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1. Introduction

Selthealing (SH)materials have gained considerable attention in recent yé&arémong
them, extrinsic SHnaterials play an important relin whichhealing agentsare embedded

into the materials in advance followed by the release and healing process when cracks occur.
In most of the previous studies, the sakaling process is mainly triggered upon mechanical
damage. However, a redersponsive delivery of sefifealing agents is also of large interest
for certain applications such as coatings for corrosion protection. Although the +edox
stimulus wasalreadyinvestigated as a trigger in intriitsselthealing material§** its use for

the delivery of hydrophobic selealing agerd is not yet reported. The introduction of
redoxresponsive units in materials allows a controlled change of interesting properties such
as the permeability of the microcapsules sHélthe sobgel transition of supramolecular
gels? or chemial or drugdelivery upon redox triggel’’ Among the manifold available
polymers with redox propertie¥® conductive polymers are particularly interesting
because of their high electrical conductivity and their good theremadl environmental
stabilities?° The change in their conductivity, structure, color, volume, or hydrophilicity in
response to electro or chemical stimuli make them suitable f@pplications in drug

delivery?* actuabrs??* memory device$’ light-emitting diodes’® or chemicalssensors?’

Polyaniline (PANIY® as one ofthe most investigated conducting polymerbas three
oxidation states:The fully reduced leucoemeraldine, the fully oxidized mpgraniling and

the hdf-oxidized emeraldineTherefore, PANI can also exhilstloxresponsive properties
upon electre 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 releasgde to the galvanic coupling between corroded
iron and polyaniliné**! However, the poor solubility of PANI in ordinary organic solvents

still hindersits applicability.

To overcome the low solubility, PANVas processed in the formof, for example
nanocapsules by the thoroughly reported haremplate approacti*** This approach
however has intrinsic drawbacks. Flysit is difficult to keep the structural integrity of such
capsules, especially for thin capsules shells. Sdgopral further step is neded to

encapsulate a substance inside the capsules. Besides, emulsions were also used as soft



template to obtain hollow microspheres of polyaniline by using salicylic asid® p o i m

diameter) or -naphthalene sulfonic acid (0.862>m in diameterjas dopant>=°

Miniemulsion polymerization is known to be a versatile technique to prepare a wide range of
polymers nanoparticles with vamis structures®’ Because of the stabilityof the
miniemulsion droplets? the polymerization can be performed even unconventional
conditions such as in the absence of @min nonaqueous miniemulsiofis* and at high
temperature®*! Moreover, the miniemulsion process was already found to be useful for the
encapsulation of selfieaing agents in nanocontainef§*’ Aniline wasalso found to be

polymerized to yield monolitic particles irminiemulsion?®*°

Herein, the focus of the present thesis is to prepare polyaniline capsules in miniemulsion for
the encapsulation and stimulesponsive release of selfhealing agents forcorrosion
protection. We first demonstrate a ongot synthetic process for the formation of
conducting polyaniline capsules via miniemulsion polymerization. The interface of the
miniemulsion droplets was used as soft templatepform the oxidative polymerization of
aniline, allowing the encapsulation of a sk#Haling agent at the same time. The release
behavior of the selhealing agent was studied as a function of the oxidation state of the
formed polymer shellsThis is thefirst time that a release of hydrophobic chemicalas

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

Afterwards we showa new design for nanocontainers that allows for a selective release of
one payload by pH change and &mer payload by chemical reduction of the nanocontainers
shell. Polyaniline was choseras material to build he shell of the nanocontainerdJnlike
other pH and redoxresponsive systems reported in the literature that neesksveral
functional components®™? the PANI structure has the important advantage to be both
redox and pHresponsivewith two imine nitrogens havingK, ~ 1.1 and ~ 2.6in the
backbone®The two selected payloads to be delivered wasmsitrosalicylic acid3-NisA and
2-mercaptobenzothiazole(MBT). Both molecules are active substances known to be
corrosion inhibitors.The first moleculehas a G around 3 and therefore its solubility in
water can be controlled by pH changEhesecond molecule can bind gold nanoparticles

on the surface of PANI shalhd later bereleased upomedox potential.



To exploit anothermpossibilityfor corrosionprotection, we introduce amphiphilic random
copolymersthat are designed to bear a corrosion inhibitor as side group, whaih be

released upon activation by chemical or electrochemical reduatiomto its disulfide bridge
to the copolymer chain Polymer nanoparticles are obtained by smtcsembly of the
copolymers in water. A model dye is encapsulated in the nanoparticldsitarrelease is
triggered by reductive cleavage of the copolymer, leading hence to thelease of the
corrosion inhibitor. Unlike other disulfidebased delivery systems in which useless
hydrophobic aggregates or ndanctional byproducs are usually produced*®? this system

has the priority to ceaelease functional molecules that can be used for-aotrosion.

