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1. Introduction 

Self-healing (SH) materials have gained considerable attention in recent years.1-7 Among 

them, extrinsic SH materials play an important role in which healing agents are embedded 

into the materials in advance followed by the release and healing process when cracks occur. 

In most of the previous studies, the self-healing process is mainly triggered upon mechanical 

damage. However, a redox-responsive delivery of self-healing agents is also of large interest 

for certain applications such as coatings for corrosion protection. Although the redox-

stimulus was already investigated as a trigger in intrinsic self-healing materials,8-11 its use for 

the delivery of hydrophobic self-healing agents is not yet reported. The introduction of 

redox-responsive units in materials allows a controlled change of interesting properties such 

as the permeability of the microcapsules shell,12 the solҍgel transition of supramolecular 

gels,9 or chemical or drug-delivery upon redox trigger.13-17 Among the manifold available 

polymers with redox properties,18,19 conductive polymers are particularly interesting 

because of their high electrical conductivity and their good thermal and environmental 

stabilities.20 The change in their conductivity, structure, color, volume, or hydrophilicity in 

response to electro- or chemical stimuli make them suitable for applications in drug 

delivery,21 actuators,22-24 memory devices,25 light-emitting diodes,26 or chemicals sensors.27 

Polyaniline (PANI),28 as one of the most investigated conducting polymers, has three 

oxidation states: The fully reduced leucoemeraldine, the fully oxidized pernigraniline, and 

the half-oxidized emeraldine. Therefore, PANI can also exhibit redox-responsive properties 

upon electro- or chemical stimuli. PANI was previously reported as an intelligent system for 

the release of corrosion inhibitors. The polymer could be reduced upon corrosion and the 

doping corrosion inhibitors could be released due to the galvanic coupling between corroded 

iron and polyaniline.29-31 However, the poor solubility of PANI in ordinary organic solvents 

still hinders its applicability.  

To overcome the low solubility, PANI was processed in the form of, for example, 

nanocapsules by the thoroughly reported hard-template approach.32-34 This approach 

however has intrinsic drawbacks. Firstly, it is difficult to keep the structural integrity of such 

capsules, especially for thin capsules shells. Secondly, a further step is needed to 

encapsulate a substance inside the capsules. Besides, emulsions were also used as soft 
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template to obtain hollow microspheres of polyaniline by using salicylic acid (~мΦрҍоΦм m˃ in 

diameter) or ̡ -naphthalene sulfonic acid (0.36-1.2 ˃ m in diameter) as dopant.35,36  

Miniemulsion polymerization is known to be a versatile technique to prepare a wide range of 

polymers nanoparticles with various structures.37 Because of the stability of the 

miniemulsion droplets,38 the polymerization can be performed even in unconventional 

conditions such as in the absence of water in nonaqueous miniemulsions39ҍ41 and at high 

temperature.41 Moreover, the miniemulsion process was already found to be useful for the 

encapsulation of self-healing agents in nanocontainers.42-47 Aniline was also found to be 

polymerized to yield monolithic particles in miniemulsion.48,49  

Herein, the focus of the present thesis is to prepare polyaniline capsules in miniemulsion for 

the encapsulation and stimuli-responsive release of self-healing agents for corrosion 

protection. We first demonstrate a one-pot synthetic process for the formation of 

conducting polyaniline capsules via miniemulsion polymerization. The interface of the 

miniemulsion droplets was used as soft template to perform the oxidative polymerization of 

aniline, allowing the encapsulation of a self-healing agent at the same time. The release 

behavior of the self-healing agent was studied as a function of the oxidation state of the 

formed polymer shells. This is the first time that a release of hydrophobic chemicals was 

triggered by a redox stimulus from capsules formed with conducting polymers. 

Afterwards, we show a new design for nanocontainers that allows for a selective release of 

one payload by pH change and another payload by chemical reduction of the nanocontainers 

shell. Polyaniline was chosen as material to build the shell of the nanocontainers. Unlike 

other pH- and redox-responsive systems reported in the literature that needs several 

functional components,50-52 the PANI structure has the important advantage to be both 

redox- and pH-responsive with two imine nitrogens having pKa ~ 1.1 and ~ 2.6  in the 

backbone.53 The two selected payloads to be delivered were 3-nitrosalicylic acid (3-NisA) and 

2-mercaptobenzothiazole (MBT). Both molecules are active substances known to be 

corrosion inhibitors. The first molecule has a pKa around 3 and therefore its solubility in 

water can be controlled by pH change. The second molecule can bind to gold nanoparticles 

on the surface of PANI shell and later be released upon redox potential. 
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To exploit another possibility for corrosion protection, we introduce amphiphilic random 

copolymers that are designed to bear a corrosion inhibitor as side group, which can be 

released upon activation by chemical or electrochemical reduction due to its disulfide bridge 

to the copolymer chain. Polymer nanoparticles are obtained by self-assembly of the 

copolymers in water. A model dye is encapsulated in the nanoparticles and its release is 

triggered by reductive cleavage of the copolymer, leading hence to the co-release of the 

corrosion inhibitor. Unlike other disulfide-based delivery systems in which useless 

hydrophobic aggregates or non-functional byproducts are usually produced,54-62 this system 

has the priority to co-release functional molecules that can be used for anti-corrosion. 

