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SOMMAIRE

Dans cette étude, 'effet de différents additifs de renforcement, les nanocristaux de cellulose (CNC) et
l'acide tannique (TA), sur I'hydrogel d'alcool polyvinylique (PVA), préparé a l'aide de la méthode de
congélation/décongélation, a été¢ examiné. L'influence de la CNC en tant qu'additif de nanoparticules et
de I'AT en tant qu'additif moléculaire sur la structure et les propriétés des hydrogels a été étudice a I'aide
de la spectroscopie infrarouge a réflexion totale atténuée (ATR-IR), de la diffraction des rayons X sur
poudre (XRD) et du balayage différentiel calorimétrie (DSC). Les propriétés mécaniques, d'auto-guérison
et de mémoire de forme des hydrogels ont ¢galement été étudiées.

Les résultats expérimentaux ont révélé que les hydrogels PVA-CNC et PVA-TA préparés ont des
propriétés différentes bien que des liaisons H soient formées entre la matrice PVA et les deux additifs
dans les deux hydrogels. L'ajout de TA améliore plus significativement les propriétés mécaniques
(module d'Young, résistance a la traction, allongement a la rupture et ténacité) que le CNC.

Cependant, I'hydrogel PVA-CNC conserve de maniere significative la capacité d'auto-guérison,
contrairement a I'hydrogel PVA-TA qui perd considérablement la fonction d'auto-guérison. De plus, une
étude comparative détaillée a été réalisée en utilisant des hydrogels PVA-CNC et PVA-TA contenant la
méme quantité de 1% en poids d'additif. L'ensemble de ces travaux indique que les additifs
nanoparticulaires et moléculaires des hydrogels de PVA préparés dans les mémes conditions peuvent
donner lieu a des propriétés tres différentes, et que les liaisons H (nombre, nature, force) entre 1'additif et
la matrice ainsi que les leur interfaces peuvent €tre un facteur déterminant.

Mots-clés : Poly (alcool vinylique) ; hydrogel ; nanocristaux de cellulose; acide tannique; auto-guérison;
mémoire de forme, propriétés mécaniques
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SUMMARY

In this study, the effect of different reinforcing additives, Cellulose Nanocrystals (CNC) and Tannic acid
(TA), on Polyvinyl Alcohol (PVA) hydrogel, prepared using the freeze/thaw method, has been examined.
The influence of CNC as a nanoparticle additive, and TA as a molecular additive on the structure and
properties of the hydrogels was investigated using attenuated total reflection-infrared spectroscopy (ATR-
IR), X-ray powder diffraction (XRD), and differential scanning calorimetry (DSC). The mechanical, self-
healing, and shape memory properties of hydrogels were also studied.

The experimental results found that the prepared PVA-CNC and PVA-TA hydrogels have different
properties although H-bonds are formed between the PV A matrix and the two additives in both hydrogels.
The addition of TA improves more importantly the mechanical properties (Young’s modulus, tensile
strength, elongation at break and toughness) than CNC.

However, the PVA-CNC hydrogel retains significantly the self-healing capability, in contrast to PVA-
TA hydrogel that loses greatly the self-healing function. Furthermore, a detailed comparative study was
carried out using PVA-CNC and PVA-TA hydrogels containing the same amount of 1 wt% of additive.
The whole of this work indicates that nanoparticle and molecular additives in PVA hydrogels prepared
under the same conditions may give rise to very different properties, and that the H-bonds (number,
nature, strength) between the additive and the matrix as well as their interfaces may be a determinant
factor.

Keywords: Poly (vinyl alcohol); hydrogel; cellulose nanocrystals; tannic acid; self-healing; shape

memory, mechanical properties
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INTRODUCTION

I.1 What is Hydrogel

Hydrogels are three-dimensionally cross-linked, hydrophilic polymer networks, containing a large
amount of water. They have been extensively over the past decades due to their applications in many
fields including biomedicine." Figure 1. shows various biomedical applications of antimicrobial
hydrogels.*

B

Tissue engineering

Figure 1. Different applications of hydrogels in biomedical area (Reprinted by permission from Springer
Nature, Copyright 2020).*

Because of having physical and/or chemical cross-links, hydrogels are insoluble in water (no molecularly
dissolved chains).’ The physical cross-links can be crystallites, chain entanglements, or weak associations
such as hydrogen bonds or Van der Waals forces which provide the network structure and physical
integrity. In the case of using crosslinking agents to chemically form polymeric hydrogels some unwanted
reactions with drugs or some toxic side effects may happen which is related to the residual cross-linking
agents.’



The soft-and-wet nature and crosslinked-network structure of hydrogels are acknowledged to be
important functional materials swollen with a large amount of water.% 7 Some special properties of the
hydrogels such as high hydrophilicity, permeability, biocompatibility, and low friction coefficient are
similar to the biological tissues, thus hydrogels have been widely employed as scaffolds for tissue
engineering,® vehicles for drug delivery,’ and model extracellular matrices for cell culture.!® On the other
sides, hydrogels have relatively poor mechanical properties,'! because of their wet and soft nature with a
high-water content, which may prevent using them for different applications, especially in load-bearing
soft tissues.!> 13

In recent years, there have been many efforts to prepare mechanically tough hydrogels including double-
network (DN) gel,'* interpenetrating network gel,'> topological sliding rings gel,'® tetra-poly (ethylene
glycol) (PEG) gel,'” macromolecular microsphere gel,'® and nanocomposite gel.!"” The most effective
strategies to improve mechanical properties of hydrogels are incorporating energy dissipation
mechanisms and tailoring homogeneously cross-linked structures.? 2! Based on the energy dissipation
theory, Gong et al.,?* designed and prepared a series of physically and/or chemically cross-linked hybrid
DN gels which is composed of two asymmetric network structures. Utilising fully physically cross-linked
networks without having covalent bonds in its structure is an ideal strategy for the fabrication of hydrogels
with efficient self-healing property and good mechanical performance.?’

Interpenetrating, hybrid, and double network (DN) are some complex networks prepared with dissipation-
induced toughening theory,!! which significantly enhances the mechanical strength and toughness of
hydrogels.?* %> The water swelling property of hydrogels which weakens their toughness and mechanical
strength, reduce the application of their hydrogels in different fields.?® Therefore, it is highly challenging
proposition to develop an equilibrated hydrogel with high mechanical strength and versatile functions.?’
Hydrogels form hydrogen bonds with water after adsorption which construct the second cross-link in
hydrogel to form DC polymer network, and it would be suitable method for a broad range of hydrogel
preparation.?

As already mentioned, hydrogels are among the category of soft biomaterials because of their biomimetic
structure, application-dependent multifunctions, as well as tunable mechanical properties. To increase the
applications of hydrogels, many efforts have been made to prepare hydrogels with different and flexible
functionalities, such as photoluminescence (PL) by incorporating various photoluminescent substances
into the polymer networks of hydrogels,?® magnetic response, thermosensitivity,*° electroconductivity,’!
and biological response.>?

A wide range of natural polymers including chitosan, sodium alginate and synthetic polymers like poly
(vinyl alcohol) (PVA), or the mixture of both natural and synthetic polymers can be involved to prepare
hydrogels.

Since last three decades, the mixture of natural and synthetic polymers as bioartificial or biosynthetic
polymeric material have attracted more attention for biomedical applications because of their improved
mechanical and thermal properties and biocompatibility compared to those of single polymer hydrogels.
Each polymer type gives different properties to the hydrogel. For instance, natural polymer has low
toxicity, biodegradability, and biocompatibility, while synthetic polymers give good mechanical
properties to the hydrogel.>*



I.2 Smart Functions of Hydrogels: Self-healing and Shape memory

Stimuli-responsive hydrogels which are named smart hydrogels, are three-dimensional cross-linked
hydrophilic polymer networks with the ability to change their properties in response to the external stimuli
including temperature, chemical materials, and pH.*

In medicine and materials science fields there have been great attention to the functional medical
materials because of the development of smart polymer materials.*® In addition, polymers with functional
groups can adjust their properties and structures to tolerate different and tough environmental conditions,
which is impossible for traditional medical materials.*’>*8

There are many biomedical applications® such as tissue engineering,*® drug delivery,* and wound
dressing,*? because of their high-water content,* excellent biocompatibility,* flexibility, and stimulus
response property* for dynamic crosslinked hydrogels. Dynamic intermolecular interactions or dynamic
chemical bonds link the molecules in dynamic crosslinked hydrogel which provide the ability to the
hydrogel to change its shape and self-heal easily.*® Dynamic crosslinked hydrogel is an ideal candidate
for wound dressing application because it can fully cover the irregular or deep wound surface to prevent
more injuries and contaminations.*’

Among smart materials, self-healing hydrogels are especially promising for different biomedical
applications, such as biosensors,*® drug delivery systems,* and wound healing,*® due to their inherent
biocompatibility and similar mechanical behavior to natural tissues.

Self-healing means the spontaneous new bonds formation after the breakage of old bonds within a
material. New bond form through reconstructive covalent dangling side chain or non-covalent hydrogen
bonding because of the dipole-dipole forces and the structure hydrogels. This property of hydrogel has
motivated the research and development of self-healing hydrogels in fields such as reconstructive tissue
engineering as scaffolding such as shown in Figure 2.3


https://en.wikipedia.org/wiki/Tissue_engineering
https://en.wikipedia.org/wiki/Tissue_engineering
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Figure 2. Schematic illustration of self-healing mechanisms of self-healing gels based on CDC.%

Because of the irreversibility and stability of the covalent crosslinked networks in the traditional chemical
hydrogels, the reconstructing of intermolecular interactions for self-healing is disrupted.’!
Two strategies have been developed for the preparation of hydrogel with self-healing property by:

(1)

(i)

Introduction of dynamic intermolecular interactions or other physical crosslinks such as
hydrophobic interactions,”* hydrogen bonds,”* crystallization,** etc. which can develop
self-healing property.>® These physical interactions can help to obtain high strength for the
healed hydrogel by re-establishing the intermolecular crosslinking networks. However,
this self-healing process usually requires external stimulation or long time, which is
unsuitable for simple and rapid operation of wound dressing.>®

Application of the dynamic chemical bonds in the structure of hydrogel,’! including
benzene boronic acid complexations,®’ disulfide bonds,’® imine bonds,”’ acylhydrazone
bonds,* etc. These dynamic chemical bonds are reformed easily and rapidly around the
damaged part in the hydrogel®® which bring the self-healing property to the hydrogels.
Therefore, the formation of new chemical bonds between molecules which provide the
self-healing process in damaged regions of the hydrogels is possible with the functional
chemical structures or groups should exist in the cross-linking networks.

