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ABSTRACT  

Electromagnetic (EM) shielding in the microwave range using conducting polymers 

is a unique contribution beyond the more typical synthesis and physicochemical 

characterization work of many others on polyaniline (PAN) and other well-characterized 

polymers. This is why a well-studied polymer base system with two different dopant 

candidates was selected for expanding knowledge beyond materials characterization into an 

application area of EM shielding. This work is significant due to the new and uncommon use 

of exceedingly-limited solvent during oxidative polymerization, which has demonstrated as 

an apparent optimum in conductivity and EM shielding for (somewhat surprisingly) moderate 

polymer crystallinity compared to conventional solvent-rich synthesis. Furthermore, it 

describes a rather simple and inexpensive solvent-free and solvent-limited methods capable 

of producing relatively large amounts of nanoparticles (<50 nm) in a fashion easily scaled for 

practical uses in composite materials for a variety of electrical and electronic applications. To 

the best of our knowledge, this is the first time electromagnetic shielding with polyaniline has 

been considered as a function of synthesis conditions comparing the so-called solvent-

free/solvent-limited approach. Moreover, the most favorable synthesis approach to achieve 

the highest possible conductivity is a primary target for practical considerations in fine-tuning 

production on large scales. Therefore, the long-term goal of this research is the development 

of new light-weight and affordable high-frequency EM shielding materials from an eco-

friendly fabrication method.  

Experimental work demonstrates the chemical/electronic/conformational, structural, 

morphological and electrical characteristics of doped PAN nanoparticles from different 

chemical synthesis conditions. Detailed x-ray photoelectron spectroscopy (XPS), Raman, 
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Fourier Transform-Infrared (FTIR), and ultraviolet (UV) spectroscopies were carried out for 

chemical analysis while transmission electron microscopy (TEM) and x-ray diffraction (XRD) 

were used for morphological and crystallinity characterization, respectively; a two-point 

probe technique was utilized for AC/DC electrical measurements, and EM shielding 

measurements used two different guided-transmission line techniques in the megahertz and 

gigahertz ranges. Results show that the nanopowders produced exhibit a range of EM 

shielding efficiencies for microwave radiation dependent on the average extent of oxidation, 

chemical/electronic/conformational structures, and electrical conductivity. Moreover, the 

effect of the synthesis approach and dopant type (species and organic/inorganic nature) on 

different physicochemical properties of the obtained PAN is elucidated. Collective data 

analysis demonstrates the importance of conductivity over crystallinity for enhanced shielding 

efficiency (SE) in nanoPANs doped with hydrochloric acid (HCl) and p-toluenesulphonic acid 

(PTSA). Furthermore, optimizing this new and unconventional approach for the best 

particular solvent-limited conditions (e.g., what is the optimum amount of solvent to 

maximize SE for a given dopant species) to well-defined polymer needs for conductivity and 

conformational structures shows inherent promise for future improvements toward various 

technological applications for made-to-order conducting polymeric materials. 
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CHAPTER 1  

Introduction to Conducting Polymers for EMI Shielding 

 

1.1. Background and Significance 

Nowadays, high-speed communication is an essential concern due to of the rapid progress 

of technology in all fields. Higher frequency range from the microwave to the millimeter wave 

is expected to achieve more bandwidth (information-carrying capacity) and satisfies the 

desired high speed communications.1 Many electronic instruments with the higher frequency, 

such as satellite communication, automobile collision prevention radar, accident surveillance 

of a railroad, millimeter wave wireless LAN and so on, have been developed and applied.2 As 

a result, fast growth of high frequency electromagnetic energy emission has been established, 

leading to electromagnetic interference (EMI) problems, which are unacceptable degradation 

of the performance of a system or devices by unexpectedly radiated and conducted signals 

from other electrical origins.3 In actual fact, EMI has become a serious dilemma, which has 

impacted almost all electrical and electronic systems from daily life to space exploration.4 In 

addition, many types of EM waves may cause health problems5 such as symptoms of 

insomnia, nervousness, languidness, and headaches.6 Rather than rely on ignorance and the 

potential future knowledge of longer-term health studies, a better and more thorough approach 

would be to eliminate EMI to the greatest degree possible by current and future technological 

developments. 

Thus, various EMI shielding methods have been developed, not only to reduce the 

probability of the aforementioned hazards but also to increase the lifetime of electronic 

devices and their efficiencies. The traditional approach for EMI shielding relies on the use of 
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metallic materials, which supply excellent shielding effectiveness (SE).5 However, the 

conventional metallic shields, in the form of bulk sheets, meshes, plating, coatings, powders, 

and/or fibers in filled polymer composites or coatings,7-11 impose severe weight penalties, 

especially in aerospace applications such as spacecraft and satellite systems.5 Although great 

measures are undertaken to overcome such weight penalties, another major drawback of the 

metallic materials is that the SE degrades greatly in the joints especially where metals simply 

cannot be employed in a contiguous fashion for many situations.5 Intrinsically conducting 

polymers (ICPs) are considered as attractive alternative materials for EMI shielding.5,12-14 

These materials combine high conductivity, ease of processability, low density (far less than 

that of metals), and corrosion resistance with the unique shielding mechanism high relative 

absorption (differing from higher reflection terms for metals and carbons).5 

However, a high level of shielding efficiency can generally not be obtained using 

conductive polymers alone. Purely conductive materials are able to shield EM waves from 

electrical sources; but if the EM radiation comes from a magnetic source, they are best 

shielded by magnetic or magnetizable materials. Recent studies show that magnetic 

nanoparticles can be used to absorb EM waves.15,16 The surface effects of small particles only 

a few nanometers in diameter are also likely important for absorption due to the surface and 

shape of magnetic anisotropies and surface damping, all of which increase with decreasing 

diameter. The combination of conducting and nanomagnetic components are thus of much 

interest in the development of new EMI shielding materials.13 

The recent research efforts dedicated to enhance EMI shielding performance of ICPs 

by the development of ICPs-based magnetic nanostructures17-27 can be grouped as follows: i) 

the achievement of different magnetic nanoparticles with controlled morphology and 
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magnetic properties; ii) embedding magnetic nanoparticles into polymeric matrices or 

obtaining core-shell structures with a magnetic core covered by a conducting polymer shell.28 

The importance of ICPs in the field of EMI shielding is to enhance the shielding-to-weight 

ratio toward a potential replacement for denser metals, and whatever obtained values, then 

even more enhancement could be achieved by introducing magnetic materials into a relatively 

easy to make polymer composite, which could also including some metallic fillers to produce 

an optimum material that could be fine-tuned in composition for particular applications 

whether they require plates, films, coatings, or other forms. One particular materials 

combination of a conducting polymer/magnetic composite with carbon nanotubes is regarded 

as a future target to optimize EM shielding with mechanical properties as needed. 

The present work concerns the possibility of enhancing EM shielding potential of one of 

the more common and easy to produce conducting polymer candidates, polyaniline (PAN). 

The selected enhancement strategy based on exploring simple, inexpensive synthesis 

approaches is to modify the conventional solution-based oxidation method for polymerization 

by reducing or eliminating the solvent to the concentration that produces the best shielding 

impact, since this concept has the potential to maximize the shielding potential of polyaniline 

by providing the optimal reaction conditions for greatest conductivity in the resulting polymer 

product. 

The main goals of this study is investigating and optimizing the dependence of 

electromagnetic shielding potential of the polyaniline nanoparticles doped with 

inorganic/organic sulphonic acids on the synthesizing approaches. In addition to establishing 

a comparison study between the utilized unconventional approach and classic conventional 

approach for producing doped polyaniline nanoparticles. Moreover, investigating the effect of 
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the synthesis approach and dopant on different physico-chemical properties of the obtained 

doped polyaniline, was an important aim to understand how to tune polyaniline properties via 

unconventional synthesis approach. The long-term goal of this study is the development of 

new light-weight and affordable high frequency EM shielding materials with an eco-friendly 

fabrication method. 

 

1.2. Theory on Shielding of Electromagnetic Interference 

All electromagnetic waves consist of two essential components, a magnetic field (H) 

and an electric field (E) perpendicular to each other, and the direction of wave propagation is 

at right angles to the plane containing these two components. The relative magnitude depends 

upon the waveform and its source. The ratio of E to H is called wave impedance. The intrinsic 

impedance of free space is 377Ω.29 

Shielding effectiveness (SE) is the ratio of impinging energy to the residual energy. 

The effectiveness of a shield and its resulting EMI attenuation are based on the frequency, the 

distance of the shield from the source, the thickness of the shield, and the shield material. SE 

is normally expressed in decibels (dB) as a function of the logarithm of the ratio of the incident 

and exiting electric (E), magnetic (H), or plane-wave field intensities (F). The subscripts (t) 

and (i) refer to the transmitted and incident waves: 

𝑆𝐸 = 20 𝑙𝑜𝑔 (
𝐸𝑡
𝐸𝑖
)  

𝑆𝐸 = 20 𝑙𝑜𝑔 (
𝐻𝑡

𝐻𝑖
) 

𝑆𝐸 = 20 𝑙𝑜𝑔 (
𝐹𝑡
𝐹𝑖
) 
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With any kind of EMI, there are three mechanisms contributing to the effectiveness of a shield. 

Part of the incident radiation is reflected from the front surface of the shield, part is absorbed 

within the shield material, and part is reflected from the shield’s rear surface to the front where 

it can aid or hinder the effectiveness of the shield depending on its phase relationship with the 

incident wave, as shown in Figure 1.1. Therefore, the total SE of a shielding material equals 

the sum of the absorption factor (A), the reflection factor (R), and the correction factor to 

account for multiple reflections in thin shields: 

SE = R + A + B 

 

 

 

 

 

 

 

Figure 1.1. Simple schematic diagram for the three mechanisms contributing to the 

attenuation of an electromagnetic wave by a shield.30 

 

All SE terms are expressed in dB. The multiple reflection factor, B, can be neglected if the 

absorption loss, A, is greater than 10 dB. In practical calculations, B can also be neglected for 

electric fields and plane waves. Absorption losses are a function of the physical characteristics 

of the shield and are independent of the type of source field. 

The decay or absorption loss occurs because currents induced in the medium produce 

ohmic losses and heating of the material. On the other hand, the reflection loss is related to 
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the relative mismatch between the incident wave and the surface impedance of the shield. 

Moreover, the B factor can be mathematically positive or negative (in practice it is always 

negative) and becomes insignificant when A > 6 dB. B is usually important only at low 

frequencies (i.e., below approximately 20 kHz). In summary, the amount of reflection loss 

depends on the impedance of the EM wave and the shield. When an EM wave encounters a 

shield, if the wave’s impedance differs significantly from that of the shield, the wave is 

partially reflected back.4 

 

1.3. ICPs Nanostructures 

Functionalized nanomaterials, with sizes 1-100 nm, have received great attention in 

nanoscience and nanotechnology because of their large surface area compared with their bulk 

materials and the influence of size on the physical properties, which is called as size effect.31 

Multifunctional nanostructures are a special class of materials, which originate from suitable 

combinations of two or more nanoparticles, have received great attention because of their 

unique physical properties and wide application potential in diverse areas. Novel properties 

of nanostructures can be derived from the successful combination of the characteristics of 

parent constituents into a single material.32 ICPs nanostructures have unique properties such 

as π-conjugation polymeric chains, metal-like conductivity, and reversible physical properties 

by a novel doping/de-doping process that can be used as molecule wires and nanodevices, 

resulting in attracting attention in nanoscience and nanotechnology.33  

One of the current interests is the preparation of “core-shell” nanostructured composites, 

where the inorganic core particles are homogeneously covered with ultra-thin films of 

conducting polymers. One approach is chemical synthesis of conducting polymer-coated 
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“core-shell” particles, where the “core” consists of a non-conducting material.32 These 

conducting polymer-coated “core-shell” nanoparticles, such as PPy and PAN, have been 

reported by using poly(N-vinylpyrrolidone) (PVP)-stabilized polystyrene (PS) latex particles 

as core templates, where the oxidant and monomer were introduced via an aqueous dispersion. 

This approach demonstrated that better processability and relatively high conductivity can be 

achieved even with low ICPs loading.33 

Another approach to improve processability of ICPs (e.g. PAN) is monomer 

polymerization in the presence of poly(sodium4-styrenesulfonate) (PSS). It was reported that 

the conductive core-shell particles were prepared by the deposition of PAN multilayers onto 

colloidal PS particles via the alternate electrostatic layer-by-layer assembly technique. PSS 

was used as a polymeric counter ion for multilayer formation as well as a stabilizer and 

codopant for PAN.34 

Self-assembled monolayers and adsorbed amphiphilic molecular layers on the surface 

have been used as the template for growth of ultra-thin films of the conducting polymers. Such 

templates can afford ordered molecular arrays on the surfaces and be widely used as 2D 

reaction media to produce ultra-thin polymer films. The method consists of three processes as 

follows:33 

(1) Adsorption of the amphiphilic molecules from aqueous solutions as self-assembled 

arrays onto a solid surface, which depends on the adsorption behavior (e.g., surface 

charge for ionic surfactants); the self-assembled arrays can be monolayers or bilayers.  

(2) Partition of the monomer from water into the self-assembled arrays. The rate of the 

process is controlled by the nature of the surface and interior properties of the self-

assembled arrays. 
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(3) Polymerization on the solid surface is initiated by adding chemical oxidants and free 

monomer is generally washed away with water after polymerization, leaving thin ICPs 

coatings on substrates. 

Recently, convenient and adjustable procedures were proposed for the preparation of 

metal-polymer core-shell and segmented nanostructures.35 The self-assembly provided a good 

chemisorbed contact between the metal and polymer segments. In addition, an array of 

aligned, free-standing gold nanotubes could be prepared from such a nanostructured 

composite when the matrix of PAN was removed by plasma oxidation.36 

Surface modification of nanowire or nanorod arrays with ICPs is another type of “core-

shell” composites that expected to add more functionality to the system and may lead to 

completely new nanocomposites.37 The ability to control the thickness of ICPs coated on each 

nanowire and the size of the inter-tubular pores is crucial for applications in optoelectronic 

nano-devices and sensors.33 

 

1.4. Electromagnetic Potential Applications of ICPs Nanostructures 

It is well known that conducting polymer-based EMI materials have received great 

attention in the field of the conducting polymers. Compared with traditional inorganics as 

EMI materials, the conducting polymer-based materials are advantageous for lower surface 

mass and relative ease of processing as well as adjustable electromagnetic parameters by 

changing the doping degree, dopant nature, main polymer chain, and synthesis method and 

conditions.30 Among these conducting polymer-based EMI materials, PAN and PPy are 

regarded as promising because of high conductivity, easy synthesis for large-mass chemical 

polymerization, and controllable EM parameters by adjusting both oxidation and protonation 
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state.6,38 For instance, influence of dopant nature and protonation state on the dielectric 

properties of PAN in the microwave frequency (8-18 GHz) has been reported. However, most 

results reported in the literature showed the conducting polymer-based microwave materials 

belong to typical dielectrical loss materials in the microwave frequencies, which cannot satisfy 

the application requirements, because both dielectrical and magnetic losses in the microwave 

region are required for practice EMI shielding materials.33 

It is necessary to improve the magnetic losses of the conducting polymer-based EMI 

shielding materials in order to enhance its absorbing efficiency and to expand the absorbing 

band at the microwave frequency. There are three ways to solve the above issues. One is 

blending ICPs with inorganic magnetic materials to prepare hybrid composites with both 

dielectrical and magnetic losses. This is a common approach; however, the surface mass of 

the hybrid composites is limited by adding magnetic loss materials.39 

The second way is to synthesize tubular conducting polymers, because theoretical 

calculations reveal that the tubular materials exhibit a unique absorption character.40 However, 

synthesis of large-scaled mass and low-cost for the nanostructured ICPs is a challenge, 

because hard-templating, as the main feasible method, is unsatisfatory due to size limitations 

of the membrane used as the hard templates. Since the EM absorbing properties and working 

frequency of the chiral materials can be adjusted by changing their real and ideal dielectric 

constant,41,42 chiral materials have therefore received great attention as a new type of 

microwave absorbing materials. 

It was found that high magnetic loss at the 1-18 GHz region from the PAN-β-NSA/D-

glucose nanotubes is reasonable, which probably arose from partial ordering of the polarons 

as charge carries along the tubes. Moreover, the template-free synthesized PAN-DBSA 
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micro/nanotubes exhibited both dielectric and magnetic losses in the same frequency region 

while the bulk PAN-DBSA synthesized by a conventional method only showed dielectric loss 

at microwave frequency without magnetic losses. It could be concluded that tubular materials 

exhibited novel microwave absorption characters.33 

Among conducting polymers, PPy is outstanding owing to its high conductivity at room-

temperature and stability in air. Moreover, its room-temperature conductivity is generally 

higher than that of PAN when the same dopants are used. Therefore, the template-free 

synthesized PPy nanostructures might be used as an excellent microwave absorbing materials. 

Along this line, large-scaled mass of the PPy-p-TSA nanotubes with a room-temperature 

conductivity as high as 27 S/cm have been synthesized by a template-free method. Although 

the magnetic losses observed in the micro/nanotubes are not clearly understood at the present 

time, it might result from a coordination effect of spin-polaron (i.e., charge carrier) and 

orientation of polymeric chain along the tubes.43 

Even though conducting polymer-based EMI shielding materials have received great 

attention as potential EMI shielding for their high conductivity, tunable dielectro-magnetic 

properties and light weight, their commercial applications at the current time is limited by 

their narrow bandwidth due to only having dielectric loss mechanisms and poor mechanical 

strength. Investigations on conducting polymer-based microwave absorbing materials should 

therefore move forward to enhancing the absorbing efficiency, expanding bandwidth, and 

improving mechanical properties. Although hybrid composites of the ICPs with magnetic 

losses provide a more approach for utilizing the benefits of conducting polymers, restrictive 

limits to the addition of the magnetic fillers only provide some measure of improvement. It is 

clear that ICPs nanostructures prepared by some template-free method may open a facile and 
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efficient approach to fabricate conducting polymer-based microwave materials that satisfy 

requirements for developing new types of microwave absorbing materials. 

 

1.5. Characterization of ICPs Nanostructures 

There are three key steps in the development of ICPs materials: syntheses, property 

characterizations, and performance. A material’s synthesis involves the processing of ICPs 

nanostructures. The next challenge is to determine the degree and level of dispersion of the 

ICPs nanostructures. In addition, characterizing ICPs nanostructures is an important issue to 

correlate the material performance with physical, chemical, and structural features, which are 

of crucial importance for the development of new ICPs nanostructures and the optimization 

of existing ones. Comprehensive knowledge of the ICPs nanostructures is critical for their 

success and realizing how to manipulate properties and production for applications in EMI 

shielding or any other area. Chemical characterization techniques are essential to identify 

qualitatively and quantitatively each constituent of the ICPs nanostructures as well as optical 

and electron spectroscopy and ion spectrometry.31 Also, characterization involves two more 

main processes: morphological analysis and materials property measurements. Structure 

analysis could be carried out using a variety of microscopic and spectroscopic techniques, 

while property characterization is rather diverse and depends on the application. 

1.5.1. Morphological and Chemical Characterization 

Different techniques may be employed for the characterization of ICPs nanostructures, 

including atomic force microscopy (AFM), scanning tunneling microscopy (STM), Fourier 

transformed infrared (FTIR) and Raman spectroscopies, X-ray photoelectron spectroscopy 
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(XPS), nuclear magnetic resonance (NMR), differential scanning calorimetry (DSC), 

scanning and transmission electron microscopies (SEM/TEM), etc. 

For example, AFM is a powerful tool to study the surface even down to the nanometer 

scale and below in some instances. Simultaneous small-angle X-ray scattering (SAXS) and 

X-ray diffractometry (XRD) have been used for quantitative characterization of 

nanostructures and crystallite structures. In addition, theoretical calculations/simulations 

could be worked out to predict strength properties, including stress/strain curves.44 

1.5.2. Thermal, Electrical and Magnetic Characterization 

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) could be 

employed to investigate the thermal stability of ICPs nanostructures in inert or oxidant 

atmosphere, and to determine polymer degradation temperatures, glass transition 

temperatures, and the mass ratio of the organic and inorganic components of ICPs 

compositions.45,46 Standard two-point and four-probe methods are commonly employed for 

electrical characterization and determination of ICPs resistivity. The nanocomposite powders 

are pressed into the form of disk pellets with a diameter of 25 mm by applying a pressure up 

to 95 MPa in a hydraulic press, and the average thickness is about 1 mm. The temperature-

dependent resistivity may be used to investigate the electron-transport mechanism in the 

nanostructures.47 Magnetic characterization of ICPs nanostructures could be performed with 

a vibrating sample magnetometer (VSM) to perform susceptibility and magnetization studies48 

or a SQUID magnetometer to determine the coercivity and frequency dependence of the 

permeability.49 
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1.5.3 Electromagnetic Characterization Techniques 

Electromagnetic methods for materials characterization generally fall into nonresonant 

and resonant methods. Nonresonant methods are often used to get a general knowledge of EM 

properties over a frequency range while resonant methods are used to get accurate dielectric 

properties at a single frequency or several discrete frequencies.50 Figure 1.2 shows a general 

classification. In nonresonant methods, the properties of materials are fundamentally deduced 

from their impedance and the wave velocities in the materials. When an EM wave propagates 

from one material to another (e.g., from free space to sample), both the characteristic wave 

impedance and velocity change, resulting in a partial reflection of the EM wave from the 

interface. Measurements of this reflection and the transmission through the interface can 

provide information for the deduction of permittivity and permeability relationships between 

the two materials.  

 

 

 

 

 

 

 

 

 

 

Figure 1.2. Classification of electromagnetic characterization methods. 
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Nonresonant methods mainly include reflection only methods and 

transmission/reflection methods. In principle, all types of transmission lines can be used to 

carry the wave for nonresonant methods, such as coaxial line, hollow metallic waveguide, 

dielectric waveguide, planar transmission line, and even free space. Usually, a reflection 

method can only measure one parameter, either permittivity or permeability. On the other 

hand, transmission/reflection is widely used in the measurement of the permittivity and 

permeability of low conductivity materials. The material under test, which could be ICP 

nanostructured sample, is inserted into a piece of transmission line, as shown in Figure 1.3, 

and the properties of the material are deduced on the basis of the reflection from the material 

and the transmission through the material.  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3. Transmission/reflection characterization methods. 
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1.6. Perspective and Future Trends 

In order to develop new ICP nanostructures and to optimize existing ones, it is important 

to correlate the electromagnetic shielding performance with physical, chemical, and structural 

characteristics. This will not happened without establishing a wide base of tremendous 

experimental results and better understanding of the systems in applications, in addition to 

expanding the number of selections of conducing polymers and magnetic material candidates 

for ICP nanostructures. New ICPs and different magnetic ferrites should be investigated. 

Moreover, tuning the electrical and magnetic characteristics of ICP nanostructures should be 

investigated along with effects on shielding efficiency. Furthermore, the mass production 

scale challenges and problems for these electromagnetic ICP nanostructures should be taken 

into consideration beyond mere scientific interests. 

Since the electromagnetic potential of ICP nanostructures depends on their 

electromagnetic properties of permittivity and magnetic permeability, these could also be 

varied and controlled in ICPs via the magnetic properties of the additive constituents such as 

magnetic nanostructured fillers. Thus, the development of new ICP nanostructures or 

optimization of existing ICPs could be achieved through two parallel steps of selecting 

optimal ICP(s) and magnetic material(s) individually with the best EM shielding potential. 

The third step would consider the synergies between the ICP and magnetic material to 

optimize the composite behavior for relative loadings of each. 

The investigation steps of the optimum ICPs should include exploring new dopants, mixed 

dopants, and synthesis of new ICPs or relevant copolymers. The best candidates should have 

broad range for conductivity selection that will be better to control for particular EM shielding 

potential. On the other hand, different ferromagnetic and ferrimagnetic (ferrites) materials 
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should be examined. The optimum ferrite candidates as composite shielding material fillers 

would be expected to have the broadest EM shielding bands. Since ferrites can exist with 

different crystal structures (cubic or hexagonal), and depending on the crystal structure and 

the chemical compositions their magnetic behavior can be varied between soft to hard, the 

correlation between EM shielding potential and crystal structure, chemical compositions, and 

magnetic activities should be clearly defined and utilized for effective implementations. 

During the final step, various issues should be considered for what is assumed to be an 

optimum design morphology of ICP shell/magnetic ferrite core composite structures, which 

carrying both magnetic and electrical characteristics. First, the ICP coating process onto 

magnetic particles or powders should be designed to be feasible and controllable in a large-

scale production process and not merely as an interesting lab-scale batch procedure. Second, 

the effect of the ICP film thickness on the magnetic properties of the ferrite core should be 

investigated. Third, the effect of ferrite core size, and potentially shape, on the electrical 

properties of the ICPs should be monitored. Fourth, the impact of the aforementioned issues 

on the EM shielding potential of the core/shell composite should be clarified. The common 

magnetic ferrite coating candidates are typically the popular ICPs such as polyaniline and 

polypyrrole. Less studied ICPs could be explored, such as polythiophenes, poly(3,4-ethylene 

dioxythiophene), poly(arylene vinylene)s, poly(p-phenylene), and poly(p-phenylene sulfide) 

along with many others. On the other hand, there are vast numbers of ferrites already produced 

for many application areas of interest that could be investigated as fillers, such as spinel 

Fe2O3·MeO, where MeO is any transition metal oxide; garnet (5Fe2O3·3Me2O3), where 

Me2O3 is a rare earth metal oxide, and magnetoplumbite (6Fe2O3·MeO) where MeO is a 

divalent metal oxide from group II, e.g., BaO, CaO, SrO. Optimum ferrites for maximum 
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shielding within certain bands should be investigated first, then applying the optimum 

conducting polymer to ferrite composites follow on investigations of the additivity of effects, 

whether synergistic or somewhat self-defeating influences contribute to predicted efficiencies 

for sheilding. Then the resultant should be maximize the shielding performance and/or 

expanding the practical EM shielding frequency band that can be adequately dealt with in 

applications. Though the present work was unable to extend this far and deep into the expected 

landscape of potential material composites, it is the main direction of interest for this 

researcher in future advancements stemming from the accomplishments herein. 

 

1.7. Road Map of the Work Plan and Dissertation Outline 

The work presented herein concerns a detailed study exploring the possibility for 

enhancing electromagnetic (EM) shielding potential of polyanilines (PANs) based on simple, 

inexpensive alterations from conventional oxidative approaches with solvent such as 

drastically limiting or even totally eliminating the dispersing solvent(s) in the synthesis of the 

conducting polymer from its monomeric precursor and doping agent mixture. Based on the 

obtained results from this research, enhancing the EM shielding potential of PANs beyond 

this concept would including the addition of magnetic materials as a second in-depth study 

for future work. Recently, attention has been paid to the preparation of doped-PAN via 

solvent-free reaction approaches accomplished in a solid or powder/paste-like state.51-57 This 

has obvious advantages from eliminating the solvent costs and complications associated 

therein, including separation, recovery, reuse and proper waste treatment as well as reducing 

the overall volume and mass of chemicals per final product quantity. Furthermore, a solvent-

free reaction is the more environmentally benign method.52 However, the EM properties of 
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solvent-free (SF) PAN and their controllability remain largely unstudied, but for the present 

results and publications by this author, and the EM shielding potential of PAN nanoparticles 

or nanopowders synthesized by a solvent-free reaction has not been previously evident in 

available literature. 

The main goals of this study are investigating and optimizing the dependence of EM 

shielding potential of the polyaniline nanoparticles doped with inorganic (HCl) and organic 

sulphonic acids on the synthesizing approaches. In addition to this, we have established a 

comparison study between the utilized unconventional approach (solvent free or limited 

reaction) and classic conventional approach for producing doped polyaniline nanoparticles. 

Moreover, investigating the effects of the synthesis approach and dopant on different physico-

chemical properties of the obtained doped polyaniline was an important aim to understand 

how to tune polyaniline properties optimally for EM interference shielding and to demonstrate 

the improvements therein via the unconventional synthesis approach of limited or completely 

removing the main dispersing solvent from the reaction conditions. The long-term goal of this 

study is the development of new light-weight and affordable high-frequency EM shielding 

materials with an eco-friendly fabrication method. 

The rest of the dissertation is organized as follows: Chapter 2 presents detailed study of 

the physico-chemical characteristics of PAN doped with HCl synthesized via a wetted solid 

state polymerization under mechanical grinding, referred to as a “solvent free” protocol (SF), 

compared with two conventional chemical approaches for both fast (CF) and slow (CS) 

oxidation conditions in aqueous solutions of ammonium peroxydisulfate (APS)—the same 

oxidizing agent used in the solvent-free route. Experimental work demonstrated the chemical, 

morphological and electrical characteristics of conducting polymer nanoparticles from three 
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distinctly different chemical synthesis conditions. Results showed that the produced materials 

with a range of electromagnetic shielding efficiencies for microwave radiation (8–12 GHz) 

depend on the average extent of oxidation, conductivity and polymer crystallinity. 

Chapter 3 represents the first investigations of electronic structure, polymorphism, and 

chain conformation of HCl-doped polyaniline prepped via solvent free approach in 

comparison with a classical chemical oxidation approach. In order to get a deep understanding 

and clear correlations between synthesis approach epically solvent free SF and its impact on 

electronic structure, polymorphism, and chain conformation of the prepared polyaniline. 

Moreover, clarifying the sensitivity of polyaniline futures to synthesis condition is a 

significant aim. Also, addressing the electrical/electromagnetic behavior and correlate it to 

other parameters such as cross linking, electronic structures, and chain conformations. In order 

to control and design polyaniline with especial futures for a specific applications. 

Chapter 4 represents the first investigations of EM shielding of HCl doped PAN prepared 

by solvent-free (SF) approach as impacted by electronic structure, polymer chain cross-

linking, and chemical structure of HCl-doped PAN in comparison with classical chemical 

oxidation approaches—the same as discussed previously. Investigating the EM shielding 

potential of the nanopowders was very important to confirm and validate the results from 

Chapters 2 and 3. Moreover, addressing the electrical/electromagnetic behavior and correlate 

it to other physicochemical parameters (cross-linking, chemical and electronic structures) in 

order to approach specific design requirements toward EM shielding through synthesis 

processes methodically. 

Chapter 5 aims to confirm DC electrical conductivity trends observed previously in 

Chapter 2. In addition to, elucidating the relative impact of different structure aspects 
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(hydrogen bonding/branching/cross linking) on electrical/ dielectrical behavior of PAN 

samples. Moreover, dielectric constant and dialectic loss measurements were employed to 

estimating the relative degree of charge delocalization of PAN samples, which is considered 

as an additional aim. Furthermore, elucidating the relation between crystallinity of the HCL 

doped PAN samples as was investigated previously in Chapter 2 and electrical/dielectrical 

properties of PAN sample. In addition to explicate the chemical nature of the HCl-doped PAN 

samples from each synthetic route to understand and clarify the causal connections between 

reaction conditions and material products for process control over resulting electrical 

properties. This chapter continues to expand a fundamental understanding in this regard for 

methodical expansion to other dopants and on-going studies in shielding materials for 

mitigating EM interference effects on electronic devices. 

Chapter 6 begins the comparative study of p-toluene sulfonic acid (PTSA) selected as the 

dopant candidate of an organic source for contrasting results with the inorganic HCl-doped 

PAN in order to identify the impacts of synthesis approach on the EM shielding potential of 

the PTSA-doped PAN samples as may be expected on the cases made for HCl-doped PAN in 

Chapters 2 and 4. Furthermore, two different “unconventional” approaches of solvent-free and 

solvent-limited will be tested on the PTSA-doped PAN synthesis products against the two 

excess solvent regimes of fast and slow oxidant addition, or CF and CS. The EM 

measurements are expected to confirm the proposed electronic structures for charge 

delocalization in PTSA-doped PAN samples as examined via UV spectroscopy. EM 

measurements are correlated to the impact of crystal/electronic/conformational structures and 

conductivity of the prepared PTSA-doped PAN samples on shielding effectiveness (SE) 
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behavior with frequency. The impact of crystallinity and conductivity obtained from 

nanopowders made by the variant synthesis approaches will also be elucidated. 

Chapter 7 contains a brief section with comprehensive conclusions and summary of the 

major chapter-conclusions along with an outline of future work, which was planned from the 

beginning and has evolved through the details of relevant and ongoing research findings 

toward a continuously improving design of experiments for this dissertation with a larger 

perspective in mind beyond the scope of the past few years of the present work. 
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CHAPTER 2 

A Comparison of Electromagnetic Shielding with  

Polyaniline Nanopowders Produced in Solvent-limited Conditions 

 

2.1 Introduction 

The proliferation of electronic devices in the world has caused electromagnetic interfer-

ence (EMI) to become a vital concern. Although all electronics emit magnetic and electrical 

energy, if this energy unintentionally interacts with another device and causes it to malfunc-

tion, then it is considered interference.1 In fact, EMI has become a serious dilemma impacting 

almost all contemporary electrical and electronic systems from daily life to space exploration.2 

A device is considered electromagnetically compatible—having low EMI with its surround-

ings—if it does not interfere with other devices or itself and it is not affected by emissions 

from other devices.3 Therefore, good shielding materials should prevent both incoming and 

outgoing EMI. Its shielding effectiveness (SE), expressed in decibel (dB) units, is considered 

adequate for many applications at roughly 30 dB, corresponding to 99.9% attenuation of the 

EMI radiation.4 The standard requirements for any application are specific to frequency range 

and geometry. 