Finally usingthe electrospinning process, various sk#aling agents were able to be
encapsulated to the core of Ti@bers. The possibility to design multifunctional fibers which
can respond to multiple stimuli was also exhibited by combitinegelectrospinning wittthe
miniemulsion technique This strategy provides possibility to develop fiber composites with

multiple functionalities hence lead to more potential application.
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2. TheoreticalBackground

2.1 Selthealing

Criginating from biology, &If healingis described as the ability af systemto repair itself
and recoveiits functionality using resources inherently availablettd Selthealing materials
are then smart systenpossessig the ability to healthemselvesupon damages. These
materials include polymers, metals, ceramics, and their composites. difmagkoccurring
to the selthealingsystemcan be mechanical damage, therma@&mage corrosion, or other

meansthat can be considered atrigger to initiate the selthealing

The most studied approaches fduuilding selfhealing systerm up to now are mainly
classifiedin two categories Intrinsic and extrinsic seliealing system The latter one is
usually divided to seffiealing systermbased on capsular or vascular methods. The scheme

shown inFigure 2.1demonstrateshe basic concepdf these three sethealing systems.

Figure 21 lllustrationof different sekhealing systems based om) capsular;b) vascular; and
c) intrinsic method. Thischemeis adapted from Blaiszik et al. Copyright (2010) Annual

Reviews.

In extrinsic sethealing system based on capsules or vessels loaded with healing agents, the
selthealing process iachievedupon the release of healing agents when capsules or vessels
are broken by mednical damage or other stimuli,hg&reasin the case of intrinsisystems

the selfhealing process is mainly realized by using reversible bonding in the materials.
2.1.1 Intrinsic selhealing

In intrinsic sekhealing systers, the matrix polymers inherently possess the ability to repair

the deaved bridges. The healing processlassifiedin three main types as shown Figure



2.2, i.e. healing by reversible bonding, chain-eatanglement, or norcovalent bonding

process in the polymeric matrix.

Figure 22 lllustration of different intrinsic selhealing systems adapted from Blaisetkal!
Copyright (2010) Annual Reviews). Systembased onreversible bondinge.g. systens
applying DielsAlderretro-DielsAlder reactions, adapted with permission from Murphy €t al.
Caqyright (2008) American Chemical SociétySystem based orhain entanglemente.g.
the system of epoxypoly(Ltcaprolactone) (PCL) phaseparated blendsadapted with
permission from Luo et alCopyright (2009) American Chemical Sociatylc) System based
on noncovalent bondinge.g. an ionomer system of poly(ethylereo-methacrylic acid)

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

When revesible bonding is used for sdiealing, the most populasystemis base on Diels
Alder (DA) and retrdielsAlder (rDA) reactios>’ For instance, by using the reversible DA
cycloaddition reactionRigure 2.3, Chenet al.” reported a kind of thermally renendable
polymeric material which can repeatedly mendde-menck itself. The sethealing process
was realized by theleavage of DA adductgpon heating followed with reformation of new

covalent bonds upon cooling.

R (@]
/
|+ QO ~ °W
ea "'.,
(o]

Figure 2.3The mechanism oitrinsic sekhealing procesdy usingDielsAlder (DA) and

retro-DielsAlder (rDA) reaction



The seond strategy for intrinsic seliealing involves chain fentanglement between the

two broken sections o& polymer matrix when they are brought together. Healing of the
cracked polymers is actuated by thermal diffusion of payrohains across the interface
between the two fractured edges. One example is a class of thermally mendable polymeric
materiak composed of epoxy/polficaprolactone) (PCL) phaseparated blend&.In the
system, the molten PCL phase induced by heatingdcfill the crack plane by its volumetric

thermal expansion process.

The thrd approach for intrinsic selfiealing is related to nowovalent 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 irradition.

In addition to the above mentioned strategies, systeim#lvingfor example metaligand
interactions’ hydrogenbonding interactions® aromatic -~ stacking interactiond® or

molecular diffusior? for intrinsic sekhealingwere also investigated.
2.1.2 Extrinsic selhealing capsular type

Different from an intrinsic selfhealing system in whicthe healing process is achieved by
using functions inherently belong to the material itsediy extrinsic selhealing system
usually refer to the systems containing external healing functionalitiesthe introduction

of healing agents.

The first main gtrinsic sekhealing systems are based on capsular method. These systems
involve capsulareservoirsioaded with healing agents which could release out upopture
of the capsules. Depending on different sequestered method of thehsalfing agent, four

main strategies are proposedigure 2.4



Figue 2.4 Selthealing materials based on capsules. The scheme is adaptedBfeoszik et
al.* Copyright (2010) Annual Revievey. Capsulecatalyst system in whickthe catalyst is
dispersed i matrix andthe healing agentsare loaded in the capsulef) Multi-capsule
system in which different components of healing agemtsloaded inseparatedcapsulesc)
Latent functionality system in which functional groupsaimatrix could react with healing
agents released from capsules upon damagh. Phaseseparatedsystem in which one
healing agent is phasgseparatedin the matrix while the other healing agerdse loaded in

the capsules.

