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As is well-known, most organic polymers are electrically insulating. Since the first 

discovery in 1977, that chemical doping with iodine converts electrically insulating 

polyacetylene into a highly conducting material with a conductivity those to that of metals, 

conducting polymers have been a hot research area for many academic institutions. The 

impact of the field was recognized in 2000 by the awarding of the Nobel Prize in chemistry to 

three discoverers of conducting polymers: MacDiarmid, Heeger and Shirakawa. Electron-

conducting polymers are able to transfer electrical charges to the same extent as an electrical 

conductor or semiconductor. Early versions of conducting polymers, mostly based on 

oxidatively doped polyacetylenes (PAcs), faced intrinsic obstacles that prevented their 

industrial commercialization. The material degrade readily in air, and no good methods are 

available for making easily processable PAc polymers. These obstacles led to the 

investigation of various polymer backbone structures in the search for stable, processable, 

high-conductivity conjugated polymers. Over the years, several promising polymers have 

emerged as potential alternatives to PAc for commercial applications, such as polypyrroles, 

polyanilines and polythiophenes. One main criteria required for most applications is not only 

a metal-like electrical property, but the combination of electrical conductivity and polymeric 

properties such as flexibility, low density, and ease of structural modification that suffice for 

many commercial applications. 

 

Due to their molecular characteristics, the majority of these materials are infusible and 

practically insoluble in common organic solvents. This lack of solubility was, for a long time, 

an important drawback impeding a precise characterization of these polymers and the 
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establishment of their structure-properties relationship. In order to overcome this drawback, 

many research groups enhanced the solubility of conjugated polymers by introducing flexible 

side chains such as alkyl groups and poly(ethylene oxide) (PEO) onto the polymer backbone. 

Another strategy is based on the preparation of blends with insulator polymers bearing polar 

functions such as quaternary sulfonate or ammonium salts; PEDOT/PSS being one important 

example for solar cell applications. Blends and composites of polymers offer certain 

combinations of desired properties that cannot be obtained from the individual components.  

 

Another route to ease the processability of conjugated polymers is to synthesize them 

under the form of colloidal particles in aqueous media which is the main subject of this Ph.D. 

In this research work, poly(3,4-ethylenedioxythiophene) (PEDOT), polyaniline (PANI) and 

polypyrrole (PPy) were chosen due to their high stability and interesting optical and electrical 

properties. These conducting polymers have potential applications in the field of organic light 

emitting devices, anti-static coating, rechargeable batteries, super capacitors etc. The 

dispersion polymerizations of EDOT, aniline and pyrrole were performed in the presence of 

specific reactive stabilizers to prevent the bulk precipitation of the conducting polymer chains 

and keep them in the form of stable latex particles. One main objective of this work is thus to 

control the morphology of the conducting polymer obtained under the shape of core-shell 

nano-objects (particles, rods, vesicles, etc.). 

 

The first chapter of this manuscript reviews literature data concerning the principal 

families of conducting polymers, their electronic structure and the mechanism of electrical 

conduction. Different routes for the synthesis of PPy, PANI and PEDOT, their structures as 

well as their stability are specifically discussed. In a second part of this chapter, the main 

methods for the synthesis of polymer colloids and the mechanism of their stabilization are 

described. Data dealing with the synthesis of conducting polymer colloids are finally 

presented. 

 

The second chapter of the manuscript describes the EDOT dispersion polymerization 

in the presence of monofunctional α-ended PEO reactive stabilizer in methanol/water 

mixtures. Ammonium persulfate or iron p-toluenesulfonate hexahydrate have been used as 

oxidants. The effect of PEO end group (EDOT, pyrrole, thiophene and fluorene) on the 

formation of PEDOT nano-objects and the control of their size and morphology has been 

investigated.  
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In order to see the effect of multiple reactive sites along the stabilizer chains, 

dispersion polymerization of EDOT was then performed in the presence of pyrrole modified 

poly(vinyl alcohol) (PVA-mod-Py) as reactive stabilizers having pyrrole moieties 

functionalized along the polymer backbone. In the first part of the third chapter, the effect of 

substitution degree and molecular weight of the stabilizers on the formation and morphology 

of PEDOT particles is discussed. In a second part, the dispersion polymerization of EDOT 

was performed in the presence of pyrrole modified poly(N-vinylpyrrolidone-co-vinyl alcohol) 

(PNVP-co-PVA-mod-Py) and PNVP-b-PVA-mod-Py used as reactive stabilizers, with similar 

objectives as previous experiments. Indeed, the objective of the use of PNVP-based reactive 

stabilizers was to increase the PEDOT conductivity and ease the film forming properties. 

 

With the goal to extend this methodology to other conducting polymers, the dispersion 

polymerizations of aniline in the presence of α,ω-aniline-poly(ethylene oxide) (α,ω-An-PEO), 

PVA-mod-An and the above mentioned described reactive stabilizers were performed in 

aqueous media. The fourth chapter thus describes the effects of the nature, molecular weight, 

concentration and number of reactive moieties of the reactive stabilizer on the size, 

morphology and conductivity of the PANI nano-objects formed.  

 

Finally, in order to improve the conductivity and opto-electronic properties of the 

conductive polymer particles, the synthesis of PEDOT- and PANI-metal nanocomposites 

using the corresponding metal salts as co-oxidants has been also performed by dispersion 

techniques. The effects of several parameters such as the addition time of the co-oxidant, the 

nature of the stabilizer on final nanocomposites morphology have been studied and is 

discussed in a fifth chapter. 

 

Finally, all the experimental methods for the synthesis and characterization of the 

various reactive stabilizers and conductive polymer are described in a last chapter. 
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I. Semiconductor conjugated polymers  
I.1. Characteristics of Conjugated polymers 
I.1.1. Main families of conjugated polymers 

 

A polymeric material that possesses the electronic, magnetic, electrical and optical 

properties of a metal while retaining the processibility and mechanical properties usually 

associated with a conventional organic polymer is called a conducting polymer. Since, the 

discovery by MacDiarmid and co-workers in 1977 1 that polyacetylene can gain conductivity 

of metal by doping with either Br2, I2, or AsF5, conducting polymers have been a hot research 

area for many academic institutions. Following these observations, many aromatic conjugated 

polymers were studied such as poly(para-phenylene) (PPP),2 polythiophene (PT),3 

polypyrrole (PPy),4 polyaniline (PANI),5,6 etc. (Figure I.1). This research has supported the 

industrial development of conducting polymer products and provided the fundamental 

understanding of the chemistry, physics and materials science of these materials. The impact 

of the field was recognized in 2000 by the awarding of the Nobel Prize of chemistry to three 

discoverers of conducting polymers: MacDiarmid, Heeger and Shirakawa. Currently, many 

conjugated polymers resulting from these parental structures have been synthesized, such as 

poly(3,4-ethylenedioxythiophene)7-10 (PEDOT) marketed by the Bayer company since the 

80s. This polymer shows a high conductivity (300 S/cm), a quasi-transparency in the form of 

film and a very high stability in oxidized state.8-11 It is characterized by a dark blue colour in a 

neutral state and a sky blue colour in an oxidized state, which make it an excellent material for 

electro-chromic devices. Another capital development in the search of conjugated polymers 

was the discovery in 1990, by Friend and co-workers, of the electroluminescence properties of 

poly(p-phenylenevinylene) (PPV) at the undoped state.12 The electroluminescent diodes 

carried out from this polymer, present an emission in the green. This breakthrough was 

followed in 1991, by the manufacture of the first blue PLED, made up of poly(9,9'-di-n-

hexylfluorene).13 

 

The synthesis of polyacetylene, achieved by passing acetylene vapour over toluene or n-

hexadecane containing a soluble Ziegla-Natta catalyst, requires the rigorous exclusion of 

oxygen and moisture.14 Moreover, the as-made polymer rapidly oxidises in air, whilst the 

conductivity of iodine-doped polyacetylene decreased to half its initial value in little over a 

day under ambient conditions.15 In stark contrast, polypyrrole and polyaniline can be 
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synthesised electrochemically in air to form free-standing films16,17,18or chemically in aqueous 

solution using oxidants such as FeCl3 and (NH4)2S2O8 to form bulk powders.19,20,21 

 

Figure I.1: Chemical Structures of principal families of conjugated polymers. 

Moreover, both polyaniline and polypyrrole possess relatively high conductivities and 

exhibit reasonable air stability (see Sections I.2 and I.3). Hence in recent years, research has 

focused less on polyacetylene and more on these latter organic conducting polymers (OCPs), 

as well as more recently, synthesised electroactive polymers such poly(3,4-

ethylenedioxythiophene), which offer enhanced stability (see Section I.4). 
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I.1.2 Electronic Structure of Conjugated polymers 

 

The majority of conjugated polymers consist of a regular alternating single and double 

bonds which permit the delocalization of the electrons along the polymer skeleton. The 

recovery of π orbital leading to the electronic delocalization is influenced by the geometry of 

the system. This recovery is maximum when π-conjugated system is planar and any deviation 

from planarity resulted in a reduction of conjugation. The electronic structure of these systems 

depends on their different levels of molecular orbitals and particularly the value of their 

HOMO and LUMO. The HOMO (Highest Occupied Molecular Orbital) represents together 

the highest occupied energy levels and the LUMO (lowest unoccupied Molecular Orbital) 

represents the lowest unoccupied energy levels. This energy difference corresponds to a π - π* 

transition in simple molecules and band gap in the polymers. The HOMO and LUMO levels 

of a conjugated polymer depend on the degree of conjugation, i. e. the number of monomer 

units (Figure I.2). When the number of repetitive units becomes very high, it passes  

 

 

 

 

 

 

 

 

 

 

 

Figure I.2: Diagrams of the molecular orbitals (π levels) as a function of the number of monomer 
units. 
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and all LUMO combine to form the conduction bond (CB), the energy difference between 

these two levels is called band gap or forbidden band. It is characterized by its value Eg 

(energy gap) which determines the opto-electronic properties of conjugated polymers. It can 

be determined for a neutral species from the onset of absorption in the solid-state (film) UV–

vis spectrum. This "gap" can also be described as the difference between the ionization 

potential (IP: energy required to transfer an electron from the highest state HOMO) and the 

electronic affinity (EA: energy required for the injection of an electron in the lowest state 

LUMO). 

According to this model, it is thus possible to highlight the electronic structure of a 

material and hence, to make a qualitative distinction between insulators and semiconductors. 

 The intrinsic semiconductors have a forbidden band ranging between 0 and 

approximately 2 to 3 eV. When the charge carriers are not subjected to thermal (T = 0°C), 

optical or electrical excitation, their valence band is completely filled and their conduction 

band is empty. 

 The insulators have a similar structure of bands as that of the semiconductors but the 

band gap is too high (higher than 4 eV) to allow the passage of one electron from the valence 

band to the conduction band. The majority of conjugated polymers are at the border between 

insulators and semiconductors (Table I.1). 

Conjugated polymers Forbidden Band (eV) 

trans-polyacetylene (PA) 1,4-1,522,23 

polythiophene (PT) 2,0-2,124,25 

poly(p-phenylene) (PPP) 2,726 

poly(p-phenylenevinylene) (PPV) 2,527 

polypyrrole (PPy) 3,228 

poly(3,4-ethylenedioxythiophene) 

(PEDOT) 
1,629,30 

Table I.1: Band gap values of certain conjugated polymers 

The conjugated nature of neutral conducting polymers allows them to have two 

electronically extreme states; 
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i) which are equivalent in thermodynamic stability point of view and called as a 

system with degenerated ground state structure. It is the case of the trans-polycetylene (Figure 

I-3). It is the only existing conducting polymer which has degenerated resonance state. 

 

n n  

 

 

 

 

 

Figure I-3: (a) mesomeric forms of trans-polyacetylene and (b) Sketch of the potential energy 
curve for polyacetylene showing two energetically equivalent structures (degenerated ground 
state) 
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Figure I-4: (a) mesomeric forms of poly (p-phenylene) and (b) Sketch of the potential energy 
curve for poly (p-phenylene) showing inequivalent structures ((nondegenerated ground state) 
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  ii) the energy difference exits between two resonance forms and is called as a system 

with non degenerated ground state structure. The majority of the conjugated polymers present 

two resonance forms; benzenoid and quinoid forms, which are not energetically equivalent, 

the quinoid structure being substantially higher in energy (Figure I-4).  

I.1.3. Doping of conducting polymers 

 
To combine the mechanical properties of polymers to the conducting properties of metals, 

one can introduce a load into the structure of semiconductor polymer by a process known as 

doping. This process consists of oxidation-reduction reaction in which the introduction of 

donor (doping of the type n) or acceptor impurities (doping of the type p) into the material is 

mainly carried out by chemical or electrochemical ways. It is however important to note that 

contrary to conducting polymers, the semiconductors do not always present a reversible and 

easily controllable doping. In the case of a chemical doping for example, of the type p (or type 

n), the neutral conjugated polymer is transformed into a poly(cation) (or poly(anion)) by 

action of an oxidant (or reducing agent). In same time, a counter-ion is associated to it in order 

to maintain the overall electro-neutrality of the system, as illustrated in the following 

examples. 

 p-type doping: 

 (π-polymer)n  +  3/2 ny(I2)  →  [(π-polymer)+y (I3
-)y]n            Eq. I.1 

 n-type doping 

 (π-polymer)n  +  [Na+(C10H8)-•]y  →  [(Na+)y (π-polymer)-y]n  +  (C10H8)0        Eq. I.2 

The introduction of charges during the process of doping modifies the alternation of 

single and double bonds locally, thus positioning the charge carriers on the chain. In the 

forbidden band, new localised electronic states with holes (radical cations) or electrons 

appears. The quasi-particles thus formed can be classified in two categories according to 

whether the fundamental state of the polymeric chain is degenerated or not. 

 Soliton is a term used by physicists in various connections. From chemist’s point of 

view, a soliton is positive, negative or neutral radical-like site and corresponds to 

conformational “kink” in the simple conjugated system of polyacetylene separating two 

“semi-infinite” conjugated chains. The soliton is mobile in the chain and is thought to be the 

charge carrier in polyacetylene. (Figure I-5) 
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As a result of the degenerated ground states of trans-polyacetylene, charges formed 

during doping readily separate (because there is no increase in distortion energy). The charge 

carrier, called a soliton, is relatively stable as a result of the degeneracy and the energy 

required creating and moving such a defect is relatively small. Calculations suggest that 

solitons are delocalized over 15 carbon atoms.31 

 

 

 

 

 

 

 

Figure I-5: Doping of polyacetylene 

Polarons and Bipolarons. By polaron in connection with conducting polymers, we mean 

radical ion (positive or negative) introduced by oxidizing or reducing a conducting polymer 

molecule. The charge accompanied by bond distortion is mobile not only along the polymer 

chain but also in neighboring chain by the hopping mechanism. Hence these radical ions 

deserve recognition as an independent species. Polaron are supposed to be present in 

conjugated polymers having generally ring structures as monomer moieties, e.g., in 

polythiophene (Figure I-6.). Removal (or introducing) of second electron from (or inside)  

 

  

 

 

 

 

Figure I-6: p-doping of polythiophene  
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conjugated polymer gives a dicationic (or anionic) species with no unpaired electrons, called a 

bipolaron. Bipolaron can also be formed by the dimerization of two polarons due to their  

radical nature. The two ions in a bipolaron need to be isolated from each other to minimize 

unfavorable interactions; recent work suggests that at least five rings are needed to stabilize a 

dicationic species.32,33 The conversion between neutral, polaronic, and bipolaronic species is 

reversible, using either chemical or electrochemical means to oxidize or reduce the polymer. 

PANI and other conjugated polymers possessing strongly basic functionalities undergo a more 

complex chemical doping mechanism34,35 (Figure I-7). While the leucoemeraldine form can 

undergo oxidative doping, leading to radical cation (polaron) formation, the emeraldine base 

form of PANI can also undergo protonation by acid–base chemistry to yield the emeraldine 

salt (bipolaron) form. Internal charge redistribution in the emeraldine salt also yields the 

polaron form. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.7: Chemical doping of polyaniline. 
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Finally, the charge carriers allow electronic transport within these materials. With 

strong rate of doping, there is a collection of the polaronic and/or bipolaronic states, so that 

the defects charges can move along the polymeric chains.  

I.1.4. Electrical Conductivities of Conjugated Polymers 

 

 While conductivity in conjugated polymers is typically at least one order of magnitude 

lower than that of the best metals, the ability to switch conjugated polymers from insulating to 

conducting and the ease of processability of many conjugated polymers has led to some 

unique applications.  

 

The electrical conductivity, σ, of a conjugated polymer is equal to the inverse of its 

specific resistivity, ρ, which is a measure of the ability of the conjugated polymer to conduct 

an electrical charge. Electrical conductivity is determined by measuring the resistance, R, to 

charge transport through a known volume, where L is the length over which resistance is 

being measured and A is the cross-sectional area through which the current passes: 

σ =1/ρ = L/(R·A)                 Eq. I.3 

 

 

 

 

 

 

 

 

 

 

Figure I.8: Electronic conductivity of conjugated polymers with different degrees of doping 
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Typically, electrical conductivity of conjugated polymers is measured in units of S/cm. 

Both two- and four-point probe techniques are used to measure σ in films and pressed 

pellets36. Conductivities as high as 105 S/cm have been reported for several conjugated 

polymers. Values vary depending on synthetic procedures, fabrication techniques, and 

measurement methods. Conjugated polymers are typically only partially crystalline;37–39 

amorphous conjugated polymers have been also reported.40–42 Therefore, disorder plays a 

significant role in their electrical conductivities, and the conductivity arises from the metal–

insulator transition.43 As an example, polyaniline with the highest conductivity reported so far 

shows temperature dependence of conductivity.44 Thus, electrical conductivity is limited by 

the disorder-induced localization of the electrons rather than by the intrinsic conductivity of 

the delocalized charges on the polymer backbone. Conductivities of principal polymers 

together in their neutral state and various rates of doping are given in the Figure 1.8 and are 

compared with those of the reference materials. 

 

From the above discussion it is clear that conducting polymers are alternative source 

of semiconducting materials which can be used to replace relatively expensive and 

environmentally dangerous inorganic semiconducting materials. They are excellent candidates 

for electroluminescent devices, rechargeable batteries, sensors, electrochromic windows, 

photovoltaic devices, photodiodes etc. due to their interesting opto-electronic properties. 

Among conducting polymers, polyaniline, polypyrrole and poly(3,4-ethylenedioxythiophene) 

possess relatively high conductivities and exhibit reasonable air stability (see Sections 1.2-

1.4). Hence in recent years research has focused more on these latter OCPs. 

 

I.2 Polypyrrole 
 

Among the conducting polymers, polypyrrole has attracted great attention because of 

its high electrical conductivity and good environmental stability. The first reported 

polymerization of pyrrole was in 1916.45 Polypyrrole was prepared by the chemical oxidation 

of pyrrole using hydrogen peroxide. An amorphous black powder known as “pyrrole black” 

was obtained, which was insoluble in common organic solvents. One of the advantages of 

polypyrrole (PPy) is the low oxidation potential of pyrrole relative to other electrically active 

polymers (EAP) precursors, facilitating oxidative polymerization. 
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As mentioned earlier, polypyrrole (PPy) is one of the most studied OCPs due to its 

ease of synthesis, relatively high conductivity and reasonable environmental stability. 

Moreover, pyrrole does not present the same toxicity problems as the monomers for other 

conducting polymers, such as aniline.46 PPy has been considered as the key material to many 

potential applications such as electronic devices, electrodes for rechargeable batteries and 

supercapacitors, solid electrolytes for capacitors, electromagnetic shielding materials, sensors, 

corrosion protecting materials, actuators, electrochromic devices or membranes. Polypyrrole 

can be easily synthesized both by electrochemical and chemical oxidative polymerization. 

 

I.2.1 Electrochemical Synthesis 

 

 The first electrochemical synthesis of PPy was reported as early as 1968 by Dall’Olio 

et al., who deposited thin PPy films onto platinum electrodes and reported conductivities as 

high as 7.5 S cm-1.47 This early work was improved upon by subsequent research efforts, 

notably by Kanazawa and Diaz, leading to electrochemical production of thin films with 

conductivities as high as 100 S cm-1 routinely being reported.48,49,50 The mechanism by which 

the electrochemical polymerization proceeds, begins with the oxidation of a pyrrole monomer 

to a resonance stabilized radical cation.51,52 The latter combines with a second such species to 

form a bipyrrole intermediate, which undergoes deprotonation to form an aromatic pyrrole 

dimer. Oxidation of this dimer then allows to react further with other monomeric, oligomeric 

or polymeric species.  Early in the reaction, it is most likely that coupling will occur with a 

monomer radical cation, (Figure I-9) as the polymerization only starts when the oxidation 

potential is sufficiently high to oxidize the monomers. However, at later stages coupling is 

more likely to occur between oligomer radical cations, since the dimers, trimers and oligomers 

are progressively easier to oxidize than the monomer.51,52 As a result, PPy is always obtained 

in its oxidized state rather than its neutral form. A similar mechanism has been proposed for 

other pyrrole derivatives, as well as thiophenes.53,54 

 

The exact properties of the electrochemically synthesised PPy films will depend on 

such preparation conditions as the monomer concentration, nature of the counter-ion55 

electrodes56 current density, solvent etc.57-59 
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Figure I-9: Schematic representation of the electrochemical oxidation of pyrrole to PPy 

 

I.2.2. Chemical Synthesis 

 

Although electrochemical synthesis of OCPs can be carried out at neutral pH, and 

allows a wide range of counter-ions to be incorporated with good control over the oxidation 

potential, it is restricted by the geometric area of the electrode onto which the OCP is 

deposited.  In order to synthesize larger quantities of OCPs, chemical synthesis is necessary.  

The first such synthesis was carried out as early as 1916, in which pyrrole was exposed to 

hydrogen peroxide in acidic media.45 Unfortunately, since OCPs were not appreciated until 

many decades later, no conductivity measurements were reported. Following the work of 

Cristofini and co-workers 60 in the 1970’s, it was only in the early 1980’s that the chemical 

synthesis of PPy was re-visited. Over the last two decades, synthesis conditions have been 

optimized to allow the chemical preparation of PPy powders with conductivities of the order 

of 102 S cm-1. The two most important methods by which PPy can be synthesized chemically 

are either in solution61 or by chemical vapour deposition.62-65 In the latter case, pyrrole vapour 
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is introduced into a vessel containing the chemical oxidant either in solution or more 

commonly incorporated into a solid substrate. 

 

However, chemical polymerization in solution is far more common. A wide range of 

oxidants have been investigated for the chemical polymerization of pyrrole, with salts of Fe3+ 

and Cu2+ being particularly effective.20,21,60,66-69 Although less common, the use of oxidants 

such as (NH4)2S2O8 has also been reported.70,71 However, since persulfate is a stronger 

oxidant than the aforementioned metal salts,72 faster rates of polymerization have been 

observed, as well as over-oxidation of the PPy backbone, invariably resulting in diminished 

conductivities.73,74 The kinetics and mechanism of the persulfate mediated polymerization, 

however, have not been reported in great detail. A catalytic oxidant system has also been 

reported using Fe2+, Fe3+, or Cu2+-H2O2; the advantage here is that only a small amount of 

transition metal is required.75,76 

 

The mechanism of pyrrole polymerization in water using FeCl3 is believed to be 

similar to that proposed by Genies et al.54 for the electrochemical polymerization. This 

similarity was noted by Bjorklund whilst observing the formation of chemically synthesized 

PPy colloids using visible absorption spectroscopy73 and was later confirmed by Wei et al.77 

Again, the polymerization begins with oxidation of the pyrrole monomer to the radical cation, 

followed by combination to form the bipyrrole intermediate, and then further reaction with 

other monomer, dimer, oligomeric or polymeric radical cations (see Figure I-10).  

 

Assuming a doping level of 33% in the final chloride-doped PPy, the theoretical molar 

ratio of FeCl3/pyrrole required is 2.33/1.21 It follows that since FeCl3 is only a one electron 

acceptor, two moles are required to polymerise one mole of pyrrole to produce one mole of 

neutral, undoped PPy, followed by a further 0.33 moles per pyrrole residue to oxidize and 

dope the polymer.  

 

Among the problems associated with oxidative polymerization is the abundance of 

possible side reactions. Oxidation of the simple, unsubstituted heterocycles results in poorly 

soluble, poorly processable materials, so structural modifications are typically used to  
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Figure I-10. Schematic representation of the chemical oxidation of pyrrole to PPy using FeCl3 as 
the oxidant. 
 

improve polymer properties. Often, the strong oxidation conditions required to effect 

polymerization cause over-oxidation and decomposition. While coupling at a carbon adjacent 

to the heteroatom is favored, as it is the most electron-rich site, coupling is also possible at 

other unsubstituted carbons, and irregular polymer backbones can be formed as shown in 

Figure I-11 for oxidative polymerization of pyrrole.  

 

Coupling of heterocycles occurs predominantly through the 2- and 5-positions (α,α-

coupling), but some coupling also occurs at the 3- and 4-positions to give a small amount of 

α,β and β,β-couplings. The mixture of couplings induces larger twist angles, reducing 

conjugation and yielding poor electronic properties. Multiple couplings on the same 

heterocyclic molecule can also occur, resulting in cross-linked polymers. Coupling at β-

positions during polymerization can be avoided by blocking the 3- and 4-positions of the 

heterocycle. If symmetrical substitution is used, problems associated with regioirregularity 

can be avoided 
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Figure I-11: Coupling pathways during oxidative polymerization of pyrrole. 

 

I.2.3. Structure and Stability 

 
In an early study by Gardini, treatment of PPy with acidified KMnO4 yielded α,α’ 

pyrrole dicarboxylic acid as the major decomposition product. Hence it was suggested that 

PPy consisted primarily of α,α’ linked pyrrole residues.78 However, later XPS studies of the C 

1s core-line spectrum of PPy and related polymers suggested that up to one third of pyrrole 

rings may in fact be α,β-linked.79 In particular, it was found that a more-ordered C 1s peak 

was obtained after using 3,4-dimethylpyrrole as monomer, thus preventing any α,β-linkages 

from being formed. Analysis of the N 1s peak in PPy was also carried out, demonstrating that 

there were several different nitrogen species present, including a N+ species at high dopant 
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levels.79,80 In view of these observations, it is obvious that the structure shown for PPy earlier 

in Figure I-10 is somewhat idealized. Further evidence for the deviation from the idealized 

structure can be found in microanalytical data reported for PPy, since C and H values for PPy 

are often in excess of those expected.20,78,81 The presence of oxygen-based counter-ions was 

suggested by Pfluger et al80 whereas Diaz and co-workers have proposed the presence of 

carbonyl moieties along the PPy backbone82 

 

As mentioned earlier, doped and conductive PPy is relatively air stable.83 The most 

straightforward, yet sensitive, way to monitor oxidative degradation in an OCP is simply by 

measuring its conductivity regularly over time. The conductivity of polyacetylene, for 

example, decreased by a factor of two in air at 80°C within 1 h, whereas the same  

conductivity decay took nearly a week with toluenesulfonate-doped PPy.83 Furthermore, 

polyacetylene has been shown to be intrinsically unstable, with decreased conductivities being 

observed even under inert conditions. PPy, on the other hand, maintained its conductivity in 

the absence of water and oxygen, and can therefore be considered intrinsically stable.  

Samuelson and Druy carried out accelerated ageing tests on toluenesulfonate-doped PPy; from 

their kinetic data they predicted a one-order of magnitude loss in conductivity for every three 

years exposure to air in ambient conditions.84 This prediction is in relatively good agreement 

with long-term, ambient temperature ageing tests carried out by Lascelles.85 

In terms of providing both higher conductivity and better conductivity stability, it has been 

demonstrated that aromatic sulfonate anions are the most suitable dopant.86 It was postulated 

that this improvement is due to the aromatic, and hence planar, nature of the dopant species, 

which causes increased anisotropy and order in the conducting polymer backbone, thereby 

facilitating more efficient conduction.87 

 

I.3. Polyaniline 
 

Like PPY, polyaniline (PANI) has become one of the most studied conducting 

polymers due to the fact that it can be readily synthesized, possesses good conductivity and 

conductivity stability, and also exhibits interesting redox properties. Polyaniline is an example 

of a conjugated polymer that can be tailored for specific applications through doping process. 

Since its conductive properties were rediscovered in the early 1980s, polyaniline has been 

used for many other applications like lightweight battery electrodes,88 electromagnetic 
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shielding devices,89,90 and anticorrosion coatings.91,92 However, like PPY, it suffers from poor 

processability, being soluble only in concentrated acids in its conducting form. 

 

I.3.1. Electrochemical Synthesis 

 
Initial investigations into the electrochemical polymerization of aniline demonstrated 

that PANI could be formed under an applied potential in acidic media.93-95 However, these 

experiments resulted in powdery residues with poor adhesion to the electrode at which they 

were deposited.  Subsequent improvements have resulted in PANI films which can be readily 

removed from the electrode as free-standing films.17,18,96-98 Typical electrochemical syntheses 

are carried out using either dilute HCl or H2SO4 as the polymerization medium. An interesting 

feature of PANI is that it can be easily switched from its conducting to insulating form 

depending on its chemical environment (see Section 1.3.3). Electrochemically synthesised 

PANI films can be cycled between these states by varying the applied potential. 

Conductivities have been reported in the range of 10-8 – 102 S cm-1, depending on preparation 

conditions and the final oxidation state of the PANI.97,98 

 

The first investigations into the electrochemical polymerization mechanism of aniline 

were carried out by Yasui as early as 1935.99 It was proposed that the polymerization 

proceeded via a p-aminodiphenylamine intermediate species.  Further work was carried out by 

Mohilner et al., who proposed that the initial, and rate determining step of the polymerization 

was the protonation of the aniline monomer at the nitrogen atom, followed by oxidation to 

form an aniline radical cation species.100 It is now generally accepted that this is indeed the 

initial step, but that it is not rate determining.101-104 Breitenbach and Heckner reported that this 

radical cation species was a nitrenium cation [(C6H5NH+)⋅], and that it reacted with another 

aniline monomer to form the dimeric p-aminodiphenylamine.102-104 Genies et al. have since 

reported that the rate determining step is in fact formation of this dimer.101 

 

I.3.2. Chemical Synthesis 

 
A wide range of chemical oxidants have been employed to carry out the 

polymerization of aniline to produce conducting PANI. These include potassium 

dichromate105 potassium iodate106 hydrogen peroxide107 potassium or copper perchlorate108 

and, most commonly, ammonium persulfate.109-111 If the oxidant concentration is too high, 
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over-oxidation and degradation can occur.105,112 For example, in the case of ammonium 

persulfate, Armes and Miller clearly showed that below an initial persulfate/aniline molar 

ratio of ~1.25, the conductivity and degree of oxidation of the resulting PANI were constant. 

However, at higher oxidant/monomer molar ratios an increase in over-oxidation of the PANI 

and concomitant decrease in conductivity were observed.113 

 

I.3.3 Structure and Stability 

 
It was nearly a century ago that Green and Woodhead first proposed that ‘aniline 

blacks’ were made up of octamers of eight aniline units joined head-to-tail through the para 

position on the aromatic ring.114,115 The parent species was named leucoemeraldine, and four 

further structures were proposed covering the possible oxidation states of the nitrogen atoms 

in the octamer (see Figure I-12). In the fully reduced form of leucoemeraldine, the nitrogens 

are all secondary amines. Oxidation of 2, 4, 6, or 8 of these amines to imine groups leads to 

the protoemeraldine, emeraldine, nigraniline and pernigraniline forms, respectively. The fully 

oxidized (pernigraniline) and fully reduced (leucoemeraldine) forms of PANI are both 

electrically insulating. For efficient conduction to take place, the polymer backbone must be 

in its half-oxidized emeraldine state as well as being protonated (see Figure I-13). When the 

polymer is in this emeraldine form, the oxidized imine nitrogens can be readily protonated by 

acids to yield the conducting emeraldine salt. 

Figure I-12. Structures of the various oxidation states of ‘aniline blacks’ as proposed by Green 
and Woodhead. 
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PANI synthesized using ammonium persulfate in 1.2 M HCl is obtained directly in the 

conductive emeraldine salt form as a dark-green precipitate with chloride as the dopant anion. 

XPS studies of doped conductive PANI confirmed the presence of three nitrogen species in 

the polymer.116-118 Deconvolution of the N 1s peak resulted in three peaks centred at 398, 399 

and 401 eV which were assigned to imine, amine and protonated imine nitrogen species, 

respectively.  

+
N N N N
H H H

Cl --Cl

H

+

 

Figure I-13.  Structure of the conductive, protonated emeraldine base form of polyaniline. 

As mentioned earlier in Section 1.2.3, PPY has been demonstrated to be much more 

air stable than polyacetylene. Moreover, in the complete absence of O2 and water, its electrical 

conductivity remains constant, suggesting intrinsic stability. In the case of PANI, it has been 

proposed that water vapour actually plays a role in the conduction mechanism. MacDiarmid 

and co-workers demonstrated that the conductivity at room temperature of chloride-doped 

PANI could be increased by a factor of two when placed in the presence of water vapour.119 

However, Neoh et al. proposed that the considerable decrease in conductivity observed when 

chloride-doped PANI is heated above 100°C is not due to the loss of adsorbed water alone.120 

The thermal stability of PANI was investigated by Kulkarni et al., and it was found that the 

non-conductive emeraldine base form was highly heat-stable, exhibiting significant weight 

loss only after heating above 420°C.121 The thermal stability of the doped, conductive form of 

PANI was found to be somewhat lower, with significant weight loss occurring at around 

200°C, depending on the counter-ion. Interestingly, similarly to PPY, the effect of 

temperature on the decay in conductivity depended on the nature of the counter-ion, with 

stability decreasing in the order CH3SO3
- > HSO4

- > Cl-. 

 

I.4. Poly(3,4-ethylenedioxythiophene) (PEDOT) 
 

Poly(3,4-ethylenedioxythiophene) [PEDOT] is a relatively new conducting polymer 

which was developed by scientists at the Bayer AG research laboratories in Germany in 

conjunction with AGFA in the late 1980’s.9,122 PEDOT possesses the structure shown in 

Figure I-14. It was initially developed to give a soluble conducting polymer that lacked the 
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presence of undesirable α,α’- and α,β-couplings, which were believed to contribute 

significantly to the insolubility of related conducting polymers such as polythiophene. 

Unfortunately, conventional chemical or electrochemical polymerization of the 3,4-

ethylenedioxythiophene (EDOT) monomer also led to an insoluble conducting polymer. 

However, in contrast to PPY, which possesses a band gap of approximately 3.2 eV and is 

black in colour,123 PEDOT’s band gap is only approximately 1.4 – 1.5 eV.124 Depending on 

the extent of doping, oxidation and film thickness, PEDOT films can range in appearance 

from almost transparent with a sky-blue tint, to intensely blue-black.11 As a result, much of 

the research on PEDOT has centered on its use in low colour anti-static coatings and 

electrochromic devices. 9,122,125-129 

-[Dopant]

+

S

OO

S

OO

S

OO

n  

Figure I-14. Structure of doped, conductive poly(3,4-ethylenedioxythiophene). 

 

I.4.1. Electrochemical Synthesis  

 
The electrochemical polymerization of EDOT was first reported by Jonas and co-

workers in 1992. These workers carried out the electropolymerization in aqueous or 

acetonitrile solutions, leading to near-transparent films with conductivities up to 200 

S/cm.9,11,125 Notably, the higher conductivities were obtained in acetonitrile, rather than water. 

Inganäs and co-workers reported similar results, producing perchlorate-doped PEDOT 

electrochemically with conductivities as high as 210 S/cm.124 One of the inherent difficulties 

in polymerizing EDOT is its low solubility in water, hence the use of acetonitrile. However, 

this issue was addressed by Sakmeche et al. when they demonstrated that EDOT could be 

electropolymerized in aqueous SDS solutions.130,131 Not only did the SDS micellar solution 

aid the solubility of EDOT, but it was also claimed to lower its oxidation potential. Moreover, 

it was claimed that the PEDOT films electrodeposited in this way were actually smoother than 
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the analogous films prepared in acetonitrile; however, no SEM evidence was provided to 

support this. Wernet and co-workers showed that EDOT could be electrochemically 

polymerized in polyelectrolyte solutions to produce PEDOT films with excellent mechanical 

properties which exhibited thermoplastic behaviour.132 Polyanions such as sulfated-poly(β-

hydroxyether) and sulfated-poly(butadiene) were incorporated as dopants, yielding 

conductivities as high as 390 S cm-1. Similar thermoplastic behavior could not be obtained 

using small molecule dopants such as perchlorate or tosylate anions. 

 

I.4.2. Chemical Synthesis 

 

The chemical polymerization of EDOT can be carried out using similar methods and 

oxidants as those employed to polymerize pyrrole. The earliest reported syntheses were 

carried out in acetonitrile and employed various ferric salts as the oxidant.9,124,125,129 These 

polymerizations resulted in dark blue powders, which were insoluble in all solvents, with 

typical conductivities of 5 – 10 S cm-1. Corradi and Armes demonstrated that EDOT could be 

polymerized in water, despite its limited solubility, using FeCl3.133 They found that using the 

theoretical oxidant/monomer molar ratio of 2.33 at room temperature gave relatively low 

yields of PEDOT, with conductivities of about 4 S cm-1. Yields could be dramatically 

increased by increasing the reaction temperature, but this resulted in a reduction in 

conductivity of several orders of magnitude, presumably due to over-oxidation. The use of 

cerium salts was also investigated, but the PEDOT synthesized in this way was found to be 

contaminated with up to 20 wt% of an unidentified incombustible cerium residue. 