Finally, using the electrospinning process, various self-healing agents were able to be 

encapsulated to the core of TiO2 fibers. The possibility to design multifunctional fibers which 

can respond to multiple stimuli was also exhibited by combining the electrospinning with the 

miniemulsion techniques. This strategy provides possibility to develop fiber composites with 

multiple functionalities hence lead to more potential application.  
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2. Theoretical Background 

2.1 Self-healing  

Originating from biology, self healing is described as the ability of a system to repair itself 

and recover its functionality using resources inherently available to it.1 Self-healing materials 

are then smart system possessing the ability to heal themselves upon damages. These 

materials include polymers, metals, ceramics, and their composites. The damage occurring 

to the self-healing system can be mechanical damage, thermal damage, corrosion, or other 

means that can be considered as άtriggerέ to initiate the self healing.  

The most studied approaches for building self-healing systems up to now are mainly 

classified in two categories: Intrinsic and extrinsic self-healing systems. The latter one is 

usually divided to self-healing systems based on capsular or vascular methods. The scheme 

shown in Figure 2.1 demonstrates the basic concept of these three self-healing systems. 

 

Figure 2.1 Illustration of different self-healing systems based on: a) capsular; b) vascular; and 

c) intrinsic method. This scheme is adapted from Blaiszik et al.1 Copyright (2010) Annual 

Reviews.  

In extrinsic self-healing system based on capsules or vessels loaded with healing agents, the 

self-healing process is achieved upon the release of healing agents when capsules or vessels 

are broken by mechanical damage or other stimuli, whereas in the case of intrinsic systems, 

the self-healing process is mainly realized by using reversible bonding in the materials.  

2.1.1 Intrinsic self-healing 

In intrinsic self-healing systems, the matrix polymers inherently possess the ability to repair 

the cleaved bridges. The healing process is classified in three main types as shown in Figure 
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2.2, i.e. healing by reversible bonding, chain re-entanglement, or non-covalent bonding 

process in the polymeric matrix.  

 

Figure 2.2 Illustration of different intrinsic self-healing systems adapted from Blaiszik et al.1 

Copyright (2010) Annual Reviews. a) System based on reversible bonding, e.g. systems 

applying Diels-Alder-retro-Diels-Alder reactions, adapted with permission from Murphy et al.2 

Copyright (2008) American Chemical Society; b) System based on chain entanglement, e.g. 

the system of epoxy/poly(╚-caprolactone) (PCL) phase-separated blends, adapted with 

permission from Luo et al.3 Copyright (2009) American Chemical Society; and c) System based 

on noncovalent bonding, e.g. an ionomer system of poly(ethylene-co-methacrylic acid) 

adapted from Varley et al.4 Copyright (2008) with permission from Elsevier. 

When reversible bonding is used for self healing, the most popular system is based on Diels-

Alder (DA) and retro-Diels-Alder (rDA) reactions.5-7 For instance, by using the reversible DA 

cycloaddition reaction (Figure 2.3), Chen et al.7 reported a kind of thermally re-mendable 

polymeric material which can repeatedly mend or άre-mendέ itself. The self-healing process 

was realized by the cleavage of DA adducts upon heating followed with reformation of new 

covalent bonds upon cooling. 

 

Figure 2.3 The mechanism of intrinsic self-healing process by using Diels-Alder (DA) and 

retro-Diels-Alder (rDA) reaction. 
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The second strategy for intrinsic self healing involves chain re-entanglement between the 

two broken sections of a polymer matrix when they are brought together. Healing of the 

cracked polymers is actuated by thermal diffusion of polymer chains across the interface 

between the two fractured edges. One example is a class of thermally mendable polymeric 

materials composed of epoxy/poly(₵-caprolactone) (PCL) phase-separated blends.3 In the 

system, the molten PCL phase induced by heating could fill the crack plane by its volumetric 

thermal expansion process. 

The third approach for intrinsic self healing is related to non-covalent bonding process. In 

this case, the healable materials usually embody latent functional groups which can react 

with each other and form new covalent bonds to bridge the damaged area. The formation of 

new bonds is triggered by external stimuli such as UV irradiation.8 

In addition to the above mentioned strategies, systems involving for example metal-ligand 

interactions,9 hydrogen-bonding interactions,10 aromatic -̄  ̄ stacking interactions,11 or 

molecular diffusion12 for intrinsic self-healing were also investigated. 

2.1.2 Extrinsic self-healing: capsular type 

Different from an intrinsic self-healing system in which the healing process is achieved by 

using functions inherently belong to the material itself, an extrinsic self-healing system 

usually refer to the systems containing external healing functionalities, i.e. the introduction 

of healing agents.  

The first main extrinsic self-healing systems are based on capsular method. These systems 

involve capsular reservoirs loaded with healing agents which could release out upon rupture 

of the capsules. Depending on different sequestered method of the self-healing agent, four 

main strategies are proposed. (Figure 2.4) 
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Figure 2.4 Self-healing materials based on capsules. The scheme is adapted from Blaiszik et 

al.1 Copyright (2010) Annual Reviews. a) Capsule-catalyst system in which the catalyst is 

dispersed in a matrix and the healing agents are loaded in the capsules. b) Multi-capsule 

system in which different components of healing agents are loaded in separated capsules. c) 

Latent functionality system in which functional groups in a matrix could react with healing 

agents released from capsules upon damage. d) Phase separated system in which one 

healing agent is phase separated in the matrix while the other healing agents are loaded in 

the capsules. 