Various shielding methods have been developed not only to reduce the probability of EMI 

occurrence but also to increase device lifetime and efficiency.1 Traditional approaches to EMI 

shielding rely on the use of metallic materials, which generally provide excellent SE. How-

ever, conventional metallic shields impose severe weight penalties, especially for aerospace 

applications.5 Intrinsically conducting polymers (ICPs) are more attractive materials due to 
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their light weight, versatility, low cost and processability.6 ICPs have relatively high conduc-

tivities () and dielectric constants (εr) that are easy to control or design through chemical 

processing.7 Moreover, ICPs have significant EMI shielding through absorption that also im-

proves shielding against potential internal EMI, which differs from the dominant metal and 

carbon-based shielding mechanism of reflection.8 Among the host of ICPs is polyaniline 

(PANI), regarded as a promising conductive polymer due to superior conductivity control 

through doping with relatively easy polymerization of large quantities and its other electro-

magnetic parameters being flexibly adjustable through both oxidation and protonation 

states.5,9,10 

Typically, PANI can be made chemically or electrochemically by oxidative polymeriza-

tion of aniline.11 Electrochemical methods have the merit of easier control over morphology 

and electrical properties but difficulty in mass production. Chemical methods are generally 

more effective for commercial-scale mass production.12,13 The conventional chemical synthe-

sis of PANI is based on mixing aniline with an oxidant in aqueous, or nonaqueous, acidic 

media.10,14 

Recently, attention has been paid to the preparation of doped-PANI via solvent-free reac-

tion approaches accomplished in a solid state.15-21 This has obvious advantages by eliminating 

the solvent costs and complications associated therein, including separation, recovery, reuse 

and proper waste treatment as well as reducing the overall volume and mass per final product 

quantity. Furthermore, a solvent-free reaction is the more environmentally benign method.16 

However, the EM properties of solvent-free PANI and their controllability remain largely un-

studied, and the electromagnetic shielding potential of PANI nanoparticles or nanopowders 

synthesized by a solvent-free reaction is not evident in available literature. 
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The present study details the physico-chemical characteristics of PANI doped with HCl 

synthesized via a wetted solid state polymerization under mechanical grinding, referred to as 

a “solvent free” protocol (SF), compared with two conventional chemical approaches for both 

fast (CF) and slow (CS) oxidation conditions in aqueous solutions of ammonium peroxydi-

sulfate (APS)—the same oxidizing agent used in the solvent-free route—evolving into lyo-

phobic colloidal suspensions. After careful determination of chemical and morphological 

structures through analysis of Fourier transform-infrared (FTIR) spectra, x-ray diffraction 

(XRD), and transmission electron microscopy (TEM), the three nanopowders as compressed 

disks and annuli are tests for conductivity (DC) and electromagnetic wave propagation, re-

spectively, in order to correlate nanomaterial properties with bulk behaviors relevant for EMI 

shielding. The first comparison of shielding effectiveness (SE) is made on a basis of mass 

loadings required per area of shielding material to be used within the microwave X-band fre-

quency range (8–12 GHz) for the three conducting nanopowders. This type of synthetic, ana-

lytic, applications-oriented process sequence is crucial for the future advancement of afford-

able, light-weight EMI shielding formulations with these types of nanopowders as filler com-

ponents in polymer or ceramic matrices, such as for coatings, films, sheets, and paints. 

 

2.2 Theory of Electromagnetic Interference Shielding 

Shielding effectiveness (SE) is the ratio of residual energy to impinging energy, usually 

equivalent to the total electromagnetic (EM) radiation transmitted (subscript T) through the 

shielding divided by the incident (subscript i) wave. This can be calculated from any of the 

energy intensities: electric (E), magnetic (H), electromagnetic power (P):2,22 
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The EMI attenuation is dependent on frequency, distance between shield and interfering 

source, shield thickness, and of particular interest, shield material. SE is normally expressed 

in decibels (dB).2 

There are three primary EM/material interaction mechanisms contributing to SE. Part of 

the incident radiation is reflected from the front surface of the shield, part is absorbed within 

the shield material, and part is reflected from the rear surface to the front where it can either 

aid or hinder the effectiveness of the shield depending on its phase relationship with the inci-

dent wave, as shown in Figure 2.1. Therefore, the total effectiveness of a shielding material 

(SETotal) equals the sum of the absorption losses (SEA), the reflection losses (SER), and a cor-

rection factor (M) to account for multiple reflections, which may be significant in thin 

shields:23 

 MSESESE RATotal  .  

The multiple reflection factor M is usually neglected where the absorption loss is greater 

than 10 dB. For simplified calculations, it may be neglected for electric fields and plane waves. 

Furthermore, absorption losses are a function of the physical characteristics of the shield and 

are independent of source field type.2 The absorption, or decay, loss occurs because currents 

induced in the medium produce ohmic losses and heating of the material.1 On the other hand, 

the reflection loss is related to the relative mismatch between the incident wave and the surface 

impedance of the shield. Moreover, multiple reflection correction factors can be mathemati-

cally positive or negative (in practice, it is always negative) and become insignificant when 

SEA > 6 dB. It is usually only important at low frequencies (i.e., below approximately 20 
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kHz)2 after therefore of insignificant impact to the present study concerning the microwave 

X-band. 

 

Figure 2.1 Attenuation schematic of an electromagnetic wave by shielding material. 

 

In a two-port network analysis, EMI SE can be expressed in terms of scattering parame-

ters that quantify the way currents and voltages travel in a transmission line when encounter-

ing a discontinuity caused by differing impedances between air and the obstruction or in the 

dielectric media.24 In a waveguide, a radiated wave undergoes shielding (reflection, absorp-

tion, and transmission) when the incident wave at a point i passes toward another point j, and 

these wave scattering values are expressed as Sji. For example, S21 is the energy acquisition at 

point 2 having originated from point 1 Therefore, the scattering parameters S11 and S21 desig-

nate the amount of reflected energy and transmitted energy, respectively. In order to investi-

gate the contributions of absorption and reflection to the total EMI SE, the transmittance 
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(Tcoef), reflectance (Rcoef), and absorbance (Acoef) coefficients can be correlated to S parameters 

as follows:25 
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Here, the term Acoef is given with respect to the power of the incident EM wave. If the 

effect of multiple reflections between both interfaces of the material is negligible,26 the rela-

tive intensity of the effectively incident EM wave inside the shielding layer after reflection is 

based on the value of (1-Rcoef). Therefore, the effective absorbance can be described as fol-

lows: 
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Hence, by applying the power balance data, SER and SEA can be expressed in terms of 

transmittance and reflectance, respectively:27 
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2.3 Materials and Methods 

Batches of HCl-doped polyaniline nanoparticles were produced from three different syn-

thesis protocols to make approximately 5 grams of recovered product per batch using aniline 
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(99.5%, ACS reagent grade, Aldrich) purified by distillation with zinc dust before use.21,28 

The inorganic acid dopant hydrochloric acid (37.43%, ACS reagent grade, EMD Chemicals) 

and the oxidant ammonium peroxydisulfate (98%, ACS reagent grade, Aldrich) were used as 

received. Ammonium peroxydisulfate (APS) was selected from a wide array of potential 

chemical oxidants based on a summative assessment of the relevant literature indicating gen-

erally higher polymer conductivities from APS than others, in conjunction with being a com-

mon and affordable chemical. 

HCl-doped polyaniline (PAN) nanoparticle samples were prepared by solvent-free (SF) 

and conventional (solvent-based) chemical oxidations under slow (CS) and fast (CF) produc-

tion rates as controlled by the addition of aqueous ammonium peroxydisulfate (APS), both 

described below in detail. All reaction protocols are designed for an targeted 50% level of 

dopant, which is expected to maximize conductivity in the products, where amine site proto-

nation occurs above 50% and imine sites deprotonate below 50%.12 However, the precise level 

of doping achieved is not easily determined and may be an additional source of uncertainty in 

interpreting physico-chemical behavior. Since all three protocols involve the same constitu-

ents, only varying the methods of mixing, an operating hypothesis for similar chemical mech-

anism(s) producing systematically different product yields is reasonable. In the solvent-free 

extreme case, local reactant concentrations are maximized, compared to the much more dilute 

and uniform reaction conditions of the two conventional processes. 

Polyaniline doped with HCl is reported to be quite stable regarding thermal and environ-

mental stability.15-16, 22 It should be noted for safety precautions that benzidine is a well-known 

carcinogen and intermediate product of the electrochemical mechanism for preparing polyan-

iline, though it is highly susceptible to copolymerization and does not persist in detectible 
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amounts under final reaction conditions with APS. This is perhaps an important, secondary 

motivation for avoiding electrochemical methods to alleviate any environmental and health 

concerns; however, this topic deserves continued awareness and vigilance in the laboratory, 

for waste management, and potential future technology developments. 

2.3.1. Solvent-free (SF) Synthesis 

It should be first noted that the “solvent-free” label refers to the aniline monomer and 

oxidant (APS) being used in their as-prepared and as-received states without first dissolving 

them in a reaction medium (solvent), though certainly the SF reaction chemicals are not com-

pletely void of solvent since the dopant (HCl) is applied from the standard aqueous concen-

trate. A typical solvent-free polymerization procedure at room temperature (~18–24°C) was 

followed with freshly distilled aniline (0.05 mole per batch) poured into a porcelain mortar, 

and then 0.1 mole of the doping acid, i.e., concentrated HCl was added dropwise while grind-

ing manually for 10 min. The acid was added in very small dropwise portions in order to 

minimize the released fumes and prevent the overheating of the reaction medium since aniline 

reacts violently with strong acids.29 The reactant mixture became a white paste after grinding. 

Separate grinding of 0.05 mole of APS in another porcelain mortar produced a fine pow-

der, which was subsequently added in small portions to the white paste reactant in order to 

avoid overheating from the highly exothermic oxidative polymerization.30,31 Approximately 

0.5 g of APS was added in between grinding the reactant mixture for ~1-2 min in cycles until 

the entire batch was uniformly ground and finally attained the appropriate dark green color 

indicative of the HCl-doped PAN nanoparticles. This product was transferred to a 2-liter 

beaker where 100 ml of acetone, 100 ml of ethanol and 800 ml of DI were added then mixed 
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for 1 h in order to quench the polymerization reaction and to dissolve oligomeric impurities.32-

34 An excess volume of water was used to assure a thorough washing for materials analysis.  

A 5-µl sample of the mixture was taken and diluted with 10 ml of ethanol for morpho-

logical characterization. The rest of the product mixture was filtered and washed with acetone, 

ethanol, and distilled water, in series, until the initially brown filtrate became colorless in order 

to confirm the adequate removal of unreacted chemicals and excess acid.35,36 Less than 500 

mL of DI water was typically required for washing. A slower soaking process produced similar 

results with only 100 mL acetone, 200 mL ethanol and 100 mL DI water. It is likely that 

ethanol and acetone requirements may be further reduced through future optimizations for 

practical materials applications for combined quenching and washing. The powder was dried 

at 40°C for 48 h. 

While typical molecular weights for polyaniline prepared by chemical oxidation can be 

expected of 30,000 g/mol,37 it will be very important for future work to consider a comparative 

molecular-weight distribution study of the solvent-free products against the conventional 

products of the present study. 

2.3.2. Conventional Chemical Synthesis: Fast (CF) and Slow (CS) Oxidations 

The same freshly distilled aniline in 0.05-mole doses was dissolved in 1000 ml of DI 

water followed by dropwise addition of 0.1 mole of HCl concentrate with mixing on a mag-

netic stirrer (1000 rpm) for 15 min. Then 0.05 mole of APS dissolved in 50 ml of DI was 

added. In case of conventional chemical oxidation with fast reaction (CF), the oxidizing APS 

solution was added all at once. On the other hand, the slow reaction procedure (CS) added the 

same APS solution amount with constant rate 0.1 ml/min. Both reaction protocols were con-

ducted at room temperature (~18–24°C). The reaction mixtures were mixed for 12 h after APS 
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addition. Then 100 ml of acetone and 100 ml of ethanol were added and mixed for 1 h, similar 

to the SF samples above except that no additional DI water is needed for the conventional 

solvent-rich synthesis.32-34 As before, 5-µl samples of these mixtures were also taken and di-

luted with 10 ml of ethanol for comparative morphological characterizations with the SF sam-

ples. The remaining products were filtered, washed, and dried identically to the SF samples. 

However, it must be noted that these conventional chemical synthesis products required in 

excess of three liters of DI water per batch to wash at the same level of filtrate clarity as the 

solvent-free product, as well as 500 mL ethanol and 300 mL acetone with clear room for pro-

cess optimization. 

 

2.4. Characterization Methods 

2.4.1. Chemical: FTIR 

The doped PAN samples as dry powders were characterized for chemical constituencies 

with a ThermoNicolet Avatar 370 FTIR spectrometer equipped with an attenuated total reflec-

tance (ATR) attachment. The 16 spectra for each sample type were collected between 1800 

cm-1 and 650 cm-1 at a resolution of 4.0 cm-1 and averaged. 

2.4.2. Morphological: TEM 

Morphological characterization was carried out by transmission electron microscopy 

(TEM-JEOL JEM 2010) operating 200 kV. A drop of diluted suspension of each sample was 

applied to a copper grid coated with carbon film (FCF-150-Cu). 

2.4.3. Crystallinity: XRD 

A Siemens D5000 powder X-ray diffractometer was used for XRD characterization using 

a copper target (Cu Kα and wavelength (λ) of 0.15418 nm. Data were collected in the range 



39 

 

of 2θ = 10° to 60° at a resolution of 0.02° per step with a 1-s integration time per step. The 

crystallinity of the PAN nanostructures were calculated by “DIFFRACplus EVA” software 

and obtained as the crystalline area divided by the sum of crystalline and amorphous areas.33 

The d-spacings were deduced from the angular position (2θ) of the observed peaks ac-

cording to the Bragg formula:38 λ = 2dsinθ. The crystalline domain size, or the extent of order 

L, of the highest intensity crystallite peak was estimated using the Scherrer formula:33 L = 

kλ/(βcosθ), where k is the shape factor for the average crystallite (≈0.9), and β is the peak’s 

full width at half-maximum (FWHM) in radians.39 The inter-chain separation length (R), cor-

responding to the most intense crystallite peak of Bragg diffraction patterns from the PAN 

samples, was determined from the relation given by Klug and Alexander:40 R = 5λ/(8sinθ). 

2.4.4. Electrical Conductivity 

Electrical conductivity of the samples was measured at room temperature on pressed pel-

lets by a two-point probe technique.17,41,42 Typically, 0.1-g samples were pelletized at 70 MPa 

for 3 min using a hydraulic press.43 The obtained pellet dimensions were 13-mm diameter and 

1-mm thickness. Three pellets were prepared for each sample. Current-voltage (I-V) measure-

ments were carried out via a Keithley 4200 SCS semiconductor parameter analyzer. Dual 

sweep mode was operated within a voltage range -1 to 1 V, and 0.01 V stepwise. Five physical 

locations were measured on each pellet side to confirm consistency within each sample: one 

location at the center of the pellet and four others nearer the edge in the four adjacent quad-

rants. Each I-V measurement was repeated five times at least for every location for reproduc-

ibility confirmation. The values reported are averaged over 25 readings for each sample. 
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2.4.5. Electromagnetic Shielding 

Electromagnetic shielding measurements used an Agilent E8363A PNA vector network 

analyzer in the X-band (8.2–12.4 GHz). Two open-ended waveguides filled with Teflon at the 

waveguide end and the sample holder were employed (Figures 2.2 and 2.3).44 The dimension 

of the cross-section of the waveguide and the sample holder is 22.86 mm × 10.16 mm.23 The 

length of the sample holder is 7 mm. As shown in Figure 2.2 the sample holder was filled with 

the PAN nanoparticle samples of known masses to specified depths by manual compaction 

for consistent density between replicates with excellent reproducibility due to careful meas-

urements described below. No matrix material was added. The holder is inserted into the two 

waveguides as shown in the EMI waveguide measurement setup (Figure 2.3). In order to 

quantify the S-parameter accurately using the vector network analyzer, the measurement sys-

tem was calibrated by the Thru–Reflect–Line (TRL) calibration.23,44 In order to investigate the 

EM shielding potential of the HCl-doped PAN nanopowders prepared from different synthetic 

approaches, seven different mass loadings of each sample type were used: 0.1, 0.15, 0.2, 0.25, 

0.3, 0.35 and 0.4 g, corresponding to sample areal concentrations, or areal densities, of 0.04, 

0.06, 0.09, 0.11, 0.13, 0.15, and 0.17 g/cm2, respectively.  

This notation was selected to provide a more direct standard for mass loading compari-

sons with SE trends, since SE is proportional to the shield thickness and areal density factors 

out the thickness. The 0.1-g samples were compacted to 1.6 mm sample thickness for the 

conventional nanopowders (CF and CS) and 0.9 mm for the solvent-free product. Each addi-

tional 0.05 g of nanoparticles increased the sample thicknesses by 0.8 mm and 0.5 mm, re-

spectively. Compacting depth was measured to within ±0.05 mm. Each sample was tested for 

the SET of the HCl-doped PAN at different mass loadings as a function of frequency measured 
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in the 8–12 GHz range for the purpose of discussing the dependence of SET on absorption and 

reflection losses and the EM shielding potential as a function of the areal concentration with 

respect to the synthesis conditions. 

 

Figure 2.2. Waveguide sample holder for X-band measurements performed. 

 

 

 

 

 

 

 

 

 

 

Figure 2.3. EMI waveguide measurement setup  
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2.5. Results and Discussion 

2.5.1. Morphology 

TEM micrographs show that fast oxidation of HCl-doped PAN nanoparticles (PAN-HCl-

CF) leads to the formation of very regular nano-polygons as well as some irregular spherical 

nanoparticles (Figure 2.4a). The average particle size is less than 50 nm. There is an obvious 

contrast with the slow oxidation products (PAN-HCl-CS) giving much larger aggregates with 

more irregularities to the nano-polygon morphologies and a broad particle size distribution. 

The largest primary particles typically observed for both CF and CS samples generally do not 

exceed 50 nm with many more fused clusters in the CS samples. The solvent-free samples 

(PAN-HCl-SF) consisted of regular nano-polygons and nanospheres with an estimated particle 

size of 20 nm and less (note the smaller scale in Figure 2.4c from the CF and CS micrographs). 

It is intriguing that previous studies on solvent-free and solid state synthesis approaches re-

ported nanofibers rather than the nanoparticles produced in this work.15,18 

 

 

 

Figure 2.4. The TEM images of HCl-doped polyaniline: (a) fast oxidation, (b) slow oxida-

tion, (c) solvent-free formulation. Note scale bars of 50 nm in (a-b) but 20 nm for (c). 
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2.5.2. Current-voltage (I-V) Characterization 

The current-voltage (I-V) curves of the HCl-doped PAN samples are shown in Figure 2.5, 

indicating ohmic behavior in all types at room temperature.45 All sample types behaved as 

perfect ohmic conductors with the electrical resistance increasing as follows: SF < CF < CS. 

The highest conductivity was for SF (27.19 ± 0.26 S/cm) followed by CF (3.28 ± 0.25 S/cm) 

with CS (2.94 ± 0.14 S/cm) slightly lower. The differences are of course due to the impact of 

the formulation conditions on the final chemical structure and material crystallinity, which 

will be discussed later. The experimental values of conventional HCl-doped PAN (CF and CS) 

fitted within in the range of conductivities previously reported for PAN.31 However, the nearly 

order of magnitude increase in conductivity for the SF samples is higher than recently re-

ported.16,17,21 
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Figure 2.5. I-V curves from two-point probe measurements on three polyaniline sample 

types doped with HCl. 
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2.5.3. Fourier Transform Infrared (FTIR) Spectroscopy Analysis  

 Representative FTIR spectra of the PAN samples prepared (SF, CF, and CS), are shown 

in Figure 2.6. The positions of the bands differ only within experimental error from the posi-

tions measured by others.46-49 These previous interpretations of PAN spectra together with 

corresponding references are summarized in table 1 and associated with the three sample types 

studied herein. 

FTIR spectra are characterized by two major regions I and II. Region I (1100–1700 cm-

1), in which the C-C and C-N stretching and C-H bending are expected of molecules contain-

ing aromatic rings.48 The pair of bands near 1580 cm–1 and 1490 cm–1 are attributed to C=C 

stretching of quinonoid (N=Q=N) and benzenoid (N=B=N) ring-stretching vibrations, respec-

tively.46,50  

Moreover, C–N bending vibration modes are observed near 1295 cm-1 for aromatic 

amines.48,51 Furthermore, the bands characteristic of conducting protonated PAN are found at 

~1245 cm-1, which corresponds to (C–N+•) stretching vibration in the polaron structure.46 

The broad band centered at 1148 cm-1 has been assigned to the vibration mode of the –

NH+= structure and is associated with the vibrations of the charged polymer units Q=NH+−B 

or B−NH+•−B and/or to the aromatic hydrocarbon (C–H) in-plane deformation.52 The absorp-

tion band increases with increasing degree of protonation in the PAN backbone. This band has 

been related to the high degree of electron delocalization in PAN as well as to strong inter-

chain (NH+–N) hydrogen bonding.46,53 The peak located near 1040 cm−1 suggests the presence 

of sulfonate or bisulfate groups, possibly from the oxidizing agent, attached to the aromatic 

rings.46,49,54,55 Alternately, it could be attributes to C–H in-plane bending.48,49,56 
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The PAN-HCl-CS spectrum has two absorption bands of particular interest. The first at 

1445 cm-1, which is attributed to the skeletal (C=C) stretching vibration of substituted aro-

matic rings,46,49,54 supports the presence of ortho-coupled and phenazine-like units.55,57 The 

second is a weak band at 1375 cm-1, which is characteristic of standard PAN base material 

(i.e., undoped) and assigned to C−N stretching in the vicinity of a quinonoid ring,55,58 also an 

indication of the existence of phenazine-like structures.46,57 

Region II (<1100 cm-1 ), which corresponds to ring deformation,59 contains the modes 

related to ring deformations with select C–H out-of-plane vibrations.48 The observed band 

near 820 cm−1 is due to the C–H out-of-plane bending vibrations of two adjacent hydrogen 

atoms on a 1,4-disubstituted benzene ring.46,48,60  

 

Figure 2.6. FTIR spectra (in wavenumbers of cm-1) of HCl-doped polyaniline prepared 

with different synthesis conditions: SF (top), CF (middle), CS (bottom). 
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This confirms the dominant para-coupling of constitutional units in the PAN chains. In 

particular, the PAN-HCl-CS spectrum shows significant amounts of 1,2,4-trisubstituted ben-

zene ring, appearing in bands at 881 cm−1 and 862 cm−1 indicative of the formation of branched 

and/or substituted phenazine-like segments54,61 in addition to absorption band at 796 cm−1, 

which is attributed to C–H out-of-plane bending vibrations of 1,2-disubstituted benzene 

ring.46,49 

 

Table 2.1. The main IR bands for PAN-HCl nanoparticles by synthesis condition. 

No. 
Wavenumber (cm-1) 

Assignment Ref. 
SF CF CS 

1 --- --- 797 
C-H out-of-plane ring bending 

1,2-disubstituted 

46,49 

2 815 823 819 
C-H out-of-plane ring bending 

(1,4 di-substituted ring) 

46,48,59,60 

3 --- --- 862 C–H out-of-plane ring bend-

ing 

(1,2, 4 tri-substituted ring) 

“ 

“ 

50,53,62,63 

“ 

4 --- --- 881 

5 1035 1043 1077 

C–H in plane bending 

Sulfonated aromatic ring 

(HSO4
-/SO2

-) 

48,49,56 
46,49,54,55 

6 1121 1147 1140 
C–H in plane bending 

Vibration mode of –NH+– 

54,64,65 

7 1240 1248 1248 C–N Stretching (C–N+•) 46,53 

8 1290 1302 1298 
C–N Stretching secondary ar-

omatic amine 

46,53,66 

9 --- --- 1375 C-N Stretching (Q=N–B) 46,55,64 

10 --- --- 1445 

C=C aromatic ring or N=N 

Stretching 

C=C aromatic ring (ortho-

linked) 

46 
55,57,67 

11 1479 1487 1489 Benzenoid (B) ring-stretching 17,31,46,57,64 

“ 
12 1556 1580 1588 Quinonoid (Q) ring-stretching 
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Based on the previous data in which the quinonoid and benzenoid units were identified, 

the intensity ratio of these two absorption bands around 1580 cm–1 and 1490 cm–1 is indicative 

of the average extent of the oxidation state of the polymer, which reflects the content of the 

quinoid and benzene ring structures.59 The intensity ratio R is calculated as Iquinoid over Ibenzenoid. 

Table 2.2 shows that the ordering of R values is SF > CF > CS. The results suggest that there 

is a difference in the extent of oxidation state of the prepared samples depending on the syn-

thesis approach, since the reactants and oxidizer ratios are fixed. The relatively lower oxidation 

extent in the CS samples could be attributed to its structure, which according to the previous 

interpretation supports the suggestion of increase in nonlinear chains due to the presence of 

cross-linking structures from coupling in the ortho- position.57,67 The CS approach may be 

favorable for cross-linking and branched PAN allowed by the slower oxidation, which means 

PAN chains growing with other existing chains, with higher probability of structural defects 

impacting the electrical and electronic behavior.57,60 

Table 2.2. Absorption intensities and their ratios for PAN-HCl samples. 

Synthesis Method Iquinoid Ibenzenoid R 

CF 0.922 0.957 0.963 

CS 0.885 0.948 0.934 

SF 0. 955 0.980 0.974 

 

2.5.4. XRD characterization 

Even though all the three PAN sample types are doped with HCl for the same chemical 

composition, the XRD patterns show distinct differences between each as shown clearly in 

Figure 2.7. The similarity between the XRD patterns of the SF and CS samples is relatively 
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clear with sharper peaks compare to the fast oxidation product (CF), which confirms the pres-

ence of high crystallinity and/or ordering in the samples with significant rate-limiting condi-

tions imposed on their reactions. In order to visualize the peaks better and separate the contri-

butions of different crystalline and amorphous constituencies in the XRD pattern, Figures 

2.7b–d employ a single-line method using Voigt function.68,69 The results agree with what has 

been mentioned in the literature; within 2θ from 10°–60°, that the three main diffraction peaks 

of emeraldine salt were resolved. In addition, two weak peaks rise at approximately 27° and 

29°, seen in PAN-HCl-CS (Figure 2.7c). The observed d–spacing of the Bragg reflections are 

compatible with orthorhombic lattice symmetry.17,67,70 

Crystalline peaks can be observed near 15° and 25°, which correspond to the (010) and 

(110) planes of crystalline PAN domains, respectively (table 2.3). An amorphous peak can be 

seen at 20° that corresponds to the (100) plane35 and also represents the characteristic distance 

between the ring planes of benzene in adjacent chains or the close-contact inter-chain dis-

tance,16 while the peaks at 2θ = 25° may be caused by periodicity perpendicular to the polymer 

chain. The percentages of crystallinity for each sample type are approximately 54%, 73%, and 

66% corresponding to CF, CS, and SF, respectively. The obtained results were the average of 

three or more XRD measurements. Both SF and CS samples are significantly more crystalline 

than the CF material. 

The high crystallinity of CS could be due to the formation of cross-linking structures from 

coupling in the ortho- position67 encouraged by the slow oxidation conditions. In addition, slow 

exothermic polymerization with no noticeable change in the temperature of the reaction me-

dium is a favorable condition for higher degree of crystallinity57 compared to CF and SF. The 
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reason that the SF nanoparticles have higher crystallinity than CF is perhaps due to the for-

mation of its chains under relatively concentrated acidic condition,17 though it may be difficult 

to reconcile this with the slow oxidation process at lower local acid concentrations producing 

the highest crystallinity. Apparently, both slow oxidation and high acidity favor high crystal-

linity in HCl-doped PAN, supporting the general notion that the degree of crystallinity depends 

on the synthesis approach.67 

 

Figure 2.7. The XRD patterns of HCl-doped polyaniline nanoparticles from different synthe-

sis. 
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CF and SF samples consist mainly of linear chains as it was explained from the FTIR 

discussion. The conventional trends between crystallinity, d–spacing, inter-chain separation, 

crystalline domain size, and conductivity are clearly observed.71 The SF samples exhibit larger 

domain size, shorter d–spacing and inter-chain separation, and higher conductivity than the 

fast oxidation (CF) product, as might also be expected by differences in linear polymer chain 

density. The regularity and organized structure defined by crystallinity is a favorable factor 

mainly for intramolecular mobility of charged species along the chain and to some extent in-

termolecular hopping because of better and/or closer packing.71 For this reason, SF nanoparti-

cle samples are roughly ten times more conductive than CF samples. There is, of course, a 

difficulty in reconciling the highest crystallinity of the three formulations being found for CS 

samples with the lowest conductivity. 

In the particular case of the slow oxidation product, the highly crystalline materials is 

cross-linked and/or branched more than the other two types, resulting from a shorter conju-

gated length and localized polarons for a lower conductivity.60 A further interpretive compli-

cation arises from the crystalline domain sizes for CF and CS samples being smaller than the 

particle sizes observed with the TEM. This suggests that rather than a blend two populations 

of fully crystalline and fully amophorous PAN nanoparticles, it is more likely that most nano-

particles have an internal blend of crystalline, transition, and amorphous regions.72 Without 

knowing the quantitative characteristics in this regard from the analytical techniques and qual-

ity available for this work, these variations in nanoparticle morphology could easily account 

for the relativity lower conductivity of CF and CS sample types with respect to the SF na-

nopowder. On the other hand, the obtained crystalline domain sizes for SF HCl-doped PAN 

were very close to the estimated particle size observed with TEM, which may be an indication 
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of the presence of nearly single-crystal nanoparticles. It may be deduced that the SF approach 

allows the proper ordering and oxidation extent of PAN molecules and contributes to the higher 

conductivity than the HCl-doped PAN samples prepared with the classical chemical oxidation 

approaches (CF and CS). 

 

Table 2.3. XRD data analysis summary. 