More recently, Kudoh et al. showed that the low solubility of EDOT in water could be 

overcome by carrying out an emulsion polymerization employing an anionic surfactant.134 By 

adding Fe(III) salts to an emulsion of EDOT stabilized by sodium alkylnaphthalenesulfonate, 

PEDOT was obtained in far higher yields over a given time than in control reactions carried 

out without surfactant. Moreover, PEDOT synthesized in the presence of surfactant had 

conductivities of nearly 100 S cm-1, which is two orders of magnitude higher than that 

prepared in the absence of surfactant. 

 

The chemical polymerization methods described for PEDOT produce only insoluble 

powders. However, De Leeuw et al. reported a novel chemical polymerization method which 

resulted in PEDOT films with conductivities as high as 300 S cm–1.135 EDOT monomer was 

dissolved in n-butanol, along with Fe(OTs)3 as an oxidant and imidazole, and this solution 
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was then film-casted. A highly conductive, insoluble PEDOT film was formed after heating to 

110°C for 5 minutes. Imidazole is a base and it inhibits the polymerization at room 

temperature, thus making this protocol ideal for applying surface coatings, followed by 

thermally-induced polymerization. 

 

Recently, Kirchmeyer et al.136 proposed the detailed mechanism of oxidative 

polymerization of EDOT (Figure I-15). They obtained a set of kinetic parameters that fully 

explains the polymerization rate and stoichiometry. Additionally it gives some insight into 

some new preparative aspects of EDOT chemistry. The reaction starts with the slowest, rate 

determining step, the EDOT oxidation to the radical cation (reaction rate constant k1 = 0.16 L 

/mol /h) followed by the dimerization of the free radicals (k2 = 109 L/ mol/h). End group 

oxidation of oligomers, beginning with dimers, is faster than the monomer oxidation (k5 = 

3.000 L /mol/ h as proposed for all chain lengths) and leads, after recombination of two 

radical cationic end groups, to higher oligomers with the same rate constant for the 

recombination as with the monomer cations (k2 = 109 L/ mol/h). At the end, oligomers or 

polymers, respectively, are doped by further oxidation. In Figure I-15 the paramagnetic 

polaron state as the first step of doping and intermediate to the highly conductive, diamagnetic 

bipolaron state is shown. This state is stabilised by the charge balancing counter ion. A recent 

publication suggests a chain growth mechanism for the oxidative synthesis of aqueous 

PEDOT microdispersions.137 

Acidification significantly enhances the reaction rate. The effects of protons have 

mechanistic aspects to be dealt with more precisely. Protic acids and a variety of Lewis acids 

catalyse an equilibrium reaction of EDOT to the corresponding dimeric and trimeric 

compounds without further oxidation or reaction (Figure 1-16).138 

 

Use of effective catalysts like BF3, AlCl3, TiCl4, SnCl4, SbCl5, etc. yields the desired 

dimer in the range of 25 to 50 wt.%, accompanied by about 5 to 15 wt.% of the stereoisomeric 

trimeric compounds. Similar results were obtained with some strong protic acids, of which 

trifluoro acetic acid and sulfuric acid, for example, are very effective. The EDOT-dimer can 

be easily oxidised to bis-(3,4-ethylenedioxythiophene) (BEDOT) using quinones like 

chloranil or 2,3-dichloro-4,5-dicyano-1,4-benzoquinone.139 The smooth formation in 

acceptable yields can be utilised for a new and very simple access to BEDOT. 
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Figure I-15: Proposed reaction mechanism for EDOT oxidation to conductivePEDOT-tosylate.  

 
Figure 1-16: Reaction products of EDOT di- and trimerisation (only R-isomer of dimer and R,S-
isomer of trimer are shown). 
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Various X-ray structures of PEDOT salts have been reported including the perchlorate,140 p-

toluene sulfonate141 and hexafluoro phosphate.142 PEDOT chains are stacked with repeating 

distance of 6.8 Å respectively, a distance of 3.4 Å resembling the high tendency of thiophenes 

towards π-stacking. The doping counter ions are incorporated between the π-stacks leading to 

a structure resembling the structure of ‘Lasagne’ (Figure I-17), where the distance between 

the stacked layers is determined by the counter ion size. 

 
Figure 1.17:  PEDOT stacks; a 5 counter ion-dependent layer distance between stacks. 

 

I.4.3. Structure and Stability 

 
Relatively little has been published on the structure of PEDOT. The bulk polymer was 

shown to have an amorphous, fibrillar structure in a combined SEM and X-ray diffraction 

study.143 Semi-empirical modelling of the PEDOT structure was carried out by Granström and 

Inganäs.144 The results were much as expected, with the monomer units bonded in a trans 

'head-to-head' fashion in order to minimise steric congestion between the adjacent alkoxy 

substituents. In a subsequent combined XPS and UV photoelectron spectroscopy (UPS) study, 

Inganäs and co-workers found good agreement between the calculated and measured 

electronic structures.145 It was shown that the C 1s peak in the XPS spectra broadened after 

the polymer was oxidized into its doped form. The narrow O 1s and S 2p peaks contained 

additional features due to the two dopants used (OTs- and PSS-).  

 

Probably the most notable characteristic of PEDOT is its environmental 

stability.11,127,143 This can be primarily attributed to the 3,4-disubstituted thiophene ring. In 

other heterocyclic conducting polymers such as PPY, these positions are prone to aerial 
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oxidation leading to carbonyl formation and consequently lower conductivities. In PEDOT, 

this degradation cannot occur. In addition, α,β-crosslinking is prevented (see Figure I-18).  

Figure I-18: Coupling pathways during oxidative polymerization of EDOT. 

 

Pei et al. carried out stability studies on electrochemically prepared perchlorate-doped 

PEDOT films.124 They  found that there was no significant loss in conductivity after 60 h at 

110ºC, and thus PEDOT outperformed polythiophene and PPY in comparative studies. 

Similar results were achieved by Rannou and Nechtschein in accelerated ageing tests carried 

out at high temperatures on tosylate-doped PEDOT thin films.146 Jonas and Heywang carried 

out tests on PEDOT and PPY in saturated water vapour at 100ºC.126 While the conductivity of 

PEDOT showed no change over 24 h, that of PPY decreased by several orders of magnitude 

under these conditions. An interesting XPS and x-ray near edge structure spectroscopy 

(XANES) study carried out by Winter et al. examined the changes that occurred in FeCl4
--

doped PEDOT on heating to 150ºC.147 Although the 3,4-disubstitution of the backbone makes 

PEDOT more resilient to oxidation, it was clearly demonstrated that other oxidative side-

reactions could clearly reduce its conductivity. On heating in air, the sulfur atoms became 

oxidized, and in some cases became cleaved from the polymer altogether.  Evidence was also 

found for the formation of covalent C-Cl bonds, suggesting decomposition of the dopant 

species and further polymer degradation. 

Because of their molecular characteristics, the majority of these materials are infusible 

and practically insoluble in common organic solvents. This insolubility was a long time an 

important obstacle with the good characterization of these polymers like to the establishment 

of the relations between their structure and their properties. Moreover, the difficulties to 
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process conjugated polymers are still preventing their common use and large scale 

development. In order to overcome this drawback, many research groups enhanced the 

solubility of conjugated polymers by introducing flexible side chains like alkyl groups148-150 

and poly(ethyleneoxide)151 or the incorporation of polar functions like the quaternary 

sulfonates152,153 or ammoniums, to the rigid backbone, by preparing blends and composites 

with other insulator polymers154,155 Blends and composites of polymers offer certain 

combinations of desired properties that cannot be obtained from the individual components. 

Another route to ease the processability of conjugated polymers is to synthesize them under 

the form of colloidal particles which is the subject of this Ph.D work. Conducting polymer 

colloids typically consist of a colloidal suspension of conducting polymer particles or 

conducting polymer-coated particles (latex, metal, silica, etc) in an aqueous medium; the 

dimensions of the dispersed particles are in the 10 nm–10 µm range. These materials are 

normally prepared via dispersion polymerization.156,157 

 

II. Colloidal dispersions of organic conducting polymers (OCPs) 
 

A colloidal system can be defined as a dispersed phase within a continuous phase, such 

that at least one of the dimensions of the dispersed phase is between 1 nm and 1 μm.158 The 

precise physical nature of the colloidal system depends on the constituent phases, which may 

be solid, liquid or gas. The specific colloids discussed herein are polymer colloids (commonly 

called latexes), in which solid polymer particles are dispersed within a liquid medium. 

 

II.1 General Principals of Colloidal Stability159 

 
When a piece of material in the bulk state, immersed in a fluid medium, is subdivided into 

many colloidal particles, there is an accompanying change in the free energy of the system, 

ΔG°, which is defined in Equation I.4. 

slsl A    G Δ=°Δ γ                                                      (I.4) 

γsl is the solid/liquid interfacial tension or free energy, and ΔAsl is the increase in interfacial 

surface area arising from the subdivision of the bulk material. If ΔG° is negative, the colloid is 

said to be lyophilic (where lyo- refers to the dispersion medium), and is thermodynamically 

stable.  Conversely, if ΔG° is positive the colloid is referred to as lyophobic, and is 

thermodynamically unstable. Lyophobic colloids can, however, be made kinetically stable if 
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there is a sufficiently high energy barrier which prevents re-aggregation of the colloidal 

particles, as shown in Figure I-19. 

 

If the energy barrier, Eact, is absent (as depicted in the lower curve in Figure I-19) or is 

low relative to the thermal energy of the particles, kT, then spontaneous aggregation back to 

the bulk state occurs by means of attractive van der Waals forces, in order to minimize Asl and 

hence the free energy of the system. The two principal methods for stabilizing lyophobic 

polymer colloids in order to provide a sufficient energy barrier against aggregation are charge 

and steric stabilization. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure I-19: Kinetic stability of a lyophobic colloid. 

 

 

 

 

 

 

 

 

II.1.1. Charge Stabilization158,159 
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In order for colloidal particles to be charge stabilized, they must possess a degree of 

surface charge. In polymer colloids, the origin of this surface charge could be, for example, 

sulfate chain ends or adsorbed ionic surfactant.  In order to preserve overall charge neutrality, 

there are an equal number of oppositely charged ions in the vicinity of the surface ions. The 

result is an electrical double layer, consisting of surface bound ions and a diffuse layer of 

moving counterions in the solvent. The interaction of these double layers between particles is 

energetically unfavourable and gives rise to repulsive forces. The combination of these 

repulsive forces and the attractive van der Waals forces, which act over similar distances, 

gives rise to a complex set of energy curves, the rationalization of which is known as ‘DLVO’ 

theory (named after Derjaguin and Landau, Verwey and Overbeek).160,161 A further energy 

term, known as Born repulsion, must also be considered, which is a result of overlapping 

electron clouds when the particles come within very close contact at near atomic separations. 

A typical potential energy diagram is shown schematically in Figure I-20 where VA and VR 

represent the attractive and repulsive energy terms, respectively, and VT represents the sum of 

these energy terms. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure I-20: Total interaction free energy curve [VT(R) = VA + VR] between two charges 
stabilized particles, one located at the origin and the other at a distance R. 
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It should be noted that the energy barrier, V(max) is the same as Eact in Figure I-19. 

There are two energy minima: (i) the primary minimum which results from the combination 

of the Van der Waals attraction (very strong at short distances) and the Born repulsion, and 

(ii) the secondary minimum which is usually quite shallow, if it exists at all.  The primary 

minimum is usually so deep that the energy barrier for particle separation is considered to be 

infinite.  This type of particle aggregation is called coagulation, and is generally considered to 

be irreversible. However, provided that V(max) is sufficiently large relative to kT then the 

dispersion will remain stable.  The secondary minimum, on the other hand, is much shallower.  

When this is comparable to kT, it gives rise to a loose, reversible type of particle aggregation 

known as flocculation.  It should be pointed out, however, that in much of the colloid science 

literature, the terms aggregation, coagulation and flocculation are often used interchangeably. 

In order for charge stabilization to be effective, aqueous or highly polar solvents are required, 

with relatively high dielectric constants, to enable effective double layer formation. Charge 

stability, however, is relatively easily compromised by the addition of small amounts of 

electrolyte, which causes compression of the diffuse regions of the double layer, thus reducing 

repulsive forces and allowing closer approach of the particles.  If the particle separation is 

reduced sufficiently, the ever-present attractive Van der Waals forces will dominate.  Finally, 

charge stabilization can only be used at relatively low solids concentrations (≤ 10 %), since at 

higher concentrations, compression of the double layers leads to a lower kinetic barrier 

towards coagulation. 

 

II.1.2. Steric Stabilization 158,159,162 

 

Steric stabilization refers to the mechanism by which particle aggregation is prevented 

due to physically adsorbed or chemically grafted polymers at the surface of the colloidal 

particles.  It has been found that amphiphilic block or graft copolymers are best suited for use 

as steric stabilizers. Such polymers consist of at least two blocks, one of which is soluble in 

the dispersion medium, and one which is not.  The insoluble block(s) act as an anchor and 

adsorb onto the lyophobic particle surface. This leaves the soluble block(s) tethered to the 

particle surface, but solvated in the dispersion medium, to act as the stabilizing moiety.  It 

follows that there are many different possibilities for steric stabilizer architectures, since the 

relative number, order, type and length of the blocks can be varied. This is not to say that 

homopolymers cannot be used as steric stabilizers, but they are generally less effective than 

amphiphilic block or graft copolymers for reasons to be discussed later. 
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Three important criteria must be fulfilled if steric stabilization is to be effective. Firstly, there 

must be efficient anchoring of the stabilizing polymer to the particle surface in order to 

prevent desorption. This anchoring may be via physical adsorption or, even better, chemical 

adsorption (grafting). Secondly, the stabilizer should completely cover the particle surface, as 

bare patches would allow the close approach of other particles.  Thirdly, the steric layer 

should be relatively thick in order to prevent close approach of other particles. If these criteria 

are fulfilled, the stability of the particles towards aggregation is determined by 

thermodynamic factors, principally arising from the solvency of the stabilizing moieties in the 

dispersion medium. 

 

As two particles approach each other, the outermost segments of the two layers of 

stabilizing polymer start to overlap, a situation known as interpenetration. This increase in the 

local concentration of polymer segments results in a local increase in osmotic pressure, which 

causes solvent to enter the overlap region from the surrounding medium, leading to repulsive 

forces between the two particles. The free energy change which occurs when the stabilizing 

polymer chains interpenetrate is influenced by such factors as temperature and solvent 

composition. The temperature at which this free energy change is zero is called the θ-

temperature, and such a solvent is known as a θ-solvent. Under these conditions, the solvency 

is such that the polymer segments neither attract nor repel each other, and no preference is 

displayed for either polymer-polymer or polymer-solvent interactions. However, for steric 

stabilisation to be effective, the polymer chains must repel each other, i.e. the solvent should 

be a better-than-θ-solvent. As the solvency is reduced to a worse-than-θ-solvent then polymer 

chains will begin to attract each other, and this mutual attraction of steric stabilizer layers 

between particles will lead to flocculation. 

 

Whether a dispersion is stable or not does not merely depend on the solvency of the 

stabilising moieties as in the simplistic explanation given above. The changes in enthalpy and 

entropy that occur during the particle collision must also be considered. When two particles 

collide, there is an accompanying change in the free energy of flocculation, ΔGf. According to 

the Gibbs-Helmholtz equation, this can be separated into enthalpic (ΔHf) and entropic (ΔSf) 

terms as shown in Equation I.5. 

fff ST - H    G ΔΔ=Δ                                              Eq.(I.5) 
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For sterically stabilized particles to remain stable, flocculation must be energetically 

unfavourable, i.e. ΔGf must be positive. There are clearly various combinations of the signs 

and magnitudes of ΔHf and ΔSf which would result in a positive free energy change, these are 

summarized in Table I-2 

ΔHf ΔSf ΔGf Stabilisation Type Flocculation 

+ + + Enthalpic On heating 

− − + Entropic On cooling 

+ − + 
Combined 

enthalpic-entropic 
Not accessible 

Table I-2. Thermodynamic factors affecting the stability of sterically-stabilized particles. 

 

In principle, a dispersion exhibiting combined enthalpic-entropic stabilization cannot 

be flocculated at any accessible temperature. However, in practice variations in temperature 

and/or pressure may lead to a solely enthalpically or entropically stabilized dispersion, where 

upon the dispersion stability will become susceptible to temperature changes. 

The entropic mode of stabilization is predominately observed in non-aqueous (or perhaps 

more accurately, non-polar) dispersion media at room temperature and pressure. Exclusion of 

solvent molecules during the overlap, or mixing, of the steric stabilizer layers and the 

concomitant local increase in polymer segment concentration leads to an unfavourable 

decrease in ΔSf. This dominates the unfavourable negative change in ΔHf, which is a result of 

the usually endothermic enthalpy of mixing (ΔHmix > 0) found for most polymers in non-polar 

media.163 Clearly, though, this entropy term can be reduced by lowering the temperature and 

in principle, entropically stabilized dispersions can be flocculated on cooling. 

Dispersions in aqueous media differ in their behaviour due to strong specific interactions, 

such as hydrogen bonding, which occur between the solvent and the stabilizing polymer.  On 

overlap and mixing of the steric stabilizer layers, bound solvent molecules must be released.  

This leads to an unfavourable increase in ΔSf, but is dominated at room temperature and 

pressure by a favourable increase in ΔHf which opposes flocculation. Thus these dispersions 

are enthalpically stabilized.  In these cases, the entropy term can be increased by raising the 

temperature and hence enthalpically stabilized dispersions can be flocculated on heating. 

 

Thus, broadly speaking, the entropic stabilization mechanism is dominant in non-

aqueous media, whilst the enthalpic mechanism is more common in aqueous solvents.  
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However, this is only a very general statement, and enthalpically-stabilized non-aqueous 

dispersions and entropically-stabilized aqueous dispersions are known.164 

Unlike the DLVO theory for charge stabilization, no ab initio quantitative theory exists for 

steric stabilization. This is because any such rationalization would have to be based on 

theories of the behaviour of polymers in solution, and these are semi-quantitative at best. 

Furthermore, to determine the distance dependence of a steric stabilizer layer, the 

conformation of the surface-anchored polymer in solution is required, which cannot be 

accurately predicted. 

 

However, some rationalization of the distance dependence of steric stabilization is 

possible, and three domains of interaction can be identified. If we consider the close approach 

of two particles, the particle surfaces can be considered to be flat, and each covered in a steric 

stabilizer of thickness L. If the distance between the particles, d, is greater than 2L, then no 

interaction between the stabilizer layers can occur and there is no change in free energy.  This 

is called the non-interpenetrational domain. However, if L < d < 2L, then interpenetration of 

the stabilizer layers occurs, with the accompanying expulsion of solvent molecules in order to 

accommodate the increased local concentration of polymer segments within this 

interpenetrational domain. If the particles are in a worse-than-θ-solvent, polymer-polymer 

mixing will result in a favourable decrease in free energy and the particles will remain 

attracted to each other. If d < L, the stabilizer layers not only interpenetrate, but are actually 

compressed by the surface of the other particle.  This is known as the interpenetrational-and-

compression domain. The free energy change which arises in this situation is a result of not 

only the change in polymer-solvent interaction, but also an elastic component associated with 

the compression of the steric stabilizer layer. Compression of the stabiliser layer reduces the 

configurational entropy of the polymer chains and invariably results in separation of the 

particles, irrespective of the solvent. 

 

The free energy changes for both the interpenetrational and the interpenetrational-and-

compression domains in a better-than-θ-solvent are positive. Furthermore, the elastic 

component for the interpenetrational-and-compression domain is also positive (regardless of 

the solvent). Thus repulsion is favoured at all stages of close approach, and these repulsive 

forces are large enough relative to the attractive van der Waals forces to ensure that no 

minimum is observed in the potential energy diagram (see Figure I-21) As a result, in good 
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solvents, sterically stabilized particles are both kinetically and thermodynamically stable. This 

is in contrast to charge stabilized particles, which can only exhibit kinetic stability. 

 

Interpenetrational
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ΔG 
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Non-interpenetrational 
domain 

L 

  

Figure1.21: Free energy curve for a collision between two sterically-stabilized particles in a 
better than θ-solvent for the steric stabiliser. 
 

However, in worse than θ-solvents, a minimum is observed in the potential energy 

diagram (see Figure I-22) on entering into the interpenetrational domain. This is because the 

stabilizer chains prefer to interact with each other rather than interact with solvent, leading to 

particle flocculation. Therefore, it is this preferred interaction of steric stabilizer layers in 

worse-than-θ-solvents that causes the flocculation of many sterically stabilized dispersions. 

Only for thin steric stabilizer layers or very large particles is the ever present van der Waals 

attraction term sufficiently strong to cause aggregation. The relative unimportance of the van 

der Waals attraction in inducing the aggregation of many sterically stabilized dispersions is in 

stark contrast with its dominant role in causing the coagulation of charge stabilized 

dispersions. It is worth noting, however, that if better-than-θ-conditions are imposed either by 

adding a good solvent or by changing the temperature, the polymer will expand upon 

resolvation, leading to particle re-dispersion. 
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Figure I-22: Free energy curve for a collision between two sterically-stabilized particles in a 
worse than θ-solvent for the steric stabilizer. 
 

Steric stabilization has several advantages over charge stabilization. Firstly, sterically 

stabilised colloids in aqueous media are relatively insensitive to the presence of electrolyte, 

providing of course that the stabilizing polymer is non-ionic.  Secondly, as it is not dependent 

on surface charge, steric stabilization can be highly effective in both aqueous and non-

aqueous media. Thirdly, unlike charge stabilized dispersions, sterically stabilized particles can 

be stable at relatively high solid concentrations (> 50 %). A fourth advantage is that sterically 

stabilized systems often display good freeze-thaw properties, an attribute which is useful in 

industrial applications such as latex paints. And finally, unlike charge stabilized particles, 

there is no potential energy minimum in which irreversible aggregation can occur, and so 

under suitable conditions sterically stabilized particles may be reversibly flocculated. 

 

II.2. Synthesis of Polymer latexes 
 

There are several different methods for the synthesis of latexes. The choice of which 

method to use is dictated by the desired particle size, choice of solvent media, and the relative 

solubilities of the initiator, monomer and polymer with respect to the solvent and to each 
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other. An in-depth discussion of all these methods is beyond the scope of this work, but the 

two most important methods (emulsion and dispersion) will be discussed briefly. 

 

II.2.1. Emulsion Polymerization165 

 

The main components of an emulsion polymerization, typically carried out in water, 

are a water-insoluble monomer, a surfactant (also referred to as an emulsifier), and a water-

soluble initiator.  If shear is applied (i.e. if the system is stirred) an emulsion of micrometer-

sized, surfactant-stabilized monomer droplets is obtained.  The majority of the monomer will 

be within these droplets, but a small amount will also be solubilised within surfactant 

micelles. Generation of free-radicals, typically from persulfate initiators, takes place in the 

aqueous phase. The mechanism by which the polymerization proceeds is quite complex and 

has been studied in great depth.166-168  

 

Polymerization begins with entry of the radicals into the micelles; this stage is known 

as micellar nucleation. As polymer particles begin to grow within the micelles, they adsorb 

more surfactant, thus depleting the amount of surfactant in solution to below the critical 

micellar concentration. At this point, micellar nucleation ceases, and polymerization occurs 

only within the nascent monomer-swollen polymer particles. The monomer diffuses from the 

monomer droplets into the polymer particles, where polymerization continues until the 

monomer droplets are depleted and eventually disappear. The final polymer particles are 

typically spherical, between 50 – 500 nm in diameter, and can be of narrow particle size 

distribution. The particle surface is covered with adsorbed surfactant, which provides the basis 

for colloidal stabilization. Control of the final particle size, and particle size distribution, can 

be achieved through variation of reaction parameters such as the relative monomer, initiator 

and surfactant concentrations, temperature, and even the degree of shear within the system.  

 

Another very useful form of emulsion polymerization is surfactant-free emulsion 

polymerization. It has been shown that by using an excess of persulfate initiator, sulfate-

terminated oligomers are generated in situ and effectively act as the surfactant species.169,170 

These are subsequently incorporated into the polymer particles. Since the latexes are 

stabilized by chemically-bound sulfate groups the latexes are easier to purify without loss of 

colloid stability and retain their stability over a wider range of conditions than the 

corresponding latexes prepared using added surfactant.165 
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Emulsion polymerization is the most common method of producing latexes on an 

industrial scale, with vinyl monomers such as styrene, butadiene, vinyl acetate and methyl 

methacrylate being polymerized for use in paints, adhesives, rubber formulations and paper 

coatings. The principal advantages of the emulsion process are that polymers of very high 

molecular weight can be synthesized, and that reactions can be carried through to relatively 

high conversion.168 Moreover, emulsion polymerizations are favoured for use on an industrial 

scale for several practical reasons: firstly, the heat generated by the exothermic free-radical 

polymerization process can be readily absorbed and dissipated by the aqueous phase. 

Secondly, since the process is water- rather than solvent-based, safety and environmental 

hazards, not to mention cost, are significantly reduced. 

 

II.2.2. Dispersion Polymerization 165,171 

 

In a dispersion polymerization, the monomer, stabilizer and initiator are all soluble in 

the dispersion medium, resulting in a homogeneous solution at the onset of the reaction. It is 

within this homogeneous phase that polymerization is initiated. To fulfill the criteria of a 

dispersion polymerization, however, the newly formed polymer must be insoluble in the 

reaction medium. The growing polymer chains precipitate from solution as some critical chain 

length is exceeded, which will depend upon the solvency of the medium and the nature of the 

polymer, and then aggregate to form small particles. These primary particles will be swollen 

by monomer, and will continue to grow in size due to further polymerization of occluded 

monomer and also from coalescence with other polymer chains/particles. 

 

Such a polymerization in the absence of any suitable stabilizer would result in 

coagulation and precipitation. However, the presence of a suitable polymeric stabilizer results 

in the formation of stable polymer colloids. Dispersion polymerizations can lead to the 

formation of spherical particles of relatively narrow particle size distribution which are 

typically 0.1 to 10 μm in diameter. Effective stabilizers for dispersion polymerization tend to 

be block- or graft-copolymers which exhibit high solubility in the reaction medium and an 

affinity for the polymer particles. For example, methacrylic polymers with oligostearic grafts 

have been found to be useful stabilizers for the dispersion polymerization of hydrophobic 

monomers in hydrocarbons.181 Suitable homopolymers may also be used, such as poly(N-

vinylpyrrolidone) or poly(vinyl alcohol) in polar organic solvents, which typically become 

chemically grafted to the growing polymer chains during polymerisation.172,173 
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Perhaps the most well-documented examples of dispersion polymerization are for styrene and 

methyl methacrylate in hydrocarbons or lower alcohols. For example, Ober174 and Almog175 

have reported on the dispersion polymerization of styrene and methyl methacrylate in alcohol, 

alcohol-ether and alcohol-water mixtures. Other groups have carried out detailed studies on 

the effects of various reaction parameters on the size of the resultant particles.172,176 The final 

particle size (and particle size distribution) in dispersion polymerization depends on many 

factors, such as monomer and initiator concentration, temperature, the nature and 

concentration of stabilizer, and the solvency of the polymerization medium. Since these early 

studies, various developments and applications have been investigated, such as the synthesis 

of porous particles,177 coloured particles178 and surface-functionalized particles.179 Dispersion 

polymerization, however, is not used on an industrial scale to the same extent as emulsion 

polymerization. This is primarily due to the safety and environmental factors that must be 

considered, as well as the increased cost, when using organic solvent- rather than water-based 

systems on an industrial scale 

 

II.3. Sterically Stabilized Conducting Polymer colloids 

 
Since 1986, there have been many reports on dispersions of sterically-stabilized 

conducting polymer particles. Typically, aqueous polymerizations are carried out in the 

presence of a water-soluble polymer, which becomes physically adsorbed onto nascent 

conducting polymer particles precipitating from solution. Thus, the precipitation 

polymerization becomes a dispersion polymerization (see Figure I-.23).  

 

Various commercially available water-soluble polymers have been employed as steric 

stabilizers, including cellulosics,180-184 poly(vinyl alcohol),185-189 poly(methyl vinyl 

ether)190,191 and poly(N-vinylpyrrolidone).185,188,192 Particle sizes are typically 100 – 300 nm 

and, despite the presence of an insulating layer of stabilizing polymer, pressed pellet 

conductivities are often more than 1 S cm-1). 
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FigureI-23: Schematic formation of sterically-stabilised conducting polymer particles by 
aqueous dispersion polymerisation. 

 

II.3.1. PANI dispersions 

 

PANI, like other conducting polymers, are insoluble or only partially soluble in most 

common organic solvents (viz. alcohols, chloroform, benzene, xylene, DMF, DMSO, etc.) 

and therefore, is difficult to process, hindering commercial utilization of this polymer. 

Therefore, the objective of bringing this untractable polymer in an easily processable form has 

initiated a lot of investigations that give rise to hybrid materials named as composites with 

interesting properties. The latter are successful combination of polyanilines with different 

processable insulating polymers so their complementary properties can be taken together. 

Among different techniques for the synthesis of conducting composites, the dispersion 

polymerization, following a steric stabilization mechanism is a widely accepted route that 

lead, after drying, to microstructured composites, composed of electrically-conducting 

particles of sub-micrometer size dispersed in an insulating polymer matrix. 

In dispersion polymerization, macroscopic precipitation of the polymer is prevented (in 

contrast to precipitation polymerization) and sub-micrometer dispersion particles are obtained. 

Poly(N-vinylpyrrolidone) 193,194, poly(styrenesulfonic acid) 185,196, poly(ethylene oxide) 197-200 

poly(methyl vinylether) 201,191, cellulose ethers, namely methylcellulose 202,182, 

hydroxylpropylcellulose 203 and ethyl(hydroxyethyl)cellulose 204, poly(acrylic acid) 205,206 and 

poly(vinyl alcohol) 207-214 have all been employed for the stabilization of PANI colloids 

produced in aniline dispersion polymerization. The preparation of spherical PANI particles of 

a good uniformity has also been described, when colloidal silica was used for the steric 

stabilization 215, 216 
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The most effective stabilizers employed for forming PANI colloids, however, are 

reactive stabilizers, which become chemically grafted to the particle surface. A range of such 

stabilizers have been reported in the literature. In some cases the stabilizers have been formed 

by chemical modification of existing polymers217 or by anionic polymerisation.218 A 

commonly used method involves the free radical polymerization of 4-aminostyrene with water 

soluble co-monomers such as 1-vinylimidazole,219  2-vinyl pyridine220 or N-

vinylpyrrolidone221 thus giving a stabilizer with pendant aniline groups. These groups 

participate in the subsequent aniline polymerization, leading to the copolymer stabilizer 

becoming chemically grafted to the growing PANI particles. 

 

Polyaniline particles of spherical, rice-grain, or needlelike morphology have been 

described. DeArmitt et al.221 observed that the particle morphology (spherical or rice-grain) 

depends on the oxidant nature. Thus (NH4)2S2O8 oxidant produces spherical particles while 

KIO3 leads to the formation of “rice-grain”-shaped particles. Vincent et al.199 tested the effect 

of the stabilizer architecture; stabilization by poly(ethylene oxide) yielded needle-like PANI 

particles, while graft-copolymer stabilizer based on poly(ethylene oxide) produced PANI 

spheres. Nagaoka et al.222,223 reported that needle-like structure was produced when poly(vinyl 

alcohol) was used for the steric stabilization, while a sodium polystyrenesulfonate, produced 

spherical PANI particles. The deviations from the spherical shape after polymerization 

temperature increase have been reported for PANI dispersion stabilized with colloidal silica 
224 and hydroxypropylcellulose (Figure I-24).205 

 

A similar change in particle shape could also be obtained at 0ºC by the acceleration of 

PANI formation via addition of p-phenylenediamine to increase the rate of polymerization 

(Figure 1.25). Chattopadhyay et al.204 found that the morphology of PANI particles stabilized 

by methylcellulose could be controlled by the composition of the ethanol-water mixture.  

Generally, the behaviour of these systems is now well understood and Gospodinova and 

Janca225 have claimed that, by judicious control of reaction conditions, PANI dispersions can 

be prepared with particle size distributions at least as narrow as, but in most cases narrower 

than, commercially available uniform polystyrene latex standards. 
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The majority of PANI colloids are produced via chemical oxidation. However, there 

has also been a limited amount of research on the electrochemical production of such 

particles. Wallace and co-workers226,227 have developed a technique utilizing an 

electrochemical flow cell to synthesize PANI or PPY colloids. This approach is based on the 

fact that electropolymerization is initiated in solution, rather than at the electrode surface, and 

that the use of steric stabilizers hinders the deposition of the conducting polymer on the 

Figure I-24: Particles formed in dispersion 
polymerization of anilinehydrochloride at (a) 
0°C; (b) 20°C; and (c) 40°C.203 

Figure I-25: Products of the dispersion 
polymerization of aniline hydrochloride (0.2 
M) accelerated by addition of (a) 2.3×10-5 M; 
(b) 2.3×10-4 M; and (c)2.3×10-3 M p-
phenylenediamine dihydrochloride at 0°C.203 



Chapter 1 : Literature Review 
 

45 
 

anode. The potential advantages of such a method over chemical routes include: (i) greater 

quantitative control over the oxidation process and (ii) wider range of counterions that can be 

incorporated into the polymer at the synthesis stage. This latter advantage was used to 

synthesize chiral PANI particles. By polymerizing aniline in an electrochemical cell in the 

presence of (1R)-(-)-camphorsulfonic acid [(-)-HCSA] or (+)-HCSA and using PEO as a 

steric stabilizer, Wallace et al.228,229 obtained a PANI dispersion that exhibited optical activity 

depending upon which enantiomer of HCSA was used as the dopant species. 

 

Stable PANI dispersions can also be prepared using ultrafine colloidal silica particles 

as a stabilizer. Silica of 7 and 22 nm diameter has been used for the synthesis of PANI 

colloids by Gill et al.230-232 The resulting dispersion of sub-micrometer size had a distinct 

raspberry morphology. Stejstkal et al224 also prepared PANI-silica particles under various 

conditions. It was found that polymerizations carried out between 0°C produced stable 

spherical particles of reasonably narrow polydispersity (see Figure I-26). However, at room 

temperature, the formation of PANI became too fast and only ill-defined, polydisperse 

particles were formed. 

                 

Figure I-26: Polyaniline particles stabilized with a particulate stabilizer, ultrafine nanocolloidal 
silica. Free silica is visible on the background.224 
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When the concentration of silica was sufficiently high, the composite particles in the diameter 

range of 300-600 nm wee obtained. The raspberry morphology is well seen especially when 

silica particles of larger diameter have been used.  

 

An alternative route to forming colloidal dispersions of conducting polymers involves 

coating sterically-stabilized latex particles with an ultrathin overlayer of conducting polymer, 

thus forming composite particles with a core-shell morphology. The advantage of this 

approach is that far less conducting polymer is required to obtain particles with useful 

electrical properties. Moreover, the intractable conducting polymer is now the minor 

component, typically only 5 to 20 % by mass. 

 

Beadle et al.233 polymerized aniline in the presence of commercially available 

chlorinated copolymer latex particles of 200 nm size. The featureless morphology of the film 

produced latex changed to distinctly globular as the concentration of the PANI increased. 

Barthet et al.234,235 coated PS latexes with PANI. However, surface coverages of only 60% 

could be achieved in this case, and the PANI overlayers appeared far rougher by SEM than 

their relatively smooth PPY counterparts at equivalent loadings. Disc centrifuge 

measurements clearly showed that the degree of particle flocculation increased with 

conducting polymer loading for both PPY-PS and PANI-PS latexes234,236 This would be 

expected as thicker PANI overlayers would disrupt the stabilization imparted by the PNVP 

steric stabilizer on the latex surface. 

 

II.3.2. Polypyrrole dispersions 

 

Unlike in polyaniline case, where particles generally deviate from spherical 

morphology, usually spherical particles are obtained during dispersion polymerization of 

pyrrole. Many water soluble stabilizers like poly(vinyl alcohols),185,186,237 

poly(styrenesulfonate),238 ethyl(hydroxyethyl)cellulose,239 poly(ethylene oxide),240-243 

poly(methyl vinyl ether), 244,245 poly(vinylpyrrolidone),185 etc., tailor-made reactive 

stabilizers,246 polymer latexes,247 surfactants248 and silica particles249 have been extensively 

used for the synthesis of polypyrrole dispersions.  
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II.3.2.1. Polypyrrole dispersions stabilized by polymer steric stabilizers 

 

In the case of PVA stabilizer, the rate of addition of pyrrole affects the particle size; 

slower feed-rate leads to the formation of larger particles 185. It was reported that the addition 

of an aqueous solution of initiator to a stirred solution of pyrrole and stabilizer led to non-

spherical particles and varying the water/ethanol ratio did not lead to any systematic trends in 

particle size variations. Saunders et al.237 prepared PPy/PVA particles having size about 145 

nm. The conductivity of PPy/PVA is two orders of magnitude lower than that reported by 

Armes et al.186 for a similar material. The use of PVA with a higher nominal molecular weight 

in the present work (cf. Armes et al.186) and the relatively poor air stability186 of PPy doped 

with chloride would be factors contributing to the conductivity differences observed between 

the different groups. Adsorption of PVA with a higher molecular weight should result in a 

thicker non-conducting sheath about the PPy particles and decreased conductivity. 