One representative example of the self-healing system involving capsules and catalyst was 

proposed by Whites et al.13 By dispersing GrubbsΩ first-generation catalyst and 

microcapsules loaded with monomer dicyclopentadiene (DCPD) in an epoxy matrix, they 

were able to design a polymer composite with autonomic healing property (Figure 2.5). 

Cracks ruptured the microcapsules and induced the release of DCPD into the crack gap by 

capillary force. When the released monomers contacted the catalysts dispersed in the matrix, 

ring-opening metathesis polymerization (ROMP) took place. After polymerization, the crack 

gap was filled with the formed polymers and therefore the damage was healed (Figure 2.5c).   
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Figure 2.5 Concept of self-healing system based on capsules adapted from White et al.13 

Copyright (2001) Nature Publishing Group. a) The catalysts and microcapsules encapsulated 

with monomers are dispersed in the matrix. b) Crack occurs and breaks the microcapsules. c) 

Polymerization of the released monomers takes place after monomers contact with catalyst 

in the crack gap. The formed polymers fill the crack plane and heal the defect. 

In the multi-capsule system, healing agents that can react with each other are separately 

encapsulated (Figure 2.4b). For example, Yuan et al.14 reported self-healing polymeric 

composites in which two types of microcapsules containing epoxy or a mercaptan hardener 

were embedded. The release of the two reactive components was then triggered by the 

breakage of the capsules. Thanks to the high flow ability and molecular miscibility of the two 

healants, self healing was achieved after the two released components contacted to react. 

The latent functionality system refers to a system in which the matrix is capable of 

interacting with healing agents which are loaded in the capsules and release out afterwards. 

(Figure 2.4c) The difference of this system from the above mentioned ones is that the matrix 

itself contains reactive functional groups which can be used for self-healing reaction. A 

system involving solvent-based self healing is one example.15,16 In an epoxy matrix containing 

residual amines, capsules loaded with a mixture of epoxy monomer and solvent 

(chlorobenzene) were embedded. After the fracture of the capsules, the release of solvent 

facilitated the reaction between the residual amines and the epoxy in the matrix. 
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Furthermore, the release of epoxy monomers to the crack plane provided more chance for 

the curing process. 

The last capsule-based system for self healing involves both healing agents that phase-

separated in the matrix and that are encapsulated into capsules (Figure 2.4d). One example 

of this system was found in the research of Cho et al.17 A siloxane-based healing agent 

mixture, i.e. hydroxyl end-functionalized polydimethylsiloxane (HOPDMS) and 

polydiethoxysiloxane (PDES), phase-separated as droplets in the matrix. The tin-based 

catalyst for polycondensation between HOPDMS and PDES was encapsulated in 

polyurethane microcapsules and embedded in the matrix. The polycondensation between 

HOPDMS and PDES was only initiated by the catalyst which was released upon damage of 

the microcapsules. 

2.1.3 Extrinsic self-healing: vascular type 

Except for capsules, vascular containers could also be used for delivering healing agents 

(Figure 2.6). One of the differences between capsular- and vascular-based healing systems is 

that the encapsulation of healing agents in capsules is performed before the incorporation 

of capsules in the matrix. However, in the case of a vascular-based system, the vascular 

network is usually integrated to the matrix followed by the sequestration of healing agents. 

In addition, the vascular-based system provides large reservoirs for healing agents and is 

therefore more capable of handling multiple damages.1 

 

Figure 2.6 Vascular self-healing systems according to the vascular connectivity. a), b), and c) 

respectively represent one-dimensional (1D), two-dimensional (2D) and three-dimensional 

(3D) network in which healing agents are encapsulated into the channels/fibers. This scheme 

is adapted from Blaiszik et al.1 Copyright (2010) Annual Reviews. 

The most direct and simple way to fabricate vascular-based healing system is to introduce 

fiber network with 1D into the composite matrix.18-20 For example, Bleay et al.21 reported a 
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smart repair system in which glass fibers filled with a two-part epoxy resin were dispersed in 

the polymer matrix. The repairing process was found when the repair medium was released 

from the fractured fibers to the damaged area of the composites. 

Although it is more difficult to manufacture 2D or 3D networks than 1D ones, the former two 

provide several advantages over the latter one. For example, by employing the 

interconnected nature of 3D networks, it is possible to supply monomers to the reservoirs 

and repeatedly heal the samples for several consecutive cycles.22 The number of healing 

cycles could be further increased by using isolated interpenetrating networks to load 

different components for self-healing reactions.23,24 

2.2 Corrosion mechanism 

2.2.1 Corrosion process 

Corrosion is described as the process when materials (usually metals) are gradually 

destructed by a chemical reaction in a surrounding environment.25,26 A typical corrosion 

process of metal is depicted in Figure 2.7. 

 

Figure 2.7 Schematic illustration of the corrosion process in metallic system. Iron is used as 

an example.  

As described in Figure 2.7, oxidative and reductive reactions occur in a corrosion system, 

which is regarded as a short-circuited electrochemical cell. At the anodic site, corrosion 

starts with the oxidation of metal where metal ions and electrons are produced. The 

generated electrons then flow through the metal to the cathodic site and reduce oxygen in 

the presence of water. Although reduction of oxygen is mostly common, there are other 

reactions possible to take place at the cathodic site, for example the reduction of protons or 

other metal cations:25 
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where M represents a more noble metal than iron.  