Sample 2θ d(Å) 
Domain size 

L(Å) 

Inter-chain  

Separation R(Å) 
(hkl) Crystallinity 

PAN-HCl-CF 

“ 

“ 

13.90 6.36   (010) 

53.8 ± 0.3% 19.67 4.51   (100) 

24.36 3.65 46.33 ± 8.12 4.51 (011) 

PAN-HCl-CS 

“ 

“ 

14.54 6.09   (010) 

73.2 ± 2.9% 19.70 4.51   (100) 

25.60 3.48 132.32 ± 9.02 4.34 (011) 

PAN-HCl-SF 

“ 

“ 

14.64 6.05   (010) 

65.9 ± 2.1% 20.94 4.24   (100) 

25.24 3.53 121.63 ± 9.09 4.41 (011) 

 

2.5.5. Electromagnetic (EM) measurements  

The application of PAN-based nanomaterials in EM shielding manufacturing will be as a 

filler in some convenient matrix, or perhaps on its own if appropriate forming conditions can 

be achieved to preserve, or even enhance, final product SE. Therefore, it is important to relate 

its shielding effectiveness behaviors with the employed amount per unit surface area, also 

called areal concentration (mass/area). Figure 2.8a-c compiles the average values for SET, SEA, 

and SER of the all doped PAN sample types and loadings as function of the areal concentra-

tions, showing roughly linear behavior in shielding, with two distinct outliers for the solvent-

free samples at the lowest mass loadings. As expected, the total shielding efficiency (SET) 

increased with increasing the mass loaded in the sample holder of each sample type (CF, CS, 
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SF). Figure 2.8a shows SET for PAN samples as a function of EM frequency in the X-band for 

each mass loading, as well as the absorbance and reflection curves (Figure 2.8b-c). By increas-

ing the amount of nanopowder loaded from 0.1 to 0.4 g, the average SET roughly triples from 

5 dB to 14 dB for CF samples. With a constant cross section, this effect is due to the shielding 

material thickness increasing,5,7 where the EM wave power traveling through a medium should 

decay exponentially.61 

SET increased slightly with higher frequencies. This behavior is likely associated with the 

existence of two types of charged species in doped PAN: 1) polaron/bipolaron systems that are 

mobile along the chain and 2) other bound charge distributions (e.g., dipoles) with restricted 

mobility accounting for strong polarization in the system.12,73 When the frequency of the ap-

plied field is increased, the dipoles cannot reorient as rapidly as the applied electric field. This 

decreases the dielectric constant and increases the number of mobile charges, which results in 

higher dielectric loss (εʺ) while the real part (εʹ) decreases.26,74,75 The product of angular fre-

quency (ω) and dielectric loss is equivalent to the dielectric conductivity (σac, microwave ac 

conductivity) as follows:75,76 

   roroac f   2 ,  

where εo is the free space permittivity, r   is relative dielectric loss of the medium, and f 

is the frequency. Higher dielectric loss leads to increasing microwave ac conductivity and the 

effective conductivity of the medium:77-79 σe(ω) = σdc(ω) +σac(ω). This may explain the afore-

mentioned enhancement in SET by increasing the frequency. In the microwave region, σac of 

emeraldine salts is larger than σdc, though still near the same order of magnitude.74,80 For this 

reason, σdc of PAN still has a significant impact on the SE.   
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Figure2.8. Shielding effectiveness (SE) averaged over the tested X-band range of 8–12 

GHz: (a) total (SET), (b) absorbance component (SEA), and (c) reflectance component (SER), 

identifying linear trends for CF, CS and SF type HCl-doped PAN nanopowders. Error bars 

represent standard deviations.  
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The similarly increasing trends for SEA with mass loading (Figure 2.8b) show that the 

absorption mechanism dominates the total shielding and increases from 75% to 90% of the 

total contribution while SER shows limited impact, decreasing with mass loading from 1.5 dB 

to 0.9 dB (Figure 2.8c) for both CF and CS samples. The SEA contributions for CS are lower 

(67% to 89% for 0.1 g to 0.4 g, respectively) than found for the CF HCl-doped PAN nanopow-

ders. This could be attributed to an increasing reflection coefficient with sample thickness81,82 

or an impedance mismatch between the incident wave impedance (377 Ω) and the surface 

impedance expected when dealing with conductive PAN samples.2 A decreasing trend with 

frequency has previously been attributed to the decreasing surface impedance with thicker 

samples.83,84 

The results for HCl-doped PAN nanoparticles show an interesting contradiction to the 

general rule that higher crystallinity should increase conductivity,43,70,85-87 whereas the CS PAN 

nanopowders are significantly more crystalline (table 2.3) with arguably similar or lower con-

ductivity and slightly lower shielding than CF PAN samples. If high crystallinity were achieved 

with the formation of cross-linking structures due to coupling in the ortho- position, the proton 

mobility is expected to be lower than that in linear doped PAN samples in which head-to-tail 

(i.e., N-para) coupling is predominant.67 The proposed cross-linking structures in CS samples 

may arise from the slow oxidation of aniline by restrictive reagent addition (APS solution at 

0.1 ml/min ≈ 0.11 mmol/min), which fosters PAN chain growth with existing chains as well as 

other structural defects resulting in lower conductivity.57,60 Moreover, the slow polymerization 

produces no noticeable change in temperature of the reacting mixture, which is favorable for 

higher degrees of crystallinity.57 Since both fast and slow oxidation products (CF and CS) were 

synthesized with the same dopant (HCl) ratios, the degree of crystallinity appears to depend 
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only on the reaction conditions67 and thus an optimum in conductivity and crystallinity for the 

maximum shielding potential may be revealed with fine-tuning of the rate and method for ox-

idant addition. 

The solvent-free (SF) HCl-doped PAN nanopowders were the most successful of the three 

products in shielding the X-band frequencies (Figure 2.8). Similar trends in SET and SEA with 

mass loading follow the results for the conventional products; however, the SE was much 

greater overall, due mostly to the much higher conductivity. Figure 2.8a indicates significantly 

greater increases in SET for the lower mass loadings over both CF and CS sample types. Figure 

2.8b indicates that relative absorption effects (SEA is 63% to 93% of shielding from 0.1 g to 

0.4 g) are smallest for SF PAN samples at the lower loadings but match and slightly exceed 

relative contributions in the other two sample sets. Therefore, the contribution of SER again 

decreases with mass loading (Figure 2.8c) but is also greater in magnitude for each case com-

pared to the conventional products (3.7 dB to 1.4 dB with increasing mass loads). Clearly, 

conductivity and not crystallinity is the direct controlling factor herein for the most favorable 

EM shielding, where losses occur as a result of ohmic current induced in the shield and dissi-

pated as heat; therefore, the magnitude of the EM losses depends on the shield thickness and 

conductivity.5,22,88 

It is noteworthy that while both absorption and reflection terms exhibit fairly strong linear 

correlations, especially for the conventional oxidation products, the SET data trends arguably 

show some bi-exponential character, viz., upward curvature, across all three nanoparticle for-

mulations. This would seem to support the need for deeper understanding into the function 

form of the multiple reflection term, M, according to shield thickness, which was earlier dis-
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missed as negligible. The linear trends in SET and SEA for increasing areal concentrations gen-

erally agree with the fact that the attenuation of the propagating EM wave exponential.2,89 

However, the decreasing trend in average SER, attributed to increasing surface impedance as 

the thickness increases, currently lacks a clear functional-form connection; that is, no single 

phenomenological factor appears to suggest an explanation for an apparent exponential de-

crease in reflective shielding effectiveness due to path length. 

 

2.6. Conclusions 

The main contribution of this work is highlighting the dependence of EM shielding effec-

tiveness (SE) in conducting polymers on the synthesis approach, particularly in the microwave 

X-band for polyaniline nanopowders doped with HCl. The solution-free or solvent-limited 

synthesis in a slightly wetted solid-phase reaction provides substantial material property im-

provements over conventional solution-rich oxidations with limited or abundant oxidizer (CS 

and CF samples, respectively). Collective date analysis demonstrates the importance of con-

ductivity over crystallinity for enhancing SE for nanoPAN. The synthesis protocols that lead 

to maximizing crystallinity (e.g., conventional slow oxidation) in HCl-doped PAN with cross-

linked structures or branched chains is not recommended, as there appears to be an intermediate 

optimum with respect to conductivity and EM shielding. 

The total shielding versus nanopowder loading curves exhibit slight but consistent devia-

tions from the expected exponential decay behavior for EM wave propagation, indicative of a 

significant multiple reflection effect in the nanomaterials. Therefore, it is likely that even 

greater shielding may be achieved at higher loadings, with alterations in size distributions, and 
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certainly with the addition of higher reflectance materials, such as metals, in a mixed nano-

composite with a PAN-containing matrix. The latter is a promising approach with potential 

tradeoffs between materials cost and mass loading as well as an extra controllable parameter 

for flexibility in fabrication for specific EMI design criteria. In addition, a thin insulating na-

noparticle coating, such as PAN without dopant, has the potential to produce higher surface 

impedance and lower reflection coefficient in the compacted nanopowder to increase SER. In 

parallel with these studies, the dopant species and level—held constant herein—may be opti-

mized, as well. 
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CHAPTER 3 

Chemical Effects of a Solvent-Limited Approach to HCl-Doped 

Polyaniline Nanopowder Synthesis 

 

3.1. Introduction 

Polyaniline (PAN) is one of the most interesting conducting polymers due to its 

environmental stability,1-4 ease of synthesis and preparation,5-8 and wide-ranging potential use 

through its particular electrochemical, optical, and electrical properties.8-11 The physics and 

chemistry of polyaniline in its many forms have been the subject of intense study because of 

its fundamental and important technological properties with their possible applications in 

rechargeable batteries,12,13 microelectronics devices,14 biosensors,15-17 chemical sensors,18,19 

electrochromic displays,20 and electromagnetic shielding.21-25 Superior control over the 

conductivity of polyaniline through doping is regarded as very promising due to the relative 

ease of scaling to large quantities and of designing electromagnetic behavior through final 

oxidation and protonation states determined by adjustable reaction conditions.6,26,27 

While electropolymerization of aniline has the merit of easier control over morphology 

and electrical properties, it is not as facile to scale up for commercial production as strictly 

chemical oxidative methods.2,6,28-32 Various polyanilines prepared by solvent-limited or 

solvent-free synthesis—in a largely solid state—are of increasing interest.10,33-38 This type of 

protocol has the obvious advantages of eliminating substantial use of solvent and all costs and 

complications associated therein, including separation, recovery, reuse, and proper waste 

treatment, as well as reducing the overall reaction volume and mass per final product quantity. 

Furthermore, a solvent-limited process is more environmentally sound and sustainable.34 
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However, the physical and chemical features of solvent-free PAN and their controllability 

remain largely unstudied in any comprehensive detail. 

Recent preliminary investigations on solvent-limited HCl-doped PAN nanopowders 

toward electromagnetic shielding materials demonstrated the importance of conductivity over 

polymer crystallinity for increased effectiveness in the microwave region.21 The relatively 

surprising performance of the so-called solvent-free (SF) nanopowder at approximately 27 

S/cm over conventional oxidation methods providing only ~3 S/cm argues for deeper study 

into the chemical reasons for increased shielding effectiveness. 

This investigation on solvent-free and solvent-limited syntheses provides unique insights 

from the characterization of electronic structure, polymorphism, and chain conformation of 

HCl-doped polyaniline compared against two classical oxidation approaches with extremes in 

rapid and slow additions of reagent, extending from previous developments.21 Raman and 

UV-vis spectroscopy studies are applied herein to explicate the chemical nature of the polymer 

nanopowders from each synthetic route to understand and clarify the causal connections 

between reaction conditions and material products for process control over the resulting 

electrical and electromagnetic properties—the focus of current efforts. The three-way 

comparison of fast oxidation, or rapid addition of oxidizing agent, to slow oxidation and 

ultimately to a nearly solvent-free reaction process will highlight the significant range of 

differences in final polymer properties even while using the same dopant at the same 

quantities. The highly-variant synthesis conditions for one fairly well-studied conductive 

polymer type establish an example for justification as for the need of deeper understanding 

into the connections and nuances between reaction process and final nanopowder qualities, 

especially with a particular future goal for optimizing polymeric materials toward 
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electromagnetic (EM) shielding applications and related fields. This work continues to expand 

a fundamental understanding in this regard for methodical expansion to other dopants and 

ongoing studies in shielding materials for mitigating EM interference effects on electronic 

devices. 

 

3.2. Materials and Methods 

Aniline (99.5%, ACS reagent grade, Aldrich) was purified by distillation with zinc dust 

before use.39,40 The inorganic acid dopant hydrochloric acid (37.43%, ACS reagent grade, 

EMD Chemicals) and the oxidant ammonium peroxydisulfate (98%, ACS reagent grade, 

Aldrich) were used as received. HCl-doped polyaniline (PAN) nanoparticle samples were 

prepared by solvent-free (SF) and conventional (solvent-based) chemical oxidations under 

slow (CS) and fast (CF) production rates as controlled by the addition of aqueous ammonium 

peroxydisulfate (APS), both described below in detail. Samples from multiple batches 

produced over several months were tested for conductivity and crystallinity to ensure a 

reproducible comparison between sample types (SF, CS, CF) can be made. 

3.2.1. Solvent-free (SF) Synthesis. 

It should be first noted that the “solvent-free” label refers to the aniline monomer and 

oxidant (APS) being used in their as-prepared and as-received states without first dissolving 

them in a reaction medium (solvent), though certainly the SF reaction chemicals are not 

completely void of solvent since the dopant (HCl) is applied from the standard aqueous 

concentrate. A typical solvent-free polymerization procedure at room temperature (~18–24°C) 

was followed with freshly distilled aniline (0.05 mole per batch) poured into a porcelain 

mortar, and then 0.1 mole of the doping acid, i.e. concentrated HCl, was added dropwise while 



72 
 

grinding manually for 10 min. The acid was added in very small dropwise portions in order 

to minimize the released fumes and prevent the overheating of the reaction medium since 

aniline reacts violently with strong acids.41 The reactant mixture became a white paste after 

grinding. Separate grinding of 0.05 mole of APS in another porcelain mortar produced a fine 

powder, which was subsequently added in small portions to the white paste reactant in order 

to avoid overheating from the highly exothermic oxidative polymerization.42,43 Approximately 

0.5 g of APS was added in between grinding the reactant mixture for ~1-2 min in cycles until 

the entire batch was uniformly ground and finally attained the appropriate greenish-black 

color indicative of the HCl-doped PAN nanoparticles. This product was transferred to a 500 

mL beaker where 100 mL of acetone, 100 mL of ethanol and 100 mL of DI were added and 

then mixed for 1 h in order to quench the polymerization reaction and to dissolve oligomeric 

impurities.44-46 The rest of the product mixture was filtered and washed with acetone, ethanol, 

and distilled water, in series, until the filtrate was colorless in order to confirm the adequate 

removal of unreacted chemicals and excess acid.47,48 Finally, the powder was dried at 40°C 

for 48 h. 

3.2.2. Conventional Chemical Synthesis: Fast (CF) and Slow (CS) Oxidations.  

The same freshly distilled aniline in 0.05-mole doses was dissolved in 1000 mL of DI 

water followed by dropwise addition of 0.1 mole of HCl concentrate with mixing on a 

magnetic stirrer (1000 rpm) for 15 min. Then 0.05 mole of APS dissolved in 50 mL of DI was 

added. In the case of conventional chemical oxidation with fast reaction (CF), the oxidizing 

APS solution was added all at once. On the other hand, the slow reaction procedure (CS) 

added the same APS solution amount with constant rate of 0.1 mL/min. Both reaction 

protocols were conducted at room temperature (~18–24°C). The reaction mixtures were mixed 
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for 12 h after APS addition. Then 100 mL of acetone and 100 mL of ethanol were added and 

mixed for 1 h, similar to the SF samples above except that no additional DI water is needed 

for the conventional solvent-rich synthesis.44-46 The remaining products were filtered, washed, 

and dried identically to the SF samples. 

 

3.3. Characterization Methods 

3.3.1. Micro-Raman Spectral Analysis of Polyaniline Samples. 

Micro-Raman time-series spectra were acquired from polyaniline samples using a WITec 

alpha 300R scanning confocal Raman microscope (WITec GmbH, Ulm, Germany). 

Specifically, spectroscopic analysis was performed on polyaniline suspensions in DI water 

(≈10 mg/mL) in order to prevent thermal decomposition of polyaniline due to interaction with 

a laser beam. The electronic behavior of PAN produces marked fluorescence, which is a 

challenge for Raman with 532 nm excitation. To counter this effect, nanopowders of PAN 

were suspended in water where Raman spectra were continuously collected. A Nikon 20× 

objective (NA = 0.4, WD = 3.8 mm) was used to focus the Raman excitation source (100 mW, 

532 nm Nd:YAG laser) at the center of about 3 mL sample suspensions placed in a suitable 

Petri dish. Upon focusing, the sample was irradiated at a constant attenuated incident power 

of 8 mW to prevent the thermal destruction of the sample during the study. The average 

number of particles sampled by the spectrometer was dictated by Brownian motion, particle 

settling, and CCD integration time: i.e., a Raman spectrum was generated at a frequency of 2 

Hz resulting in 1000 total spectra for each PAN sample tested. Spectra were then screened 

using K-means cluster analysis in WITec Project PlusTM. Two parent nodes were sufficient to 

separate low signal-to-noise ratio (SNR) from high SNR spectra. Roughly 200-500 high SNR 
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spectra were selected from each set and averaged to yield the final processed spectra herein 

reported. This process was repeated three times for each PAN type. 

The Raman-scattered light was collected in the backscattering configuration and detected 

using a UHTS-300 spectrometer (WITec). A diffraction grating of 600 lines-mm−1 was 

employed giving a spectral coverage of 0–3600 cm−1 of Raman shift. However, 

morphologically relevant polyaniline bands were contained in the 200-1700 cm-1 range. 

Fluorescence baseline correction was performed using a third-order polynomial, followed by 

the application of a three-point moving average filter to eliminate most of the perturbing 

baseline and improve SNR. 

3.3.2. UV-Vis Characterization. 

The UV analysis was carried out using a SHIMADZU-UV-11700 UV–visible 

spectrophotometer over the range 350-1100 nm. The testing was carried out taking only the 

soluble portion of PAN in m-cresol and sample concentrations were ≈0.2 mg/mL. 

 

3.4. Results and Discussion 

3.4.1. Polymorphism, Chemical, and Electronic Structure.  

Raman spectroscopy (RS) aimed to identify and compare (a) polymorphism, (b) the relative 

structural difference(s) due to cross-linking, and (c) polymer electronic structure as a function 

of synthesis protocol. In other words, RS should elucidate the impact of the solvent-limited 

approach on the chemical and electronic structure of polyaniline samples. In general, the 

Raman spectra of polyaniline samples can be divided into two main regions. Region I 

represents lower wavenumbers (<1000 rel. cm-1) and is shown in Figure 3.1(a). The low 

wavenumber bands (<400 rel. cm-1) of Region I likely isolate polymorphic differences 
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between polyaniline samples.49-51 On the other hand, the remaining bands (400-1000 rel. cm-

1) indicate ring deformation52-58 and any band variations between samples indicate a 

corresponding structural difference due to cross-linking.4, 7, 9, 15-18 Since RS is a very efficient 

tool for characterizing radical cations (polaron) and divalent cations (bipolaron) in 

intrinsically conductive polymers, Figure 3.1(b) shows Region II (1000-1700 rel. cm-1) which 

has been used to elucidate the relative differences in polaron organization and abundance as a 

function of synthesis approach.59-63 Table 3.1 offers a summative interpretation of the Raman 

bands contained in both regions of interest. 

3.4.1.1. Evidence of Various Polyaniline Forms: Region I (<400 cm-1) 

Imine group protonation modifies the nitrogen atom hybridization (from sp2 to sp3) and 

consequently the chain geometry, which leads to a variety of polyaniline forms, structural 

conformation, and electronic conductivity.49 Depending on the preparation methods, two 

classes of emeraldine chloride salts (ES-I, ES-II) have been distinguished.49,64-66  

\In addition, various kinds of heterogeneity are to be expected within and among these ES 

forms.51,67 From a vibrational point-of-view, any disorder in the polyaniline polymeric 

backbone can result from an irregular arrangement of chemical bonds as well as from the 

presence of electrical defects, essentially affecting bending and external lattice vibration 

modes.49 Low-wavenumber Raman bands elucidate the intramolecular configuration and the 

arrangement of molecular bricks within the materials and hence can be used to distinguish 

between ES-I, ES-II, and their heterogeneous mixtures.49-51 

The low wavenumber Raman spectrum of CS (Figure 3.1a) is best represented by three 

bands at 125, 200, and 300 rel. cm-1 corresponding to CRingAr-N-CRing deformations and ES-I 

lattice modes.49-51 These peaks did not show up in the SF and CF spectra where only one 
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characteristic band at 145 cm-1, corresponding to the ES-II form, was observed. The weak 

shoulder at 200 cm-1 may indicate heterogeneity.49-51  

It was clear that the CS approach leads to a polyaniline with a predominate ES-I form 

which has a spinless charged (bipolaron) structure.68 On the contrary, SF and CF approaches 

led to a predominately ES-II form that represents a potentially metallic material with a half-

filled band.68 These results and accompanying interpretation support the relatively lower 

conductivity of CS, which has been reported previously.21 

 

Figure 3.1. Raman spectra (in relative wavenumbers) of polyaniline samples (SF,CF, and 

CS).  
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 Table 3.1. Band Assignments from Raman Spectra of Polyaniline Samples (SF,CF, and CS) 

Wavenumber(cm-1) 
Assignment Ref. 

SF CF CS 

--- -- 125 C-N-CRing Deformation +ES-I Lattice mode 49-51 

148 145 --- CRing-N-CRing Deformation +ES-II Lattice mode 49-51 

182 sh,vw 182 sh,w 200 
CRing-N-CRing Deformation +ES-I Lattice mode 

CRing-N-CRing (Bipolarons-protonated, spinless units) 

49-51 
69-71 

-- 292w 300 
CRing-N-CRing Deformation +ES-I Lattice mode 

CRing-N-CRing (Bipolarons-protonated, spinless units) 

49-51,71 
69,70 

438 422 420 
C-N-C-Out-of-plane Torsion 

Out of plane ring deformation 

69,72,73 
52-56 

533 528 520 
C-N-C-Out-of-plane Torsion 

Out of plane ring deformation 

58,72,73 
52,53,55 

600vw 598w 589 

phenazine units (cross-linked units) 

oxazine/ phenoxazine ring like rings cross-linked units 

Azo-CN stretching and C–N=N- deformation vibration  

In-plane amine deformation vibration of (Bipolarons) 

52,69,72,74-76 
71 
77 
56 

646 sh,w --- 657 
In plane ring deformation  

sulfate anion (ring sulfonation) 

57,58,73,78 
53,56 

737 732 732 Out of plane ring deformation 56,73,78,79 

769sh,vw 759w 767w Phenazine vibration in cross-linked structures 56,70,80 

830 825 821 

C-H out of plane 1,4-disubstituted 

Ring deformation 

C-N-C bending 

73,77,78,81 
58,70,79 
82 

877 sh,vw 868w 875 

C-H out of plane deformation vibrations substituted Phenazine 

Cross-linked structures 

Ring deformation 

C-N+-C Wag Wag out of Out-of-plane 

77 
80 
53,70,72 
73,78 

1188 1185 1178 
cm-1 C-H bending Aromatic in plane deformation 

C-H Aromatic in plane deformation (1,4 di-substituted) 

57,69,70,80 
77,81  

1243 1238  C-N stretching (Amines) 57,82-85 

1272 1267 1260  C-N stretching in polaronic units 70,72,86 

1389 1380 1377 C-N+⦁ stretching- polaronic species 54,74-76 

1501 1500 1489 νC=N stretching (Q- Imimes) 52,57,70,74,80 

1513 1511 1508 N-H bending 53,70,80 

  1546w Phenazine, safranine or phenoxazine-like segments 72,87 

1596 1589 1586 νC=C stretching (Q) 52,82,83,88 

1608 1603 1600 νC-C stretching (B) 57,81,83,88 

1643vw 1643vw 1643 Cross-linked phenazine, or other aromatic, units 54,74,89 
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3.4.1.2. Cross-linked Polyaniline Structures: Region I (400-1000 cm-1) 

Raman spectroscopy indicated that polyaniline chains may contain significant cross-

linking contingent upon synthesis approach, reaction conditions, and any further 

treatments.21,74,75,90 Different structures have been proposed for cross-linked segments that 

represent a heterocyclic ring formed via inter- or intrachain reactions, as previously suggested 

by Raman studies.71,74,75,86,91,92 It was reported that polyaniline with cross-linked chains 

appears to show an intermediate optimum with respect to conductivity.21 Lower conductivity 

is observed for a shorter conjugation length and localization of polarons.21,90 Therefore, the 

impact of the synthesis approach on cross-linking must be understood to correlate polymeric 

structure to electrical behavior. 

Normal modes related to ring deformations52-56 (radial, skeletal vibrations) are expected 

to occur together with select C-H out-of-plane vibrations73,78,81 and C-N-C stretches in all 

polyaniline samples analyzed. Vibrations within this wavenumber range are specially 

modified by the presence of substituents87 and cross-linking.71,74,75,86,91,92 Table 3.1 indicates 

that our band assignments are in general agreement with the literature as shown in Figure 

3.1(b). 

The advantage of utilizing the solvent-limited approach, in terms of the chemical structure 

of prepared polyaniline, is shown in Figure 3.1(b). It was found that SF shows the lowest 

extent of cross-linking as well as the most linear structure relative to CF and CS. 

The CS spectrum presents bands showing unique cross-linking relative to the SF and CF 

spectra: i.e., the relatively strong band at 589 rel. cm-1 appears and belongs to the substituted 

phenazine structures/ cross-linking units4, 7, 9, 17-20 and/or oxazine/phenoxazine rings or cross-

linked units.71 This band appears at reduced intensity in CF and only appears as a weak 
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shoulder in SF. Moreover, the relatively strong band at 875 rel. cm-1 appears in CS spectra 

and is assigned to substituted phenazine structures/cross-linking.77 This band also appears 

with lower intensity in CF and as a weak shoulder in SF. As mentioned previously, cross-

linking leads to shortening the conjugation length and hence the localization of polarons for a 

lower conductivity.90,93 These spectroscopic observations confirm the lower conductivity of 

CS polyaniline samples. 

3.4.1.3. Electronic Structure of Polyaniline: Region II (1100-1700 cm-1) 

Figure 3.1(b) spans the range between 1100 and 1650 rel. cm−1 and is primarily comprised of 

C-N stretching, aromatic stretches, and C-H bending modes. The different vibrational modes 

were analyzed separately. First, the C-H bending modes between 1100 and 1220 rel. cm−1 

(Region II-A) were analyzed followed by the C-N stretching modes (i.e., amines, imines, 

polarons) between 1220 and 1650 rel. cm-1. Finally, the C=C ring stretches between 1520 and 

1650 rel. cm−1 (Region II-B) were analyzed. For the 1100-1220 rel. cm-1 and the "polaronic" 

1300-1400 rel. cm-1 regions, Raman bands were decomposed assuming a Gaussian–

Lorentzian line shape where the band area was used to interrogate the relative abundance of 

distinct vibrations.61 

3.4.1.4. Average Oxidation Level from C-H Bending: Region II–A (1100 and 1220 cm−1) 

The C-H bending vibrations are the most external functional groups with respect to the 

polymer chain and are consequently less perturbed by charge fluctuations on the nitrogens 

than the C-C vibrations.61 Therefore, the most straightforward assessment of ring oxidation 

level is obtained from these modes.60,94 Three polyaniline base forms are distinguishable by 

the width and location of the C-H bending mode: leucoemeraldine, emeraldine, and 

pernigraniline.73,95 The 1189 and 1165 cm-1 bands are assigned to the polaron lattice and 
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bipolaronic form, respectively.96 A red shift (viz., increase in rel. cm-1) in the C–H bending 

vibration is characteristic of a strongly charged chain94 and an electronic structure consisting 

mainly of polaron species. In other words, conductivity in polyaniline forms is maximized 

where bipolaronic species are minimized.61 Therefore, the C-H bending mode gives essential 

information about the possible electronic structures, i.e., the “polaron lattice” and 

“bipolaronic" forms available in polyaniline samples.60,61 Furthermore, a broad bandwidth 

indicates the possible coexistence of different forms (benzenoid/quinoid). To extract this 

information, one can attempt to resolve the C-H bands numerically where the area is allocated 

to the individual benzenoid and quinoid contributions. The ratio of the quinoid and benzenoid 

band areas to the total C-H band area is then used to estimate the extent of polymer 

oxidation.60,61 

Figure 3.2 shows the Gaussian-Lorentzian curve fitting for the C-H band of polyaniline 

samples SF, CF, and CS only for the purpose of relative comparison between sample types, 

noting that there is no direct validation for quantitative Raman cross-sections. The SF samples 

achieved the optimum oxidation level (Abenzenoid/Atotal) of 0.49 for the three samples, thus 

explaining the relatively high conductivity with respect to CF and CS. CF and CS achieved 

lower oxidation levels with an estimated areal ratio of 0.43 and 0.38, respectively. The 

observed band maxima of the three samples were 1188, 1185, and 1178 cm-1, corresponding 

to SF, CF, and CS, respectively. These red shifts further indicate that SF preparation results 

in a more strongly charged chain (on average) than CF, and CS. In other words, the increased 

prevalence of polaron electronic structures in SF is evident. These results add further support 

to the structure-property behavior identified in the 400-1000 cm-1 region: i.e., ES-II 
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predominates in SF, and the CS approach leads to a polyaniline with predominately ES-I 

structure. 

 

Figure 3.2. Gaussian-Lorentzian curve fitting for the C-H band (1100-1220 rel. cm-1) of 

polyaniline samples SF, CF, and CS. 

 

3.4.1.5. Organization of Charge and Oxidation on the Chain: Region II–B (1220 and 1650 cm−1) 

Raman spectroscopy can be highly sensitive to small structural or electronic alterations.97 

In conducting polymers with strong electron−lattice coupling, the dopant−polymer charge 

transfer results in the creation of defects such as solitons, polarons, and bipolarons.98-100 

Polaronic lattice and bipolaronic defects can be selectively interrogated via the vibrational 

study of the radical cation (polaron) and dication (bipolaron) of certain model compounds.85 

Conducting polymers usually show electronic absorptions due to self-localized excitations in 

the region from visible to near-infrared. It is probable that the C-N stretching mode is the key 

band that could indicate the delocalization of charge.85 It was reported that the vibrational 
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analysis of some conjugated polymers, combined with a model compound approach, yielded 

evidence that the nature and the ratio of the major species (polarons and/or bipolarons), which 

are generated by dopants within the polymeric chain, depend on the extent of doping.60,61,85 

The observed vibration at 1600-1608 cm−1, characterizes the C-C stretching of the benzene 

ring57,81,83,88, while the shoulder at 1586-1596 cm−1 is associated with C=C stretching of the 

quinone ring.52,82,83,88 The observed maximum at 1508-1513 cm-1 is likely assigned to N-H 

bending.53,70,80 Overall, the CS bands are broader than SF and CF bands. In fact, these very 

broad bands contain several components each with distinct chemical and/or electronic 

structures.49  

On the other hand, SF bands are the narrowest possibly indicating well-defined structures. 

A weak band is also observed at 1643 cm-1 and was assigned to cross-linked units54,74,89 such 

as phenazine.56,69,76 This band is observed in the CS spectrum, which further supports cross-

linking in CS. A weaker shoulder in the CF spectrum is present indicating some cross-linking 

behavior possibly to a lesser extent that CS. 

An interesting broad band region (1300-1400 cm-1) is observed for the three samples 

shown in Figure 3.3. This broad band region was decomposed under the assumption that at 

least three smaller bands were contained within it.61 Based on the literature, it was possible to 

assign these three bands to the main electronic structures (polaron and bipolaron) found in 

polyaniline samples where structural heterogeneity was expected.61,101,102 These three 

components were centered at: 1320-1327, 1344-1348, and 1374-1388 cm−1 as shown in Figure 

3.3.  
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An additional Gaussian-Lorentzian component at 1400 cm-1 appears in CS and CF samples 

and indicates the formation of cross-linkages. 54,55,70,72,80 This supports band assignments in 

Region I indicating CS-PAN is likely the most cross-linked of the three types.  

 

Figure 3.3. Decomposition of the polaron band region 1300-1400 cm-1 of polyaniline 

samples (a) SF, (b) CF, and (c) CS. 

 

The band observed at 1375-1385 cm-1 could be assigned to delocalized polaron structure 

(polaron lattice) 74,85,103-108 and represents the dynamic structure of the free charge carriers. 

These structures correspond to the electronic absorption characteristic of metallic polyaniline 

(1 eV).106 The reported disappearance of this band with very high doping level 58,73,78 confirms 

its assignment to polaron: i.e., it is possible that a fraction of the polarons initially present in 

the polymer were converted to bipolarons109,110 during the formation of heavily doped 

polyaniline.64,65 Furthermore, this band is associated with an expanded coil conformation51,111 
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which fosters polaron delocalization and explains the high conductivity.73,78 Indeed, its 

presence supports the observed conductivity trends associated with these polyaniline 

samples.21  

The loss of long-range crystalline organization allows the trapping/localization of the 

polarons. Additionally, if phenazine is formed it can be protonated which leads to interchain 

isolated polarons and a subsequent localization of the electronic state and, hence, a loss in its 

metallic character.1 The possible contribution of isolated polarons within the broad polaronic 

band region (1300-1400 cm-1) was assigned to the observed band at 1344-1348 cm-1.1,112-116 

The association of isolated polarons with bipolaron and/or polaron lattice structures is 

common.1 Also, the existence of short conjugation could also be assigned to this 

band.58,70,72,75,117 The possible contribution of cross-linked structures could be confirmed if 

other cross-linking bands are observed. Regardless, short conjugation is expected due to the 

presence of defects, disorder,1 and/or cross-linking.21,90 

Since polarons and bipolarons are almost degenerate and consequently in thermodynamic 

equilibrium,110 it was expected to observe a bipolaronic vibration within the broad polaronic 

band region. The observed band at 1320-1327 cm-1 is assigned to bipolaronic 

structures.73,85,94,95,118 

The relative existence of an electronic species (polaron/bipolaron) was determined in 

order to estimate the predominant electronic species present in each sample. Table 3.2 shows 

the different possible electronic structures of polyaniline samples SF, CF, and CS obtained 

using a semiquantitative analysis of the broad polaronic band region (1300-1400 cm-1). The 

predominate electronic structures of polyaniline synthesized using the SF and CF approaches 
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are polaronic with polaron vibrations occupying 86% and 90% of the total broad band area, 

respectively.  

The higher conductivity of SF is correlated to the fact that 64% of the band area 

corresponding to SF PAN comprises delocalized forms (AreaBL+AreaPL/AreaTotal) relative to 

only 44% delocalization seen in CF. Since delocalization of polaron corresponds to the 

presence of free carriers in high spin species,108 the magnitude of conductivity in a conducting 

polymer depends upon the extent of the charge carrier (delocalization polaron) as well as the 

polaron mobility and the presence of structural disorder such as non-head-to-tail coupling 

defects.59 Moreover, CF has relatively lower crystallinity,21 which may be the second reason 

for lower conductivity of CF even though it has predominately polaron electronic structures. 