Pickup and Qi 238 reported that the presence of PSS in the reaction medium allows the size of 

chemically synthesized PPy/PSS particles to be controlled by varying the concentration of the 

Fe(III) oxidant (the higher the concentration, the smaller the resulting polymer particles) (see 

Figure I-27). 

 

Figure I-27: Scanning electron micrographs of PPy/PSS samples prepared using different 
concentrations of the oxidant (a) 0.15 moles and (b), 0.05 moles of FeCl3.238 

ba 
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Mandal and Mandal239 found that in aqueous ethanol solution small and large particles 

(about a factor of ten larger) are formed during oxidative polymerization of pyrrole in the 

presence of ethylhydroxycellulose (EHEC) when FeCl3 is used. But only large particles were 

obtained, when ammonium persulfate (APS) was employed as an oxidant. However, in pure 

water, small particles were not found, irrespective of the oxidant used. Additionally the 

particle size was found to decrease with an increase in molecular weight of the EHEC for the 

same stabilizer concentration. 

 

Although PEO has been reported to stabilize the dispersions in many cases,240-243 this 

polymer and its block copolymers have been found inefficient in some cases probably due to 

their low adsorption affinity; unless a very high molar mass PEO was used. Cawdery et al.243 

prepared PPy stable dispersions using high molecular weight PEO (M>105). The size of the 

particles ranges from 445±45 nm to 350±40 when the molecular weight of the stabilizer 

increases from 3×105 to 4×106 g/mol which is significantly higher than those produced using 

PVA or PNVP as stabilizer. With the latter stabilizer, the particle size is typically in the range 

70-150 nm. Clearly, these data reflect the much weaker adsorption affinity for PEO on PPy 

surface. In case of PVA or PNVP, there is a possibility of hydrogen bonding between N–H of 

the pyrrole moieties on the PPy surface and C=O of pyrrolidone or acetate moieties of the 

stabilizer chains. They further showed that charge-stabilized PPy particles could be obtained 

by removing the adsorbed poly(ethylene oxide) stabilizer layer from particles by repeated 

centrifugation/redispersion cycles, providing the particles were redispersed in a solvent of 

high dielectric constant (e.g. water, methanol) where interfacial charge may be maintained. 

Moreover, the particles could then be redispersed in a medium of low dielectric constant using 

the stabilizer of choice.  

 

Mandal et al. synthesized 244 PPy particles at room temperature by oxidative 

polymerization using FeCl3 oxidant in the presence of poly(vinyl methyl ether) (PVME) as a 

stabilizer, and ethanol or aqueous ethanol as the dispersion medium. With water as dispersion 

medium, lower temperatures are required to ensure a steric stabilization. PPy prepared in 50% 

ethanol or in water exhibits high specific conductivity, about 10 S cm−1, while PPy prepared 

in ethanol under similar conditions has conductivity two to four decades lower, depending on 

the temperature and the FeCl3 concentration used in the preparation. Transmission electron 

micrographs of PPy reveal that the particles are spherical but polydisperse. Pich et al.245 

reported the synthesis of PPy dispersions in the presence of PVME and cross-linked PVME 
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microgels using FeCl3 as an oxidant and water or aqueous ethanol as a dispesion media. They 

found that the architecture of the polymeric stabilizer in the reaction medium has a strong 

influence on the morphology of particles formed during oxidative polymerization of pyrrole. 

In the case where uncross-linked PVME was used as a stabilizer, small spherical particles in 

the range of 50–100 nm were formed in both aqueous ethanol and water. On the other hand, 

when cross-linked PVME microgels were used in the same reaction procedure, large PPy 

fibrils were formed (see Figure I-28). Needle-like particles were formed due to the porous 

structure of microgels, which play a template role in the pyrrole polymerization process. They 

predict that the dimensions of the PPy fibrils can be controlled by changing the pore size of 

the microgel particles and adjusting the polymerization rate. 

 

Figure I-28: SEM images of PPy dispersions prepared using (a) un-crosslinked PVME 
and (b) crosslinked PVME microgel in similar reaction conditions.245 
 

II.3.2.2. Polypyrrole dispersion stabilized by tailor-made reactive polymeric stabilizers 

 

All of these examples utilize commercially available polymers as steric stabilizers. 

However, there have also been examples of the use of tailor-made polymers for stabilization, 

such as the use of a poly(2-vinyl pyridine-co-n-butyl methacrylate) random copolymer by 

Armes and Aldissi250to stabilise PPy particles. Another study by Beadle et al.251 used a 

poly(2-(dimethylamino)ethyl methacrylate-b-n-butyl methacrylate) block copolymer stabilizer 

of narrow molecular weight distribution to give PPy colloids with surprisingly high stabilizer 

contents of 54 wt%.  

 

The more useful tool to prepare stable PPy dispersion is the use of reactive polymeric 

stabilizers. Ishizu and co-workers252 utilised a PVA stabiliser with pendant pyrrole groups to 

b a 
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create PPY colloids with a very narrow particle size distribution. A different approach was 

used by Simmons et al.253, who prepared a series of reactive stabilizers by the statistical free 

radical copolymerisation of 2-(dimethylamino)ethyl methacrylate (DMAEMA) with various 

(bi)thiophene comonomers. These authors found that in the presence of a suitable oxidant 

such as FeCl3, the pendant (bi)thiophene groups became oxidized. The activated groups then 

acted as initiation sites for the subsequent pyrrole polymerization, thus leading to chemical 

grafting of the stabiliser onto the nascent PPy particles. Spherical PPy particles of 100 nm 

diameter were prepared (See Figure I-29). The particles size could be reduced to 50-60 nm 

using an oligo(ethylene oxide) methacrylate-based co-polymer stabilizer. In order to verify 

that the (bi)thiophene moieties were essential, DMAEMA homopolymer was employed as a 

stabilizer and there was no colloid formation observed. 

 

 

 

 

 

 

 

Figure I-29: Typical transmission electron micrographs of polypyrrole particles synthesized 
using the following stabilizer-oxidant combinations: (a) a OEGMA-3VT stabilizer with FeCl3.(b) 
a DMAEMA-3VT stabilizer with FeCl3.253 
 

II.3.2.3. Polypyrrole dispersions stabilized by colloidal silica particles 

 

PPy nanocomposites can also be prepared by using ultrafine silica colloidal particles. 

Since their discovery in 1993, Armes and various co-workers have published extensively on 

the subject of PPy-silica colloidal nanocomposites.254-256 It was found that when pyrrole was 

chemically polymerized in the presence of an ultrafine (∼20 nm diameter) silica sol, the silica 

particles became coated with the nascent PPy and, above a certain minimum silica 

concentration, aggregated to form colloidally stable dispersions of PPy-silica particles with a 

distinctive ‘raspberry’ morphology (see Figure I-30). These nanocomposites were typically 

about 100 - 300 nm in diameter, with relatively narrow particle size distributions.  Pressed-

pellet conductivities as high as 4 S cm-1 were reported, despite the presence of up to 30 wt% 

a b
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electrically insulating silica. The characteristics of the nanocomposite particles could be 

controlled by varying synthesis parameters such as the initial silica concentration, an increase 

in which leading to a reduction of particle diameter. The choice of oxidant was also shown to 

be very important – using FeCl3 led to particles with diameters of 160–230 nm and PPy 

contents of up to 70 wt%, whereas using (NH4)2S2O8 led to smaller particles of 110 – 180 nm 

with lower PPy contents of between 37 – 55 wt%. 

 

Figure I-30: Schematic formation of colloidal PPy-silica nanocomposites from the original silica 

sol. 

 

II.3.2.4. Polypyrrole coated sterically-stabilized particles 

 

An alternative route to forming colloidal dispersions of conducting polymers involves 

coating sterically-stabilised latex particles with an ultrathin overlayer of conducting polymer, 

thus forming composite particles with a core-shell morphology. The advantage of this 

approach is that far less conducting polymer is required to obtain particles with useful 

electrical properties. Moreover, the intractable conducting polymer is now the minor 

component, typically only 5 to 20 % by mass. 

 

In 1987, Yassar et al.257 reported the chemical synthesis of PPy in the presence of a 

130 nm diameter sulfonated PS latex which was claimed to result in core-shell particles. 

Similar results were achieved by Liu et al.258 in which 250 - 350 nm styrene-butadiene latexes 

were coated with PPy using the H2O2-HBr-Fe3+ oxidant system. However, in these early 

papers, the particles were not extensively characterized and the proposed core-shell 

morphology was not proven. Furthermore, little mention was made of the colloidal stability of 

the latexes after coating. Workers at DSM Research in the Netherlands259,260 showed that a 60-

100 nm diameter sterically stabilized polyurethane latex could be coated with PPY in aqueous 

 

20 nm silica sol 

Pyrrole

Oxidant 
H2O, 20°C

 

PPY-silica 
nanocomposites 
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media and the particles still retained a reasonable degree of colloidal stability. Solid state 

conductivities were in the range 10-5-101 S cm-1 depending on the conducting polymer 

loading. Non-ionic stabilizers such as PEO were reported to be essential to prevent latex 

flocculation at the high Fe3+ concentrations required for the OCP formation. Using dielectric 

constant data in conjunction with TEM images, it was shown that the PPy was at the surface 

of the particles.  In spite of the encapsulation of the low Tg latex core by an outer layer of high 

Tg conducting polymer, these particles have been shown to exhibit good film-forming 

properties and are marketed by DSM in the fields of anti-corrosion and anti-static coatings 

under the trade name of Conquest®. Subsequent work on the morphology of the PPy 

overlayer coated onto 710 nm poly(butyl methacrylate) latex revealed a smooth shell at low 

PPy loadings, but increasing roughness as the conducting polymer loading was increased.261 

These particles exhibited a sharply defined percolation threshold at only 0.25 wt%. 

In recent years, Armes and co-workers have carried out a great deal of research on the coating 

of micrometer-sized polystyrene (PS) latexes with conducting polymers. Using a modified 

DSM protocol, Lascelles and Armes 262,263 coated a 1.8 μm diameter poly(N-vinyl 

pyrrolidone) [PNVP]-stabilised PS latex with PPy. The PPy loading could be varied over a 

wide range simply by varying the initial PS latex concentration. Conductivities as high as 2 S 

cm-1 were achieved for composites containing as little as 5.1 wt% PPy. Extensive surface 

characterization of these particles confirm that the PPY form a homogeneously encapsulating 

layer over the underlying PS latex, with surface coverages of 95-100% as determined by 

XPS.264,265 Disc centrifuge measurements clearly showed that the degree of particle 

flocculation increased with conducting polymer loading for PPY-PS latexes.264 This would be 

expected as thicker OCP overlayers would disrupt the stabilization imparted by the PNVP 

steric stabilizer on the latex surface. 

 

Attempts to coat submicrometer-sized PS latexes with PPY were less successful. 

Cairns et al.266,267 found that PPY deposition onto a 140 nm PEO-stabilized PS latex did not 

result in the anticipated ‘core-shell’ particles. Instead, a combined SEM, TEM, XPS and DCP 

study showed that the PPy was deposited as 10-20 nm nanoparticles onto the PS latex, leading 

to weak heteroflocculation. It is likely that this unexpected outcome was caused by one or 

more of the following three factors: (1) the PPy grain size is around 10 nm268 which is larger 

than the target PPy overlayer thickness of 5 nm; (2) the PEO steric stabilizer may have too 

low molecular weight; (3) the PS particles were prepared via emulsion polymerization using 

an anionic initiator [(NH4)2S2O8], which may lead to a relatively hydrophilic latex surface 
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limiting coating with PPy.269 It is noteworthy that several characteristics of this PPY-PS 

system are shared by the PPy-PU latexes described by DSM. Moreover, DCP analyses of 

these two dispersions are remarkably similar.270 This suggests that DSM’s PPy-PU particles 

may in fact also be heteroflocculated, rather than genuine discrete core-shell particles. 

 

II.3.2.5. Polypyrrole dispersion prepared using surfactants 

 

Small molecule surfactants have also been employed as stabilizers. The first reported 

example was by DeArmitt and Armes271in 1993, in which PPy dispersions stabilized by an 

anionic surfactant, sodium dodecylbenzenesulfonate, were prepared. 

 

II.3.3. PEDOT dispersions 

 

The first example of dispersion polymerization of EDOT is the so-called BAYTRON-P 

synthesis developed at Bayer AG.126 In this method, EDOT is chemically polymerized using 

Na2S2O8 in an aqueous solution containing poly(4-styrene sulfonate sodium salt) [PSS] at 

room temperature. This results in a dark blue, aqueous PEDOT/PSS dispersion (see Figure I-

31), which is commercially available from Bayer as a solution with PEDOT and PSS contents 

of 0.5 and 0.8 wt%, respectively.272 

 

 Figure I-31: Schematic representation of PEDOT/PSS structure. 

The solution can be used to coat a substrate and, after drying, results in a durable, 

insoluble, conductive film which is transparent with a slight blue tint. This makes the 
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PEDOT/PSS system ideal for imparting anti-static properties onto insulating substrates such 

as plastic or glass, and currently more than 108 m2 of photographic film are coated in this way 

every year.9 Kim et al.273 studied the effect of different solvents (H2O, THF, DMF and 

DMSO) on the conductivity of the PEDOT/PSS films and reported that the conductivity 

increases from 0.8 S/cm in water to 80 S/cm in DMSO. The increase in conductivity of 

PEDOT/PSS films by the addition of N-methyl pyrrolidone (NMP) and DMSO was also 

reported by Louwet274 and Sun et al.275 respectively. However, it has been described that in 

organic light emitting devices (OLEDs) the ITO/PEDOT:PSS is not stable due the etching of 

ITO as a consequence of the strong acidic nature of PSS.276 The degraded surface can act as a 

defect site and lead to deterioration of the device performance, especially its long term 

stability.277  

 

Recently, Sun and Hagner278 developed a polyelectrolyte-based preparative route to 

composited nanowires based on PEDOT conducting polymer, involving chemical 

polymerization of EDOT monomer using FeCl3 as an oxidant in the presence of a poly(acrylic 

acid) (PAA). This polymerization process leads to water-dispersible, wire-like 

nanocomposites, namely, nanowires which are about 20 nm in diameter and several hundred 

nanometers in length (Figure I-32) 

 
 

 

 

 

 

 

 

 

 

 

Figure I-32: TEM image of the PEDOT nanowires produced prepared in the presence of PAA.278 
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There are some reports on the synthesis of PEDOT nanparticles in the presence of 

surfactants. 279-281 Im et al. have prepared PEDOT particles in micellar solution templates 

using sodium dodecylbenzene sulfonic acid (DBSA) as a surfactant and FeCl3 /Na2S2O8 as an 

oxidant in aqueous media.280 However, in this case, PEDOT particles were poorly defined and 

showed tendency to form aggregates (Figure I-33). Saunders and co-workers279 synthesized 

PEDOT particles with narrow size distribution using short chain alcohol ethoxylate 

surfactants. More recently, Dai et al.281 prepared PEDOT nanoparticles using conductive 

poly[2-(3-thienyl)-ethoxy-4-butylsulfonate] (PTEB) as surfactant for the emulsion 

polymerization of PEDOT. These particles show large size distribution (Figure I-34). 

 
Figure.I-33: SEM image of PEDOT particles prepared from APS–DBSA system (DBSA conc.  
0.044 M).280 
 

 

 

 

 

 

 

 

 

 

 

Figure I-34: PEDOT particles prepared using10 wt % of H-PTEB to EDOT.281 
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In their attempt to prepare PEDOT dispersions in organic media, Marcilla et al.282 first 

polymerized EDOT in aqueous media in the presence of a polymeric ionic liquid (PIL), 

poly(1-vinyl-3-ethylimidazolium bromide). By addition of bispentafluoroethanesulfonimide 

lithium salt, the PIL stabilizer becomes hydrophobic and precipitates in water and traps the 

conducting polymer microparticles inside. The dispersion of the recovered powders in organic 

solvents leads to organic conducting dispersions. The authors mentioned nothing about the 

morphology of the PEDOT particles. On the other hand, Müllen et al.283 reported the 

synthesis of PEDOT nanoparticles by emulsion system consisting of cyclohexane as the 

continuous phase and acetonitrile as the dispersed one in the presence of polyisoprene-block-

poly(methyl methacrylate) copolymer as emulsifiers. 

 

In another approach, the syntheses of PEDOT-coated polystyrene particles and 

PEDOT-coated silica particles have been reported by Khan et al.284and Han et al.285 

respectively. Recently, Zhang et al.286described the synthesis of PEDOT nanotubes using 

aluminum oxide templates. To our knowledge, the synthesis of well-defined PEDOT nano-

objects using steric and reactive stabilizer has never been described in the literature and thus 

would be one of our objectives in this PhD. 

 

II-3.4.  Polythiophenes and poly(3-hexylthiophene) dispersions 

 

There are very few examples of dispersion polymerization of thiophene and 3-

hexylthiophene. Recently, Jung et al.287 described the synthesis of core-shell 

poly(styrene/thiophene) latex particles by the oxidative polymerization of thiophene 

monomers during the emulsifier-free emulsion polymerization of styrene monomers using the 

different polymerization rate of each monomer. Growing and pre-existing poly(St/NaSS) latex 

particles provide polymerization loci for the growing oligomers of thiophene to polymerize 

with monomers or other oligomers. To confirm core-shell morphology of the resulting 

particles, they were exposed to a chloroform (CHCl3) solution for 15–20 hrs to remove the 

polystyrene cores. The crumpled poly(thiophene) shells corroborates the core-shell 

morphology of the resulting latex particles (See Figure I-35).  
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Figure I-35: SEM images of (a) core-shell poly(styrene/thiophene) latex particles (b) crumpled 
polythiophene shell layer of poly(styrene/thiophene) latex particles.287 
 

Karim et al.288 on the other hand, demonstrated a novel route to synthesize a new 

morphology, micrometer particle sizes of buckyballshaped giant spherical conducting 

polythiophene, by the in-situ gamma radiolysis chemical oxidative polymerization of 

thiophene (see Figure I-36). Different structural characterizations including electron 

microscope images and spectroscopy analysis data clearly indicated the formation of spherical 

conducting polythiophene particles.  

 
Figure I-36: FE-SEM images of (a) single, (b) groups of giant spherical conducting 
polythiophene synthesized by the in-situ gamma radiation-induced chemical polymerization 
method.288 
 

Stable colloidal dispersion of poly(3-hexylthiophene) have been successfully obtained by 

Takeuchi and Kobashi by simple precipitation technique with selected poor solvent like 1-methyl-2-

pyrrolidinone (NMP) and 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP). These particles have size between 

20 – 40 nm. The dispersions prepared in HFIP were more stable and lightly doped form (doped by 

HFIP) than prepared in NMP. 
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III. Conclusion 
 

This literature review was to identify main semiconductor polymers, focusing on their 

main synthetic routes, their molecular structure, stability and new applications as materials in 

opto-electronics. This study revealed that the conduction properties are closely related to the 

molecular structure of the polymer chains. Because of their interesting optical and 

semiconducting properties, these conjugated organic polymers have potential application in 

electrochromics, supercapacitors, antistatic and electro-static coatings, light-emitting devices, 

photovoltaics, sensors etc. Among conducting polymers, PANI, PPy and PEDOT have 

attracted special attention because of their reasonable environmental stability. These 

semiconducting polymers can be easily prepared by both chemical and electrochemical 

methods. Unfortunately, like most of the conjugated polymers, they are insoluble in common 

organic solvents, therefore difficult to process, thus preventing their common use and large 

scale development. In order to overcome this drawback, many research groups enhanced the 

processability of conjugated polymers by synthesizing them under the form of sterically 

stabilized particles. 
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I. Water-borne dispersion polymerization of EDOT in 

the presence of α-EDOT-PEO reactive stabilizer 

 
In this study, we discuss the synthesis, in alcoholic media, of well-defined spherical 

PEDOT objects (i.e. core-shell nanoparticles and vesicles) in the presence of poly(ethylene 

oxide) end-functionalized with a (3,4-ethylenedioxythiophene) moiety, using ammonium 

persulfate or iron(III) p-toluenesulfonate hexahydrate as oxidizing agents.  

 

I.1  Synthesis of α-EDOT-PEO reactive stabilizers 

It is with the objective to prepare core-shell PEDOT-PEO particles in aqueous media that we 

first designed poly(ethylene oxide) end-capped with one 3,4-ethylenedioxythiophene (EDOT) 

moiety (α-EDOT-PEO), for further use as a reactive steric stabilizer. The latter was prepared 

by “living” anionic polymerization of ethylene oxide. The synthesis of these polymers 

requires prior the synthesis of EDOT molecule carrying one hydroxyl group capable of 

initiating the anionic polymerization of ethylene oxide.  

 

I.1.1 Synthesis of the initiator carrying EDOT moiety 

 

The preparation of 2-methylol-3,4-ethylenedioxythiophene (EDOT-CH2OH) initiator 

involved two steps. Formylation of EDOT was first carried out with N,N-dimethylformamide 

in the presence of n-BuLi to give 2-formaldehyde-3,4-ethylenedioxythiophene (EDOT-CHO) 

in 70% yield (see Scheme II-1). 

 

 

 

 

Scheme II-1: Synthesis of 2-methylol-3,4-ethylenedioxythiophene (EDOT-CH2OH) initiator 
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1H NMR spectrum of EDOT-CHO in CDCl3 is given in Figure II-1a. It clearly shows the 

peaks corresponding to the EDOT structure at 4.2-4.3 ppm (a) and 6.8 ppm (b) and one signal 

at 9.9 ppm attributed to the aldehyde function (c). 

 

The reduction of the aldehyde function into primary alcohol was then realized after 

treatment of EDOT-CHO with NaBH4 to give EDOT-CH2OH in 80% yield. 1H NMR 

spectrum of EDOT-CH2OH in CDCl3 is shown in Figure II-1b. It proves the total 

derivatization of the aldehyde into alcohol with the appearance of signals located at 4.6 ppm 

and 1.8 ppm assigned to proton resonances of the CH2O- and -OH groups respectively, 

together with the total disappearance of the signal corresponding to the resonance of the 

aldehyde group at 9.9 ppm.  

 
 

(a) 

 

 

 

 

(b) 

 

 

 

Figure II-1: 1H NMR spectra of (a) EDOT-CHO in CDCl3 (b) EDOT-CH2OH in CDCl3 

I.1.2 Polymerization of ethylene oxide 

A series of α-EDOT-PEO macromonomers of different average molecular weights 

were prepared from the α-EDOT-CH2OH initiator in THF, in the presence of diphenyl methyl 

potassium (DPMK) (Scheme II-2). 
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Scheme II-2: Synthesis of α-EDOT-PEO by EO polymerization initiated with EDOT-CH2OH 

 

In order to minimize the aggregation alcoholate functions, the hydroxyl groups of the 

initiator were partially (86%) deprotonated by DPMK. This lack of DPMK is not a problem 

because the exchange of protons between alcoholates groups (active species) and hydroxyl 

(dormant species) is significantly faster than the chains growth,3,4 and it does not affect the 

controlled mechanism of the polymerization. The reactions were continued under stirring for 

72 h at 45°C and then were deactivated by the addition of a MeOH / HCl mixture. Different 

polymers were then purified by precipitation in cold ether and analyzed by 1H NMR and 

GPC. The characteristics of the α-EDOT-PEO samples are summarized in Table II-1 

 

The effectiveness of the initiation of the anionic polymerization of ethylene oxide by 

CH2OH-EDOT precursor does not seem complete. Indeed, the experimental nDP measured by 

GPC are lower than their theoretical values, with a monomer conversions between 48 to 81%. 

This can be explained by a slow polymerization caused by the presence of non-reactive 

aggregated alcoholates. However, in all cases, the dispersity (D = Mw/Mn) is narrow in 

agreement with the living character of the polymerization and we did not try to optimize 

further the polymerization conditions in the context of this study. 
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Stabilizer [M]/[I] Reaction 

time 
Theoretical nM  

(at 100% conversion) 
Experimental 

nM  GPCa 
(g/mol) 

PDI 

S1 46 48h 2000 1200 1.1 

S2 91 72h 4000 2000 1.1 

S3 136 72h 6000 4900 1.2 

S4 227 72h 10000 5200 1.3 

S5 454 72h 20000 9700 1.2 

S6 1136 72h 50000 25000 1.2 

S7 2273 72h 100000 51000 1.1 

[M] = concentration of ethylene oxide, [I] = Concentration of EDOT-CH2OH. 
a) Determined in water as mobile phase and PEO as standards 
Table II-1: Characteristics of α-EDOT-PEO obtained by anionic polymerization of ethylene 
oxide using an EDOT-CH2OH as an initiator. 
 

 

 

 

 

 

 

 

 

 

Figure II-2: 1H NMR spectrum of α-EDOT-PEO in DMSO (S2, Table II-1) 

The 1H NMR spectrum of the α-EDOT-PEO in DMSO is shown in Figure II-2. The 

presence of signals at 4.53 and 4.33 ppm corresponding respectively to the protons of EDOT 
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CH2-O and those of the ether bridge (O-CH2-CH2-O) of EDOT are proof of the functionality 

of the PEO chains. The integration of the different signals permits the determination of the 

degree of polymerization of the PEO chain, in agreement with GPC data. 

 

I.2. Dispersion polymerization of EDOT  
 

As EDOT is not soluble in pure water, we tested various solvent mixtures to obtain a 

homogeneous solution at the start of the polymerization, requirement for dispersion technique. 

It was found that EDOT and the other reactants were all soluble in a methanol/water mixture 

(60 % methanol/40 % water in volume fraction). A series of oxidative EDOT dispersion 

polymerizations were thus performed in this solvent mixture, in the presence of α-EDOT-

PEO used as steric reactive stabilizers. Two oxidants were tested, namely ammonium 

persulfate [(NH4)2S2O8] and iron(III) p-toluene sulfonate hexahydrate [Fe(III)(OTs)3 .6(H2O)]. 

The synthesis of PEDOT particles is illustrated in Scheme II-3.  

 

 

 

 

 

Scheme II-3: Synthesis of PEDOT nanoparticles in alcoholic media in the presence of α-EDOT-
PEO using (NH4)2S2O8 or Fe(III)(OTs)3 as an oxidant. 

 

The influence, on the PEDOT particle formation, of various parameters such as the 

nature of the oxidant, the molar mass and concentration of α-EDOT-PEO have been 

investigated. Data are given in Table II-2 and II-3 
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Run N° 

 

 

Oxidant 

 

 

α-EDOT-PEO

nM  

g/mol 

α-EDOT-PEO e 

introduced 

wt.-% 

T 

 

°C 

Yield 

 

% 

Wt % of 

PEO 

incorporated 

Particle 

diameter 

(nm) 

Remarks 

 

 

1 (NH4)2S2O8 1200 50 25 30 nd - coagulum 

2 (NH4)2S2O8 2000 50 25 32 nd - coagulum 

3 (NH4)2S2O8 5200 20 25 30 nd 100-170a particles 

4 (NH4)2S2O8 5200 50 25 35 nd 180 ±100c particles 

5 (NH4)2S2O8 9700 50 25 30 nd 70-150a particles 

6b (NH4)2S2O8 10000 50 25 31 nd - coagulum 

7 (NH4)2S2O8 25000 50 25 35 75 160-500a vesicles 

8 (NH4)2S2O8 51000 50 25 32 68 80-120a particles 

9 (NH4)2S2O8 51000 50 50 30 62 500 ±100c particles 

10 (NH4)2S2O8 51000 50 85 32 62 235 ± 70c particles 

11d (NH4)2S2O8 51000d 50 50 25 32 175 ± 25c particles 

(a) Determined by TEM, (b) Commercial PEO was used as a stabilizer, (c) Determined by Malvern Zetasizer 3000 HSA at 25°C in methanol, (d) Pure water was used as 
dispersant medium, (e) Versus the monomer (EDOT + α-EDOT-PEO), (nd) not determined 
Table II-2: Synthesis of PEDOT nanoparticles by dispersion polymerization using (NH4)2S2O8 as an oxidant in water/methanol (3/2)  
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I.2.1. Use of Ammonium persulfate as an oxidant  

 

The first experiments were performed using ammonium persulfate as an oxidant (at 

room temperature) in the presence of α-EDOT-PEO at different concentrations ranging from 

20 to 50 wt.%. These conditions allowed us to prepare PEDOT-PEO latex particles (runs 3-5 

and 7-10) with a relatively low yield (~30%) after three cycles of centrifugation-redispersion 

in the solvent mixture. A longer reaction time (72 h) and a higher reaction temperature (runs 

9-10) did not result in an increase of the particle yield. This last observation argues for a low 

efficiency of ammonium persulfate oxidant towards EDOT polymerization. As shown in 

Table II-2, it is worth noting that a critical α-EDOT-PEO molecular weight ( nM =5200 

g/mol) is required for the formation of a stable PEDOT latex (runs 3-5 and runs 7-10 vs. runs 

1-2). Indeed, no particles were formed when a lower molecular weight α-EDOT-PEO was 

used (runs 1-2). This is in agreement with a more effective covering of the particle surface by 

high molecular weight stabilizer, as already mentioned in the literature.5 

 

TEM images of the particles formed using 5200 g/mol (run 3), 9700 g/mol (run 5), 

25000 g/mol (run 7) and 51000 g/mol (run 8) α-EDOT-PEO, respectively, are shown in 

Figure II-5. Loose aggregates of 20-50 nm were observed with 5200 g/mol α-EDOT-PEO 

sample (Figure II-3a). As the size of the aggregates strongly varied depending on the area 

observed and considering the particle diameter measured by DLS, the aggregation 

phenomenon may partly correspond to a drying artifact. Nevertheless, the shape of the 

constituting particles was not very well-defined. Spheroïdal objects with a diameter ranging 

from 50 to 100 nm and 80 to 120 nm were observed with 9700 g/mol (Figure II-3b) and 

51000 g/mol (Figure II-3d) α-EDOT-PEO samples, respectively. These values are in 

agreement with those obtained by DLS in methanol (Table II-2). Interestingly, as shown in 

Figure II-3c, the PEDOT latex obtained from the 25000 g/mol α-EDOT-PEO reactive 

stabilizer contained vesicle-like hollow spheres. Their diameter ranged from 160 to 500 nm, 

with a rather regular wall thickness of 30-35 nm, independent of the particle diameter. The 

formation of such hollow spheres may result from a specific behavior of α-EDOT-PEO 

reactive stabilizer in these experimental conditions. This will be studied in the following 

section. 
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In order to prove the key role of the EDOT moiety attached to the PEO chain, EDOT 

dispersion polymerization was carried out in the presence of commercial hydroxy-ended PEO 

of comparable molecular weight (run 6). As shown in Table III-2, no stable latex could be 

obtained in this case, observation which points out the specific role played by α-EDOT-PEO 

as a reactive stabilizer towards EDOT dispersion polymerization.  

 

 

 

 

 

 

 

 

 

 

Figure II-3: TEM images of PEDOT particles prepared using PEO-based stabilizers having 
different molecular weight: a) 5200 g/mol ; b) 9700 g/mol ; c) 25000 g/mol ; d) 51000 g/mol in 
water/methanol mixture (2/3, v/v) at room temperature using ammonium persulfate as an 
oxidant. 

 

Finally, EDOT polymerization was performed in pure water in similar experimental 

conditions. Stable PEDOT latex could be only obtained by using high molecular weight α-

EDOT-PEO (run 11). Similarly to experiments implemented in methanol/water mixtures, the 

yield remains low in the presence of ammonium persulfate as an oxidant. With the objective 

of better understanding the effect of the PEO functionality type on the control of PEDOT 

morphology, the behavior of these end-functionalized PEOs was analyzed by DLS at different 

concentrations in the solvent mixture used in polymerization experiments.  
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I.2.2. Self-organization of α-EDOT-PEO in methanol/water mixture (2:3) 
 

α-EDOT-PEO solutions were prepared by direct dissolution of the end-functionalized 

PEO in water/methanol mixture. The auto-correlation functions and their CONTIN analyses6 

obtained at 25°C for different α-EDOT-PEO samples ( nM = 9700, 25000 and 51000 g.mol-1) 

at a concentration of 5 g/L are shown on Figure II-4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure II-4: Auto-correlation function C(q,t) and relaxation time distribution G(t) at 90° of α-
EDOT-PEO reactive stabilizers at the concentration of 5g/L in water/methanol mixture (3:2) (a) 
α-EDOT-PEO ( nM  = 9700 g.mol-1), (b) α-EDOT-PEO ( nM  = 25000 g.mol-1), (c) α-EDOT-PEO 
( nM  = 51000 g.mol-1). (d) Relaxation frequency Γ as a function of q2 for α-EDOT-PEO (Mn = 
25000 g.mol-1). 
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In the case of the lower molecular weight α-EDOT-PEO samples ( nM = 9700 and 

25000 g.mol-1) (Figures II-4a and II-4b), one main population with hydrodynamic radii RH 

respectively of 97 nm and 78 nm can be determined. These typical dimensions are 

characteristic of micellar aggregation. Concerning the highest molecular weight EDOT-PEO 

( nM = 51000 g.mol-1) (Figure II-4c), the scattering intensity was very low, consistent with the 

small size observed (RH = 7.2 nm) that corresponds to free chains (unimers) in solution. These 

observations can be easily understood, as a sufficient hydrophilic to hydrophobic balance is 

needed to ensure enough incompatibility and self-assembly process.  

 

The solution behavior in methanol/water mixture of EDOT-PEO ( nM = 25000 g/mol) 

was more systematically investigated by DLS at different concentrations and different 

diffusion angles. First, no significant evolution of the apparent hydrodynamic radius has been 

observed with concentration. In addition, the linear dependence of relaxation frequency Γ  as 

a function of the square of the wave vector q2 confirms that the observed micellar aggregates 

are spherical and homogeneous in size (Figure II-4d). Taking into account the dimension of a 

unimer (about 5 nm), such a morphology is not really consistent with a spherical micelle, but 

a vesicular structure is expected.7, 8 

 

In order to further investigate the morphology of the aggregates formed, SANS of the 

α-EDOT-PEO sample was performed using D2O as a solvent. Although not very well-

defined, the evolution of the intensity at q-2 and q-4 suggests again a vesicular type 

organization (see Figure II-5).  

 

The formation of these spherical objects was further confirmed by TEM analysis (see 

Figure II-6). The majority of these nanoparticles have a size around 80 nm which is very close 

to the value obtained by DLS analysis. From these analyses, one may anticipate that α-

EDOT-PEO ( nM = 25000 g.mol-1) self-assembles to form vesicular nano-objects that serve as 

templates of PEDOT vesicles (run 7, Table II-2).  
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Figure II-5: SANS scattering intensity I(q) profile of α-EDOT-PEO ( nM  = 25000 g.mol-1) 
solution (20 g/L) in D2O. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure II-6: Cryo-TEM images of α-EDOT-PEO ( nM  = 25000 g.mol-1) in water/methanol 
mixture (3:2). 
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I.2.3. Use of Iron(III) p-toluene sulfonate hexahydrate [Fe(III)(OTs)3 6(H2O)] 

as an oxidant  

 
Conversely to data obtained with [(NH4)2S2O8] as an oxidant, use of high reaction 

temperature (85°C) allowed us to prepare PEDOT latex in high yield (80%) (runs 1-5, Table 

II-3) in the presence of Fe(III)(OTs)3.6(H2O) after 48 h reaction time (methanol/water; 3/2). In 

this case, the reaction temperature was found crucial since the polymerization does not take 

place at room temperature (run 4). The higher efficiency of Fe(III)(OTs)3.6(H2O) oxidant in 

comparison to [(NH4)2S2O8] allowed us to use lower α-EDOT-PEO reactive stabilizer 

concentration to obtain PEDOT latexes particles (runs1-3and 5). In accordance with literature 

data, a decrease of the average particle size from 280 to 200 nm was observed when the 

concentration of the reactive stabilizer α-EDOT-PEO increases from 10 wt% to 50 wt% (runs 

1-3).5 Such a tendency can be explained by a higher surface coverage when using higher 

amount of steric stabilizer (see Figure II-7).  