One representative example of the sbkalingsysteminvolving capsules and catalyst was
proposed by Whiteset al®® By dispersing Grubbs€) first-generation catalyst and
microcapsules loaetl with monomerdicyclopentadiene(dDCPD) in an epoxy matrix, they
were able to design a polymer composite with awdonic healing property Figure 2.5.
Cracksruptured the microcapsules and induced the release of DCPD into the crack gap by
capillaryforce. When the released monomers contactbeé catalysts dispersed in the matrix,
ring-opening metathesis polymerization (ROMBok place. After polymerization, the crack

gap was filled with the formed polymeasmdtherefore the damage was healeBigure 2.5%
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Figure 2.5Concept ofselfhealing system based orapsuls adapted from White et aft®
Copyright (2001) Nature Publishing GroapThe atalysts and microcapsules encapsulated
with monomers are dispersed in the matity.Crack occurs and breaks the microcapsules.
Polymerization of the released monomers takes place after monomers taitaaatalyst

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 otheseparately
encapsulated Kigure 2.4). For example, Yuaet al!* reported selthealing polymeric
composites in which two types of microcapsutestainingepoxy ora mercaptan hardaer
were embedded.The elease of the two reactive components was then triggered by the
breakage of the capsules. Thanks to the high flow ability and mlglemisciliity of the two

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

The htent functionality system refers to aystemin which the matrix is capable of
interacting with healing agents which are loaded in the capsules and release out afterwards.
(Figure 2.4) The difference of this system from the above mentioned ones is that the matrix
itself containsreactive functional groups which can be used for shkaling reaction.A
system involving solverbased selhealing is one exampf€:**In an epoxy matrixontaining
residual amines, capsules loaded with a mixture of epoxy monomer and solvent
(chlorobenzeng were embedded After the fracture otthe capsules, the release of solvent

facilitated the reaction between the residual amines atite epoxy in the matrix.
11



Furthermore the release of epoxy monomers to the crack plane provided more chance for

the curing process.

The lat capsulebased system for seliealing involves both healing agents that phase
separated inthe matrix and that are encapsulated into capsulegy(re 2.4l). One example

of this system was found in the research @hoet al'’ A sloxanebased healing agent
mixture, i.e. hydroxyl endfunctionalized polydimethylsiloxane (HOPDMS) and
polydiethoxysiloxane (PDES), phasparated as droplets inhe matrix. The tirbased
catalyst for polycondensation between HOPDMS and PDES was eateghsunh
polyurethane microcapsules and embedded in the matrix. The polycondensation between
HOPDMS and PDES was only initiated by the catalyst wiisheleased upon damage of

the microcapsules.
2.1.3 Extrinsic seHhealing vasculartype

Exceptfor capsues, vascular containers could also be used for delivering healing agents
(Figure 2.9. One ofthe differences between capsulaand vasculabased healingystemss

that the encapsulation of healing ageritscapsules is performed before thecorporation

of capsulesn the matrix. However,in the case ofa vasculatbasedsystem the vascular
network is usuallyntegratedto the matrix followed by thesequestrationof healing agents.

In addition, the vasculabased system provides largeservoirsfor healing agents and is

therefore more capable of handling multiple damages.
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Figure 2.6Vascular sethealing systemaccording to the vascular connectivig), b), andc)
respectivelyrepresentone-dimensional(1D), twedimensional(2D) and threedimensional
(3D) network in which healing agents are encapsulated into the channels/fifessscheme

is adapted fronBlaiszilet al* Copyright (2010) Annual Reviews.

The most direct and simple way to fabricate vascblased healing system is to introduce
fiber network with 1D into thecompositematrix.**?° For exampleBleayet al®* reported a

12



smart repair system in which glass fibers filled vatfivo-part epoxy resin were dispersed in
the polymer matrix.The repairingprocess was found when the repair mediwmasreleased

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

Although it is more difficult tananufacture2D or 3D networks than 1@nes, the former two
provide several advantages over the latter one. For example, employing the
interconnected nature of 3D networks, it is possible to supply monomers to the reservoirs
and repeatedly heal the samples for several consecutive c§clEse number of healing
cycles could be further increased by using isolated interpenetrating networks to load

different components for selfealing reactiong>**

2.2 Corrosiommechanism

2.2.1Corrosion process

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

%5,26

destructed bya chemical reactionn a surrounding environmen A typical corrosion

process of metal idepictedin Figure 2.7

Fe2* Cathode
') 0,+4 e+ 2H,0 > 40OH- Water
2+ -
Fe => Fe<*+2e e/
Anode

Metal

Figure 2.7Schematidllustration of the corrosion process in metallic systelmon is used as

an example.