 

Table 3.2. Different Possible Electronic Structures of Polyaniline Samples SF, CF, and CS 

Obtained by Semiquantitative Analysis Results of the Decomposition of the Polaron Band 

(1300-1400 cm-1) 
 

 

 SF CF CS Assignment Ref. 

Bipolarons 

(BL) 
𝜈 (𝑐𝑚−1) 1320 1322 1327 

𝜈(𝐶 − 𝑁+∎) (bipolaron) 73,85,94,95,118 

Area 0.16 0.1 0.5 

Isolated 

polarons 

(IP) 

𝜈 (𝑐𝑚−1) 1344 1346 1348 𝜈(𝐶 − 𝑁+∎) isolated polarons 

Phenazine 

Shorter and/or crosslinked 

structures 

1,112-116 

80,119 

58,70,72,75,117 

 
Area 0.36 0.5 0.2 

Polarons 

Lattice 

(PL) 

𝜈 (𝑐𝑚−1) 1382 1388 1374 𝜈(𝐶 − 𝑁+∎)  Polaron lattice  

Electron delocalized  

Extended coil segments 

74,85,103-108 

107,111,120 

51,111 Area 0.48 0.4 0.2 

Cross-

linking 

(CL) 

𝜈 (𝑐𝑚−1) ----- --- 1400 1394 − 1410𝑐𝑚−1  
phenazine 

53-55,70,72 

Area ----- --- 0.1 

 

Finally, the C-N stretch at 1228-1268 cm-1 (Figure 3.1b) is, in fact, two modes centered at 

1228-1238 cm-1 and 1226-1268 cm-1 corresponding to amines57,82-85 and polaronic units,70,72,86 
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respectively. For the CS sample, a broad C-N band at 1260 cm-1 (possibly the result of many 

C-N environments) is observed, residing in between the amines and “polaronic units” bands 

reported.  

On the other hand, CF and SF have two resolved bands. This is attributable to these 

samples having predominately polaronic units as suggested by the semiquantitative analysis 

presented in Table 3.2. Using Table 3.2 again as a qualitative guide, more heterogeneity is 

observed for CS where a different predominance of polaronic units (50% bipolaron band area) 

coexist with the other polaronic units, including substantial cross-linking contribution. The 

formation of the bipolaronic structure concentrates charge on imine sites and leaves the amine 

sites free of charge within the polaron lattice structure: i.e., charge is delocalized at all sites.61 

This might partially explain the inability to clearly resolve the C-N stretches as well as explain 

the relative complexity of the band at ~1260 rel. cm-1. 

Overall, Raman spectroscopy indicates that the CS approach produces polyaniline with a 

predominately bipolaron electronic structure relative to other polaronic species. This 

observation agrees with the low wavenumber Raman spectrum of CS, which has ES-I lattice 

vibrations, predominated by a spinless charged bipolaron structure.68 The observed cross-

linking band at 1400 cm-1 further suggested that the contribution of cross-linking within the 

isolated polaron band may have led to an increasing percentage of bipolaron electronic 

structure. In this particular case, slow polymerization of polyaniline produced no noticeable 

change in the temperature of the reacting mixture, which is favorable for higher molecular 

weight92 and more cross-linking.21 Relatively longer chains may not have been fully 

protonated, and hence the complete polaron delocalization through the chain may have been 

hindered108 leading to shorter conjugation and more polaron localization. This phenomenon 
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is favorable to form bipolarons.76 To the best of our knowledge, this study demonstrated ES-

I polyaniline formation using an extremely slow oxidation method. 

These Raman results show that the solvent-limited approach (SF) leads to ES-II 

polyaniline with the most linear and fewest number of cross-links relative to the other 

synthesis approaches tested, as indicated previously. The particular structure that results from 

SF synthesis is more beneficial to electrical conductivity121 as polaronic species favor 

longitudinal charge transfer.122 Polaron conductivity results from the formation of a polaron 

lattice with a half occupied polaron band.123 On the other hand, the CS approach leads to cross-

linked structures with cross-linked bipolaronic species and, as a consequence, has low 

conductivity.122 

3.4.2. Conformation and Electronic Band Structure Dependence on Synthesis Approach  

 In addition to elucidating the possible chain conformations, the features of the polaron, 

bipolaron, and polaron lattice electronic structures are probed via the electronic absorptions 

in the region from visible to near-infrared. The primary aim of utilizing UV-vis spectroscopy 

for these polyaniline samples is to: identify electronic structure(s), investigate the relative 

conformational differences between the SF, CS, and CF synthesized PAN, and confirm the 

interpretations derived from Raman spectroscopy (Figure 3.3 and Table 3.2). In general, UV-

vis spectra of the polyaniline samples can be roughly divided into four main absorbance 

contributions as shown in Figure 3.4 and summarized in Table 3.3. The observed absorption 

band around 430 nm is assigned to the existence of a polaron electronic transition in doped 

polyaniline which is caused by the presence of radical cations.30,59,110,122,124-131 This absorption 

band refers to possible extended coil conformation segments present in polyaniline samples.132 
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Note that this band is observed in the three polyaniline samples with the sharpest and best 

resolved being in SF spectra as shown in Figure 3.4. 

In all likelihood, the polaron in SF-synthesized PAN is the most organized where the 

possibility of forming a polaron lattice is discussed upon further scrutiny of the UV-vis 

spectra.  

 

Figure 3.4. UV-visible spectra of polyaniline samples (CS, CF, and SF) in m-cresol. 

 

On the other hand, this band appears as possibly a broad-shoulder on an adjacent, out-of-

range electronic mode in the CF and CS spectra (<350 nm). Taking into account the 

broadening of the polaron band and previously recorded evidence of bands not-resolved in 

these spectra,1 it is probable that different structures, such as isolated polaron, may coexist. In 

fact, the presence of isolated polaron supported the predicted electronic structure of CF and 
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CS identified in the previous Raman spectra, i.e., the higher extent of charge localization 

(isolated polaron) with respect to polarons in CF and CS might be the primary reason for 

polaron band broadening (Table 3.2, row 3; Figure 3.3). Under these circumstances, a "true 

polaron lattice” cannot be formed in the CF and CS synthesized PAN which, according to 

their relative lower conductivity, is consistent with the presence of the predominant random 

polaron and bipolaronic species. On the contrary, a certain fraction of SF synthesized PAN 

likely contains the conductive polaron lattice. In general, however, this is only the case when 

ring moieties are in the polaron configuration in addition to other factors that will be discussed 

later. It must be emphasized that the presence of polaron in CF and CS synthesized PAN does 

no guarantee an established polaron lattice.76 

 

Table 3.3. Bands Assignments of UV-visible spectra of polyaniline samples (CS, CF, and 

SF) in m-cresol. 

Absorption 

band 
Assignment Ref. 

430 nm Polaron transition doped PAN 30,59,110,122,124-131 

Extended coil conformation segments  132. 

620 nm Quinonoid segments  52,102,122,133 

850 nm Bipolaron state 59,122,134 

Localized polaronic species 110,129,132,135-141 

Localized polaronic species + compact coil conformation 132,137-141 

Compact coil conformation emeraldine salt 30,132,137-141 

ES-I strong localized polaron  135 

>950 nm Free carrier tails 110,133,141 

Expanded conformation of polyaniline chains 133 

 

The observed band in CF PAN at 620 nm is attributed to π-π* transition of standard PAN 

base.70,92,142 Specifically, it is usually ascribed to an exciton, located in the quinoid ring (Q), 

arising from charge transfer from the adjacent benzenoid rings, with each side contributing 

half an electron on average.52,102,122,133 This weak band was distinctly observed in CF spectra 
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and represents the possible coexistence of unprotonated quinone diamine species.122 

Additionally, it could be an indication for a relatively lower extent of protonation/doping in 

CF PAN. Its presence might indicate a second possible reason for CF PAN's relatively low 

conductivity (in addition to the possible significant charge localization of CF due to isolated 

polarons). 

The higher wavelength band observed at ~850 nm indicates significant electronic 

differences between polyaniline samples. This band is likely contingent upon the existence of 

dicationic, bipolaron electronic transitions in doped polyaniline,59,122,134 and/or is caused by 

localized polaronic species110,129,132,135-141 with shorter conjugation length.138 This band 

appears only in the CS samples, which represents a significantly strong charge localization 

which may transition to bipolaron depending on synthesis conditions.76,109 If correct, this band 

indicates that a polaron transition is favorable in the CS synthesized PAN relative to the other 

synthesis approaches. Additionally, this band can be attributed to a compact coil conformation 

of the segments in doped polyaniline,30,132,137-141 which has been shown to lead to lower 

conductivity.139-141 Most notably, the existence of this band in CS confirms its proposed 

electronic structure and polymorphism obtained via the RS analysis and interpretation. 

Specifically, the 850-nm band indicates the significant occurrence of bipolaron electronic 

structures in CS whereas bipolaronic lattice vibrations (ES-I) were observed in the Raman 

spectra of CS as well.135 Furthermore, the 850 nm band might support the possibility of cross-

linking that was observed when polyaniline contains cross-linked bipolaronic species.122 

The "free carrier tail," characteristic of metallic conductive materials (delocalization of 

electrons), is observed above 950 nm.110,133,141 It is quite telling that the steady increase of free 

carrier tail in SF was much more pronounced than the CF spectra. This is a very clear 
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indication of a lower extent of charge delocalization in CF than SF. The relatively dramatic 

increase in absorbance can be considered a third reasonable explanation for the relatively 

higher conductivity of SF-PAN. This observation likely explains the order of magnitude 

differences in conductivity in spite of the general similarities expected for PAN UV-vis 

spectra.  

Moreover, this region can also be attributed to the expanded conformation of polyaniline 

chains,133 indicating that SF and CF have a more  expanded conformation (on average). It has 

been previously shown that the delocalization of the polaron along the polyaniline chain in 

this extended coil conformation results in an enhanced electrical conductivity.30 Note that the 

end of the free carrier tail decreases in CS indicating carrier mobility loss.143 This further 

confirms a strong charge localization and an increased incidence of compact coil 

conformations. Furthermore, the presence of cross-linking can induce some nonplanar 

conformations (more compact coil) that decrease the conjugation length along the polymer 

backbone owing to an increase of the steric hindrance.144 UV-vis thus reveals a decrease of 

the degree of conjugation and hence a dramatic, and initially unexpected, decrease of the 

conductivity of CS PAN. 

Based on the UV-vis spectra, doped polyaniline samples have different electronic 

structures, which were attributed to differences in conformational structures, resulting from 

the synthesis approach used. It is clear that polaron is the predominant species in SF and CF. 

CS spectra show significant indications of localized polaron/bipolaron species which are in 

firm agreement with the RS analysis and interpretation. Free carriers, corresponding to 

electron delocalization, were observed in CF and SF UV-vis spectra with a more pronounced 

presence in SF spectra. In contrast, free electronic absorptions begin to decline as a function 



92 
 

of increasing wavelength in CS. This behavior also agrees with the RS interpretations. The 

CS approach leads to compact coil conformation, in contrast to SF and CF approaches, which 

lead to a more extended coil and consequently higher conductivity.132  

Figure 3.5 shows the proposed band structures of doped polyaniline. Here, the localized 

polaron/bipolaron model for compact coil conformation (CS sample) and delocalized polaron 

lattice model for expanded coil conformation in the SF and CF samples are presented.  

Figure 3.5. Proposed band structures of doped polyaniline sample. (a) Localized 

polaron/bipolaron model for compact coil conformation in the CS sample. (b) Delocalized 

polaron (polaron lattice) model for expanded coil conformation, SF and CF samples. 

 

This difference in electronic structure can be attributed to their difference in conformation 

structures as influenced by a synthesis pathway. It has been suggested that HCl-doped 

polyaniline polymer chains synthesized via the slow oxidation approach lead to a compact 

coil-like conformation (Figure 3.5(a)). According to prior research, this supports an increase 
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in nonlinear chains due to the presence of cross-linking structures.92,145 This leads to isolated 

polaron chains due to twist defects between aromatic rings.141  

 

The slower oxidation encountered via the CS synthesis pathway may be favorable for 

compact coil generation due to extensive cross-linking and branched PAN structures. 

Branching behavior may imply that PAN chains grow sequentially from existing chains which 

results in a higher probability of generating anisotropic, structural defects. This directly 

impacts the bulk electrical and electronic behavior.90,92 

It could be suggested that HCl-doped polyaniline polymer chains synthesized via the fast 

oxidation approach tend to have expanded coil-like conformation (Figure 3.5(b)). Our results 

indicate that this occurs to a lesser extent than SF. This would explain their similar UV-vis 

electronic behavior. However, due to the previous three explanations more charge 

localization, lower protonation/doping, and lower free carrier tail absorbance, CF has not 

achieved the necessary polaron organization required to facilitate the electron delocalization 

needed for high conductivity. It is possible to assume that the free carrier band energy of SF 

is lower than CF. 

In general, the band gap structure for CF and SF should have a half-filled polaron band 

that is formed by the interaction between separate polarons (Figure 3.5(b)). These structure 

dependences explain the observed optical and electrical properties for the doped polyaniline 

samples when chains have an extended conformation with minimal twist defects between 

aromatic rings. Hence, the interaction between the adjacent polarons, therefore, becomes 

stronger, and the polaron band becomes more dispersed energetically (that is, more 

delocalized).146 In both proposed band gap structures, it was interesting to note that the 𝜋 −
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𝜋* transition band did not show up in all sample spectra, which could attributed to broadening 

of the polaron band at 430 nm143 as in CS, or it may become very weak and finally disappears 

possibly because the energy gap between the π band and the polaron band has been 

eliminated,146 as in CF and SF. Note, the above assumption concerning conformational change 

dependence on synthesis approach was consistent with the previously reported conductivity 

measurements.21,141 

On the basis of the results of the UV-vis spectra, it was found that the solvent-free and fast 

oxidation approaches have different electronic structures and conformation than the slow 

oxidation (CS) approach. The differences in electronic structure can only be attributed to 

differences in geometric structure within the polymer chain.141 Sterically-induced valence 

band narrowing may be a localized electronic phenomenon.147 When the polymer chains 

become more like an expanded coil, the polaron band becomes more delocalized, and the 

carrier mobility and hence the intrachain conductivity increase.141 

 

3.5. Conclusions 

This work highlighted the impact of a solvent-free (SF) synthesis approach on chemical, 

electronic, and conformational characteristics of HCl-doped polyaniline (PAN) nanopowders 

compared to conventional oxidation processes for rapid and slow polymerizations. The 

synthesis of SF-PAN in a slightly wetted solid-phase reaction provided substantial property 

improvements over conventional solution-rich oxidations using limited or abundant oxidizer. 

Moreover, PAN polymorphism was significantly affected by the synthesis approach used and 

thus may be controlled within a certain fine-tuning range for nanopowder products. It was 

found that the SF approach leads to PAN emeraldine chloride salts of type ES-II, which has a 
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significant impact on electrical properties of PAN and may favor achieving high 

electromagnetic (EM) shielding potential—a long-term goal of our research efforts. 

Synthesis protocols that lead to compact coils in HCl-doped PAN with cross-linked 

structures or branched chains (e.g., conventional slow oxidation) are not expected to produce 

high conductivity or good EM shielding. Further, the evidence for branching and/or cross-

linking in the conventional approaches with solvent-rich reactions implies that the solvent-

limited synthesis method is closer to a neat, single-reaction type polymerization with its high 

linearity polymer product. This tentatively suggests the best homogeneity for SF products. 

Thorough characterization with the current chemical details herein is expected to demonstrate 

the importance of tuning delocalized polaron electronic structure relative to a bipolaron and/or 

localized polaron when attempting to enhance average response for EM applications using 

nanopolyanilines. Optimizing the SF approach for particular solvent-limited conditions 

toward well-defined polymer needs for conductivity and conformational structures shows 

inherent promise for future work toward various technological applications. 
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CHAPTER 4 

Broad-band EM Shielding Effects from Solvent-limited Synthesis of  

HCl-doped Polyaniline Nanopowders 

 

4.1. Introduction 

In Chapter 2 the main contribution highlighted the dependence of EM shielding 

effectiveness (SE), particularly in the microwave X-band, for polyaniline (PAN) nanoparticles 

doped with HCl as it is connected to the synthesis approach. The synthesis protocols (e.g., 

conventional slow oxidation) that led to maximizing crystalline HCl-doped PAN with cross-

linked structures or branched chains were not recommended for EM shielding, as there 

appears to be an intermediate optimum oxidation rate for the greatest shielding potential, 

which is the hypothesis upon which the research herein will focus. The solution-free (SF), or 

extremely restrictive solvent-limited, synthesis product demonstrates the direct importance of 

conductivity over crystallinity toward the material’s SE and represents a nontraditional 

technique for preparing PAN nanoparticles and bulk nanopowders with an optimum chemical 

structure and crystallinity for EM shielding. 

In this work, detailed investigation about the solvent-free (SF) approach is established. To 

the best of our knowledge, this research represents the first investigations of EM shielding as 

impacted by electronic structure, polymer chain cross-linking, and chemical structure of HCl-

doped PAN in comparison with classical chemical oxidation approaches—the same as 

discussed previously. The two extreme comparisons are fast oxidation, or rapid mixing as it 

was called in some settings, and an extremely slow oxidation, both with significant solvent 

media. The idea of comparing SF with respect to these two extremes is to highlight possible, 

significant differences across the literature and new experiments in order to get a deeper 
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understanding and clear correlations between synthesis approaches, as well as the SF impact 

on the prepared PAN. Investigating the EM shielding potential of the nanopowders was very 

important to confirm the above hypothesis and validate the previous work (Chapters 2-3).  

The primary aim of utilizing XPS on the HCl-doped PAN nanopowders is to (a) 

quantitatively determine degree of doping and (b) identify oxidation levels and electronic 

structures, correlated with Raman and UV-vis spectroscopy results and interpretations from 

Chapter 3. It is very important to understand deeply why PAN behaves differently, even with 

the same dopant, from different reaction conditions alone. Moreover, clarifying the 

sensitivities of PAN properties to synthesis conditions are significant for practical future 

process design and scale-up to commercial products. Also, it is very important to understand 

the electrical/electromagnetic behavior and correlate it to other physicochemical parameters 

(cross-linking, chemical and electronic structures) in order to approach specific design 

requirements toward EM shielding through synthesis processes methodically. 

 

4.2. Materials and Methods 

Aniline (99.5%, ACS reagent grade, Aldrich) was purified by distillation with zinc dust 

before use.1,2 The inorganic acid dopant hydrochloric acid (37.43%, ACS reagent grade, EMD 

Chemicals) and the oxidant ammonium peroxydisulfate (98%, ACS reagent grade, Aldrich) 

were used as received. HCl-doped polyaniline (PAN) nanoparticle samples were prepared by 

solvent-free (SF) and conventional (solvent-based) chemical oxidations under slow (CS) and 

fast (CF) production rates as controlled by the addition of aqueous ammonium peroxydisulfate 

(APS), both described previously in detail in chapter  
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4.2.1. XPS Instrumentation 

The X-ray photoelectron spectroscopy (XPS) apparatus was built in-house at the 

University of Idaho by Prof. David N. McIlroy. XPS was performed under vacuum at base 

pressure of 10-10 Torr at room temperature. During spectral acquisition, the samples were 

grounded and exposed to a 400-eV electron beam to eliminate spurious charging. All spectra 

were acquired at room temperature. The X-ray source was generated with an Mg 

monochromic anode at the Kα-line (i.e., 1253 eV) energized at 15 kV and 400 W. XPS spectra 

were collected at a fixed takeoff angle of 90°, which corresponds to photoelectrons emitted 

parallel to surface normal. 

The binding energies were calibrated by fixing the C 1s neutral carbon peak at 284.6 eV,3-

6 as an internal standard, because the binding energy corresponding to the peak maximum of 

the C1s spectrum observed for polyanilines is substantially independent of the oxidation 

state.7After background subtraction, the core line envelope was determined to separate the 

different N, C, O and Cl components in the N(1s), C(1s), O(s1), and Cl(2p) peaks. For each 

core line envelope, the number of component peaks and their approximate positions were 

decided based on the chemical functionalities expected for the various forms of PAN. Initial 

component peaks were set up manually, and the computer program allowed iteration to 

produce a physically reasonable fit. 

All core-level spectra were deconvolved into mixed Gaussian/Lorentzian sub-peaks,3,8 in 

which each parameter describing a component peak was varied in turn so as to maximize a 

“goodness of fit” parameter: specifically by minimizing the weighted sum of squared residuals 

(WSSR) with the Levenberg-Marquardt method. Each component peak was described by its 

height, position, full-width-at-half-maximum (FWHM), Gaussian/Lorentzian ratio, and 
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asymmetry parameter. The FWHM of the Gaussian peak components were kept constant for 

spectral deconvolution.4 The Gaussian/Lorentzian ratio of the peaks was set to be equal in 

each fit.3 

Photoelectron spectroscopies, such as X-ray photoelectron spectroscopy (XPS), are 

commonly used for surface characterization due to the very small mean-free path of the 

outgoing electrons. Generally, the thickness of the analyzed layer does not exceed 10 nm6,9, 

even with an x-ray source. Depth limitations have never appeared as a major drawback when 

studying the electronic structure of conducting polymers.10 Indeed, XPS-derived quantitative 

data, such as the elemental composition of the polymer chain or doping level, are usually close 

to the results obtained from analysis of bulk material. 

4.2.2. Electromagnetic Shielding (SE) 

In a two-port network analysis, the SE for electromagnetic interference (EMI) can be 

expressed in terms of scattering parameters that quantify the way currents and voltages travel 

in a transmission line when encountering a discontinuity caused by differing impedances 

between air and the obstruction or in the dielectric media.11 Figure 4.1 shows a schematic 

diagram of the coaxial guided transmission line setup that was used, in comparison with the 

Chapter 2 waveguide experiments. In order to determine SE of the samples under test and 

confirm their relative performance, coaxial guided transmission line techniques were 

employed from the pertinent literature descriptions.12 A mass of 0.06±0.1 mg of each HCl-

doped PAN nanopowders prepared from different synthetic approaches was selected to be 

pressed inside the sample holder. The dimensions of the sample under testing inside the 

coaxial holes are 1.27±0.05 mm inner diameter, 4.56±0.05 mm outer diameter and 6±0.05 mm 

length. Three samples were prepared for each synthetic approach with total nine samples. 
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Agilent E5061BEP ENA and HP8510C network analyzers were used to investigate EM 

shielding potential at low frequencies less than 1.5 GHz and broad band from 2-14 GHz, 

respectively. A full two port calibration was performed before testing in order to remove 

systematic errors.13,14 The dependence of SE on absorption and reflection losses were 

investigated as a function of frequency and synthesis conditions. 

 

 
 

Figure 4.1. Coaxial guided transmission line setup for EMI SE measurements. 

 

In order to determine SE of the samples under test and confirm their relative performance, 

coaxial guided transmission line techniques were employed from the pertinent literature 

descriptions.12 A mass of 0.06g±0.1 mg of each HCl-doped PAN nanopowders prepared from 

different synthetic approaches was selected to be pressed inside the sample holder. The 

dimensions of the sample under testing inside the coaxial holes are 1.27±0.05 mm inner 

diameter, 4.56±0.05 mm outer diameter and 6±0.05 mm length. Three samples were prepared 

for each synthetic approach with total nine samples. Agilent E5061BEP ENA and HP8510C 

network analyzers were used to investigate EM shielding potential at low frequencies less 

than 1.5 GHz and broad band from 2-14 GHz, respectively. A full two port calibration was 
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performed before testing in order to remove systematic errors.13,14 The dependence of SE on 

absorption and reflection losses were investigated as a function of frequency and synthesis 

conditions. 

 

4.3. Results and Discussions 

4.3.1. XPS Data Interpretation: Evaluation of Doping Level Dependence on Synthesis Approach 

The electronic structure of the PAN samples prepared using the three different approaches 

indicated distinctive doping-level differences inferred from XPS spectral interpretations. 

Model compounds for the amine, imine, polaron, bipoalron, and protonated amine (PA) 

nitrogen sites potentially present in PAN provided the references for the analysis of the core-

level spectra in the nanopowders produced. In particular, the analysis of the nitrogen 1s spectra 

represents a useful method for accurate determination of the amine-to-imine ratio. The 

evaluation of the concentration of the different nitrogen species as a function of the synthesis 

approach is in good agreement with previous Raman results (Chapter 3) as seen by comparison 

to Table 4.1. 

In XPS studies, core-level spectra are often superimposed and/or convolved. Often, the 

relative contribution of each core-level spectrum, which is attained from various polymeric 

components, is resolvable given proper references. XPS provides a truly unique tool in the 

quantitative analysis of the various intrinsic oxidation level of PAN (imine/amine)9,15 and 

doping degree as the ratio between the positively-charged nitrogen species to total nitrogen 

(N+/N)5,7,8. In addition, XPS elucidates the electronic features of polarons and bipolarons in 

PAN structures.7 
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Table 4.1. The N(1s), C(1s), O(1s), and Cl(2p) XPS core-level deconvolution results for 

PAN samples prepared with the three different approaches (SF, CF, and CS). 

 

Species Moiety BE (eV) 
SF 

(%) 

CF 

(%) 

CS 

(%) 
Ref. 

N     Imine 398.0±0.1eV 5 4 4 3,4,9,16-20 

Amine 399.4±0.1eV 46 51 54 4,8,9,16,18,20-22 

Polaron 400.4±0.1eV 33 24 18 5,8,19,20,23,24 

Bipolaron 401.6±0.1eV 12 17 19 5,8,18-20,23 

PA 403.4±0.1eV 4 4 6 17,25,26 

C C-C 284.4.0±0.1eV 51 52 44 5,8,27-33 

C-N 
285.3±0.1eV 

25 28 34 
15,32,34-38 

(C-N/C=N) 5,30,32,35,38 

C-O 286.5±0.1eV 14 11 11 

5,29,39-41 

(Polaron) 33 

C=O 288.5±0.1eV 7 7 10 

33,34,38,41-44 

(Bipolaron) 45 

π-π*  290.4±0.1eV 2 2 2 Shake-up 9,46,47 

O O=C  531.7 ±0.1eV 77 77 75 22,43,48-50 

C-O-H  533.1±0.1eV 23 23 25 22,43,48-53 

Cl Cl-  197.7 ±0.1eV 15 55 52 26,34,44 

Cl• 199.0±0.1eV 47 27 32 26,34,44 

-Cl  200.1±0.1eV 38 17 16 10,26,34,54,55 

 

Figure 4.2 shows the XPS core-level spectra with estimated band contributions for PAN 

samples prepared with the three different approaches (SF, CF, and CS). The binding energies 

of the deconvolved peaks' maxima as well as their relative percentage areas are reported in 
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Table 4.1. The N(1s) core-level spectral envelopes of all PAN samples clearly result from 

more than a single type of nitrogen environment and were successfully decomposed into five 

peaks56 using a mixed Gaussian/Lorentzian function.3,8,28 Two peaks were attributed to neutral 

nitrogen species; the peak at 398.0 eV is attributed to the imine nitrogen species,3,4,9,16-20 while 

a band at 399.4 eV corresponds to the amine nitrogen species.4,8,9,16,18,20-22 Positively-charged 

nitrogen species correspond to a particular oxidation level and/or the degree of protonation 

and are found at binding energies >400 eV.3,9,18,21,39,56 Three peaks could be assigned to three 

different positively-charged nitrogen species depending on different environments.56 The first 

two, in order of increasing binding energy, could be attributed to polaron and bipolaron states, 

respectively.19  

The component at 400.4 eV is attributed to nitrogen atoms with delocalized radical cations 

(i.e., polaron)5,8,19,20,23,24 and those observed at 401.6 eV are attributed to the positively-

charged imine cation (i.e., bipolaron).5,8,18-20,23 Positively-charged nitrogen species at 403.4 

eV are attributed to protonated amines (PA).17,25,26 These occur at a higher binding energy 

because of the stronger electron localization associated with poorer conjugation at sp3-bonded 

sites.17 The possibility of amine nitrogen protonation is expected, which may lead to (N+H2-

)8,9,57-59 but to a lesser extent than imine nitrogen due to the latter's greater basicity.60 The 

presence of protonated amines would likely reduce the π-conjugation and thus bring more 

uniformly-distributed positive charges on the polymer chain.8,59 Even the presence of 

protonated amine (PA) structures may interfere with the formation of polaron and 

bipolaron,9,59 though this will not be considered as a determining factor in this study because 

the observed percentages were fairly low and very similar: 6% for CS case and 4% for both 

CF and SF. 
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Figure 2.4. The N(1s), C(1s), and Cl2p XPS core-level spectra and deconvolution for PAN 

samples prepared with different approaches (SF, CF, and CS). 
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Generally, well-doped PAN exhibited an almost complete absence of a neutral imine 

peak.3 However, due to dynamic vacuum pumping to below 8×10-10 Torr during the XPS 

measurement, unprotonated imine nitrogen may arise due to being partially undoped.20,54 This 

may explain the reason for observing neutral imine species in all three doped PAN samples to 

nearly the same extent (4-5%). 

The predominant amine peak appears in all the PAN samples as 46%, 51%, and 54% of 

the nitrogen moieties in SF, CF, and CS, respectively, as expected for the optimal doping 

targeted at 50%. Doped PAN samples ideally consist of equal portions of amine and imine 

(i.e., polaron, bipolaron and undoped).61,62 The relatively higher percentage of amine for CS, 

corresponding to the lowest observed imine percentage, indicates a higher extent of cross-

linking.63 The imine sites can be doped (protonated) to the bipolaron emeraldine salt form 

(dication) or polaron form (radical cations).62 The suggested coexistence of polarons and 

bipolarons has been proven.3,7,64 As expected, most of the imine in the three PAN samples 

was protonated to form polaron and bipolaron forms. It was already shown (see N1s, Fig. 4.2 

and Table 4.1) that the contribution of polaron and bipolaron in the protonated imine peak 

depends on synthesis approach. Moreover, the imine protonation to polaronic forms 

predominated in SF and CF as 67% and 53%, respectively. On the other hand, bipolaronic 

forms dominated over polarons in CS as 44%. These percentages were calculated with respect 

to the total charged nitrogen atom (N+). Percentages with respect to total neutral nitrogen 

atoms in Table 4.2 illustrate the dependence on synthesis approach. 

It should be noted that polarons are chemically more active than bipolarons although the 

electrostatic repulsion energy of the former is lower than that of the latter.7 Moreover, 

interconversion between polarons and bipolarons requires considerable activation energy 
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because it is accompanied by an sp3-sp2 configuration change.7,22 Therefore, the relative 

stability between polarons and bipolarons is dependent on the environment around the 

positively-charged nitrogen such as the steric effects of the polymer chains. 22 This was 

discussed in Chapter 3 with Raman and UV-vis spectra. The fact that the major charge carrier 

of conducting PAN salts is a polaron rather than a bipolaron is confirmed as shown in Tables 

4.1, 4.2. 

 

Table 4.2. The impact of synthesis approach on oxidation/doping level, cross-linking degree, 

and chlorine radical/chlorine cation ratios of PAN samples. 

 

 SF CF CS 

Oxidation Level (=N-/-Nh-)% 50 46 42 

Doping Level (N+/N)% 49 45 40 

Polaron/(Polaron +Bipolaron)% 73 59 49 

Polaron/(N+)% 67 53 42 

Bipolaron/(N+)% 25 38 44 

Cross-Linking Degree (C-C/C-N)  2.0 1.8 1.3 

Cl*/ Cl-  3.2 0.49 0.38 

 

These results are in very good agreement with the Raman interpretation from Chapter 3. 

In order to judge the electric behavior of PAN samples, identifying the type of charged 

nitrogen (polaron/bipolaron) is extremely important. The oxidation level of PAN samples was 

found to be dependent on the synthesis approach as 50%, 46%, and 42% for SF, CF, and CS, 

respectively, where the solvent-free method seems optimal since any higher oxidation 

produces lower conductivity.5,61,62 Also, doping level depends on synthesis approach. The 

observed degree of doping was in the same trending direction 49%, 45%, and 40% 

corresponding to SF, CF, and CS, respectively. Again, SF shows the greatest degree of doping 

where 98% of the imine nitrogen is doped.  