 

 

Figure II-7: TEM images of PEDOT nano-rods prepared using PEO-based stabilizers having 
same molar mass(51000 g/mol) but different different concentrations (a) 20 wt.% and (b) 50 
wt.% in water/methanol mixture (2/3, v/v) at 85°C using Fe(III)(OTs)3.6(H2O) 

 

 

 

a b
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Run N° 

 

Oxidant 

 

 

α-EDOT-PEO 

nM  

g/mol 

α-EDOT-PEOa 

introduced 

wt.-% 

T 

 

°C 

Yield 

 

% 

Particle 

diameter 

(nm) 

Remarks 

 

 

1 Fe(III)(OTs)3 51000 50 85 80 200 ±20b particles 

2 Fe(III)(OTs)3 51000 20 85 84 260 ±40b particles 

3 Fe(III)(OTs)3 51000 10 85 81 280 ±30b particles 

4 Fe(III)(OTs)3 51000 20 25 0 _ _ 

5 Fe(III)(OTs)3 25000 20 85 80 264 ±50 b particles 

(a) Versus the monomer (EDOT + α-EDOT-PEO), (b) Determined by Malvern Zetasizer 3000 HSA at 25°C in methanol, 
Table II-3: Synthesis of PEDOT nanoparticles by dispersion polymerization using Fe(III)(OTs)3 as an oxidant in water/methanol (3/2)  
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I.3. Dimensional and morphological characterizations of PEDOT 

samples 

 
The particles obtained with the two oxidants were characterized using different 

techniques with the objectives (i) to confirm the presence of PEO chains attached to the 

PEDOT particles and (ii) to check the capacity of these materials to exhibit conductive 

properties. The complete solubilization of the PEDOT-PEO samples in DMF or DMSO -

allowing the characterization of the material by GPC and NMR techniques- was only effective 

when high molar mass PEO was used as a stabilizer and ammonium persulfate as an oxidant 

(runs 7-11).  

 

The presence of PEO within the samples was proved by 1H NMR spectroscopy. As 

shown in Figure II-8 (run 10, as an example), signals corresponding to ethylene oxide units 

(CH2O-) centered at 3.5 ppm and to EDOT ones (CH2O-) at 4.3 ppm are clearly observed, 

allowing us to determine the wt.% of PEO contained in the particle.  

 

 

 

 

 

 

Figure II-8: 1H NMR spectra of PEDOT particles in DMSO (run 10, Table II-2). 

As it is indicated in Table II-4, the weight fraction of PEO was found ranging from 

32% (run 11) to 75% (run 7). These data underline the higher efficiency of α-EDOT-PEO in 

methanol/water mixture than in pure water and also show that the particles contain relative 

high amount of PEO, in agreement with the low conversion of EDOT in these experimental 

conditions (ammonium persulfate as an oxidant).  
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EDOT samples were also characterized by double detection (IR and UV) GPC using 

DMF as a mobile phase and polystyrene as standards (see Table II-4). As it is shown in Figure 

II-9, the samples could be analyzed using a UV detector, proof of the presence of PEDOT 

segments, since PEO is not UV-absorbent. GPC traces exhibit monomodal distribution with 

apparent Mn values ranging from 5000 g/mol. to 11000 g/mol and low dispersity indexes 

(1.3<D<1.6). The higher the temperature, the higher the molar masses (runs 7, 9, 10). 

Run N° α-EDOT-PEO 

nM  
g/mol 

T 
 
 

°C 

nM of PEDOTa 
 
 

g/mol 

PDI 

7 25000 25 5300 1.4 
8 51000 25 8400 1.3 
9 51000 50 11000 1.4 
10 51000 85 11500 1.6 
11 51000 50 7400 1.4 

a) Determined by GPC using DMF as mobile phase and polystyrene as standards at 60°C 
Table II-4: Molar masses of the PEDOT prepared using ammonium persulfate as an oxidant 
and in the presence of α-EDOT-PEO (50 wt.-%) 

-5 0 5 10 15 20 25 30 35 40

Elution Time

Run 10, Mn=11500, PDI=1.6

Run 11, Mn=7400, PDI=1.4
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Figure III-9: GPC traces of PEDOT samples runs 7, 10 and 11 (in DMF as eluent at 60°C in the 
presence of LiBr salt)  
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It is worth mentioning that PEDOT particles prepared in the presence of 

Fe(III)(OTs)3.6(H2O) as an oxidant, were found insoluble both in DMF and DMSO (even after 

sonication), impeding a full characterization of the chains contained within the particles. This 

phenomenon may be attributed to a high content of PEDOT units within the particles so 

formed, in accord with the high yield obtained.  

 

I.4. Conductivity measurements of PEDOT samples 
 

The conductivity of PEDOT-PEO samples was measured using the conventional four 

probes technique on dried and compressed PEDOT particles under the form of disc pellets. 

Contrarily to experiments performed with Fe(III)(OTs)3.6(H2O) as an oxidant, addition of para-

toluene sulfonic acid (PTSA) as an external doping agent was required for PEDOT samples 

prepared in the presence of [(NH4)2S2O8]. In the latter case, PTSA (0.33 eq vs EDOT) was 

added at the beginning of the polymerization. Conductivity values were found from 8x10-5 

S/cm to 1.5x10-2 S/cm for PEDOT samples obtained using 50 wt% and 20 wt% α-EDOT-PEO 

respectively. This trend is in agreement with the insulating properties of PEO within the 

material. A similar result has been obtained and reported in the literature for dispersion 

polymerization of pyrrole.9,10 

 

II. Dispersion polymerization of EDOT in the presence of 
α- and α, ω end-functionalized reactive PEO in 

methanol/water mixture 
 

In order to optimize the morphology of the PEDOT nano-objects, we study the role of 

various parameters, such as the functionality, the nature of the termini and the molecular 

weight of the reactive PEO stabilizers. To that purpose, a series of α-functionalized and α,ω-

functionalized PEO of different molecular weight, i.e. α-(N-methyl pyrrole) PEO (α-Py-PEO), 

α-thiophene PEO (α-Th-PEO), α-fluorene PEO (α-Flu-PEO), α,ω-(N-methyl pyrrole) PEO 

(α,ω-Py-PEO), α,ω-(thiophene) PEO (α,ω-Th-PEO) and α,ω-(fluorene) PEO (α,ω-Flu-PEO), 

have been synthesized and compared as steric reactive stabilizers. End groups such as pyrrole, 

thiophene, or fluorene moieties have been chosen so as to react by oxidative radical coupling 

with the growing PEDOT chains. In addition, monofunctionalized or telechelic reactive 
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stabilizers were investigated as they are supposed to behave differently in polymerizations in 

dispersed media. 

 

II.1. Synthesis of α- and α, ω end-functionalized PEO  

 
A series of PEO, end-capped by one or two functions such as pyrrole (Py), thiophene 

(Th) or fluorene (Fluo) having different molecular weight were prepared. The latter were 

synthesized by esterification of α,ω-OH PEO with the corresponding carboxylic acids of 

pyrrole, thiophene, and fluorene respectively (scheme II-5). The reaction was catalyzed by the 

1:1 molecular complex of 4-(dimethylamino) pyridine with p-toluenesulfonic acid also known 

as 4-(dimethylamino)pyridinium 4-toluenesulfonate (DPTS), the role of DPTS being to favor 

the ester formation by suppressing the side reaction leading to the formation of N-acylurea.11 

The chain-end derivatization proceeds readily at room temperature which results in the 

formation of mono- or difunctionalized PEO depending on the amount of the carboxylic acid 

used. The general synthetic pathway is shown in Scheme II-4. 

 

 
 

Scheme II-4: Synthesis of end-capped PEO by esterification reaction of α,ω-OH-PEO with 
various carboxylic acids, i.e. N-methyl-2-pyrrolecarboxylic acid, thiophene-2-carboxylic acid 
and fluorene-9-carboxylic acid 
 

 

All the functionalized PEO were characterized by 1H NMR spectroscopy. Three 

examples are shown in Figure II-10. The 1H NMR spectrum in DMSO of α-Py-PEO ( nM = 

10000 g.mol-1) is shown in Figure II-10b (to compare with that of α,ω-OH PEO Figure II-



Chapter II: Synthesis of PEDOT nano-objects using poly(ethyleneoxide) based reactive stabilizers 
 

89 
 

10a). The appearance of signals at 6.08 ppm (a), 6.83 ppm (b) and 7.09 ppm (c), due to 

pyrrole ring protons resonance and at 4.27 ppm (d) due to CH2O- of the ester function 

confirms the presence of pyrrole moiety at the PEO chain-end. The integration values of each 

peak are in accordance with the presence of only one pyrrole unit per PEO chain. Similarly, 

the complete disappearance of signal at 4.54 ppm due to -OH function confirms the synthesis 

of α,ω-Py-PEO, as demonstrated on Figure II-10c.  

 

In the same way, the disappearance of signal at 4.54 ppm (-OH group) together with 

the appearance of signals at 7.22 ppm–7.96 ppm due to thiophene ring protons and at 

4.36 ppm due to CH2O- of ester group respectively, are in accordance with the formation of 

α,ω-Th-PEO ( nM  = 10000 g.mol-1) (see Figure II-11a). The 1H NMR spectrum of α,ω-flu-

PEO was performed in CDCl3 as fluorene peaks are difficult to distinguish in DMSO. The 

signals at 7.31 ppm-7.74 ppm due to the resonance of fluorene ring protons and at 4.31 ppm 

due to resonance of protons from CH2O- of the ester group, together with the complete 

disappearance of –OH signal at 2.65 ppm prove the presence of fluorene moieties at both end 

of the PEO chain ( nM  = 10000 g.mol-1) (see Figure II-11b). This was confirmed by 

integration of the different signals. SEC traces of all these end-functionalized PEO remain 

monomodal and match the ones of α,ω-OH PEO precursor which confirms that the 

functionalization reactions did not alter the structure of the PEO chains. 

 

The presence of aromatic functions in modified PEO chains can also be verified by 

UV-visible spectroscopy. UV-visible spectra of the modified and un-modified 

poly(ethyleneoxide) was performed in CHCl3. All modified poly(ethyleneoxide) give strong 

absorption at about 300 nm due to aromatic rings present at the chain end while un-modified 

PEO does not absorb in UV-visible region (Figure II-12). 
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Figure II-10: 1H NMR spectra of (a) Poly(ethylene oxide) (b) α-N-methyl-pyrrole poly (ethylene 
oxide), (c) α,ω-N-methyl-pyrrole poly (ethylene oxide) in DMSO. 
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Figure II-11: 1H NMR (400MHz) spectra of (a) α,ω-Th-PEO in DMSO-d6 and (b) α, ω -Fluo-
PEO in CDCl3 
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Figure II-12: UV-Visible spectra of modified and un-modified poly(ethyleneoxide) in CDCl3 

(5mg/mL) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure II-13: FTIR spectra of (a) α,ω-OH-PEO and (b) α,ω-Flu-PEO 
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The functionalization of poly(ethyleneoxide) by reactive organic moieties was also 

confirmed by Fourier transform infrared (FTIR) spectroscopy. The appearance of peaks at 

1735 cm-1 due to C=O stretching vibration of the ester group and at 750 cm-1 due to CH out of 

plane deformation vibration of aromatic ring confirms the functionalization of the 

poly(ethyleneoxide) by aromatic moieties. These features are not observed in un-modified 

poly(ethyleneoxide) (see Figure II-13) 

 

II.2.  Dispersion Polymerization of EDOT  
 

As already described in the previous section, due to the limited solubility of EDOT in 

water,12 the dispersion polymerization of EDOT was always performed in a mixture of 

methanol and water (2/3, v/v) (see Scheme II-5). The effect of the molecular weight, 

functionality and concentration of the reactive PEO as well as the nature and concentration of 

the oxidant used, on the PEDOT particle size control was investigated. 

 

 

 

 

Scheme II-5: Synthesis of PEDOT latexes by dispersion polymerization in methanol/water (2:3) 
mixture in the presence of α-functionalized-PEO and α,ω-difunctionalized-PEO reactive steric 
stabilizers. 
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II.2.1. Use of of α-Py-PEO and α-Flu-PEO as reactive stabilizers 
 

Dispersion polymerization data performed in the presence of α-Py-PEO and α-Flu-PEO 

are gathered in Table II-5. As can be seen, the size and the morphology of the PEDOT nano-

objects are affected by the nature of the oxidant, the molecular weight, the concentration and 

the functionality of the reactive PEO.  

 

II.2.1.1. (NH4)2S2O8 as an oxidant 

 

As already noticed with α-EDOT-PEO, dispersion in the presence of low molecular 

weight α-Py-PEO (5000 g.mol-1) (run 1) does not yield well-defined nano-objects. 

Coagulation generally occurs in the presence of low molecular weight reactive stabilizer. 

However, well-defined spherical particles could be obtained with the help of higher molecular 

weight reactive stabilizer (from 10000 to 35000 g.mol-1) in the presence of (NH4)2S2O8. The 

particle size decreased from 550-600 nm to 350-450 nm as the molecular weight of α-Py-PEO 

goes from 10000 g/mol to 35000 g/mol (runs 2 & 10). This is explained by a higher surface 

coverage of high molecular weight stabilizer as compared to smaller one, leading to the 

formation of a higher number of stable primary particles at the start of the dispersion 

polymerization. Similar results were obtained and reported by Mandal and coll. for the 

dispersion polymerization of pyrrole.13  

 

As a general trend,9,10 the size of the PEDOT particles decreases with the increase in 

stabilizer concentration; the particle size goes from 550-600 nm to 300-350 nm as the 

concentration of α-Py-PEO ( nM = 10000 g.mol-1) varies from 20 wt.% to 50 wt.% (see runs 

2-4). Indeed, the use of higher amount of stabilizer enables a higher surface coverage and 

therefore leads to the formation of a larger number of stable primary particles at the beginning 

of the reaction. As shown by SEM images of PEDOT particles, the size distribution of the 

particles formed in these conditions is quite narrow, underlining the efficient role of α-Py-

PEO (Figure II-14) as a steric and reactive stabilizer.  
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Run 
N° 

 

Oxidant 
type 

Stabilizer type Oxidant 
 
 

(Mole 
Equivalent)b 

stabilizer 
Mn 

 
 

(g/mol) 

stabilizer 
Introduced 

 
 

(Wt.%) 

Yield 
 
 
 

(%) 

PEO 
Incorporated 

(determined by 
1H NMR 

(%) 

Conductivity 
 
 
 

(S/cm) 

Mn (and 
dipersity of the 

PEDOT 
samples) 
(g.mol-1) 

Particle 
size 

 
 

(nm)c 

Remarks 

1 (NH4)2S2O8 α-Py-PEO 1.6 5000 20 50 nd nd nd _ Coagulum 

2 (NH4)2S2O8 α-Py-PEO 1.6 10000 20 50 17 nd nd 550-600 Particles 
3 (NH4)2S2O8 α-Py-PEO 1.6 10000 35 50 22 nd 6000 (1.6) 400-500 Particles 

4 (NH4)2S2O8 α-Py-PEO 1.6 10000 50 55 23 nd 5500 (1.7) 300-350 Particles 
5 (NH4)2S2O8 α-Py-PEO 1.4 10000 50 55 5 5.40×10-6 6000 (2.0) 600-700 Particles 

6 (NH4)2S2O8 α-Py-PEO 2.3 10000 50 55 10 4.23×10-6 5100 (1.7) 400-600 Particles 
7 (NH4)2S2O8 α-Flu-PEO 1.6 10000 20 60 27 4.40×10-6 7000 (1.8) 450-500 Particles 
8 (NH4)2S2O8 α-Py-PEO 1.6 20000 20 50 28 4.36×10-6 6000 (1.6) 200-500 Particles 

9 (NH4)2S2O8 α-Py-PEO 1.6 20000 35 55 21 3.36×10-6 5200 (1.7) 150-300 Particles 
10 (NH4)2S2O8 α-Py-PEO 1.6 35000 20 40 12 8.38×10-6 6200 (1.8) 350-400 Particles 

11 (NH4)2S2O8 α-Py-PEO 1.6 35000 35 50 3 1.28×10-6 6100 (1.7) 275-300 Particles 
12a Fe(OTs)3 α-Py-PEO 2.6 35000 20 83 nd 1.10×10-2        _ _ Desert rose 
13a Fe(OTs)3 α-Py-PEO 2.6 35000 35 75 nd 1.90×10-2        _ _ Desert rose 

14a Fe(OTs)3 α-Py-PEO 2.6 35000 50 80 nd 1.74×10-3        _ _ Desert rose 

a) Reactions were carried at 85 °C 
b) Versus monomer 
c) More than 95 % of particles belong to the span given 

Table II-5: Synthesis of PEDOT dispersions in methanol/water mixture (2:3) using mono-functionalized PEO-based reactive stabilizer at 35°C 
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Figure II-14: SEM images of PEDOT core-shell particles prepared in the presence of (a) α-Py-
PEO, 10000 g.mol-1, 20 wt.%, (run 2, Table II-5) and (b) α-Py-PEO, 35000 g.mol-1, 20 wt.% (run 
10, Table II-5).  

 

The substitution of pyrrole end group by fluorene function has nearly no effect on the 

particle size. For a given PEO molar mass and concentration (runs 2 & 10), particles with a 

comparable size and a narrow size distribution are obtained.  

 

As already noticed in a previous section (Table II-2) the yield in PEDOT particles 

never exceeds 60% irrespective of the (NH4)2S2O8 concentration. This can be explained by 

the low efficiency of this oxidant, compared to FeIII(OTs)3.6H2O (see below). In addition, all 

the samples prepared using (NH4)2S2O8 were found soluble in DMF and DMSO, allowing the 

characterization of the PEDOT samples by GPC and 1H NMR. As indicated in Table II-5, the 

molecular weights determined by GPC against polystyrene calibration remain in the range 

5000-7000 g.mol-1 whatever the experimental conditions. A typical GPC trace is shown in 

Figure II-15  

 

The wt% of PEO incorporated within the PEDOT samples could be determined by 

means of NMR spectroscopy by comparing integrations of peaks at 3.5 ppm and 4.4 ppm that 

are due to the resonances of ethylene protons of ethylene oxide and PEDOT repeating units, 

respectively. The PEO content within the particles is generally high (3-28 wt.%) and 

proportional to the amount of reactive PEO introduced at the beginning of the polymerization, 

a  b 
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proving the effective participation of the reactive stabilizer in the whole polymerization 

(Figure II-16).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure II-15: GPC trace of PEDOT sample prepared using α-Py-PEO, nM  = 20000 g.mol-1, 20 
wt.% (Run 8, Table II-5), in DMF as eluent at 60 °C in the presence of LiBr salt. 

 

 

 

 

 

 

 

 

 

 

 

Figure II-16: 1H NMR spectra in DMSO of PEDOT samples prepared using α-Py-PEO as 
reactive stabilizer, nM = 20000 g.mol-1, 20 wt.% (Run 8, Table II-5) 

 

All the data highlight that α-Py-PEO and α-Flu-PEO are efficient reactive stabilizers 

for the synthesis of calibrated PEDOT particles in the presence of (NH4)2S2O8. In particular, a 

better control of the particle size and size distribution was systematically obtained as 

compared to experiments conducted in the presence of α-EDOT-PEO, for which a higher 
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concentration (50 wt%) was required to finally obtain rather broad particle size distribution 

(runs 6-8, Table II-2).  

 

II.2.1.2. End-functionalized PEO behavior in methanol/water mixture (2/3, v/v) 

with respect to the end-group nature 

 

We performed DLS analysis of α-Py-PEO and α-Flu-PEO reactive stabilizers of 

different molecular weights and concentrations. As previously observed for the highest 

molecular weight α-EDOT-PEO (Figure II-4c), one single population, corresponding to 

unimers with RH in the range 4-5 nm, is observed as it is clear from relaxation time 

distributions [G(t)] at 90° and relaxation frequency (Γ) as a function of q2 for α-Py-PEO and 

α-Flu-PEO at the concentration of 5 g/L (Figure II-17). Similar results were obtained for other 

concentrations at different angles (Figure II-18). Hence, we can consider that α-Py-PEO and 

α-Flu-PEO reactive stabilizers do not form micellar-like aggregates in this solvent mixture. 

Their complete solubility in the solvent mixture ensure true dispersion polymerization 

conditions and may explain the quite good control of the PEDOT particle size distribution and 

morphology. 
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Figure II-17: (a) Relaxation time distributions G(t) at 90° and (b) relaxation frequency Γ as a 
function of q2 for α-Flu-PEO ( nM = 10000 g.mol-1), α-Py-PEO ( nM = 10000 g.mol-1) and Py-PEO 
( nM = 20000 g.mol-1) at 5 g/L concentration 
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Figure II-18: (a) Relaxation time distributions G(t) at different angles and at 5 g/L, (b) 
Relaxation frequency Γ as a function of q2 at different concentrations for Py-PEO ( nM = 
20000 g.mol-1)  
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II.2.1.3. Fe(OTs)3.6(H2O) as an oxidant 

 

Let us recall that very low yield is obtained at room temperature with 

Fe(OTs)3.6(H2O) (run 4,Table II-3). The polymerization of EDOT was thus performed at 

85 C, in the presence of α-Py-PEO. Unlike polymerizations conducted in the presence of 

(NH4)2S2O8, the solution color’ change "from transparent to blue purple" is quite fast with 

Fe(OTs)3.6(H2O), in accord with a higher efficiency of this latter oxidant, leading to high 

polymerization yields (runs 12-14). The probable high molecular weights PEDOTs within the 

samples impede their dissolution in any common organic solvent, limiting their 

characterization at the molecular level. In these experimental conditions, nano-objects with 

desert rose-like morphology are obtained as shown in Figure II-19. Such a morphology may 

be explained by the fact that α-Py-PEO is not effective enough to sufficiently stabilize the 

first nuclei, condition to obtain well-defined spherical particles. 

 

 

 

 

 

 

 

 

 

 

Figure II.19: SEM images of PEDOT samples prepared using α-Py-PEO reactive stabilizer 
( nM = 35000 g.mol-1, 20 wt.%, run 12, Table II-5) in the presence of Fe(III)(OTs)3.6(H2O) as an 
oxidant. 

 

II.2.2. Dispersion Polymerization of EDOT in the presence of α,ω-

difunctionalized PEO reactive stabilizers 
In order to further study the effect of PEO end groups onto the control of PEDOT particles, 

telechelic PEO (α,ω-Py-PEO, α,ω-Flu-PEO and α,ω-Th-PEO) were used as reactive 

stabilizers. 
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II.2.2.1. (NH4)2S2O8 as an oxidant 

 

The dispersion polymerization data of EDOT in the presence of α,ω-difunctionalized 

PEO used as reactive steric stabilizers yields very well-defined PEDOT particles, as shown in 

Table II-5. Alike experiments performed with monofunctional PEO, similar trend in the 

PEDOT particle size was observed with respect to the stabilizers molecular weight and 

concentration. A comparison between the different stabilizers clearly shows that the size and 

size distribution of PEDOT particles obtained with α,ω-Flu-PEO stabilizer (run 7; 200-

250 nm) are slightly smaller than those obtained with α,ω-Py-PEO (run 4; 350-400 nm) and 

α,ω-Th-PEO (run 2; 250-400 nm), in similar experimental conditions. SEM and TEM images 

of the PEDOT particles prepared using these difunctional stabilizers are shown in Figure II.20 

that demonstrates the narrow size distribution of PEDOT particles. 

 

The PEDOT samples prepared in these conditions were soluble in DMF and DMSO 

and could be characterized as described above with monofunctional end-capped PEO. From 

these analyses, the amount of incorporated/grafted PEO could be determined. High wt % of 

incorporated PEO (19-40 wt %) was measured while using these difunctional PEO. This 

result may be logically explained by the presence of the two reactive end-groups per chain. 

From this investigation, it can be partially concluded that the behaviors of monofunctional- 

and difunctional PEO are quite comparable with respect to the control of the PEDOT 

morphology. However, unlike PEDOT latexes obtained with monofunctional PEO as steric 

stabilizer, the latexes obtained in the presence of difunctional PEO were found stable for very 

long time (several months without sedimentation) and were also more easily re-dispersible in 

the solvent mixture. This feature was explained by the higher wt % of incorporated PEO 

while using telechelic (difunctional) reactive stabilizer. 
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Run 
N° 

Oxidant 
type 

Stabilizer 
type 

stabilizer 
Mn 

 
 

(g/mol) 

Amount of 
stabilizer 

Introduced 
 

(Wt.%) 

Yield 
 
 
 

(%) 

PEO 
Incorporated 
(determined 
by 1H NMR) 

(%) 

Mn(and 
dispersity of 
the PEDOT 

samples) 
(g.mol-1) 

Particle 
diameter 

 
 

(nm) 

Remarks 

1 (NH4)2S2O8 α,ω-Th-PEO 10000 20 50 25 5500 (1.7) 350-400 Particles 
2 (NH4)2S2O8 α,ω-Th-PEO 35000 35 60 29 5300 (1.6) 250-400 Particles 
3 (NH4)2S2O8 α,ω-Py-PEO 10000 20 60 19 7000 (1.5) 500-600 Particles 
4 (NH4)2S2O8 α,ω-Py-PEO 35000 35 60 40 5800 (1.5) 350-400 Particles 
5 (NH4)2S2O8 α,ω-Flu-PEO 10000 20 60 40 5400 (1.4) 350-400 Particles 
6 (NH4)2S2O8 α,ω-Flu-PEO 35000 20 55 30 7100 (1.6) 275-300 Particles 
7 (NH4)2S2O8 α,ω-Flu-PEO 35000 35 60 30 6300 (1.6) 200-250 Particles 
8 (NH4)2S2O8/ 

FeCl3 

α,ω-Py-PEO 20000 20 75 35 5400 (1.7)a 50-60 Particles 

9 (NH4)2S2O8/ 
FeCl3 

α,ω-Flu-PEO 20000 20 75 30 5400 (1.5)a 50-60 Particles 

10 (NH4)2S2O8/ 
FeCl3 

α,ω-Th-PEO 20000 20 75 33 5300 (1.8)a 35-40 Particles 

11b Fe(OTs)3 α,ω-Flu-PEO 35000 35 80 nd nd 50-80 Particles 
12b Fe(OTs)3 α,ω-Flu-PEO 35000 50 80 nd nd 50-60 Particles 

a) Partially soluble in DMF 
b) Reaction temperature was 85°C 
Table II-6: Synthesis of PEDOT dispersions in methanol/water mixture (2:3) using α,ω-functionalized PEO-based reactive stabilizer  
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Figure II-20: (a) & (b) are the SEM images of PEDOT core-shell particles prepared using α,ω-
Th-PEO (run 1, Table II-6) and α,ω-Flu-PEO (run 5, Table II-6) respectively as reactive 
stabilizers having same molecular weight ( nM = 10000 g.mol-1) and concentrations (20 wt.%) 
but different end-groups and (c) & (d) are their corresponding TEM images. 

 

We also performed DLS analysis of reactive α,ω-Py-PEO, α,ω-Th-PEO, α,ω-Flu-PEO 

and α,ω-OH-PEO of same molar mass (20000 g.mol-1) in the water/methanol mixture. All the 

systems presented a very low scattering intensity that corresponds to small RH around 4nm, 

typical of free chains in solution. It is worth noting that α,ω-Py-PEO, α,ω-Th-PEO and α,ω-

Flu-PEO show similar behavior than hydroxytelechelic PEO in the solvent reaction mixture.   

 

 

 

 

a 

dc 

b
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II.2.2.2. Fe(III)(OTs)3.6(H2O) and (NH4)2S2O8/FeCl3 mixture as oxidants 

 

Very small PEDOT particles with a narrow size distribution could be obtained in high 

yields at 85°C (runs 11, 12, Table II-6) in the presence of Fe(III)(OTs)3.6(H2O) as oxidant and 

α,ω-Flu-PEO as stabilizer (See SEM image, Figure II-21). The effect of the double 

functionality of the stabilizer must be underlined in this specific case, as only desert rose-like 

morphologies were obtained in the presence of α-Py-PEO in similar conditions (runs 12-14, 

Table II-5). This result proves the higher efficiency of difunctional stabilizer, compared to 

monofunctional one, with respect to the formation and the stabilization of the first nuclei 

formed along with the dispersion polymerization. As already mentioned, PEDOT samples 

prepared with this oxidant could not be dissolved in any solvent limiting their 

characterization, phenomenon explained by the high PEDOT content within the particles. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure II-21: SEM images of PEDOT samples prepared using α,ω-Flu-PEO reactive stabilizer 
( nM  = 35000 g.mol-1, 50 wt.%, run 12, Table II-6) in the presence of Fe(III)(OTs)3.6(H2O) as an 
oxidant at 85 °C. 

 

Interestingly, the synthesis of small PEDOT particles and low size distribution could 

be also achieved in the presence of mixtures of oxidants, i.e. (NH4)2S2O8 plus FeCl3 (1.6:1 ; 

mol:mol). The small particles formed (50-60 nm) were characterized by AFM as shown in 

Figure II-22. In that case, the particles were partially soluble in DMF and could be analyzed 

by GPC and NMR. Data are collected in Table II-6 (runs 8-10). 
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   2μm      1.25μm 

Figure II-22: AFM images of PEDOT core-shell particles prepared using different PEO-based 
reactive stabilizers of same molecular weight (20000 g.mol-1) and concentration (20 wt.%) (a) 
α,ω-Flu-PEO (b) α,ω-Th-PEO. 

 

II.3. FTIR and UV-visible characterizations of PEDOT samples 

 

The chemical composition of PEDOT samples was studied by Fourier Transformer infrared 

(FTIR) spectroscopy (see Figure II-23). The presence of peaks at 1382 and1353 cm-1 (C-C 

and C=C stretching vibrations of thiophene ring), 1214 and 1095 (C-O-C stretching in 

ethylene oxide unit), 986 and 694 cm-1 (C-S bond stretching vibrations in thiophene ring)14, 15 

prove the formation of PEDOT. Moreover, due to similar nature of ethyleneoxide both in 

stabilizer and PEDOT, it is difficult to distinguish the peaks due to stabilizer.  

UV-Visible-NIR spectrum of the PEDOT sample is shown in II-24. PEDOT samples give two 

absorption peaks, one weak absorption at 820 nm corresponding to polarons and bipolarons 

due to partial doping of PEDOT during polymerization and another at 525 nm originating 

from π-π* electronic transition in de-doped PEDOT14 

 

 

 

a b
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Figure II-23: FTIR spectra of (a) PEDOT bulk-powder (c) PEDOT sample prepared using 
(NH4)2S2O8 as an oxidant and (c) PEDOT sample prepared using Fe(III)(OTs)3.6(H2O) as an  
oxidant. 

 
Figure II-24: UV-visible spectrum of PEDOT sample in H2O 
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II.4. Conductivity measurements of PEDOT samples 

 

The conductivity of PEDOT-PEO samples was measured using the conventional 4-

probe technique on dried and compressed PEDOT particles under the form of disc pellets. 

Contrarily to experiments performed with Fe(III)(OTs)3.6(H2O) as an oxidant, addition of p-

toluene sulfonic acid (PTSA) as an external doping agent is required for PEDOT samples 

prepared in the presence of (NH4)2S2O8. Conductivity values were found from 1.28×10-6 S/cm 

to 1.10×10-2 S/cm for PEDOT samples. Only low conductivities values were obtained in the 

presence of ammonium persulfate as an oxidant while high values are obtained when using 

Fe(III)(OTs)3.6(H2O). This characteristic is explained by the dual role played by iron 

derivatives that act as oxidant and dopant. The conductivity values increase from 1.74× 

10-3 S/cm to 1.10×10-2 S/cm as the amount of α-Py-PEO decreases from 50 wt% to 20 wt% 

while using Fe(III)(OTs)3.6(H2O) as an oxidant. This trend is in agreement with the insulating 

properties of PEO within the material. A similar result has been obtained and reported in the 

literature for dispersion polymerization of pyrrole.9, 10  

 

III. Conclusion  
 

In conclusion, spherical PEDOT particles with a controlled size and a narrow size 

distribution were prepared in the presence of specifically designed PEO-based reactive 

stabilizers in aqueous dispersant media. The morphology and size of the nano-objects formed 

were tuned by changing the functionality, molecular weight, and concentration of the PEO as 

well as the type of the oxidant used. The DLS analyses of these end-functionalized PEO show 

no organization in the solvent mixture except for α-EDOT-PEO which gives, in some cases, 

vesicle-like morphology. There was very less or no effect on the size and morphology of the 

PEDOT particles by changing the PEO end from pyrrole to fluorene or thiophene. PEDOT 

particles exhibiting high conductivity values were obtained in high yields in the presence of 

Fe(III)(OTs)3.6(H2O) as an oxidant but comparatively low yield and conductivity values were 

obtained using (NH4)2S2O8. A better understanding of the parameters that govern the 

synthesis of calibrated conductive PEDOT latexes allows us to extend this synthetic strategy 

to other π-conjugated polymers. It also opens the route to conductive inks for a large range of 

applications from PLEDs to flexible organic solar cells. 
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I. Water-borne dispersion of PEDOT nano-objects using 

poly(vinyl alcohol)-based reactive stabilizers in 

aqueous dispersion 

In this first part of the chapter, we discuss the synthesis in aqueous dispersion of well-

defined PEDOT nano-objects with various morphologies, including particles and donuts, in 

the presence of pyrrole-modified poly(vinyl alcohol) (PVA-mod-Py) used as a reactive 

stabilizer. Ammonium persulfate and iron(III) p-toluene sulfonate hexahydrate 

[Fe(III)(OTs)3.6(H2O)] were used as oxidants. The nano-objects formed show electrical 

conductivity up to 1.6x10-2 S cm-1. The size of these nano-objects ranges from 30 to 450 nm 

depending upon the experimental conditions. 

 

I.1. Synthesis of the stabilizers 
 

In order to prepare PEDOT core-shell particles, we derivatized a series of PVA-mod-

Py (that are used as steric reactive stabilizers) with different degrees of substitution and 

molecular weight by partial esterification of PVA with N-methyl-2-pyrrolecarboxylic acid in 

the presence of 4-(dimethylamino)pyridinium 4-toluenosulfonate (DPTS).1 The general 

synthetic procedure is shown in Scheme III.1. 

Scheme III.1: (a) Synthesis of PVA-mod-Py  

 

1H NMR analysis was used to evaluate the density of grafting of pyrrole units per 

PVA chain in particular for degree of substitution higher than 5%.1H NMR spectrum in 

CH2 CH

OH
N

CH3

C

O

OH

PVA

CH2 CH CH2

OH

CH

N CH3

C

O

O

n + x
n-x x

DPTS/DIPC

DMSO, 40°C

N-methyl-2-pyrrole carboxylic acid PVA-mod-Py

x = 10-40



Chapter III: Synthesis of PEDOT nano-objects using poly(vinyl alcohol), poly(N-vinylpyrrolidone)-b-
poly(vinyl alcohol) and poly(N-vinylpyrrolidone)-co-poly(vinyl alcohol) based reactive stabilizers 

 

112 
 

DMSO of the PVA-mod-Py is shown in Figure III.1. The appearance of the signals at 7.05 

(h), 6.80 (f) and 6.07 ppm (g) due to pyrrole ring resonance confirmed the functionalization of 

pyrrole units along the PVA backbone. 

 

 

 (b) 

 

 

 

 

 

 

 

 

 

  (a) 

 

 

 

 

Figure III.1: 1H NMR spectra of (a) PVA and (b) PVA-mod-Py (7.5 mol.% of pyrrole 
functionalization) in DMSO at room temperature 

 

I.2. Synthesis of PEDOT nano-objects 
 

As already described, due to bad solubility of EDOT in water, the dispersion 

polymerization was performed in a mixture of methanol:water (1:4). Two types of oxidants 

i.e. ammonium persulfate and Fe(III)(OTs)3.6(H2O) were used for the oxidative polymerization 

of EDOT. A general scheme of PEDOT nano-objects synthesis is illustrated in Scheme III.2. 
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The effect of the concentration, degree of substitution and the molecular weight of the 

PVA-mod-Py stabilizers on the morphology and size of the nano-objects was investigated and 

analyzed by dynamic light scattering (DLS). The data of EDOT dispersion polymerization in 

the presence of PVA-mod-Py are summarized in Table III.1. 