As described irFigure 2.7 oxidative and reductive reactions occur in a corrosion system
which is regarded as a sharircuited electrochemical cell. Ahe 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 nyosbmmon, there are other
reactions possible to take place at the cathodic site, for example the reductiprotefns or

other metal cation$®

13



2H" +2e” —> H,
M2t +2e” M

where M represents a more noble metal than iron.
2.2.2Protection from corrosion

As shown above, the corrosion cell consists of four p#nesanode where metal is oxidized
and corrodedthe cathode where electrofacceptors are reducedhe electrolyte whichis
usually water or moisture, and thdeztricalconnection between anode and cathoa¢hich
is usuallya conductive wire or the metal bulk itselfhe orrosion process will be stopped if
any of these four components @iminated.?” Basedon this principé, three mainstrategies
for corrosion protection are proposed: coatings, cathodic protectiaand anodic

protection.?®

Applying a protective coating on the surface is the most direct way to protect the metallic
system?® The coatings on one hand could act resistant material for the metal because it
can reduce theexposure tothe oxygen and watefrom the environment®® On the other
hand, they can also be used tocorporate active compounds such as corrosion inhibitors
which cansuppress electrochemical reactions by formargnsulating or impermeable layer

on the exposed metaf’ Besides, by plating a more active metal layer on the substrate metal,
e.g.a zinc layer on an iron substrate, the substrate metal be also well prtected due to

the sacrificiazinclayer.3 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 cél As was shown previously, only the anode of shert-
circuited electrochemical cell is corroded. Changing the nmthétrates froman anode toa
cathode or decreasing the difference efectrochemical potential between anode and
cathodewill then put them in a safer position. The strategy is to supmdgctrons to the
metal substrates by using, for exampén external current power sourcg Alternatively, a

more active metal could also be used as the sacrificial afidde.

Anodic protection is usually used to protect metals which are easily passiVafEue
corrosion of the metal surfaceis then controlled kg making it the anode of an

electrochemical celland moving the corrosionpotential to the passiveregion® After
14



forming a passivated layer the surface of the metal to be protected become inert. Supplying

a small anodic current to maintain the passive statasthen resist corrosion process.
2.3 Intrinsically conductingpolymers(ICPs)

Intrinsicallyconducting pofmers are a class of polymers that can conduct electriéifhey

keep the mechanical properties of conventional polymers and meanwhile possess the
properties like electrical, electronic, opticptoperties of metal®’ However, it was onlyn

1977 wheniodine-doped polyacetylenewas shown toexhibit a dramatic increase of
electricalconductivityand a metainsulator transition, the intrinsically conducting polymers
were recognized and started to attract peofettention® AlanMacDiarmid, Alan Heeger
and Hideki Shirakawa who contributed to tliscovery and devepment of conductive

polymerswere thenjointly awarded the2000 Nobel Prize in Chemistfy>°

Exceptfor polyacetylene (PA)pther 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 td’P&.*

(Figure 2.8

Polyacetylene (PA) Polypyrrole (PPy) Polythiophene (PT)

Polyaniline (PANI)

Figure 2.8Chemical structures of common conducting polymers.

Among allthe conducting polymers, polyaniline is one of the most studied because it has
different oxidation and protonated state€®. Since the topics presented in thikesis are
mostly related to PANIdiscussiomabout synthesis, properties and applicationslevant to

PANI isnainly describedn the present chapter.
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2.3.1Synthesis opolyaniline (PANI)

Methods to synthesize polyaniline includeetrochemical and chemical polymerizatidrhe
synthesigprocess 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 dissolvétiOxidative polymerization of monomer&en

takes place at the working electrode when current passes through the solution. The
insolwble polymer chains will deposit on the surface of electrode and form a film of

polyaniline?® 43

In addition tothe electrochemical synthesis of PANI, chemicalymerization of aniline
monomers initiated by oxidants such as ammonium persulfate is also widely #sgdre(
2.9) Although stilldebatable one common mechanism for the oxidatipelymerizationof

anilineis referred to as anon-classical chaipolymerizatioré accordingto the reports of

Wei et al*** This process involvesxidative coupling invhich the oxilation of aniline
monomers first form a cation radical followed by the coupling process to foroatthns.
Repetition of this process leads to the final polymers as showigire 2.1

NH,

@ @ H H "
4n + 5n(NH),8,05 —» '['H N N N nnso4

+ 4nH,S0, + 5n (NH,),SO,

Figure 2.9Chemical polymerization of aniline initiated daymoniumpersulfate.

NH,
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Figure 2.100xidative polymerizatiomechanismof aniline adapted with permission from

Heth et al*’ Copyright (2010) American Chemical Society.