125 
 

The relatively lower values for oxidation level and doping level results from the relatively 

low imine content in CS. This observation confirms the possibility of having the highest 

crosslinked structure,28,65,66 which would disrupt linearity and thus prevent polaron 

delocalization.67 The relative stability between polarons and bipolarons is, therefore, 

dependent on the environment around the positively-charged nitrogen such as the steric effects 

of the polymer chains and the electrostatic interaction with dopant anions.22 Furthermore, this 

trend in electronic structure is correlated with conductivity previously as reported.68 The 

higher conductivity of the SF with respect to CF and CS is confirmed with the subsequent 

possibility of some SF organized in a polaron lattice structure because of its oxidation level 

and degree of doping.5,61,62 

In comparison with N(1s) core-level spectra, the C(1s) core level of polyaniline is less 

resolvable. Two C(1s) components at 284.4 eV and 285.3 eV are assigned to C-C5,8,27-33 and 

C-N,15,32,34-38 respectively. The latter band could also be assigned to both C-N and C=N as 

well,5,30,32,35,38 since the samples are well-doped. It is possible to consider the presence of C-

N only. The intensity ratio C-C to C-N could be helpful to examine the presence of cross-

linking in the PAN samples under investigation as a measure of cross-linking degree.9,42 As 

shown in Table 1, it was found that SF shows the highest ratio of 2:1, which is the value 

associated with no cross-linking, thus confirming previous interpretations. On the other hand, 

the cross-linking degree of 1.8 for CF indicates some significant level of cross-linking whereas 

the CS value of 1.3 represents the common ratio for highly cross-linked samples, though these 

are merely semiquantitative measures.  
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In addition to the two peaks in the C(1s) core-level spectra of the three samples, 

deconvolution of the high binding energy tail indicates the possibility of three peaks at 286.5 

eV, 288.5 eV and 290.4 eV, which could be assigned to C-O,5,29,39-41, C=O,33,34,38,41,42 and a 

π→π* shake-up satellite,9,46,47 respectively. The presence of residual amounts of C-O and 

C=O species in the C(1s) core-level spectra suggests the PAN sample surfaces are oxidized to 

some extent. This is consistent with the reactive nature of most conjugated polymer 

surfaces.15,43,57-59 Additionally, these oxidation affiliates can also arise from incorporation of 

significant amount of benzoquinone (BQ) and hydroquinone (HQ) within the polymer chains, 

which are produced from water molecules during the polymerization.35,42 

It was interesting to report the significant difference between relative amount of C-O and 

C=O species within the three sample types. CS had the highest percentage of 10% C=O, where 

both CF and SF had 7%. On the other hand, SF had the highest percentage of C-O at 14%, 

where CF and SF had 11%. This observation is attributed to  the synthesis approach, as 

prolonged treatment times of CS in the oxidant solution may readily result in significant 

hydrolysis of CS instead of increasing the intrinsic oxidation state further.44 This would lead 

to the formation of a significant amount of benzoquinone (BQ) and hydroquinone (HQ) with 

respect to the other samples (SF and CF). This hypothesis would explain the relatively high 

percentage of C=O in CS but will not explain the high C-O % in SF. 

Recall that C(1s) binding energies correlate with fractional carbon atomic charges where 

decreasing electron density increases, in most cases, the respective binding energy.69,70 The 

C(1s) components are associated with the positively polarized or partially charged carbon 

atoms.57-59  
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The assignment of the high binding energy components in C(1s) and N(1s) core-level 

spectra to positively polarized species was supported with the near disappearance of these 

high binding energy species in undoped samples.55,57-59  

In this current study, this may indicate a correlation between the N(1s) and C(1s) core-

level peaks, as the latter is consistent with the simultaneous presence of neutral nitrogen and 

different polarized nitrogen species. Accordingly, the main three resolved N(1s) peaks at 

399.4 eV, 400.4 eV, and 401.6 eV, correspond to neutral nitrogen amine and charged nitrogen 

as polaron and bipolaron, respectively. Simultaneous presence of neutral carbon (C-N) and 

two components associated with the positively polarized or partially charged groups were 

observed also. It is possible that the latter C(1s) components (C-O and C=O) are related to the 

polaron and bipolaron components of N(1s) based on assignments of higher binding energy 

components (>286 eV) to carbon bonded to charged/partially-charged nitrogen.5,8,28-

31,33,34,40,42,45,71 Therefore, the two C1s components at 286.5 eV and 288.5 eV are likely carbon 

species bonded to polaron and bipolaron nitrogen species, respectively. This may explain the 

increase in the C1s components at 286.5 eV for SF as it has predominantly polaronic nitrogen 

species. On the other hand, the CS has the highest percentage of the C1s components at 288.5 

eV, which is due to bipolaron nitrogen species. 

The relative percentage of these to C1s components (polaron/bipolaron) as ratios were 

found to be 2, 1.5 and 1.1 corresponding to SF, CF, and CS, respectively. This trend agrees 

with the ratio trend obtained from the N(1s) deconvolution, which was 2.8, 1.4, and 0.9 

corresponding to SF, CF, and CS, respectively. These together confirm the importance of the 

contribution of polarons and bipolarons in C1s components. Of course, the ratios obtained 

from the C1s are not as quantitatively certain as for N1s due to the difficulty in resolving the 
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former. Regardless, these ratios are helpful when justifying the high binding energy 

components of C1s and confirm the various nitrogen charged species.  

The small and highest binding energy tails at 290.4 eV could be attributed to the π–π* 

bonding band,9,46,47 which is observed in some well-doped (~50%) states.8 Actually, the 

interpretation of the size of the satellite shift as function of the type of π conjugation is still 

restricted or lacked of thereof 43. Moreover, it was reported that the presence of a C1s satellite 

6.5 eV above the main C1s peak could be attributed to π→π* transitions in isolated aromatic 

rings72 and thus a diagnostic feature indicating the lack of extended conjugation,9 i.e., it is 

possible to observe this high-binding energy tail in C1s spectra for defected conjugated 

systems. This is why it seems to be dependent directly on the doping or oxidation, since 

conducting polyaniline may not have this high binding energy tail.34 Additionally, 

carbonaceous systems containing π-bonds produce obvious satellite peaks approximately 8 

eV from the principal line in their C(1s) spectra due to a π→π* transition, which is equivalent 

to certain band-to-band transition for metals.43 So, the 6.5 eV satellite is slightly lower than 

common satellites. 

Any increase in the positive charge over the carbon-bonded nitrogen atom would result in 

a corresponding positive shift in the binding energy of the C(1s) line.73 The highest binding 

energy tail at 290.4 eV might also be consistent with the third type of charged nitrogen species, 

i.e., protonated amine (PA). It was notable that both were observed at the highest binding 

energy of the N1s and C1s core-level spectra, which represent the highest polarized charged 

state of carbon and nitrogen species. Also, it was obvious that these C1s tails in the three PAN 

samples have the same percentage with respect to the total C1s peak areas.  
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This same trend was also observed in the N1s for the protonated amine peak, which 

suggests a correlation between the nitrogen and carbon species with the general electronic 

structure of PAN. 

Peak deconvolution of the O1s core-level spectra of PAN samples revealed two main 

components (see Figure 4.3). The first is observed at 531.7 eV and attributed to the oxygen in 

a carbonyl group (O=C)22,43,48-50 which results from the hydrolysis of the quinod imine units 

and aerial oxidation at the sample surface.34 The second component is observed at 533.1 eV 

and is attributed to C-OH bonding or hydrogen-bonded water.22,43,48-52  

Also, the same band was attributed to oxygen in carboxyl groups,43,48,49 which may result 

from surface oxidized species.74 It was reported that water molecules may become trapped in 

the polymer network.73 Moreover, the incorporation of significant amounts of benzoquinone 

and hydroquinone within the polymer chains is still possible.35,42,44 The relative ratio of these 

two peaks in the three samples are fairly constant and agree with the literature,34 i.e., the 

relative intensity of the oxygen species is independent of the synthesis approach. 

The Cl(2p) core-level spectral envelope for the three PAN samples were adequately 

decomposed into three spin-orbit split doublets (Cl2p3/2 and Cl2p1/2). The binding energy 

values for the Cl2p peaks resided at 197.7 eV, 199.0 eV, and 200.1 eV. The first and last 

components suggest the presence of ionic (Cl-)26,34,44 and covalent (-Cl)10,26,34,54,55 chlorine 

species, respectively. The chlorine species with intermediate binding energy (Cl•) is more 

appropriately associated with charge transfer interactions between the halogen and metal-like 

conducting state of the PAN chain.9,34,44 
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(a) 

 

(b) 

 

(c) 

 

 

Figure 4.3. O (1s) XPS core-level spectra and deconvolution for PAN samples prepared 

with different approaches (SF, CF, and CS). 
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It was found that all PAN samples contained covalent chlorine (-Cl) and varied from 16-

38% with respect to total chlorine (molar basis). Even this wide range still agrees well with 

the literature for optimally doped samples (~50%).26,34,54 Specifically, it was reported that 

covalent chlorine could be attributed to ring halogenations.26,34,44,54 On the contrary, 

covalently-bonded chlorine could be partially removed during the NaOH treatment, 

suggesting that covalent chlorine formation does not arise entirely from ring substitution.26 

The possibility of having surface adsorbed Cl2 and/or HCl on different substrates even 

under very low pressures as in XPS measurements has been reported.75-79 It is possible that 

the covalent component of Cl could be attributed to surface adsorption or trapping within the 

polymer network. The relatively high value of the covalent component in SF (38%) with 

respect to CF and CS may confirm the previous assumption, since it agrees with particle size 

trend of SF<CF<CS, as reported in previous work (Chapter 2),68 with the average size of SF 

as smallest (about 10-20 nm) relative to CF and CS (50-100 nm). Essentially, smaller particle 

size implies a relatively larger surface area to volume ratio and thus higher adsorptivity.80-82 

Additionally, the higher conductivity of SF supports the assumption of adsorbed/network-

trapped Cl2/HCl over ring chlorination, since the latter has a negative impact on conductivity 

that is not see here.68 Also, it was reported that increasing proportions of covalently-bonded 

chlorine increases the halogen loading readily,26 in exact agreement with the observed 

oxidation and doping level trends as shown in Tables 1 and 2.  

The Cl• and/or Cl- were observed in all conducting forms of the PAN family, 

corresponding with HCl doping to the positively-charged nitrogen.24,26,34,44,54,55,57-59,83,84 Since 

there are two main positive nitrogen species (polaron or bipolaron), it is possible to correlate 

the Cl species to corresponding N species.  
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Some reports showed that Cl- was predominant and consistent with relatively lower 

conductivity and a localized positive charge on the nitrogen species.9,26,55 On the other hand, 

increasing the relative proportion of Cl• was consistent with a relative increase in conductivity 

and delocalized positive charge on nitrogen.9,44 Based on our results, it is likely that the Cl• 

and Cl− mainly correspond to the polaron (radical cation) and bipolaron (dication) forms of 

PAN, respectively. Specifically, SF has the highest proportion of Cl* with respect to CF and 

CS. The Cl•/Cl− ratio for the three samples was found to be 3.3, 0.5, and 0.4 in SF, CF, and 

CS, respectively. These ratios agree with our previously reported conductivity trend68 and 

correlate with the observed oxidation level and degree of doping. 

 

4.3.2. Electromagnetic Measurements 

It was important to identify the structure-property relationships of the synthesis 

approaches in connection with high-frequency electromagnetic (EM) response to design final 

properties based on the chemical process steps. The main purpose for EM measurements was 

to confirm that the electronic structures of PAN samples having polaron and/or polaron 

lattices—as determined spectroscopically—exhibited the necessary chemical structure and 

charge delocalization for substantive improvements in EM field responses over existing forms 

of PAN previously produced and studied. In addition, the SE of PAN samples over a broad 

band of frequencies was explored. Ultimately, PAN-based nanomaterials as EM shielding 

media will exist as a filler in some convenient substrate-matrix or perhaps in its native form 

if appropriate forming conditions can be achieved. This application would preserve, or even 

enhance, final product SE.  
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In previous work,68 it was reported that HCl-doped PAN nanoparticles showed an 

interesting contradiction to the general rule that higher crystallinity increases conductivity, 

i.e., the CS PAN nanopowders are significantly more crystalline with demonstrably similar or 

lower conductivity and lower EM shielding than CF PAN samples.28,85-88 It was found that if 

high crystallinity were achieved with the formation of cross-linking structures, the charge 

mobility is expected to be lower than that in linear doped PAN samples.89 In this current work, 

a more detailed explanation addresses the previously observed phenomena from the point-of-

view of electronic structure and chain conformation characteristics in reference to Chapter 3. 

Additionally, EM measurements correlate the impact of chemical, electronic, and 

conformational structures of the prepared PAN samples on SE behavior. Figures 4.5 and 4.6 

show the results obtained from coaxial line measurements over a low frequency bandwidth 

(100-1500 MHz) and broad bandwidth (2-14 GHz), respectively. 

 

Figure 4.5. Low frequency electromagnetic shielding potential of 0.06 g HCl-doped PAN 

(CF, CS, and SF) tested in a coaxial sample holder as a function of frequency measured in the 

range 100-1500 MHz. 
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Figure 4.6. Broad band electromagnetic shielding potential of 0.06 g HCl-doped PAN (CF, 

CS, and SF) tested in a coaxial sample holder as a function of frequency measured in the range 

2-14 GHz. 

 

It was found that SF PAN was the most successful of the three HCl-doped PAN nano-

products at EM shielding, especially at high frequencies. SF PAN achieved the highest 

average SEs of 37.6±3.7 dB and 68.7±4.6 dB within the 100-1500 MHz and 2-14 GHz bands, 

respectively. On the other hand, the maximum shielding performance of CF and CS was found 

to be only 20.7±0.5 dB and 18.0±0.18 dB within the low frequency band (100-1500 MHz), 

respectively. The same trend was observed at the higher and broader band (2-14 GHz); 

namely, the maximum shielding performance of CF and CS was found to be 31.5±5.1 dB and 

26.1±4.1 dB, respectively. As expected, the SEA dominates the total shielding for all the 

samples while SER shows limited but still significant impact. In the low-frequency band, the 

SEA contributions in total shielding were 82%, 67%, and 65% in SF, CF, and CS, respectively. 

The enhancement of SEA contribution within the higher frequency band was noted.  
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It was found to be 84%, 87%, and 87% for SF, CF, and CS, respectively, which is a 

benefit over metals with high reflection contributions, for example. The obtained trends agree 

with the previous waveguide measurements within the X-band (8-12 GHz).68 Table 3 

summarizes the EM shielding measurements 

 

Table 4.3. Summary of EM shielding effectiveness measurements. 
 

 

SE 
Frequency 

Band 
CS CF SF 

SET (dB) 
100-1500 MHz 18.0±1.8 20.7±0.5 37.3±3.7 

2-14 GHz 26.1±4.1 31.5±5.1 68.6±4.6 

SEA (dB) 

100-1500 MHz 11.6±1.2 (65%) 13.9±0.7 (67%) 30.4±4.6 (82%) 

2-14 GHz 21.9±3.9 (84%) 27.3±5.0 (87%) 59. 3±3.3 (87%) 

SER (dB) 

100-1500 MHz 6.40±0.6 (36%) 6.8±0.2 (33%) 6.9±1.0 (19%) 

2-14 GHz 4.3±0.7 (16%) 4.2±0.6 (13%) 8.7±0.7 (13%) 

 

As shown in Figure 4.5, the EM shielding potential of SF is augmented as the frequency 

increases. This is faster than CF and CS, which were almost constant at low frequencies 

(Figure 4.6). The successful behavior of SF nanopowders in the waveguide measurements 

(Chapter 2) is confirmed, since SF samples are more efficient than CF and CS samples at high 

frequencies. The most interesting observation was the superior broadband shielding 

effectiveness of SF-PAN, which achieved average shielding effectiveness at 68.6±4.6 dB 

within the 2-14 GHz band. This superior performance was found to be higher than the recent 

reported values for HCl-doped PAN12,61 and even higher than some currently reported 

performance for doped PAN modified with ferrites and carbon.90,91  
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This shielding effectiveness is very close to the behavior of sulphonic-doped PAN, as will 

be discussed in detail in Chapter 6.92,93 To the best of our knowledge, this is the highest 

electromagnetic shielding by PAN doped with HCl and prepared through a so-called solvent-

free approach, having no solvent added other than what dissolves the HCl. 

The superior shielding performance of SF within a broad frequency band (2-14 GHz) 

supports the suggestion that its conjugated structure may have the fastest polaron 

delocalization94 with respect to CF and CS. Also, it could be expected that SF has the fasted 

and enhanced dielectric response at high frequency.94,95. This results support the presence of 

a polaron lattice electronic structure of SF. Moreover, the proposed polaron lattice of SF may 

be the key for enhancing the high-frequency dielectric response due to a long-range 

displacement of electrons. The SF PAN's superior EM behavior agrees well to previous 

interpretations of Raman, UV, and XPS. As charge in PAN becomes more delocalized, higher 

dielectric loss (εʺ) is expected.92,96,97 Higher dielectric loss leads to increasing microwave ac 

conductivity and the effective conductivity of the medium, as discussed in Chapter 2.94,95,98-

100 This may explain the enhancement in SET by increasing the frequency in the three samples 

generally and particularly in the SF case. 

On contrary, the relative poor EM shielding performance of CF and CS could be correlated 

to their electronic structure as charge is more localized in both cases. The proposed 

predominant localized polaron in CF electronic structures may be the cause of its poor EM 

shielding with respect to SF. Both likely have an expanded coil conformation (found from the 

UV characterization). At the same time, CF has relatively high degree of disorder.68 The low 

conductivity of CF could be attributed to the negative influence of disorder making its polaron 

structure more localized.94  
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The situation in CS is different than CF since CS has the highest extent of order, i.e., it 

has the most cross-linked structure relative to SF and CF as it was found before and confirmed 

in this work.68 A cross-linked/branched structure may not provide a substantial delocalization 

length.94 Additionally, its electronic structure was predominantly bipolaron. Moreover, its 

compact coil conformation has a negative impact on conductivity. Furthermore, this study 

indicates that is also has the lowest oxidation level and degree of doping. 

 

4.4. Conclusions 

It was very important to support and confirm the electronic structure in order to understand 

the impact of the synthesis processes on different properties of HCl-doped PAN to correlate 

the chemical structure, polymorphism (Chapter 3), and electronic structure to electrical 

behavior (viz., conductivity). Moreover, the most favorable synthesis approach to achieve the 

highest possible conductivity is a primary target for practical considerations in fine-tuning 

production on large scales. The present XPS study demonstrates that the coexistence of 

polaron and bipolaron is realized in all the polyaniline samples but with different extents 

dependent on the synthesis approach. Furthermore, polyanilines that have polaron and/or 

polaron lattices exhibited the necessary chemical structure and charge delocalization for 

substantive improvements in electromagnetic field responses over existing forms of PAN 

previously produced and studied. Synthesis protocols that lead to compact coil in HCl-doped 

PAN with cross-linked structures or branched chains (e.g., conventional slow oxidation) is 

not recommended as there appears to be poor conductivity and EM shielding. 
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The SF approach is favorable for synthesizing the relatively linear, expanded coil, PAN 

conformations encouraging the development of delocalized polaron electronic structures. The 

SF approach fosters better oxidation and doping degree relative to the CF and CS methods 

where were found to be important for maximum SE. It could be concluded that SF approach 

leads to relatively optimum chemical/electronic structure which leads to enhancing dielectric 

response at higher frequencies, where delocalization processes are prominent, and may 

ultimately give rise to long-range displacements of electrons in the system94. On the other 

hand, the CS approach was found to be favorable for cross-linking structures, which may arise 

from the slow oxidation of aniline by restrictive reagent addition (APS solution at 0.1 ml/min 

≈ 0.1 mmol/min), which fosters PAN chain growth with existing chains as well as other 

structural defects resulting in lower conductivity than in relatively linear, doped PAN.89,101,102 

Moreover, slow polymerization produces no noticeable change in temperature of the reacting 

mixture, which is favorable for higher degrees of crystallinity.101 The higher cross-linked 

structures28,65,66 would also disrupt crystallinity/linearity and thus prevent polaron 

delocalization.67 

It was found that the oxidation level of PAN samples was found to be dependent on the 

synthesis approach, and SF approach leads to an optimum oxidation level (50%), and doping 

level also was found to be dependent on synthesis approach, with the SF approach leading to 

the greatest degree of doping where 98% of the imine nitrogens are doped. Since both fast and 

slow oxidation products (CF and CS) were synthesized with the same dopant (HCl) ratios, the 

chemical, electronic structures and chain conformation appear to depend only on the reaction 

conditions89 and thus an optimum in conductivity for the maximum shielding potential may 

be revealed with fine-tuning of the rate and method for oxidant addition.  
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XPS results indicate that increasing radical chlorine concentrations correlate with better 

conductivity, oxidation level, and degree of doping for higher polaron content. The SF 

approach may ultimately give rise to increased long-range electron displacement in PAN 

systems for optimal dielectric response at high frequency. 

This work highlighted the impact of a solvent-free synthesis approach on chemical, 

electronic, and conformational characteristics of HCl-doped PAN nanopowders. Moreover, 

the proposed polaron lattice of SF may be the key for enhancing the high-frequency dielectric 

response due to a long-range displacement of electrons. Ultimately, an extensive 

characterization was performed to investigate the effective role of these parameters in EM 

shielding effectiveness (SE), particularly in the microwave band. SF synthesis in a slightly 

wetted solid-phase reaction provided substantial property improvements over conventional 

solution-rich oxidations using limited or abundant oxidizer. It was found that SF PAN was the 

most successful of the three HCl-doped PAN nano-products at EM shielding, especially at 

high frequencies. This superior performance (SE of 37.6±3.7 dB and 68.7±4.6 dB within 100-

1500 MHz and 2-14 GHz, respectively) was found to be higher than the recent reported values 

for HCl-doped PAN12,61 and even higher than some currently reported performance for doped 

PAN modified with ferrites and carbon.90,91 Thorough characterization demonstrates the 

importance of generating a predominantly delocalized polaron electronic structure relative to 

a bipolaron and/or localized polaron when attempting to enhance SE in nano-PAN. The 

superior shielding performance of SF within a broad frequency band (2-14 GHz) supports the 

suggestion that its conjugated structure may have the fastest polaron delocalization94 with 

respect to CF and CS.  
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CHAPTER 5 

Dielectric Behavior and Conductivity HCl-Doped Polyaniline by 

Solvent-Limited Synthesis 

  

5.1.Introduction 

In previous chapters 2, 3 and 4, the impact of solvent free/limited approach on HCl-

doped polyanilines (PANs) was investigated from several aspects. One of the main summative 

conclusions therein was that the SF approach leads to moderate crystallinity and minimum 

cross-linking and/or branching, which may be the most important reason for its relativity high 

conductivity, with the best impact on EMI shielding. On the other hand, the highest 

crystalline/ordered HCl-doped PAN prepared by the CS approach has the lowest conductivity 

with respect to SF and CF PANs. The suggested explanation was that the CS approach leads 

to maximizing cross-linking/branching, which results in a shorter conjugated length and 

localized charge and hence lower conductivity. This previous explanation was confirmed in 

chapter 3 with Raman and UV investigations1. In addition, XPS and EM shielding 

measurements support the aforementioned explanation as mentioned in chapter 4. 

In order to understand how the synthesis approach could enhance electrical/dielectrical 

properties through tuning electronic structure of HCl-doped PAN and correlate this impact 

with chemical structure and degree of delocalization of electronic structure (polaron/polaron 

lattice ), deeper investigations were employed and covered in this chapter. It was interesting 

to consider more details about the possible tuning of the chemical structure of the doped PAN 

as a result of manipulating preparation conditions. Distinguishing between the impact of 

cross-linking and branching on electrical/dielectrical properties of HCl-doped PAN was an 
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important aim of this chapter. In many sources, cross-linking and branching were assumed to 

be largely dependent 2-7. It could be helpful to understand how to distinguish between cross-

linking and branching doped PAN samples for the purpose of tuning synthesis conditions 

toward a given application requirements of electrical behavior, whether increasing or 

decreasing either cross-linking or branching for the desired result. 

The current study aims to confirm the reason for DC electrical conductivity trends 

observed previously in chapter 2, electrical conductivity was out with different approach than 

the used in chapter 2. In addition to elucidating the relative impact of different structural 

aspects (hydrogen bonding/branching/cross-linking) on electrical/dielectrical behavior of 

PAN samples. Moreover, dielectric constant and dielectric loss measurements were employed 

to estimate the relative degree of charge delocalization, which can be correlated at least in 

relative trends with the average extent of cross-linking and branching. Furthermore, 

elucidating the relation between the crystallinity of the HCl-doped PAN samples investigated 

in chapter 2 with respect to molecular structure and electrical/dielectrical properties will be 

discussed. 

FTIR spectroscopy and AC/DC studies of HCl-doped PAN samples are applied herein 

to explicate the chemical nature of the HCl-doped PAN samples from each synthetic route to 

understand and clarify the causal connections between reaction conditions and material 

products for process control over resulting electrical properties. Full FTIR band 

characterization (400 cm-1 – 4000 cm-1) was carried out for HCl-doped PAN nanopowders. 

Moreover, PAN samples were subjected to AC conductivity and dielectric permittivity 

measurements in the frequency range of 1Hz-1MHz in order to estimate the relative degree of 

charge delocalization of the samples. By integrating the conclusions from this current work 
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and previous chapters, in addition to recalling some reported facts about the observed 

significant crystallinity in undoped/dedoped polyaniline 8-11, the former model that assumed 

doped PAN as macroscopic metallic domains (conductive/crystalline) sprinkled throughout a 

disordered insulating matrix (amorphous barriers) 12-15 may need to be clarified and updated. 

The three-way comparison of fast oxidation, or rapid addition of oxidizing agent, to 

slow oxidation and ultimately to a nearly solvent-free reaction process will highlight the 

significant range of differences in final polymer properties even while using the same dopant 

at the same quantities. The highly-variant synthesis conditions for one fairly-well studied 

conductive polymer type establishes an example for justification as to the need of a much 

deeper understanding into the connections and nuances between reaction conditions and final 

PAN qualities, especially with a particular future goal for optimizing polymeric materials 

toward enhancing dielectrical properties of PAN for electromagnetic (EM) shielding 

applications and related fields as part of this dissertation’s goal. This work continues to expand 

a fundamental understanding in this regard for methodical future expansion to other dopants 

and ongoing studies in shielding materials for mitigating EM interference effects on electronic 

devices. 

 

5.2.Materials and Methods 

The same materials and procedures aforementioned in chapter 2, 3, and 4 were used 

to prepare the PAN samples in this current work16-18 from solvent-free (SF) and conventional 

(solvent-based) chemical oxidations under slow (CS) and fast (CF) production rates as 

controlled by the addition of aqueous ammonium peroxydisulfate (APS). 
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5.2.1.Chemical Characterization 

In order to confirm the chemical compostion of the obtained HCl-doped PAN samples 

and investigate any significant difference in the chemical structures (cross-

linking/branching/hydrogen bounding) of PAN samples as funcations of synthesis approch, 

FTIR was emplyeed. The final obtained dry powder of the prepared doped PAN were 

characterized with ThermoNicolet Avatar 370 FTIR spectrometer. Tested samples were 

prepared as KBr pellets (ca. 0.3 % by mass in KBr). The spectra were collected using 128 

scans between 4000 cm-1 and 400 cm-1 at a resolution of 2.0 cm-1. 

5.2.2. DC/AC Conductivity and Dielectric Permeativity Measurements 

Typically, 0.05-g samples were pelletized in a special homemade cell, unlike chapter 2. 

The dimensions of the pellet under test were 5-mm diameter and 1.2±0.1-mm thickness. DC 

conductivity (𝜎𝐷𝐶) of the samples was measured at room temperature on pressed pellets by a 

two-point probe technique 19-21, the value of which was calculated by the following equation 

22: 

𝜎𝐷𝐶 =  
𝐿𝑐

𝑅 ∗ 𝐴𝑐 
 

where 𝐿𝑐 is sample thickness, 𝐴𝑐  is sample surface area, and 𝑅 is the measured resetance of 

the sample. 

Three pellets were prepared for each sample. Current-voltage (I-V) measurements 

were carried out via a Keithley 4200 SCS semiconductor parameter analyzer. Dual sweep 

mode was operated within a voltage range of -0.1 to 0.1 V, in 0.01 V steps. Each I-V 

measurement was repeated 11 times at least for every pellet for reproducibility confirmation. 

The values reported are averaged over 33 readings for each sample. After DC conductivity 

measurements, samples in the same homemade cell were subjected to AC conductivity and 
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dielectric permittivity measurements, which were performed in the frequency range of 1Hz-

1MHz. These two parameters were evaluated by measuring the equivalent capacitance and 

conductance of the samples at room temperature using a VersaSTAT 3 Impedance Analyzer. 

 

5.3.Results and Discussions 

5.3.1. FTIR Interpretation 

FTIR spectroscopy aimed to distinguish between PAN samples from the viewpoint of 

branching and cross-linking as a function of synthesis protocol, whereas most previous work 

did not distinguish between cross-linking and branching but rather treated both as having the 

same impact on material properties. In other words, they should exist dependently 2-7. To 

clarify this point, recall the reported suggestions that cross-linking structures are based on pre-

existing branched chains, which undergo oxidative intermolecular cyclization 23-25. Then it is 

easy to conclude if FTIR spectra of PAN show the bands corresponding to more than the 

expected 1,4 di-substitutes, such as 1,2,4 tri-substitutes; here there are two possibilities. The 

first is the possibility of having branched structures, and the second is having cross-linked 

structures. To distinguish between these, it is important to find out if there are more bands 

corresponding to intermolecular cyclization units. If these bands exist, this supports the cross-

linking possibility; if these bands are absent, this indicates branching only. According to the 

previous strategy, FTIR spectra of PAN samples were interpreted in this fashion in order to 

distinguish bands mainly corresponding to linear, branched, and cross-linked PAN structures. 

Linear PAN is well distinguishable with the predominant IR bands corresponding to the 1,4 

disubstituted ring and the absence of any other bands corresponding to any other 

polysubstitution. The possibility of having significant branching will depend on the 
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observation of any poly substitution bands coexist with the 1,4 disubstituted bands, and the 

absence of bands corresponding to intermolecular cyclization, such as phenazine. The 

coexistence of all of these bands will indicate heterogeneity in PAN samples. Additionally, 

the FTIR spectra were examined for significant hydrogen bonding in the samples as a function 

of the synthesis approach, in order to investigate and confirm the presence of supramolecular 

assemblies25 and cross-linking phenazine-like units, as it will be discussed later. 

Representative FTIR spectra of the PAN samples prepared (SF, CF, and CS) are shown 

in Figure 5.1. The positions of the bands differ only within experimental error from the 

positions measured by others26-29. These previous interpretations of PAN spectra together with 

corresponding references are summarized in table 5.1 and associated with the three samples 

types studied herein. FTIR spectra are characterized by three major regions: 3000-3500 cm-1 

, 1100-1700 cm-1, and <1100 cm-1.28 

 

Figure 5.1. FTIR spectra of for HCl-doped PAN samples prepared with different approaches. 
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Region I (<1100 cm-1) contains the modes related to ring deformations 30 with select 

C–H out-of-plane vibrations 28. Aromatic ring deformation bands (out-of-plane and in-plane) 

are quite sensitive to changes in the nature and position of substitutions 29. Figure 5.1(a) shows 

the FTIR spectra within region I of PAN samples show bands that elucidate the possibility of 

having PAN with a significant branched or cross-linked structure. Interpreting the bands in 

this region could give an estimate about the impact of the synthesis approach on chemical 

structures of PAN samples. Three main features are expected for the PAN chains. The 

observed bands that relate to linear PAN are found in or near the ranges of 508-511 and 800-

801 cm-1  corresponding to aromatic ring deformations of 1,4 di-substituted benzene rings 

24,29,31,32 and attributed to the C–H out-of-plane bending vibrations 24,26,29,32. This confirms the 

para-coupling of constitutional units in the PAN chains. These bands are observed in all three 

PAN sample types representing the main chemical structure. As was expected, the PAN 

samples were not ideal in purity of structural composition. Indications of cross-linking and/or 

branched features were also found in all three PAN samples. The bands related to branched 

structures were found near 706-709, 879-881, and ~913 cm-1. These bands are attributed to 

the C–H out-of-plane bending vibrations of the 1,2,4 trisubstituted benzene ring 4,24,26,32-38. If 

branched PAN chains undergo oxidative intermolecular cyclization, they form cross-linked 

phenazine structural units 39. Absorption bands related to cross-linking structures were 

observed mainly in CS and CF samples. Theses cross-linking bands observed near 616-617 

and 825-828 cm-1 are attributed to skeletal vibrations in the phenazine ring 24,37,39-41. 

Region II (1100-1700 cm-1) specifies where the C-C and C-N stretching and C-H 

bending modes are expected for molecules containing aromatic rings 28. Figure 5.1(a) also 

shows the pair of FTIR spectral bands near 1558-1568 and 1489-1474 cm–1 that are attributed 
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to C=C stretching of quinonoid (N=Q=N) and benzenoid (N=B=N) ring-stretching vibrations, 

respectively 19,23,26,42,43. Moreover, C–N stretching modes are observed near 1300 cm-1 for 

secondary aromatic amines 7,26,44. This band is attributed to π-electron delocalization by 

protonation 38,45-47. Furthermore, the bands characteristic of conducting protonated PAN are 

found at ~1245 cm-1, which corresponds to stretching vibration in the polaronic structure 

7,24,26,32,46,48. 

The broad band centered at ~1145 cm-1 has been assigned to the vibration mode of the 

polaronic structure and is associated with vibrations of charged polymer units 4,32,35,38,46,49. 