2.2.2 Protection from corrosion 

As shown above, the corrosion cell consists of four parts: the anode where metal is oxidized 

and corroded, the cathode where electron-acceptors are reduced, the electrolyte which is 

usually water or moisture, and the electrical connection between anode and cathode which 

is usually a conductive wire or the metal bulk itself. The corrosion process will be stopped if 

any of these four components is eliminated.27 Based on this principle, three main strategies 

for corrosion protection are proposed: coatings, cathodic protection, and anodic 

protection.28 

Applying a protective coating on the surface is the most direct way to protect the metallic 

system.29 The coatings on one hand could act as resistant material for the metal because it 

can reduce the exposure to the oxygen and water from the environment.30 On the other 

hand, they can also be used to incorporate active compounds such as corrosion inhibitors 

which can suppress electrochemical reactions by forming an insulating or impermeable layer 

on the exposed metal.31 Besides, by plating a more active metal layer on the substrate metal, 

e.g. a zinc layer on an iron substrate, the substrate metal can be also well protected due to 

the sacrificial zinc layer.32 This process is known as galvanization.  

The mechanism of cathodic protection is to make the metal surface to be protected as 

cathode of the electrochemical cell.25 As was shown previously, only the anode of the short-

circuited electrochemical cell is corroded. Changing the metal substrates from an anode to a 

cathode or decreasing the difference of electrochemical potential between anode and 

cathode will then put them in a safer position. The strategy is to supply electrons to the 

metal substrates by using, for example, an external current power source.33 Alternatively, a 

more active metal could also be used as the sacrificial anode.33 

Anodic protection is usually used to protect metals which are easily passivated.34 The 

corrosion of the metal surface is then controlled by making it the anode of an 

electrochemical cell and moving the corrosion potential to the passive region.31 After 
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forming a passivated layer the surface of the metal to be protected become inert. Supplying 

a small anodic current to maintain the passive status can then resist corrosion process.35 

2.3 Intrinsically conducting polymers (ICPs) 

Intrinsically conducting polymers are a class of polymers that can conduct electricity.36 They 

keep the mechanical properties of conventional polymers and meanwhile possess the 

properties like electrical, electronic, optical properties of metal.37 However, it was only in 

1977 when iodine-doped polyacetylene was shown to exhibit a dramatic increase of 

electrical conductivity and a metal-insulator transition, the intrinsically conducting polymers 

were recognized and started to attract peopleΩs attention.38 Alan MacDiarmid, Alan Heeger 

and Hideki Shirakawa who contributed to the discovery and development of conductive 

polymers were then jointly awarded the 2000 Nobel Prize in Chemistry.37, 39  

Except for polyacetylene (PA), other common conducting polymers including polyaniline 

(PANI), polypyrrole (PPy), polythiophene (PT), and their derivatives are also widely 

investigated due to their good thermal and environment stability compared to PA.37, 40, 41 

(Figure 2.8) 

 

Figure 2.8 Chemical structures of common conducting polymers. 

Among all the conducting polymers, polyaniline is one of the most studied because it has 

different oxidation and protonated states.42 Since the topics presented in this thesis are 

mostly related to PANI, discussion about synthesis, properties and applications relevant to 

PANI is mainly described in the present chapter. 
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2.3.1 Synthesis of polyaniline (PANI)  

Methods to synthesize polyaniline include electrochemical and chemical polymerization. The 

synthesis process by using electrochemical technique is usually performed by using a three-

electrode setup (working, counter, and reference electrodes) submersed in a solution where 

the monomer and electrolyte are dissolved.40 Oxidative polymerization of monomers then 

takes place at the working electrode when current passes through the solution. The 

insoluble polymer chains will deposit on the surface of electrode and form a film of 

polyaniline.40, 43  

In addition to the electrochemical synthesis of PANI, chemical polymerization of aniline 

monomers initiated by oxidants such as ammonium persulfate is also widely used. (Figure 

2.9) Although still debatable, one common mechanism for the oxidative polymerization of 

aniline is referred to as a άnon-classical chain polymerizationέ according to the reports of 

Wei et al.44,45 This process involves oxidative coupling in which the oxidation of aniline 

monomers first form a cation radical followed by the coupling process to form di-cations. 

Repetition of this process leads to the final polymers as shown in Figure 2.10.44-46 

 

Figure 2.9 Chemical polymerization of aniline initiated by ammonium persulfate. 
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Figure 2.10 Oxidative polymerization mechanism of aniline adapted with permission from 

Heth et al.47 Copyright (2010) American Chemical Society. 