Due to the difference of polymerizatiortechniques, PANI filng are mainlyproduced by
electrodepositionmethod, whereas a variety dPANI structure in the form of, for example
particles;*>° capsules>™*? tubes>**° and fibers’®>® could be fomed by using chemial
polymerization®® Polyanilines are usually formed directly to these desired structures due to
their poor solubility®® There are also variougreparation methods to synthesize distinct
PANI structure§! One is the thoroughly reported hatgmplate approach whichinvolves

the support and then removal ofa template®°*® The other approach is called soft
template synthesis which is ofteeferredto as templatefree or selfassembly method*®°
Compared to hardemplate method which usually needs multiple steps to obtdia final
structure, the softtemplate synthesis isnuch simpler andinexpensive For example, using
emulsions as soft template, hollow microspheres of PANI gafitylic aciqD1.5-3.1>m in

diameter) or i -naphthalene sulfonic acid0.361.2 >m in diameer) as dopantwere

obtained®”®®
2.3.2Properties ofPANI

PANI with different oxidation states can be obtained depending yorfFigure 2.8.
Characterized by using the ratio of amine to imine nitrogens, the average oxidation state of
PANI can be variedontinuouslyfrom the fully reduced leucoemeraldine (y=1) to half
oxidized emeraldine (y=0.5) and then to the fully oxidized pernigraniline {§£byhe 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 pro€egsré
2.11).”° Based on varied parameters used for the reaction, such as oxidati@mtial, pH of
medium, and concentration of reactants, PANI with different oxidation stai@ms e

obtained /%"

PANI with different oxidation states could be either in their base form or in the protonated
salt form3”""*The protonation process itributed to the amine and imine nitrogens exist
in the backbone of PANt.Depending on the oxidation state and the pHtoé acid medium

used, theimine nitrogen atons with pK; ~ 1.1 and ~ 2.én the polyaniline chain could in
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principle be completelypr partially protonated®”’*"*The transition of PANI among different
oxidation and protonation states by chemical or electrochemical reactions could be achieved

as displayed ifrigure 2.11

Fully reduced leucoemeraldine @ @

- +HA
Half-oxidized emeraldine HAl T

Fully oxidized pernigraniline ‘@N:@:N—@—NGN—)};‘%

Figure 2.1 Transition of polyanilindetween different oxidation or protonation states by
chemical or electrochemical reaction. This scheme is originated from Gospodinova et al.

Copyright (1998) with permission from Elsevier.

The propertiesof materiak are determined byheir structures. Due to the possibility to have
different structures, PANI exhibits distit properties in many aspects: For instanphysical,
physicochemicalpr electrochemical propertiesire reflected by its oxidation potentidf
optical absorption,” pK,’* conductivity®® and crystallinity’® The conductivity of PANffor
example,depends on two aspectghe oxidation andthe protonated states of PANf.When
doped with acid, emeraldine base will convert to highly electrically conducting emeraldine
salt in which the PANI chain is halkidized and imine nitrogens in the chain are
protonated.>’*The increased conductivity is attributed to the significarelocalization in

the PANI backboné® In comparison the fully reduced leucoemeraldine and fully dxitl
pernigraniline forng of PANIcannot exhibit much conductivity even doped with protonic

acid.

In addition to thestructure-related propertiesmentioned above other properties such as
permeability’>® hydrophilicity,”® chain elasticity* hydrogenbonding interactior?® and
density*® were also found tde switchableaccording tadifferent states of PANISchmidtet
al.” reported that electrochemically formed PANI membranethimoxidized state exhibited
higher permeabilityto water thanthe reduced state. Two possible reasons were used to

explain the observation: increase in hydrophilicity and structural changes during
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oxidation/*® Firstly, the counterions entered into PANI film during oxidation could act as a
carrier for water molecles. Secondly, upon oxidation, more imino groups were found in the
PANI backbones leading to a planar and perhaps rigid structure. Thus, more water swelled

18 also

the polymer membrane$’ With regardto the flexibility of PANI chain, Yet a
reported tha the oxidized PANI is more rigid than the reduced PANI.cldgsrvationwas
explained by the conformational difference arising fréine changed structure. In reduced
PANI, more bezenoid diamine exists in the backband 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 wasxpkmned by
these nonrotatable double bond§!

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

18283 showed that the emeraldine base

hydrogenbonding interaction. For exampl&imet a
form packs more compactlghan the leucoemeraldine base due to the amin@ne
hydrogen bonding interaction that exists in emeraldingigre 2.12 Based on this
characteristic, amphiphc moleculesontainingtetraaniline and poly(ethylene glycol) blocks
were designed. Itwas found that the vesicular system formed from these amphiphilic
molecules exhibited a switchable micelarvesicular transition uponelectrochemical

oxidation andreduction.