The absorption band increases and become broader with increasing degree of electron 

delocalization in the PAN backbone 47. In addition, this band is associated with aromatic 

hydrocarbon (C–H) in-plane deformation 26,47,50-52 and confirm the 1,4 di-substituted chain 

structure 29 along with the previous observed bands within region I. This band’s appearance 

is very interesting because it has different shapes according to the three PAN sample types. 

The SF has a symmetrical shape with a single maximum at 1145 cm-1. The broadness of this 

band in SF suggests high degree of delocalization 47. In case of CF it is not symmetrical and 

broad as SF. This could be an indication about expected charge localization of CF. Also, CF 

has a shoulder at 1124 cm-1, which corresponding to skeletal and C-H in-plane deformation 

of phenazine structures 40, similar to CS. This band was asymmetric with the main maximum 

at 1107 cm-1, which corresponds to substituted phenazine units/intramolecular cyclization 

24,25,53. An observed shoulder at 1140 cm-1 corresponds to polaronic structures 4,32,35,38,46,49 and 

aromatic hydrocarbon (C–H) in-plane deformations 26,47,50-52. This band shows a significant 

difference in chain structure of PAN samples as a function of the synthesis approach. It could 

be suggested that CS and CF have significant cross-linking and charge localization with 
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respect to SF. Within region II, the CS spectrum has two more absorption bands of particular 

interest. The first at 1445 cm-1, which is attributed to the skeletal (C=C) stretching vibration 

of substituted aromatic rings 2,26,29, supports the presence of ortho-coupled 43,54,55 and 

phenazine-like units 32,40. The second is a weak band at 1400 cm-1, which is characteristic of 

phenazine ring stretching 24-26,40. 

Interpreting the IR bands in region II shows that the 1,4 di-substituted PAN chains 

exist, in agreement with the corresponding bands in region I. Also, the possible cross-linking 

within CF and CS was confirmed with poly-substituted bands observed in region I as the 

cross-linking structures are based on pre-existing branched chains that undergo oxidative 

intermolecular cyclization 23-25 The CS spectrum show more bands corresponding to cross-

linking than CF, which indicates that CS (the solvent-rich, slow addition of oxidant) could be 

the more highly cross-linked. 

Region III (3000-3500 cm-1) bands show a significant difference between PAN 

samples as a function of synthesis approach. Figure 5.1(b) reveals the relatively strong and 

clear spectral bands observed especially in the case of CS type samples, which are weaker in 

the CF type and almost vanish in SF samples. 

Two types of modes within region III are expected. The N-H and C-H stretching could 

include hydrogen bonding indicative of the self-organization of PAN chains 35,40,49,53,56, 

secondary aromatic amines 24,26,29,35,57,58, protonated amine (NH2+)/protonated imine (NH+) 

29,59-62, and intermolecular phenazine-like structures 29,37,40,60,63. The assignment of individual 

peaks for PAN has been proposed in the literature (Table 5.1). Absorption bands connected 

with nitrogen-containing groups, the secondary amine –NH– and protonated imine –NH+-, 

reflect the hydrogen bonds involving these groups 61.  
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Table 5.1. The main IR bands for HCl-doped PAN samples prepared with different approaches. 

Features 
Wavenumber (cm-1) 

Assignment Ref. 
SF CF CS 

Linear 509 511 508 Aromatic ring deformation 1,4 disubstituted 24,29,31,32 
Phz ---- 618 617 Skeletal vibrations in the phenazine ring 24,39,41,64 

Branched 706 709 708 γ(C − H) 1,2,4 trisubst &1,2 disubst’d 4,24,33,34 
Linear 800 800 801 γ(C − H) 1,4 di-substituted 24,26,29,32 

Phz -- 823 825 
Skeletal vibrations in the phenazine ring 

γ(C − H) 1,2 di-substituted 

24,37,40,60,64 
65,66 

Branched 879 881 879 γ(C − H) 1,2,4-trisubstituted 24,32,35,37,38,53,67 

Branched 913 --- --- γ(C − H)  1,2,4 trisubsteuted 26,35,36,67 

Branched 1034 --- --- (C − H) deformation in-plane 1,2,4 trisubsteuted 29,60,68,69 

Phz ----- ----- 1107 
Substituted phenazine units/intramolecular 

cyclization 
24,25,53,60 

Phz --- 1124sh 1123 
Skeletal and C-H in-plane deformation (phenazine) 

C-H aromatic in plane deformation 

40 
50 

Linear 

Polaronic 
1140 1143 1140sh 

C-H aromatic in plane deformation 

C-H aromatic in plane deformation (1,4 di-

substituted) 

C–N stretching polaronic structure  

Degree of electron delocalization 

26,47,50-52 
29 

4,32,35,38,46,49 
 

Phz   1170sh C–N stretching phenazine units 60,70 

Polaronic 1244 1246 1243 C–N stretching polaronic structure 7,24,26,32,46,48. 

Polaronic 1298 1307 1299 
C–N stretching secondary aromatic amine 

π electron delocalization by protonation 

7,26,44 
38,45-47 

Phz -- -- 1400 Phenazine ring starching 24-26,40 

Phz   1445 
N=N stretching 

ν (C=N)/ν (C=C) phenazine 

26 
32,37,39,40,71 

B 1474 1486 1489 Benzenoid (B) ring-stretching 19,23,26,42,43 
Q 1558 1560 1568 Quinonoid (Q) ring-stretching 19,23,26,42,43 

Phz   1600sh ν (C=C) phenazine 37 

Phz   1628 
Substituted phenazine units/ 

Intramolecular cyclization 
24,25,40 

H-bonded 

Phz 

ν(N-H) 

ν(N-H+) 

ν(N-H2+) 

--- 2820 2827 

-NH2+ 

Interchain hydrogen bonding 

ν(C-H) phenazine 

29,59 
49,53,72 

40 

2925w 2921 2926 
NH2+ 

ν(C-H) phenazine like structures 

59,60,73 
40 

---- 3044 3048 
ν(N-H) H-bonded 

ν(C-H) phenazine 

2,24,26,49,74 
29,37,40,60 

---- 3196 3124 

3160 cm-1 N-H---H (H-bonded) 

ν(N-H+) 

ν(N-H) phenazine 

35,40,49,53,56 
61 
29 

3184vw 3200 3227 

N-H---H (H-bonded) 

ν(N-H), ν(N-H+) 

ν(N-H) phenazine like structures 

2,4,25,26,49,75 
35,61,72 

40,63 

3441vw 3450 3443 

ν(N-H) H-bonded or (=NH+) H-bonded 

ν(N-H) secondary aromatic amines 

ν(N-H), ν(N-H+), ν(N-H2+), 

ν(N-H) phenazine like structures 

24,59,74 
24,26,29,35,57,58 

62 
40,63 
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The clear presence of the bands corresponding to hydrogen bonding indicates highly 

cross-linked structure 65. So, the relatively clear bands of CS may indicate that charge is the 

most localized in this case as dications (bipolaron). On the other hand, the weakness of these 

bands in SF and CF suggest that the charge is more delocalized as a result of partial masking 

by the extended absorption tail of the protonated PAN 61. Moreover, the presence of strong 

hydrogen bonding is indicative of the self-organization of CS-PAN chains that may have led 

to supramolecular assemblies;25 under hydrogen bonding conditions for cross-linking, CS-

PAN should have the most compact coil chain confirmation,76 which agrees with previous UV 

measurements77 mentioned in chapter 3. In addition, it has the most significant amount of 

intramolecular cyclic phenazine-like units. On the other hand, the spectra suggest that SF-

PAN has the lowest cross-linking and the most expanded coil confirmation. It seems that CF-

PAN has heterogeneous mixed structures. It could be suggested that increasing the degree of 

charge localization increases the possibility of having strong hydrogen bonding. The CS 

approach may be favorable for cross-linking allowed by the slower oxidation, which means 

PAN chains growing with other existing chains, with higher probability of structural defects 

impacting the electrical and electronic behavior 4,43. By contrast then, SF may be favorable 

for limited branching in PAN. 

Based on FTIR data interpretation, the observation of abortion bands corresponding to 

the 1,2,4 trisubstituted ring in the SF-PAN spectra suggest that under certain solvent-limited 

conditions the radical semiquinone cations on the main chain of PAN can initiate limited 

polymerization. The development of side chains resulted in limited side branches. While in 

the cases of CS and CF, the corresponding abortion bands to the 1,2,4 trisubstituted ring in 

addition to the phenazine bands were observed in CF- and CS-PAN spectra.  
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This supports the idea that under conventionally solvent-rich polymerization 

conditions (viz., CF and CS) the reactivity of the radical semiquinone cations would be 

favorable to cross-linking reactions between the PAN chain and resulted in more cross-linked 

structures. In other words,  the branched PAN chains undergo oxidative intermolecular 

cyclization into cross-linking phenazine structural units 39. However, under SF conditions the 

impact of limited solvent may prevent cross-linking in favor of branching. The reason that CS 

shows the most cross-linking could be due to the slower oxidation rate in a kinetic reactivity 

sense rather than as a direct consequence of the presence or absence of solvent in a geometric 

sense; this means PAN chains growing with other existing chains with a higher probability of 

structural defects impacting the electrical and electronic behavior 4,43. It seems that CF has a 

mixed structure in between CS and SF, while SF may be favorable for limited branching in 

PAN when and where desired by application needs. 

5.3.2. DC Electrical Conductivity (𝛔𝐃𝐂) 

The current-voltage (I-V) curves of HCl-doped PAN samples are shown in Figure 5.2, 

indicating ohmic behavior in all types at room temperature 78. All samples behaved as perfect 

ohmic conductors with the electrical resistance trend as SF < CF < CS. The highest 𝜎𝐷𝐶 was 

for SF (55.2 ± 0.2 S/cm) followed by CF (6.0 ± 0.4 S/cm) with CS (1.6 ± 0.7 S/cm) the lowest; 

values differ here from Chapter 2 due to batch differences as well as changes in the sample 

compression for improving consistency and accuracy in two-point measurements. The 

significant differences between sample types are of course due to the impact of the formulation 

conditions on the final chemical structure and material crystallinity, which were discussed in 

previous work 18 and reconfirmed in this chapter.  
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The experimental values of conventional HCl-doped PAN (CF and CS) fitted within a 

factor of 2 in conductivities previously reported herein and within the same range for other 

HCl-doped PANs 23. However, the nearly order of magnitude increase in conductivity for the 

SF samples is substantially higher than recently reported elsewhere 19,79,80 and even 

significantly greater than found in our initial studies (Chapter 3) 18. The negative impact of 

cross-linking on conductivity is obvious and agrees with other findings 4,18, whereas  SF-PAN 

with its limited branching structures and minimum cross-linking achieves the highest 𝜎𝐷𝐶. 

 

 

Figure 5.2. I-V curves from two-terminal measurements on three PAN samples doped with HCl. 
 

5.3.3. AC Conductivity ( 𝛔𝐀𝐂)  

In general, the AC electrical conductivity 𝜎𝐴𝐶(𝜔) of disordered materials, measured 

in the frequency (f) range from 0.01 Hz to 10 MHz (𝜔 = 2𝜋𝑓), presents an almost universal 

behavior, exhibits two frequency regions, one plateau at low frequencies (the DC plateau) 

followed by a region of increasing conductivity, obeying 𝜎𝐴𝐶  (𝜔)  ∝ 𝜔𝑠 ,where 0, 𝑠 ≤ 1 
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13,81,82. The transition between the first plateau and the frequency-dependent region defines a 

critical frequency, 𝜔𝑐. Conductive polymers are usually classified as highly disordered 

materials and are very attractive materials since their DC conductivities may vary, reversibly, 

by orders of magnitude under chemical doping–dedoping 13,83. The enhancement of 

conductivity comes from the generation of extended states in doped molecules correlating, in 

a molecular scale, charged defects with electronic structures having intermediate energetic 

levels in the forbidden gap, attributed to the creation of solitons and/or polarons 84. Electronic 

transport in isotropic-disordered media depends strongly on irregularities in material structure 

that determine the degree of carrier delocalization 13. The increase in 𝜎𝐴𝐶  (𝜔) can be attributed 

to the decrease in the charge binding energy and the transformation of the lattice structure 

from localization to delocalization 81. In the case of PAN, the formation of delocalized charge 

leads to enhancing its metallic character 85,86. 

It was reported that the electric response of 𝜎𝐴𝐶 in doped PAN  must be considered as 

the sum of two components. The first is due to dielectric relaxation in the polymer backbone 

and the second is related to the oscillations of polarons and bipolarons about their pinning 

centers 15,87,88. This last mechanism becomes more valuable as the doping level increases 87. 

The total measured conductivity at a given temperature and frequency arises from both DC 

and AC components, in general, obeying a power law with frequency 82,89,90: 

𝜎𝐴𝐶(𝜔) = 𝜎𝐷𝐶 + 𝜎𝐴𝐶(𝜔). 

Figure 5.3 shows a log-log plot of 𝜎𝐴𝐶  (𝑓)  of doped PAN samples synthesized with 

the three different approaches. One may infer that SF-PAN behaves like a metal in the sense 

that its conductivity will tend toward a frequency-independent behavior across the whole 

frequency range 13.  
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It is clear that SF-PAN has a zero value of s within the measuring frequency range (1 

Hz-1 MHz), as 𝜎𝐷𝐶  (𝑓)  represents a straight line corresponding to its 𝜎𝐷𝐶 values. In case of 

CF, it behaves almost like SF as its 𝜎𝐴𝐶  (𝑓)  tends toward an almost frequency-independent 

behavior up to 0.7 MHz as 𝜎𝐴𝐶  (𝑓)  represents straight line corresponding to its 𝜎𝐷𝐶 values. 

Then CF 𝜎𝐴𝐶  (𝑓) starts to be frequency dependent with s value of 0.16. CS-PAN has a 

significantly different 𝜎𝐴𝐶  (𝑓) behavior than SF-PAN and behaves as more frequency-

dependent than CF-PAN. CS has two values of s, first zero up to 0.5 MHz represents its 𝜎𝐷𝐶 

value, and then it becomes 0.51. It is obvious that CS starts to be frequency dependent at lower 

frequencies than CF with about 0.2 MHz, and CS shows greater frequency dependence than 

CF. The metallic character of HCl-doped PAN is strongly affected by synthesis approach.  

The observed metallic character agrees with the DC conductivity values and trend. 

The relatively low conductivity of CS with respect to SF and CF is confirmed again but for 

AC behavior, whereas DC measurements and their trends hid any frequency dependence 15. 

Also, this behavior indicates that the predominate charge binding energy has the general trend 

CS > CF > SF, which corresponds inversely as a generally increasing delocalized electronic 

structure (viz., SF > CF > CS) 81. 

The behavior of 𝜎𝐴𝐶(𝑓) strongly depends on the PAN synthesis approach, pushing the 

critical frequency, 𝑓𝑐 (𝑓𝑐 = 𝜔𝑐/2𝜋), to higher values with increasing conductivity and /doping 

level in the sample 13,90. However, CS-PAN is the only one here that has a clear 𝑓𝑐 within the 

measuring frequency range. Above 𝑓𝑐, the conductivity increases with frequency. It could be 

suggested that this increase in 𝜎𝐴𝐶(𝜔) with frequency above 𝑓𝑐 is due to the transformation of 

the its electronic/polaron lattice structure to more delocalization 81. 
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This behavior indicates that CS-PAN has the most localized electronic structure of the 

three sample types and appears to behave as if it is the most disordered, since the transition in 

𝜎𝐴𝐶(𝜔) above  𝑓𝑐 from the DC plateau into a dispersive high-frequency region is common 

with disordered materials 13,81. 

 

Figure 5.3. Frequency dependence on conductivity of HCl-doped PAN samples. 
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There is an unexpected contradiction with crystallinity being highest in CS-PAN, 

which should be the most ordered with respect to CF and SF (see Table 5.1), where 

crystallinity represents regularity and structural organization., This should thus be a favorable 

factor for intramolecular mobility of charged species along the chain and to some extent 

intermolecular hopping because of better and/or closer packing 91. But 𝜎𝐴𝐶(𝜔) measurements 

show that the electronically-inferred disordered trends do not agree with crystallinity, 

interchain separation, or crystalline domain size trends. 

To explain how CS-PAN with the highest degree of crystallinity behaves as the most 

disordered polymeric material, we need to recall the fact that an increase in 𝜎𝐴𝐶(𝜔) is 

attributed to a decrease in charge binding energy and the predomination of delocalized 

electronic structure 81. Therefore, 𝜎𝐴𝐶(𝜔) depends mainly on electronic structure, even in spite 

of apparent molecular disorder as indicated from x-ray diffraction data. If a relatively high 

degree of crystallinity, short interchain separation, and large crystalline domain size exit but 

predominate electronic structure is localized, this leads to poor electrical behavior of PAN.  

Poor electrical behavior of CS-PAN could be due to the formation of cross-linking structures 

54, encouraged by the slow oxidation conditions 18. The previous conditions may foster PAN 

chain growth with existing chains as well as other structural defects resulting in lower 

conductivity4,43, but it still facilitate high molecular ordering. In addition, slow exothermic 

polymerization with no noticeable change in the temperature of the reaction medium is a 

favorable condition for higher degree of crystallinity 43 compared to the more rapid and thus 

more thermally energetic reactions in CF and SF methods. On the other hand, CF and SF 

PANs consist mainly of chains with lower extent of cross-linking/hydrogen bonding, as 

explained in the FTIR discussion. The reason that the SF-PAN has the greatest conductivity 
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and a higher degree of crystallinity than CF is perhaps due to the formation of SF-PAN chains 

under relatively concentrated acidic conditions 19, though it may be difficult to reconcile this 

with the slow oxidation process at lower local acid concentrations that produce the highest 

crystallinity and highest delocalized electronic structure. 

The conventional trends between crystallinity, d–spacing, inter-chain separation, 

crystalline domain size, and conductivity are clearly observed 91. The SF samples exhibit 

larger domain size, shorter d–spacing and inter-chain separation, and higher conductivity than 

the fast oxidation (CF) product, as might also be expected by differences in polymer cross-

link density. The molecular regularity and organized structure defined by crystallinity is a 

favorable factor mainly for intramolecular mobility of charged species along the chain and to 

some extent intermolecular hopping because of better and/or closer packing 91. For this reason, 

SF samples are roughly ten times more conductive than CF samples. There is, of course, the 

sustained difficulty in reconciling the highest crystallinity of the three formulations being 

found for CS samples with the lowest conductivity. Apparently, both fast or moderate 

oxidation rate and high acidity favor good electrical behavior coupled with high crystallinity 

in HCl-doped PAN with predominate delocalized electronic structure, as indicated by weak 

frequency dependence of σAC. SF and CF PANs seem to be more homogeneous and ordered 

82, which could be attributed to the predomination of delocalized electronic structure 

(polaron/polaron lattice). The obtained results support the general notion that the degree of 

crystallinity depend on the synthesis approach 54. In addition, this highlights the importance 

of the synthesis approach impact on the degree of delocalization for prepared HCl-doped 

PAN.  
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It may be deduced that the SF approach allows the proper ordering and electronic 

delocalization extent in PAN molecules that contribute to the highest conductivity. The results 

for HCl-doped PAN show an interesting contradiction to the general rule that higher 

crystallinity should increase conductivity 92-96. Since both fast and slow oxidation products 

(CF and CS) were synthesized with the same dopant (HCl) ratios, the degree of electronic 

delocalization appears to depend only on the reaction conditions 54. Thus, an optimum in 

crystallinity for the maximum degree of electronic delocalization to provide the highest 

conductivity may be revealed with future fine-tuning of the oxidation rate and method for 

oxidant addition. 

 

Table 5.2. Domain size, interchain separation, and degree of crystallinity of PAN samples 

reported in previous work, chapter 2 18 in comparison with 𝜎𝐷𝐶   (S/cm) measured in this work. 
 

Sample 
Domain size 

L(Å) 

Inter-chain Separation 

R(Å ) 
Crystallinity 𝝈𝑫𝑪  S/cm 

PAN-HCl-SF 121.6 ± 9.0 4.4 66% 55.2 ± 0.2 

PAN-HCl-CF 46.3 ± 8.1 4.5 54% 6.0 ± 0.4 

PAN-HCl-CS 132.3 ± 9.0 4.3 73% 1.6 ± 0.7 

 

5.3.4. Dielectric Permittivity 

Typically, the frequency-dependent dielectric permittivity in organic polymers is 

dominated by reorientation of molecular dipoles 81,97. In dealing with conducting polymers, it 

must be realized that they usually contain a number of hopping charge carriers, which may 

lead to a great difference in the dielectric properties from insulators. A hopping charge carrier 

shows both dielectric characteristics, like a jumping dipole in its reciprocating motions, and 

conducting characteristics 98. The hopping of charge carriers can make a very substantial 
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contribution to ε′, and ε″, which are closely related to the polarization 99. The general dielectric 

behavior of conducting polymers often exhibits a relatively high dielectric constant at low 

frequency and a sharp decrease as frequency increases 100. It has been reported that the 

dielectric constant of doped PAN increases in the macroscopic metallic domains 101, as 

dielectric constant increases with the increase in conductivity 14,81. 

Figure 5.4 represents the measured real part of complex permittivity, ε′ (relative 

permittivity or dielectric constant), and the imaginary part of complex permittivity, ε″ 

(dielectric loss factor), from PAN samples (SF, CF, and CS). As ε′ represents the capacitive 

nature and ε″ represents the conductive nature, the electrical behavior of a sample can be 

traced by elucidating the dielectrical behavior involving ε′ and ε″ from the complex 

permittivity ε*, which are related as 100 

𝜀∗(𝜔) =  𝜀′(𝜔) − 𝑖 𝜀"(𝜔) = 𝜀′(𝜔) − 𝑖 [
𝜎(𝜔)

𝜀𝑜𝜔
]. 

As shown in Figure 5.4, a relatively high dielectric constant (ε′) was observed at low 

frequency and a rapid decrease with frequency as typical characteristics of a conducting 

polymer 14,82,100,102. However, ε′ slowly decreases with frequency at f < 100-1000 Hz, which 

may be due to the vanishing polarization angle changes (i.e., no polarization losses) at 

relatively higher frequencies 81. The impact of synthesis approach on ε′ corresponding to PAN 

samples is apparent. At low frequencies, the dielectric constant decreases as frequency 

increases, whereas upon reaching 100-1000 Hz, it became less dependent on frequency 

exhibiting a low value plateau at higher frequencies 100, where CF-PAN provides a typical 

example. Overall, the SF-PAN ε′ is highest with respect to CF and CS products across the 

frequency band under investigation.It was found that ε″ was also largest for SF-PAN, 

decreasing almost linearly in all samples 14,100,102 with a slope of -1 indicating that ε″ is 
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proportional to 1/f, and accordingly the AC conductivity is a constant, viz., the same as σDC, 

up to 1 MHz. This agrees with what was reported 99.  

The presence of a plateau in ε′ and the absence of a well-defined loss peak in ε″ are 

characteristic of charge-carrier systems 99,100. The obvious and significant impact of synthesis 

approach on ε′ and ε″ reveals differences that may be due to chemical and electronic structures 

in the nanopowders. It is obvious that electric charges being displaced inside the CS (stronger 

localization) 100. Synthesis approach which leads to higher doping can be in accord with the 

electrical conduction 89.The observed dielectric trends of the three HCl-doped PAN sample 

types agree with conductivity trends and their interdependence on each other 81,100,103, where 

their dielectric behavior can be elucidated in terms of the contribution of non-negligible 𝜎𝐷𝐶 

on measured loss (ε″) in the following way 99,104: 

𝜀𝑟
′′ =  𝜀𝑟𝐴

′′ +
𝜎𝐷𝐶

𝜔𝜀𝑜
 

And the corresponding 𝜎𝐴𝐶 is expressed as follows: 

𝜎𝐴𝐶 =  𝜔𝜀𝑜𝜀𝑟
′′ =  𝜔𝜀𝑜𝜀𝑟𝐴

′′ + 𝜎𝐷𝐶   

where 𝜀𝑟𝐴
′′  represents the loss caused only by alternating mechanisms in a conducting 

polymer. In fact, the high density of free charges able to across the sample is too high and 

hides potential polarization phenomena. A high dielectric constant encountered at low f is 

linked to the heterogeneity of materials, and true values are often hidden by electrode 

polarization effects 105.It is clear that the measured loss (𝜀𝑟
′′) includes contributions of both 

𝜀𝑟𝐴
′′   and 𝜎𝐷𝐶, because the measuring instrument cannot differentiate between them. 

Consequently, 𝜎𝐴𝐶 is also composed of these two contributions: the DC conductivity and the 

dielectric loss. If 𝜎𝐷𝐶   = 0 or is very low, ==> 𝜀𝑟
′′ =  𝜀𝑟𝐴

′′  and 𝜎𝐴𝐶 =  𝜔𝜀𝑜𝜀𝑟𝐴
′′ ; this is the case 

for insulating materials. On the other hand, if 𝜎𝐷𝐶 is large, ==> 𝜀𝑟
′′ ≈  

𝜎𝑑𝑐

𝜔𝜀𝑜
 and 𝜎𝐴𝐶 =  𝜎𝐷𝐶 =
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constant at low frequency; this is the case for conducting polymers. Therefore, the DC 

mechanism may dominate in measured loss at low frequency and AC loss may dominate at 

high frequency in conducting polymers 14,99.This is why the AC conductivity of SF-PAN was 

constant, and nearly so for CF-PAN, across the measuring frequency band 1 Hz-1 MHz, as 

shown in Figure 5.4. In the case of CS-PAN, conductivity was also roughly constant except 

at the high-frequency end where it increases but remains lower still than for CF-PAN. The 

variance in CS samples is likely due to it having the lowest 𝜎𝐷𝐶.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4. Frequency dependence of (a) dielectric constant (ε′) and (b) dielectric loss factor 

(ε″) for PAN samples. 
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It could be assumed that the density of charge carriers in SF-PAN is the highest; then 

it is expected that the dispersion of ε′ and ε″ would be the strongest, especially at low 

frequency 99. On the other hand, the relatively high ε′ and ε″ values of the SF-PAN (by roughly 

an order of magnitude over CS and CF PANs) imply that 𝜎𝐷𝐶  still plays an important role in 

determining their magnitudes. Therefore, a high 𝜎𝐷𝐶  value may generally be expected to 

provide high microwave absorptivity; consequently, finding methods for producing 

conducting PAN with enhanced conductivity is key to obtain a good EM absorber. 

5.3.5. Electric Modulus 

To analyze the conductivity relaxation property in more depth, the complex 

permittivity (ε*) is converted to the complex electric modulus M*(ω), because ε* is not 

completely suitable to describe the electrical properties of conjugated polymers 89,100,106. The 

real and imaginary parts (M′ and M″) of the electric modulus can be calculated from ε′ and ε″ 

as follows 14,100: 

𝑀′ =  
𝜀′

(𝜀′2
+ 𝜀′′2

)
 

𝑀′′ =  
𝜀′′

(𝜀′2
+ 𝜀′′2

)
 

The complex electric modulus is also expressed by 

𝑀∗(𝜔) = 𝑀′(𝜔) +  𝑖 𝑀′′(𝜔) 

M*(ω), which is inversely proportional to the complex dielectric permittivity 106, characterizes 

the dynamic aspects of the charge motion in conductors in terms of a relaxation in an electric 

field. Hence, this M*(ω) description can explain the dispersion of ε* with the frequency 

without any “molecular” polarization phenomena 100. From the M′ and M″ of PAN samples 

shown in Figure 5.5, the dispersions of M′ and M″ indicate the presence of the relaxation-time 
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distribution of conduction. M′ in Figure 5.5(a) approaches zero at low frequencies, indicating 

that the electrode polarization gives a negligible low contribution to M′ and can be ignored 

100. After keeping a low value, M′ steeply increases after 0.07, 0.09 and 0.5 MHz, respectively, 

for CS, CF, and SF PAN nanopowders. Figure 5.5(b) shows the frequency dependence of the 

imaginary part of the electric modulus doped with three different approaches. As expected, 

CF and CS PANs seem to have maximum M″ in these frequency regions at 0.6 MHz and 0.64 

MHz, respectively. On the other hand, SF-PAN has a peak maximum of the M″ curve appears 

to be located beyond the interval of frequencies used in these measurements, which may be 

attributed to mixed conduction or an enhanced contribution of DC conductivity to the 

measured AC conductivity 89. The latter is expected due the relatively higher conductivity of 

SF with respect to CF and CS. 

 It was obvious that manipulating the synthesis approach leads to the appearance of M″ 

in the higher-frequency regions, which means enhanced DC conductivity 14,100,105, as can 

be seen in the SF case. The intensity of the electric modulus seems to be inversely dependent 

on the DC conductivity 100. For lower conductivity, the observed ε′ and ε″ values are 

relatively low and the M″ relaxation peak (conductivity relaxation 102,105) is seen at 

relatively low frequency 100,107; this peak shifts toward higher frequencies with increasing 

DC conductivity 100. This behavior indicates a significant difference between PAN samples, 

due to possible relative differences in delocalized charge density 100 as a direct impact of 

their synthesis approach. The localized charge carriers under an applied AC electric field can 

hop to neighboring sites like the reciprocating motion of a jumping dipole or can jump to 

neighboring sites, which form a continuous connected network, allowing the charges to travel 

through the entire physical dimensions of the sample and causing the electric conduction 102. 
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The non-monomodal distribution of the electric modulus in the higher-frequency region could 

not be found because of the limitation of the measurement region. This may also be due to the 

complicated conduction process or various PAN phases 100 

 

 

Figure 5.5. Electric modulus of PAN samples (CS, CF, and SF). 

 

Figure 5.6 shows the complex plane of M′ and M″ for all three PAN sample types, 

represented as arcs with their centers and the radii of the arcs seeming to be dependent on the 

synthesis approach, e.g., CS, CF, SF. It has been reported that the radius of the arc of the 
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complex plane diagram is dependent on the electrical conductivity of the samples, as the larger 

arc means lower electrical conductivity 87,100,106.  

It was found that the samples have different radii of their arcs, showing also differences 

in the length of the arc, which means different chain structures 100 and doping levels 106, 

irrespective of the impact of synthesis approach. When complex planes for the electric 

modulus do not form semicircles, it can be concluded that different conduction mechanism 

are employed since  it conflicts with the ideal Debye model of a single relaxation time 100. The 

observed dielectric behavior of HCl-doped PANs represent a significant difference in polymer 

chain structure 100 relatable to the synthesis condition effects. The difference in chain structure 

is likely due to different degrees of cross-linking and hydrogen bounding as shown in the 

FTIR interpretation. 

 

 

Figure 5.6. Complex plane diagram for the electric modulus of PAN samples (CS, CF, and SF).  
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5.4.Conclusions 

In this current work, it was possible to distinguish between branching and cross-

linking in HCl-doped PAN samples prepared with different synthesis approaches (CF, CS, 

and SF) by utilizing full FTIR band characterization (400 – 4000 cm-1). The relative extent of 

branching and/or cross-linking in PAN samples was estimated from the predomination of IR 

bands corresponding to 1,4-disubstituted rings and the absence of any other bands 

corresponding to any other polysubstitution. The possibility of having significant branching 

was estimated from the observation of (or lack thereof) any polysubstitution bands coexistent 

with the 1,4-disubstituted bands and the absence of bands corresponding to intermolecular 

cyclization such as phenazine. The coexistence of all the previous bands could indicate 

significant heterogeneity in the PAN sample. 

The CS approach is favorable for maximizing the extent of intramolecular cyclic 

phenazine as cross-linking units and hydrogen bonding. As a result, the charge is probably the 

most localized as dications (bipolaron) in CS-PAN. Its chains may furthermore have 

supramolecular assemblies 25 and the most compact-coil chain confirmation 76, which both 

agree with UV-Vis and XPS analyses in chapter 3. These features may be preferred by the 

slower oxidation rates, which means PAN chains growing with other existing chains (rather 

than by monomer addition), with a higher probability of structural defects impacting the 

electrical and electronic behavior 4,43. On the other hand, the SF and CF approaches appear 

favorable for relatively limited branching in PAN with low extent of cross-linking and 

hydrogen bonding, thus indicating that the charge is more delocalized as a result of partial 

masking or screening as suggested by the extended absorption tail of the protonated PAN 61. 
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If a relatively high degree of crystallinity, short interchain separation, and large 

crystalline domain size exit but predominate electronic structure is localized, this leads to poor 

electrical behavior of PAN materials. The AC conductivity (𝜎𝐴𝐶(𝜔)) and dielectric 

permittivity measurements (ε′ and ε″) showed an unexpected contradiction to the highly 

oversimplified general rule that higher crystallinity should provide increases conductivity and 

dielectric permittivity 92-96. It was found that CS-PAN,  the most crystalline (~77%) material 

of the three synthesis methods, acts as the most disordered sample with respect to SF and CF 

PANs in electrical properties; it has the most localized electronic structure of the three sample 

types. On the other hand, SF-PAN with a moderate crystallinity (~66%) behaves more like a 

metal in the sense that its conductivity tends toward a frequency-independent behavior 13 

across the tested frequency range (1 Hz-1 MHz). Apparently, both fast/moderate oxidation 

rate and high acidity favor HCl-doped PAN synthesis with delocalized electronic structures 

(polaron/polaron lattice), as indicative from poor frequency dependence of σAC(Co in SF and 

CF PANs 82. 