Physically crosslinked hydrogels, which are autonomously self-healable, stretchable, and deformable, are
so attractive for the generation of artificial skin. The fabricating of self-healing hydrogels based on

noncovalent reactions and dynamic covalent interactions are so popular in recent years.®! Bao et al.
reported preparation of a self-healable and elastic capacitive sensor with the combination of dynamic
metal-coordinated bonds and hydrogen bonds in a multiphase separated network.%? Figure 3 shows the
ionic bonds between Fe** and carboxylic ions and hydrogen bonds between hydroxyl and carbonyl groups
in preparation of KCl-Fe**/PAA supramolecular hydrogel electrolytes.
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Figure 3. Schematic illustration of the internal crosslinking effect of the KCI-Fe*"/PAA hydrogel.**

Self healing ability of physically crosslinked hydrogels increase the life service and reliability in certain
applications because of restoring their functionalities and structure after being damaged. Without the
external stimulus e.g., pH,* temperature,®* or UV light,** physical hydrogels can realize self-healing
process autonomously which is different than traditional self healing hydrogels based on covalent
reactions. Nevertheless, the self-healable hydrogels with just one physically cross-linked network have
the limitation in their practical applications for some fields due to their weak mechanical properties.®’
Multiple noncovalent interactions in diverse types can improve the mechanical properties of self-healable
hydrogels with noncovalent interactions. There are lots of natural or synthesis polymers for fabrication
of self-healing hydrogels such as poly (acrylic acid),’® poly (ethylene glycol),®” poly (vinyl alcohol)
(PVA),*® hyaluronic acid,® guar gum,” chitosan,’! and among all these polymers, PVA have been
attracted more attention because of being water-soluble, nontoxic, highly crystalline, and biocompatible.
Shape memory is another smart function for hydrogels. Such a hydrogel can be processed from a specific
permanent shape to a stable temporary shape, and subsequently deform to recover the permanent shape
by responding to a stimulus. There are different fields such as biomedicine, actuators, and so on which
are interested to use shape memory hydrogels.”> Generally, for these applications, three main issues must
always consider. Fan et al. reported preparation of tough, self healable, and adhesive dual-cross-linked
hydrogels with freeze-dry method. They immersed the freeze-dried aerogel in Tannic acid (TA) solutions
as can be seen in Figure 4.7

Wang and co-workers reported effect of strong hydrogen bonding between PVA and TA as the permanent
cross-link and the week hydrogen bonding between PV A chains as the temporary cross-link in preparation
of tough PVA—-TA hydrogel which has shape memory behaviour. It is mentioned that after 3h, the
temporary shape of hydrogel was fixed at room temperature and recovered quickly in 2 s.”
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Figure 4. (a) [llustration of the preparation of polymer—-TA DC hydrogels. (b) Chemical structure of
TA. (c) The hydrogen bond between PVA and TA. (d) The hydrogen bond between PAAm and TA."

Polymer with shape memory property should have two structural features: 1) For reversible transition
which is fixing the temporary shape and its recovery, polymer must have a special segment which is
capable for this transition. 2) For fixing the permanent shape, polymer must have a cross-linking network
(chemically or physically cross-linked). Hydrogen bonding is often employed as a physically cross-linked
noncovalent interaction. Furthermore, hydrogen bonding has been utilized to develop high modulus ratio
shape memory polymers with excellent shape memory effects and stabilized shape memory complexes.”
Shape memory hydrogels are kind of hydrogels which can response to the external stimuli such as
temperature, pH, ultrasound, chemical materials, solvents, etc. by restoring the fix deformed shape to its
original shape.

There are two networks that bring the shape memory effect to the hydrogel: (a) The strong fixing network
which is difficult to be broken and is responsible for keeping the original shape. (b) The weak reversable
network which is responsible to fix the temporary shape of hydrogels.”

This is a fact that self-healing effects of hydrogels can prolongs the lifetime of hydrogels because of their
dynamic capability to restore the original structural of hydrogels after being damaged, which helps for
great economy in the process of preparation and utilization of hydrogels. On the other hand, there are
immense application in different fields including information storage and soft robotics for programmable
shape memory hydrogels which can fix their temporary shape and recover their original shape.’®

Highly meaningful progresses for preparing self healing hydrogels, with fast and efficient self-healable
ability and robust mechanical strength have been made in recent years.”” However, there is still a big



challenge to integrate self-healing and shape memory properties in a single hydrogel due to their potential
structural incompatibility.

For example, to obtain a shape memory hydrogel, having a permanent cross-linking network which will
prevent the exchange of component and keep the original structure, is a must.

All in all, it is of great interest to prepare a hydrogel with great self healing and shape memory behavior.

1.3 Poly (vinyl alcohol) (PVA) Hydrogels

Of the many self-healable and/or shape memory hydrogels reported in the literature, poly (vinyl alcohol)
(PVA) based hydrogel is among the most studied.

There have been many reports which concern the development of shape memory polymers (SMPs) based
on PVA.”8#! However, in most of these reports, shape memory PVA networks are mainly connected with
chemical cross-linking, which cannot be reprocessed. This behavior is in contrast with physically cross-
linked SMPs, which are easy to reform their shape specially the hydrogen-bonding cross-linked ones. In
Figure 5 three different linear Formula, molecular structure, and 3D ball representation of PVA is

shown.%?
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Figure 5. Linear formula (a), molecular structure (b) and 3D ball representation (c) of poly (vinyl
alcohol).®

Hydrogels of PVA, which is a thermoplastic, high oxygen barrier polymer obtained by the hydrolysis of
poly (vinyl acetate) (PVAc) and not by polymerization processes like some other synthetic polymers,
have gained much attention in the last few decades. PVA is the most polar synthetic polymer, it is
odorless, nontoxic, biocompatible, and soluble in water, acids, and high polar solvents. After hydrolysis,
PVA still contains 1-2 mol% of acetyl groups. Its degree of polymerization (DP) depends primarily on
the size of the PVAc macromolecular chain. The transformation of PVAc into PVA is obtained by the



base catalyzed alcoholysis or by the acid-initiated hydrolysis. Its molecular weight (MW) depends on
PVAc MW and the degree of hydrolysis.*?

PVA hydrogels has low cost, are biocompatibility and similar to the natural tissues, therefore they have
been proposed extensive applications in tissue engineering and drug delivery.’*

Because of being water insoluble, PVA is also well known in its application in the production of fibers
including its use in tubing, transportation belts, artificial leather, gaskets with good stability to oil
derivatives, rubber-like items, surgeries, emulsifiers, adhesives for paper and paperboard, and in general
purpose adhesives for bonding leather, paper, textiles, and porous ceramic surfaces.®

Physically crosslinked semi-crystalline PVA hydrogel is generally prepared through a freeze-thaw
process, which produce crystallized PVA chains and amorphous chains. A group of researchers studied
the rheological behavior of the aqueous solution of PVA with different molecular weights and
concentration subjected to freeze—thaw process. Their results suggest that during the freezing process,
there is an augmentation in the number of PVA segments participating in the crystalline junction points,
while decreases exponentially during thawing in the vicinity of the critical point.*®

Due to the existence of crystalline microdomains and H-bonding between the hydroxyl side groups, PVA
can behave like a hydrogel even before doing freezing/thawing process, which depends on the polymer
concentration and its molecular weight.

Crystalline microdomains which act as cross-links, form stronger physical network’s structure cross-links
because of the increasing of the crystallization of PVA based on the freezing/thawing treatment.3°

PVA is a hydrophilic polymer with excellent mechanical properties which is flexible in dry state.
However, its properties have been reduced because of the presence of water molecules which act as
plasticizer.®” Thus, it is necessary to improve the properties of PVA such as mechanical performance or
thermal resistance at high temperature, etc. with different possible ways such as incorporation of
inorganic nanofillers.

Nanocellulose has been studied as a reinforcing agent for PVA films,?® fibers,* and hydrogels,” to
increase the ability of PVA in different applications requiring high mechanical toughness and stiffness.
The demerits of using reinforcing agents are their agglomeration specially at higher cellulose loads, which
reduce their reinforcement effect;’! therefore, a good interaction between the PVA matrix and fillers is
necessary in preparation of hydrogels.

1.4 Additives in Hydrogels

The mechanical properties of hydrogels can be improved by addition of additives in many ways. For
instance, for increasing the strength or elasticity of hydrogels, grafting or surface coating them onto a
stronger/stiffer support can be one useful method or preparing super porous hydrogel (SPH) composites,
in which a cross-linkable matrix swelling additive is added.?* For significantly modify the toughness and
gelation temperature of certain hydrogels used in biomedical applications, other additives including
nanoparticles or microparticles have been used.



The absence of strong mechanical properties in hydrogels can limit their application in different fields
specially in biomedical and industrial area. Topological hydrogels, nanocomposite hydrogels, and double
network hydrogels are such great strategies which have been established to fabricate tough hydrogels by
forming ideal hydrogel networks. In the nanocomposite hydrogels, various forms of nanoparticles
including silica nanoparticles, montmorillonite, graphene oxide, and titanate nanosheet participate in the
formation of strong nanocomposite hydrogels.”?