~ O OO
R San s Ve Ve

Figure 2.2 Intermolecular hydrogen bonding interaction between anrimene in

emeraldine form of PANI.
2.3.3Application of FANI: @rrosion protection

Due to the propertiescorresponding to different state®ANI has found its use in application
of, for example biomedical engineerind gas or chemical sensgt$®* actuators® digital

8 jon-exchange material®

memory devicé® capacitors and energgtorage devices®
corrosion protectiort: and solar celf® In the present sectiorthe descriptionof PANI used
for corrosion protection is mainly presented.
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According to theprevious reports,conducting polymers such as PANI could be used for
corrosion control in metallic systef** The mechanismfor corrosion protection was
assumed to include several aspects suclasier protection, inhibition,anodic protection,

and other mechanismsAs already mentioned in the previowsection 2.2.2 there are
different approaches to protect metal from corrosion. The most direct way is to apply a
coating on the surface dhe metal to isolate it from the outside corrosive environmént.
Therefore, a PANI coating would also work as a barrier to protect the metal. Besides, as was
mentioned already the permeability of PANhembrane for example for water molecules

or gas, is possible to be switched upon the different protonatioroxidaion states’®%2
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’>® For example, it wagound 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.

Anaher mechanism that PANI is used for ardirosion isthe anodic protection. As was
describedpreviously the main idea for anodic protection is toove the corrosiorpotential

of the metal to the passiveregion® In the casewvhen conducting polymers ithe oxidized
state were used for anodiprotection, the possible reactions are shownhkigure 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 mpassiveto corrode3-9¢%

a) Reaction between oxidized intrisically conducting polymer (ICP) and metal (M):

1 1 y 1 ; 1 y
M+ ICP™ + - H0 —= TM(OH)),(rl o+ ™ ICP? + y H*

b) Re-oxidized reaction of ICP:

m

m

2 H,0 + ICP® — ICP™ + m OH"

Figure 2.B a) Possible reaction between oxidized "CBnd metal proposed for anodic
protection; b) The reduced ICRs possible to be rexidized in the presence of oxygen and
water. These two reactions are adapted from Spinks &t@bpyright (2001) with permission
from Springer.
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The use of the mchanism related to the shift dhe electrochemical interfacevas another
possibilityto protect metas with PANF* For example, Schauet al®® suggested that the
PANI coating played a role separatingthe cathodic s from the anodic site of the
corrosion process by shifting the electroactive interface frotimne metal/PANI to the
PANI/solution interface. This process assisted the decreasenicentrationof hydroxyl iors
at the interface of metal/PANIand thus reducedthe chance of detachment between metal

and the coating®

Last but nothe least, PANI coatings for aftorrosion could also be achieved by doping with
anionic corrosion inhibitors. @rrosion protection wasrealized by the reduction of PANI

upon corrosim due to the galvanic coupling between corroded metal and PAMN doping
corrosion inhibitoravere thenreleasedout upon reduction of PANF?*1%? One drawbaclof

this anionsdoped PANI systepmowever,is that instead of the release of anionic inhdos,

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

functions of the coating systef{**%®
2.4 Formation ofcapsules

Capsulesre usially referred to as containers with sheti§ polymeric or inorganic material
and cores loaded withquid material. ie to their coreshell structure, capsulesnbe used
for example, as drug delivery systens,*** for corrosion protectiont® and selthealing
materials’®® One of the advantages afapsules involveshe protection of encapsulated
components in the core durintheir application. Besides, by functionalizing theskhit is

also possible tanake thecapsulesstimuli-responsive:®’

According to reported literatures, many approachem ®de used to synthesize capsules.
Methods such as layédsy-layer techmiquel®® solvent evaporatiodinduced phase
separation'®® polymerizaion-induced phase separatioit’ and interfacial polymerizatioh*
canbe used for thepreparationof capsulesOf allthese methodsthe most studied ones are

based on colloidal system.
2.4.1 Colloidsand their stability

A colloid is dneterophase mixtureontainingat least two immiscible components, with one

of which (dispersed phase) distributesthe other(continuous phase)*? Stability of colloids
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which depends on the balance aftractiveand repulsive forces betweeandividualparticles,

is crucial for their application. Without external interference, colloids tend to aggregate due
to the attractive ineraction between particles arising from van der Waals forces. To keep
colloids stable, repulsive forces between colloigatticlesare needed. Two main typesf
stabilization of colloidal dispersions are considereBectrostatic stabilizationand steric
stabilization which respectively refer to coulombiepulsionbetween two similarly charged

surfaces and entropy hindrance of polymer chaifsgure 2.14.

b)

Figure 2.14Two main types o$tabilizationof colloidal particles based ora) electrostatic

potential andb) steric potential.

Electrostaticstabilizationcan be achieved by using charged surfactantsstabilizers The
colloid stability is determined by the combination of van der Waalsattraction and
electrostatic repulsion, whichs known as DLVO (Derjaguimdalandau, Verwey and

Overbeek}theory: '3 114

with Vrthe potential energy of the total interaction/a the attractive attraction andVi the

repulsive interaction.