 

I.2.1. Synthesis of PEDOT dispersions using (NH4)2S2O8 as an oxidant 

 

Unlike polymerizations of EDOT performed in the presence of non-modified PVA 

(run 1) the functionalization of PVA hydroxyl moieties with pyrrole was shown to be 

essential in order to prepare PEDOT nano-objects having various morphologies (runs 2-15) 

(see Figure III.2) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure III.2: PEDOT particles prepared using (A) unmodified PVA and (B) modified PVA 
(PVA-mod-Py) 

 

Above 5 mol. %, the degree of PVA substitution ([Py]) has a little effect on the 

average PEDOT particle size which remains in the range 100-200 nm (Runs 5-15). However, 

at a very low degree of substitution (runs 3 & 4), there is an amazing formation of rings, or 

so-called “donuts”. Although we do not have a full explanation on the formation of donuts, 

there is an evident relationship between the density of pyrrole grafting onto the PVA reactive 

A B
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stabilizers and the morphology of PEDOT objects. A lack of thermodynamic stability is 

probably the cause of the formation of hollow spheres. It is noteworthy that ring structure 

have been already reported by Dìez et al. in the case of synthesis of polypyrrole in aqueous 

media.2 However, in this specific work the authors use templates (β-naphthalene and 

fluorosurfactants) for pyrrole polymerization. In our case, we have checked by DLS 

measurements that no particular self-organization of the PVA-mod-Py reactive stabilizer was 

formed prior polymerization. The change in PEDOT morphologies from donuts to dense 

particles was noticed while increasing the concentration of pyrrole units onto PVA backbone 

(see runs 3 & 5). Spherical particles were only obtained above a critical value of pyrrole units 

as it is illustrated in Figure III-3 (for broader view of donuts, see Figure III-4) 

 

 

 

Scheme III.2: Synthesis of PEDOT particles and donuts by dispersion polymerization in the 
presence of PVA-mod-Py as a stabilizer 
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Run 
N° 

Oxidant 
type 

PVA-mod-Py 
Mw 

g mol-1 

Mol.%. of 
Py  

per chain 

PVA-mod-Py
Introduced 

wt.% 

Yield 
 

% 

Conductivitya 
    

S cm-1 

Particle Sizeb

 
nm 

Remarks 

1 (NH4)2S2O8 18000 0 20 50 nd _ Aggregates 
2 (NH4)2S2O8 18000 2.5 20 55 nd _ Aggregates 
3 (NH4)2S2O8 18000 2.5 35 60 3.5x10-6 300-400 Donuts 
4 (NH4)2S2O8 18000 5.0 20 70 3.2x10-6 400-800 Donuts 
5 (NH4)2S2O8 18000 5.0 35 60 7.5x10-5 180-200 Particles 
6 (NH4)2S2O8 18000 7.5 10 55 9.0x10-6 150-180 Particles 
7 (NH4)2S2O8 18000 7.5 20 60 3.6x10-6 100-140 Particles 
8 (NH4)2S2O8 18000 7.5 35 50 1.6x10-6 80-120 Particles 
9 (NH4)2S2O8 18000 10.0 20 60 7.2x10-6 150-200 Particles 
10 (NH4)2S2O8 88000 1.0 10 60 4.4x10-6 150-190 Particles 
11 (NH4)2S2O8 88000 1.0 20 50 4.0x10-6 100-170 Particles 
12 (NH4)2S2O8 88000 5.0 10 60 nd 80-100 Particles 
13 (NH4)2S2O8 88000 5.0 20 60 nd 50-100 Particles 
14c Fe(OTs)3 88000 5.0 35 80 1.6x10-2 100-140 Particles 
15c Fe(OTs)3 18000 7.5 50 80 1.8x10-3 50-60 Particles 

 
a) Measured by the four probe method 
b) Measured from SEM images. In all cases averages on 100 objects were made. 
c) Reaction mixture kept at 85 °C for 48 h. 
Table III-1: Synthesis of PEDOT particles using PVA-mod-Py as a reactive stabilizer in water/methanol (1:4) at 40 °C 
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 1.1 μm 

Figure III-3: AFM images of PEDOT particles and donuts prepared using PVA-mod-Py 
stabilizer having 5 mol.% of pyrrole functionalization, at different concentrations, (a&b) 20 
wt.% (Run 4) and c,&d) 35 wt.% (Run 5). 

 

In accordance with literature data,3,4 the average size of the PEDOT particles decreases 

from 170 nm to 100 nm as the concentration in stabilizer increases from 10 wt.% to 35 wt.% 

(see runs 6-8 and 10,11). This is logically explained by a higher surface coverage in the 

presence of a higher amount of steric reactive stabilizer. 
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As expected, the molecular weight of the stabilizer also affects the size of the PEDOT 

particles. The latter decreases as the molecular weight of the PVA-mod-Py increases from 

18000 g mol-1 to 88000 g mol-1, even at low stabilizer concentrations (see runs 4, 5, 12 and 

13). This is again explained by the higher surface coverage afforded by the high molecular 

weight stabilizer molecules, which leads to the formation of a larger number of stable, 

primary particles. Similar results were obtained and reported by Mandal and coll. for the 

dispersion polymerization of pyrrole.5  

 

 

 

 

 

 

 

 

 

 

 

Figure III-4: (a) AFM and (b) TEM images of the PEDOT “donuts” prepared using 20 wt. % of 
PVA-mod-Py stabilizer having 5 mol. % of grafted pyrrole (run 4, Table 1) 

 

AFM images (Figure III-3 & III-5) clearly show that each PEDOT nano-object is 

formed by the aggregation of very small nano-particles having a size between 20-30 nm 

which were also called particulates or metastable particles by Mandal and coll.6 These results 

thus further strengthen the mechanism of the particle formation proposed by Paine saying that 

each large stable particle is formed by the combination of small metastable elementary 

particles.7-9 Similar results were observed and reported later by Armes et al. with the help of 

scanning tunneling microscopy.5 
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         500 nm 

Figure III-5: AFM images of PEDOT particles, “donuts” prepared using PVA-mod-Py stabilizer 
having 5 mol.% of pyrrole functionalization, at different stabilizer concentrations, (a) 20wt.% 
(Run 4) and (b) 35 wt.% (Run 5). 

 

In order to further analyze the size, size distribution and morphology of PEDOT nano-

objects, dynamic light scattering (DLS) experiments of PEDOT samples were performed in 

methanol/water (1:4) mixture. DLS results for a PEDOT sample (run 5) are shown in Figure 

III-6. 

The auto-correlation functions C(q,t) (Figure III-6a) and the corresponding relaxation 

time distributions G(t) (Figure III-6b) of a PEDOT sample measured at different angles show 

a single population with very narrow relaxation time distributions in each case. This confirms 

that PEDOT nano-objects have very narrow size distribution which was already illustrated by 

AFM images. The evolution of the relaxation frequency as a function of the square of the 

wave-vector permits us to calculate the apparent diffusion coefficient of PEDOT particles. 

The linear relation between relaxation frequency and square of the wave vector (Figure III-6c) 

confirm the homogeneous size and spherical nature of these PEDOT nano-objects. The size of 

these latter particles was found to be 200 nm which is in agreement with the results obtained 

by AFM and SEM. These DLS results further prove that these particles are monodispersed 

and are well separated from each other i.e. no aggregation occurs among final PEDOT 

particles. 

 

a ba 
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 (a) 

 

 

 

 

 

 

 

 (b) 

 

 

 

 

 

 

 (c) 

 

 

 

 

Figure III-6: (a) Auto-correlation function C(q,t), (b) Relaxation time distribution G(t) at 
different angles and, (c) Relaxation frequency in the function of q2 of PEDOT sample (run 5) 
prepared using modified PVA ( wM = 18000 g mol-1, 5 mol.% pyrrole functionalization) as a 
reactive stabilizer in water/methanol mixture (4:1) at 25 °C. 
 

0

50

100

150

200

250

300

350

400

0 1 1010 2 1010 3 1010 4 1010 5 1010 6 1010

y = 3.4358 + 7.2098e-9x   R= 0.9997 

Γ 
(s

-1
)

q2(cm-2)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.001 0.01 0.1 1 10 100 1000 10 4

50°
70°
90°
120°

G
 (

t)

τ (ms)

0

0.2

0.4

0.6

0.8

1

0.0001 0.01 1 100 10 4

50°
70°
90°
120°

C
 (q

,t)

τ (ms)



Chapter III: Synthesis of PEDOT nano-objects using poly(vinyl alcohol), poly(N-vinylpyrrolidone)-b-
poly(vinyl alcohol) and poly(N-vinylpyrrolidone)-co-poly(vinyl alcohol) based reactive stabilizers 

 

120 
 

I.2.2. Synthesis of PEDOT using Fe(III)(OTs)3.6(H2O) as an oxidant 

 

As already noted (see chapter II) PEDOT particles were obtained in high yield when 

using Fe(III)(OTs)3.6(H2O) as an oxidant at 85 °C (see runs 14 and 15 in Table III-1). This is 

explained by a higher efficiency of Fe(III)(OTs)3.6(H2O) in the given experimental conditions 

as compared to ammonium persulfate. In addition, the PEDOT particles formed in these 

conditions are smaller in size as compared to the ones obtained using ammonium persulfate as 

an oxidant for a same degree of substitution and concentration of stabilizer (see runs 5 and 

14). The PEDOT samples synthesized in the presence of Fe(III)(OTs)3.6(H2O) are insoluble in 

any common organic solvent preventing their characterization by NMR and SEC. 

 

I.3. Conductivity measurements 
 

The conductivity of the PEDOT particles was measured using the conventional four 

probe technique on dried and compressed PEDOT powders under the form of disc pellets. 

PEDOT samples prepared using ammonium persulfate as an oxidant show low conductivities 

(up to 9.0x10-6 S cm-1) while those prepared using Fe(III)(OTs)3.6(H2O) exhibit higher 

conductivities (up to1.6x10-2 S cm-1). This is explained by the higher content, doping level 

and molecular weight of PEDOT within the latter samples and also because in case of 

ammonium persulfate PEDOT samples can be over-oxidized. 

 

 

I-4. X-ray Photoelectron spectroscopy (XPS) characterization 
 

The core-shell nature of the formed particles i.e. shell of PVA onto PEDOT core was 

proved by x-ray photoelectron microscopy (XPS) analyses. XPS survey spectra of PEDOT 

core-shell particles and PEDOT bulk powder are presented in Figure III-7. Both samples 

show four peak signals originating from C 1s, O 1s, S 2s and S 2p. The relative intensity of 

the signals due to S 2s and S 2p in PEDOT core-shell particles is lower than PEDOT bulk 

powder. In addition, XPS analyses allowed us to estimate the surface coverage of the PEDOT 

particles by the PVA stabilizer as revealed for instance by the presence of the N1s signal. As 

anticipated, data gathered in Figure III-7c reveal an increase of the N% together with the 
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expected mol% of pyrrole groups per chain. For runs 3 and 5, the binding energy of the 

maximum at 399.9 eV is consistent with the N- methylpyrrole groups on the PVA stabilizer 

chains (see also Figure III-8 a&b). For run 8, the N1s maximum is located at 401.4 eV 

suggesting some remaining ammonium ions from (NH4)2S2O8 onto the particles (Figure III-

8c).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  (c) 

Samples C O N S 

Run 3 60.7 29.2 0.4 9.7 

Run 5 62.4 28.6 0.6 8.4 

Run 8 60.9 29.9 1.8 7.4 

 

Figure III-7: XPS survey spectra of (a) PEDOT core-shell particles and (b) PEDOT bulk 
powder; (c) table for the estimation of chemical composition on surface of PEDOT-PVA samples 
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In addition, Figure III-9 (a and b) shows the C 1s core-line spectra of PEDOT core-

shell particles and PEDOT bulk powder. The peak at 286.4 eV position in C 1s core-line 

spectra of PEDOT core-shell particles correspond to C-O-H moieties in PVA. 10-12 In addition, 

the presence of peak at 532.6 eV (Figure III-9c) originating from O 1s is due to C-O-H and is 

in agreement to the data already available in the literature. 10 Such peak was not observed in O 

1s core-line spectrum of PEDOT bulk powder (Figure III-9d) which confirms the presence of 

PVA on the PEDOT surface of PEDOT core-shell particles. 
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Figure III-8: XPS N1s core-line spectra for the PEDOT particles prepared using PVA-mod-Py 
stabilizers having different degree of pyrrole grafting (a) 2.5 mol.% (b) 5.0 mol.% and (c) 7.5 
mol % (run 3, 5 and 8 respectively) at high resolution (Ep = 40 eV) 
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Figure III-9: XPS analyses: (a) & (b) are C 1s core-line spectra, (c) & (d) are O 1s core-line 
spectra and (e) & (f) are S 2p core-line spectra of PEDOT core-shell particles and PEDOT bulk 
powder respectively. 

 

The S 2p core-line spectra of the samples are shown in Fig. III-9e and III-9f. The 

peaks at 164-165.2 eV correspond to neutral S of PEDOT backbone while the peaks at 167.6-
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168.9 eV are due to sulfate anions.13 The signals at 165.8-167.2 eV due to S+ of PEDOT were 

difficult to observe in PEDOT core-shell particles probably due to the presence of the PVA 

shell. Finally, the amount of sulfur in the PEDOT-PVA sample was 8.5% against 12% in 

PEDOT bulk powder which is again in accord with the presence of PVA on the PEDOT 

surface.  

 

I.5. FT-IR and UV-visible Spectroscopic characterizations 
 

FT-IR spectra of the PEDOT bulk powder and PVA stabilized PEDOT particles 

synthesized using different oxidants are shown in Figure III-10. The presence of peaks at 

1514 and 1344 cm-1 (C–C and C=C stretching vibrations of thiophene ring), the peaks 

absorption at 1213, 1095 and 1048 (C–O–C stretching in ethylene oxide unit), 972 and 694 

cm-1 (C–S bond stretching vibrations in thiophene ring)11,12 prove the formation of PEDOT. 

The peak at 1054 cm-1 due to S=O stretching confirms the presence of sulfonic groups from 

the dopant. 14,15 The occurrence of peaks at 3424 cm-1 (O–H stretching vibration) and 2950 

cm-1 (C-H stretching vibration of CH2 group of PVA) in PEDOT particles (Figures III-10b 

and III-10c) confirms the presence of PVA since such peaks are not seen in PEDOT bulk 

powder (Figure III-10a).  

 

UV-Visible spectra of the PEDOT samples prepared using different oxidants are 

shown in Figure III-11. PEDOT samples prepared using (NH4)2S2O8 and Fe(III)(OTs)3.6(H2O 

as oxidant give two absorption peaks; one strong absorption at 790-800 nm correspond to 

polarons and bipolarons due to doping of PEDOT during polymerization and second weak 

absorption at 510-520 nm originating from π to π* electronic transition in un-doped 

PEDOT14, which clearly indicate that the PEDOT samples are nearly fully doped (see Figure 

III-11). 
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Figure III-10: FTIR spectra of (a ) PEDOT bulk powder and (b) & (c) PEDOT particles 
prepared using Fe(III)(OTs)3.6(H2O)  (run 15, Table III-1) and (NH4)2S2O8  (run 5, Table III-1) as 
oxidants respectively (measured by absorption mode using KBr pellet).  
 

 

 

 

 

 

 

 

 

 

 

Figure III-11: UV-Visible spectra of PEDOT particles in H2Oprepared using (a) (NH4)2S2O8 (run 
5, table 1) and (b) Fe(III)(OTs)3.6(H2O) (run 15, table 1) as oxidants. 
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I.6. Thermo gravimetric analysis 
 

The composition of the PEDOT core-shell particles was also determined by thermo 

gravimetric analysis (TGA). The TGA curves for PEDOT bulk powder, PVA, and PEDOT 

core-shell particles are shown in Figure III-12. The TGA curves for PEDOT-PVA core-shell 

particles is in between the ones of PEDOT bulk powder and PVA, which corroborates the 

presence of PEDOT and PVA in the particles. As expected, the TGA curve for PEDOT (run 

12) is more close to PEDOT bulk powder as compared to PEDOT (run 13) due to greater 

amount of PEDOT in the former.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure III-12 : TGA traces of ―PEDOT bulk powder, ― PVA, ―PEDOT 12 and ― 
PEDOT 13 

 

 

 

 

 

― PEDOT bulk powder 

― PVA 

― PEDOT12, 10wt% of PVA-mod-Py 

― PEDOT 13, 20wt% of PVA-mod-Py
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II. Water-borne PEDOT dispersions using PNVP-based 
reactive stabilizers 

 
It is known that the addition of small amount of N-methylpyrrolidone in conducting 

polymer (PEDOT, PANI etc.) dispersions increase their conductivity. In this part, we have 

investigated the use of copolymers composed of poly(vinylpyrrolidone) (PNVP) {e.g. PNVP-

co-PVA-mod-Py and PNVP-b- PVA-mod-Py} as reactive steric stabilizer for the dispersion 

polymerization of PEDOT. Ammonium persulfate or the mixture of ammonium persufate 

with CuCl2 or CuBr2 (1.6:0.5) were tried as oxidants.  

 

II.1. Synthesis of PNVP-based stabilizers by cobalt-mediated controlled 

radical polymerization 

 
In order to prepare PNVP-co-PVA and PNVP-b-PVA, we first synthesized PNVP-co 

PVAc and PNVP-b-PVAc precursors by cobalt mediated controlled radical polymerization 

(CMRP),16-20 followed by hydrolysis. There are successful reports in the literature dealing 

with the synthesis of P(VAc), Poly(NVP-co-VAc) and Poly(NVP-b-VAc) by cobalt-mediated 

radical polymerization.21,22 The CMRP was initiated with 2,2´-azobis(4-methoxy-2,4-

dimethylvaleronitrile) (V-70) in the presence of the bis (acetylacetonate)cobalt(II) complex A, 

resulting in the formation of poly(VAc) with predetermined Mn and low dispersity. The 

general procedure for the cobalt-mediated mechanism is shown in Scheme III-1. 
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Scheme III-3: General scheme for cobalt-mediated radical polymerization (CMRP) and 
molecular structure of bis(acetylacetonate)cobalt(II) complex. 

 

In the initiation step, the organic radical created by the decomposition of V-70 reacts 

with the monomer. Meanwhile, the cobalt(II) complex A can react with the propagating 

polymer radical to produce dormant species in the deactivation step. A spontaneous homolytic 

cleavage of a dormant chain end reproduces a polymer radical and a complex A in the 

activation step. The overall radical concentration in the polymerization system becomes lower 

when kdeact is much larger than kact. Thus, efficient trapping of the VAc radical by complex A 

is the main requirement to establish the equilibrium between the cobalt-terminated poly(VAc) 

and propagating poly(VAc) radicals.  

 

In our case, the CRMP was initiated by Azobis Isobutyro Nitrile (AIBN) in the 

presence of bis(acetylacetonate)CoII complex at 60°C. The use of AIBN as an initiator was 

already described by Jérôme and co-workers for the polymerization of vinyl acetate but, in 

this case broad molecular weight distribution (Mw/Mn =2.0-3.5) was observed under these 

conditions due to high probability of irreversible chain termination.19 

 

The synthesis of PNVP-b-PVA-mod-Py was carried out in four steps. First step 

involve the synthesis of cobalt-terminated poly(vinylacetate) macroinitiator, which then 

initiate the polymerization of vinylacetate to prepare PNVP-b-PVAc. The hydrolysis of 
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PNVP-co-PVAc gives PNVP-b-PVA. Finally, the esterification of PNVP-b-PVA with N-

methylpyrrole-2-carboxylic acid gives PNVP-b-PVA-mod-Py. 

 

II.2. Synthesis of N-methylpyrrole-modified-poly(N-vinylpyrrolidone-

block-vinylalcohol) (PNVP-b-PVA-mod-Py) 
 

II.2.1. Synthesis of cobalt-terminated poly(vinylacetate) macroinitiator 

 

Cobalt-terminated poly(VAc) was prepared by bulk polymerization of VAc in the 

presence of CoII (acetylacetonate)2 using AIBN as initiator at 60°C. When the reaction 

mixture became enough viscous, the pink coloured poly(vinylacetate) macroradicals were 

directly recovered by the elimination of the residual monomer in vacuum and stored at -20°C 

under nitrogen atmosphere. The pink colour proves the persistence of the active cobalt at the 

chain end. 

 

II.2.2. Synthesis of poly(N-vinylprrolidone)-b-poly(vinyl acetate)[PNVP-b-PVAc] 

 

PNVP-b-PVAc was prepared by CMRP using cobalt-terminated poly(vinyl acetate) 

macroinitiator in anisole/toluene mixture (9:1) at 60°C. Whenever Co–C bond is cleaved in 

the presence of NVP, the released poly(vinyl acetate) radicals can initiate the NVP 

polymerization, whose propagation might be mediated by the cobalt complex22. The PNVP-b-

PVAc samples were characterized by GPC, (1H NMR) and FT-IR spectroscopy. Compared to 

the results already reported by Debuigne et al., broader molecular weight distribution were 

observed under these experimental conditions due to higher probability of irreversible chain 

termination (Table III.2). 

Sample Mn SEC 

g/mol; 

Mw/Mn Yield 

% 

PNVP207-b-PVAc209 41000 2.0 70 

PNVP216-b-PVAc47 28000 1.8 60 

 
Table III-2: Characterizations of PNVP-b-PVAc prepared by cobalt-mediated radical 
polymerization using AIBN as initiator at 60°C. 
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The 1H NMR spectrum of the PNVP-b-PVAc (run 2, Table III-2) in DMSO-d6 at 25°C 

is shown in Figure III-13a. The peaks positioned at 4.77 ppm (CH-OCOCH3), 1.65 ppm (-

OCOCH3CH2-) and 1.93 ppm (CH-OCOCH3) confirms the presence of PVAc block. 

Similarly, the peaks positioned at 3.74 ppm and 3.56 ppm (CH-NCO), 3.15 (CH2-NCO-), 2.23 

and 2.06 (-NCOCH2- PNVP), 1.9-1.3 ppm (-N-CH2-CH2-CH2-CO-) and (-CH2-CH-NCO-) 

confirm the presence of PNVP in PNVP-b-PVAc.  

The synthesis of PNVP-b-PVAc was also confirmed by FT-IR analysis (see Figure III-14a). 

The presence of main absorption peaks at 1745cm-1 (due to C=O stretching vibration of 

carbonyl group) and at 1240cm-1 (due to C–O stretching vibrations of ester group) prove the 

presence of PVAc block and absorption at 1672 cm-1 (due to C=O stretching vibrations of 

NVP) confirm the synthesis of PNVP. 

 

II.2.3. Synthesis of poly(N-vinylpyrrolidone)-b-poly(vinyl alcohol) copolymer [PNVP-b-

PVA] 

 

The selective hydrolysis of poly(vinyl acetate) block was performed using potassium 

hydroxide in methanol at room temperature as PNVP resist hydrolysis under these conditions.  

 

The full methanolysis of the PNVP-b-PVAc copolymer was proved by FTIR analysis 

(Figure III-14b). Indeed, one can observe the complete disappearance of the IR absorption 

bands typical of PVAc (C=O stretching at 1745 cm-1, and C–O stretching at 1240cm-1), where 

as the absorption characteristics of PNVP persists (C=O stretching at 1666 cm-1). Additional 

evidence was found in the 1H NMR of PNVP-b-PVA taken in the mixture of DMSO-d6 and 

few drops of D2O (see Figure III-13b). The complete disappearance of the PVAc signals (a-c), 

particularly b at 4.77 ppm (CH–OCOCH3), the appearance of signals typical of PVA (CH–

OH, at 3.82 ppm) and the persistence of peaks of the PNVP (d-h) confirmed the selective 

hydrolysis of the PVAc block. 
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Figure III-13: 1H NMR spectra of (a) PNVP-b-PVAc in d6-DMSO, (b) PNVP-b-PVA and (c) 
PNVP-b-PVA-mod-Py in d6-DMSO + few drops of D2O at room temperature 
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FigurIII-14: FT-IR spectra of (a) PNVP-b-PVAc, (b) PNVP-b-PVA and (c) PNVP-b-PVA-mod-
Py (measured by absorption mode using KBr pellet) 
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II.2.4. Esterification of PNVP-b-PVA 

 

In order to prepare PEDOT core-shell particles, PNVP-b-PVA-mod-Py was prepared 

by partial esterification (~10 mol.% with respect to PVA) of PVA block with N-methyl-2-

pyrrolecarboxylic acid in the presence of 4-(dimethylamino)pyridinium 4-toluenesulfonate 

(DPTS).1 The general synthetic procedure is shown in Scheme III.4. 

 

 

Scheme III-4: Synthesis of PNVP-b-PVA-mod-Py 

 

The PNVP-b-PVA-mod-Py was characterized by IH NMR, FT-IR and UV-visible 

spectroscopy. The IH NMR of PNVP-b-PVA-mod-Py in the mixture of DMSO-d6 and few 

drops of D2O is shown in Figure III-13c. The appearance of peaks at (m) 6.59 ppm, (k) 6.44 

ppm, (l) 5.82 ppm and 3.72 ppm due to N-methylpyrrole ring resonance proves the 

functionalization of pyrrole units along the PVA chains. The absorption peaks obtained at 

1470 cm-1and 784-690 cm-1charateristics of the aromatic ring in the FT-IR spectrum of the 

PNVP-b-PVA-mod-Py confirm the presence of Py ring along the PNVP-b-PVA chains. The 

UV-visible spectra of PNVP-b-PVA and PNVP-b-PVA-mod-Py are shown in Figure III-15. A 

strong absorption peak at 289 nm in the UV-visible spectrum of PNVP-b-PVA-mod-Py gives 

an additional evidence of the presence of aromatic moieties. Comparatively weak absorption 

at the same area is due to the absorption of the pyrrolidone carbonyl group. 
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Figure III-15: UV-visible spectra of PNVP-b-PVA and PNVP-b-PVA-mod-Py 

 

II.3 Synthesis of N-methylpyrrole-modified-poly(vinylpyrrolidone-co-vinyl 

alcohol) [PNVP-co-PVA-mod-Py] 
 

In order to prepare N-methylpyrrole-modified-poly(N-vinylpyrrolidone-co-vinyl 

alcohol) copolymers, a series of Poly(NVP-co-VAc) were synthesized having different 

molecular weight and compositions (see Table III-3) by cobalt-mediated radical 

polymerization using AIBN as initiator in anisole/toluene mixture (9:1) at 60°C under inert 

atmosphere as already described in the literature.21 The selective hydrolysis of VAc units of 

these samples using potassium hydroxide in methanol at room temperature produce 

poly(NVP-co-VA) copolymers. Finally, the functionalization of N-methylpyrrole units by the 

esterification of PNVP-co-PVA with N-methylpyrrole-2-carboxylic acid gave PNVP-co-

PVA-mod-Py. 

From Table III-3, it is clear that poly(NVP-co-VAc) copolymers having low molecular 

weight distributions are obtained when equal molar ratio of NVP to VAc was used (entry 1, 

and 2), while samples with high molecular weight distribution were obtained with higher 

NVP to VAc ratio (entry 3 and 4). This is probably explained by the much slower deactivation 
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caused by the reaction of NVP radical with bis(acetylacetonate)CoIII as compared to VAc and 

higher probability of irreversible chain termination in these experimental conditions.19 

 

Sample [VAc]/[NVP]/[Co]/[AIBN]a Mn GPC 

g/mol; 

Mw/Mn Yield 

% 

PNVP-co-PVAc 150/150/1/2 28700 1.5 70 

PNVP-co-PVAc 200/200/1/2 36000 1.4 80 

PNVP-co-PVAc 50/150/1/2 10000 2.9 75 

PNVP-co-PVAc 100/300/1/2 17000 3.0 70 

(a) Initial concentrations used 

Table III-3: Characterizations of PNVP-co-PVAc prepared by cobalt-mediated radical 
polymerization using AIBN as initiator at 60°C. 
 

In order to find their compositions, PNVP-co-PVAc samples were characterized by 1H NMR, 

FT-IR (For illustration see Experimental section III.1 and III-2) and UV-visible (Figure III-

16) spectroscopy. Similar results were obtained as described above for the synthesis of 

PNVP-b-PVA-mod-Py.  

 

 

 

 

 

 

 

 

 

 

 

Figure III-16: UV-Visible spectra of PNVP-co-PVA and PNVP-co-PVA-mod-Py in water (5g/L) 
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II.4.  Solution behavior of PNVP-b-PVAc, PNVP-b-PVA-mod-Py and 

PNVP-co-PVA-mod-Py copolymers 

 

In order to fully investigate the behavior of stabilizers in solution and their final effect 

on the size and morphology of the PEDOT particles, PNVP-b-PVAc (Mn =28000 g/mol), 

PNVP-co-PVA-mod-Py (Mn =35000 g/mol) and PNVP-co-PVA-mod-Py (Mn =39000 g/mol) 

samples were analyzed by Dynamic Light Scattering (DLS) in the same solvent mixture used 

for the synthesis of PEDOT dispersions. For this purpose, solutions of each stabilizer having 

different concentrations (1-10 g/L) in methanol/water mixture (1/4) were prepared. These 

samples solutions were filtered through 0.4 μm filters and stirred for 24 hours prior to DLS 

analysis. The auto-correlation functions and their CONTIN analyses23 obtained at 25°C for 

different stabilizers at a concentration of 5g/L are shown in Figure III-17. For PNVP-b-PVAc, 

PNVP-b-PVA-mod-Py and PNVP-co-PVA-mod-Py samples (Figures III-17a-f), one main 

population with hydrodynamic radii RH respectively of 40 nm, 96 nm and 80 nm can be 

observed. These typical dimensions are characteristic of micellar aggregation. 

 

Furthermore, no significant evolution of the apparent hydrodynamic radius has been 

observed with the change in concentrations. In addition, the linear dependence of relaxation 

frequency Γ as a function of the square of the wave vector q2 confirms that the observed 

micellar aggregates are spherical and homogeneous in size (Figure III-18a-c). Taking into 

account the dimension of a unimer (about 6-7nm), such a morphology is not really consistent 

with a spherical micelle, but a vesicular structure is expected.24,25  

 

The formation of these spherical objects was further confirmed by TEM analysis of 

PNVP-co-PVA-mod-Py sample (see Figure III-18d). The majority of these nanoparticles have 

a diameter between 150-200 nm which is very close to the value obtained by DLS analysis 

and the PEDOT particles obtained using this stabilizer that will be discussed later on. From 

these observations, one may anticipate that all above mentioned stabilizers self-assemble to 

form vesicular nano-objects thus leading to the formation of vesicles after EDOT 

polymerization.  
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Figure III-17: Auto-correlation function C(q,t) of (a) PNVP-b-PVAc (Mn = 28000 g/mol), (b) 
PNVP-b-PVA-mod-Py (Mn = 35000 g/mol) and (c) PNVP-co-PVA-mod-Py (Mn = 39000 g/mol) 
samples (5 g/L) at different angles and (d), (e) and (f) are their respective relaxation time 
distribution G(t) at 90° in water/methanol mixture (4:1) at 25 °C. 
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Figure III-18: Relaxation frequency in the function of q2 for (a) PNVP-b-PVAc (Mn = 28000 
g/mol), (b) PNVP-b-PVA-mod-Py (Mn = 35000 g/mol) and (c) PNVP-co-PVA-mod-Py (Mn = 
39000 g/mol) samples (5 g/L) and (d) TEM image of PNVP-co-PVA-mod-Py reactive stabilizer 
(10 g/L). (Scale for Figure III-18d is 0.2 µm) 

 

II.5 Synthesis of PEDOT dispersions 

 

PEDOT dispersions were prepared in the presence of PNVP-b-PVA-mod-Py and 

PNVP-co-PVA-mod-Py using (NH4)2S2O8 or the mixture of (NH4)2S2O8 with either CuBr2 or 

CuCl2 (to improve the conductivity) as oxidants in water/methanol (4:1) mixture at 40°C. The 

effects of different parameters like molecular weight, concentration, nature and composition 

of stabilizer as well as the nature of the oxidants on the size, size distribution and morphology 

of the PEDOT particles were studied. The general scheme of dispersion polymerization of 
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EDOT is shown in Scheme III-4. The results of dispersion polymerization of EDOT prepared 

under different experimental conditions are summarized in Table III-4. 

 

 

 

Scheme III-4: Synthesis of PEDOT dispersions in the presence of PNVP-based reactive 
copolymer stabilizers 

 

II.5.1 Use of PNVP-b-PVA-mod-Py as reactive stabilizer 

 

The dispersion polymerization of EDOT was performed using different concentrations 

of PNVP-co-PVA-mod-Py as a reactive stabilizer (runs 3 & 4, Table III-4). Generally very 

small spherical particles with narrow size distribution are obtained under these experimental 

conditions (see Figure III-19c-d). From the Figure III-19, it is clear that the average size of the 

particles decreases with the stabilizer concentration increase. The size of the particles 

decreases from 60-100 nm to 40-80 nm as the concentration of the stabilizer increases from 

10 wt.% to 20 wt.%. This is in agreement with the previous results obtained in PEDOT 

dispersions using other reactive stabilizers.  
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S. N° Stabilizer 

type 

 

Molecular weight 

of the stabilizer 

(g/mol) 

Wt.% of the 

stabilizer 

 

Yieldc 

 

% 

Conductivityd 

 

S/cm 

Particle sizee 

 

(nm) 

Remarks 

1 PNVP-b-PVAc 28000 10 55 5.0×10-5 70-100 Particles 

2 PNVP-b-PVA 33000 20 60 4.0×10-6  Vesicles 

3 PNVP-b-PVA-mod-Py 35000 10 60 4.5×10-5 60-100 Particles 

4 PNVP-b-PVA-mod-Py 35000 20 60 2.0×10-5 40-80 Particles 

5 PNVP-co-PVA-mod-Py 29000 10 60 8.5×10-5 150-200 Particles 

6 PNVP-co-PVA-modf-Py 29000 20 55 3.0×10-5 100-120 Particles 

7 PNVP-co-PVA-mod-Py 29000 35 50 7.5×10-6 80-100 Particles 

8 PNVP-co-PVA-mod-Py 39000 10 60 8.4×10-5 200-250 Particles 

9 PNVP-co-PVA-mod-Py 39000 20 60 4.5×10-5 180-200 Particles 

10 PNVP-co-PVA 35600 20 50 2.0×10-6 200-300 Vesicles 

11 PNVP-co-PVA-mod-Py 10000 20 55 5.3×10-5 160-180 Particles 

12 PNVP-co-PVA-mod-Py 17000 20 60 5.0×10-5 160-200 Particles 

13 PNVP-co-PVA-mod-Py 17000 35 60 2.5×10-5 90-120 Particles 

14a PNVP-co-PVA-mod-Py 17000 20 70 3.0×10-4 90-110 Particles 

15b PNVP-co-PVA-mod-Py 17000 20 65 2.0×10-4 70-100 Particles 

(a) A mixture of (NH4)2S2O8+CuBr2 (1.3:1) was used as an oxidant 
(b) A mixture of (NH4)2S2O8+CuCl2 (1.3:1) was used as an oxidant 
(c) obtained by gravimetric analysis 
(d) measured by four probe method 
(e) Measured from TEM images. In all cases averages on 100 objects were made 
Table III-4: Synthesis of PEDOT particles using PNVP-b-PVA-mod-Py and PNVP-co-PVA-mod-Py as reactive stabilizers in water/methanol (1:4) at 
40 °C. 
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Figure III-19: TEM images of PEDOT particles prepared using different types of stabilizers and 
concentrations (a) PNVP-b-PVAc , Mn = 41000 g/mol, 10 wt.% (run 1, Table III-4), (b) PNVP-b-
PVA, Mn = 33000 g/mol, 20 wt.%, (run 2, Table III-4), (c) PNVP-b-PVA-mod-Py, Mn = 35000 
g/mol, 10 wt.% (run 3, Table III-4) and (d) PNVP-b-PVA-mod-Py, Mn = 35000 g/mol, 20 wt.% 
(run 4, Table III-4). (Scale for each case is 100 nm) 

 

For comparison purpose, EDOT dispersion polymerization was also performed in the 

presence of PNVP-b-PVAc and PNVP-b-PVA as unreactive stabilizers. It should be noted 

that PNVP-b-PVAc having higher percentage of PNVP (run 2, Table III-2) was soluble in 

water while the one having equal percentage of PNVP and PVAc (run 1, Table III-2) was 

insoluble. When polymerization of EDOT was performed in the presence of soluble PNVP-b-

PVAc, well-defined and small sized stable particles with homogenous size distribution were 

obtained (Figure III-19a). On the other hand, large size hollow particles (vesicles) were 

obtained using un-modified PNVP-b-PVA as a stabilizer (Figure III-19b).  

 

From the above results it is clear that both unreactive and reactive stabilizers are seen 

to be efficient in the polymerization of EDOT, even though morphology and size are quite 

a 

dc 

b
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different. The main reason for the formation of these nano-objects (particles and vesicles) is 

the self-organization of the copolymer stabilizers in the solution prior to EDOT 

polymerization. The EDOT polymerization probably takes place either inside or on the 

surface of these self-assembled nano-objects leading to the formation of particles or vesicles 

respectively but untill now we do not have enough data to explain further the particles or 

vesicles formation. More importantly, we have observed that the PEDOT dispersion prepared 

using reactive copolymer stabilizers are more stable as compared to unreactive ones. This is 

logically explained by chemical grafting of the reactive copolymer stabilizer on the surface of 

PEDOT during polymerization. 

 

II.5.2 Use of PNVP-co-PVA-mod-Py as reactive stabilizer 

 
In order to see the effect of statistical copolymer stabilizers on the morphology and 

size distribution of PEDOT particles, the EDOT polymerization was performed in the 

presence of PNVP-co-PVA-mod-Py stabilizers in similar reaction conditions. The effect of 

molecular weight, composition, concentration of the stabilizers and the nature of the oxidants 

were studied. All these factors more or less affect the size and size distribution of the 

particles. The results of the PEDOT dispersion prepared under different experimental 

conditions are shown in Table III-4 (runs 5-15). As it is clear from these data, the PEDOT 

particles with narrow size distribution were obtained in each case. 

 

As expected, the size of the PEDOT particle increases as the stabilizers concentration 

decreases whatever the composition of the stabilizer (see runs 5-7 and 12-13, Table III-4). For 

example, in runs 5-7, the particle size goes from 170-200 nm to 80-100 nm as the 

concentration of PNVP-co-PVA-mod-Py ( nM = 29000 g.mol-1) varies from 10 wt.% to 35 

wt.%.(see runs 5-7). TEM images of PEDOT particles can be seen in Figures III-20 and III-

21). 
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Figure III-20: TEM images of PEDOT particles prepared using different concentrations of 
PNVP-co-PVA-mod-Py (Mn = 29000 g/mol) (a) 10 wt.% (run 5, Table III-3), (b) 20 wt.%, (run 6, 
Table III-4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure III-21: TEM images of PEDOT particles prepared using different statistical copolymer 
stabilizers (a) PNVP-co-PVA-mod-Py , Mn = 39000 g/mol, 10 wt.% (run 8, Table III-4), (b), 
PNVP-co-PVA-mod-Py , Mn = 39000 g/mol, 20 wt.% (run 9, Table III-4 (c) PNVP-co-PVA-mod-
Py , Mn = 10000 g/mol, 20 wt.% (run 11, Table III-4) (d) PNVP-co-PVA, Mn = 35600 g/mol, 20 
wt.% (run 10, Table III-4) {the scale bar for (a-c) is 200 nm and for (d) is 100 nm} 
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From the Figures III-20 and III-21, it is clear that PEDOT particles with very narrow 

size distribution are obtained using PNVP-co-PVA-mod-Py reactive stabilizers. It is also clear 

from Table III-4 that molecular weight of the stabilizer have very less or no effect on the size 

of the PEDOT particles (see runs 5 & 8 and 11-12). PEDOT dispersion was also performed in 

the presence of non-reactive PNVP-co-PVA stabilizer. Similar to the results already obtained 

in case of non-reactive PNVP-b-PVA, PEDOT vesicles having size from 200 to 300 nm were 

obtained.  