Due to the difference of polymerization techniques, PANI films are mainly produced by 

electrodeposition method, whereas a variety of PANI structures in the form of, for example 

particles,48-50 capsules,51,52 tubes,53-55 and fibers56-58 could be formed by using chemical 

polymerization.59 Polyanilines are usually formed directly to these desired structures due to 

their poor solubility.60 There are also various preparation methods to synthesize distinct 

PANI structures.61 One is the thoroughly reported hard-template approach which involves 

the support and then removal of a template.51,62,63 The other approach is called soft-

template synthesis which is often referred to as template-free or self-assembly method.64-66 

Compared to hard-template method which usually needs multiple steps to obtain the final 

structure, the soft-template synthesis is much simpler and inexpensive. For example, using 

emulsions as soft template, hollow microspheres of PANI with salicylic acid (Ḑ1.5-3.1 ˃ m in 

diameter) or -̡naphthalene sulfonic acid (0.36-1.2 m˃ in diameter) as dopant were 

obtained.67,68 

2.3.2 Properties of PANI  

PANI with different oxidation states can be obtained depending on y (Figure 2.8). 

Characterized by using the ratio of amine to imine nitrogens, the average oxidation state of 

PANI can be varied continuously from the fully reduced leucoemeraldine (y=1) to half-

oxidized emeraldine (y=0.5) and then to the fully oxidized pernigraniline (y=0).37,69 The half-

oxidized emeraldine is then the polyaniline with equal number of amine and imine nitrogens. 

It was regarded that apart from the oxidative polymerization of aniline itself, the subsequent 

transitions of PANI between different oxidation states are also a redox process (Figure 

2.11).70 Based on varied parameters used for the reaction, such as oxidation potential, pH of 

medium, and concentration of reactants, PANI with different oxidation states can be 

obtained.70,71  

PANI with different oxidation states could be either in their base form or in the protonated 

salt form.37,72,73 The protonation process is attributed to the amine and imine nitrogens exist 

in the backbone of PANI.74 Depending on the oxidation state and the pH of the acid medium 

used, the imine nitrogen atoms with pKa ~ 1.1 and ~ 2.6 in the polyaniline chain could in 
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principle be completely or partially protonated.37,74,75 The transition of PANI among different 

oxidation and protonation states by chemical or electrochemical reactions could be achieved 

as displayed in Figure 2.11. 

 

Figure 2.11 Transition of polyaniline between different oxidation or protonation states by 

chemical or electrochemical reaction. This scheme is originated from Gospodinova et al.70 

Copyright (1998) with permission from Elsevier.  

The properties of materials are determined by their structures. Due to the possibility to have 

different structures, PANI exhibits distinct properties in many aspects: For instance, physical, 

physicochemical, or electrochemical properties are reflected by its oxidation potential,76 

optical absorption,77 pKa,
74 conductivity,69 and crystallinity.78 The conductivity of PANI, for 

example, depends on two aspects: the oxidation and the protonated states of PANI.74 When 

doped with acid, emeraldine base will convert to highly electrically conducting emeraldine 

salt in which the PANI chain is half-oxidized and imine nitrogens in the chain are 

protonated.72,74 The increased conductivity is attributed to the significant  ̄delocalization in 

the PANI backbone.74 In comparison, the fully reduced leucoemeraldine and fully oxidized 

pernigraniline forms of PANI cannot exhibit much conductivity even doped with protonic 

acid. 

In addition to the structure-related properties mentioned above, other properties such as 

permeability,79,80 hydrophilicity,79 chain elasticity,81 hydrogen-bonding interaction,82 and 

density83 were also found to be switchable according to different states of PANI. Schmidt et 

al.79 reported that electrochemically formed PANI membranes in the oxidized state exhibited 

higher permeability to water than the reduced state. Two possible reasons were used to 

explain the observation: increase in hydrophilicity and structural changes during 
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oxidation.79,80 Firstly, the counter-ions entered into PANI film during oxidation could act as a 

carrier for water molecules. Secondly, upon oxidation, more imino groups were found in the 

PANI backbones leading to a planar and perhaps rigid structure. Thus, more water swelled 

the polymer membranes.79 With regard to the flexibility of PANI chain, Yu et al.81 also 

reported that the oxidized PANI is more rigid than the reduced PANI. This observation was 

explained by the conformational difference arising from the changed structure. In reduced 

PANI, more bezenoid diamine exists in the backbone and therefore most of the nitrogen 

atoms are connected to the aromatic rings by rotatable single bonds. However, in oxidized 

PANI where imino groups are present in the backbone, the nitrogens mostly connect to the 

aromatic rings by double bonds. The increased rigidity of PANI chain was then explained by 

these non-rotatable double bonds.81 

Other characteristics related to structure change of PANI include the density and molecular 

hydrogen bonding interaction. For example, Kim et al.82,83 showed that the emeraldine base 

form packs more compactly than the leucoemeraldine base due to the amine-imine 

hydrogen bonding interaction that exists in emeraldine (Figure 2.12). Based on this 

characteristic, amphiphilic molecules containing tetraaniline and poly(ethylene glycol) blocks 

were designed. It was found that the vesicular system formed from these amphiphilic 

molecules exhibited a switchable micellar-to-vesicular transition upon electrochemical 

oxidation and reduction. 

 

Figure 2.12 Intermolecular hydrogen bonding interaction between amine-imine in 

emeraldine form of PANI. 