By forming chemical bonds or having strong intermolecular interactions with hydrogel matrix, additives
can also serve as cross linkers and facilitating reinforcement in the mechanical properties by increasing
the extent of crosslinking the hydrogel network. For example, the performance of hydrogel actuators can
be dramatically improved and/ or diversified by utilizing additives such as functional nanomaterials.>*
The limitations of stimuli-responsive hydrogel actuators, such as small deformation, slow response, and
weak mechanical property can be reduced by using organic or inorganic additives into the hydrogels. As
a result, additives are not only useful for improving the mechanical properties of hydrogels, but also act
as stimuli- responsive mediators.

Dual chemically cross-linked hydrogels,” dual physically cross-linked hydrogels,’* and hybrid cross-
linked hydrogels® are kind of dual cross-linked hydrogels with excellent mechanical performance which
attract more attention in recent years.

In the hydrogel networks, physical cross-linking points appears in various forms, such as ionic
interactions, hydrogen bonds, hydrophobic associations, and host—guest interactions, crystalline domains
whereas chemical cross-linking points form by covalent bonds that maintain the elasticity of hydrogels.
Physical cross-linking points are reversible which is the opposite in chemical cross-linking points,
allowing hydrogels to recover or self-heal after large deformation or disruption.”®

Beside using nanoparticles as additives, various kind of small-molecule and polymeric additives have
been utilized. For example, there will be numerous applications for hydrogels such as cells, proteins, and
nucleic acids, with rational design of utilizing bioactive additives in preparation of hydrogels.”” Cases of
successful commercialization of such functional hydrogels are being reported, thus driving more
translational research with hydrogels.

In addition, natural polymers, as it mentioned above, have been used in preparation of hydrogels with
their properties such as energy saving and biocompatibility. Among these natural polymers such as
alginate,”® chitosan,” lignin and cellulose,'® and starch,!?! cellulose nanocrystals (CNCs) are attracting
more attention because of their special properties including high specific surface area (800 m*-g ),
excellent stabilizing effect on nanoparticles, widespread availability in the environment, high crystallinity
(>90%) to prepare good mechanical and biocompatible hydrogels.!?? Generally, CNCs act as crosslinker,
strengthening agent, and dispersant. Cellulose nanocrystals are achieved with acid treatment of cellulose
as demonstrated in Figure 6.'% In acid hydrolysis, which is the method to destroy the amorphous regions
in cellulose, the crystalline regions in cellulose are unaltered and this treatment produce a rod-like
structure which is named cellulose nanocrystals.
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Figure 6. Scheme illustrating the extraction of cellulose nanocrystals.!'%

LI.5 Objective of The Project

In the present study, we prepare and investigate the effect of two kinds of additives, CNC, which is a
nanoparticle additive, and TA, which is a molecular additive, on PVA physical hydrogel. We compare
the effects of nanoparticle and molecular additives with regard to the improvement of mechanical
property, self-healing efficiency, and shape memory behavior of the hydrogel. The choice of CNC and
TA is based on the consideration that they both, when surrounded by PVA chains, can develop multiple
H-bonds with the polymer matrix through the hydroxyl groups on the PVA chains, which makes these
two additives an effective physical cross-linker and modify the properties of the hydrogel.

Nanocrystal
/_ CNC \
Molecule /

Scheme 1.1
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As mentioned above, there are many research concern with utilizing different additives to reinforce
hydrogels such as PVA hydrogels.> % However, to the best of our knowledge, studies of physical PVA
hydrogels containing CNC and TA, as two distinct types of additives with both forming multiple H-bonds
with PVA, have not been done. This is the originality of the present project. Our studies aim to reveal
how nanoparticle additive and molecular additive affect the properties of PVA hydrogel, and to find out
if H-bonds linking PVA with the surface of CNC nanocrystals and with TA molecules contribute in a
similar way to the mechanical properties of the hydrogel. A brief description of the two additives is given
blow.

In one hand, Cellulose is a homopolysaccharide, highly crystalline and biodegradable natural polymer
with the formula (CsH10Os) 1, consisting of a linear chain of (1 —4) linked d-glucose units, each of which
has one primary hydroxy group(Ce—OH) and two secondary hydroxy groups (C.—OH and C3-OH).!%
Cellulose chains preparing with the assemblance of several glucose molecules via van der Waals and
hydrogen bonds. These cellulose chains assemble to form three dimensional networks known as
microfibrillated cellulose (MFC).

Cellulose nanocrystals (CNCs) are rod like particles or needle-shaped nanometric with at least one
dimension <100 nm. The are stiff, with high aspect ratios (<100 nm length and 3-70 nm width) and high
crystallinity (neat 90%), which depend on their condition and source of preparation.'%

Some strong acids such as hydrochloric acid or sulfuric acid have been used to hydrolyze the cellulose
by dissolving the amorphous part of cellulose presented in fiber, without effecting the crystalline parts of
cellulose. Therefore, with hydrolysis of cellulose, we can separate the crystalline and amorphous parts of
cellulose and prepare cellulose nanocrystals, 07 108

As a result, thanks to the complete crystalline structure of cellulose nanocrystals and high intermolecular
bonding, CNC shows tough mechanical properties (Tensile strength of 7500 MPa and Young’s modulus
of 100-140 GPa).!%
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Figure 7. Schematic representation of nanocelluloses obtained from wood cellulose fibers.!!

Thanks to the easily forming hydrogen bonding between polymers and the filler material, which enhance
the mechanical properties, CNCs are recognized as effective fillers in polymer materials.!!!

On the other hand, tannic acid (TA) is a naturally produced polyphenolic compound with abundant
catechol groups and catechol derivatives.

TA is a gallic ester of D-glucose with low cost, biodegradability, and nontoxicity, and can interact through
several interactions such as hydrogen bonding and electrostatic interaction with macromolecules with
catechol groups.'!?
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Figure 8. Molecular structure of tannic acid (TA) in a) structural formula b) ball-and-stick model.'!?

In addition, TA has been applied in the preparation of hydrogels. Thus, based on coordination interaction
with metal ions,''* polymers,'!> and other functional materials,''® TA can form hydrogel networks. For
example, PVA hydrogel with added TA was reported,’* showing strong hydrogen bonding formed upon
cooling a hot PVA solution.

Introduction of TA to the polymer matrix in hydrogen-bonded multilayers cause more stable systems due
to the high pKa value of TA (8.5) and high density of hydrogen bonding because of catechol groups.'!’
On the other side, TA can act as a cross-linking agent because of its easily interact with some biopolymers
such as chitosan,!'® and collagen,'!” gelatin'?’. For instance, it has been used as a crosslinker in gelatin
films, enhancing the conjunction of the hydrogen bonding between gelatin and TA molecules.'!”

In addition, TA can act as a H-bonding based crosslinker, which form more stable structure due to the
reorganization toward an anhydrous conformation.'?°

So, in this study, in principle tannic acid and cellulose nanocrystals is using as a minor additive cross-

linker of PVA hydrogels.

13



CHAPTER 1. METHODOLOGY AND SYNTHESIS

1.1. Materials

Poly (vinyl alcohol) PVA (99+% hydrolyzed, Mw = 146000—186000 g/mol) were purchased from Sigma
Aldrich. CNC with nominal dimensions of 100 by 5 by nm was purchased from CelluForce Inc., Canada.
Tannic Acid (TA) (Mw = 1701.20 g/mol) was purchased from Fischer-Scientific. Deionized water was
used throughout the experiments.

1.2. Instruments and Measurements

1.2.1 Test of self-healing

For self-healing experiments, the rectangular-shaped specimens were cut into halves using a blade.
Immediately after, the two separate pieces were brought into contact without applied stress in air and
were covered with silicon band and sealed at 25 °C for 12 h to prevent water evaporation. During the
healing process, no stress or outside stimulation was applied to the interface during the 12 h self-healing
process.

To better observe the self-healing, two pieces of original hydrogels, one of which contains a red pigment
for visualization of the interface of cut surfaces, were prepared using PVA and one freezing/thawing
cycle. They were cut into two pieces using scissors or blade and two halves taken from each of the original
hydrogels were put together rapidly to have their freshly created fracture surfaces brought into contact.
A single piece of hydrogel emerged quickly from the two halves without any stimulus or healing agent;
The pigment molecules visibly diffuse from one-half to the other half. After 12 h, while the cut region on
the surface was still visible, the interface in the bulk disappeared almost completely; and the self-healed,
one-piece hydrogel could withstand almost all kinds of mechanical forces without failure at the interface,
such as bending, twisting, compressing, and stretching to a large extension.

1.2.2 Swelling of hydrogel

The swelling ratios of PVA hydrogels in distilled water were determined as follows. Typically, a piece
of hydrogel was dried completely at room temperature. Immediately after drying, the sample was soaked
in distilled water at 25 °C for 2 days, during which, the hydrogel was weighed with various time intervals.
In the end, after gentile removing the excess water on the surface of the swollen hydrogel, the hydrogel

14



in equilibrium with water was weighed. The degree of swelling was calculated using the following
equation:

(Ws-wd) %

Degree of swelling W = 100 Equation 1.1

where Wd, is final dry weight of the extracted PVA hydrogel and Ws is swollen weight of the same PVA
hydrogel at immersion time (t) in distilled water.

The water content in the as-prepared PV A based hydrogels was also determined. To this end, the prepared
hydrogels were weighed right after completing the freeze-thawing process (W;). The hydrogels were then
completely dried at room temperature for 72 h and their weights were measured immediately after (W q).
Finally, the water content is calculated according to:

(wi-wad)

Water content (%) = x 100 Equation 1.2

1.2.3 DSC measurements

Differential scanning calorimetry (DSC) analysis was performed with a DSC Q200 calorimeter equipped
with a liquid nitrogen cooling unit (Temperature precision: £0.05 °C, Temperature accuracy: £0.1 °C).
DSC is used to determine the temperature and heat flow associated with material phase transitions as a
function of temperature or, isothermally, over time. The instrument functions by measuring the difference
in the heat flux required for maintaining the sample (3 — 8 mg, encapsulated in a pan) and a reference (an
empty pan) at the same temperature. With the sample and reference pans sitting upon a thermoelectric
disk surrounded by a furnace under nitrogen atmosphere, as the temperature of the furnace is changed by
supplying heat in the temperature range 40240 °C at a cooling/heating rate of 10 °C min "', the heat is
transferred to the sample and the reference pan through the thermoelectric disk. The differential heat flow
to the sample and reference is measured by using the thermal equivalent of Ohm’s law.