 

From the above discussion one can conclude that both PNVP-co-PVA and PNVP-b-

PVA-based reactive stabilizers are efficient to form very stable PEDOT dispersions. It is 

important to note that the spherical PEDOT nano-objects with very narrow size distribution  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure III-22: TEM images of PEDOT particles prepared in the presence of PNVP-co-PVA-
mod-Py (Mn = 17000 g/mol) using different oxidants (a) 20 wt.% , NH4)2S2O8 , (run 12, Table III-
4), (b), 35 wt.%, (NH4)2S2O8 (run 13, Table III-4 (c) 20 wt.%, NH4)2S2O8 + CuBr2 (run 14, Table 
III-4 (d) 20 wt.% ,NH4)2S2O8 + CuCl2 (run 15, Table III-4) {scale for each case is 100 nm} 
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are obtained using PNVP-co-PVA-based reactive stabilizers which makes it more efficient 

than PNVP-b-PVA-based reactive stabilizers. This behavior may be explained by well 

distributed reactive groups along the stabilizer chain. 

 

In order to improve the conductivity, the dispersion polymerization of EDOT was also 

carried out using the mixture of (NH4)2S2O8 either with CuBr2 or CuCl2 as a oxidant. The 

TEM images of the particles prepared under these conditions are shown in Figure III-22c-d. 

In these conditions small well-defined particles are obtained in good yield. Results on 

conductivity will be discussed later in paragraph II.8. 

 

II.6. XPS analysis of PEDOT core-shell particles samples 
 

In order to investigate the core-shell nature of the PEDOT particles, XPS analysis of 

PEDOT samples and PEDOT bulk powder were analyzed by X-ray Photoelectron 

Spectroscopy (XPS). Figures III-23a and III-23 b represent the XPS survey spectra of PEDOT 

bulk powder and PEDOT core-shell particles (run 8, Table III-4). The presence of a peak due 

to N1s in survey spectrum of PEDOT core-shell particles in addition to the four main peaks 

originating from O1s, C1s, S2s and S2p is in favor of the presence of PNVP-co-PVA-mod-Py 

on the surface. Such a feature is not present in survey spectra of PEDOT bulk powder. Figures 

III-23c and III-23d display the high resolution C1s core-line spectra of PEDOT bulk powder 

and PEDOT core-shell particles. The sub peaks centered at 285.6 eV (C–N) and 287.7 eV (N–

C=O)26,27,28 prove the presence of PNVP component of the stabilizer. Similarly, the peak at 

286.4 eV position in C 1s core-line spectra of PEDOT core-shell particles correspond to C-O-

H moieties in PVA.10-12 In addition, the presence of peak at 532.6 eV (Figure III-24b) 

originating from O 1s is due to C-O-H and is in agreement to the data already available in the 

literature. 10 Such peak was not observed in O 1s core-line spectrum of PEDOT bulk powder 

(Figure III-24a). The presence of sub peaks at 163.8-165.1 eV and 167.3-168.6 eV in S2p 

core-line spectrum of PEDOT-core-shell particles corresponds to the neutral S of the PEDOT 

and sulfate anion of the dopant respectively. The peaks due to S+ are absent probably due to 

same reason as mentioned earlier. 

The N1s core-line spectrum for PEDOT core-shell particles is shown in Figure III-24c. 

The sub peaks displayed at 399.8 eV due to the N–C=O group of the PNVP and 400.6 due to 

the N–CH3 of N-methyl pyrrole functionalized at the PVA component of the stabilizer give 
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additional proof of the presence of PNVP-co-PVA-mod-Py on the surface of the PEDOT 

core-shell particles.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure III-23: (a) &(b)survey spectra of PEDOT bulk powder and PEDOT core-shell 
particles respectively, (c) & (d) C1s core line spectra and (e) &(f) are S2p core-line 
spectra of PEDOT bulk powder and PEDOT core-shell particles respectively. 
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Figure III-24: (a) O1s core-line spectrum of PEDOT bulk powder, (b) &(c) are O1s core-
line and N1s core-line spectra of PEDOT core-shell particles respectively. 
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II.7. FT-IR and UV-visible characterization of PEDOT samples 
 

In order to find the composition of PEDOT samples, FT-IR spectra of PEDOT core-

shell particles and PEDOT bulk powder were taken (Figure III-25). The presence of peaks at 

692-1525 cm-1 confirms the synthesis of doped PEDOT materials. 11,12,14, 15 The occurrence of 

peaks at 1645 cm-1 (C=O stretching vibration of PNVP) in PEDOT particles (Figures III-25b 

and III-25c) confirms the presence of stabilizer since such peaks are not seen in PEDOT bulk 

powder (Figure III-25a). The peak intensity at 1645 cm-1 increases with the increase in the 

concentration of the stabilizer (Figures III-25b & III-25c) 

Figure III-25: FT-IR spectra of (a) PEDOT bulk powder, (b) & (c) PEDOT sample prepared in 
the presence of 10 wt.% and 20 wt.% of PNVP-co-PVA-mod-Py (Mn =29000 g/mol, run 5 and 6 
Table III-4) respectively (measured by absorption mode using KBr pellet). 
 

UV-Visible spectra of the PEDOT samples prepared using different oxidants are 

shown in Figure III-26. PEDOT samples prepared using (NH4)2S2O8, (NH4)2S2O8+CuBr2 and 

(NH4)2S2O8+CuCl2 as oxidants absorb strongly at 760nm, 720 nm and 750 nm, this absorption 

band corresponding to polarons and bipolarons due to doping of PEDOT during 

polymerization. The absorption at 550 nm originating from π to π* electronic transition states 
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in de-doped PEDOT14, is negligible or not observed in each case which clearly indicates the 

fully doped PEDOT samples. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure III-26: UV-visible spectra of the PEDOT samples in H2O prepared using (a) (NH4)2S2O8 
(b) (NH4)2S2O8 +CuBr2 and (c) (NH4)2S2O8 + CuCl2 as oxidants. 

 

II.8 Conductivity  

 

As already mentioned, the conductivity of the PEDOT particles was measured using 

the conventional four probe technique on dried and compressed PEDOT powders under the 

form of disc pellets. As it is indicated in Table III-4, there was only a little increase in the 

conductivity was observed than our expectations. PEDOT samples prepared using PNVP-

based reactive stabilizers and ammonium persulfate as an oxidant show low conductivities (up 

to 8.0x10-5 S cm-1). These values are about 10 times higher than the conductivities obtained 

using PVA-based reactive stabilizers. On the other hand the PEDOT samples prepared using a 

mixture of (NH4)2S2O8+CuBr2 or (NH4)2S2O8+CuCl2 as an oxidant exhibit higher 

conductivities (up to 3.0×10-4 S cm-1) probably due to higher amount of PEDOT in the 

samples and the presence of copper ion which act as an oxidant as well as dopant  
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III. Conclusion 

 

In conclusion, in the first part of the chapter, we have shown that narrow distributed 

PEDOT nano-objects can be easily prepared in the presence of PVA-based reactive stabilizer. 

No stable PEDOT dispersions were formed using unmodified PVA while stable dispersions 

are formed using pyrrole-modified PVA, proving the key role played by the reactive stabilizer 

toward the formation of stable PEDOT dispersions. The morphology of these nano-objects 

can be tuned by changing the concentration of the PVA-based reactive stabilizer as well as the 

degree of pyrrole functions on the PVA backbone.  

 

We have also shown that well-defined PEDOT particles with narrow size distribution 

can also be prepared using PNVP-b-PVA and PNVP-co-PVA based reactive stabilizers. The 

size of these particles can be tuned easily by changing the concentration of the stabilizers. The 

PEDOT particles with more narrow size distribution are obtained using PNVP-co-PVA-mod-

Py which makes it more efficient reactive stabilizers than PNVP-b-PVA-mod-Py. This 

phenomenon can be explained by the well distributed reactive moieties along the polymer 

chains. Contrarily to our expectations, a small increase in the conductivity was observed using 

PNVP-based reactive stabilizers. 

 

Finally, as expected, the PEDOT particles prepared using a mixture of 

(NH4)2S2O8+CuBr2 or (NH4)2S2O8+CuCl2 show higher conductivity than the samples 

prepared using only (NH4)2S2O8 as an oxidant.  
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II. Synthesis of Polyaniline nano-objects using PVA, 

PEO, and PNVP-co-PVA based reactive Stabilizers 

 

In this chapter, we describe the synthesis of well-defined PANI nano-objects with 

different morphologies including peanuts, rice grain, needles, spheres corals and fibers. In the 

continuation of our previous reports on the synthesis of PEDOT latexes in aqueous media, this 

chapter describes the use of PEO, PVA and PNVP-co-PVA based reactive stabilizers for the 

synthesis of PANI latexes. Influence of the functionality on the PANI morphology is 

particularly investigated. Among functional groups attached to stabilizers, that can react with 

growing chains we have used aniline, fluorene and pyrrole.  

 

I.1. Synthesis of reactive stabilizers 
 

A series of PVA-based reactive stabilizers having different molecular weight and degree of 

aniline (An) or pyrrole (Py) pendant groups on to the PVA backbone were synthesized. The 

latter were synthesized by esterification of PVA with corresponding carboxylic acid of aniline 

and pyrrole respectively as already described in chapter III. The general synthetic pathway is 

shown in Scheme IV-1(A). 
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Scheme IV-1: synthetic routes to PVA-mod-An (A) and to α,ω-An-PEO (B). 

Similarly numerous samples of PEO based reactive stabilizers with different molecular 

weight end-capped with aniline and fluorene (Flu) moieties were prepared by using the same 

methodology as describe for PVA-based stabilizers (see Scheme IV-1(B)). Another type of 

PVA-based stabilizer, PNVP-co-PVA-mod-Py was synthesized as described in chapter II. 

 

All stabilizers were then analyzed by 1H NMR spectroscopy. The 1H NMR spectrum of PVA-

g-An in DMSO is shown in Figure IV-1a. The appearance of peaks at 7.61, 6.54 ppm ( f,f’, 

g,g’) confirms the functionalization of aniline moieties along PVA main chain. The peaks 

appeared at 7.47 and 7.11 ppm probably arises from trapped catalyst (DPTS). Similarly, the 

appearance of doublets (a,a’, b,b’) at 7.87 and 6.64 ppm in the 1H NMR spectrum of aniline 

end capped PEO performed in CDCl3 prove the attachment of aniline at the ends of PEO 

(Figure IV-1b). The characterizations of PVA-mod-Py, PNVP-co-PVA-mod-Py have been 

already given in chapter II and for α,ω-Flu-PEO in chapter III.  

 

The presence of aniline pendant group along the PVA chain was also confirmed by taking 

UV-visible spectra of PVA and PVA-mod-An in DMSO. The appearance of a strong 

absorption at 310 nm in PVA-mod-An spectrum due to aniline moiety confirms its presence 

along the PVA chains. Such a feature was not observed in the spectrum of unmodified pure 

PVA (see Figure IV-2). 
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Figure IV-1: 1H NMR spectra of (a) PVA-mod-An in DMSO and (b) α,ω-An-PEO in CDCl3 
(400 MHz) 
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Figure IV-2: UV-visible spectra of unmodified PVA and PVA-mod-An 

 

I.2. Synthesis of PANI dispersions 
 

The oxidative polymerization of aniline was performed in 1 M HCl aqueous solution 

as a dispersant medium in the presence of various reactive steric stabilizers based on PEO, 

PVA or PNVP-co-PVA. The effect of the molecular weight, functionality and concentration 

of the reactive PEO, PVA and PNVP-co-PVA as well as the nature of dispersant medium on 

the PANI particle size and morphology was investigated 

 

I.2.1. Use of PVA based reactive stabilizers 

 

Numerous samples of PANI particles were prepared in 1 M aqueous HCl solution 

using ammonium persulfate as an oxidant in the presence of either PVA-mod-Py or PVA-

mod-An. The effect of parameters such as PVA molecular weight, degree of substitution and 

concentration of stabilizers, co-dopants as well as the initial concentration of aniline 

hydrochloride on the size and morphology of the PANI particles was studied. Results of the 

aniline dispersion polymerizations are summarized in Table IV-1.  
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S.N° Aniline 

hydrochloride 

(g) 

Stabilizer type 

PVA functionalized 

with An or Py 

PVA molecular 

weight 

(g/mol) 

Degree of PVA 

substitution 

(Mol. %) 

Amount of 

stabilizer (g/100 

mL solvent) 

Co-dopant 

used 

Conductivity
c 

(S/cm) 

Particle sized 

(nm x nm) 

(nm) 

Morphology 

1 1.00 PVA-mod-An 18000 10 0.54 CSA 5×10-3 180X120 Oval-shape 

2a 1.00 PVA-mod-Py 88000 5 0.54 _  80-100 Spherical 

3 1.00 PVA-mod-Py 88000 5 0.54 _ 6×10-3 120X80 Peanut-like 

4 1.00 PVA-mod-Py 88000 5 0.54 PTSA 5×10-2 120X80 Peanut-like 

5 1.00 PVA-mod-Py 88000 5 0.54 CSA 6×10-3 180X100 Peanut-like 

6 1.00 PVA-mod-An 88000 5 0.54 _ 8×10-3 160X100 Peanut-like 

7 1.00 PVA-mod-An 88000 5 0.54 PTSA 1×10-1 160X90 Peanut-like 

8 1.00 PVA-mod-An 88000 5 0.54 CSA 6×10-3 150X80 Peanut-like 

9 2.00 PVA-mod-Py 88000 10 0.50 PTSA 7×10-3 150X80 Peanut-like 

10 2.00 PVA-mod-Py 88000 10 0.50 CSA 1×10-2 160X80 Peanut-like 

11 2.00 PVA-mod-Py 88000 10 1.08 PTSA 6×10-2 150X80 Peanut-like 

12 2.00 PVA-mod-Py 88000 10 1.08 CSA 8×10-3 120X70 Peanut-like 

13 2.00 PVA-mod-An 88000 10 1.08 CSA 7×10-3 1500 Needle-like 

14b 1.00 PVA-mod-An 88000 5 0.54 _ 2×10-1 100X50 Peanut-like 

15 1.00 PNVP-co-PVA-mod-Py 29000 10 0.54 _ 2×10-1 _ Coral-like 

16a 1.00 PNVP-co-PVA-mod-Py 29000 10 0.54 _ 1×10-1 100-200 Spherical 

17b 1.00 PNVP-co-PVA-mod-Py 29000 10 0.54 _ 5×10-1 _ Fibers 

a) Prepared in pure deionized water. 
b) prepared in a mixture of DMSO and water (2:3). 
c) Measured by four probe method. 
d) Average over 100 particles on TEM images. 
Table IV-1: Synthesis of PANI particles in the presence of PVA based reactive stabilizer using ammonium persulfate as an oxidant in 1 molar 
aqueous HCl solution at 0°C. 
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One can note that whatever the substituent, the degree of substitution of PVA 

stabilizer, the concentration of the monomer and the stabilizer, nature of the co-dopant, the 

morphology of the PANI particles (runs 3-12, 14) adopt a peanut shape (see discussion in next 

sections). Two particular cases, however, were observed in runs 2 and 13 where spherical and 

needle like morphologies were obtained. First, spherical particles were obtained when pure 

deionized water was used as dispersant media (run 2) (For illustration see Figure IV-3 a-d). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure IV-3: TEM images of PANI particles using 5 mol.% fuctionalized PVA-mod-Py as 
a reactive stabilizer (a) in pure deionized water (run 2, Table IV-1); (b) in 1 M aqueous 
HCl solution (run 3, Table IV-1) and (c) &(d) in 1 M aqueous HCl solution and using 
CSA and PTSA as co-dopants, respectively (run 5 & 4 Table IV-1) in the presence of 
(NH4)2S2O8 at 0 °C 
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Second, needle like morphology is obtained when aniline hydrochloride is polymerized in the 
presence of 10 mol. % aniline substituted high molecular weight PVA-mod-An ( wM =88000 
g/mol) reactive stabilizer (Figure IV-4b) while oval shape morphology is obtained using 
lower molar mass stabilizer ( wM =18000 g/mol) {(run 1, Table 1) (see Figure IV-4a)}. It is 

worth stating that no stable dispersions were obtained using PVA-mod-Py ( wM =18000 
g/mol) under similar experimental conditions indicating that PVA-mod-An is a more efficient 
stabilizer for PANI dispersions probably due to similar nature of the functionalized moieties 
with respect to the monomer that is polymerized.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure IV-4: TEM images of PANI particles prepared in the presence of 35 wt.% of 
aniline and pyrrole modified poly(vinyl alcohol) having same degree of substitution (10 
mol.%) but different molecular weight and co-dopants (a) PVA-mod-An, Mw = 18000 
g/mol, CSA (run 1, Table IV-1), (b) PVA-mod-An , 88000 g/mol, CSA (run 13, Table IV-
1), (c) PVA-mod-An , Mw = 88000 g/mol, PTSA (run 11, Table IV-1 and (d) (PVA-mod-
Py, Mw = 88000 g/mol, CSA (run 12, Table IV-1) in 1 M aqueous HCl and using 
(NH4)2S2O8 as an oxidant at 0 °C. 
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As it can be noticed in Table 1, the morphology and the size of the PANI nano-objects 

is only slightly affected by the nature of the dispersant media i.e. 1 M HCl in water and 1 M 

HCl in the DMSO/water mixture (run 14, Table IV-1). However, in the latter case, a 

considerable improvement of the conductivity was observed as it is discussed in following 

sections. To have a closer view of the PANI nano-objects, AFM images were taken (see 

Figure IV-5). From the Figures, it is clear that each large particle consist of very small 

particles, called as particulates. Images of PANI samples confirm that the size of the 

“peanuts” is slightly affected by the conditions of synthesis. The length varies from 120-180 

nm while width goes from 70-100 nm. Finally, nature of the co-dopants affects the 

conductivity of the PANI materials, as discussed below. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure IV-5: AFM images of the PANI particles using PVA-mod-Py as a reactive stabilizer and 
PTSA as co-dopant (run 11, Table IV-1) in 1M aqueous HCl at 0°C. 

 

I.2.2. Synthesis of PANI latexes in the presence of PNVP-co-PVA based reactive 

stabilizers 

 

It is already known from the literature that the use of high boiling solvent such as N-

methylpyrrolidone enhances the conductivity of the PEDOT and PANI films up to several 

orders of magnitude.1,2 It was also described the efficient use of high molecular weight 

(360 kg/mol) PNVP homopolymers as stabilizers for PANI particles formation. In this work, 

we decided to investigate, the effect of PNVP on to the PANI materials by using a specifically 

600 nm 
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designed statistical copolymer PNVP-co-PVA. Then aniline hydrochloride was polymerized 

in the presence of PNVP-co- PVA-mod-Py i.e. in pure water, 1 M HCl in water or in the 

DMSO/water mixture (2:3, v/v) {runs 15-17, Table IV-1}. In fact dispersant phase was shown 

to affect the morphology of the PANI samples. Coral like shapes were obtained in acidic 

conditions (1 M HCl in water at 0 °C) (Figure IV-6a), while spherical particles (Figure IV-6b) 

and fibers were formed in pure water and in DMSO/water mixture respectively. As expected, 

higher conductivities were measured in PANI samples synthesized with PNVP-co-PVA-mod-

Py used as stabilizer.  

 

 

 

 

 

 

 

 

 

 

Figure IV-6: TEM images of the PANI nano-objects prepared in the presence of 35 wt.% of 
PNVP-co-PVA-mod-Py using (a) 1M aqueous HCl solution and (b) Pure deionized water as 
dispersant media at 0°C. 

 

I.2.3 Synthesis of PANI latexes in the presence of PEO based reactive stabilizers 

 

A series of PANI latexes were prepared in either pure deionized water or 1 M HCl 

solution at different temperatures using PEO based reactive stabilizers. Results of dispersion 

polymerization are summarized in Table IV-2 

 

As can be seen in Table IV-2, the functionality of PEO reactive stabilizers (i.e. PEO 

chains α,ω- end-capped with either aniline or fluorene moieties), the reaction temperature, the 

concentration and the nature of the dispersant medium have considerable effects on PANI 

morphologies. Rice grain morphology was obtained when aniline hydrochloride was 

polymerized using aniline-capped PEO in 1 M HCl water solution at either 0 or 25 °C (see 

runs 1-4, Table IV-2, Figure IV-7) while PANI fibers were obtained using fluorene 

b a
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S.N° Stabilizer type Stabilizer 

Molecular weight 
(g/mol) 

Amount of the 
stabilizerb 

 
(w% vs. monomer) 

Solvent  Reaction 
temperature 

 
(°C) 

Conductivityc 
 
 

(S/cm) 

Particle sized 
 

(nm x nm) 
(nm) 

Morphology 

1 An-PEO-An 35000 50 H2O 25 8×10-3 100X60 Rice-grain 

2 An-PEO-An 35000 50 H2O 0 5×10-2 120X60 Rice-grain 

3 An-PEO-An 35000 35 H2O 0 2×10-1 120X60 Rice-grain 

4 An-PEO-An 10000 35 H2O 0 4×10-2 120X60 Rice-grain 

5a An-PEO-An 35000 35 H2O 25 2×10-3 80X50 Rice-grain 

6a An-PEO-An 35000 35 H2O 0 8×10-3 80X50 Rice-grain 

7 Flu-PEO-Flu 10000 35 H2O 0 _ _ Aggregation 

8 Flu-PEO-Flu 10000 35 H2O 25 1×10-1 _ Fibers 

9 Flu-PEO-Flu 10000 35 DMSO/H2O 25 5×10-1 _ Fibers 

(a) Reaction was performed using only pure deionized water as a dispersant media (not in 1M HCl) and HCl was added at the end the reaction for doping PANI. 
(b) Versus monomer. 
(c) Measured by four probe method. 
(d) Average over 100 particles on TEM images. 
Table IV-2: Synthesis of PANI particles in the presence of PEO-based reactive stabilizers using ammonium persulfate as an oxidant in 1 M 
aqueous HCl solution.  
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Figure IV-7: : PANI particles prepared using α,ω-aniline-PEO reactive stabilizers having 
different molar mass and concentration under different experimental conditions (a) Mn =35000 
g/mol, 35 Wt.% in de-ionized water at 25 °C (run 5 Table IV-2), (b) Mn=35000 g/mol, 35 Wt.% 
in de-ionized water at 0 °C (run 6 Table IV-2), (c) Mn=10000 g/mol, 35 Wt.% in 1M aqueous 
HCl solution at 0 °C (run 4 Table IV-2), (d) Mn=35000 g/mol, 35 Wt.% in 1M aqueous HCl 
solution at 0 °C (run 3 Table IV-2), (e) Mn=35000 g/mol, 50 Wt.% in 1M aqueous HCl solution 
at 0 °C (run 2 Table IV-2)and (f) Mn=35000 g/mol, 50 Wt.% in 1M aqueous HCl solution at 25 
°C (run 1 Table IV-2) (Scale bar in all images is 100 nm). 
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functionalized PEO in either 1M HCl in water or in the DMSO/water (2:3) mixture at 25 °C 

(Figure IV-8a-b). At 0 °C aniline end-capped PEO were shown to be more efficient in 

obtaining stable PANI latexes as compared to fluorene end-capped PEO. As it can be seen 

from Figure IV-7, the size and morphology of PANI nano-objects were not affected by 

increasing the molecular weight of α,ω-An-PEO from 10000 g/mol to 35000 g/mol (runs 3 & 

4). Similar results were also obtained when concentration of α,ω-An-PEO increases from 35 

wt.% to 50 wt.% under similar reaction conditions (see Figure IV-7d-e and runs 2&3 in Table 

IV-2). PANI rice grain morphologies with very smooth surfaces were obtained using 50 wt. % 

of α,ω-An-PEO (Mn = 35000 g/mol) at 25°C (see run 1 Table IV-2 or Figure IV-7f). 

However, at 0 °C, this system gave rise to ill-defined rice grain morphology (see run 2 Table 

IV-2 or Figure IV-7e). This phenomenon can be attributed to a transition temperature of the 

PEO-based stabilizer occurring between 0 and 25 °C. Poorly defined small rice-grain particles 

were also obtained when aniline hydrochloride was polymerized in pure deionized water at 0 

or 25 °C (Figure IV-7a-b) {runs 5&6, Table IV-2}. 

 

 

 

 

 

 

 

 

 

 

 

Figure IV-8: TEM images of PANI nano-corals and fibers prepared using α, ω-Flu-PEO ( Mn = 
10000 g/mol, 35 wt.%) as a reactive stabilizer in different solvents (a) 1M HCl solution in water 
and (b) 1M HCl solution in DMSO/water mixture (2:3) at 25 °C 

 

I.3. Discussion on PANI morphologies  

 

Unlike other conducting polymers such as PEDOT and polypyrrole, the deviation from 

spherical morphologies to other kind of morphologies is a common phenomenon in PANI 

a b
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synthesis. This deviation is explained in detailed by Stejskal.3 According to the author, three 

factors affect the formation of dispersion particles: (1) the rate at which PANI is produced; (2) 

the efficiency of the stabilizer attachment; and (3) the diffusion and transport processes 

involved in the formation of the dispersion particle from primary particles. When the primary 

PANI particles are produced slowly during polymerization, they can efficiently become 

attached to the steric stabilizer. The locally reduced concentration of the free stabilizer is 

compensated by the diffusion of the stabilizer from the other regions. A sufficient quantity of 

the incorporated stabilizer and the diffusion-controlled aggregation of primary particles lead 

to the formation of spherical dispersion particles.4,5 When the rate of PANI formation is much 

faster than the diffusion of the stabilizer, a local depletion of the free stabilizer by primary 

particles may occur at PANI surfaces where the polymerization takes place. In these volume 

elements, the polymerization then proceeds in the absence of the stabilizer, i.e. in the 

precipitation mode. More and more primary particles without steric stabilizer are then 

produced by an auto-acceleration mechanism. The shape of the so-formed particles is likely to 

be affected by the polymerization features. The polymerization-controlled particle growth is 

expected to give rise to non-spherical morphologies. 

 

Kinetically controlled directional polymerization of aniline may be an alternative 

cause of this phenomenon.6,7 In the same way that corals naturally grow at their active ends, 

the PANI structures produced during the polymerization may follow a similar principle. This 

is supported also by the fact that wires and tubes have been produced also in the absence of a 

polymeric stabilizers and surfactants.8  

 

In this study, spherical particles are formed when aniline hydrochloride is polymerized 

in the presence of pure deionized water, while peanut shape morphologies are obtained when 

1 M HCl solution was used as dispersant medium keeping constant other experimental 

conditions (see Figures 2a and 2b). Actually, in the presence of HCl (which here acts as an 

accelerator), the rate of polymerization increases (which is indicated by the very rapid change 

of the reaction mixture from colourless to dark blue) that causes a local depletion of stabilizer 

near-by the particles.9,10 As a result, the particles partially covered by the stabilizer could 

attach to others resulting in the formation of non spherical shapes (see Figure IV-3b-c ). For 

example Figure IV-3b-c shows two particles attached to each other also called peanut like 

morphology. Beside, when the rate of polymerization is slow in the absence of HCl, the 
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locally reduced concentration in stabilizer is balanced by the diffusion of the stabilizer in 

other region. In such cases, the stabilizer more effectively deposits on the surface of the 

particles leading to the formation of spherical particles. Figure IV-4a-b shows oval, spherical 

and needle-like shapes as a function of the molecular weight of PVA-mod-An stabilizer. First, 

one can explain spherical and oval shapes by the high reactivity and high diffusivity of low 

molecular weight stabilizer that hampers aggregation phenomenon by more effective covering 

of the particles. Second, in the case of high molecular weight PVA-mod-An having a large 

number of aniline functions, the depletion of the stabilizer is not compensated due to its slow 

mobility, thus resulting in the formation of needle like objects formed by the aggregation of 

particles from their active sites (not effectively covered by stabilizer). 

 

Similarly, the formation of PANI fibers using α,ω-Flu-PEO is due to the low reactivity 

(fluorene moiety versus aniline) and eventually slow adsorption rate of stabilizer as compared 

to polymerization rate. As a result, PANI surface is not fully covered by the stabilizer chains 

and the small primary particles joint together from their naked sites to form long fibers. 

Finally, α,ω-An-PEO adsorbs more quickly and reacts more efficiently than α,ω-Flu-PEO 

(due to the same nature between the monomer and stabilizer end groups). However, it cannot 

hamper the deviation from spherical morphology leading to rice grain nano-objects. 

 

I.4. FT-IR and UV-Visible characterizations 
 

In order to estimate the composition of PANI samples prepared using different 

stabilizers, FT-IR was first performed (see Experimental section, III.2 and III.3). The 

absorption peaks arising from 700-1570 nm proves the formation of doped PANI.11-14 In 

addition, the presence of absorption peak at 1650 cm-1in PANI-PVA core-shell objects arising 

from C=O stretching vibration of ester group indicate the presence of PVA-mod-Py and PVA-

mod-An in the samples. Similarly, the peak at 1660 cm-1in PANI-PNVP-co-PVA arising from 

C=O group of pyrrolidone proves the presence of PNVP-co-PVA-mod-Py in the sample. 

 

Although it is not possible to see the PEO peaks in the spectra probably due to 

overlapping by the absorption peaks of PANI, the presence of PEO can be confirmed by XPS 

analysis as it will be discussed in following section. 

 



Chapter IV: Synthesis of Polyaniline nano-objects using PVA, PEO, and PNVP-co-PVA based 
reactive Stabilizers 

 

168 
 

The UV–visible spectra (Figure IV-9) of the PANI samples prepared using only HCl 

as dopant and other having CSA as co-dopant show three characteristic absorption bands at 

325, 440 and 700 nm, while the sample prepared using PTSA as a co-dopant exhibits a red 

shift to 770 nm. The absorption peak at 325 nm region is assigned to the π–π* transition and 

is related to the extent of conjugation between adjacent phenyl rings in polymer chain. The 

peak at 440 nm results from the polaron/bipolaron transition. A broad band with an absorption 

maximum at 700 - 770 nm is the signature of extended conjugation. It corresponds to the 

transition from a localized benzenoid highest occupied molecular orbital to a quinonoid 

lowest unoccupied molecular orbital 15, that is, a benzenoid to quinonoid excitonic transition. 

16 It also indicates the high conductivity shown by the samples prepared using PTSA as co-

dopant. When UV-visible spectra were taken in DMSO, the peak absorption maximum 

underwent a blue shift to 640 nm (Figure IV-10), which may be due to the partial conversion 

of emeraldine salt to emeraldine base indicated by the change in colour from green in water to 

blue in DMSO. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure IV-9: UV-visible spectra of (a) PANI-PVA-HCl-CSA, (b) PANI-PVA-HCl-PTSA (c) 
PANI-PVA-HCl in water 
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Figure IV-10: UV-visible spectra of (a) PANI-PVA-HCl-CSA, (b) PANI-PVA-HCl-PTSA (c) 
PANI-PVA-HCl in DMSO 

 

I.5. XPS characterization of PANI samples 
 

I.5.1. PANI-PVA composites 

 

XPS survey spectra and core line spectra of individual elements of PANI bulk powder 

and PANI samples prepared using PVA-based reactive stabilizers are shown in Figures IV-

11-13.  

As it is shown in Figure IV-11, XPS survey spectra of PANI bulk powder and PANI-

PVA samples consist of five main peaks corresponding to O1s, N1s, C1s, Cl2p and S2p 

components respectively.  
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The sharp increase intensity of O1s signal and decrease intensity of N1s in PANI-PVA 

samples as compared to PANI bulk powder clearly indicates the presence of PVA on the 

surface of the composites. 
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Sample C O N Cl S 
PANI-bulk 73.0 10.5 10.0 5.4 1.1 

PANI-PVA-3 66.8 22.4 5.2 4.1 1.4 

PANI-PVA-4 69.5 20.9 5.6 2.7 1.3 

PANI-PVA-5 69.9 21.0 5.6 2.5 1.0 
   

Figure IV-11: XPS survey spectra of (a) PANI bulk powder, (b) PANI-PVA-HCl (Run 3, Table 
IV-1), (c) PANI-PVA-CSA-HCl (Run 5, Table IV-1), (d) PANI-PVA-PTSA-HCl (Run 4, Table 
IV-1) and (e) Table for the elemental surface composition of PANI samples 
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Figure IV-12 represents the N1s core-line spectra of PANI bulk powder and PANI-

PVA composites. The doping level of PANI can be determined by deconvoluted N1s core-

line spectra of protonated imine and amine functionalities. 17 The maximum doping level of 

PANI was found to be 43.1%. XPS peaks were deconvoluted into Gaussian component 

peaks18 at 399.2, 400.5, and 401.8 eV for, benzenoid amine (–NH–), protonated amine (–

NH2
+–), and protonated imine (=NH+–) of PANI samples respectively. Kumar et al. 19,20 

assigned the last two peaks to the presence of polarons (radical cations) and bipolarons 

(dications). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure IV-12: XPS N1s core line spectra of (a) PANI bulk powder, (b) PANI-PVA-HCl (Run 3, 
Table IV-1), (c) PANI-PVA-CSA-HCl (Run 5, Table IV-1) and (d) PANI-PVA-PTSA-HCl (Run 
4, Table IV-1) 
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relative intensities of these peaks are 30.0%, 65%, 43.5% and 49.5% for PANI bulk powder, 

PANI-PVA-HCl, PANI-PVA-HCl-CSA and PANI-PVA-HCl-PTSA respectively. These data 

indicate that PANI-PVA-HCl is over doped while sample prepared using PTSA as a co-

dopant (PANI-PVA-HCl-PTSA) is completely doped in agreement with its high conductivity 

(Run 4, Table 1) and UV-Visible spectrum (Figure IV-9b). 

 

A very intense peak at 532.2 eV in O1s core-line spectra arising due to C–O–H of 

PVA in PANI-PVA composites (Runs 3,4,and 5, Table IV-1, for illustration see Experimental 

section III.4) indicate the presence of PVA in the samples. 21 

 

The features in C 1s core-line spectra of PANI bulk powder and PANI-PVA samples 

(Runs 3, 4 and 5, Table 1) demonstrate the formation of conducting PANI composite 

materials.22 The peak positions at 284.6 and 286.4 are due to –CH2– and C–O–H group 

respectively in PVA, proving the presence of stabilizer on PANI surface.23 The peaks 

positioned at 285.7 eV is due to C–N bond and peaks attributed at 287.6 and 289 eV are due 

to polarons and bipolarons, respectively (see Experimental section III.5). 

 

The Cl 2p core-line spectra are shown in Figure IV-13. The degree of protonation of 

polyaniline prepared using ammonium persulfate is normally based on the chlorine content 

that is determined by elemental analysis. The two peaks positioned at 200.2 and 201.8 eV 

have been assigned in the literature to C1 2p1/2 and C1 2p3/2respectively.24 Two additional 

peaks at 197 and 198 eV are probably attributed to the chloride ions from ammonium chloride 

formed as by-product during polymerization and trapped inside. As it is clear from the table 

of the elemental composition of PANI samples (Figure IV-11), the amount of chlorine is 

roughly half with respect to nitrogen in each case, in accord with 50% doping level of PANI 

prepared in our case. 