2.3.3 Application of PANI: corrosion protection  

Due to the properties corresponding to different states, PANI has found its use in application 

of, for example, biomedical engineering,40 gas or chemical sensors,56,84 actuators,85 digital 

memory device,86 capacitors and energy storage devices,87,88 ion-exchange materials,89 

corrosion protection,31 and solar cell.90 In the present section, the description of PANI used 

for corrosion protection is mainly presented. 
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According to the previous reports, conducting polymers such as PANI could be used for 

corrosion control in metallic system.31,43 The mechanism for corrosion protection was 

assumed to include several aspects such as barrier protection, inhibition, anodic protection, 

and other mechanisms. As already mentioned in the previous section 2.2.2, there are 

different approaches to protect metal from corrosion. The most direct way is to apply a 

coating on the surface of the metal to isolate it from the outside corrosive environment.29 

Therefore, a PANI coating would also work as a barrier to protect the metal. Besides, as was 

mentioned already, the permeability of PANI membrane, for example, for water molecules 

or gas, is possible to be switched upon the different protonation or oxidation states.79,91,92 

Then the barrier function of PANI coatings for corrosion protection could be in principle 

adjusted by varying the states of PANI. 

According to many studies, however, PANI coatings used for corrosion protection act not 

only as barrier.93,94 For example, it was found that PANI could also act as an corrosion 

inhibitor in that the protonated diimine in PANI might form a ligand with the metal surface 

which improves the adhesive interaction.95  

Another mechanism that PANI is used for anti-corrosion is the anodic protection. As was 

described previously, the main idea for anodic protection is to move the corrosion potential 

of the metal to the passive region.31 In the case when conducting polymers in the oxidized 

state were used for anodic protection, the possible reactions are shown in Figure 2.13.  It 

was reported that the corrosion potential of metal coated with PANI is higher than the bare 

metal. The ennobling process then makes the metal more passive to corrode.31,96,97 

 

Figure 2.13 a) Possible reaction between oxidized ICPm+ and metal proposed for anodic 

protection; b) The reduced ICP0 is possible to be re-oxidized in the presence of oxygen and 

water. These two reactions are adapted from Spinks et al.31 Copyright (2001) with permission 

from Springer. 
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The use of the mechanism related to the shift of the electrochemical interface was another 

possibility to protect metals with PANI.31 For example, Schauer et al.98 suggested that the 

PANI coating played a role in separating the cathodic site from the anodic site of the 

corrosion process by shifting the electroactive interface from the metal/PANI to the 

PANI/solution interface. This process assisted the decrease in concentration of hydroxyl ions 

at the interface of metal/PANI and thus reduced the chance of detachment between metal 

and the coating.98 

Last but not the least, PANI coatings for anti-corrosion could also be achieved by doping with 

anionic corrosion inhibitors. Corrosion protection was realized by the reduction of PANI 

upon corrosion due to the galvanic coupling between corroded metal and PANI. The doping 

corrosion inhibitors were then released out upon reduction of PANI.43,99-102 One drawback of 

this anions-doped PANI system, however, is that instead of the release of anionic inhibitors, 

fast incorporation of cations to the PANI backbones is also possible and results in the loss of 

functions of the coating system.101,103 

2.4 Formation of capsules 

Capsules are usually referred to as containers with shells of polymeric or inorganic material 

and cores loaded with liquid material. Due to their core-shell structure, capsules can be used, 

for example, as drug delivery systems,104 for corrosion protection,105 and self-healing 

materials.106 One of the advantages of capsules involves the protection of encapsulated 

components in the core during their application. Besides, by functionalizing the shell, it is 

also possible to make the capsules stimuli-responsive.107 

According to reported literatures, many approaches can be used to synthesize capsules. 

Methods such as layer-by-layer technique,108 solvent evaporation-induced phase 

separation,109 polymerization-induced phase separation,110 and interfacial polymerization111 

can be used for the preparation of capsules. Of all these methods, the most studied ones are 

based on colloidal system. 

2.4.1 Colloids and their stability  

A colloid is a heterophase mixture containing at least two immiscible components, with one 

of which (dispersed phase) distributes in the other (continuous phase).112 Stability of colloids, 
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which depends on the balance of attractive and repulsive forces between individual particles, 

is crucial for their application. Without external interference, colloids tend to aggregate due 

to the attractive interaction between particles arising from van der Waals forces. To keep 

colloids stable, repulsive forces between colloidal particles are needed. Two main types of 

stabilization of colloidal dispersions are considered: Electrostatic stabilization and steric 

stabilization, which respectively refer to coulombic repulsion between two similarly charged 

surfaces and entropy hindrance of polymer chains (Figure 2.14). 

 

Figure 2.14 Two main types of stabilization of colloidal particles based on: a) electrostatic 

potential and b) steric potential. 

Electrostatic stabilization can be achieved by using charged surfactants or stabilizers. The 

colloid stability is determined by the combination of van der Waals attraction and 

electrostatic repulsion, which is known as DLVO (Derjaguin and Landau, Verwey and 

Overbeek) theory:113, 114 
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with VT the potential energy of the total interaction, VA the attractive attraction and VR the 

repulsive interaction.  

VA is derived from the Ǿŀƴ ŘŜǊ ²ŀŀƭǎΩ attraction between particles and given by: 
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with A the Hamaker constant, R the radius of the particle, and D the shortest interparticle 

distance. 

VR represents the electrostatic repulsion which could be given by: 
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where 0̞ is the Stern potential, D is the interparticle distance, k is a constant combining ion 

concentration c0, the Boltzmann constant kB and dielectric constants of the bulk electrolyte 

solution (₵) and of vacuum (₵0). k is usually presented as the reciprocal of the Debye length 

( D˂) which is described as the distance to which the electrostatic potential is decayed to 1/e 

of the surface potential. 