From the DSC measurements, we can obtain qualitative and quantitative information including glass
transitions in amorphous/semi crystalline materials, melting points, boiling points, crystallization time
and temperature.

1.2.4 XRD

The crystallites of PV A in the hydrogels prepared using freezing-thawing are important because they play
the role of crosslinks. They can be monitored and analyzed by means of X-ray diffraction (XRD). The
samples were cut to approximately 1 x 1 x 1 mm?, glued with silicone on the goniometer head and
mounted at room temperature on a Bruker APEX DUO X-Ray diffractometer. A total of 6 correlated runs
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with Phi Scan of 360 degrees and exposure times of 270 seconds were collected with the Cu micro-focus
anode (1.54184 A) and the CCD APEX II detector at 150 mm distance. These runs were then treated and
integrated with the XRW? Eval Bruker software to produce wide-angle X-ray diffraction (WAXD) pattern
from 2.5 to 82 degrees 2-theta. The crystallinity of PVA in the hydrogels, in terms of the crystallinity
index (Crl), could be estimated using XRD according to the following Equation:

Ac

Crl = (Ac—-Aa)

X 100 Equation 1.3

where Aa is experimental integrated intensity of amorphous phase and Ac is experimental integrated
intensity of crystalline phase.

In general, we observe broad diffraction peak (halo) for an amorphous polymer and sharp diffraction X-
ray peaks for crystallin regions of polymers.'?!

1.2.5 Infrared Spectroscopy

Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR) was utilized to
characterize the obtained PVA based hydrogels, providing information on H-bonding, cross-linking and
the chemical structures. An Agilent Cary 630 FTIR spectrometer was used to get IR spectra in the
transmittance mode spectra at frequencies ranging from 4000-400 cm™ with a resolution of 4 cm™!, at
room temperature.

1.2.6 Tensile Test

Depending on the type of application, PVA hydrogels may need improved mechanical and thermal
properties. Tensile tests of the hydrogels were performed using an INSTRON 3366 universal testing
machine with a 1000 N load cell at room temperature at a crosshead speed of 5 mm/min.

The samples placed between two clamps are rectangular bar with dimensions (25 mm (length) X 10 mm
(width) x 5 mm (thickness)). Among the mechanical properties of interest for the hydrogels, the toughness
was measured by calculating the area bounded by the stress-strain curve representing the energy absorbed
by the specimen; the elastic (Young) modulus was calculated by the slope of initial linear region of the
stress—strain curves (usually over 10—20% of strain); and the tensile stress o, which is the force divided
by the initial cross-sectional area of hydrogel sample, was taken as the highest stress on the stress-strain
curve.

16



1.2.7 Shape memory Test

The hydrogel should be mechanically strong enough to keep the deformed state (temporary shape) by
formation of physical network after being deformed, which is important part in shape memory effect.
After releasing the external force, upon breaking the physical crosslinks, the shape recovery should occur
and releases the strain energy stored in the deformation process. In the PVA hydrogel, as the crystalline
domains of PVA act as the physical crosslinking to stabilize a temporary shape, the shape recovery is
activated by the melting of the PVA crystallites.

To observe the shape memory effect of our PVA based hydrogels, the deformation of the sample was
maintained with the external force while cooling down to -22 °C for PVA crystallization. After that, the
recovery of the sample from temporary shape to the original shape was triggered by immersing the
deformed specimen in distilled water with increasing temperature gradually to 60 °C.

1.3. Synthesis Section

1.3.1 Preparation of PVA physical hydrogel through “freeze-thawing”

Among the methods for preparing physically crosslinked PVA hydrogels, the process of freezing—
thawing cycles of PVA aqueous solutions is attractive and produces strong hydrogels, even in the
presence of biological species.!?? The absence of any chemicals, including co-solvents or cross-linking
agents, as well as the absence of heating makes such process particularly suitable to prepare hydrogels

for biomedical applications.!?’

The formation of physically crosslinked PVA hydrogels via the freeze-thawing method has been widely
discussed in the literatures.'?* 12°

Hydrogels prepared by freeze-thawing from PVA aqueous solutions have shown many interesting
properties. They have good mechanical strength, and are stable at room temperature, with no initiators or
cross-linkers.

Significant contribution to the development of PVA hydrogels prepared by this method was made by
Peppas et al.!? Depending on the concentration of PVA, the freezing—thawing time, as well as on the
number of freezing—thawing cycles, the crystallization degree of PVA can be adjusted. The hydrogel
formation starts during the freezing step when the free water in the polymer solution freezes, which
excludes the polymer chains from the ice regions and thus leads to supersaturated polymer regions where
the formation of PVA crystallites is promoted. After the two steps of freezing and thawing, the ice regions

melt to create pores which stabilize by crystalline walls.'?*
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In the present study, a typical freezing-thawing cycle was performed as follows. A homogenous solution
of PVA was obtained by dissolving PVA powder in distilled water at 85 °C under vigorous stirring and
refluxing for 3 h. In order to remove trapped bubbles, the solution was placed in an ultrasonic water bath
at 45 °C for 15 min without stirring. The aqueous solutions with same amount of PVA and various
contents of CNC or/and TA were then cast into the mold of desired dimensions and cooled at -22 °C for
4 h, which was followed by thawing at room temperature for 4 h. The result is the formation of physically
cross-linked PVA hydrogels.

The hydrogels investigated in this work were prepared at a PVA concentration of 15%, 20%, 25% and
subjected to one and two cycle of freezing-thawing. The freeze-thawing cycle was varied to change the
properties of the resulting PVA based hydrogels.

1.3.2 Preparation of additive enhanced PV A hydrogel

The method for preparing PVA-TA, PVA-CNC hydrogels is the same as for pure PVA hydrogel.

For preparation of PVA-CNC hydrogel, aqueous solutions of 1, 2, 3, 4, and 5 % wt CNC in distilled water
were prepared separately by stirring the solutions. Then, a weighed amount of PVA powder was added
to one of CNC dispersion at 85°C under refluxing for 3 h, under vigorous stirring, to obtain uniform PVA-
CNC mixture. After being held at high temperature to remove the bubbles, the aqueous homogenous
PVA-CNC solution was then cast into the mold of desired dimensions and subjected to cooling to -22 °C
for 4 h, which was followed by thawing at room temperature for 4 h. The same method was used for
preparing PVA-TA by adding (0.5,1,2,3,4,5) wt% of TA.
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CHAPTER 2. PVA HYDROGELS ENHANCED BY CNC AND TA

2.1 Abstract

In this project, we carried out the preparation, characterization and comparison of PVA-TA, and PVA-
CNC hydrogels with excellent mechanical properties, self-healing, and shape memory behaviors. In these
hydrogels, H bonding in PVA and between PVA and additives (TA or CNC) contribute to cross-linking.
More specifically, stronger H bonds between PVA and CNC, as well as PVA and TA could act as
“permanent” cross-linking, while weaker H bonds between PVA chains as “temporary” cross-linking,
and the latter can fix the deformed shape of the hydrogel.'?’

Figure 9 is a schematic of preparation of PVA based hydrogels after adding CNC and TA as two different

additives.
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Figure 9. Illustration of the preparation of PVA hydrogels in the presence of CNC and TA additives.
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2.2. Effect of Molecular Additive TA and Nanoparticle Additive CNC on PVA Hydrogels

2.2.1 Preparation of hydrogels

All hydrogels were prepared using the freezing-thawing method under the same conditions as detailed in
Chapter 2. The prepared hydrogels are summarized in Table 1. At first, we prepared and evaluated PVA
hydrogels without any additive. Several samples were obtained with various PVA contents (15%, 20%,
and 25 wt% of PVA). Based on the obtained results, the mechanical strength of the hydrogel increases
with increasing the PVA content, on one hand, in the 15% PVA hydrogel being weak while the 25%
hydrogel is strong. However, with 25% PVA, it became difficult to obtain homogenous solution and
remove the bubbles. Actually, the 20% PV A hydrogel shows the most effective shape recovery, better
self-healing effect and retains good mechanical properties. Therefore, unless otherwise stated, the 20%
PV A hydrogel was used for studying the effect of the two additives, and hydrogels loaded with different

amounts of TA or CNC additives, as shown in Table 1.

Table 1. Different amount of PVA, CNC, or TA for preparation of hydrogels.

Input PVA CNC TA
1 15% (1.5 g in 10ml water) 0 0
2 20% (2 g in 10ml water) 0 0
3 25% (2.5 g in 10ml water) 0 0
4 20% 1% (wt PVA) (0.02 g) 0
5 20% 2% (0.04 g) 0
6 20% 3% (0.06 g) 0
7 20% 4% (0.08 g) 0
8 20% 5% (0.1 g) 0
9 20% 0 0.5% (wt PVA) (0.01 g)
10 20% 0 1% (0.02 g)
11 20% 0 2% (0.02 g)
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12 20% 0 3% (0.02 g)
13 20% 0 4% (0.02 g)
14 20% 0 5% (0.02 g)

2.2.2 Infrared spectroscopic analysis

The chemical structure and composition of all prepared samples were investigated using the ATR-FTIR.
The presence of H-bonding between PVA and TA, or PVA and CNC, is noticeable in Figures 10,11, and
12, based on the presence of O-H bonding frequency. Following there are some figures that show the
FTIR spectra of the prepared PVA, PVA-CNC, and PVA-TA hydrogels with different compositions.