Dielectric permittivity measurements showed that the SF approach leads to the highest 

values of ε′ and ε″. The relatively high ε’ and ε” values imply that σDC still plays an important 

role in determining the magnitudes of ε’ and ε”. The lowest values in CS-PAN confirm that it 

has the strongest charge localization of the three 100. The observed dielectric trends of PAN 

samples agree with conductivity trends and the reported conductivity/dielectric dependence. 

Therefore, a high σDC  value may generally indicate high microwave absorptivity; 

consequently, raising the DC conductivity of a conducting polymer PAN is the key to obtain 

a good electromagnetic interference (EMI) absorber.  
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The SF approach enhanced the dielectric constant and dielectric loss with about an 

order of magnitude over conventional synthesis, which has high promise as a process 

application for maximizing EMI shielding in PAN-based materials. 

It is further deduced that the unconventional solvent-free or solvent limited approaches 

are likely key to prevent the cyclization of branched chains and minimize the possibility of 

hydrogen bonding/cross-linking in HCl-doped PAN that would reduce the effectiveness for 

EM shielding. The solvent and/or oxidant concentration and accessibility to each other appear 

to provide a fine-tuning potential for controlling the property outcomes for doped PAN 

polymerization. The SF approach seems to lead to proper ordering and electronic 

delocalization extent in HCl-doped PAN molecules to contribute to enhanced conductivity 

over the classical chemical oxidation approaches (CF and CS). These conventional methods 

are not recommended since they lead to maximizing crystallinity with cross-linked structures. 

There appears to be an intermediate optimum in crystallinity with respect to 

electrical/dielectrical behavior. Since both fast and slow oxidation products (CF and CS) were 

synthesized in excess solvent with the same dopant (HCl) ratios, the degree of electronic 

delocalization appears to depend on the reaction condition rather than on the doping level 54. 

Therefore, an optimization between conductivity and crystallinity for the maximum degree of 

electronic delocalization should be revealed with fine-tuning of the rate and method for 

oxidant addition. 
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CHAPTER 6 

Solvent-Limited versus Solvent-Free Unconventional Approaches for 

Synthesizing Nano-PTSA-Doped PAN for Broadband EM Shielding 

 

6.1. Introduction 

In previous Chapters (2-5), the impact of HCl-doped PAN prepared via different 

approaches on different physical and chemical propertied of the prepared PAN were studied 

in detail. According to the results, the synthesis approach of limiting available solvent plays a 

critical role in the fine-tuning of chemical/electronic/conformational structure(s) and 

crystallinity in addition to affecting the (bulk) electrical/dielectrical properties and 

electromagnetic (EM) shielding potential of the HCl-doped PAN directly through doping 

levels as all interconnected. In previous work 1, it was reported that HCl-doped PAN 

nanoparticles showed an interesting contradiction to the general rule that higher crystallinity 

increases conductivity 2-6, i.e., the PAN nanopowders prepared via a slow oxidation approach 

(CS) were significantly more crystalline with similar or lower conductivity and lower EM 

shielding than PAN samples prepared via fast oxidation (CF). 

In this chapter, a similar study is carried out utilizing another dopant to test the 

recently supported working hypothesis that the solvent addition method is critical in PAN 

synthesis with simultaneous doping and to investigate similarities and differences that might 

be related to the dopant species of interest. The organic species p-toluene sulfonic acid (PTSA) 

was selected as the dopant candidate for this work rather than another inorganic acid in order 

to look for greater variation in comparisons with HCl doping.  
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It was important to identify the impact of synthesis approach on the EM shielding 

potential of the PTSA-doped PAN samples as it was clarified in the case of the HCl-doped 

PAN in Chapters 2 and 4. One of the main aims of utilizing another dopant candidate is to 

confirm a general effect of limiting solvent—either to a minimum or to some optimum level 

and mixing procedure—on the relation between conductivity, crystallinity, 

chemical/electronic conformation and EM shielding. A second hypothesis that will be tested 

by UV-vis and EM measurements ( sections 6.4.4 and 6.4.5 respectively) is that the extent of 

delocalized charge distributions and/or polaron lattice-supporting polymer structures can be 

finely tuned toward optimal conditions for EM interference (EMI) shielding applications by 

the synthesis approach of carefully controlling solvent availability during doping-

polymerization.  

Furthermore, two different “unconventional” approaches will be tested on the PTSA-

doped PAN synthesis products. Whereas the HCl studies for “solvent-free (SF)” nanopowders 

all used HCl concentrate (36%) without the addition of more solvent—the water available in 

the HCl solution only cannot be totally removed—to compare against the two excess solvent 

regimes (fast and slow addition with pure water diluting the reaction conditions; CF and CS), 

the use of PTSA also a more truly solvent-free reaction in a similar method of grinding for 

simultaneous polymerization and doping. While the SF medium for HCl-doped PAN 

production was a paste with some very low water content, the PTSA is solid powder allowing 

a completely solvent-free reaction, other than what trace amounts of water may absorb from 

atmospheric conditions, etc. In order to explore the impact of the limited solvent more 

completely than was possible in the case of HCl-PAN, a direct comparison between truly 

solvent-free conditions and carefully controlled, limited addition of solvent (water) can be 
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accomplished with PTSA for the first time, to the best of our knowledge. A very limited 

amount of water was applied to the reaction medium in order to have a paste comparable to 

the HCl-PAN “solvent-free” conditions, as described in the methodology section. This later 

approach is now referenced as SL in this chapter to distinguish it from the SF procedure for 

PTSA, where again no solvent is present. Thus, two unconventional approaches are compared 

with the conventional approach (used in the previous Chapters) with fast (CF) and slow (CS) 

reactions controlled by addition rate of oxidizing solution (see Chapter 2 for details). 

Finally, it was very important in this current work to examine any changes in the 

shielding potential, as the primary property for ultimate application, of the PAN doped with 

the conventional approach in switching the dopant from HCl (Chapters 2 and 3) to PTSA 

(current study). The structure-property relationships of the nanopowders from different 

synthetic procedures will be utilized to examine the PTSA case in connection with high-

frequency EM response observed in the previous case of HCl (Chapters 2 and 4). The EM 

measurements are expected to confirm the proposed electronic structures for charge 

delocalization in PTSA-doped PAN samples as examined via UV spectroscopy—exhibiting 

the necessary charge delocalization for substantial improvements in EM field responses over 

existing forms of PAN previously produced and studied, both in this dissertation and in the 

current literature. In this chapter, EM measurements are correlated to the impact of 

crystal/electronic/conformational structures and conductivity of the prepared PTSA-doped 

PAN samples on shielding effectiveness (SE) behavior with frequency. The impact of 

crystallinity and conductivity obtained from nanopowders made by the variant synthesis 

approaches will also be elucidated. 

 



196 

 

6.2. Materials and Methods 

Aniline (99.5%, ACS reagent grade, Aldrich) was purified by distillation with zinc 

dust before use 7,8. The sulfonic acid dopant p-toluene sulfonic acid (98.5%, ACS reagent 

grade, Alfa Aesar Chemicals) and the oxidant ammonium peroxydisulfate (98%, ACS reagent 

grade, Aldrich) were used as received. PTSA-doped PAN samples were prepared similarly to 

the previous reported procedures 1. PAN samples were prepared with solvent-limited (SL), 

solvent-free (SF) and conventional (solvent-based) chemical oxidations under slow (CS) and 

fast (CF) production rates as controlled by the addition of aqueous ammonium peroxydisulfate 

(APS), both described below in detail. 

6.2.1. Solvent-Limited (SL)/Solvent-Free (SF) Synthesis 

It should be first noted that the “solvent-limited (SL)” label refers to the aniline 

monomer, dopant (PTSA), and oxidant (APS) being used in their as-prepared and as-received 

states with a small amount of solvent in a reaction medium compared to the two conventional 

methods. On the other hand, “solvent-free (SF)” label refers to reactants being used in their 

as-prepared and as-received states without first dissolving them in a reaction medium 

(solvent), though certainly the SF reaction chemicals are completely void of solvent, unlike 

the HCl-PAN scenario. 

A typical SL polymerization procedure at room temperature (~18–24°C) was followed 

with 0.1 mole of the doping acid PTSA with 5 mL of DI water ground in a 250-mL glass 

mortar. Freshly distilled aniline (0.05 mole per batch) was added dropwise while grinding 

manually for 10 min. Very small dropwise portions are needed in order to minimize the 

released fumes and prevent overheating of the reaction medium since aniline reacts violently 

with acids 9. The reactant mixture became a white paste after grinding. Separate grinding of 
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0.05 mole APS in an agate mortar produced a fine powder, which was subsequently added in 

small portions to the white paste reactant in order to avoid overheating from the highly 

exothermic oxidative polymerization 10,11. Approximately 0.5 g APS was added in between 

grinding the reactant mixture for ~1-2 min in cycles until the entire batch was uniformly 

ground and finally attained the appropriate greenish-black color indicative of the PTSA-doped 

PAN nanoparticles reproducibly from batch to batch. This product was transferred to a 500-

mL beaker where 50 mL of acetone, 100 mL of ethanol and 100 mL of DI were added then 

mixed for 1 h in order to quench the polymerization reaction and to dissolve oligomeric 

impurities 12-14. The rest of the product mixture was filtered and washed with acetone, ethanol, 

and distilled water, in series, until the filtrate from each solvent stage was colorless in order 

to confirm the adequate removal of unreacted chemicals and excess acid 15,16. Finally, the 

powder was dried at room temperature for 72 h. A typical SF polymerization at room 

temperature (~18–24°C) had the same previous procedures as SL except that the 5 mL DI 

water was not added during the grinding reaction steps. 

6.2.2. Conventional Chemical Synthesis: Fast (CF) and Slow (CS) Oxidations 

Typically, 0.1 mole of PTSA was dissolved in 1000 mL of DI water with mixing on a 

magnetic stirrer (1000 rpm) for 15 min, followed by dropwise addition of 0.05 mole of the 

same freshly distilled aniline with mixing for another 15 min. Then 0.05 mole of APS 

dissolved in 50 mL of DI water was added. In case of conventional chemical oxidation with 

fast reaction (CF), the oxidizing APS solution was added all at once to the reactor vessel. On 

the other hand, the slow reaction procedure (CS) added the same APS solution amount with 

constant rate of 0.1 mL/min. Both reaction protocols were conducted at room temperature 

(~18–24°C). The reaction solutions were mixed for 12 h after APS addition. Then 50 mL of 
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acetone and 100 mL of ethanol were added and mixed for 1 h, similar to the SL and SF samples 

above except that no additional DI water is needed for the conventional solvent-rich synthesis 

12-14. The remaining products were filtered, washed, and dried identically to the SL and SF 

samples. 

 

6.3. Characterization 

6.3.1. DC Conductivity Measurements 

Typically, 0.05-g samples were pelletized in a special homemade cell. The dimensions 

of the standard pellet under testing were 5-mm diameter and 1.2±0.1-mm thickness. Figure 

6.1 shows a schematic diagram of the home made cell used for measuring the DC conductivity 

of the samples.  

 

 

 

 

 

 

 

 

Figure 6.1 Schematic diagram of the home made cell used for measuring the DC conductivity 

of the samples. 
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DC conductivity (𝜎𝐷𝐶) of the samples was measured at room temperature on pressed 

pellets by a two-point probe technique 17-19. Sample (𝜎𝐷𝐶) was calculated by the following 

equation 20: 

𝝈𝑫𝑪 =  
𝑳𝒄

𝑹∗𝑨𝒄 
  

where 𝐿𝑐 is sample thickness, 𝐴𝑐  is sample surface area, and 𝑅 is the measured resistance of 

the sample. 

Three pellets were prepared for each sample. Current-voltage (I-V) measurements 

were  

carried out via a Keithley 4200 SCS semiconductor parameter analyzer. Dual sweep mode 

was operated within a voltage range -0.1 to 0.1 V, and 0.01 V stepwise. Each I-V measurement 

was repeated 11 times at least for every pellet for reproducibility confirmation. The values 

reported are averaged over 33 readings for each sample. 

6.3.2. Morphology: TEM 

Morphological characterization was carried out by transmission electron microscopy 

(TEM-JEOL JEM 2010) operating at 200 kV. A drop of diluted suspension of each sample 

was applied to a copper grid coated with carbon film (FCF-150-Cu). 

6.3.3. Crystallinity: XRD 

A Siemens D5000 powder X-ray diffractometer (XRD) was used with a copper target 

(Cu Kα) and wavelength (λ) of 0.15418 nm. Data were collected in the range of 2θ = 2° to 40° 

21,22 at a resolution of 0.01° per step with an 11-s integration time per step. The d-spacings 

were deduced from the angular position (2θ) of the observed peaks according to the Bragg 

formula 23: λ = 2dsinθ. The crystalline domain size, or the extent of order L, of the highest 

intensity crystallite peaks was estimated using the Scherrer formula 13: L = kλ/(βcosθ), where 
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k is the shape factor for the average crystallite (≈0.9), and β is the peak’s full width at half-

maximum (FWHM) in radians 24. The inter-chain separation length (R), corresponding to the 

most intense crystallite peak of Bragg diffraction patterns from the PAN samples, was 

determined from the relation given by Klug and Alexander 25: R = 5λ/(8sinθ). The percent 

crystallinity has been calculated by using the Manjunath’s formula 5,26-28. According to this, 

the resolution of the peak R for X-ray spectrum with heights h1 and h2, and minima m1 is given 

by 

𝑅 =
2 𝑚1

ℎ1 + ℎ2
. 

In the case of polymers, where there are more than two peaks as in polyaniline, all the peaks 

and the minima between them are measured. Thus, for any polymer 

𝑅 =
 𝑚1 + 2𝑚2 + ⋯ ⋯ ⋯ + 𝑚𝑛 

ℎ1 + ℎ2 + ⋯ ⋯ ⋯ + ℎ𝑛
 

where m1, m2… are the heights of minima between two peaks and h1, h2… are the 

heights of peaks from the baseline. Then (1−R) gives the lateral order or the index of 

crystallinity. 

6.3.4. UV–Visible Spectra  

The UV analysis was carried out using a SHIMADZU-UV-11700 UV–visible 

spectrophotometer over the range 350-1100nm. The testing was carried out taking only the 

soluble portion of PAN in m-cresol, sample concentrations were ≈0.2 mg/ml. 

6.3.5. Electromagnetic Shielding Efficiency (SE) 

 In order to determine SE of the samples under test and confirm their relative 

performance, coaxial-guided transmission line techniques were employed from the pertinent 

literature descriptions.29,30 A mass of 0.06 g ± 0.01 mg of each PTSA-doped PAN 
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nanopowders prepared from different synthetic approaches was selected to be pressed inside 

the sample holder. The dimensions of the sample under testing inside the coaxial holes are 

1.27 ± 0.05 mm inner diameter, 4.56 ± 0.05 mm outer diameter and 6 ± 0.05 mm length. Three 

samples were prepared for each synthetic approach with a total of 12 samples. HP8510C 

network analyzers were used to investigate EM shielding potential within a broad band of 2-

14 GHz. A full two-port calibration was performed before testing in order to remove 

systematic errors 30,31. The dependence of SE on absorption and reflection losses were 

investigated as a function of frequency and synthesis conditions. The coaxial-guided 

transmission line setup was used in this Chapter was in similar fashion as shown in Chapter 4 

(Figure 4.1), in contrast to the Chapter 2 waveguide experiments. 

 

6.4. Results and Discussions 

6.4.1. DC Electrical Conductivity (σDC) 

The current-voltage (I-V) curves of the PTSA-doped PAN samples are shown in 

Figure 6.2, indicating ohmic behavior in all types at room temperature 32 with electrical 

resistance increasing as follows: SL (15.4 ± 0.6 S/cm) < CS (4.5 ± 0.1 S/cm) < SF (1.6 ± 0.4 

S/cm) < CF (1.3 ± 0.3 S/cm). The differences are likely due to the impact of the formulation 

conditions on the final chemical/electronic/conformational structure and material crystallinity, 

as it was suggested in previous chapters and by others. The experimental values of PTSA-

doped PAN (CS, CF and SF) fitted within the range of conductivities previously reported for 

HCl-doped PAN 2,33-35. However, the nearly order of magnitude increase in conductivity for 

the SL samples is higher than CF and SF and almost four times higher than the CS. It is now 

further substantiated through this very different dopant system that the synthesis approach is 
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capable of tuning electrical properties of PTSA-doped PAN, similar to what was observed in 

case HCl-doped PAN but with a different trend. The possible explanation about different 

electrical behavior trends observed in the PTSA-PAN will be discussed later. 

 

Figure 6.2. I-V curves from two-terminal measurements on four PAN samples doped with 

PTSA: CF and SF overlap symbols. 

 

6.4.2. Morphology 

It was interesting to observe that utilizing different synthesis approaches led to 

significant differences in morphology and particle size rage for the PTSA-doped PAN. 

Regarding the unconventional approaches SF and SL (Figure 6.3a-b), it seems tuning up the 

SF approach with a limited amount of solvent, as mentioned in the methodology section, led 

to a significant change in particle size distributions. The SL approach produced regular nano-

polygons and nanospheres with an estimated particle size of 20-30 nm and less. On the other 
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hand, the SF method without solvent led to PAN nanoparticles also with regular nano-

polygons and nanospheres but of an estimated particle size of 100-200 nm and less.  

The similarity in particle shapes between SL and SF as shown by the red circle in 

Figure 6.3a and 6.3b may be an indication of similarity in crystal structure (distributions), to 

be discussed later in the XRD section. This could be suggestive that tuning the solvent ratio 

with respect to reactants may play an important role in controlling particle size (distributions) 

and possibly other morphological properties of the prepared PTSA-doped PAN. 

The representative TEM micrograph of slow oxidation products (CS) shows the largest 

aggregates of nano-polygon morphologies (Figure 6.3c). The average particle size is about 

200-300 nm. Recalling the observation in Chapter 2 about the impact of the CS approach on 

particle size in HCl-doped PAN 1, the relatively large sized PTSA-doped PAN builds to a 

generalized expectation that slow oxidant addition will likely bias toward larger primary 

polymer particles. Moreover, the shape of the CS nanoparticles may indicate different 

crystalline structure(s) with respect to the unconventional approaches of SF and SL (see XRD 

section). 

There is an obvious contrast with the fast oxidation products CF (Figure 6.3d) giving 

the most irregularities to the nano-polygon morphologies and a broad particle size and shape 

distribution. These noticeable irregularities could be due to the mixed PAN phases, discussed 

later with XRD results It is difficult to estimate the particle size quantitatively due to the 

broad-ranging character of irregular shapes, though they appear to vary from 30 to 300 nm. It 

is intriguing and perhaps indirectly relevant for future expansion on this work that previous 

studies on solvent-free and solid state synthesis approaches reported nanofibers rather than 

the nanoparticles produced in this work 36,37. 
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Figure 6.3. The TEM images of PTSA-doped PAN samples prepared with different 

approaches: (a) SL, (b) SF, (c) CS, and (d) CF. Note scale bars of 20 nm (a), 100 nm (b) and 

200 (c-d).  
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6.4.3. XRD Characterization 

X-ray diffraction data allows examination of the impact of particular synthesis 

approaches on the crystal structure, crystallinity, and polymorphism of the prepared PTSA-

doped PAN nanopowders. The XRD patterns show distinct differences between each PTSA-

PAN sample type, which have almost identical chemical compositions (Figure 6.4). The 

relative clarity and sharpness of the observed peaks represent the impact of synthesis approach 

on PAN chain ordering, crystal structure and crystallinity as reported in Table 6.1. The 

intensity (peak height) represents the population of crystallite in certain planes and the 

sharpness of the peak represents the degree of regularity or ordered arrangement of polymer 

chains in that crystallite type 38. Depending on the synthesis protocol, two different crystalline 

forms as well as significantly different degrees of crystallinity of PTSA-doped PAN were 

observed to be 54%, 70%, 77% and 63% corresponding to CF, CS, SF and SL, respectively 

(Table 6.1). The differences in broadness observed (Figure 6.4) show that the disorder is very 

anisotropic (not the same in all directions) 39. 

The main diffraction peaks of PAN salt were resolved. Comparison of the measured 

d-spacings and Bragg intensities of PAN samples with literature values led to the 

identification of two polymorphic families, ES-I and ES-II 21,40-45,46 ,47-50, as shown in Table 

6.1. As reported previously, class I consists of PAN prepared in the conducting doped PAN 

salt form, while class II consists of materials prepared in the insulating PAN base form 3,40-42. 

In the current work, both classes (I and II) were prepared from the conducting PTSA-doped 

PAN salt form of aniline. 
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Figure 6.4. XRD diffraction pattern of PTSA-doped PAN synthesized under different 

protocols: SL (top), CS, SF, CF (bottom). 
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Table 6.1. XRD data analysis summary of PTSA-doped PAN samples 21,40-45,46 ,47-50. 
 

 

Sample 2θ d(Å) 

Domain 

size 

L(Å) 

Inter-chain 

Separation 

R(Å) 

khl Phase 
Crystallinity 

% 

CF 6.5vw 13.6    Mixed 

(ES-I/ES-II) 

54 

9.1vw 9.7   (001) ES-I 

10.1vw 8.8   (010) ES-II 

15.6sh 5.7   (010) ES-I 

20.1 4.4 27.2∥ 5.6 (100) ES-I 

(020) ESII 

25.5 3.5 40.0⊥ 4.4 (110) ESI 

(020) ESII 

CS 6.8 12.9 113.8   ES-I 

pseudo 

orthorhombic 

70 

9.0 9.8 58.1  (001) ES-I 

15.1 5.9 34.0  (010) ESI 

20.4 4.4 40.4∥ 5.5 (100) ESI 

25.2 3.5 66.6⊥ 4.4 (110) ESI 

26.9sh 3.3   (111) ESI 

SF 9.5 9.3 90.5  (010) ESII ES-II 

Orthorhombic 

77 

19.2 4.6 81.4∥ 5.8 (020) ESII 

25.6 3.5 65.4⊥ 4.4 (200) ESII 

28.6sd 3.1   (210) ESII 

SL 9.9 8.9   (010) ESII ES-II 

Orthorhombic 

63 

19.2 4.6 74.7∥ 5.7 (020) ESII 

25.5 3.5 35.6⊥ 4.3 (200) ESII 

29.0sh 3.0   (210) ESII 

 

Table 6.2 shows the diffraction peaks of the samples and the proper assignments. It 

was found that all the samples have two main diffraction peaks can be seen at 20° (4.4 Å) and 

25° (3.5 Å). The first one corresponds to the (100) plane and/or (020) plane of ES-I and ES-

II, respectively (Table 6.2). This diffraction peak arises from periodicity parallel to PAN 

chains 51-57. The second one corresponding to (110) plane and/or (200) plane of ES-I and ES-

II, respectively (Table 6.1). This diffraction peak arises from periodicity perpendicular to PAN 

chains 52-58. The observed diffraction peak at 15° (5.9 Å) corresponds to the (010) plane of 

ES-I, which assigned repeating units of PAN chain 51,54,59. The d-spacing of 5.9 Å could 

correspond to the compact packing distance between dopant within the dopant layer 40.  
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The diffraction peaks at 9° (9.8 Å) and 10° (8.8 Å) are corresponding to (001) and 

(010) of ES-I and ES-II, respectively. These peaks arise from the periodicity of repeating units 

of PAN chains 51,54,59. 

 

Table 6.2. XRD diffraction peak assignments of PTSA-doped PAN samples. 

2θ (Degree) 
Assignments Refs. 

SL SF CS CF 

6.3vw 6.5vw 6.5 6.5 
Aniline/dopant acid salt penetration 

Long-range order. 

51,52,58 

51,52 

9.9 9.5 9 9.1/10.1 repeating units of PAN chain 51,54,59 

 --- 15.1 15.6sh ES-I interchain reflection. 39,42,47,50 

19.2 19.2 20.4 20.1 Periodicity parallel to PAN chains 51-57 

25.5 25.6 25.2 25.5 Periodicity perpendicular to PAN chains 52-58 

----- 28.6sd 26.9wsh  
Periodicity of π−π stacking of rigid 

phenazine-like/cross-linking structures. 

52,56,58,60,61 

 

The XRD patterns indicate that the SL and SF approaches lead to mainly ES-I, where 

the majority of SL and SF PAN chains is orderly arranged on the d200 crystal plane. SF and SL 

diffraction patterns are compatible pseudo-orthorhombic lattice structures 41,42,62,63, where the 

chains have their zigzag backbone in-phase 39. The possibility of being also compatible with 

monoclinic lattice 39,43,64 or triclinic 64 still exists. The SF peaks are sharper and more intense 

than SL, which confirms the presence of high crystallinity and/or ordering in the SF with 

solvent-free conditions imposed on their reactions. Also, it was observed that crystalline 

coherent length in polymer chain direction and transverse (𝐿∥) and (𝐿⊥) of SF is relatively 

longer than SL. This agrees with the observed crystallinity trend (Table 6.1) and the 

expectation that concentrated acidic conditions favor higher crystallinity for doped PANs 1,17. 

Higher crystallinity may also correlate with more cross-linking 1,55.  
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In the SF diffraction curve, a shoulder at 29° (3 Å) could be assigned to the periodicity 

of π−π stacking of rigid phenazine-like/cross-linking structures 52,56,58,60,61. This same shoulder 

is weaker in SL samples, perhaps indicating an intermittent crystallinity and/or lower extent 

of cross-linking compared to SF PTSA-doped PAN, supporting the general notion that while 

the degree of crystallinity depends on the synthesis approach 65 it is not the only factor of 

importance to maximize conductivity. 

The diffraction pattern of CS PAN indicate that the majority of polymer chains are 

orderly arranged on the d110 crystal plane. The pattern is compatible with the ES-II 

orthorhombic lattice 39,42,43,64,66 composed of layers of chains having their zigzag backbone 

out of phase 39. The observed diffraction peak at 6.5° (12.9Å) is corresponding to 

aniline/dopant acid salt penetration 51,52,58 and/or long-range order 51,52. The diffraction from 

ES-I and ES-II structures mainly differs by the interchain (010) reflection at d ≈ 5.9 Å in ES-

I and at d ≈ 8.9 Å in ES-II, and the intrachain (001) reflection at d ≈ 9.9 Å in ES-I, which is 

not allowed in ES-II 42. The (100) and (110) ES-I reflections at d = 4.4 Å and 3.56 Å are very 

close to the (020) and (200) interchain reflections observed at d = 4.1 Å and 3.5 Å, 

respectively, in the ES-II structure 42. 

Also, it was observed that the CS crystalline coherent lengths in the polymer chain 

direction and transverse (𝐿∥) and (𝐿⊥) are relatively shorter than for SF (Table 6.1), which 

agrees also with the crystallinity trend. The relativity high crystallinity and low conductivity 

of CS with respect to SL could be attributed to CS samples having relatively high cross-linked, 

as its diffraction pattern has a shoulder at 26.9° (3 Å), which could be assigned to the 

periodicity of π−π stacking of rigid phenazine-like/cross-linking structures 52,56,58,60,61. Again, 

the negative impact of cross linking on conductivity is confirmed.  
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In the case of CF-produced nanopowders, the observation of two relatively weak and 

broad diffraction peaks corresponding to d-spacings of about 9.1° (9.7 Å) and shoulder at 

15.6° (5.7 Å), associated with the (010) reflection of the ES-II and ES-I structures 42, 

respectively, suggests that there is a mixture of ES-I and ES-II local orders and the chains are 

not orderly arranged on a certain crystal plane. The CF crystalline coherent lengths (𝐿∥) and 

(𝐿⊥) are found to be the shortest with respect all the PTSA-doped samples (Table 6.1), which 

agrees also with the crystallinity trend. The CS method is apparently favorable for increasing 

crystallinity over the CF protocol  1,67, even though both conventional approaches provide 

solvent-rich conditions, which agrees with the HCl-PAN cases, as well. Though the origin of 

the polymorphism (classes I and II) was recognized in many sources 27,40-43,48,50,68, the fact that 

the form seems to depend on the synthesis route and not on the anion suggests it is due to the 

arrangement and the nature of chains 39.  

A further interpretive complication arises from the crystalline domain sizes for CF, 

CS, and SF samples being smaller than the particle sizes observed with the TEM. Cross-

linking leads to shorter conjugated lengths and more localized polarons for a lower 

conductivity1,55. These two details suggest that rather than a whole-particle mix of two 

populations of fully crystalline and fully amorphorous PAN nanoparticles, it is more likely 

that most nanoparticles have an internal blend of crystalline, transition, and amorphous 

regions 1,50. Without knowing the quantitative characteristics in this regard from the analytical 

techniques available for this work and their limitations, these variations in nanoparticle 

morphology could easily account for the relativity lower conductivity in CF, CS and SF 

sample types with respect to the SL nanopowder. On the other hand, the obtained crystalline 

domain sizes for SL PTSA-doped PAN were very close to the estimated particle size observed 
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with TEM, which may be an indication of the presence of nearly single-crystal nanoparticles 

in the SL case. It may be deduced that the SL approach allows the proper/optimal ordering 

extent of PAN molecules and contributes to the higher conductivity than the other approaches. 

One report observed that doped PAN can exhibit intermediate crystallinity with a more 

“metallic” nature than either relatively higher or lower crystallinity samples 42 while others 

showed slight degradation of metallic behavior in spite of an increase in crystalline domain 

size 40. In concert with the observations from this current dissertation, an optimum crystallinity 

for maximum conductivity should correspond to an optimum chemical/electronic/ 

conformational structure for EM shielding efficiency. This optimum, perhaps accessible 

through fine-tuning the synthesis approach with key reactor compositions of monomer, dopant 

and oxidant, would effectively be setting the specific reaction kinetics mechanism(s) and 

rate(s) for particular outcomes. Studying the chemical kinetics of the synthesis approaches 

from this work would be an important future focus. The possibility of having the same class 

of PAN salts (ES-I/ES-II), the same dopant, and same reactant amounts and ratios, and at the 

end getting an order of magnitude difference in conductivity leads to an intriguing possibility: 

that each approach (CS, CF, SF, SL) may control the polymerization reaction differently in a 

fundamental fashion.  

6.4.4. UV-Vis Interpretation  

The main aim of utilizing UV-vis spectroscopy for these PAN samples is to: identify 

electronic structures and investigate the relative conformational differences between the SL, 

SF, CS, and CF synthesis products. In addition to elucidating the probable chain 

conformations, the features of the polaron, bipolaron, and polaron lattice electronic structures 

are probed via the electronic absorptions in the region from visible to near-infrared.  
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In addition to previous aims, it was important to elucidate the relationship between the 

observed conductivity trends of different PAN samples and the possible conformation and 

electronic structure dependence on synthesis approach. In order to get a deep understanding 

of the last aim, the UV analysis results and conductivity trends of PTSA-doped PAN samples 

were put in comparison with the HCl-doped PAN samples (Chapter 3) to explain or at least 

understand possible agreements or contrasts. 

In general, UV-vis spectra of the PAN samples can be roughly divided into four main 

absorbance contributions as shown in Figure 6.5 and summarized in Table 6.3. The absorption 

band around 430 nm is assigned to the existence of a polaron electronic transition in doped 

polyaniline that is caused by the presence of radical cations 69-80. This absorption band refers 

to possible extended coil conformation segments present in polyaniline samples 81. Note, this 

band is observed in the four PAN samples with the sharpest and best-resolved being in SL and 

CS spectra as shown in Figure 6.5. In all likelihood, the polaron in SL- and CS-synthesized 

PANs are the most organized. On the other hand, this band appears as possibly a broad-

shoulder on an adjacent, out-of-range electronic mode in the CF and SF spectra (<350 nm). 

Taking into account the broadening of the polaron band and previously recorded evidence of 

bands not-resolved in these spectra 45, it is probable that different structures, such as isolated 

polarons, may coexist. In fact, the presence of isolated polarons indicates that the electronic 

structure of CF and SF may have higher extents of charge localization (isolated polaron) with 

respect to polarons in CS and SF might be the primary reason for polaron band broadening. 

The observed band in CF PAN at 620 nm is attributed to π-π* transition of standard PAN 

base.67,82,83 Specifically, it is usually ascribed to an exciton located in the quinoid ring (Q) and 

arising from charge transfer from the adjacent benzenoid rings, with each side contributing 
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half an electron on average 73,84-86. This weak band was distinctly observed in CF spectra and 

represents the possible coexistence of unprotonated quinone diamine species 73. Additionally, 

it could be an indication for a relatively lower extent of protonation/doping in CF PAN.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.5. UV-visible spectra of polyaniline samples (SL, SF, CS, and CF) in m-cresol. 