Then the total potential energy of interaction between two like-charged particles with 

interparticle distance of D could be described as follows:  
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The strong repulsion potential (Born repulsion VB) between particles with interparticle 

distance smaller than the radius of the particles is also included. The potential energy of van 

der Waals attraction, electrostatic repulsion, Born repulsion and the total interaction against 

interparticle distance are all illustrated in Figure 2.15a.115 It can be seen that when two 

charged particles get close to each other, the electrostatic repulsion will prevent them from 

approaching. There exists an energy barrier (Vm) for the particles to overcome, below which 

the particles have no sufficient energy to contact with each other, so the colloidal dispersion 

is stable. However, once the energy barrier is overcompensated, the strong van der Waals 

attractive force will draw the particles together and irreversible coagulation (primary 

minimum) occurs. In some cases, a secondary minimum exists at longer distances where the 

aggregation of the particles is usually reversible (flocculation). 
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Figure 2.15 Illustration of a) interaction potential between two particles with different 

distances according to DLVO theory; b) Influence of electrolyte concentration (increased from 

a to e) on the energy barrier. Adapted with permission from Napper.115 Copyright (1970) 

American Chemical Society. 

The hight of energy barrier (Vm) as indicated in Figure 2.15a determines the stability of the 

colloids and could be easily influenced by the concentration of ions in the dispersion. Figure 

2.15b shows that as electrolyte concentration in the dispersion increases, the energy barrier 

of the system decreases and even disappears. This observation is due to the increased 

screen effect of the electrolyte on the charges of the particles. The colloids then become 

unstable with lower energy barrier. 

As was mentioned, steric stabilization is another mechanism for colloidal stability. Unlike the 

electrostatic stabilization which involves electrostatic repulsion usually by ionic surfactants 

adsorbed on the surface of particles, the steric stabilization mainly refers to the steric 

hindrance caused by non-ionic polymers that adsorbed or chemically attached to the surface 

of particles.116 

As shown in Figure 2.16a, the colloidal particles are covered with polymer chains which form 

a protective layer with thickness ɻ. When the interparticle distance D is closer than 2 ,ɻ the 

attached polymers chains will encounter and overlap followed with the increase of chain 

density and decrease of chain movement in the region between the two particles. The steric 

potential (VS) then rises to resist the van der Waals attraction potential (VA) (Figure 2.16 b). 
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Figure 2.16 Schematic illustration of steric stabilization of colloidal particles by non-ionic 

polymer.117 

Similarly to the influence of electrolyte on the electrostatic repulsion for stabilization, factors 

like quality of solvent, temperature, and amount of polymer adsorbed on the particles also 

play a role on the steric stabilization process.118,119 For example, when a άgoodέ solvent 

(Flory-Huggins parameter ̝<0.5) for the polymers is used, the repulsive forces between the 

polymer segments will make the polymer coils swell and supply a strong steric potential for 

the stabilization. However, when the solvent is not good enough for the polymer, i.e. with a 

polymer/solvent interaction parameter ̝ >0.5, the polymer coils will then shrink and cannot 

act efficiently for the stabilization process.119 

2.4.2 Miniemulsion 

Emulsions refer to dispersed systems with liquid droplets (dispersed phase) in another non-

miscible liquid (continuous phase).120 According to the nature of the two phases, the 

emulsion systems can be classified in two types: oil-in-water (o/w) or direct emulsion, and 

water-in-oil (w/o) or inverse emulsion. The direct emulsion (o/w) is most commonly used. 

Depending on the difference in their components, emulsion systems named macroemulsion, 

microemulsion, and miniemulsion could be found. Macroemulsions, regarded as 

conventional emulsions, are kinetically stabilized mixtures of immiscible liquids. The size of 

droplets formed from one liquid of macroemulsion is usually larger than 100 nm. Due to its 

thermodynamically unstable property, macroemulsions require energy input such as stirring 

or shaking to form.121 Different from macroemulsion, microemulsions are 

thermodynamically stable liquid mixtures containing oil, water, and surfactant. The size of 
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dispersed droplets is from 10 to 100 nm. Their formation could be achieved by simple mixing 

and do not require high shear force. However, a large amount of surfactants (>10 wt% 

compared to the dispersed phase) is usually used.121  

Originated from reports of Ugelstad et al.,122,123 miniemulsions are kinetically stable system 

obtained by supplying a high shear force to a mixture of two immiscible liquid phases 

together with a certain amount of surfactants (well below that used in microemulsion).124 

Droplets with sizes of around 50-500 nm are generated by high shear force. However, these 

droplets must be stabilized against the Ostwald ripening and coalescence (Figure 2.17).125  

Ostwald ripening refers to a process where the molecules of the small droplets tend to 

diffuse to the larger ones. The driving force for the Ostwald ripening process is the Laplace 

pressure (PL) which is determined by the radius of the droplet (R) and the interfacial tension 

( L̀L) between two liquids: 

ὖ
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Figure 2.17 Schematic illustration of a): Ostwald ripening and b): coalescence process in a 

miniemulsion system.  