In Figure 10, the broad bands of O-H stretching vibration for dry samples of pure PVA hydrogel of
different contents (15%, 20%, 25%) are visible at 3248, 3257 and 3261 cm !, respectively. The
characteristic peaks at 1080 cm ™! and 2914 cm™! are related to stretching vibrations of the C-O and C-H,
respectively. The bending vibration related to CH» groups is observed in the region of 1408 cm ™!, which
is characteristic of semi-crystalline PVA.!*

Figure 11 shows the ATR-IR spectra of the prepared PVA-CNC dry sample which indicates the
characteristic peaks assigned to PVA and CNC structure. The spectra indicate interaction between CNC
and PVA, with the —OH stretching peak of the PVA-CNC hydrogel shifted to a lower frequency of 3255
cm !, This band is subjected to the intermolecular (between PVA and CNC) and intramolecular (between
PVA chains) H-bonding. The significant shifts of the absorption bands to lower frequencies suggest the
formation of stronger H-bonding between PVA and CNC. It is well-known that the formation of intra- or
intermolecular hydrogen bonding reduces the force constants of the chemical bonds, and hence their
vibrational bands are shifted to lower frequencies.'?’ Stronger hydrogen bonding leads to a more
significant shift in vibrational frequency.

Figure 12 shows the ATR-IR spectra of PVA-TA dry sample which shows new peaks related to TA.
Compared to PVA, the hydrogel containing TA displays new absorption peaks in 1705 c¢m™! and
1559 cm™!, which are assigned to the aromatic C=O stretching vibration mode of ester and aromatic C=C
ring stretching. The band located at 1207 cm™! attributed to the C-O stretching mode of ester, indicating
the presence of the ester groups in the TA structure in the PVA-TA hydrogel.'**!** The broad and strong
absorption bands of symmetrical stretching vibration of hydroxyl groups (O—H) are shifted to a lower
frequency of 3248 cm™! after being treated with TA. The red shift of the peak is related to the reduction
of the force constants of the chemical bonds and implies that hydrogen bond cross-linking is formed
between PVA and TA. In addition, the ATR-IR spectra of PVA-CNC and PVA-TA hydrogels show no
new peaks resulting from chemical reactions, indicating that the cross-linking system is exclusively
enabled by physical effects.!!”
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It can be deduced from this wavelength shift that the hydroxyl groups of PVA, TA and CNC are involved
in the formation of extensive hydrogen bonds among them. These findings imply good mixing of TA and
CNC in the PVA polymer matrix.
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Figure 10. ATR-IR spectra of hydrogels with different PVA contents.
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Figure 11. ATR-IR spectra of the 20% PV A hydrogels containing various amounts of CNC.
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Figure 12. ATR-IR spectra of the 20% PV A hydrogels containing various amounts of TA.

2.2.3 Thermal properties

DSC measurements were carried out to study the influence of additives on the thermal phase transition
behaviors of PVA hydrogels using dry samples. The results are shown in Figure 13 for the samples
containing CNC and in Figure 14 for the samples with TA additive, while Tables 2 and 3 summarize the
transition temperatures and the associated enthalpies. Figure 13 presents the heating and cooling DSC
curves of PVA-CNC dry samples. As expected, neat PVA shows a high melting temperature (T,) at
215°C. Although removing the residual water in the PVA sample during the first heating run, the
plasticization effect of water on PVA chains is still preserved at high temperature, leading to a decrease
in the melting point of PVA. With increasing the content of CNC in the hydrogel, the melting peak of
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PV A becomes increasingly weaker and broader, and gradually shifts to a lower temperature, from 223 °C
for PVA-CNC (1%) to 216 °C for PVA-CNC (5%). Similar effects can be noticed for PVA-TA samples
(Figure 14). The effect is due to the hydrogen bonding in PVA-TA and PVA-CNC samples, which
disrupts the regular structure and improving the movement of PV A chains. In particular, T, of the samples
with 5% CNC and 5% TA decreases and the transition peak broadens most importantly. Obviously, the
introduction of CNC and TA into the PVA matrix significantly disturbs the regularity of molecular chain
arrangement in PV A upon cooling, thus hindering its crystallization.

PVA-TA and PVA-CNC hydrogels exhibit reduced crystallinity than pure PVA due to the presence of
the molecular additive TA or the CNC nanoparticles in the polymer matrix. In fact, the presence of large
numbers of additives could restrict the free motion of polymer chains. Therefore, after incorporation of
TA or CNC, more energy is required for polymer chains to overcome the steric hindrance. This
phenomenon occurs due to the hydrogen bonding between PVA and additives which could prevent the
formation of PVA crystallites. On the other side, the exothermic peak on cooling reflects the capability
of polymer chains to mobilize or re-arrange themselves into ordered crystals. The interacting TA or CNC
exerts the same effect of hindering the crystallization of PVA chains.
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Figure 13. DSC heating and cooling curves of CNC-loaded PV A hydrogels (20% PVA).

Table 2. Thermal phase transition temperatures and enthalpies of CNC-loaded PVA hydrogels (20%
PVA).

Input Samples Tm (°C)  AHm (J/g) T. (°C) AH: (J/g) % Crystallinity
1  PVA-CNC1% 2237 -39.7 193.7 41.9 26.20
2 PVA-CNC2% 2233 -53.9 196.3 47.0 29.4
3 PVA-CNC3%  220.1 -48.5 189.6 38.7 242
4 PVA-CNC4% 2238 -42.0 196.4 31.7 19.9
5 PVA-CNC5% 216.6 -35.7 184.9 25.6 16.0
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Figure 14. DSC heating and cooling curves of TA-loaded PV A hydrogels (20% PVA).

Table 3. Thermal phase transition temperatures and enthalpies of TA-loaded PV A hydrogels (20% PVA).

Input Samples Tm (°C) AHm (J/g) Tc(°C) AHc (J/g) % Crystallinity

1 PVA-TA 0.5% 2259 -34.7 190.5 43.9 27.5
2 PVA-TA 1% 224.7 -30.9 188.1 35.7 223
3 PVA-TA 2% 222.6 -40.1 188.8 314 19.6
4 PVA-TA 3% 221.1 -44.9 188.3 31.0 19.4
5 PVA-TA 4% 221.7 -49.6 191.2 32 20.0
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6 PVA-TA 5% 219.6 -40.4 180.4 28.35 17.7

2.2.4 Self-healing

Our group reported the autonomously self-healed physically cross-linked PVA hydrogel at room
temperature, prepared by using the freezing/ thawing method, without need for any stimulus or healing
agent.'”* PVA with physical network is known to be self-healable due to a sufficient amount of free
hydroxyl groups on the surface of the hydrogels which cause complete merging. The fractured PVA
hydrogel can be healed spontaneously and rapidly without external treatment due to having multiple
hydrogen bonds between PV A chains, which is much convenient compared with other self-healable tough
hydrogels. This property can be seen in PVA-CNC and PVA-TA hydrogels too.
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Figure 15. Photos showing the self-healing behavior of PVA hydrogel: a,b) two pieces of original
hydrogels with and without rhodamine B for coloration are brought together; and c,d) stretching of the

self-healed hydrogel.

This phenomenon is visually observable as shown by the photos in Figure 15. Two original PVA
hydrogels with and without rhodamine B for coloration (for visualization in the interface of cut surfaces)
were cut into two equal halves from the middle. The two separate pieces of hydrogels were brought into
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contact, without hard pressing, for self-healing in a container for 12 h in air at room temperature without
any external stimulus or addition of healing agents. Finally, the self-healed, one-piece hydrogel could
withstand all kinds of mechanical force such as stretching.

The same self-healing experiment has been done for PVA-CNC and PVA-TA hydrogels with different
percentage of additives. Based on the structures of the additives, the result of self-healing effect was
different. At a small amount of additive, the self-healing effect was similar, which can be seen from the
mechanical test of hydrogels (Section below). In PVA-TA hydrogel, self-healing effect decreases with
increasing the content of TA. This is because although its polymer content is high and there are enough
H bonds to regenerate the hydrogel network on the contacting interface, but the strength of the H bond
formed between PVA is relatively weak and causes poor self-healing performance.'°

2.2.5 Tensile tests

Regarding the self-healing property, the usual tensile testing was performed on the original and self-
healed hydrogel samples to quantify the self-healing efficiency. We characterized the mechanical
properties of the additive-enhanced PVA hydrogels, by measuring the stress-strain curves of the samples
before and after self-healing.

Figure 16 shows the stretching ability of PVA, PVA-CNC 1%, and PVA-TA 1% hydrogels, respectively,
at room temperature. As shown in these pictures, the self-healed hydrogels show good stretchability
without being fractured from the cut part.
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Figure 16. Tensile stress-strain measurements showing the stretching of self-healed hydrogel samples of
PVA (a), PVA-CNC 1% (b) and PVA-TA 1% (c).

To get more insight into the self-healing behavior, the healing efficiencies of the hydrogels with different
CNC contents were measured, and the results are shown in Figure 17. This figure shows tensile test of
prepared samples of PVA and PVA-CNC with different amounts of CNC added to PVA solution to
prepare hydrogels. The solid lines are for the original prepared hydrogels (sample acronym terminated
with -O) and dashed lines for self-healed samples (acronym terminated with -SH).
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Figure 17. Stress-strain curves of PVA, PVA-CNC 1%, PVA-CNC 2%, PVA-CNC 3%, PVA-CNC 4%,
PVA-CNC 5%, for original (solid lines) and self-healed(dashed-lines) hydrogels.

It is evident that adding even a small number of additives, such as 1 wt % CNC to the PVA hydrogel can
enhance the mechanical properties such as the Young’s modulus, elongation at break, tensile strength,
and, as a result, toughness. This beneficial effect is proportional to the content of additives over the range
investigated. These results can be explained by the formation of a large amount of H-bonds between the
CNC and PVA chains. The multiple H-bonded crosslinking in the hydrogel leads to a stable and
mechanically strong physical network of PVA.'3!