Vaisderived fromthe@ |y R S Nftr&ctlon betéve@n particles and given by:

oY
pO

with A the Hamaker constanik the radius ofthe particle, and D the shortestinterparticle

w

distance

Vrrepresents the electrostatic repulsion which could be given by:
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where - pis the Stern potentialD is the interparticle distancek is a constant combining ion
concentrationcy, the Boltzmann constankg and dielectric constants of the bulk electrolyte
solution @ and of vacuum@). k is usually presented as theaiprocd of the Debydength

(<o) whichis 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 h&learged particles with

interparticle distance ob could be described as follows:

6 o B pL@Yr A@p0O -
The strong repulsion potential (Born repulsida) between particles with interparticle
distance smaller than the radius of the particles is also inclufied.potential energy of van
der Waals attraction, electrostatic repulsion, Born repulsion and the total interaction against
interparticle distanceare all illistrated in Figure 2.15.* 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 barrigs) (for the particles to overcome, below which
the particleshave no sufficient energy to contact with each oth&ws the colloidal dispersion
is stable. However, once the energy barriepi®rcompensatedthe strongvan der Waals
attractive force will draw the particles together and irreversibleagulation (primary
minimum) occurs. In some cases, a secondary minimum exigiagerdistanceswvhere the

aggregation of the particles is usually reversifiilecCulation).
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Figure 2.15lllustration of a) interaction potential between two particles with different
distances according to DLVO thedsyInfluence oklectrolyte concentratioincreased from
a to e) on the energy barrier. Adapted with permission from NappeEopyright (1970)

American Chemical Society.

The hight of energy barrig,,) as indicatedn Figure 2.1% determinesthe stability of the
colloids and could be easily influenced by the concentration of ions in the dispefFsjume
2.15bshows that alectrolyte concentration in thelispersionincrease, the energy barrier
of the system de@ases and even disappears. This observation is due to the increased
screen effect ofthe electrolyteon the chargesof the particles.The olloids then become

unstablewith lower energy barrier.

As was mentioned, steric stabilization is another mechan@nedlloidal stability. Unlike the
electrostatic stabilization whicinvolveselectrostatic repulsion usually by ionic surfactants
adsorbed on the surface of particles, the steric stabilization mainly refers to the steric
hindrancecaused by nofionic polymers that adsorbed or chemically attached to the surface

of particles®

As shown irFigure 2.16athe colloidal particles are covered with polymer chains which form

a protective layer with thickness When the interparticle distance D is closer thah, 2he
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 (Vo) then rises to resist the van der Waals attraction potahiV,) (Figure 2.160).
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Figure 2.16Schematicillustration of stericstabilizationof colloidal particles by neionic

polymer!*’

Similarlyto the influence of electrolyte on the electrostatic repulsion for stabilization, factors
like quality ofsolvent temperature,and amount of polymer adsorbed on the particles also
play a role on the steristabilizationprocess:*®*° For example, when &goodct solvent
(FloryHuggins parameter<0.5) for the polymers is used, the repulsive forces between the
polymer segmergwill make the polymer coils swell and supply a strong steric potential for
the stabilization However, when the solvent is not good enough for the polymerwith a
polymer/solvent interaction parameter >0.5, the polymer coils wilhen shrink and cannot

act efficiently for thestabilizationprocess'*®
2.4.2 Miniemulsion

Emulsions refer to dispersed systems with liquid droplets (dispersed phase) in another non
miscible liquid (continuous phas&f According to the nature of the two phasethe
emulsion systerscan be classifiedn two types: o#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 differenca 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 ondiquid of macroemulsion is usually larger th&00 nm.Due to its
thermodynamically unstable property, macroemulsions require energy input such as stirring
or shaking to fornt?* Different from macroemulsion, microemulsions are
thermodynamically stable liggd mixtures containing oil, wateand surfactant. The size of
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dispersed droplets is from 10 to 100 nirheir formation could be achieved by simple mixing
and do notrequire high shear force. Howeven large amount of surfactants (>10 wt%

compared to thedispersed phase) issually used

Originated from reports of Ugelstaet al.,**>***miniemulsions are kinetically stable system
obtained by supplying high shear force toa mixture of two immiscible liquid phases
together with a certain amount of stfactants (well below that used in microemulsidi.
Droplets with size of around50-500 nm aregenerated by high shear force. However, these

droplets must be stabilized against the Ostwald ripening and coalescEimped 2.17.1%

Ostwald ripening refers to a process where the molecules of the small droplets tend to
diffuse to the larger ones. The driving force fbe Ostwald ripening process is theaplace
pressure B) which is determined by the radius of the dropl&® @&nd theinterfacial tension

(" L) between two liquids:

. Droplet —e@ Sufactant

Figure 2.17Schematidllustration of a): Ostwald ripeningand b): coalescence process an

miniemulsiorsystem

One approach tesuppressOstwald ripening is to add an osmotic ageing, hydrophobes
with an extremely low water solubility such as hexadecane to the dispersed phase in direct
miniemulsiors. The generated osmotic pressure is then supposed to counteradtdaptace
pressure Eigure 2.8).** The coalescence between droplets is usualyppressedby the

addition of surfactants.