 

The presence of two peaks arising at 166.7 and 168.4 in S2p core-line spectra of 

PANI-PVA-HCl-CSA (Experimental section III.6c) and 167.3 and 168.7 eV in PANI-PVA-

HCl-PTSA (Experimental section 6d) are due to the –SO3 group of CSA and PTSA 

respectively and confirm their presence as co-dopants. 
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Figure IV-13: XPS Cl 2p core line spectra of (a) PANI bulk powder, (b) PANI-PVA-HCl (Run 3, 
Table 1), (c) PANI-PVA-CSA-HCl (Run 5, Table 1) and (d) PANI-PVA-PTSA-HCl (Run 4, 
Table 1) 
 

I.5.2. PANI-PEO and PANI-PNVP-co-PVA composites 
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(–NH–) and protonated imine (=N+–) respectively (Figure IV-14c). The doping level 

calculated by the integration of these peaks is very low (10.43%), therefore not in agreement 

with the conductivity shown by this sample (Run 15, Table IV-1). Beside, the peak positions 

for PANI-PEO (Figure IV-14d) are exactly similar to PANI-PVA samples and show 38% 

doping level. C1s core line spectrum of PANI-PNVP-co-PVA is shown in Figure IV-14e. The 
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peaks assigned at 285.3, 286 and 287.5 eV are due to C–C/C–H, C–N and N–C=O 

respectively and indicate the presence of PNVP-co-PVA-mod-Py in the sample.22 Similarly 

the presence of an intense peak at 286.2 eV for C1s (Figure IV-14f) and 532.5 for O1s 

(Experimental section III.7b) prove the presence of PEO on the surface of PANI-PEO.23 

 

Cl 2p and S 2p core-line spectra of PANI-PNVP-co-PVA-mod-Py and PANI-PEO 

(Experimental section III.7c-d) arising from dopant anions are exactly similar to the spectra 

obtained for PANI-PVA and indicate their doping levels. As it is clear from the table of the 

surface composition (Figure IV-14), the amount of chlorine is almost half with respect to 

nitrogen in PANI-PNVP-co-PVA-mod-Py, indicating 50% doping level which is in accord 

with the high conductivity shown by this sample (Run 15, Table IV-1). In addition, low 

doping level (~33%) were observed for PANI-PEO sample (Run 1, Table IV-2) that are in 

agreement with both the low conductivity measured and high content of PEO within the 

sample (~50%). 
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Sample C O N Cl S 
PANI-PNVP-PVA-g-Py-1 

Pt1
65.3 17.1 10.8 4.7 2.0 

PANI-PEO-4 70.6 18.34 7.3 2.4 1.2 
 

Figure IV-14: (a) & (b) XPS survey spectra of PANI-PNVP-co-PVA-mod-Py ( Run 15, Table IV-
1) and PANI-PEO (Run 1, Table IV-2), (c) & (d) XPS N 1s core line spectra of PANI-PNVP-co-
PVA-mod-Py ( Run 15, Table IV-1) and PANI-PEO (Run 1, Table IV-2) and (e) & (f) XPS C 1s 
core line spectra of PANI-PNVP-co-PVA-mod-Py ( Run 15, Table IV-1) and PANI-PEO (Run 1, 
Table IV-2) respectively, (g) Table for the surface composition of PANI-PNVP-co-PVA-mod-Py 
and PANI-PEO. 
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I.6. DSC and TGA characterizations of PANI samples 
 

Figure VI-15 shows the results of DSC for PVA-mod-An, PANI-bulk powder and 

PANI-PVA composites. Glass transition temperature of the samples generally appears at 

nearly 70-80 °C, which overlap with moisture released endotherm showing a broad signal at 

around 100°C. Melting point endotherm of PVA is around 200°C followed by dehydration 

and cross-linking of polymer near 300 °C producing polyene structures and volatile 

products.25. Ultimately PVA decomposes into carbon and hydrocarbons on heating above 

400°C. PANI bulk powder shows a broad endotherm that can be attributed to the release of 

HCl and moisture at 70-100°C followed by strong endotherm corresponding to cross-linking 

reaction26 at elevated temperatures. Above 350 C, PANI degrades. In PANI-PVA composites, 

the moisture and dopant release retain its position at around 100 °C as well as the melting 

endotherm at near 200 °C. The dehydration endotherm of PVA and the endothem due to 

changing morphology near 300 °C is absent in composites which show their good thermal 

stability as compared to their precursors. From the DSC data, it is clear that composites 

exhibit combine physical properties of both components. 

 

Figure IV-15: DSC curves of (―) PANI-PVA-5 (Run 5, Table 1) (– – –) PANI-PVA-4 

(Run 4, Table 1), (― – –) PANI bulk powder, and (―·) PVA-g-An 
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The TGA curves for PANI bulk powder, PVA and PANI-PVA composites are shown 

in Figure IV-16. The thermal stability of PANI bulk powder is poor and it is found to loose 

HCl and moisture above 40 °C as it is shown in the slow mass loss region over 40-120 °C. 

Above 120 °C, it does not show any remarkable loss except for large scale thermal 

degradation above 300 °C. Moreover, all TGA curves due to PANI-PVA composites fall in 

between PANI bulk powder and PVA, confirming both the composition of the composites and 

their good stability. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure IV-16: TGA curves for (a) PANI-PVA-HCl (Run 3, Table IV-1), (b) PANI-PVA-PTSA-
HCl (Run 4, Table IV-1) (c) PANI-PVA-CSA-HCl (Run 5, Table IV-1) and (d) PANI bulk 
powder, 
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Similarly, the TGA curves for PANI bulk powder, PEO and PNVP-co-PVA-mod-Py 

stabilized nano-objects are shown in Figure IV-17. PEO reactive stabilizer does not exhibit 

weight loss until 400 °C. Above this temperature, there is sudden mass loss due to rapid 

thermal degradation of the polymer. On the other hand, there is three steps mass loss in PANI 

bulk powder and PANI-PEO and PANI-PNVP-co-PVA-mod-Py composites. As described 

above, it is attributed to loss of HCl, bound water and large scale thermal degradation of 

polymers above 400 °C except for PANI bulk powder where it starts at around 300 °C. It is 

interesting to note that PANI composites show more thermal stability than raw PANI powder 

materials. 

 

Figure IV-17: TGA curves for α,ω-An-PEOP, PANI bulk powder , PANI-PEO and PANI-
PNVP-co-PVA-mod-Py composites. (The digits on left side of the name of each sample 
correspond to the run number in Table IV-2 except PANI-PNVP-co-PVA-mod-Py-1 which 
corresponds to Run 15 in Table 1) 
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I.7. Conductivity 
 

Conductivity of the PANI nano-objects was measured on pressed pellets using the four 

probe method. As it is clear from Table IV-1, the conductivity of the PANI –PVA samples is 

affected by the dispersant media and type of the dopant used. Thus, interestingly rather high 

conductivity values were observed when DMSO/water (2:3) mixture was used as a dispersant 

medium and when PTSA was used as co-dopant (Runs 4, 7 and 11), which is also evident 

from the XPS and UV-Visible results discussed above. The increase in conductivity with the 

change in dispersant medium is probably due to an increase in PANI molecular weight. 

Indeed, as PANI is partially soluble in DMSO, the polymer chains remain in solution for 

longer time and as a result chain growth continues and high molecular weight PANI is 

produced before precipitation. Unfortunately, the insolubility of the final polymer in most 

solvent hampers determination of their molecular weight by GPC techniques. In most of the 

cases, high conductivities were shown for PANI samples prepared using PEO and PNVP-co-

PVA based reactive stabilizers under similar experimental conditions. Indeed, from Table IV-

2, it is clear that experimental parameters such as concentration of the stabilizer, reaction 

temperature, doping time, and reaction medium have considerable effect on conductivity. For 

example, the conductivity decreases from 0.15 S/cm to 0.045 S/cm as the concentration of the 

stabilizer increase from 35 wt.% to 50 wt.% (Runs 2&3, Table IV-2). The decrease in 

conductivity (5×10-2 to 8×10-3 S/cm) was also observed when the temperature of the medium 

increases from 0 to 25 °C (Runs 1-2, Table IV-2) probably due to the possibility of cross-

linking between PANI chain at higher temperature. Higher conductivity was shown by the 

samples in which polymerization was performed in 1 M HCl than the PANI samples where 

HCl was added at the end of the reaction (runs 5-6, Table IV-2). In this latter case, the PANI 

is doped only from the surface while former is doped as a whole. Finally, similarly to the 

results obtained in the case of PANI-PVA, rather high conductivity values of 5×10-1 S/cm 

were obtained when dispersions were prepared in DMSO/water mixtures (Run 17, IV-1 and 

Run 9, Table IV-2). 

 

II. Conclusion 
 

PANI nano-objects with well-defined morphologies like peanuts, rice grain, corals, 

spheres and fibers were successfully prepared as a function of the nature and characteristics of 
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PVA, PEO and PNVP-co-PVA based reactive stabilizers. These nano-objects show 

conductivities as high as 0.5 S/cm in spite of the stabilizer insulator content within the 

materials. The presence and quantity of a protective thin layer composed with the stabilizer 

used onto the PANI samples was investigated by XPS. XPS was found to be an important tool 

to evaluate the doping level either by comparing the peak areas ratio of protonated imine and 

amine nitrogen to the neutral imine and amine or by directly measuring the amount of the 

dopant within the sample. The values thus obtained were found increased with the 

conductivities shown by PANI samples. Finally, DSC and TGA analysis revealed that PANI 

composites show better thermal stability than their pure PANI counterparts. 
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I. Synthesis of PEDOT and PANI-metal composites 

particles in aqueous dispersant media 

 
With the objective to improve the electrical conductivity and optical properties of PEDOT 

and PANI materials and consequently their performances in optoelectronic devices, the 

synthesis of PEDOT and PANI nanocomposite was investigated. PEDOT- and PANI-based 

composites with gold, silver and copper metals have been prepared by aqueous dispersion 

polymerization in the presence of the following reactive stabilizers: Aniline-modified-

poly(vinyl alcohol) (PVA-mod-An), pyrrole-modified-poly(vinyl alcohol) (PVA-mod-Py), 

α,ω-aniline-poly(ethyleneoxide) (An-PEO-An) or α,ω-fluorene-poly(ethyleneoxide) (Flu-

PEO-Flu) (discussed in the previous chapters).  

 

I.1. Synthesis of adequate stabilizers based on PEO or PVA 
 

In order to prepare stable PEDOT-metal composites, the reactive stabilizers PNVP-co-

PVA-mod-Py (Mn = 29000 g/mol, 10 mol.% of grafted pyrrole), PVA-mod-Py (Mn = 88000 

g/mol, 5 mol.% of grafted pyrrole), PVA-mod-An (Mw = 88000 g/mol, 5 mol.% of aniline 

functionalization), α, ω-An-PEO (Mn = 35000 g/mol) and α, ω-Flu-PEO (Mn = 10000 & 

35000 g/mol) were used. their synthesis was described in chapters II, III and IV. 

 

I.2. Synthesis of PEDOT-metal composites 
 

 The composites of PEDOT with silver (Ag), gold (Au) and copper (Cu) were prepared 

by dispersion polymerization of EDOT in the presence of ammonium persulfate using silver 

nitrate (AgNO3), hydrogen tetrachloroaurate (HAuCl4) and copper sulfate pentahydrate 

(CuSO4.5H20) as co-oxidants respectively in aqueous media at room temperature. Similarly, 

PANI-Ag, and PANI-Au were prepared using AgNO3 and HAuCl4 in 1M HCl at 0°C.  
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I.2.1. Synthesis of PEDOT-Ag composites 
 

In order to optimize the synthesis of PEDOT-Ag composites, the effects of the nature 

and concentrations of the stabilizers as well as the addition time of the co-oxidant have been 

studied. Data are given in Table V-1. 

I.2.1.1.  PEDOT-Ag prepared using PVA-based reactive stabilizers 

 

PEDOT-PVA-Ag composite particles of 80-140 nm were obtained irrespective of the 

reactive stabilizer concentration (PVA-mod-Py or PVA-mod-An, 20-50wt.%, runs 1-3, Table 

V-1). Reversibly, the higher the concentration of the stabilizer, the higher the number of Ag 

particles deposited onto the particle surface (Figure V-1a-b). This trend shows that the 

stabilizer helps the Ag particles to attach on the PEDOT particles surface. In all cases, the Ag 

particles size on the PEDOT surface was found to be about 20 nm. It is also clear from Table 

V-1 that the nature of the pendant group on the stabilizer has no detectable effect on the size 

and morphology of PEDOT-PVA-Ag nanocomposites (runs 1 and 3).  

 

I.2.1.2.  PEDOT-Ag prepared using PEO-based reactive stabilizer 

 

When EDOT was polymerized in the presence of Flu-PEO-Flu, PEDOT-PEO-Ag 

particles and vesicles were obtained depending upon the addition time of the co-oxidant. 

Small sized (50-80 nm) spherical PEDOT-PEO-Ag composite particles were obtained when 

AgNO3 was added after 30 minutes reaction (run 4, Table 1). Reversibly, vesicles (250-300 

nm) were observed when the co-oxidant was added after 24hours (runs 5, Table V-1). In the 

latter case, we could show that α,ω-Flu-PEO (Mn = 35000 g/mol) and PTSA self-assemble as 

vesicles that serve as templates during polymerization of EDOT. The phenomenon of the self-

assembly of Flu-PEO-Flu in the presence of PTSA will be described in detail below in the 

same section. It is important to recall that only PEDOT particles were obtained when EDOT 

was polymerized without the addition of PTSA (see chapter II). From TEM images, on can 

observe Ag particles of about 10 nm all-around the surface of the PEDOT particles (Figure V-

1c) and Ag particles of about 5 nm around the PEDOT-PEO-Ag vesicles (Figure V-1d).  
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S. No. Stabilizer type Molecular weight 

of the stabilizer 

(g/mol) 

Amount of 

the stabilizer 

wt.% 

Oxidant type Co-oxidant Addition time 

of co-oxidant 

Amount of the 

co-oxidant 

(vs monomer) 

Conductivityb 

 

(S/cm) 

Particles 

sizec 

(nm) 

Remarks 

1 PVA-mod-An  88000 50 (NH4)2S2O8 AgNO3 30 min 1eq 8.0×10-1 80-100 Particles 

2 PVA-mod-Py  88000 20 (NH4)2S2O8 AgNO3 30 min 1eq 1.0×10-1 80-140 Particles 

3 PVA-mod-Py  88000 50 (NH4)2S2O8 AgNO3 30 min 1eq 9.0×10-1 90-120 Particles 

4 Flu-PEO-Flu 35000 50 (NH4)2S2O8 AgNO3 30 min 1eq 1.0×10-1 50-80 Particles 

5a Flu-PEO-Flu 35000 35 (NH4)2S2O8 AgNO3 24 h 1eq 4.0×10-1 250-300 Vesicles 

6 PNVP-co-PVA-mod-Py 29000 35 (NH4)2S2O8 AgNO3 30 min 1eq 1.5×10-1 80-100 Particles 

7 PNVP-co-PVA-mod-Py 29000 35 (NH4)2S2O8 AgNO3 24 h 1eq 1.0×10-1 150-170 Particles 

8 PNVP-co-PVA-mod-Py 29000 35 (NH4)2S2O8 AgNO3 30 min 0.5eq 6.0×10-1 70-90 Particles 

9 PNVP-co-PVA-mod-Py 29000 35 AgNO3 APS 30 min 0.5eq 9.0×10-1 60-70 Particles 

(a) PTSA was added as dopant at the beginning of the reaction 
(b) Measured by the four probe method 
(c) Measured from TEM images. In all cases averages on 100 objects were made. 
Table V-1: Synthesis of PEDOT-Ag nanocomposites in aqueous dispersant media. 
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Figure V-1: TEM images of PEDOT-Ag nanocomposites prepared using different concentration 
and nature of stabilizers and addition time of co-oxidant(a) PVA-mod-Py, 50 wt.%, 30 min (run 
3, Table V-1), (b) PVA-mod-Py, 20 wt.% , 30 min (run 2, Table V-1), (c) Flu-PEO-Flu, 50 wt.% 
30 min (run 4, Table V-1), (d) Flu-PEO-Flu, 35 wt.%, 24 h (run 5, Table V-1), {Scale for c & d is 50 
nm } 
 

In order to fully understand, the behavior of α,ω-Flu-PEO in the presence of PTSA in 

solution and the effect on the size and morphology of the PEDOT composite particles, α,ω-

Flu-PEO (Mn =35000 g/mol) solution in the presence of PTSA was analyzed by Dynamic 

Light Scattering (DLS). For this purpose, a solution of the stabilizer and PTSA at the 

concentration of 5.4 g/L and 7g/L respectively in methanol/water mixture (1/4) was prepared. 

The solution was filtered through 1 μm filter and stirred for 24 hours prior to DLS analysis. 

The auto-correlation function at different angles and their CONTIN analyses at 90°obtained at 

25°C for α,ω-Flu-PEO/PTSA mixture are shown in Figure V-2a-b. For α,ω-Flu-PEO/PTSA 

mixture, one main population with a hydrodynamic radius, RH, of 130 nm is obtained. This 

a b

c d
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size is characteristic of micellar aggregation and is in good agreement with the PEDOT-

Ag/Au vesicles obtained in our study. 

 

In addition, the linear dependence of relaxation frequency Γ as a function of the square 

of the wave vector q2 confirms that the observed micellar aggregates are spherical and 

homogeneous in size (Figure V-2c). Taking into account the dimension of a unimer (about 

10nm), such a morphology is not really consistent with a spherical micelle, but more to a 

vesicular structure. The formation of vesicles was also confirmed by TEM analysis (See 

Figure V-2d) The TEM image shows vesicular objects with size about 100 nm. The decrease 

in size is probably due to the shrinkage of the vesicles in dry state. 

Figure V-2: (a)Auto-correlation functions C(q,t), at different angles (b) Relaxation 
frequency in the function of q2 (c) relaxation time distribution G(t) at 90° for α,ω-Flu-
PEO/PTSA mixture in water/methanol mixture (4:1) at 25 °C and (d) TEM images of 
the α,ω-Flu-PEO/PTSA mixture. {Scale for figure V-6d is 100 nm} 
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From this DLS data it is clear that α,ω-Flu-PEO self-assemble in the presence of 

PTSA to form vesicles that lead to the formation of PEDOT vesicles during the dispersion 

polymerization of EDOT. It is important to note that such self-assembly was not observed in 

α,ω-Flu-PEO solution (without PTSA) by DLS analysis (see chapter II). It could be 

interesting to investigate the solution behavior of α,ω-Flu-PEO of different molecular weights 

and their effect on the size and morphology of PEDOT composites. 

 

I.2.1.3.  PEDOT-Ag prepared using PNVP-co-PVA-based reactive stabilizer 

 

In the case of EDOT polymerization performed in the presence of PNVP-co-PVA-

mod-Py and AgNO3 as a co-oxidant, spherical PEDOT-PNVP-co-PVA-Ag composite particles 

are formed independent of the addition time of the co-oxidant (runs 6-9, Table V-1)). 

However, the particles size is affected by the addition time of AgNO3. The smallest particles 

(60-100 nm) were obtained when AgNO3 was added at the beginning of the reaction (after 30 

minutes, runs 6, Table V-1, Figure V-3). This phenomenon can be explained by the higher  

 

Figure V-3: TEM images of PEDOT-Ag nanocomposites prepared using same concentration of 
PNVP-co-PVA-mod-Py stabilizer but different addition time of co-oxidant (a) 30 min (run 8, 
Table IV-1) and (b), 24 h (run 7, Table V-1). {Scale for a & b is 100 nm} 
 

reactivity of the oxidant mixture as compared to pure (NH4)2S2O8, that probably leads to the 

formation of a higher concentration of nuclei at the beginning of the reaction. Similar results 

were obtained when EDOT was polymerized in the presence of the mixture of ammonium 

persulfate and iron(III) chloride as oxidant (see chapter II). Furthermore, the size and 

morphology of the PEDOT-PNVP-co-PVA-Ag composite particles remain is little affected by 

a b
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the addition order of the oxidants (run 8 & 9, Table V-1). While in this study, the stabilizers at 

the concentration ranging from 20 - 50 wt.% were used, it will be interesting to check the 

effect of lower amount of stabilizers on the formation and morphology of the nanocomposite 

particles. 

 

I.2.2. Synthesis of PEDOT-Au composites 
 

 As already indicated, PEDOT-Au composite particles were prepared by dispersion 

polymerization using HAuCl4 as a co-oxidant. Au+3 ion is reduced to Au0 either by EDOT 

monomer or PEDOT and is then stabilized on the surface or inside the PEDOT particle. The 

effects of different reactive stabilizers and the addition time of the co-oxidant on the size and 

morphology of PEDOT-Au composite were also studied. The results of the PEDOT-Au 

composites prepared in different experimental conditions are summarized in Table V-2 (runs 

1-5). 

 

 As it can be seen in Table V-2, the smallest particles in the range 40-80 nm are 

obtained when the co-oxidant is added in one dose at the beginning of the reaction; 

irrespective of the nature of the stabilizer used (runs 1, 2 and 5). The smallest particles (40-50 

nm) were obtained using PVA-mod-Py (Mw = 88000 g/mol) as reactive stabilizer (see Figure 

V-4e). The formation of such small particles is logically explained by a good coverage offered 

by high molecular weight PVA-mod-Py to the growing PEDOT-Au composite particles.  

 

As already seen in case of PEDOT-PEO-Ag nanocomposites, the nano-vesicles were 

obtained when HAuCl4 was added after 24h in the reaction medium with Flu-PEO-Flu as a 

reactive stabilizer and PTSA as a doping agent while spherical nano-particles were obtained 

when the co-oxidant was added at the beginning of the reaction. The formation of nano-

vesicles result of the self-assemblage of Flu-PEO-Flu in the presence of PTSA as described 

above in the previous section. 

 

 In the case of PNVP-co-PVA reactive stabilizer, the small gold nano-particles self-

assembled to sub-micrometer sized (400-500 nm) gold particles, when the co-oxidant HAuCl4 

was added slowly (in about 5 minutes) drop-wise in the reaction mixture (for illustration see 

Figure V-4c). Similar results were obtained by Li et al.1 who studied the reduction of HAuCl4 
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S. No. Stabilizer type Molecular weight 

of the stabilizer 

(g/mol) 

Amount of 

stabilizer 

Wt.% 

Oxidant type Co-oxidant Amount of the 

co-oxidant 

Addition time 

of co-oxidant 

Conductivityb 

 

(S/cm) 

Particles 

sizec 

(nm) 

Remarks 

1 PVA-mod-Py 88000 50 (NH4)2S2O8 HAuCl4 0.33eq 30 min 8.0×10-2 40-50 Particles 

2 Flu-PEO-Flu 35000 50 (NH4)2S2O8 HAuCl4 0.33eq 30 min 3.0×10-1 50-80 Particles 

3a Flu-PEO-Flu 35000 35 (NH4)2S2O8 HAuCl4 0.33eq 24 h 4.2×10-2 200-250 Vesicles 

4 PNVP-co-PVA-mod-Py 29000 35 (NH4)2S2O8 HAuCl4 0.33eq 30 min 1.0×10-1  Particles 

5 PNVP-co-PVA-mod-Py 29000 35 HAuCl4 ― ― ― 1.25 70-80 Particles 

(a) PTSA was added as dopant at the beginning of the reaction 
(b) Measured by the four probe method 
(c) Measured from TEM images. In all cases averages on 100 objects were made. 
Table V-2: Synthesis of PEDOT-Au nanocomposites in aqueous dispersant media. 
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Figure V-4: TEM images of PEDOT-Au nanocomposites prepared using different concentration 
and nature of stabilizers and addition time of co-oxidant (a) Flu-PEO-Flu, 50 wt.%, 30 min (run 
2, Table V-2), (b) Flu-PEO-Flu, 50 wt.%, 24 h (run 3, Table V-2), (c) PNVP-co-PVA-mod-Py, 35 
wt.%, 30 min (run 4, Table V-2), (d) PNVP-co-PVA-mod-Py, 35 wt.% (run 5, Table V-2) and (e) 
PVA-mod-Py, 50 wt.%, 30 min (run 1, Table V-2). {Scale for b, d, & e is 100 nm and a and c is 50 and 
500 nm respectively} 
 

a 

e 

dc 

b



Chapter V: Synthesis of PEDOT and PANI-metals composites particles in aqueous dispersion media 
 

193 
 

by EDOT, in THF solution, using dioctylamine as a stabilizer at 120°C. Reversibly, gold 

coated PEDOT composite particles were obtained when HAuCl4 (the only oxidant i.e. without 

any co-oxidant) was added drop-wise in the reaction medium ((Figure V-4d). Although, in 

some cases, it is difficult to see Au nano-particles on the PEDOT surface by TEM, the 

presence of Au could be confirmed by XPS analysis, as it will be discussed in later sections. 

 

I.2.3. Synthesis of PEDOT-Cu composites 
 

 PEDOT-Cu composites were prepared using CuSO4 solution (in 5N NH4OH) as a co-

oxidant. The addition of ammonium hydroxide eases the dissolution of CuSO4 in aqueous 

media and facilitates the reduction of Cu+2 to Cu0. The results of PEDOT-Cu composites are 

shown in Table V-3 (runs 1-3). PEDOT-Cu vesicles are obtained in the presence of PVA-

mod-Py (Figure V-5a) while spherical nano-particles are obtained in the presence of PNVP-

co-PVA-mod-Py (Figure V-5b-c). PTSA was added after few minutes of the co-oxidant 

addition in order to neutralize and dope the PEDOT formed (run 2) while few mL of 

concentrated HCl was added in the reaction mixture of run 3 after 24h in order to neutralize 

the added base. As it is clear from TEM images, the best results, in terms of morphology were 

obtained in the latter case (run3, Figure V-5c). The reason for the formation of vesicular 

objects using PVA-mod-Py as a reactive stabilizer is currently unknown. 
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Figure V-5: TEM images of PEDOT-Cu nanocomposites prepared using different stabilizers 
and experimental conditions (a) PVA-mod-Py , 50 wt.%+ NH4OH (run 1, Table V-3), (b) PVA-
mod-Py , 50 wt.%+ NH4OH+PTSA (run 2, Table V-3) and (c) PNVP-co-PVA-mod-Py , 35 wt.%+ 
NH4OH+HCl, (run 3, Table V-3) { Scale for a & b is 200 nm and c is 100 nm} 

c 

a 
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S. No. Stabilizer type Molecular weight 

of the stabilizer 

(g/mol) 

Amount of 

stabilizer 

wt.% 

Oxidant  Co-oxidant Amount of co-

oxidant 

(vs monomer) 

Addition time 

of co-oxidant 

Conductivityd 

 

(S/cm) 

Particle 

sizee 

(nm) 

Remarks 

1a PVA-mod-Py  88000 50 (NH4)2S2O8 CuSO4 0.5eq 30 min ― 120-200 Vesicles 

2a,b PVA-mod-Py 88000 50 (NH4)2S2O8 CuSO4 0.5eq 30 min 3.6×10-2 70-100 Particles 

3a,c PNVP-co-PVA-mod-Py 29000 35 (NH4)2S2O8 CuSO4 0.5eq 30 min 8.0×10-2 100-130 Particles 

(a) CuSO4 was dissolved in 5ml of 5N NH4OH and added after 10 minutes of the start of the reaction 
(b) PTSA was added to neutralize the NH4OH at the beginning of the reaction 
(c) 5 ml concentrated HCl was added in order neutralize the NH4OH at the end of the reaction  
(d) Measured by the four probe method 
(e) Measured from SEM images. In all cases averages on 100 objects were made. 
Table V-3: Synthesis of PEDOT-Cu nanocomposites in aqueous dispersant media. 
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I.3. XPS characterization of PEDOT-metals composites 
 

 In order to investigate the composition of the PEDOT-metals composite particles, XPS 

analysis of PEDOT samples and PEDOT bulk powder were analyzed by X-ray Photoelectron 

Spectroscopy (XPS). Figures V-6 and V-7 represent the XPS survey and high resolution 

spectra of PEDOT composite samples respectively. The presence of peaks due to Ag 3d, Au 

4f and Cu 2p in survey spectra of PEDOT-metal composites in addition to the four main 

peaks originating from O1s, C1s, S2s and S2p confirms the presence of silver, gold and 

copper respectively in the composite materials. Such features are not present in survey spectra 

of PEDOT bulk powder.  

 

Examination of the peak-fitted Au 4f core-line spectra for PEDOT-Au composite (see 

Figure V-7b) reveals two strong signals due to Au 4f5/2 and 4f7/2 electrons, respectively. Each 

signal is adequately peak-fitted with only one component, clearly showing that only one gold 

species is present. The 4f7/2 peak is centered at 84 eV, and the accompanying 4f5/2 peak at 

87.6 eV. This doublet is characteristic of zero-valent Au.2 In addition, there is no sign of any 

signal due to Au(III) (the 4f7/2 peak would be expected at ca. 86 – 87 eV). These data prove 

unambiguously that reduction of Au(III) to Au(0) has indeed taken place, and is in close 

agreement with the work of Kang and co-workers.3,4 From the high resolution spectra of Ag 

3d (Figure V-7a), the binding energy for Ag 3d5/2 and Ag 3d3/2 were found to be 368.34 and 

374.50 eV, respectively. The S 2p3/2 core-level spectra of Ag/PEDOT nanocomposites peaks 

at 161.3-162.4 eV has been assigned to sulfur of –C–S–Ag 5-7 (Figure V-9b). Therefore, it can 

be suggested that there is a significant chemical interaction between the Ag and sulfur atom of 

thiophene ring. The characteristic Cu 2p peak at 932 eV8-10 in Figure V-7c confirms the 

reduction of Cu+2 to Cu0. 
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Figure V-6: XPS survey spectra of (a) PEDOT bulk powder, (b) PEDOT-PVA-Ag composite 
(run 3, Table V-1), (c) PEDOT-PVA-Au composite (run 1, Table V-2) and (d) PEDOT-Cu 
composites (run 1, Table V-3) 
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Figure V-7: XPS high resolution spectra of Ag 3d (run 3, Table V-1), (b) Au 4f (run 1, Table V-
2) and (c) Cu 2p (run 1, Table V-3). 
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Figure V-8: C1s core-line spectra of (a) PEDOT bulk powder, (b) PEDOT-PVA-Ag composite 
run 3, Table V-1), (c) PEDOT-PVA-Au composite ( run 1, Table V-2) and (d), (e) & (f) are their 
corresponding O1s core-line spectra respectively  

 

Figure V-8a-f displays the high resolution C 1s and O 1s core-line spectra of PEDOT 
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core-line spectra of PEDOT composites samples correspond to C-O-H moieties in PVA.11-13 

In addition, the presence of peak at 532.6 eV (Figure V-9e&f) originating from O 1s is due to 

C-O-H and is in agreement to the data already available in the literature. 11 Such peak was not 

observed in O 1s core-line spectrum of PEDOT bulk powder (Figure V-8d). From these 

results it is clear that PVA is present on the surface of the PEDOT particles and is responsible 

for the stability of the nano-composites. 

 

Figure V-9a-d represents the S 2p core-line spectra of PEDOT bulk powder and 

PEDOT metal composites. In each case (except for PEDOT-Cu) the main peak has been fitted 

with three components: neutral S (163.8 - 165.1 eV) and cationic S+ (165.2 - 167.4 eV) 

associated with the PEDOT backbone and highly oxidized SO4
- (167.4 - 169.5 eV) of the  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure V-9: XPS S2p core-line spectra of a) PEDOT bulk powder, (b) PEDOT-PVA-Ag 
composite run 3, Table V-1), (c) PEDOT-PVA-Au composite ( run 1, Table V-2) and (d) PEDOT-
PVA-Cu composite (run 1, Table V-3). 
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dopant. Each of these components is represented by two peaks arising from the 2p1/2 and 2p3/2 

electrons, resulting in a total of six peaks. The sub-peak due to S+ cation is absent in the S2p 

core-line spectrum of PEDOT-Cu composite due to its neutral nature because of added 

ammonium hydroxide at the beginning of the reaction (run 1, Table V-3). 

 

From the above discussion it is obvious that PEDOT core-shell particles decorated 

with silver, gold and copper are successfully prepared in one pot synthesis by dispersion 

polymerization techniques. It paves the way to new composite materials based on semi-

conducting organic polymers and metals… 

 

I.4. TGA analysis of PEDOT-metals composites 

 

 TGA of the PEDOT composite materials was performed in order to know their 

thermal stability and to evaluate their composition. The TGA traces of PEDOT-metals 

composites and PEDOT bulk powder are shown in the Figure V-10. From the Figure it is  

 

 

 

 

 

 

 

 

 

 

 

Figure V-10: TGA curves of — PEDOT bulk powder, — PEDOT-PVA-Ag (run 3, Table V-1), 

— PEDOT-PVA-Au (run 1, Table V-2) and — PEDOT-PVA-Cu (run 1, Table V-3) 
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clear that PEDOT-Ag and PEDOT-Au composites show higher thermal stability as compared 

to the PEDOT bulk powder while PEDOT-Cu shows lower thermal stability. The reason for 

the lower stability shown by PEDOT-Cu composite is not known. TGA traces can be used to 

estimate the amount of metals in the composites assuming that remaining incombustible 

materials are gold, copper and silver respectively. The amount of gold, silver and gold was 

found to be 6%, 32.2 %and 38% in PEDOT-Au-1 (run 1, Table V-2), PEDOT-Ag-3 (run 3, 

Table V-1) and PEDOT-Cu-1 (run 1, Table V-3) respectively. These values are rather good in 

agreement with the amount of metal added at the beginning of the polymerization. 

 

I.5. Synthesis of PANI-metal composites 
 

 PANI-Ag and PANI-Au composites were prepared using aniline or PANI as a 

reducing agents by dispersion polymerization in the presence of α,ω-An-PEO (Mn = 35000 

g/mol), PVA-mod-An (Mn = 88000 g/mol) and PNVP-co-PVA-mod-Py (Mn = 29000 g/mol) 

as reactive stabilizers. The results of the dispersion polymerization of aniline using metal salts 

as co-oxidants are shown in Table V-4. 

 

I.5.1. Synthesis of PANI-Ag composites 
 

 PANI-Ag composites were prepared using AgNO3 as a co-oxidant during dispersion 

polymerization of aniline hydrochloride in which Ag+1 ions reduced to Ag0 by aniline or 

PANI. Ag particles thus formed deposit on the surface as well as inside the growing PANI 

particles.  

 
As can be seen from Figures V-10a and V-10b, the nature of the stabilizers has no 

effect on the size and final morphology of PANI-Ag composite particles. In both cases, nearly 

spherical PANI-Ag nano-particles in the range of 80-150 nm are formed when the co-oxidant 

is added at the beginning of the reaction while PANI peanut and fibers are obtained in the 

presence PVA-mod-An and PNVP-co-PVA-mod-Py respectively without using co-oxidant 

(see chapter IV). 
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S. No. Stabilizer type Molecular weight 

of the stabilizer 

(g/mol) 

Amount of 

stabilizera 

Wt.% 

Oxidant  Co-oxidant Amount of co-

oxidantb 

Conductivityd 

 

(S/cm) 

Remarks 

1 PVA-mod-An  88000 50 (NH4)2S2O8 AgNO3 1eq 1.0×10-1 Particles 

2 PNVP-co-PVA-mod-Py  88000 50 (NH4)2S2O8 AgNO3 1eq 6.28×10-2 Particles 

3 PVA-mod-An  88000 50 (NH4)2S2O8 HAuCl4 0.33eq 5.0×10-2 Particles 

4c An-PEO-An 35000 50 (NH4)2S2O8 HAuCl4 0.33eq 8.0×10-1 Particles 

(a,b). Versus monomer 
(c). Co-oxidant was added after washing and re-dispersing of PANI dispersion 
(d) Measured by the four probe method 
Table V-4: Synthesis of PANI-metal nanocomposites in aqueous dispersant media  
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Figure V-10: TEM images of  PANI-metals composites prepared using ammonium persulfate as 
oxidant and metal salts as co-oxidants in the presence of different stabilizers (a) PVA-mod-An, 
50 wt.% +AgNO3 as a co-oxidant (run 1, Table V-4), (b) PNVP-co-PVA-mod-Py, 50 wt.% 
+AgNO3 as a co-oxidant (run 2, Table V-4), (c) PVA-mod-An, 50 wt.% +HAuCl4 as a co-oxidant 
(run 3, Table V-4) and (d) & (e) An-PEO-An, 50 wt.% +HAuCl4 as a co-oxidant (run 4, Table V-
4) { Scale for a, b & c is 100 nm and d & e are 500 and 200 nm respectively} 
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I.5.2. Synthesis of PANI-Au composites 
 

 As described above for the synthesis of PANI-Ag composites, PANI-Au composites 

were also prepared using HAuCl4 as an oxidant. HAuCl4 was added as a co-oxidant during 

dispersion polymerization of aniline hydrochloride or it was added in cleaned PANI 

dispersion, the latter acting as a reducing agent and converting Au+3 to Au0. There is 

considerable effect of the addition time on the final PANI-dispersion. Rice grain morphology 

of gold coated PANI particles was obtained when HAuCl4 was added at the beginning of the 

reaction (see Figure V-10c). Self-assembled (spheres and cubes) sub-micrometer sized gold 

particles dispersed in PANI matrix were obtained when HAuCl4 was added in already washed 

PANI dispersion (Figure V-10d-e). The formation of these assemblies probably results from 

the crystalline nature of the gold particles. 

 

I.6. XPS characterization of PANI-metal composites 
 

XPS survey spectra of PANI-PVA-Ag (run 1, Table V-2) and PANI-PVA-Au ( run 3, 

Table V-4) composite samples contain peaks due to Ag 3d and Au 4f, in addition to four main 

peaks corresponding to O1s, N1s, C 1s, and Cl 2p components respectively, which indicate 

the presence of gold and silver metal in the composites (see Figure V-11).  

 

The doublet in the high resolution core-line spectrum of Au 4f (Figure 11d) arises 

from Au 4f5/2 and 4f7/2 electrons, respectively. Each signal is adequately peak-fitted with only 

one component, clearly showing that only one gold species is present. The 4f7/2 peak is 

centered at 83.84 eV, and the accompanying 4f5/2 peak at 87.51 eV which are the 

characteristic of zero-valent gold. Similarly doublet appearing in high resolution spectrum of 

Ag 3d (Figure V-11c) at 367.2 eV and 373.5 eV arise due to Ag 3d5/2 and Ag 3d3/2 electrons 

and prove the presence of atomic Ag in the composite. From these results it is clear that Ag+ 

and Au+3 ions are completely reduced to their zero-valent state during dispersion 

polymerization of aniline, the latter being of interest in term of conductivity. 