With respect to pure PVA hydrogel, which displays a tensile strength of only 0.025 MPa at the ultimate
elongation of 300%, the addition of physically cross-linked CNC improves much the tensile strength, and
the increase becomes more prominent with increasing the CNC content. As can be seen, the hydrogels
with 1, 2, 3, 4, and 5 wt % CNC have a tensile strength up to 0.03, 0.05, 0.06, 0.07, and 0.07 MPa,
respectively, showing a strong reinforcement capability of CNC in PVA hydrogel.'* Moreover, despite
the increase in hardness, their ultimate elongation remains significant, decreasing from 298% for pure
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PVA to 125% for PVA-CNC 5%, while the latter has greater toughness. Indeed, the elongation at break
(¢) reduced gradually with the increase of CNC loading. On the other hand, it is no surprise to find that a
higher CNC content results in a larger decrease in healing efficiency over the entire time. As mentioned
above, the self-healing property of PVA hydrogel is related to the hydrogen bonding formed by hydroxyl
groups of polymer chains, and the addition of CNC network reduces the PVA chain mobility in the
hydrogel. These effects become more important by increasing the content of CNC.

On the other side, we observe the same trend of results for self-healing hydrogels, which show reduction
in tensile strain from 251% to 151% and increase in tensile stress from 0.013 MPa to 0.049 MPa for pure
PVA hydrogel and PVA-CNC 5% hydrogel respectively.

Table 4 collects the data of mechanical properties, including Young’s modulus, elongation at break and
tensile strength, for pure PVA and CNC-loaded PV A hydrogels, for both original and self healed samples.

Table 4. Tensile stress, elongation at break, and Young’s modulus for PVA, PVA-CNC (1%,2%,3%,4%,
and 5%) original and self-healed hydrogels.

Input Samples Tensile stress Elongation at break Young’s modulus

(MPa) (%) (MPa)
1 PVA-O 0.026 229.5 0.0051
2 PVA-CNC 1%-0O 0.030 159.1 0.0196
3 PVA-CNC 2%-0O 0.046 148.2 0.0291
4 PVA-CNC 3%-O 0.063 135.1 0.0356
5 PVA-CNC 4%-0O 0.066 109.1 0.0634
6 PVA-CNC 5%-O 0.065 125.4 0.0409
7 PVA-SH 0.018 251.1 0.0051
8 PVA-CNCI1 %-SH 0.026 148.1 0.0215
9 PVA-CNC 2%-SH 0.041 126.8 0.0357
10  PVA-CNC 3%-SH 0.050 124.1 0.0324
11 PVA-CNC 4%-SH 0.037 65.1 0.0620
12 PVA-CNC 5%-SH 0.033 79.8 0.0431
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Figure 18 shows the tensile strain-stress curve of PVA-TA original and self-healed hydrogels with
different amounts of TA as an additive. Same as adding CNC to prepare PVA hydrogel, adding TA to
PVA can keep the self healing effect and enhance the mechanical properties of PVA hydrogel at the same
time due to the multiple H-bonding between the two constituents. However, increasing the amount of TA
reduces more importantly the self-healing capability of the hydrogel even though the tensile stress and
strain continue to increase. Interestingly, the ultimate elongation also increases with increasing the
amount of TA, suggesting that with respect to a relatively weak physical network of PVA, an enhanced
physical network structure due to hydrogen bonding with TA can better sustain the stress arising from
chain extension in the double-network hydrogel, making the failure occur at a greater elongation of the
sample.
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Figure 18. Stress-strain curves of PVA-TA 0.5%, PVA-TA 1%, PVA-TA 2%, PVA-TA 3%, PVA-TA
4%, PVA-TA 5%, for original (solid lines) and self-healed(dashed-lines) hydrogels.
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Likewise, the data of the mechanical properties for all investigated PVA-TA hydrogels, both original and
after self-healing, are summarized in Table 5.

Table 5. Tensile tress, elongation at break, and Young’s modulus calculation for PVA, PVA-TA
(0.5%,1%,2%,3%,4%, and 5%) original and self-healed hydrogels.

Input Samples Tensile stress Elongation at break Young’s modulus

(MPa) (%) (MPa)
1 PVA-TA 0.5%-O 0.071 100.0 0.0758
2 PVA-TA 1%-0O 0.089 121.3 0.0695
3 PVA-TA 2%-0O 0.107 142.6 0.0785
4 PVA-TA 3%-O 0.183 144.9 0.0954
5 PVA-TA 4%-0O 0.228 181.5 0.1068
6 PVA-TA 5%-0O 0.386 220.4 0.1204
7 PVA-TA 0.5%-SH 0.038 44.5 0.0754
8 PVA-TA 1%-SH 0.035 50.0 0.0785
9 PVA-TA 2%-SH 0.025 69.9 0.0731

10 PVA-TA 3%-SH - - -
11 PVA-TA 4%-SH - - -
12 PVA-TA 5%-SH - - -
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Figure 19. Fracture stress of PVA, PVA-CNC (1%, 2%, 3%, 4%, and 5%) original and self-healed
hydrogels.

For both PVA-CNC and PVA-TA hydrogels, the tensile strength, defined as the highest stress that can
be sustained by a sample before breaking, turns to be the stress at the breaking, i.e., the fracture stress.
Figures 19 and 20. show the fracture stress of prepared samples of PVA-CNC and PVA-TA hydrogels,
respectively. The results show that with increasing the content of CNC or TA, the fracture stress increases.
For PVA-CNC, the fracture stress is plateaued after 3% CNC, and the self-healing effect starts to
diminish.
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Figure 20. Fracture stress of PVA, PVA-TA (0.5%,1%, 2%, 3%, 4%, and 5%) original and self-healed
hydrogels.

In the case of PVA/TA, with the increase of TA content and the freezing time during the hydrogel
preparation, the mechanical strength of the hydrogel increases significantly, while the self-healing
efficiency decreases. This is because with more TA molecules forming multiple H-bonds with PVA
chains or with more crystallized PVA (longer freezing time), the mobility of PVA chains is reduced,
which causes the increase of the mechanical strength of the hydrogel. As a result, the diffusion of polymer
chains and the reconstruction of H-bonds are restricted, and poor self-healing performance appears.
Therefore, there will be a balance point where the PVA-TA hydrogel has both high mechanical strength
and good self-healing properties.'?

The whole of the results indicate that the addition of either CNC or TA in PVA hydrogel presents a
significant positive effect on enhancing both the mechanical strength (tensile strength) and the stiffness
(Young’s modulus) of the obtained hydrogels. However, the effect of the molecular additive TA is much
stronger than the effect of the nanoparticle additive CNC. The most important difference can be noticed
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by comparing the tensile test results in Figure 19 for PVA-CNC and in Figure 20. for PVA-TA. With
increasing the CNC content, the hydrogel becomes mechanically stronger, but the achievable elongation-
at-break diminishes quickly. By contrast, with increasing the TA content, the hydrogel not only becomes
harder, but also more stretchable, breaking at larger elongation. In other words, the PVA-TA hydrogels
are much tougher than the PVA-CNC hydrogels. TA contains many functional groups and form hydrogen
bonds, i.e., physical cross-links, with PV A chains, which are sacrificial crosslinking bonds because of the
dynamic nature of H-bonding. The breaking and reformation of these sacrificial bonds upon elongation
gives rise to the toughness of PVA hydrogel. In other words, when a mechanical force is applied to deform
the PVA-TA hydrogel, hydrogen bonds between TA molecules and PVA chains can dissociate and
reassociate, accompanying polymer chain extension, which dissipates a large amount of elastic energy
(internal stress) and thus results in increased toughness. '3

2.3. Comparison of PVA-CNC and PVA-TA Hydrogels Containing the Same Amount of Additive

The results presented in Section 2.3. revealed some different effects of CNC and TA as enhancing additive
in PVA physically crosslinked hydrogel prepared through freezing-thawing. In an attempt to have a better
understanding on the different effects of the two types of additives, we performed a number of additional
experiments on the 20% PVA hydrogel containing the same amount of one additive, i.e., 1% CNC in
PVA or 1% TA in PVA, i.e., 1% CNC and 1% TA in the same PVA hydrogel. The two hydrogels are
denoted as PVA-CNC 1%, and PVA-TA 1%, respectively. In what follows, we present the main results.

2.3.1 ATR-IR

In Section 2.3, it was found that the addition of CNC appeared to have a smaller negative impact on the
hydrogel’s self-healing efficiency than TA. ATR-IR spectra were recorded on a fracture surface to see
how H-bonds involving the hydroxyl groups on PVA change over time. At first, we cut the hydrogel and
immediately the IR spectrum is recorded for one cut surface, and then repeated the spectral recording
from the surface of the hydrogel with a 5 min interval. The results obtained with PVA-CNC 1% and PVA-
TA 1% hydrogels are shown in Figures 21 and 22, respectively.

The general trend is the same for both hydrogels. On one hand, in both cases, the spectral change shows
a reduction in the intensity of the absorption peak in the 3250-3300 cm™ region from free hydroxyl
groups, indicting a decrease in the number of free hydroxyl groups on the cut surface of hydrogel over
time. On the other side, in all IR spectra, as time goes on, the peaks show a red shift in frequency, which
means that more hydroxyl groups form H-bonds on the surface of hydrogel. However, upon closer
inspection of the spectra, the decrease in the number of free hydroxyl groups on the cut surface is faster
for PVA-TA 1% than PVA-CNC 1%. After 15 min, the absorption peak of free hydroxyl groups decreases
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by about 40% in intensity for PVA-CNC 1% as compared by about 65% for PVA-TA 1%. This result
implies that in the latter case there are less free hydroxyl groups available and, consequently, when two
fracture surfaces are brought into contact, fewer H-bonds can be formed across the interface, which is
required for self-healing. Therefore, a fast depletion of free hydroxyl groups on cut surfaces would be, at
least partly, the reason for which the presence of TA in PVA hydrogel reduces drastically the self-healing
capability.
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Figure 21. ATR-IR spectra of PVA-CNC 1% hydrogel recorded from a cut surface immediately after

cutting and after different times.
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Figure 22. ATR-IR spectra of PVA-TA 1% hydrogel recorded from a cut surface immediately after

cutting and after different times.