One approach to suppress Ostwald ripening is to add an osmotic agent, i.e. hydrophobes 

with an extremely low water solubility such as hexadecane to the dispersed phase in direct 

miniemulsions. The generated osmotic pressure is then supposed to counteract the Laplace 

pressure (Figure 2.18).124 The coalescence between droplets is usually suppressed by the 

addition of surfactants. 
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Figure 2.18 Schematic illustration of the function of osmotic agent against Oswald ripening. 

2.4.3 Formation of capsules 

It was reported by Torza and Mason126 that when two immiscible liquid droplets (liquid-1 

and liquid-3) suspended in a third immiscible liquid (liquid-2), the final equilibrium 

configuration could be predicted by the interfacial tensions between each phase (ìj, j̀k, ̀ ik). 

The spreading coefficient of each phase (Si, Sj, Sk) was defined as:  

Ὓ „ „ „  

They proposed that if the interfacial tension 1̀2 > ̀ 23 was assumed, i.e. S1 = ̀ 23 ς ( 1̀2 + ̀ 13) < 

0, there are only three possible configurations that can be found (Figure 2.19): complete 

engulfing (core-shell) when S2 < 0 and S3 > 0; partial engulfing when S2 < 0 and S3 < 0; and 

non-engulfing (individual droplets) when S2 > 0 and S3 < 0.  

 

Figure 2.19 Possible equilibrium configurations obtained according to different spreading 

coefficient of three phases: liquid-1 and 3 are immiscible droplets dispersed in immiscible 

medium liquid-2. This scheme is originated from Torza and Mason.126 Copyright (1970), with 

permission from Elsevier. 

The approach proposed above, however, relies mainly on immiscible compounds with low 

molecular weights that can readily diffuse as suggested by Sundberg et al.127 In the case 
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when polymers with higher molecular weight are present in the system, the equilibrium 

morphologies are not always obtained. This observation is attributed to the diffusive 

restrictions of the polymer phase with respect to the mobility of the polymer chain.127,128 In 

these systems, the variation of free energy is considered as the driving force for the final 

configuration. For example, as proposed by Chen et al.,128 in a system with polymer-1, 

polymer-2 and water, the total free energy change (ɲD) for all the possible configurations 

can be described by the following equation: 

ЎὋ „ὃ „ὃ  

with ìj and Aij the interfacial tension and interfacial area between i and j. 0̀ and A0 refer to 

the initial interfacial tension and area. The configuration with a minimal free energy change 

will be the thermodynamically favored one. 

The final morphology of a system with multiphases can be influenced by several parameters, 

e.g. the interfacial tension between the phases which is dependent on not only the nature of 

the phases but also the influence of the surfactant used,127 the chain mobility of the polymer 

phases,129 the speed of solvent evaporation or the temperature during the preparation 

process,130,131 reaction kinetics,132 and so on.   

Based on the above mentioned principles, three approaches, i.e. polymerization-induced 

phase separation, interfacial polymerization, and solvent evaporation-induced phase 

separation, used to generate capsular structures are described in this section.  

2.4.3.1 Polymerization-induced phase separation  

The approach of polymerization-induced phase separation refers to the fact that capsules 

are formed due to the phase separation between solvent and the formed polymers during 

the polymerization. As shown in Figure 2.20, two phases, i.e. the continuous phase and the 

dispersed phase are first prepared for the miniemulsion. The dispersed phase composed of 

hydrophobic oil, monomer, and hydrophobic initiator will form droplets after ultrasonication 

and are stabilized by a surfactant in the continuous phase. The monomer and initiator are 

miscible with the hydrophobic oil in the dispersed droplets before polymerization. When 

polymerization starts, the formed polymers become immiscible with the hydrophobic oil. 

Based on the above mentioned thermodynamic consideration with respect to the interfacial 
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tension of polymer/oil, polymer/water and oil/water, phase separation occurs in the 

droplets. In an appropriate case, the polymer chains precipitate at the interface of droplets, 

resulting in capsules with a polymer shell and a liquid core.  

 

Figure 2.20 Schematic illustration of capsules formed via polymerization-induced phase 

separation in miniemulsion.  

One common example are poly(methyl methacrylate) (PMMA) nanocapsules formed directly 

by polymerization of MMA with hexadecane (HD) as hydrophobic oil in dispersed phase of 

miniemulsion.110 The different interfacial tensions between PMMA/HD, PMMA/water and 

water/HD drives to the final core-shell structure. On the contrary, when monomer with a 

higher hydrophobicity, for example styrene (St) or butyl methacrylate (BA) was used, no 

capsules were generated due to the higher interfacial tension of polymer/water.110 

2.4.3.2 Interfacial polymerization  

Capsules could also be formed through interfacial polymerization of two different monomers, 

or monomer and its initiator from two phases. Different types of polymerization can take 

place at the interface, e.g. radical polymerization,111 polyaddition reaction,133,134 oxidative 

polymerization,135 anionic polymerization,136 and polycondensation reaction.137-139 Figure 

2.21 demonstrates the general concept of interfacial polymerization in direct miniemulsion 

to form capsules. Hydrophilic component A and hydrophobic component B are respectively 

dispersed in the water phase and the oil phase. At the droplet interface, reactive 

components provided in each phases contact and polymerize to generate a polymer which is 

insoluble in both phases. The formed polymer chains then precipitate to the interface to 

build a shell surrounding a liquid core.140  
























































































































































































































