26



@ Droplet —e@ Sufactant Osmotic agent

Figure 2.185chematidllustration of the function of osmotic agent against Oswalgening
2.4.3 Formation ofcapsules

It was reported by Torza and Masghthat when two immiscible liquid droplets (liquit
and liquid3) suspended in ahird immiscible liquid (liquie?), the final equilibrium
configuration could be predicted by the interfacial tensions between each phasew( " i).

The spreading coeffient of each phasey( S, &) was defined as:

“Y ” ” ”

They proposed that if the interfacial tension, > " ,3was assumed,e. S = 3¢ ( 12+ 13) <
0, there are only three possible configuratiotieat can befound Figure 2.19: complete
engulfing (coreshell) when §&< 0 and &> O; partial engulfing when,8 0 and &< 0; and
non-engulfing (individual dropletsyhenS$ > 0 and &< 0.

1 3

5,<0, S,<0, 5;>0 $,<0, 5,<0, S5<0 5,<0, S,>0, S3<0
Complete engulfing  Partial engulfing Non-engulfing

Figure 2.19Possible equilibrium configurations obtainadcordingto different spreading

coefficientof three phases: liquid and 3 are immiscible droplets dispersed in immiscible

medium liquid2. This scheme iiginatedfrom Torza and Maso'?® Copyright (1970), with

permission from Elsevier.

Theapproach proposed above, howeveeglies mainly onimmisciblecompounds with low

molecular weights that can readily diffuse suggested by Sundbet al'?’ 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 ofthe polymer phase with respect to the mobility tife polymer chain*?’*#In
these systemsthe variation offree energy isonsidered as the drivingifce for the final

configuration For example, as proposed by Chenal.,'?®

in a system with polymet,
polymer2 and water, the total free energy change P for all the possibleonfigurations

can be describedy thefollowing equation:
yo , 6 ,0

with " and A the interfacial tension and interfacial area betweeand j * o and Agrefer to
the initial interfacialtension and areaThe configuratiorwith a minimal free energyehange

will be thethermodynamically favoredne.

The final morphology of a system with multiphaseande influenced by several parameters,
e.g.the interfacialtensionbetweenthe phases which is dependent on not only the nature of
the phases but also the influence of the surfactant u§gdhe chainmobility ofthe polymer
phases?® the speed of solvent evaporation oithe temperature during the preparation

S130,131
)

proces reaction kinetics:*? and so on.

Based on theabove mentionedprinciples, three approaches.e. polymerizationinduced
phase separation interfacial polymerization and ®lvent evaporatioAnduced phase

separation used to generate capsular structures are described in this section.
2.4.3.1Polymerizationinducedphaseseparation

The approachof polymerizationinduced phase separatiorefers to the fact that capsules
are formed due to the phase separation between solvent and the formed polytheisg

the polymerization. As shown iRigure 2.20two phasesi.e. the continuous phase anthe
dispersed phase are first prepared fre miniemulsion. Thelispersedphasecomposed of
hydrophobic oil, monomerand hydrophobic initiator will form droplets after ultrasonication
and are stabilized bg surfactant inthe continuous phase. The monomer andtiator are
miscible with the hydrophobic oil in the dispersed droplets before polymerization. When
polymerization starts, the formed polymers become immiscible with the hydrophobic oil.

Basedon the above mentionedhermodynamicconsideration with respedo the interfacial
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tension of polymer/oil, polymer/water and oil/water, phase separation occurs in the
droplets. In arappropriatecase, the polymer chains precipitate at the interface of droplets,

resulting in capsules withpolymer shell ané liquid core.

Figure 2.20Schematic illustration of capsules formed wyialymerizationinduced phase

separationin miniemulsion.

One common example amoly(methyl methacrylate) (PMMA) nanocapsules formed directly
by polymerization of MMA with hexadecane (HD)hgslrophobicoil in dispersed phase of
miniemukion®® The dfferent interfacial tensios between PMMA/HD, PMMA/water and
water/HD drives to thdinal coreshell structure.On thecontrary, when monomer witha
higher hydrophobicity, for example styrene (St) or butyl methacrylate (BA) was used, no

capsules were generated due to the higher interfacial tension of polymer/wéter.
2.4.3.2Interfacial polymerization

Capsulegouldalso 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 interfacee.qg. radical polymerizatiori* polyaddition reaction**34 oxidative
polymerization'* anionic polymerizatio*® and polycondensation reactia®®™**® Figure
2.21 demonstrates the general concept of interfacial polymerization in direct miniemulsion
to form capsules. Hydrophilic ogponent A and hydrophobic componentaBe respectively
dispersel in the water phase andthe oil phase. At the droplet interface,reactive
componentsprovidedin eachphases contact andpolymerize to generata polymer which is
insoluble inboth phases Theformed polymer chainghen precipitate to the interfacdo

build a shell surrounding a liquid cot&’
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