2.3.2 DSC result

DSC measurements were performed on wet hydrogel samples, recording two heating and cooling runs.
Figures 23 and 24. compare the DSC curves of PVA, PVA-CNC 1% and PVA-TA 1% hydrogels, for the
first and second cooling/heating cycles, respectively. On the first heating, two endothermic peaks can be
observed for all samples, in which the lower-temperature peak is attributed to the evaporation of water
and the one at higher temperature belongs to the melting of PVA. The temperature ranges from 100°C to
150°C shows broad endothermic peaks due to the evaporation of water confined in the hydrogel sample.
This is because the stronger hydrogen bonds between water and PV A than the interaction between, which
results in higher water evaporation temperature (Tp) compared to bulk water (approximately 100 °C). The
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results show that the addition of 1% CNC or 1% TA has limited effect on the melting and crystallization
temperatures of PVA, especially for the first heating and cooling cycle. The effect becomes more
important for the second cycle, especially on the second cooling, where the CNC and TA additive
broadens the crystallization temperature region and shifts them to lower temperatures.

The melting and crystallisation temperatures and their associated enthalpies as well as the crystallinity
obtained from the heating and cooling curves are summarised in Tables 6 and 7. Both the heat of fusion
(AHm) and heat of crystallisation (AHc) decreased with filler loading. Based on the results of DSC in this
Table, the heat of crystallization (AH.) decreased from 10.97 J/g to 8.86 J/g with 1% CNC, and to 10.41
J/g with 1% TA. The reason for this phenomenon is that TA and CNC form strong hydrogen bonding
cross-linking between PVA chains, which reduces the PVA chain mobility required for crystallization.
On the other side, the presence of CNC can also decrease the crystallinity of PVA by hindering the
spherulite formation.'?*

Please notice that in DSC Figures, the heating and cooling peaks show separately because of having large
peaks of water evaporation in heating curves, which were disturbing in showing the melting and

crystallization temperatures at the same curve.
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Figure 23. DSC heating (a) and cooling curves (b) of wet PVA, PVA-CNC 1% and PVA-TA 1%
hydrogels for the first heating and cooling cycle.

Table 6. DSC-determined melting and crystallization temperatures, enthalpies and crystallinity for PVA,
PVA-CNC1%, and PVA-TA1% hydrogels upon the first heating and cooling cycle.

Input Samples Tm (°C)  AHwn (J/g) T. (°C) AH: (J/g) % Crystallinity
1 PVA 225.2 -8.5 192.7 11.0 343
2  PVA-CNC1% 2250 -7.6 188.8 8.9 27.7
3 PVA-TA 1% 2232 -8.9 193.1 10.4 32.5
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These results further confirm that the hydrogen bond crosslinking from TA limited the PVA
crystallization process. Based on the results on the Table 6, the crystallinity of PVA hydrogel is different
after adding TA or CNC as additives, with a greater effect of CNC. Basically, the same observation can
be made with the data obtained from the second heating and cooling scan (see Table 7).
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Figure 24. DSC heating (a) and cooling curves (b) of wet PVA, PVA-CNC 1% and PVA-TA 1%
hydrogels for the second heating and cooling cycle.
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Table 7. DSC-determined melting and crystallization temperatures, enthalpies and crystallinity for PVA,
PVA-CNC 1%, and PVA-TA 1% hydrogels upon the second heating and cooling cycle.

Input Samples Tm (°C)  AHm (J/g) T (°C) AHc (J/g) % Crystallinity
1 PVA 2224 -6.7 186.7 6.4 20.0
2 PVA-CNC1% 216.1 -6.1 173.2 33 10.3
3 PVA-TA 1% 218.4 -6.0 171.4 4.0 12.3

2.3.3 XRD Result

PVA typically shows a strong and sharp peak at 26 = 19.4° with a shoulder peak at 26 =22.3" and a weak
peak at 20 = 40.7°, corresponding to the (101), (200), and (102) planes of PVA crystallites.!** Figure 25
shows the XRD patterns of the pure PVA, PVA-CNC 1%, and PVA-TA1% hydrogels prepared by the
freeze-thawing process. Sharp crystalline reflection with very high intensity at around 19.4° and 22.30°
was observed in the pure PVA hydrogel. It is well known that PVA is semi-crystalline due to the strong
intermolecular interaction between the PVA chains through intermolecular hydrogen bonding. The
crystalline degree in PVA is determined by the number of PVA chains which are packed together.
However, the crystallinity of the PVA phase decreased with the presence of 1% of TA or CNC in the
hydrogel (the crystallinity decreased from about 31.8% for pure PVA to 31.0% for PVA-TA 1% and to
29.3% for PVA-CNC 1%). This is likely due to cross-linking which formed between the PVA polymer
chains, consequently setting the PVA polymer components apart from each other and disturbing the PVA
crystalline formation process.
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Figure 25. X-ray diffraction patterns of PVA, PVA-CNC 1%, and PVA-TA 1% hydrogels

TA mainly displayed a broad peak at around 26=25° with some sharp shoulder peaks. The characteristic
crystalline peaks at around 26=19.4°, 22.30°, and 40.70° are related to PVA. The absence of characteristic
peak of TA (at 20 =25 °) illustrated their homogenous dissipation in PVA matrix and strong interactions
among them. 3

TA is amorphous polysaccharides; therefore, the existence of TA in the PVA-TA hydrogel resulted in the
decrease of the crystallinity of PVA. For the PVA-CNC sample the crystallinity is lower than crystallinity
of the PVA-TA sample due to the less relative intensity. This happens due to the formation of more inter
and intra molecular hydrogen bond. As a result, its crystallinity was less than another prepared sample.
Based on the result of XRD, the crystallinity of PVA shows the reduction after addition of additives. This
reduction appears to be more obvious after the addition of CNC than TA, showing a clear difference

between TA and CNC as an additive on PVA hydrogel. The greater decrease of crystallinity of PVA
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hydrogel after adding CNC is related to the strong hydrogen bonding between PVA chains and CNC
which reduces the mobility of PVA chains required for forming crystallites during the freezing process.
On the other side, CNC nanoparticles might also disrupt the ordered structure of the crystallizing PVA
chains as revealed by the reduced intensity of the peak at 19.4°. The result of XRD is consistent with the
result of DSC regarding the crystallinity.

2.3.4 Swelling Behavior

The influence of TA and CNC on the water absorption ability of the PVA hydrogel was investigated and
the results are shown in Figure 26. As can be seen from the change in swelling degree over immersion
time, after introducing TA or CNC into PVA matrix, the obtained hydrogel displayed a notable decrease
in water absorption. However, the decrease seems to be similar for the hydrogels containing 1% CNC
and TA, respectively. The water absorption of cross-linked PVA networks decreased with an increase of
the cross-linker content.

180
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Figure 26. Swelling ratio for PVA, PVA-CNC1%, and PVA-TA1%.
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The reason for the lower swelling ratio of the hydrogels with 1% TA and 1% CNC is again due to H-
bonding. As the additive molecules form efficient H-bonding with PVA chains, they reduce the
probability for the O-H groups to interact with water molecules. These multiple hydrogen interactions
among PVA, CNC, and TA can also serve as physical cross-linking sites that limit the absorption of water
molecules by diffusion. So, the presence of TA and CNC additives provides more compact hydrogels
with less pores and less hydroxyl groups available for hydrogen bonding with water, and, as a result, the
amount of water retained by the hydrogel decreases.

2.3.5 Shape Memory Effect

In Figure 27, the PVA-CNC 1% and PVA-TA 1% hydrogels were utilized to investigate their thermally
activated shape memory effect. For this experiment, after preparation of the hydrogels using freezing-
thawing, physically crosslinked, additive-loaded PVA hydrogels (80 wt % water), a hydrogel strip was
deformed to a new shape (spiral or twisted) and, under deformation, subjected to another freezing (at -22
°C) — thawing cycle to fix the deformed state. After the treatment, the retained deformed state of the
hydrogel can be seen in Figure 27.

Deformed shape
—_—

Figure 27. Photos showing the initial shape of PVA-CNC or PVA-TA hydrogel (strip), and the deformed

state retained by one freezing-thawing cycle (twist, spiral).

Afterward, the external force was removed, and the initial shape can be recovered by disrupting the
physical network of PVA through melting of the crystalline microdomains by heating the temperature of
water in which the samples were placed.

The shape recovery process was recorded with a digital camera, from which images of the hydrogel could

be extracted. The photos in Figure 28 show the thermos-responsive shape memory behavior of the
prepared hydrogels.
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Figure 28. Photos showing the fast thermally activated shape recovery of a) PVA-CNC 1% and
b) PVA-TA1 % hydrogel

Shape recovery is due to the melting of the crystalline microdomains formed by the PVA chains in the
presence of CNC or TA during the F-T treatment. Crystallized domains act as the cross-linking points
that are melted by heating which mainly disturb the second physical network of the hydrogel. As can be
seen in Figure 28, after heating the hydrogel changes from opaque to transparent which implies crystal
melting. These results clearly indicate that the shape memory effect of PVA can be realized after the
introduction of either TA or CNC additive. The behaviors of PVA-CNC 1% and PVA-TA 1% hydrogels
are similar to this regard.

2.4. Effect of the Number of Freezing/Thawing Cycles

In an attempt to know the effect of the freezing-thawing process on the properties of prepared hydrogels,
we performed measurements and compared PVA, PVA-CNC 1%, and PVA-TA 1% hydrogels prepared
using one and two freezing/thawing cycles, respectively. The main findings and data are presented below.

Figure 29 shows ATR-IR spectra of all hydrogel samples. In all cases, changes in absorption peaks from

free and H-bonded OH groups, as discussed above, are visible. No clear difference between the hydrogels
prepared using either one or two freezing-thawing cycles.
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Figure 29. ATR-IR spectra of PVA, PVA-CNC 1%, and PVA-TA 1% prepared using one and two

freezing-thawing cycles, respectively.