 
Table 6.3. Band assignments of UV-visible spectra of polyaniline samples (CS, CF, SL and 

SF) in m-cresol. 

 

Abortion band Assignment Ref. 

430 nm Polaron transition doped PAN 69-80 

Extended coil conformation segments  81 

620 nm Quinonoid segments  73,84-86 

850 nm Bipolaron state 73,80,87 

Localized polaronic species 75,77,81,88-94 

Localized polaronic species + compact coil conformation 81,90-94 

Compact coil conformation emeraldine salt 74,81,90-94 

ES-I strong localized polaron  88 

>950 nm Free carrier tails 75,85,94 

Expanded conformation of polyaniline chains 85 
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The higher wavelength band observed at ~850 nm indicates significant electronic 

differences between PAN samples. This band is likely contingent upon the existence of 

dicationic, bipolaron electronic transitions in doped PAN 73,80,87 and/or is caused by localized 

polaronic species 75,77,81,88-94 with shorter conjugation length 91. This band appears only in the 

CS samples, which represents a significant charge localization that may transition to a 

bipolaron depending on synthesis conditions 95,96. Additionally, this band can be attributed to 

a compact coil conformation of the segments in doped PAN 74,81,90-94, which has been shown 

to lead to lower conductivity 92-94. Most notably, the existence of this band in CS confirms its 

proposed polymorphism obtained via the XRD analysis and interpretation. Specifically, the 

850-nm band indicates the predomination of ES-I structures in CS 88. It is important to notice 

that this band it not as broad as it was observed before in Chapter 3 with the HCl-doped PAN 

prepared from the slow oxidation. This may suggest that the bipolaron/compact coil band in 

case of PTSA is not as strong as in the CS HCl-doped PAN. Therefore, PTSA-doped PAN 

may not have the predominant bipolaron electronic structure/compact coil conformation of 

the CS HCl-doped PAN. This could explain why the conductivity is not the lowest with 

respect to the SL, SF, and CF) samples, as in the HCl study. In addition to the coiled 

conformation of CS-PTSA-PAN not being totally randomly coiled, the possibility of having 

helically-coiled conformation with retained conjugation, and thus conductivity, is still feasible 

81,88,97,98. This assumption may explain why this band looks different than the observed 

corresponding band in HCl-PAN (Chapter 3). 

The "free carrier tail" characteristic of metallic conductive materials (i.e, 

delocalization of electrons) is observed above 950 nm 75,85,94. The steady increase of free 

carrier tail in SF PAN was more pronounced than in the CF spectra. This is a very clear 
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indication of a lower extent of charge delocalization in CF. The relative increase in absorbance 

can be considered a third reasonable explanation for the relative higher conductivity of SF-

PAN. Moreover, this region can also be attributed to the expanded conformation of 

polyaniline chains 85, indicating that SF and CF have expanded conformation. Recalling the 

possible higher extent of charge localization in both sample types as indicated by their polaron 

band broadening, the obscurity of the polaron band may suggest an explanation of the 

conductivity trend. Moreover, the presence of the π-π* transition of standard PAN base in CF 

products might indicate a second possible reason for CF-PAN's being the lowest conductivity. 

The UV spectrum of SL-PAN shows a nearly flat plateau of well-developed carrier-

tails covering almost the entire NIR region as shown in Figure 6.5, indicating SL-PAN 

molecules are highly conjugated 81,92,99 for relatively high conductivity/metallic character 92 

and the expanded conformation of polyaniline chains 85. By comparing the UV spectra of SL, 

SF, and CF samples with similar PAN UV spectra 81,92,100,101, the SL-PAN could be considered 

to have the most well-developed, free carrier tail and the highest conjugation. This later 

observation with the well-organized polaron in SL-synthesized PAN likely explains the order 

of magnitude increase in conductivity. However, it still has a strong absorption in the visible 

light region (a V-shape at the visible region) 81. Luckily, the CS-PAN absorption at the visible 

region can be depressed (U-shape at the visible region), and a peak at the NIR region appeared 

at 850 nm as an indication of relatively shortened conjugation length in CS-PAN with respect 

to SL 81 as shown in Figure 6.4 (CS). It is important again to notice that this band it not 

decreasing as much as it was observed to in the CS-HCl-PAN (Chapter 3). This may suggest 

that loss of carrier mobility is not as large for PTSA as for HCl. Therefore, PTSA-doped PAN 

may still have significant free-carrier mobility.  
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The organized polarons in CS-synthesized PAN (compared to SF and CF) likely 

explains its conductivity being lower than SL because of partially localized charge/short 

conjugated lengths (850 nm absorption band) and its free carrier band being not as steady and 

straight as for SL. 

Based on the UV-vis spectra, doped polyaniline samples have different electronic 

structures, which were attributed to differences in conformational structures. The polaron is 

the predominant feature in SL, SF and CF while CS spectra indicate partially localized 

polaron/bipolaron species. Free carriers, corresponding to electron delocalization, were 

observed in all UV-vis spectra with the best developed and steady appearance for SL. Under 

these circumstances, a "true polaron lattice” cannot be formed in the CF and SF synthesized 

PANs which, according to their lower conductivities, may be attributed to the presence of the 

predominant random polaron and bipolaronic species (Chapter 3). On the contrary, a certain 

fraction of SL and CS synthesized PAN likely contains the conductive polaron lattice. In 

general, however, this is only the case when ring moieties are in the polaron configuration in 

addition to other factors that will be discussed later. It must be emphasized that the presence 

of polarons in CF and SF synthesized PAN does not guarantee an established polaron lattice.95 

6.4.5. Electromagnetic Measurements 

Figure 6.6 shows the results obtained from coaxial line measurements over a broad 

bandwidth (2-14 GHz). Table 6.4 summarizes the EM shielding measurements. It was found 

that SL-PAN was the most successful of the four PTSA-doped nano-powders at EM shielding. 

SL-PAN achieved the highest average SE of 73.6 ± 3.6 dB, with CS second ranked with 

average SE of 36 ± 6.3 dB while  the lowest shielding performance was found to be only about 

16.5 dB for both CF and SF, which is surprising since the two synthesis methods were at the 
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solvent extremes. As expected from HCl-doped PAN (Chapters 2 and 4), the SEA dominates 

for all samples (97% and 95% of SE in SL and CS types with lowest at 81% in SF and CF 

types) while SER shows limited but significant impact. The predominant absorption loss is a 

benefit over metals, which have high reflection contributions and negligible absorption.  The 

enhancement of SE within the higher frequency band was noted to increase more rapidly with 

frequency in the case of CS more than CF and SF.  

There are three differing trends in EM shielding with frequency, which correlates quite 

closely to the conductivity trend and the three different electronic spectral types with their 

varied degrees of charge delocalization implied, as observed through UV-vis results. While 

the SE for SL-PAN nanopowders fluctuates about its average, having the highly conjugated 

molecules with well-developed carrier-tails (Figure 6.5) 81,92,99, CS-PAN samples show 

significantly increasing trends with frequency, which agrees with more localized electronic 

structure suggested by UV-vis response. The generally increasing SE for CF and SF material 

types are of substantially lower slope and nearly overlay each other, as did their UV-vis 

spectra, with even more highly localized charge domains. 

 

 Table 6.4. Summary of EM shielding effectiveness (SE) measurements of PTSA-doped band 

within frequency range 2-14 GHz. 

 

SE  SL SF CS CF 

SET (dB) 73.6 ± 3.6 16.4 ± 2.7 36.6 ± 6.3 16.6 ± 2.8 

SEA (dB) 74.5 ± 3.8 (97%) 13.2 ± 2.7 (81%) 33.1 ± 6.7 (95%) 13.5 ± 2.7 (81%) 

SER (dB) 2.3 ± 0.8 (3%) 3.2 ± 0.4 (19%) 4.4 ± 1.5 (5%) 3.2 ± 0.6 (19%) 
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Figure 6.6. Broad band electromagnetic shielding potential of 0.06 g HCl-doped PAN (SL, 

CS, SF, and CF) tested in a coaxial sample holder as a function of frequency measured in the 

range 2-14 GHz. 

 

The most interesting observation remains that the nano-PAN types with highest and 

lowest crystallinity (SF and CF, respectively) produce the worst shielding and conductivity, 

similar to the HCl-doped PAN study 1 discussed in depth (Chapters 2-4) and attributed to the 

negative influence of disorder on polaron structure delocalization 102. The clearest discrepancy 

between PTSA and HCl (Chapters 2 and 4) doping is in comparing the CS synthesis method 

outcome. CS-HCl-PAN achieved the worst EM shielding potential (with most localized 

electronic structure) whereas CS-PTSA-PAN gave the second best result (Table 6.3), though 

only half as effective as for the SL product. 
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Finally, the critical impact of just the very small amount of solvent (DI water) in the 

SL preparation on electrical behavior must be emphasized as furthering the overall objective 

of this dissertation. Even though both SF and SL nanopowders have the same ES-II type, they 

differ in crystallinity and UV-vis spectra significantly. The superior shielding performance of 

SL within a broad frequency band (2-14 GHz) supports the suggestion that its conjugated 

structure may have the fastest polaron delocalization 102 and is expected to have the fastest, 

enhanced dielectric response at high frequency 102,103. These results support the presence of a 

polaron lattice electronic structure in SL-produced PTSA-doped PAN, which may be the key 

for enhancing high-frequency dielectric response due to a long-range displacement of 

electrons by fine-tuning the electronic structure, enhancing charge delocalization, and 

contributing to higher dielectric loss (εʺ) as expected from relative previous reports 104-106. 

 

6.5. Conclusions 

One of the main contributions of this work is highlighting the dependence of EM 

shielding effectiveness (SE) in conducting polymers on the synthesis approach, specifically 

on reaction conditions and dopant speciation, particularly in the microwave band (2-14 GHz) 

for PAN nanopowders doped with PTSA compared to HCl. The possibility of tuning the EM 

shielding potential via utilizing different approaches is now well established. It could be 

concluded that synthesis approach controls, at least to some significant and highly efficacious 

degree, the polymerization reaction in a certain fashion based on synthesis conditions, 

directing the reaction to form predominate electronic structures from which the bulk 

conductivity and EM shielding emerge.  
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It is difficult to tell quantitatively the relative compactness or expanding of PAN 

chains, but the impact of synthesis approach on electronic structures (well developed polaron 

lattice) is clear and obvious for the observed electrical conductivity behavior of PTSA-doped 

samples. Based on the previous conclusions from Chapters 2-4, it could be assumed that the 

approach which leads to doped PAN with predominant polaron/polaron lattice leads to 

enhancing charge delocalization and conductivity, and vice versa.  

Secondly, the difference between solvent-free (SF) and solvent-limited (SL) 

syntheses, both unconventional approaches, is elucidated. SL synthesis in a slightly wetted 

solid paste reaction provides substantial material property improvements over the 

unconventional SF and conventional solvent-rich oxidations with rate-limited addition or 

abundant oxidizer (CS and CF samples, respectively). The enhancement of the DC 

conductivity of PTSA-PAN prepared with the SL approach indicates the importance of tuning 

the solvent amount in PAN polymerization medium as a powerful and promising tool to be 

utilized for further enhancements. Collective data analysis demonstrates the importance of 

conductivity over crystallinity for enhancing SE for nanoPAN. The synthesis protocols that 

lead to maximizing crystallinity are not recommended, as there appears to be an intermediate 

optimum with respect to conductivity and EM shielding. 

The results of XRD make it clear that the PAN structures are very sensitive to synthesis 

conditions even when the same composition nanopowder is produced. Furthermore, PAN 

polymorphism (ES-I and/or ES-II) was significantly affected by the synthesis approach used 

and thus may be controlled within a certain fine-tuning range for nanopowder products. It was 

found that the SL, SF and CS approaches lead to PAN emeraldine PTSA salts of type ES-II. 

On the other hand, the CF approach leads to mixed phases (ES-I/II), respectively. The impact 
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of emeraldine PTSA salt type alone on electrical properties of PAN is therefore not the key 

concern for predicting or designing particular crystallinity or conductivity.. 

The superior shielding performance of SL within a broad frequency band (2-14 GHz) 

supports the suggestion that the SL approach leads to PTSA-doped PAN with the most 

conjugated structure and the (inferred) fastest polaron delocalization 102 with respect to CS, 

CF and SF. Also, it could be expected that SL has the faster and improved dielectric response 

at high frequency102,103. This result supports the presence of a polaron lattice electronic 

structure in SL PAN products. Moreover, the proposed polaron lattice may be the key feature 

for enhancing high-frequency dielectric response due to a long-range displacement of 

electrons as the governing characteristic.  

Thorough characterization with the current chemical details herein is expected to 

demonstrate the importance of tuning delocalized polaron electronic structure (viz., increasing 

their extreme) relative to bipolarons and/or localized polarons when attempting to enhance 

average response for EM applications using nano-PANs, and perhaps can be generally 

extended to other doping/polymerizing systems. Optimizing the SL approach for particular 

solvent-limited conditions (e.g., what is the optimum amount of solvent to maximize SE for a 

given dopant species) toward well-defined polymer needs for conductivity and conformational 

structures shows inherent promise for future work toward various technological applications. 

It is difficult to tell quantitatively the relative compactness or expandness of PAN chains, but 

the impact of synthesis approach on electronic structures (well developed polaron lattice) is 

clear and obvious for the observed electrical conductivity behavior of PTSA-doped samples.  
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CHAPTER 7 

Conclusions and Future Work 

 

7.1. Summary and Concluding Remarks 

This dissertation work both demonstrates and deeply elucidates the possibility and 

likely extent of enhancing EM shielding potential of polyanilines (PANs)—and by extension 

to conducting, doped polymers in general, based on utilizing a simple and inexpensive, 

unconventional synthesis approach. The utilized unconventional approach was an optimally 

wetted solid state polymerization under mechanical grinding, referred to as a “solvent-free” 

or “solvent-limited” (SL) protocol and herein restricted to aqueous polymerizations. Both 

were compared with two conventional chemical approaches for both fast (CF) and slow (CS) 

oxidation conditions in aqueous solutions of ammonium peroxydisulfate (APS)—the same 

oxidizing agent used in the SF/SL route. Two dopant candidate types were employed for this 

research, HCl as an inorganic dopant and p-toluenesulfonic acid (PTSA) as organic acid 

dopant. Moreover, the effect of the synthesis approach and dopant on different 

physicochemical properties of the obtained doped polyaniline was investigated. The most 

favorable synthesis approach to achieve the highest possible EM shielding effectiveness (SE) 

is a primary target for practical considerations in fine-tuning production on large scales for 

feasible commercialization. 

Table 7.1 shows the summary of the most important results as the impact of different 

synthesis methods on physicochemical properties of HCl-doped PAN first, with obvious 

dependence of EM SE on the synthesis approach over a broad frequency band particularly in 

the microwave band (2-14 GHz). 
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Table 7.1. Summary of physicochemical properties of HCl-doped PAN dependence on 

synthesis approach 
 

 SF-HCl  CF-HCl  CS-HCl  

Morphology     

Average size ≤20 nm ≤50 nm ≤100 nm 

Shape Regular Regular Irregular 

Conductivity     

DC (S/cm) 27.19 ± 0.26 3.28 ± 0.25 2.94 ± 0.14 

AC (1 Hz-1 MHz) Maximum Moderate Minimum 

Metallicity Maximum Moderate Minimum 

EM Shielding Max Moderate Minimum 

100-1500 MHz 37 ± 4 dB 21 ± 1 dB 18 ± 2 dB 

2-14 GHz 69 ± 5 dB 32 ± 5 dB 26 ± 4 dB 

Crystallinity  66% 54% 73% 

Chemical Structure  

Cross linking Minimum Moderate Maximum 

Hydrogen bonding  Minimum Moderate Maximum 

Electronic Structure   

Polaron  Maximum Moderate Minimum 

Bipolaron  Minimum Moderate Maximum 

Charge delocalization Maximum Moderate Minimum 

Conformation  Expanded Expanded Compact 

 

Synthesis protocols that lead to compact coils in HCl-doped PAN with cross-linked 

structures or branched chains (e.g., conventional slow (CS) oxidation) are not expected to 

produce high conductivity or good EM shielding. Further, the evidence for branching and/or 

cross-linking in the conventional approaches (CS and CF) with solvent-rich reactions implies 

that a solvent-limited synthesis is closer to a neat, single-reaction type polymerization with its 

highly linear polymer product.  
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This tentatively suggests the best homogeneity would be found in SF products. 

Thorough characterization with the current chemical details herein demonstrates the 

importance of tuning delocalized polaron electronic structure relative to a bipolaron and/or 

localized polaron when attempting to enhance average response for EM applications using 

nanoPANs. Optimizing the SF approach for particular solvent-limited (SL) conditions in the 

HCl-PAN preparations toward defined targets (that is, just the right amount of solvent added) 

regarding conductivity and chemical/conformational structures in the polymer nanopowders 

shows inherent promise. Moreover, PAN polymorphism (Chapters 3 and 6) was significantly 

affected by the synthesis approach used and thus may be controlled within a certain fine-

tuning range for nanopowder products. It was found that the SF approach leads to PAN 

emeraldine chloride salts of type ES-II, which has a significant impact on electrical properties 

and may favor achieving high electromagnetic (EM) shielding potentials a long-term goal of 

ongoing research efforts. 

The XPS study (Chapter 4) demonstrates that the coexistence of polaron and bipolaron is 

realized in all the polyaniline samples but with different extents dependent on the synthesis 

approach. Furthermore, PANs that have polaron and/or polaron lattices exhibited the 

necessary chemical structure and charge delocalization for substantive improvements in 

electromagnetic field responses over existing forms of PAN previously produced and studied. 

Synthesis protocols that lead to compact coil in HCl-doped PAN with cross-linked structures 

or branched chains (e.g., conventional slow oxidation) are not recommended as there appears 

to be poor conductivity and EM shielding in these cases. 

The SF approach is favorable for synthesizing the relatively linear, expanded coil, PAN 

conformations encouraging the development of delocalized polaron electronic structures.  
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The SF approach fosters better oxidation and doping degree relative to the CF and CS 

methods found to be important for maximum SE. Perhaps the SF approach leads to relatively 

optimum chemical/electronic structure that enhances dielectric response at higher frequencies, 

where delocalization processes are prominent, and may ultimately give rise to long-range 

displacements of electrons in the system.1 On the other hand, the CS approach was found to 

be favorable for cross-linking structures, which may arise because of slow oxidation of aniline 

by restrictive reagent addition, which fosters PAN chain growth with existing chains as well 

as other structural defects resulting in lower conductivity than in relatively linear, doped 

PAN.2-4 Moreover, slow polymerization produces insignificant change in temperature of the 

reacting mixture, which is favorable for higher degrees of crystallinity.2 The higher cross-

linked structures5-7 also disrupt polaron delocalization.8 

It was found that the oxidation level of PAN samples also depends on the synthesis 

approach, and the SF protocol gives an optimum oxidation level (50%), and the doping level 

also was found to be dependent on synthesis approach, with SF leading to the greatest degree 

of doping where 98% of the imine nitrogens are doped. Since both fast and slow oxidation 

products (CF and CS) were synthesized with the same dopant (HCl) ratios, the chemical 

structures, electronic structures and chain conformations appear to depend only on the reaction 

conditions,4 and thus an optimum in conductivity for the maximum shielding potential may 

be revealed with fine-tuning of the rate and method for oxidant addition. XPS results also 

indicate that increasing radical chlorine concentrations correlate with better conductivity, 

oxidation level, and degree of doping for higher polaron content. The SF approach may 

ultimately give rise to increased long-range electron displacement in PAN systems for optimal 

dielectric response at high frequency. 
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Moreover, the proposed polaron lattice of SF may be the key for enhancing the high-

frequency dielectric response due to a long-range displacement of electrons. Ultimately, an 

extensive characterization was performed to investigate the effective role of these parameters 

in EM SE, particularly in the microwave band. SF synthesis in a slightly wetted solid-phase 

reaction provided substantial property improvements over conventional solution-rich 

oxidations using limited or abundant oxidizer. It was found that SF PAN was the most 

successful of the three HCl-doped PAN nano-products at EM shielding, especially at high 

frequencies.  

This superior performance (SE of 37.6 ± 3.7 dB and 68.7 ± 4.6 dB within 100-1500 MHz 

and 2-14 GHz, respectively) was found to be higher than the recent reported values for HCl-

doped PAN9,10 and even higher than some currently reported performance for doped PAN 

modified with ferrites and carbon.11,12 Thorough characterization demonstrates the importance 

of generating a predominantly delocalized polaron electronic structure relative to a bipolaron 

and/or localized polaron when attempting to enhance SE in nano-PAN. The superior shielding 

performance of SF within a broad frequency band (2-14 GHz) further supports the suggestion 

that its conjugated structure may have the fastest polaron delocalization1 with respect to CF 

and CS. 

Full FTIR band characterization (400 – 4000 cm-1) shows that it was possible to 

distinguish between branching and cross-linking in HCl-doped PAN samples prepared with 

different synthesis approaches (CF, CS, and SF). The relative extent of branching and/or 

cross-linking in PAN samples was estimated from the predomination of IR bands 

corresponding to 1,4-disubstituted rings and the absence of any other bands corresponding to 

any other polysubstitution.  
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The possibility of having significant branching was estimated from the observation of (or 

lack thereof) any polysubstitution bands coexistent with the 1,4-disubstituted bands and the 

absence of bands corresponding to intermolecular cyclization such as phenazine. The 

coexistence of all the previous bands could indicate significant heterogeneity in the PAN 

sample. It could be concluded that the CS approach is favorable for maximizing the extent of 

intramolecular cyclic phenazine as cross-linking units and hydrogen bonding. As a result, the 

charge is probably the most localized as dications (bipolarons) in CS-PAN. Its chains may 

furthermore have supramolecular assemblies13 and the most compact-coil chain 

confirmation,14 which both agree with UV-Vis and XPS analyses (Chapter 3). These features 

may be preferred by the slower oxidation rates, which means PAN chains growing with other 

existing chains (rather than by monomer addition), with a higher probability of structural 

defects impacting the electrical and electronic behavior.2,3 

On the other hand, the SF and CF approaches appear favorable for relatively limited 

branching in PAN with low extent of cross-linking and hydrogen bonding, thus indicating that 

the charge is more delocalized as a result of partial masking or screening as suggested by the 

extended absorption tail (i.e., free carriers) of the protonated PAN,15 which is confirmed 

through UV-vis spectroscopy as greater delocalization. If a relatively high degree of 

crystallinity, short interchain separation, and large crystalline domain size exist but the 

predominant electronic structure is localized, this leads to poor electrical behavior of PAN 

materials. The AC conductivity (𝜎𝐴𝐶(𝜔)) and dielectric permittivity measurements (ε′ and ε″) 

showed an unexpected contradiction to the highly oversimplified general rule that higher 

crystallinity should provide increases conductivity and dielectric permittivity.5,16-19  
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It was found that CS-PAN, the most crystalline (~77%) material of the three synthesis 

methods, acts as the most disordered sample with respect to SF and CF PANs in electrical 

properties; it has the most localized electronic structure of the three sample types. On the other 

hand, SF-PAN with a moderate crystallinity (~66%) behaves more like a metal in the sense 

that its conductivity tends toward a frequency-independent behavior20 across the tested 

frequency range (1 Hz-1 MHz). Apparently, both fast/moderate oxidation rate and high acidity 

favor HCl-doped PAN synthesis with delocalized electronic structures (polaron/polaron 

lattice), as indicative from weak frequency dependence of σAC in SF and CF PANs.21 

Dielectric permittivity measurements showed that the SF approach leads to the highest 

values of ε′ and ε″. The relatively high ε′ and ε″ values imply that σDC still plays an important 

role in determining their magnitudes. The lowest values in CS-PAN confirm that it has the 

strongest charge localization of the three.22 The observed dielectric trends of PAN samples 

agree with conductivity trends and the reported conductivity/dielectric dependence. 

Therefore, a high σDC  value may generally indicate high microwave absorptivity; 

consequently, raising the DC conductivity of a polymer is the key to obtain a good 

electromagnetic interference (EMI) absorber. The SF approach enhanced the dielectric 

constant and dielectric loss by about an order of magnitude over conventional synthesis, which 

has high promise as a process application for maximizing EMI shielding in PAN-based 

materials. 

It is further deduced that the unconventional solvent-limited approaches are likely the 

key to prevent cyclization of branched chains and minimize the possibility of hydrogen 

bonding/cross-linking in PAN doped with inorganic acids (e.g., HCl) that would reduce the 

effectiveness for EM shielding. The solvent and/or oxidant concentration and accessibility to 
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each other appear to provide a fine-tuning potential for controlling the property outcomes for 

doped PAN polymerization. The SF approach seems to lead to proper ordering and electronic 

delocalization extent in HCl-doped PAN molecules to contribute to enhanced conductivity 

over the classical chemical oxidation approaches (CF and CS). These conventional methods 

are not recommended since they lead to maximizing crystallinity with cross-linked structures 

(such as CS) or minimizing crystallinity (such as CF). There appears to be an intermediate 

optimum in crystallinity with respect to electrical/dielectrical behavior. Since both fast and 

slow oxidation products (CF and CS) were synthesized in excess solvent with the same dopant 

(HCl) ratios, the relative degree of electronic delocalization appears to depend on the reaction 

conditions in particular rather than on the doping level in general.4 Therefore, an optimization 

between conductivity and crystallinity for the maximum degree of electronic delocalization 

should be revealed with fine-tuning of the rate and method for oxidant addition. 

 

Organic Acid Dopant vs. Inorganic Dopant 

To expand on the already supported hypothesis for a general effect of limiting 

solvent—either to a minimum or to some optimum level and mixing procedure—on the 

relation between conductivity, crystallinity, chemical/electronic conformation and EM 

shielding, a similar study was carried out utilizing PTSA as the organic acid dopant for 

comparison to the extensively characterized but inorganically-doped (HCl) PAN 

nanopowders. Two different unconventional approaches were tested on the PTSA-doped PAN 

synthesis products against the two excess solvent regimes (fast and slow addition; CF and 

CS), since PTSA-PAN protocols could be truly solvent-free, where no water is induced with 

acid as was unavoidable with concentrated HCl solution.  



243 

 

Table 7.2 shows the summary of the most important results as the impact of the now 

four different synthesis protocols (rather than the three only for HCl-PAN) on 

physicochemical properties of PTSA-doped PAN nanopowders. 

 

Table 7.2. Summary of physicochemical properties of PTSA-doped PAN dependence on 

synthesis approach 
 

 SL-PTSA SF-PTSA CF- PTSA CS- PTSA 

Morphology      

Average size ≤20-30 nm ≤100-200 nm 30-300 nm 200-300 nm 

Shape Regular Regular Irregular Regular 

Crystallinity  63%   77% 54% 70% 

Conductivity Maximum Minimum Minimum Moderate 

DC (S/cm) 15.4 ± 0.6 1.6 ± 0.4 1.3 ± 0.3 4.5 ± 0.1 

Metallicity Maximum Minimum Minimum Moderate 

EM Shielding Maximum Minimum Minimum Moderate 

2-14 GHz 73 ± 4 dB 16 ± 3 dB 17 ± 3 dB 37 ± 6 dB 

Charge 

delocalization 

Maximum Minimum Minimum Moderate 

Conformation  Expanded  Expanded Expanded Compact 

 

The difference between solvent-free (SF) and solvent-limited (SL) syntheses, both 

unconventional approaches, was elucidated. SL synthesis in a slightly-wetted solid paste 

reaction provides substantial material property improvements over the unconventional SF and 

conventional solvent-rich oxidations with rate-limited addition or abundant oxidizer (CS and 

CF samples, respectively).  
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The enhancement of the DC conductivity of PTSA-PAN prepared with the SL 

approach (similar to the SF-HCl-PAN method in contrast of organic vs. aqueous inorganic 

acids,) indicates the importance of tuning the solvent amount in PAN polymerization medium 

as a powerful and promising tool to be utilized for further shielding enhancements. Collective 

data analysis demonstrates the importance of conductivity over crystallinity for enhancing SE 

for nanoPAN. The synthesis protocols that lead to maximizing crystallinity are not 

recommended, as there appears to be an intermediate optimum with respect to conductivity 

and EM shielding, just as there was for the inorganic acid dopant case with PAN nanopowders. 

The results of XRD make it clear that the PTSA-PAN structures are very sensitive to 

synthesis conditions even when the same composition (in dopant to polymer ratios) 

nanopowder is produced. Furthermore, PAN polymorphism (ES-I and/or ES-II) was 

significantly affected by the synthesis conditions and thus may be controlled within a certain 

fine-tuning range for nanopowder products. It was found that the SL, SF and CS approaches 

lead to PAN emeraldine PTSA salts of type ES-II. On the other hand, the CF approach leads 

to mixed phases (ES-I/II), respectively. The impact of emeraldine PTSA salt type alone on 

electrical properties of PAN is therefore not the key concern for predicting or designing 

particular crystallinity or conductivity. 

The superior shielding performance of SL within a broad frequency band (2-14 GHz) 

supports the suggestion that the SL approach leads to PTSA-doped PAN with relatively the 

most conjugated structure (as with SF-HCl-PAN—the closest equivalent method possible 

with concentrated HCl) and the (inferred) fastest polaron delocalization1 with respect to CS, 

CF and SF. Also, it could be expected that SL-PAN has the faster and improved dielectric 

response at high frequency.1,23  
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This result supports the presence of a polaron lattice electronic structure (highly 

delocalized polarons) in SL-PAN products. Moreover, the proposed polaron lattice may be 

the key feature for enhancing high-frequency dielectric response due to a long-range 

displacement of electrons as the governing characteristic.  

Thorough characterization with the current chemical details herein is expected to 

demonstrate the importance of tuning delocalized polaron electronic structure (viz., increasing 

their extreme) relative to bipolarons and/or localized polarons when attempting to enhance 

average response for EM applications using nanoPANs, and perhaps can be generally 

extended to other doping/polymerizing systems. Optimizing the SL approach for particular 

solvent-limited conditions (e.g., what is the optimum amount of solvent to maximize SE for a 

given dopant species in the polymer, as well as perhaps an optimum for local oxidant 

concentrations via both addition methods and concentration profiles over the synthesis 

process) toward well-defined polymer needs for conductivity and chemical/conformational 

structures shows great potential for further advancements. It is difficult to tell quantitatively 

the relative compactness or expandedness of PAN chains, but the impact of synthesis approach 

on electronic structures (through the well-developed polaron lattice) is clear and obvious for 

the observed electrical conductivity behavior of PTSA-doped samples especially.  

It can now be concluded overall with strong experimental validation sets that the 

synthesis approach through solvent limited condition controls the polymerization reaction to 

some significant and highly efficacious degree for polyaniline with in situ acid doping, 

directing the reaction to form predominate electronic structures from which the bulk 

conductivity and EM shielding emerge.  
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To the best of our knowledge, this is the first time that the impact of limiting solvent 

was investigated as a critical parameter to the tuning of the key physicochemical properties in 

the preparation of a conducting polymer, doped polyaniline. Further focusing on this solvent-

limited key factor should undergo deeper investigation for practical implementations to 

targeted application needs as well as to understand the synthesis-structure-property 

connections better.  

Further enhancement the EM shielding efficiency from polyaniline nanoparticles 

doped with inorganic/organic sulphonic acids holds significant potential to address the long-

term goal to develop new light-weight and affordable high-frequency EM shielding materials 

with an eco-friendly fabrication method. 

 

7.2. Future Work 

Based on the conclusion details, future work should involve three major directions. 

Figure 7.1 shows a schematic diagram for different future work trends. The first (I) would 

involve the extreme fine-tuning to determine the further possibility of a true optimal 

enhancement of the EM shielding effectiveness (SE) for the precise relative amounts of 

solvent (i.e., water) with respect to the type of acid dopant whether inorganic or organic and 

continuing with our well-defined systems of HCl-PAN and PTSA-PAN nanopowders. The 

second direction (II) will utilize different inorganic and organic acid dopants toward the some 

fine-tuned synthesis approaches but through the broader comparative study for the promise of 

a more generalized and deep understanding of this emerging solvent-limited methodology for 

simultaneous polymerization and doping of conducting PANs, to be extended to other 

polymer systems.  
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Together, directions I and II move toward a robust and thorough approach for well-

defined polymer design on the basis of conductivity and chemical/conformational structures, 

which shows inherent promise for various technological applications. Arena II could obvious 

take a substantial and perhaps ever-increasing allotment of time and personnel to address 

extensively.  

Finally, the third direction (III) will incorporate at least two additional constituents to 

the formulations for further possible enhancements in the EM SE: transition metals 24-27 as co-

dopant and magnetic ferrite 11,28-31. Together, these are expected to further increase 

conductivities and contribute to EM absorption via magnetic eddy currents with the goal of 

producing the ultimate in light-weight and affordable broad band EM shielding materials and 

their generalized formulations for a comprehensive synthesis approach to prepare the best 

suited product for a given application need. Initial studies on metal co-dopant PAN 

nanopowders is already underway. 

 

Figure 7.1. Schematic diagram for different future work trends. 
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