 

The C1s core-line spectrum of PANI-PVA-Au composite (run 3, Table V-2) is shown 

in Figure V-12a). The peak position at 284 eV is attributed to =CH– of aromatic ring. The 

peak positions at 284.68 and 286.4 are due to –CH2– and C–O–H group respectively in PVA, 
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proving the presence of stabilizer on PANI surface.13 The peak position at 285.61 eV is due to 

C–N bond and peaks attributed at 287.73 and 288.9 eV are due to polaron and bipolaron 

respectively which proves the synthesis of doped PANI during dispersion polymerization of 

aniline. 

O1s core-line spectrum of PANI-PVA-Au composite sample is shown in Figure V-

12b). A very intense peak at 532.2 eV due to C–O–H of PVA in the composite proves the 

presence of PVA.11 

 

 Three signals from N1s at 399.2, 400.4 and 401.7 eV in PANI-PVA-Au 

correspond to neutral imine (=N–), amine (–NH–) and protonated imine (=N+–) respectively 

(Figure V-12 c). The peak at 398.1 due to quinonoid imine (–N=) is absent, which means that 

quinonoid group is completely converted into protonated imine (=NH+–). The doping level 

calculated by the integration of these peaks is 35.48% which is lower than the PANI samples 

prepared without using AgNO3 (see chapter IV) but the conductivity shown by PANI-Ag 

composites is higher than the latter probably due to contribution from Ag metal. 

Figure V-11: XPS survey spectra of (a) PANI-PVA-Ag composite (run 1, Table V-4), (b) PANI-
PVA-Au composite (run 3, Table V-4), (c) and (d) are their high resolution Ag3d and Au4f 
spectra respectively. 
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Figure V-12: (a) C1s core-line spectrum, (b) O1s core-line spectrum (c) N1s core-line spectrum 
of PANI-PVA-Ag composite (run 1, Table V-4) 
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I.7. Conductivity 

 

 The conductivities of the PANI and PEDOT-metals composites were measured by 

pressed pellet method using the four probe technique. As indicated in Table V-1, four to five 

fold increase in the conductivity of PEDOT-metals composite material are observed as 

compared to PEDOT samples without metals (see chapters 2 and 3). Conductivities values in 

the range 1.25 to 3.6×10-2 S/cm were obtained. The best conductivity value is obtained for the 

PEDOT-Au composite prepared using HAuCl4 as an oxidant probably due to higher amount 

of gold inside (run 5, Table V-2) while insulator composite material was obtained when 

ammonium hydroxide was added in order to dissolve the copper sulfate and facilitate the 

reduction of copper ion to copper metal. 

 

 In the case of PANI-metals composites, upto two fold increase in conductivity was 

observed as compared to the PANI samples without metals (see chapter V-4). The best 

conductivity value (0.8 S/cm) was obtained for PANI-Au composite prepared using Flu-PEO-

Flu as a reactive stabilizer probably due to the electrolyte nature of the latter.  

 

 These results show that the conductivity of both the PEDOT and PANI particles can 

be easily increased up to several orders of magnitude by incorporation of metal particles 

during dispersion polymerization which is high enough for several useful applications in the 

field of opto-electronics, main objective of this work. 

 

II. Conclusion 
 

In conclusion, PEDOT-metal and PANI-metal nanocomposites can be easily prepared 

by dispersion polymerization using EDOT, PEDOT, aniline and PANI as reducing agents. 

The addition time of the co-oxidant has considerable effect on the size and morphology of 

final composite particles. PEDOT-composites with reasonable high conductivity are obtained 

which make them good candidate typically as electrode material for use in organic light 

emitting devices. These composites can also be used to catalyze some reaction, for example 

the reduction of nitro group to amine. 
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I. Materials and synthesis  

 
I.1. Materials 

 
N-methyl-2-pyrrolecarboxylic acid, thiophene-2-carboxylic acid and fluorene-9-

carboxylic acid, Aniline hydrochloride, and 4-aminobenzoic acid were purchased from Aldrich and 

used without further purification. Dimethylsulfoxide (DMSO) was distilled over CaH2. 3,4-

ethylenedioxythiophene (Aldrich) was first distilled over CaH2 and then distilled over dibutyl 

magnesium. N,N-dimethylformamide (Aldrich, 98.8%) was distilled over dibutyl magnesium. 

Ethylene oxide (Fluka, 99.8 %) was first stirred over sodium at -30°C for 3h and then 

cryodistilled. Tetrahydrofuran (THF) (JT Baker) was first distilled over CaH2 and then 

distilled over sodium benzophenone. Diethyl ether (JT Baker) was first distilled over CaH2 

and then cryodistilled over polystyryl lithium. Methanol was distilled over magnesium. 

Dichloromethane was distilled over CaH2. N-vinylpyrrolidone (NVP) and vinylacetate were 

purchased from aldrich and distilled under reduced pressure prior to use. Hydrogen 

tetrachloroaurate (HAuCl4), silver nitrate (AgNO3) and Copper sulfate pentahydrate 

(CuSO4.5H2O), ammonium persulfate [(NH4)2S2O8], iron (III) p-toluenesulfonate hexahydrate 

[Fe(OTs)3 6(H20)] of technical grade, PVA { wM  = 13000-23000 g/mol, 98% hydrolyzed} and p-

toluenesulfonic acid (98.5%) were purchased from Aldrich and used as received.  

 

I.2. Synthesis 
 

I.1.1. Synthesis of 2-methylol-3,4-ethylenedioxythiophene (EDOT-CH2OH) 
 

The synthesis of 2-methylol-3,4-ethylenedioxythiophene (EDOT-CH2OH) was 

performed in two steps. In a first step, 2-formaldehyde-3,4-ethylenedioxythiophene (EDOT-

CHO) was synthesized as follows: EDOT (1.3 mL, 12 mmol) was dissolved in ether (100 mL) 

in a three necked flask. n-BuLi (8.4 mL, 13.44 mmol) was added drop-wise at -40°C. The 

reaction mixture was stirred for 1h. This solution was then transferred in another flask 

containing DMF (1.21 mL, 15.6 mmol) mixed with diethyl ether (10 mL) at 0 C. The reaction 

mixture was stirred for 20h then transferred in cold water (200 mL) for hydrolysis. EDOT-
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CHO was extracted from the reaction mixture with ether and then purified by passing through 

a silica gel column (eluent = dichloromethane/pentane 2/1) giving white crystals of EDOT-

CHO in 70 % yield. 

 
1H NMR (CDCl3): δ (ppm) = 9.90 (s, 1H, CHO), 6.79 (s, 1H, CH) 4.36, 4.27 (m, 4H, 

OCH2CH2O). 

 

In a second step, the reduction of EDOT-CHO produced EDOT-CH2OH. NaBH4 

(0.322 g, 8.46 mmol), used as the reducing agent, was dissolved in methanol (36 mL). This 

solution was transferred in another three necked flask containing EDOT-CHO (0.48 g, 2.82 

mmol) dissolved in dichloromethane (36 mL). The reaction mixture was stirred for 20h then 

hydrolyzed by aqueous solution of NaOH (90 mL, 1M). The reaction product was extracted 

with dichloromethane to give white crystals of EDOT-CH2OH in 80% yield. 

 
1H NMR (CDCl3): δ (ppm) = 6.28 ( s, 1H, CH), 4.66 (d, 2H, CH2O) 4.20 (m, 4H, 

OCH2CH2O), 1.06 (t, 1H, OH) 

 

I.1.2. Synthesis of α-EDOT-PEO  
 

The following anionic polymerization procedure was adopted to synthesize α-EDOT-

PEO. EDOT-CH2OH (320 mg, 1.86 mmol) was introduced in a flame dried three necked 

round bottom flask (500 mL) under nitrogen. After lyophilization, THF (230 mL) was added 

over EDOT-CH2OH. Diphenyl methyl potassium (DPMK) (1.60 mmol, 86 mol% vs initiator) 

was then added drop-wise; the color of the solution turned orange-yellow. Ethylene oxide 

(3.72 g, 4.22 mL) was then introduced slowly by keeping the temperature of the flask at -

15 °C. Polymerization was allowed to proceed for 72h at 45°C. The reaction mixture was then 

deactivated using a 10% solution of HCl in methanol. Solvent was evaporated and the 

polymer was precipitated in cold ether. 

 

 1H NMR (DMSO d6): δ (ppm) = 4.53 (s, 2H, CH2O), 4.33 (s, 4H, OCH2CH2O), 3.55 

(m, 4H, CH2CH2O) 
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I.1.3. Synthesis of PEDOT particles 
 

In a typical procedure, PEDOT particles were prepared by dispersion polymerization 

as the following: EDOT (1 g, 7 mmol) was charged in the flask equipped with a mechanical 

stirrer and containing a solution of reactive stabilizer (e.g. α-EDOT-PEO; 1g; nM  = 

5200g/mol) in 80 mL of a mixture of methanol and water (3/2, v/v). A solution of ammonium 

persulfate (4.36 g dissolved in 20 mL of the methanol-water mixture) was then introduced at 

once. The reaction mixture was stirred for 72h at room temperature. The resulting blue 

dispersion was centrifuged at 10000 rpm at 5°C for 30 minutes. The supernatant was carefully 

decanted and the dark blue sediment was re-dispersed in methanol+water. This re-dispersion-

centrifugation cycle was repeated three times in order to ensure the complete removal of 

inorganic material such as ammonium sulfate and eventual unattached reactive stabilizer.  

 

Similarly, PEDOT samples were prepared in high yield using Fe(OTs)3 as an oxidant 

and heating the reaction mixture at 85 C for 48h. These samples were then washed as 

described above.  

 

I.1.4. Synthesis of α,ω-N-methyl-2-pyrrole poly(ethylene oxide) (α,ω-Py-

PEO) and α-N-methyl-2-pyrrole poly(ethylene oxide) (α-Py-PEO)  

 

α,ω-OH poly(ethylene oxide) (5 g, 0.5 mmol, nM =10000 g.mol-1), N-methyl-2-

pyrrole carboxylic acid (0.313g, 2.5 mmol) and 4-(dimethylamino)pyridinium 4-toluene 

sulfonate (DPTS) (0.148 g, 0.50 mmol) were introduced in a 250 mL flame dried three necked 

round bottom flask under nitrogen. CH2Cl2 (60 mL) was then added and finally, 

diisopropylcarbodiimide (DIPC) (0.50 mL, 3.25 mmol) was introduced by syringe. Stirring 

under nitrogen at room temperature was continued for 60h. The solution was filtered to 

remove diisopropylurea. The solvent was evaporated and the α,ω-Py-PEO was precipitated in 

cold ethyl ether (yield = 98%).  

 
1H NMR (DMSO-d6): δ (ppm) = 7.09 (s, 2H, CH), 6.83 (s, 2H, CHN), 6.08 (s, 2H, 

CH), 4.27 (s, 4H, CH2O), 3.84 (s, 6H, NCH3), 3.50 (m, 4H, CH2CH2O) 

Similarly, α-N-methyl-2-pyrrole poly(ethylene oxide) (α-Py-PEO) was prepared using 

2.3 equivalents of N-methyl-2-pyrrolecarboxylic acid with respect to PEO ; (the addition of 
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only 1 equivalent of N-methyl-2-pyrrole carboxylic acid versus PEO was not sufficient to 

obtain the complete monofunctionalization) (yield = 97 %). 

 
1H NMR (DMSO-d6): δ (ppm) = 7.09 (s, 1H, CH), 6.83 (s, 1H, CHN), 6.08 (s, 1H, 

CH), 4.54 (s, 1H, OH), 4.27 (s, 2H, CH2O), 3.84 (s, 3H, NCH3), 3.50 (m, 4H, CH2CH2O) 

 

I.1.5. Synthesis of α, ω-thiophene poly(ethylene oxide) (α, ω-Th-PEO)  
 

The procedure described for the above experiment was repeated using 5 equivalents of 

thiophene-2-carboxylic acid (yield = 97 %). 

 
1H NMR (DMSO-d6): δ ppm = 7.96 (d, 2H, CH), 7.81 (d, 2H, CHS), 7.22 (t, 2H, CH), 

4.36 (t, 4H, CH2O), 3.50 (m, CH2CH2O) 

 

I.1.6. Synthesis of α, ω-fluorene poly(ethylene oxide) (α, ω-Flu-PEO)  
 

The method of preparation was the same as described above for the synthesis of α,ω-

Py- PEO with the addition of 5 equivalents of fluorene-9-carboxylic acid (yield = 96 %).  

 

 1H NMR (CHCl3): δ ppm = 7.73 (d, 4H, CH), 7.66 (d, 4H, CH), 7.39 (t, 4H, CH), 7.32 (t, 

4H, CH), 4.31 (t, 4H, CH2O), 3.62 (m, CH2CH2O) 

 

I.1.7. Synthesis of poly (vinyl alcohol) based reactive stabilizers 
 

I.1.7.1 Synthesis of PVA-mod-Py 
 

In a particular case, poly(vinyl alcohol) (PVA) based reactive stabilizer was prepared 

by the partial esterification of PVA with N-methyl-2-pyrrolecarboxylic acid as follows: PVA 

(3 g, wM =18000g/mol) was introduced in a flame dried 250 mL three necked flask under 

nitrogen. The DMSO (30 mL) was added in the flask and the temperature was raised to 70 °C 

in order to dissolve the PVA. After complete dissolution of the PVA, the temperature of the 

system was lowered to 40 °C and then N-methyl-2-carboxylic acid (0.627 g), diisopropyl 

carbodiimide (1.02 mL) and 4-(dimethylamino)pyridinium 4-toluenesulfonate (0.294 g) were 
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added under the current of nitrogen. The reaction mixture was stirred for 72 h and then cooled 

to room temperature. The reaction mixture was concentrated by distillation of the excess 

solvent and precipitated in CH2Cl2 in order to get pure PVA-mod-Py as a final product. 

 1H NMR (DMSO-d6): δ (ppm) = 7.05 (s, 1H, CH), 6.80 (s, 1H, CHN), 6.07 (s, 1H, 

CH), 4.66, 4.46, 4.21 (s, 1H, OH), 3.84 (s, 1H, CH) and 1.40 (m, 2H, CH2) 

 

I.1.7.2. Synthesis of PVA-mod-An 

 

In a particular case, poly(vinyl alcohol) (PVA) based reactive stabilizer was prepared 

by the partial esterification of PVA with 4-amino benzoic acid as follows: PVA (3 g, 

wM =18000g/mol) was introduced in a flame dried 250 mL three-necked flask under 

nitrogen. The DMSO (30 mL) was added in the flask and the temperature was raised to 70 °C 

in order to dissolve the PVA. After complete dissolution of the PVA, the temperature of the 

system was lowered to 40 °C and then 4-amino benzoic acid (0.914 g), diisopropyl 

carbodiimide (1.34 mL) and 4-(dimethylamino)pyridinium 4-toluenesulfonate (0.392 g) were 

added under the current of nitrogen. The reaction mixture was stirred for 72 h and then cooled 

to room temperature. The reaction mixture was concentrated by distillation of the excess of 

solvent and precipitated in CH2Cl2 in order to get pure PVA-mod-An as a final product. 

(Yield = 95 %) 
1H NMR (DMSO-d6): δ (ppm) = 7.60 (d, 2H, CH), 6.52 (d, 2H, CH), 4.66, 4.46, 4.21 (s, 1H, 

OH), 3.84 (s, 1H, CH) and 1.40 (m, 2H, CH2) 

 

 

I.1.8. Synthesis of α,ω-aniline poly(ethylene oxide) (α,ω-An-PEO)  
 

α,ω-OH poly(ethylene oxide) (5 g, 0.5 mmol, nM =10000 g.mol-1), 4-amino benzoic 

acid (0.343 g, 2.5 mmol) and 4-(dimethylamino)pyridinium 4-toluenesulfonate (DPTS) 

(0.148 g, 0.50 mmol) were introduced in a 250 mL flame dried three-necked round bottom 

flask under nitrogen. CH2Cl2 (60 mL) was then added and finally, diisopropylcarbodiimide 

(DIPC) (0.50 mL, 3.25 mmol) was introduced by syringe. Stirring under nitrogen at room 

temperature was continued for 60 h. The solution was filtered to remove diisopropylurea. The 

solvent was evaporated and the α,ω-Py-PEO was precipitated in cold ethyl ether 

(yield = 98 %).  
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1H NMR (CDCl3): δ (ppm) = 7.87 (d, 2H, CH), 6.64 (d, 2H, CH), 3.60 (m, 4H, 

CH2CH2O) 

 

I.1.9. Synthesis of Polyaniline dispersions 
 

In a typical procedure, PANI dispersion was prepared as following: poly(vinyl 

alcohol) grafted pyrrole units [(PVA-mod-Py) (270 mg, wM = 88000g/mol)] was introduced 

in 250 mL flask equipped with a mechanical stirrer. HCl solution (1 M, 40mL) was then 

added and the temperature of the system was raised up to 60°C in order to dissolve the 

stabilizer. The temperature was then lowered to 0°C by putting the flask in an ice bath and 

Aniline.HCl (0.5 g,) was charged in the flask in one shot. A solution of ammonium persulfate 

(1.30 g dissolved in 10 mL of water) was then introduced in a single dose. The reaction 

mixture was stirred for 8 h at same temperature. The colour of the solution turns dark blue at 

the beginning of the reaction, proof of the formation of PANI- base and finally changes to 

dark green, a sign of PANI salt formation. The resulting dark green dispersion was 

centrifuged at 10000 rpm at 5°C for 30 minutes. The supernatant was carefully decanted and 

the dark blue sediment was re-dispersed in de-ionized water. This re-dispersion-centrifugation 

cycle was repeated three times in order to ensure the complete removal of inorganic material 

such as ammonium sulfate and eventual unattached reactive stabilizer.  

 

I.1.10. Synthesis of PEDOT- and PANI metal composite particles 
 

In a typical procedure, PEDOT-metal nanocomposites particles were prepared by 

dispersion polymerization as follows: EDOT (500 mg, 3.5 mmol) was charged in the flask 

equipped with a mechanical stirrer and containing a solution of reactive stabilizer (PVA-mod-

Py, Mw= 88000 g.mol-1, 500 mg) in 40mL of a mixture of methanol and water (1/4, v/v). A 

solution of ammonium persulfate (4.36g dissolved in 10 mL of the methanol-water mixture) 

was then introduced in on shot. Finally, the solution of metal salt (AgNO3, HAuCl4 or 

CuSO4.5H2O) was introduced after 30 minutes or 24h. The reaction mixture was stirred for 

26h at room temperature. The resulting blue dispersion was centrifuged at 10000 rpm at 5 C 

for 30 min. The supernatant was carefully decanted and the dark blue sediment was re-

dispersed in the mixture of methanol and water (1/4, v/v). This re-dispersion-centrifugation 
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cycle was repeated three times in order to ensure the complete removal of inorganic material 

such as ammonium sulfate and eventual unattached reactive stabilizer.  

 

Similarly, PANI-Au and PANI-Ag were prepared in IM aqueous HCl by addition of 

HAuCl4 and AgNO3 after 30 minutes of the reaction. 

 

II. Characterization  
 

 1H NMR spectra were recorded using a Bruker AC-400 NMR spectrometer.  

 Size Exclusion Chromatography (SEC) of the stabilizer was performed using a 

JASCO HPLC pump type 9012, PL aquagel-OH MIXED 8 μm columns and a Varian 

(series RI-4) refractive index detector with water as mobile phase. SEC for soluble 

PEDOT samples was performed using two PLgel 5 μm MIXED-C (300x7.5 mm) 

columns, one PLgel 5 μm (50x7.5 mm) guard column and a JASCO 875-UV detector 

with DMF as mobile phase, at 60°C in the presence of LiBr salt.  

 SEM images of the PEDOT samples were taken using JEOL JSM-5200 and JEOL 

6700F scanning microscopes.  

 TEM images of the PEDOT samples were taken using a JEOL 2000FX transmission 

electron microscope. Atomic force microscopy (AFM) images were recorded in air 

with a Nanoscope IIIa microscope operating in tapping mode (TM). The probes were 

commercially available as silicon tips with a spring constant of 42 N m-1, resonance 

frequency of 285 kHz, and a typical radius of curvature in the 10-12 nm range. Both 

the topography and the phase signal images were recorded with a resolution of 512 * 

512 data points. Samples for AFM were prepared by solvent casting at room 

temperature from water/methanol solutions. Typically, 100 µl of a dilute solution 

(0.1wt.%) was cast on a 1×1 cm2 freshly cleaved mica.  

 Dynamic Light Scattering (DLS) measurements were performed using ALV Laser 

goniometer, which consists of a 22 mW HeNe linear polarized laser with a 632.8 nm 

wavelength, and an ALV-5000/EPP Multiple tau digital correlator with 250 ns initial 

sample time. The samples were kept at a temperature of 25°C. The accessible 

scattering angle range is from 40° up to 150°. However, most of the dynamic 

measurements were performed at 90°. The solutions were introduced into 10 mm 

diameter glass cells. The data acquisition was obtained with the ALV-Correlator 
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Control Software. Solutions used for DLS were prepared using the following method: 

water/methanol mixture used as a solvent was preliminary filtered through a 0.22 μm 

PTFE membrane and added to end-capped PEO. The solutions were then left under 

stirring for several days at 25±1 °C. 

 Conductivity measurements of the PEDOT and PANI samples (pressed pellets) were 

performed using a Keithley 2400 Source Meter four probe instrument. 

 TGA measurements were taken using PERKIN ELMER Thermogravimetric Analyzer 

(TGA 7).  

 XPS measurements were made using an ESCALAB 220-iXL spectrometer (Thermo-

Electron, VG Company). Photoemission was stimulated by a monochromatized Al Kα 

radiation (1486.6 eV). An area of about 250 μm diameter was analyzed for each 

sample. Surveys and high resolution spectra were recorded, and then fitted with an 

Avantage processing program provided by ThermoFisher Scientific.  

 UV-visible spectra were recorded with a Spectramax-M2 spectrometer.  

 Fourier Transformer Infrared measurements (FTIR) spectra were performed on a 

Bruker Tensor 27 spectrometer. 
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III. IH NMR, FTIR and UV-visible spectra 
 

 

 

 

 

(a) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(b) 

 

 

 

 

 

 

 

III.1. IH NMR spectra of (a) PNVP-co-PVA and (c) PNVP-co-PVA-mod-Py in d6-DMSO + few 

drops of D2O at room temperature 
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III.2. FT-IR spectra of (a) PNVP-co-PVOAc, (b) PNVP-co-PVA and (c) PNVP-co-PVA-

mod-Py 
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III.2.  FT-IR spectra of (a) PVA, (b) PANI prepared using PVA-mod-Py (run 2, table IV-1) 
and PANI prepared using PVA-mod-An in the presence of different dopants (c) HCl (d) HCl-
PTSA,  

 

 

 

 
 

 

 

 

 

 

 

 

 

III.3. FT-IR spectra of (a) PANI bulk powder, (b) PANI prepared using An-PEO-An (run 1, 
table 2) and (c) PANI using PNVP-co-PVA-mod-Py (run 6, Table IV-2,) as reactive stabilizers 
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III.4. XPS O1s core line spectra of (a) PANI bulk powder, (b) PANI-PVA-HCl (Run 3, Table 
IV-1,), (c) PANI-PVA-CSA-HCl (Run 5, Table IV-1,) and (d) PANI-PVA-PTSA-HCl (Run 4, 
Table IV-1) 
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II.5.  XPS C1s core line spectra of (a) PANI bulk powder, (b) PANI-PVA-HCl (Run 3, Table 
IV-1), (c) PANI-PVA-CSA-HCl (Run 5, Table IV-1) and (d) PANI-PVA-PTSA-HCl (Run 4, 
Table IV-1) 
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III.6 : XPS S 2p core line spectra of (a) PANI bulk powder, (b) PANI-PVA-HCl (Run 3, Table 
IV-1), (c) PANI-PVA-CSA-HCl (Run 5, Table IV-1) and (d) PANI-PVA-PTSA-HCl (Run 4, 
Table IV-1) 
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III.7.  (a) & (b) XPS O 1s core line spectra of PANI-PNVP-co-PVA-mod-Py ( Run 1, Table IV-
2) and PANI-PEO (Run 4, Table IV-2 and (c) & (d) XPS Cl 2p core line spectra of PANI-PNVP-
co-PVA-mod-Py ( Run 1, Table IV-2) and PANI-PEO (Run 4, Table IV-2) and XPS S 2p core 
line spectra of PANI-PNVP-co-PVA-mod-Py ( Run 1, Table IV-2) and PANI-PEO (Run 4, Table 
IV-2) respectively. 
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Easily processable semi-conducting polymers under the form of inks are desired in the 

view of large scale development of organic electronics and photovoltaics. The main objective 

of this study was thus to synthesize PEDOT and PANI latexes constituted of nano-objects of 

well-defined and tuneable morphologies. Indeed, PEDOT and PANI nano-objects were 

prepared by alcohol-aqueous dispersion polymerization of the respective monomers in the 

presence of specifically designed reactive stabilizers based on PEO and PVA.  

 

First, spherical PEDOT particles with controlled sizes and narrow size distribution 

were prepared in the presence of PEO-based stabilizers end-capped in α (or in α, ω) position 

by a reactive moiety such as EDOT, pyrrole, thiophene and fluorene. Two oxidants, 

respectively (NH4)2S2O8 and Fe(III)(OTs)3·6(H2O) were tested, the latter yielding the higher 

polymerization yields (85 % compared to 35% obtained by former). The size of the spherical 

PEDOT particles (ranging from 35 nm to 600 nm) could be tuned by changing the molecular 

weight and concentration of the reactive PEO as well as the type of the oxidant used. As 

expected, the higher the concentration and molecular weight of the reactive stabilizer, the 

lower the size of the particles. Reversibly, the size and the morphology of the PEDOT 

particles were not really affected by the PEO end-group, except in case of α-EDOT-PEO 

(50wt.%, Mn = 25000 g/mol) for which a vesicle-like morphology was obtained. The 

morphology (particles or vesicles) of PEDOT could be attributed to the behaviour of the 

reactive stabilizer as shown by DLS analysis of the different end-functionalized PEO in the 

polymerization solvent. In most cases, the α- or α, ω end-capped PEO stabilizers were found 

soluble in the solvent mixture and did not exhibit any specific self-assembly, conditions 
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required for a true dispersion polymerization. In these experimental conditions, spherical 

PEDOT particles were readily formed. However, a self-assembly of α-EDOT-PEO (Mn = 

25000 g/mol) under a vesicle morphology was observed at the concentration of 50 wt.% 

which gave rise to the formation of PEDOT vesicles. It is worth noting that no stable PEDOT 

dispersion could be obtained using non-functionalized PEO as stabilizer, highlighting the 

crucial role played by the reactive termini. All the PEDOT particles exhibited conductivity 

values ranging from 1.3×10-6 to 1.9×10-2 S/cm, the higher values being obtained with 

Fe(III)(OTs)3·6(H2O) as the oxidant.  

 

Second, the former study opened the route to considering the use of multifunctional 

reactive stabilizers and to analyze the effect on the size, the morphology and the stability with 

time of the PEDOT nano-objects. For this purpose, poly(vinyl alcohol)-based reactive 

stabilizers were chosen as they can be easily functionalized on pendant OH groups. PVA-

mod-Py, PNVP-co-PVA-mod-Py and PNVP-b-PVA-mod-Py having multiple reactive 

moieties along the polymer backbone were synthesized and used for EDOT dispersion 

polymerization. In comparison to dispersions performed in the presence of α-ended PEO, 

smaller (ranging from 40 nm to 200 nm) and better defined PEDOT nano-objects were 

obtained in the presence of PVA-based reactive stabilizers. The high effectiveness of this 

stabilizer, explained by the large number of reactive end-groups functionalized on its 

backbone, was also proved by its low concentration (10 wt %) required to get stable PEDOT 

dispersion. Interestingly, the morphology of PEDOT nano-objects (spherical particles, donuts, 

etc.) could be controlled by the degree of pyrrole moities functionalized on the PVA 

backbone. Best results in terms of morphology and size distribution were obtained in the 

presence of PNVP-co-PVA and PNVP-b-PVA-based stabilizers. Even better results were 

obtained using PNVP-co-PVA-mod-Py as reactive stabilizers probably due to well distributed 

reactive moieties along the stabilizer chain. It is noteworthy that PEDOT vesicles were 

obtained when EDOT polymerization was performed in the presence of unreactive PNVP-co-

PVA and PNVP-b-PVA stabilizers thanks to the self-assemblies of these stabilizers in the 

reaction medium as indicated by DLS analysis. Interestingly, PEDOT particles prepared in the 

presence of PNVP-b-PVA and PNVP-co-PVA based reactive stabilizers revealed higher 

conductivities (x 10) in comparison to the ones prepared using PVA-based reactive stabilizers. 

Similarly, the use of oxidant mixtures (NH4)2S2O8+CuBr2 or (NH4)2S2O8+CuCl2 enabled to 

increase the PEDOT conductivity (3.0×10-4 S/cm) compared to (NH4)2S2O8 used as the only 

oxidant (8.0×10-5 S/cm).  
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In a third approach, the different reactive stabilizers discussed above, were tested for 

the synthesis of PANI dispersions. PANI nano-objects with various morphologies like 

peanuts, rice grain, corals, spheres and fibers could be successfully prepared by tuning the 

reaction conditions as well as the characteristics of the PVA-, PEO- and PNVP-co-PVA-based 

reactive stabilizers. In spite of the stabilizer insulator content within the materials, the nano-

objects thus-formed showed conductivities as high as 0.5 S/cm. PANI samples were 

investigated by XPS which confirmed the core-shell nature of the PANI particles. The XPS 

technique was also found to be an important tool for evaluating the doping level either by 

comparing the peak areas ratio of protonated imine and amine nitrogen to the neutral imine 

and amine in the sample or by the amount of the dopant in the sample. These values thus 

obtained by XPS were found in good agreement with the conductivities measured on PANI 

samples. Finally, DSC and TGA analyses revealed that PANI composites show better thermal 

stability than their pure PANI counterparts. 

 

In the last part of the work, PEDOT-metal and PANI-metal nanocomposites were 

prepared by dispersion polymerization using EDOT/PEDOT and aniline/PANI as reducing 

agents, respectively. We could demonstrate that the addition time of the co-oxidant had a 

considerable effect on the size and morphology of the final composite particles. When α,ω-

Fluorene-PEO (α,ω-Flu-PEO ) was used as a stabilizer in the presence of p-toluenesulfonic 

acid (PTSA), PEDOT–Au and PEDOT-Ag vesicles were obtained. Thanks to DLS and TEM 

analyses, we could demonstrate that α,ω-Flu-PEO (35 wt.%, Mn = 35000 g/mol) in the 

presence of PTSA self assembles as vesicles that serve as templates for the formation of 

vesicular PEDOT-Ag and PEDOT-Au nanocomposites. These PEDOT-composites with 

reasonable high conductivities (upto 1.25 S/cm) make them as good candidates as electrode 

materials for organic electronics and photovoltaics. 

 

In terms of perspectives, we could think to an extension of this methodology to 

prepare even smaller semi-conducting nano-objects and their metal composites. With the 

objective to prepare large scale inks of semi-conducting polymers, tools of formulation can be 

used. A better understanding of the relationship between the process, the morphology and the 

final optoelectronic characteristics would therefore be a prerequisite. Finally, as most of the 

work was performed in aqueous media, for some applications it would be interesting to carry 
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out same approach in different dispersant phases such as in organic media or in supercritical 

carbon dioxide. 
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I. X-ray Photoelectron Spectroscopy  
 

I.1.  Introduction 
 

Electron spectroscopy is the study and analysis of emitted low energy electrons (ca. 20 – 2000 

eV). X-ray photoelectron spectroscopy (XPS), in particular, is concerned with the analysis of 

electrons emitted from the core-levels of an atom due to incident x-rays of energy hν (see 

Figure IV.1). 

 

 
 

Figure IV.1: Schematic representation of core electron emission as a result of incident x-rays. 

 

I.2.Theory1 
 

The kinetic energy, Ek, of the ejected electron can be measured by the spectrometer, but 

depends on the nature of the x-ray source employed.  Thus it is not an intrinsic material 

property. It is the binding energy, Eb, of the electron which can identify the electron, and the 

element, from which it is originated. Eb can be calculated using Equation 1: 

 

WEhE kb −−= ν                                                   (1) 

 

Where W is the work function of the spectrometer, which is specific to each instrument. Since 

hν, Ek and W are all known or measurable, it is a simple matter to calculate Eb. 

Characterisation of samples usually begins with a survey spectrum being recorded over 0 – 
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1000 eV, providing strong peaks for all elements present (except hydrogen). Electrostatic 

charging of insulating or semi-conducting samples can result in a reduction of Ek, which 

corresponds to an apparent increase in Eb. Such discrepancies are best overcome by accurate 

referencing of the spectrum to a standard peak, such as 285.0 eV for the C 1s peak. 

 

The binding energy of an electron is characteristic of the specific element and the particular 

atomic level from which it is originated.  However, differences in the chemical environment 

or oxidation state of an atom, ion or molecule can result in slight differences in this binding 

energy.  These changes are known as the XPS chemical shift.  It is not possible for XPS 

spectrometers to resolve chemical shifts, but it is possible to deconvolute (or peak-fit) signals 

obtained from high-resolution XPS analysis to account for different environments and/or 

oxidation states of atoms.  High resolution analysis consists of recording a spectrum over a 

specific region corresponding to the elemental peak observed in the survey spectrum.  

Databases are readily available for matching chemical shifts to different chemical states2,3 

 

XPS is a surface-specific technique and, although the sampling depth of analysis 

varies with the kinetic energies of the electrons under consideration and the x-ray source, it is 

typically in the range 2 – 10 nm. Quantitative measurements of the surface composition can 

be made, in which the fractional concentration of a particular element A (%A) is calculated 

using Equation B.2: 

 

100    )]/s(I)//s[(I%A iiiAA ×∑=                            (2) 

 

In which I and s are the integrated peak areas and sensitivity factors, respectively.  Sensitivity 

factors are related to the probabilities of different elements emitting electrons when 

bombarded with x-rays. The sensitivity factors are published2,3 or can be determined in-house 

by analysing compounds of accurately known elemental stoichiometries. The main 

assumption made when using Equation 2 is that the volume sampled by the spectrometer is 

homogeneous. Although this is rarely achieved in practice, good comparisons can 

nevertheless be made between samples which are similar in nature. 
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I.3. Instrumentation 
 

In simple terms, the electron spectroscopy set-up consists of an x-ray source which 

irradiates the sample, and an electron analyser which detect emitted photoelectrons. These 

components are all contained within a chamber under ultrahigh vacuum (UHV), typically less 

than 10-9 mbar.  XPS must be carried out under UHV for two reasons: firstly, low energy 

electrons are readily scattered by residual gas molecules and become lost in the increased 

noise level of the spectrum.  Secondly, monolayers of adsorbed gas on the surface of the 

sample must be avoided. The origin of primary radiation for XPS is normally soft x-rays 

produced by either an AlKα (hν = 1486.6 eV) or a MgKα (hν = 1253.6 eV) source. Emitted 

photoelectrons are transported and focussed by an electrostatic lens at the entrance to the 

electron analyser. For solid state XPS the sample need satisfy only one condition; it must have 

a sufficiently low vapour pressure to be stable in the UHV regime. The XPS area of analysis 

is typically 10 mm2.  

 

I.4. Uses and Limitations4,5  
 

XPS is one of the most widely used analytical techniques for studying polymer 

surfaces. Many organic polymers comprise a small number of elements and therefore often 

yield apparently simple spectra (generally C 1s plus one or more peaks from O 1s or N 1s, for 

example). Since many functional groups can give rise to similar ‘shifts’, obtaining useful 

information from the peak-fitted C 1s signals can sometimes be difficult. During the initial 

pioneering work carried out on XPS of polymers, several workers attempted to overcome 

these problems by using specific derivatising agents which react with a particular functional 

group, providing a distinctive elemental label.  However, with the development of the 

ESCA300 spectrometer in the late 1980’s, and subsequent improvements, sensitivity and 

spectral resolution were improved greatly and such derivatisation is no longer commonly 

employed. 

 

For insulating materials such as the majority of organic polymers, sample-charging 

may cause line broadening and lead to shifts in the apparent binding energy. This can be 

overcome by accurate referencing of the spectrum as described in Section 2. In addition, 

techniques have been developed to minimise charging effects, such as spin-casting a thin film 



Appendix 
 

233 
 

of the polymer from solution onto a conducting substrate.  Provided the film thickness is 

comparable to the XPS sampling depth, secondary electrons from the substrate can pass 

through the film and neutralise any positive charge developed by the x-ray beam.  More 

commonly, an electron gun is focused over the sample during analysis.  It thus follows that 

conducting polymers are ideally suited to analysis by XPS, as charging problems are largely 

absent, and much work has been carried out in this area6-18 Moreover, conducting samples are 

far less prone to damage by the x-ray beam.  
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