Thermal phase behaviors of all hydrogel samples were investigated using DSC, and data obtained from
the first run heating and cooling scans are collected in Table 8. (DSC heating and cooling curves are in
supplementary).
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Table 8. DSC-determined melting and crystallization temperatures, enthalpies and crystallinity for PVA,
PVA-CNC 1%, and PVA-TA 1% hydrogels prepared using one and two freezing-thawing cycles,

respectively.
Input Samples Tw (°C) AHm (J/g) Tc(°C) AHc(J/g) % Crystallinity
1 PVA-Icycle F-T 225.2 -8.5 196.4 11.1 34.3
2 PVA-2cycle F-T 223.8 -7.0 185.1 7.7 24.0
3 PVA-CNC1 %-Icycle F-T 225.0 -7.6 193.0 8.9 27.7
4 PVA-CNCI %-2cycle F-T 222.8 -7.1 188.3 7.8 239
5 PVA-TA 1%-1cycle F-T 224.2 -8.9 198.6 10.4 32.5
6 PVA-TA 1%-2cycle F-T 222.8 -7.4 192.1 9.6 30.0

The results in Table 8 show that the crystallinity of PVA not only decreases after the addition of 1% CNC
and 1% TA, it also further decreases after the second freezing-thawing cycle. This observation is a bit
surprising, because more freezing-thawing cycles normally result in an increase in PVA crystallinity.'3”
138 The lower crystallinity of PVA in the PVA-CNC 1% and PVA-TA 1% hydrogels prepared using two
cycles of freezing-thawing was confirmed by XRD measurements, as can be seen from Figures 30, 31,
32.
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Figure 30. X-ray diffraction patterns for PVA hydrogel prepared using one and two freezing-thawing

cycles, respectively.
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Figure 31. X-ray diffraction patterns for PVA-CNC 1% hydrogel prepared using one and two freezing-

thawing cycles, respectively.
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Figure 32. X-ray diffraction patterns for PVA-TA 1% hydrogel prepared using one and two freezing-

thawing cycles, respectively.

Moreover, the hydrogels prepared using one or two freezing-thawing cycles also display some differences

2-theta (Degrees)

in swelling degree in water (see Figure S4 in supplementary).

Finally, increasing the number of freezing-thawing cycle from one to two was found to have an interesting
effect on realizing the shape memory. For hydrogels, the fixation of a temporary shape (deformed state)
is often challenging. We found that applying two consecutive freezing-thawing cycles can better retain
the deformation of the hydrogel (either PVA or PVA-CNC 1% or PVA-TA 1%) after removal of external

force, and that subsequent heating allows the shape recovery to take place.
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For investigating the shape memory effect, we prepared the PVA, PVA-CNC 1%, and PVA-TA 1%
hydrogels with F-T method and with initial straight rod shape; then we stretched it and put it (under strain)
in the refrigerator to get temporary shape. After the thawing step, we repeated this process to get the
second freeze-thawing cycle. After the external force was removed, the elongation ratio (the retained
length over the initial length), which corresponds to the fixed temporary shape of the hydrogel, was
measured, followed by placing the sample in a water bath to undergo heating at a rate of 10 °C/min while
recording the change in the elongation ratio. The results are shown in Figure S5 in supplementary by
plotting the elongation ratio vs temperature for PVA, PVA-CNC 1% and PVA-TA 1% hydrogels. For
each hydrogel, two stretched samples subjected to one and two freezing-thawing cycles, respectively,
were utilized for the tests.

Several observations can be made from Figure 33. First, more cycles of freezing/ thawing resulted in a
better shape fixation, with the elongation ratio increased from 54% (1 cycle) to 80% (2 cycles) for PVA
hydrogel, from 30% (1 cycle) to 60% (2 cycles) for PVA-CNC 1%, and from 40% (1 cycle) to 60% (2
cycles) for PVA-TA 1% hydrogel. The stronger physical cross-linking in the 2-cycle samples preserves
better the deformed state of the wet hydrogel after removal of the external force. Secondly, pure PVA
hydrogel has a greater temporary shape fixation than PVA-TA 1% and PVA-CNC 1% hydrogels. The
reduction of crystallinity upon addition of additives may weaken the ability of hydrogel to keep the
deformed shape. Thirdly, while for the 1-cycle samples, PVA-TA 1% hydrogel shows a better temporary
shape fixation than PVA-CNC 1% hydrogel, with 2 freezing-thawing treatments, the two additive-loaded
PV A hydrogels display a similar temporary shape fixation. Finally, for all hydrogels, a significant shape
recovery (contraction of the hydrogel rods) starts in a similar range of temperatures, 45-50 °C, and
increases on further heating. Data on the shape memory effect of the different hydrogels are summarized
in Table 9.

The deformed ratio was calculated using the following equation:

(L2-L1)

Deformed ratio Dr = x 100 Equation 2.1

Where Lo, is final length of hydrogel after removing the stretching force (after freezing/thawing process)
and L, is initial length of hydrogel while stretching (before freezing process).
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Figure 33. Plots of deformation ratio vs. temperature for PVA, PVA-CNC 1% and PVA-TA 1%
hydrogels prepared using one and two freezing-thawing cycles, respectively. The initial ratio at 30 °C
corresponds to the fixation efficiency of the temporary shape of the hydrogel and the decrease in

deformation ratio with increasing temperature indicates the thermally activated shape recovery.
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Table 9. Temporary shape fixing and shape recovery ratio of PVA, PVA-CNC 1% and PVA-TA 1%
hydrogels prepared using one and two freezing-thawing cycles, respectively.

Input Samples Shape fixing ratio (%) Shape recovery ratio (%)
1 PVA-1 cycle 242 53.9
2 PVA-CNC 1%-1 cycle 4.4 50.2
3 PVA-TA 1%-1 cycle 16.8 94.9
4 PVA-2 cycle 442 70.8
5 PVA-CNC 1%-2 cycle 20.6 44.5
6 PVA-TA 1%- 2 cycle 304 76.6

Finally, a number of PVA hydrogels loaded with both CNC and TA of varying composition were also
prepared under the same conditions and characterized with the same techniques of ATR-IR, DSC, XRD.
Basically, similar results as described in Sections 3.1 and 3.2 were obtained, reflecting simultaneous
contributions of the two additives, with the effect of each additive weighed by its relative content. The
characterization data are presented in supplementary.

2.5. Summary

The research in this thesis focuses on the design, synthesis and fabrication of PVA-based hydrogels by
examining the different aspects of their fabrication and properties, such as self-healing, toughness, and
shape memory. The principal reason to utilize PVA to produce hydrogels is their ability to self-heal
spontaneously. However, their relatively week mechanical strength reduces their application in many
different fields. Interest in the most abandoned and bio-based organic materials, cellulose nanocrystals
and tannic acids has increased notably over recent decades. Mainly due to their high mechanical
reinforcement ability, these additives have been used to increase the mechanical properties of PVA
hydrogels. Thanks to the hydrogen bonding between PV A chains and these additives, the polymer matrix
is bonded strongly with CNC and TA, and high stiffness for PVA hydrogel arises. In our project, we
prepared a number of PVA-CNC and PVA-TA hydrogels that exhibited different mechanical,
shape memory and self-healing properties. The characterization results suggest that different H-bonding
between PVA chains and the CNC or TA additive could be determining factor. The obtained
multifunctional hydrogels with high mechanical strength could be an attractive candidate for a wide
variety of applications.
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GENERAL CONCLUSION

Poly(vinyl alcohol) (PVA) hydrogels produced by freeze-thaw method, which is a simple water-based
processing method without the aid of harmful chemical additives, have attracted attention for a long time,
due to their interesting properties such as spontaneous self-healing capability and biocompatibility
suitable for biomedical applications.

The availability of free hydroxyl groups and formation of hydrogen bonding between PVA chains
promotes self-healing effect in the hydrogel. However, such physically crosslinked PVA hydrogel has
relatively weak mechanical strength, which may be an issue for applications.

Therefore, in this study, we added two types of additives, CNC (nanoparticle) and TA (molecule) in PVA
hydrogel to increase the mechanical strength while keeping the self-healable property. Adding different
additives shows different effects on hydrogel which can be seen from different measurements such as
ATR-IR, DSC, XRD, mechanical test, self-healing, and shape memory tests.

This study focused on hybrid hydrogels, produced by using the same concentration of PVA (20% with
respect to water) and different concentrations of CNC or TA (1 and 5 wt.%).

Our main objective is to determine the impact of both types of additives on thermal, mechanical, self-
healing, shape memory, and water absorption properties of hydrogels as well as on crystallinity. Our
results found that CNC and TA as reinforcing agents could have a reinforcing effect on PVA hydrogels,
but their effects were both concentration-dependent and freezing-thawing cycle-dependent. As a general
result, the addition of additives decreases the crystallinity of PVA, decreases self-healing effect, increases
the mechanical effect, but the magnitude of increase or decrease is different with different additives. The
performance of PVA hydrogels prepared using different numbers of freezing-thawing cycles was also
investigated. The results show greater reduction in crystallinity and self-healing effect, but greater
improvement in mechanical properties.

As the most noticeable difference between the two additives, the tensile tests found that the presence of
CNC retains largely the self-healing property of the hydrogel better than TA, while the addition of TA
improves the mechanical properties of the hydrogel more than CNC. This difference is probably due to
different numbers, strengths of H-bonds between PV A chains and the additive in the hydrogels, as well
as the interfaces between the matrix and additive. All additive loadings also resulted in a decrease in the
crystallinity of PVA in the hydrogel and a decrease in water uptake. Moreover, the preparation conditions
in preparing the hydrogels, including the freezing and thawing.
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Figure S1. DSC measurements of PVA, PVA-CNC 1%, and PVA-TA 1% for one cycle of F-T process for first
cycle of a) heating and b) cooling.
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Figure S2. DSC measurements of PVA, PVA-CNC 1%, and PVA-TA 1% for second cycle of F-T process for first
cycle of a) heating and b) cooling.
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Figure S3. The water content of PVA, PVA-CNC 1%, and PVA-TA 1% for one and two cycle of F-T preparation
method.
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Figure S4. Swelling ratio for PVA, PVA-CNC 1%, and PVA-TA 1% for one and second cycle of F-T method.
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Figure S5. Photos showing a) the shape-change process by using Freeze/Thaw method b) the fast thermally
activated shape recovery of the PVA-CNC 1% and PVA-TA 1% hydrogel.
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