various pHs of 3, 7, and 10. The curvature of hydrogels
autonomously increased as time elapsed. The curvature increased slightly faster
(the rate of folding was found to be 28.1 m™* s2, calculated from the initial linear
region) at pH 3 than that at pH 7 (26.7 m! s1), but the final curvature was
slightly lower than the value resulted from pH 7, accompanying less folding.
Interestingly, the curvature increased most rapidly at pH 10 (rate, 33.6 mt s
1.3 times faster than that at pH 7), and the final curvature reached 224 m*-thet

heoretical curvature of a circle that has 2.8 cm circumference-in 9 min, as
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shown in the inset of Figure IV-10a. It assume that protonation of carboxylates at
pH 3 could hinder a complete folding of the bilayer as decreasing hydrophilicity
and water absorbency as well. However, the remaining acid groups would be
deprotonated at pH 10, which could promote water absorbency and the following
folding behavior while hydrophilicity increased. Furthermore, tested the
reversible shape change of the bilayer that was pre-exposed to pH 10 for 10 min
was tested. As expected, the curled bilayer recovered its original shape after
taking away from water and drying under air for 1 h at 70 °C but bent again
when rewet for 10 min at pH 10. During five drying—rewetting cycles, the
bilayer iterated the programmed response without structural degeneration (Figure
IV-10Db). In addition, the hydrogel bilayer through patterning with glass masks
(Figure IV-11a) has been engineered . The small glasses masked the first layer
(navy blue 2; size, 3 cm x 0.5 cm x 1.3 mm) during the second polymerization,
leaving a small red patch (red 5; size, 0.5 cm x 0.5 cm x 0.7 mm) on the bottom
layer. The small patch caused the bending of the entire hydrogel in deionized
water. The patterned hydrogel between two parallel copper plates was positioned,
and the hydrogel was held onto the bottom plate with a crocodile clip. The
copper plates were connected to an LED bulb and a dry cell battery, resulting in
an open electronic circuit (Figure IV-11b). Asdesigned, the hydrogel bending in

deionized water touched the other copper plate 1 cm distant, closing the circuit.
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A dim red light before deformation because the hydrogel contains charged ions,
which would diffuse into deionized water was seen. However, the underwater

actuation lit the LED bulb in bright red in 2 min (Figure IV-11c).
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IV-4. Conclusion

Bilayered hydrogels capable of showing programmed responses have been
demonstrated. The hydrogels are made by crosslinking superabsorbent
poly(acrylic acid), where cross-linking density plays a crucial role in
manipulating the swelling behavior as well as mechanical strength. In
particular, engineering cross-linking density provides heterogeneous deformation
when two SHs containing different cross-linking densities are consolidated via
sequential in situ polymerization. Through the rapid accessible fabrication,
bilayered hydrogels were prepare and each layer with disperse dyes was colored .
The concomitant physical changes were investigated. The linear hydrogel bilayer
revealed a pH dependent folding behavior and showed remarkably fast complete
deformation at pH 10. Furthermore, patterning on the hydrogel brought about a
polyelectrolyte switch that closed the circuit and lit an LED bulb in red. This
fabrication method can be expanded to other superabsorbent systems using
biocompatible monomers, and a merger with diverse functionalities would
expedite the development of cross-linked polymeric systems that feature smart
responses for many biomedical or eco-friendly applications, for example,
microlenses that show a controlled release or functional membranes that remove

specific pollutants (e.g., microplastics) in the ocean.
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